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Kinetic studies on the formation of DNA triplexes containing the nucleoside
analogue 2′-O-(2-aminoethyl)-5-(3-amino-1-propynyl)uridine
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We have examined the kinetics of triple helix formation of oligonucleotides that contain the nucleotide
analogue 2′-O-(2-aminoethyl)-5-(3-amino-1-propynyl)uridine (bis-amino-U, BAU), which forms very
stable base triplets with AT. Triplex stability is determined by both the number and location of the
modifications. BAU-containing oligonucleotides generate triplexes with extremely slow kinetics, as
evidenced by 14 ◦C hysteresis between annealing and melting profiles even when heated at a rate as slow
as 0.2 ◦C min−1. The association kinetics were measured by analysis of the hysteresis profiles,
temperature-jump relaxation and DNase I footprinting. We find that the slow kinetics are largely due to
the decreased rate of dissociation; BAU modification has little effect on the association reaction. The
sequence selectivity is also due to the slower dissociation of BAU from AT than other base pairs.

Introduction

Triplex-forming oligonucleotides (TFOs) bind within the major
groove of duplex DNA forming Hoogsteen hydrogen bonds with
exposed groups on the base pairs.1,2 Their unique base–base recog-
nition properties make them ideal candidates as gene-recognition
agents for exploitation in medicine and biotechnology.2–7 The base
composition of the oligonucleotide dictates its binding orientation
and selectivity; those composed of pyrimidine bases bind in a
parallel orientation to the purine-strand of the duplex, generating
T.AT and C+.GC triplets.2 The application of these compounds is
currently restricted by several intrinsic limitations. Under physi-
ological pH and ionic conditions the binding of a TFO is weak,
predominantly due to the requirement for cytosine protonation
and charge repulsion between the three negatively charged strands.
TFOs are also restricted to binding to oligopurine.oligopyrimidine
sequences as there is no method for recognising TA or CG base
pairs (pyrimidine inversions) using natural nucleotides. We and
others have prepared nucleotide analogues to overcome these
restrictions and have used these in combination to generate
oligonucleotides which form stable triplexes at pH 7.0 at target
sites which contain pyrimidine interruptions.8–13

As well as improving the overall stability of triplexes, the
kinetic details of the binding of these modified TFOs is extremely
important. The biological activities of these molecules will not
only depend on increasing their affinity, but on their individual
association and dissociation rates.14 Ideally TFOs should bind
rapidly to their target sites and dissociate very slowly, while their in-
teraction with non-targeted sites must be much weaker and should
be characterised by fast dissociation. In this manner they may be
able to compete with, and selectively disrupt, the interaction of
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cellular DNA binding proteins, such as transcription factors and
polymerases. It is known that the rate of triplex formation is very
slow, about three orders slower than duplex formation.15–19 It is also
thought to proceed via a nucleation-zipper mechanism, dependent
on the formation of a quasi-stable intermediate consisting of a few
productive triplets, before a ‘zippering’ of the remainder of the
third strand around the duplex helix.20,21 The apparent rate of
triplex association therefore decreases with temperature, as lower
temperatures stabilise this intermediate. Triplex dissociation is also
slow, with reports suggesting half lives of between 30 minutes and
several days.15–17,22–24

In this study we have determined how the nucleoside ana-
logue 2′-O-(2-aminoethyl)-5-(3-amino-1-propynyl)uridine (bis-
amino-U; BAU: Fig. 1A) affects the kinetics of DNA triplex
formation. Previous studies have shown that bis-amino-U binds to
AT base pairs with a higher affinity and specificity than T.25–27 Here
we use fluorescence melting and DNase I footprinting experiments
to assess the kinetic details of the interaction of TFOs containing
this analogue with their intended target sites, and with sites that
differ by a single base pair.

Results

BAU.AT triplets

Hysteresis. In previous studies25 we showed that a single
BAU substitution at the centre of TFO-2 increases the Tm by
about 7 ◦C and slows the kinetics so that there is still hysteresis
between the melting and annealing profiles even with a rate of
temperature change of only 0.067 ◦C min−1. This hysteresis arises
as a result of slow steps in the association and/or dissociation
reactions. We have therefore analysed this hysteresis to estimate
the individual association and dissociation rate constants. The
fluorescence melting profiles for TFO-1 (central T.AT) and TFO-
2 (central BAU.AT) are shown in Fig. 2. Both oligonucleotides
produce hysteresis in their melting profiles, though note that in
this Figure the complex with TFO-2 is heated 30 times slower
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Fig. 1 (A) Chemical structures of the T.AT and BAU.AT triplets. (B) Sequences of the oligonucleotides used in fluorescence melting and temperature
jump experiments. The TFOs were labelled at the 5′-end with methyl red while the 5′-end of the purine-containing strand of each duplex was labelled with
fluorescein. TFOs -2, -3, -4 and -5 contain one or two substitutions with BAU (B). The duplex is boxed and ZY corresponds to each of the four base pairs
in turn. (C) Sequence of the oligonucleotides used in the footprinting experiments. TFOs -7, -8 and -9 contain one, two or three substitutions with BAU
(B). The duplex target is boxed and is found within the 110 bp tyrT(43–59) DNA fragment. This fragment was labelled at the 3′-end with [a-32P]dATP.

Fig. 2 (A) Representative annealing (down arrow, open symbols) and heating (up arrow, filled symbols) profiles for the interaction of TFO-1 and TFO-2
with the duplex target shown in Fig. 1B, ZY = AT. The profiles for TFO-1 were obtained at a rate of temperature change of 6 ◦C min−1 whilst the profiles
for TFO-2 were determined at 0.2 ◦C min−1. Fraction folded (a) plots for each triplex are included in the insets. (B) Representative Arrhenius plots for
the association (k1) and dissociation (k−1) constants for TFOs 1–5.

than that with TFO-1, demonstrating its much slower reaction
kinetics. Arrhenius plots derived from these curves are shown
in Fig. 2B. These plots are typical of those observed with other
triplexes and display a negative slope for the dissociation reaction
but a positive slope (apparent negative activation energy) for the
association process. The apparent association rate (k*) increases
at lower temperatures and is explained by invoking a nucleation-
zipper mechanism.17 Since the measured association rate constant
(k*) is a complex of other primary rates, we will not comment on the
absolute values, but note that the association rates are similar for
both oligonucleotides, suggesting that BAU does not significantly
affect the association process. In contrast the dissociation rate
constants are in different regions on this Arrhenius plot confirming

the much lower dissociation rate of BAU. The thermodynamic
parameters for these dissociation processes are presented in
Table 1, from which it can be seen that TFO-1 and TFO-2 have
similar activation energies (evident in the similar slopes of the
Arrhenius plots) and the major difference is in the pre-exponential
factor A. The estimated dissociation half-lives of these TFOs at
37 ◦C differ by an order of magnitude.

The effect of including a second BAU substitution was examined
using TFOs 3–5. The results are shown in Fig. 2 and Table 1.
When the two BAU residues are close together or separated
by two nucleotides (TFO-3 and TFO-4 respectively) the Tm is
increased further and the hysteresis becomes more pronounced.
The Arrhenius plots for their association parameters lie on
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Table 1 Dissociation kinetic parameters estimated for the interaction of TFO 1–5 with the target duplex shown in Fig. 1B (ZY = AT). Tm values were
determined from fluorescence melting curves measured at 0.2 ◦C min−1; in several instances there is hysteresis between the melting and annealing curves
and the Tms for annealing are shown in parentheses. The activation energy (Eoff) and pre-exponential factor (A) were calculated from Arrhenius plots.
These were derived from either the hysteresis between melting and annealing [determined at 6 ◦C min−1 (TFO-1) or 0.2 ◦C min−1 (TFO-2–5)] or from
temperature-jump experiments. In the hysteresis experiments the TFO concentration was 3 lM and the duplex was 0.25 lM. For the temperature-jump
data the TFO concentration was 0.25 lM and the duplex was 0.25 lM. All reactions were performed in 50 mM sodium acetate pH 5.0 containing 200 mM
NaCl

Hysteresis Temperature-jump

TFO Tm/◦C Eoff/kJ mol−1 LnA 37k−1/s−1 37t1/2/s Eoff/kJ mol−1 LnA

1 63.8 (63.4) 362 ± 4 125 ± 3 1.9 × 10−7 3.6 × 106 427 ± 12 148 ± 5
2 70.4 (64.6) 340 ± 12 114 ± 4 1.7 × 10−8 4.2 × 107 418 ± 6 140 ± 2
3 78.4 (64.1) 332 ± 12 108 ± 4 9.1 × 10−10 7.6 × 108

4 77.8 (64.8) 300 ± 11 97 ± 4 3.8 × 10−9 1.8 × 108

5 73.0 (64.9) 291 ± 14 95 ± 4 1.7 × 10−8 4.1 × 107

the same line as for TFO-1 and TFO-2, confirming that these
modifications have little or no effect on the association reaction.
In contrast the dissociation rates are even slower. Surprisingly the
activation energies are slightly lower than for TFO-1 and TFO-
2 (which alone would lead to a faster dissociation rate) and the
main effect is in the pre-exponential factor (A). Separating the
two BAU residues by seven nucleotides (TFO-5) does not increase
the Tm relative to TFO-2; the activation energy is lowered as too
is the pre-exponential factor. In this case these two effects cancel
each other and TFO-2 and TFO-5 display similar dissociation half
lives. The faster dissociation of TFO-5 compared to TFO-3 and
TFO-4 could either be due to the greater separation of the two
BAU residues or the nature of the flanking triplets. In TFO-4 each
BAU.AT triplet is flanked by T.AT and C+.GC, while in TFO-5
both BAU.AT triplets are flanked by C+.GC on each side.

Temperature-jump. We further explored the kinetics of triplex
formation by these TFOs by performing temperature jump
experiments on the same complexes.15 In these experiments the
complexes are first equilibrated at a temperature about 10 ◦C
below the Tm (estimated as the midpoint between the value for the
annealing and melting reactions); the temperature is then rapidly
increased by 5 ◦C and the changes in fluorescence are recorded as
the system relaxes to a new equilibrium. Representative relaxation
curves for TFO-1 and TFO-2 are shown in Fig. 3 for different
concentrations of each TFO. Each of these reaction profiles was
adequately fitted by a single exponential curve and Arrhenius plots
derived from these data are shown in Fig. 4A. For a simple process
the relaxation rate constant is equal to the sum of the association
and dissociation rates (k1[TFO] + k−1). Since k1 has a negative
activation energy (as shown above), the Arrhenius plots have a
parabolic shape with a minimum at the Tm (where k1[TFO] = k−1);
at temperatures below the Tm k1[TFO] is greater than k−1 and
the rate is dominated by the association rate constant, whereas
at higher temperatures k−1 > k1[TFO] and the relaxation rate
is dominated by k−1. The upturn in the Arrhenius plots at low
temperatures (to the right of the graph) is more pronounced
at higher TFO concentrations as the apparent association rate
increases. At temperatures below the Tm the Arrhenius plots are
linear at low oligonucleotide concentrations (for which association
will be slowest) and these were used to determine the kinetic
parameters for TFO-1 (T.AT) and TFO-2 (BAU.AT) that are
presented in Table 1. Although the values of Ea and A are
about 30% higher than those determined from the hysteresis

Fig. 3 Representative temperature-jump profiles for the interaction of
TFO-1 (panel A) and TFO-2 (panel B) with the target site containing a
central AT base pair. The TFO and target duplex concentrations were both
0.25 lM. Each curve was obtained by rapidly increasing the temperature
by 5 ◦C, measuring the time-dependent increases in fluorescence. The final
temperatures were 60, 61, 62, 63 and 64 ◦C for TFO-1 and 66, 67, 68, 69
and 70 ◦C for TFO-2, each increasing from right to left.

experiments, they follow the same pattern. The dominant factor
that is responsible for the slow dissociation of BAU is the pre-
exponential factor not the activation energy.

Similar experiments with TFO-3, TFO-4 and TFO-5 con-
firm the results from the hysteresis experiments. Representative
temperature-jump relaxation curves for all five oligonucleotides
at 70 ◦C are presented in Fig. 4B. These show similar profiles
for TFO-3 and TFO-4, which are both slower than TFO-2, while
TFO-5, in which the two BAU residues are separated by a greater
distance and flanked by C+.GC triplets has similar properties to
TFO-2. Arrhenius plots derived from the relaxation profiles with
3 lM TFO-3–5 are shown in Fig. 4A. It can be seen that the linear
portions of these plots (at high temperatures) have similar slopes
(activation energies), but are in different positions on the graph.
TFO-3 (inverted diamonds) and TFO-4 (squares) are very similar,
while TFO-5 (diamonds) shows faster dissociation.

BAU triplet mismatches

We have previously demonstrated that BAU retains the selectivity
for AT base pairs and has enhanced discrimination against CG
and TA base pairs.25 We therefore examined whether this dis-
crimination results from changes in the association or dissociation
rates and performed hysteresis and temperature-jump experiments
with TFO-1 and TFO-2 using duplex targets, in which the central
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Fig. 4 (A) Arrhenius plots showing the temperature dependence of the relaxation rate constants for TFO-1–5. The concentrations of TFO-1 and TFO-2
were 0.25 lM (open circles), 1 lM (filled circles), 3 lM (open triangles) 10 lM (filled triangles). For TFO-3 (inverted triangles), TFO-4 (squares) and
TFO-5 (diamonds) data for 3 lM oligonucleotide are presented. (B) Representative temperature-jump profiles for the interaction of TFOs 1–5 with the
target site containing a central AT base pair. The TFO concentration was 0.25 lM in each case and the temperature was rapidly increased from 65 to
70 ◦C. TFO-1 (circles), TFO-2 (triangles), TFO-3 (inverted triangles), TFO-4 (squares), TFO-5 (diamonds).

base pair was exchanged for each base pair in turn. Arrhenius
plots for the complexes containing these triplex mismatches are
presented in Fig. 5. A full quantitative analysis of these data is
not possible since, as we have previously noted, the melting curves
for complexes that contain triplex mismatches are biphasic,25 as
the triplex melts at much lower temperatures than the duplex. The
estimated kinetic parameters therefore contain large systematic
errors and so can only be used for a qualitative comparison
of the different complexes. Once again the association kinetics
(derived from the hysteresis profiles) show negative activation
energies and, although the individual curves do not overlap, they
are in similar regions (unlike the dissociation profiles). For TFO-
1 the association plots have similar slopes and those for T.CG
and T.TA are almost contiguous. Since the Arrhenius plots for
the association reaction are clearly not measuring primary kinetic
events they were not analysed further. In contrast the Arrhenius
plots for the dissociation reactions show clear differences between

the targets, with similar results obtained by the two techniques.
Looking first at the results for TFO-1 it can be seen that T.TA
has a faster dissociation than T.GC or T.CG, which are faster
than T.AT. The slower dissociation of T.CG may not be surprising
since this triplet has been used as a (poor) means of recognising
CG inversions. The slow dissociation of T.GC is also consistent
with the reported Tm values of TFOs that contain this triplet,
which are similar to those containing T.CG.25,28 For TFO-2, which
contains a central BAU residue, the association plots are again
almost contiguous, though with different slopes. As for TFO-1 the
dissociation plots for the four targets have different rates. BAU.AT
is much slower than the other three, though GC is considerably
slower than both BAU.TA and BAU.CG, which have similar
profiles. It is clear that, at these elevated temperatures around the
Tm of each complex, the major differences between the matched
and mismatched complexes arise from changes in the dissociation,
rather than the association rates.

Fig. 5 Arrhenius plots for the interaction of TFO-1 and TFO-2 with target sites containing ZY as each base pair in turn. Open symbols correspond
to data obtained from hysteresis experiments (TFO concentration 3 lM), whilst closed symbols correspond to data obtained from temperature-jump
experiments (TFO concentration 0.25 lM). ZY = CG (triangles); GC (diamonds) and TA (circles). The data from T.AT and B.AT are taken from Fig. 3
and 4. The dissociation data lie on lines with negative slopes, while the association data show positive slopes. The association data correspond to the
measured pseudo first-order rate constant k* = k1[TFO].
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DNase I footprinting

Association. We further compared the slow association rates
of BAU-containing TFOs by performing DNase I footprinting
reactions at different times after mixing the TFOs with a radiola-
belled fragment containing the target site.16,24 Typical association
reaction profiles for TFO-6 and TFO-7, containing a central
T or BAU respectively, are presented in Fig. 6, showing the
slow appearance of the footprint. The plots of relative band
intensity against time were fitted with exponential curves (Fig. 6B),
providing the apparent rate constants (kobs). These observed rate
constants are dependent on the total nucleic acid concentration
(kobs = k−1 + k1[NA]) and the insets to Fig. 6B show the
concentration dependence of the apparent rate constants, from
which the values of k1, presented in Table 2 were estimated. The
values of these association rate constants, around 103 M−1 s−1, are
similar to those reported in other studies. The association rates,
which are dependent on the magnesium concentration, are similar
for TFO-6 and TFO-7, confirming that the addition of a single
BAU residue does not significantly alter the association reaction.
In contrast to the hysteresis and temperature-jump data TFO-8,
containing two BAU residues and TFO-9, with three BAUs appear
to form faster than TFO-6 or TFO-7.

Dissociation. We observed the slow kinetics of dissociation of
TFO-6 and TFO-7 by adding a 10-fold excess of an oligonucleotide
complementary to the third strand, thereby sequestering the free
TFO as a short duplex and preventing its re-association with the
target duplex. The results of these experiments are shown in Fig. 7
and Table 2. At 20 ◦C the unmodified TFO-6 dissociated with a
half-life of about 50 minutes. In contrast no dissociation of TFO-
7, containing one BAU residue, was detected even after overnight

Table 2 Association and dissociation rate constants for the interaction
of TFOs 6–9 with the target site in the tyrT(43–59) fragment determined
by DNase I footprinting. The reactions were performed in 50 mM sodium
acetate, pH 5.0 containing 200 mM NaCl and 2.5 mM (*) or 5 mM (#)
MgCl2 at 20 ◦C, except for † which was measured at 30 ◦C

TFO k1/M−1 s−1 k−1/s−1

*6 2.4 × 103 2.4 × 10−4

*7 3.8 × 103 †3.6 × 10−4

#6 0.7 × 103

#7 0.6 × 103

#8 2.0 × 103

#9 1.0 × 104

incubation. On increasing the temperature to 30 ◦C dissociation
of TFO-6 was too fast to measure, while TFO-7 dissociated with
a half-life of about 30 minutes. No dissociation was detected for
TFO-8 or TFO-9 even at 30 ◦C.

Discussion

These results demonstrate that the enhanced stability of triplexes
containing the BAU.AT triplet relative to T.AT is largely due
to its slower dissociation rather than changes in the association
reaction. Surprisingly we find that the activation energy for the
dissociation reaction is largely unaffected by introducing a single
BAU modification and the slower dissociation is mainly due to a
decrease in the pre-exponential factor (A). The similar values of
Ea for TFOs 1 and 2 may not be surprising as they only differ
by a single modification at the centre of the oligonucleotides and
this region may not be involved in the primary dissociation event.
Since the pre-exponential factor is a function of the entropy of

Fig. 6 Determination of TFO association rates by DNase I footprinting. (A) DNase I cleavage patterns of the tyrT(43–59) DNA fragment in the
presence of 3 lM of TFO-6 and 7 at different times after adding the TFOs. The experiments were performed at 20 ◦C. The time (sec) after adding the
TFO is indicated at the top of each gel lane. The black bars show the TFO target site. (B) Plots of relative band intensity within the footprint against time
for each TFO. The insets show the concentration dependence of the apparent rate constants, from which the association rate constants, listed in Table 4,
were derived.
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Fig. 7 Determination of TFO dissociation rates by DNase I footprinting. (A) DNase I cleavage patterns of the tyrT(43–59) DNA fragment in the
presence of 3 lM of TFO-6 and 7. The complexes were equilibrated overnight at 20 ◦C before adding 30 lM of the complementary oligonucleotide
3′-AGAGAAAAAAGA. The time (sec) after adding the complementary oligonucleotides is shown at the top of the gel lanes. The black bars indicate the
TFO target site. (B) Plots of relative band intensity within the footprint against time for each TFO. The data for TFO-6 were obtained at 20 ◦C, while
those for TFO-7 correspond to 30 ◦C.

the activated state, this suggests that the enhanced stability of
BAU.AT may arise from the conformational organisation of the
third strand.

These conclusions relate to a given set of experimental condi-
tions (200 mM NaCl and pH 5.0). The difference between the
BAU and T bases may be altered at different salt concentrations
or pH. Since BAU provides two more positive charges than T the
differences may be magnified at lower ionic strengths, but reduced
at higher pH.

TFO-3 and TFO-4, in which the two BAU residues are
adjacent or separated by two nucleotides, show similar properties,
though the dissociation half-life for TFO-3 is longer. This is
consistent with studies with psoralen-linked TFOs that contain 2′-
aminoethoxy-T, which produce more stable complexes when the
modifications are close together,14,29 but contrasts to our previous
work which suggested that the most stable complexes are produced
when these modifications are evenly distributed along the third
strand.26 Further increasing the distance between the two BAU
residues (TFO-5) generates less stable complexes (equivalent to
the TFO containing only one BAU residue), though this may also
be due to the presence of C+.GC triplets adjacent to BAU.AT
in TFO-5. Although the stability of T.AT triplets is enhanced by
the presence of adjacent C+.GC triplets,15,30 analogues that bear
positively charged groups can be inhibited by adjacent C+.GC
triplets.31

The results with targets that generate triplet mismatches provide
further information on the stringency of BAU. This base analogue

is highly selective for AT relative to other base pairs, though it
binds better to GC than CG or TA.25 In contrast T.GC and T.CG
are more stable than T.TA. It is not clear why BAU stabilises the
interaction with GC but not CG, especially since the T.CG triplet
is known to provide the best means for recognizing CG inversions
using natural bases.32,33 It is possible that the additional contacts
or structural changes provided by BAU are not compatible with
the single hydrogen bond that is formed in the T.CG triplet. Once
again it is clear that discrimination between the different base
pairs is a consequence of changes in the dissociation, rather than
association, rate constants.

It is not possible to compare the results from footprinting with
those from hysteresis and temperature-jump experiments as they
used different length oligonucleotides (12-mers and 18-mers). The
ratio of k−1–k1 derived from the footprinting experiments gives a
value of 0.1 lM, which is similar to the dissociation constant of
this oligonucleotide.

Effective DNA triple helix formation in vivo will require not
only strong equilibrium binding, which we have achieved by
using the positively charged nucleotide analogue BAU, but fast
association (competing with various DNA binding proteins) and
long dissociation half-lives. The results presented in this paper
demonstrate that stability of the BAU.AT triplet is achieved
by slowing the dissociation reaction, with little effect on the
association kinetics. Different nucleic acid derivatives, or the
inclusion of many more modifications, will be required to improve
on the slow association kinetics.
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Experimental

Oligonucleotides

All oligonucleotides were synthesized on an Applied Biosystems
ABI 394 automated DNA/RNA synthesizer on the 0.2 lmol
or 1 lmol scale using the standard cycles of acid-catalysed
detritylation, coupling, capping and iodine oxidation procedures.
Phosphoramidite monomers and reagents were purchased from
Applied Biosystems or Link Technologies. The phosphoramidite
for BAU was prepared as previously reported.25,27 The oligonu-
cleotides were deprotected for 24 h in 2 ml of 30% aqueous
methylamine in the presence of phenol (5 mg). The deprotected
oligonucleotides were purified by reverse-phase HPLC on a
Brownlee Aquapore column (C8) using a gradient of acetonitrile in
0.1 M ammonium acetate. Purified oligonucleotides were analysed
by MALDI-TOF mass spectrometer in positive ion mode using
internal Tn standards.34 The sequences of the oligonucleotides used
in this work are shown in Fig. 1.

Fluorescence melting experiments

Kinetic parameters for the intermolecular triplexes shown in
Fig. 1B were obtained using fluorescence melting and temperature-
jump experiments as previously described.13,15,28,35 TFOs were
labelled at the 5′-end with methyl red and the 5′-end of the purine-
containing strand of each duplex was labelled with fluorescein. The
triplexes were prepared in 50 mM sodium acetate buffer containing
200 mM sodium chloride at pH 5.0. Melting experiments were
carried out in a total volume of 20 ll and each assay contained
0.25 lM duplex and 3 lM third strand (unless otherwise stated).

Hysteresis experiments. The method for estimating kinetic
parameters from non-equilibrium melting and annealing curves
has previously been reported.17,36,37 The hysteresis between these
curves arises because the complexes are heated or cooled at a rate
that is too fast to allow thermodynamic equilibrium, and indicates
the presence of slow steps in the association and/or dissociation
reactions. For triplexes, the extent of this hysteresis is dependent
on a range of factors such as the pH, the concentration of divalent
metal ions and the sequence context.

To ensure correct annealing, the triplexes were initially heated to
95 ◦C and then slowly cooled to room temperature. Although the
slowest rate of continuous temperature change by the LightCycler
is 0.1 ◦C sec−1, slower rates were obtained by increasing/decreasing
the temperature in 1 ◦C steps, leaving the samples to equilibrate
for a suitable length of time (typically 5 min). Hysteresis curves
were then obtained by heating the samples at a fast rate (typically
6 ◦C min−1) to 95 ◦C, leaving the samples to equilibrate for 5 min,
and then cooling the samples to 35 ◦C at the same rate. Recordings
were taken during both the heating and cooling cycles. The rate of
temperature change was adjusted for each triplex so as to obtain
optimal separation between the melting and annealing curves. Tm

values were determined from the first derivatives of the melting
profiles using the software provided. If ac and ah are the fractions
of the duplex that are occupied by the third strand in the cooling
and heating curves respectively, then d(ac)/dT = d(ac)/dt ×
(dT/dt)−1 and d(ah)/dT = d(ah)/dt × (dT/dt)−1, where t is time
and T is temperature. If k1 and k−1 are the triplex association
and dissociation rate then d(ac)/dt = k1[TFO](1 − ac) − k−1ac

and d(ah)/dt = k1[TFO](1 − ah) − k−1ah. By measuring d(ac)/dT ,
d(ah)/dT , ac and ah, the individual rate constants can be estimated
at each temperature.17,36,37 Since the third strand concentration is in
excess in these experiments it effectively remains constant during
the reaction (3 lM), yielding a pseudo first order process with a
rate constant k* given by k1[TFO]. In several instances the melting
curves revealed a biphasic profile corresponding to dissociation
of the duplex (with a decrease in fluorescence intensity) at higher
temperatures than dissociation of the third strand as previously
noted.25,35 This was especially noticeable with complexes that
contained a triplex mismatch. These were fitted by assuming a
coupled equilibrium in which the third strand dissociates first
yielding a species with high fluorescence, followed by dissociation
of the underlying duplex producing a random coil with a lower
fluorescence.

Temperature-jump experiments. The dissociation kinetics of
these intermolecular triplexes were determined by rapidly increas-
ing the temperature and following the subsequent slow changes in
fluorescence as the system relaxes to a new equilibrium.15,38,39 In
these experiments, the temperature was first increased slowly to a
temperature ∼10 ◦C below the Tm, and then left to equilibrate for
10 minutes. The temperature was then rapidly increased by 5 ◦C
(at 20 ◦C sec−1) recording the fluorescence as the system relaxes
to a new equilibrium. This temperature change causes some of
the triplex to dissociate, producing an increase in fluorescence
intensity. Successive temperature jumps were then recorded on the
same sample. The time-dependent changes in fluorescence were
fitted by an exponential function F t = F 0 + F f × (1 − e−kt) where
F 0 is the initial fluorescence, F t is fluorescence at time and F f is final
fluorescence. The temperature jump experiments each contained
0.25 lM intramolecular duplexes and between 0.25 and 10 lM
triplex-forming oligonucleotide. The observed relaxation rate con-
stant (k) will be a function of the oligonucleotide concentration,
the dissociation (k−1) and association (k1) rate constants, according
to the equation k = k−1 + k1[DNA], where [DNA] is the total
oligonucleotide concentration (third strand plus duplex). Values
of k1 and k−1 at each temperature were determined from the slope
of plots of k against [DNA]. Arrhenius plots for the dissociation
constants (k−1) showed the expected linear relationship between
ln(k−1) and 1/T , from which activation energies were derived and
values at 37 ◦C were obtained by extrapolation.

Quantitative DNase I footprinting experiments

DNA fragments. The tyrT(43–59) fragment contains a 17-base
oligopurine tract between positions 43 and 59.40 We have targeted
a 12 base pair region within this tract with the TFOs shown in
Fig. 1C. A 110 base pair radiolabelled fragment containing this
sequence was obtained by digesting the plasmid with EcoRI and
AvaI and labelling at the 3′-end of the EcoRI site using reverse
transcriptase and [a-32P]dATP. This was then separated from the
remainder of the plasmid DNA on an 8% (w/v) non-denaturing
polyacrylamide gel. After elution the fragment was dissolved in
10 mM Tris-HCl, pH 7.5, containing 0.1 mM EDTA to give about
10 cps ll−1 as determined on a hand held Geiger counter (<nM).

Association reactions. The association reactions were initiated
by mixing 30 ll of oligonucleotide (between 0.1 and 10 lM) with
15 ll of radiolabelled DNA at 20 ◦C.16,24 The oligonucleotides
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were diluted in 50 mM sodium acetate pH 5.0 containing 5 mM
magnesium chloride unless otherwise stated. The association
reaction was followed by removing 3 ll aliquots at various time
points (between 30 sec and 4 h) and digesting with 2 ll of DNase
I for 20 seconds (typically ∼0.05 units per mL, diluted in 200 mM
NaCl containing 2 mM MgCl2 and 2 mM MnCl2). The reaction
was stopped by adding 4 ll of 80% formamide containing 10 mM
EDTA, 10 mM NaOH and 0.1% (w/v) bromophenol blue.

Dissociation reactions. Triplexes were formed by mixing 30 ll
of appropriately diluted oligonucleotide (typically 3 lM) with
15 ll of radiolabelled DNA, and equilibrating overnight at an
appropriate temperature (20 or 30 ◦C). Dissociation was initiated
by adding a 10-fold excess of an oligonucleotide complementary
to the third strand, thereby sequestering the free TFO as a short
duplex.24,41 Since duplex formation is much faster than triplex
formation, the rate of disappearance of the footprint corresponds
to the dissociation of the third strand from its target. The reaction
was followed by removing 3 ll aliquots at various time points
(between 30 sec and 4 h) and digesting with DNase I as above.

Gel electrophoresis. The products of digestion were separated
on 10% polyacrylamide gels containing 8 M urea. Samples were
heated to 100 ◦C for 3 min, before rapidly cooling on ice and
loading onto the gel. Polyacrylamide 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 Whatman 3 MM paper
and dried under vacuum at 86 ◦C for 1 h. The dried gels were
subjected to phosphorimaging using a Molecular Dynamics Storm
phosphorimager.

Quantitative analysis. The association of the oligonucleotide
with its target site is revealed by the time-dependent appearance
of a footprint, while the dissociation is revealed by the time-
dependent disappearance of a footprint. The intensity of bands
within each footprint was estimated using ImageQuant software.
These intensities were then normalised relative to a band in the
digest which is not part of the triplex target site, and which was not
affected by addition of the oligonucleotides. For the association
reaction, pseudo-first order rate constants (kapp) were estimated
by fitting single exponential curves to the plots of band intensity
against time using SigmaPlot. Bimolecular rate constants (k1) were
estimated from the variation of the observed rate constants with
oligonucleotide concentration. For the dissociation reaction, the
first order rate constants (k−1) were estimated by fitting single
exponential curves to the plots of band intensity against time
using Sigmaplot.
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