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ABSTRACT

We have used oligonucleotides containing molecular
beacons to determine melting profiles for intra-
molecular DNA duplexes, triplexes and quadruplexes
(tetraplexes). The synthetic oligonucleotides used in
these studies contain a fluorophore (fluorescein) and
quencher (methyl red) attached either to deoxyribose
or to the 5 position of dU. In the folded DNA struc-
tures the fluorophore and quencher are in close
proximity and the fluorescence is quenched. When
the structures melt, the fluorophore and quencher are
separated and there is a large increase in fluorescence.
These experiments were performed in a Roche Light-
Cycler; this requires small amounts of material
(typically 4 pmol oligonucleotide) and can perform
32 melting profiles in parallel. We have used this
technique to compare the stability of triplexes
containing different base analogues and to confirm
the selectivity of a triplex-binding ligand for triplex,
rather than duplex, DNA. We have also compared the
melting of inter- and intramolecular quadruplexes.

INTRODUCTION

Melting studies are widely used for determining the stability of
nucleic acids and their interaction with ligands (1-3). As the
temperature of a solution containing a structured nucleic acid
is raised then the strands will separate or melt. The temperature
at the mid-point of this transition (7',) indicates the stability of
the structure, and changes in this value (AT,) are used to
compare the effect of experimental conditions, base substitu-
tions or drug binding. Melting transitions can be detected by a
variety of techniques including UV absorbance, circular
dichroism, calorimetry, NMR and electrophoresis, although
UV absorbance is the most commonly used technique. This is

usually achieved by measuring changes in absorbance at 260 nm.
As the structured nucleic acid melts, the bases become
unstacked and are exposed to solvent, thereby causing an
increase in absorbance.

Although this technique is simple to use and the results are
qualitatively easy to interpret, it suffers from a number of
limitations. First, the absorbance changes are not large
(typically only 25%) and the technique has low throughput, as
most spectrophotometers measure no more than four samples
at once. Second, it requires relatively large volumes (1-3 ml) of a
solution with an OD,, of at least 0.2 (i.e. a total of ~20 nmol
bases). Third, higher order nucleic acid structures, such as
triplexes (4,5) and quadruplexes (tetraplexes) (6,7), have several
components in their melting profiles (e.g. triplex—duplex—single
strands). These often overlap and it is not possible to resolve
the different transitions. Fourth, the formation of some
triplexes is not accompanied by changes in absorbance (8). The
absorbance change on quadruplex formation is also small (9).

We have therefore devised a novel method for measuring
DNA melting profiles which overcomes these limitations. This
technique is based on molecular beacon methods (10) and
measures changes in the fluorescence yield of oligonucleotides
containing suitably placed fluorophores and quenchers. A
number of previous studies have employed fluorescence
resonance energy transfer, using oligonucleotides labelled
with fluorescein at one end and rhodamine at the other, to
assess triplex (11-15) and quadruplex (16,17) stability. Fluo-
rescently labelled oligonucleotides have also been used to
measure triplex formation using fluorescein-labelled oligo(dT)
(18). Another approach has used molecular beacons to examine
triplex formation by a hairpin third strand oligonucleotide
containing fluorescein at one end and methyl red at the other
(19). This hairpin opened when it bound to its target site,
causing a large increase in fluorescence. The molecular beacon
technique that we describe in this paper also uses oligonucleotides
containing fluorescein and methyl red. These are attached to
either deoxyribose or dU and can be incorporated within the
oligonucleotide sequences as well as at either end. These modified
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bases were first prepared for use with Scorpion oligonucleotides
in real-time PCR (20-22) and the preparation of these phos-
phoramidite monomers has recently been described (J.L.Brown,
C.McKeen, J.M.Mellor, J.T.G.Nicol and T.Brown, submitted for
publication). The fluorescence melting profiles are measured
using a Roche LightCycler. In this way we are able to deter-
mine 32 melting profiles in parallel using 20 pl samples each
containing 0.25 UM oligonucleotide.

MATERIALS AND METHODS

Oligonucleotides

Oligonucleotides were synthesised on an Applied Biosystems
394 DNA/RNA synthesiser on either the 0.2 or 1.0 uM scale
and were prepared and HPLC purified by Oswel Research
Products Ltd (Southampton, UK). Phosphoramidite mono-
mers were purchased from Cruachem Ltd (Glasgow, UK).
2’-Aminoethoxy-T (23,24) was obtained from Dr B. Cuenoud
(Novartis). 5-Propargylamino-dU (25) and 2’-aminoethoxy,
5-propargylamino-U (26) were prepared as previously
described. Methyl red (Fig. 1C) was incorporated at various
positions in the oligonucleotides, using MeRed-dR (Fig. 1A).
Fluorescein (Fig. 1D) was incorporated using either Fam-dR
(Fig. 1A) or Fam-cap-dU (Fig. 1B). The synthesis of these
phosphoramidites will be described elsewhere. The sequences
of oligonucleotides used in these studies are shown in Table 1.
The triplex-forming oligonucleotides were designed so that the
third strand was shorter than the underlying duplex, as in our
previous studies (25), to ensure that the two transitions
occurred at different temperatures.

Buffers and ligands

For intramolecular triplexes the following buffers were used:
pH 5.0-6.0, 50 mM sodium acetate containing 100 mM NaCl
and 0.1 mM EDTA; pH 7.0-8.0, 50 mM sodium phosphate
containing 100 mM NaCl and 0.1 mM EDTA; pH 9.0, 50 mM
sodium borate containing 100 mM NaCl and 0.1 mM EDTA.
The buffer used for the experiments with quadruplexes was
either 50 mM potassium phosphate pH 7.4 or 50 mM sodium
phosphate pH 7.4. The naphthylquinoline triplex-binding
ligand (27,28) was a gift from Dr L. Strekowski (Department
of Chemistry, Georgia State University).

Fluorescence melting

Fluorescence melting curves were determined in a Roche
LightCycler, using a total reaction volume of 20 ul. The
melting profiles for up to 32 samples could be recorded simul-
taneously. For each reaction the final oligonucleotide concen-
tration was 0.25 puM, diluted in an appropriate buffer. In a
typical experiment the samples were first denatured by heating
to 95°C at a rate of 0.1°C s'!. The samples were then main-
tained at 95°C for 5 min before annealing by cooling to 25°C
at 0.1°C s7! (this is the slowest heating and cooling rate for the
LightCycler). They were held at 25°C for a further 5 min and
then melted by heating to 95°C at 0.1°C s™1. Recordings were
taken during both the melting steps as well as during
annealing. The LightCycler has one excitation source (488 nm)
and three channels for recording fluorescence emission at 520,
640 and 705 nm. For the studies in this work we measured the
changes in fluorescence at 520 nm.
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Table 1. Sequences of fluorescently labelled oligonucleotide used in this work

Migonueleatides for measuring duplex melting:

Oligo 1 5~FCTTTTTTCAGTCTCHGAGACTGAAAAAAQC

FTXTXTTHHFCTTTTTTCAGTCTCHGAGACTGAAAAAAGC

Odigo 2 X =T; Qligo 3 X = S-propargylamino-dl)

Oligonucleatides for mensuring (riplex melting:
F-OTXTXTTHHCTTTTTTCAGTCTCHGAGACFGAAAAAAG

Oligo 4 X =T; Oligo 5 X = 2°-OMe-1; Oligo 6 X = S-propynyl-dU; Oligo 7 X = 5-brome-
dU; Oligo & X = 5-propargylaming-dU; Clige 9 X = 2"-aminoethoxy-T; Oligo 10 X = §

propargylamino, 2" <minoethoxy-11

Intramolecular quadruplex

Olige 11 QGOGGTTAGGGTTAGGGTTAGGGH

Intermolecular guadruplex

Oligo 12 QGGGTTAGGGE

In each case the quencher (Q) is MeRed-dR. The fluorophore (F) is FAM-dR,
except for oligos 4-10, for which it is FAM-cap-dU. H represents a hexaethylene
glycol linker connecting the strands. For oligos 2—10 the Hoogsteen strand is
shown in blue.

Data analysis

T, values were determined from the first derivatives of the
melting profiles using the Roche LightCycler software, or from
van’t Hoff analysis of the melting profiles using FigP for
Windows. The van’t Hoff analysis assumed a simple two-state
equilibrium between the folded and unfolded forms. This is a
unimolecular reaction for the intramolecular complexes, but is
a bimolecular reaction for the intermolecular quadruplex. In
several instances the triplex melting curves revealed a biphasic
profile. 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 under-
lying duplex producing a random coil with a lower fluores-
cence. In some instances the melting curves showed a linear
change in fluorescence with temperature in regions outside the
melting transition. This was accounted for by first fitting a
linear regression curve to the first and last 20 data points of the
fluorescence curve. Each reaction was performed in triplicate
and the T, values usually differed by <0.5°C.

RESULTS

Although UV melting curves have been widely used for
assessing DNA stability, the technique suffers from a number
of limitations, as outlined in the Introduction. We have there-
fore devised a sensitive fluorescence-based method which
allows us to observe these two transitions independently. The
oligonucleotides used for this work are shown in Table 1 and
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Figure 1. (A) Chemical structure of FAM-dR (R = FAM) and MeRed-dR
(R = MeRed). (B) Chemical structure of Fam-cap-dU (R = FAM). (C) Chemical
structure of methyl red (MeRed). (D) Chemical structure of fluorescein
(FAM). (E) Schematic representation of the melting of oligonucleotides
designed to show duplex melting: (i) a simple DNA duplex; (ii) the underlying
duplex of a triplex. (F) Schematic representation of the melting of oligo-
nucleotides designed to show triplex melting. (G) Schematic representation of
oligonucleotides designed to show the melting of intra- and intermolecular
quadruplexes. The folded structures show one of the possible forms that these
quadruplexes can adopt.

each contains a fluorophore (F, fluorescein) and quencher
(Q, methyl red) positioned so that they are in close proximity
and the fluorescence is quenched when the oligonucleotide
folds into an intramolecular structure. When the complex melts
these two groups are separated and there is a large increase in
fluorescence, as illustrated diagrammatically in Figure 1E-G.
Previous studies have used end-labelled oligonucleotides to
examine the stabilisation of DNA quadruplexes. The technique
described in this paper requires much lower quantities of material
and achieves a high throughput. In addition, by attaching the
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fluorophore and quencher to the DNA bases, we are able to
measure the stability of DNA triplexes.

DNA triplexes

In oligos 4-10 the fluorophore and quencher are in the duplex
purine strand and the third strand, respectively; the fluo-
rescence melting curves will therefore represent dissociation of
the third strand, as illustrated in Figure 1F. Subsequent melting
of the underlying duplexes was not expected to affect the fluo-
rescence signal. In contrast, oligos 2 and 3 form similar
intramolecular triplexes, but the fluorophore and quencher are
positioned on either strand of the duplex. In this instance disso-
ciation of the third strand will not affect the fluorescence signal
and the changes will represent melting of the duplex, as illus-
trated in Figure 1E(ii). Oligo 1 is an intramolecular duplex
corresponding to the underlying duplex in the other triplexes
and its dissociation is illustrated in Figure 1E(i).

Comparison of triplex and duplex melting profiles

Figure 2 shows the representative fluorescence melting curves
for the triplexes and duplexes formed by oligos 1-4 and 8.
These experiments were performed at pH 7.0 in buffer
containing 50 mM sodium phosphate, 100 mM NaCl, 0.1 mM
EDTA. It can be seen that oligo 4, with the fluorophore and
quencher on the duplex and third strand, produces a temperature-
dependent increase in fluorescence (black curve). This broad
transition has a T,, of ~31°C, typical of that expected for an
intramolecular triplex—duplex transition under these condi-
tions. Since the triplex 7T, is 31°C the oligonucleotide is not
fully folded at the starting temperature (25°C). However, the
LightCycler cannot cool the samples below ambient temperature.
Surprisingly, we found that this transition was followed by a
small decrease in fluorescence. We postulate that this is related
to melting of the underlying duplex and this is considered
further in the Discussion.

When the fluorophore and quencher are placed within the
duplex portion of the same triplex (oligo 2) the melting transition
is at a higher temperature (77.7°C), corresponding to the
duplex—single strand transition. This was confirmed using a
labelled oligonucleotide corresponding to the intramolecular
duplex alone (oligo 1), which produced an identical melting
profile (T, = 77.0°C). As expected, the presence of the third
strand did not affect the stability of the underlying duplex.
These T,, values are summarised in Table 2, along with those
for oligonucleotides containing base modifications, which are
described below.

Base modifications

We have used similar experiments to assess the melting of
various intramolecular triplexes that have been substituted with
base analogues at two positions in the third strand. Figure 2 (blue
curve) shows the melting profile for the oligonucleotide
containing 5-propargylamino-dU (U?), a base analogue which
we have previously shown produces a large increase in triplex
stability (25). This again shows a temperature-dependent
increase in fluorescence, which occurs at a higher temperature
than for the unmodified triplex (7}, = 58.8°C). In this instance
the transition was not followed by a subsequent decrease in
fluorescence. When this UP-containing triplex was labelled on
the underlying duplex (oligo 3) the melting curve was identical
to that of both the duplex alone and the duplex portion of the
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Figure 2. Fluorescence melting profiles for oligos 1 (duplex, green), 2 (T-duplex, red), 3 (UP-containing duplex, grey), 4 (triplex, black) and 8 (UP-containing
triplex blue). The left panel shows plots of fluorescence against temperature (°C), while the right panel shows the first derivative of the melting profile. The fluo-

rescence is expressed in arbitrary units.

unmodified triplex (7, = 76.6°C). Similar experiments were
also performed with intramolecular triplexes containing a
selection of third strand substitutions and the results are
summarised in Table 2.

These results demonstrate that oligonucleotides containing
appropriately positioned fluorophores and quenchers can be
used in the LightCycler to generate accurate DNA melting
profiles. In contrast to UV melting curves, which typically
show only a 25% increase in absorbance at 260 nm and require
relatively large amounts of oligonucleotide (1 ml of OD 0.2),
this method uses only 20 pl of a 0.25 uM solution of oligo-
nucleotide and shows a 10-fold increase in fluorescence. By
altering the location of the fluorophore and quencher the
method allows separate determination of the triplex—duplex
and duplex—single strand transitions.

Effect of pH

The fluorescence yield of fluorescein is pH dependent and is
lower at acidic pH when the molecule is unionised. We have
therefore performed similar experiments with the unmodified
triplex (oligo 4) at a range of different pH values and the results
are shown in Figure 3. As expected, the fluorescence yield was
significantly lower at pH 6.0 and below, but was still sufficient
to allow accurate determination of the melting temperatures.
The melting profiles were similar to those determined at
pH 7.0 and revealed very similar melting temperatures, which
are summarised in Table 2, along with those for triplex base
substitutions.

Rate of heating

The kinetics of intermolecular DNA triplex formation are
known to be very slow and are about three orders of magnitude
slower than that of duplex DNA. Melting and annealing
profiles can therefore show considerable hysteresis, as the
reaction is not at thermodynamic equilibrium during the
heating process (29). We are not aware of any data on the
kinetics of intramolecular triplex formation, although we
would expect this to be much faster. The slowest rate of
temperature change on the LightCycler is 0.1°C s7!; this is
much faster than that usually employed to determine UV
melting profiles, which is typically 0.5-1°C min~'. Figure 4

Table 2. Melting temperature (°C) for intramolcular triplexes containing
different base modifications

Oligo X T, (°O)
pH 5.0 pH 6.0 pH 7.0 pH 8.0 pH 9.0

Duplexes

1 Duplex 746 759 769 1710

2 T 731 714 777 717 737

3 5-Propargylamino-dU 744 765 76.6 76.6 73.0
Triplexes

4 T 36.00 31.4* 31.2¢ 31.2¢ 30.5°

5 2’-OMe 27.2¢8  28.7% 27.8¢ 28.7% 27.8

6 5-Propynyl-dU 36.5¢  36.5* 32.0° 31.60 28.3°

7 5-Bromo-dU 459*  42.1* 41.00 39.1* 31.0°

8 5-Propargylamino-dU 582 579 588 541 36.0°

9 2’-Aminoethoxy-T 50.8¢  45.1* 43.6° 41.6* 3342

10 5-Propargylamino, 725 724 712 67.6 508

2’-aminoethoxy-dU

The sequences of the oligonucleotides are shown in Table 1. For duplex melts
the fluorophore and quencher are positioned on the pyrimidine and purine
strands of the Watson—Crick duplex, respectively. For the triplexes the fluoro-
phore is located on the purine strand of the duplex, while the quencher is on
the Hoogsteen strand.

2These curves showed two transitions, as described in the text. In these cases
the T, value shown is that of the first transition.

compares the annealing and melting profiles for the intramo-
lecular triplex formed by oligo 4, and the thermodynamic
parameters obtained from these transitions are summarised in
Table 3. It can be seen that, at this slowest rate of temperature
change, the melting and annealing curves are very similar,
suggesting that the reaction is at thermodynamic equilibrium.
Although we could not examine slower rates of heating, due to
the limitations of the instrument, we compared faster rates and
the results are shown in Figure 4 and Table 3. At 0.2°C s~! the
annealing and melting profiles are also very similar. Although
these transitions are at slightly higher temperatures than
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Figure 4. Fluorescence melting profiles for oligo 4, determined at different
rates of heating and cooling. The red curves correspond to melting, while black
curves show annealing. The fluorescence is expressed in arbitrary units.

determined with the slower rate of heating, this small change
was due to experimental variation; it is more significant that
the heating and cooling curves do not show any hysteresis.
Further increases in the rate of heating to 0.5 and 1°C s! are
also shown in Figure 4 and Table 3. It can be seen that these
faster rates generate melting and annealing profiles that show
some hysteresis, in which the annealing occurs at a lower
temperature than the melting. The annealing temperature was
constant for all the curves while the apparent melting temperature
moved to higher temperatures at the faster rates of heating.

Effect of a triplex-binding ligand

Several studies have examined the interaction of naphthylqui-
noline with DNA (27,28) and shown that this ligand stabilises
DNA triplexes much more effectively than duplexes. We have
examined the effect of this ligand on the fluorescence melting
transitions of the intramolecular triplexes and duplexes generated
by oligos 4 and 1. The results are presented in Figure 5 and
Table 4. As expected, the ligand had very little effect on the
melting profile of the intramolecular duplex (Fig. 5, right) and
produced a AT, of only 2 and 4°C in the presence of 5 and

Nucleic Acids Research, 2002, Vol. 30, No. 9 e39

Table 3. Effect of heating and cooling rates on the fluorescence melting
curves obtained with the intramolecular triplex formed by oligo 4

Rate of heating Transition 1 Transition 2
(°Cs™)
T,(°C) AH T,0°C) AH
(kJ mol-") (kJ mol")
0.1 Melt 36.0 157 62.0 360
Anneal  36.0 149 62.1 338
0.2 Melt 37.9 170 63.8 378
Anneal 37.4 167 63.7 355
0.5 Melt 38.8 169 64.3 372
Anneal  36.6 163 63.3 380
1.0 Melt 39.8 168 64.9 413
Anneal  36.7 176 62.3 419

10 uM ligand, respectively. In contrast, the ligand had a
dramatic effect on the first melting transition of the intra-
molecular triplex (Fig. 5, left), which was increased by 23.4
and 27.7°C in the presence of 5 and 10 uM ligand, respec-
tively. The second transition was also affected by the ligand,
although by a much smaller amount, with a AT, of only 8°C in
the presence of the highest ligand concentration. These data
confirm the specificity of naphthylquinoline for triplex DNA
and demonstrate that this fluorescence melting technique can
be used to assess the effect of DNA-binding ligands.

Quadruplexes

We have also used this technique to determine the stability of
both intra- and intermolecular DNA quadruplexes, using
oligos 11 and 12, and the results are presented in Figure 6 and
Table 5. These experiments were performed in 50 mM potassium
phosphate buffer pH 7.4. Although quadruplexes are extremely
stable, they are known to form very slowly. We therefore
compared the annealing and melting curves for these oligo-
nucleotides. Although both oligonucleotides produced clear
melting profiles the transition was much sharper for the
intramolecular complex and the T, was ~10°C higher. For the
intermolecular complex the melting and annealing curves are a
similar shape, although there is some hysteresis and the T, for
annealing is ~2°C lower than that determined from the melting
curve. The hysteresis is especially pronounced for the inter-
molecular complex, with a large difference in the melting and
annealing curves. The annealing curve was especially shallow
and it was difficult to determine an accurate T,. These results
confirm that these quadruplexes form extremely slowly. The
lower stability of the intermolecular complex is expected, as it
is a bimolecular reaction. Other experiments (not shown)
revealed that the 7}, of the intermolecular complex increased
with oligonucleotide concentration, as expected for a bimolecular
reaction, whereas the T, of the intramolecular complex was
independent of concentration.

Although the Roche LightCycler cannot heat at <0.1°C s,
this limitation can be overcome by programming the machine
to increase the temperature in small steps, taking the fluores-
cence at each temperature after a set equilibration time. We
have used this technique to measure annealing of the intra-
molecular quadruplex, by decreasing the temperature in 1°C
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Figure 5. The effect of the naphthylquinoline triplex-binding ligand (chemical structure shown in left panel) on the fluorescence melting curves for oligo 1 (right
panel) and oligo 4 (left panel). The ligand concentration for each curve is shown in the inset. The fluorescence is expressed in arbitrary units.

Table 4. Effect of naphthylquinoline on the fluorescent melting curves of
intramolecular DNA triplexes and duplexes

Naphthyl- Triplex Duplex
quinoline
(UM)

Transition 1 Transition 2

T,(°C) AH T,(°C) AH T,(°C) AH

(kJ mol™") (kJ mol™") (kJ mol™")

Control ~ 35.8 154 61.6 374 75.4 352
0.1 36.8 139 61.9 415 75.1 353
0.5 454 126 62.6 413 75.3 356
1 48.8 139 63.7 430 75.4 360
2 53.0 149 65.0 429 75.9 364
5 59.4 149 67.3 394 77.4 387
10 63.5 149 69.5 396 79.3 432

The T,, and AH values were obtained from van’t Hoff analysis of the melting
curves. For the intramolecular triplex the first transition corresponds to the
triplex—duplex melt.

steps, leaving 10 min between readings. This annealing curve
is shown in the inset to Figure 6 and yields a T}, of 69.0°C and
AH of 231 kJ mol-! (Table 5).

DISCUSSION

The results presented in this paper demonstrate that molecular
beacons can be used to generate accurate DNA melting and
annealing curves, using a Roche LightCycler. By attaching the
fluorophore and quencher to deoxyribose or dU these residues
can be incorporated within the oligonucleotide sequences and
can be employed to determine the stability of a range of
different structures.
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Figure 6. Fluorescence melting curves for the intramolecular quadruplex
formed by oligo 11 and the intermolecular quadruplex formed by oligo 12.
Annealing curves are shown in black, while melting curves are shown in red.
The insert shows the annealing curve obtained when the complex was left to
equilibrate for 10 min after each 1°C decrease in temperature, before recording
the fluorescence. The fluorescence is expressed in arbitrary units.

Rate of heating

We were at first concerned that the slowest rate of temperature
change in the LightCycler might be too fast to determine accurate
melting curves. UV melting curves are typically performed at
a heating rate of 1°C min~!, compared with 0.1°C s~! (or faster)
used in these experiments. The rate of heating is a problem for
slow reactions in which re-equilibration does not keep pace
with the change in temperature, and this has previously been
shown to produce different heating and annealing profiles for
intermolecular triplexes (29). We showed that this is not a
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Table 5. Thermodynamic parameters obtained for the
fluorescence melting curves for intramolecular (oligo 11) and
intermolecular (oligo 12) quadruplexes, measured in 50 mM
potassium phosphate pH 7.4

T, (°C) AH (kJ mol™)
Intramolecular melt 71.4 252
Intramolecular anneal 69.2 253
Intramolecular slow anneal 69.0 231
Intermolecular melt 61.2 135
Intermolecular anneal 46.0 61.2

The T, and AH values were obtained from van’t Hoff analysis of
the melting profiles using both the annealing and melting curves.
The data for the slow anneal were obtained by increasing the
temperature in 1°C steps and leaving the mixture to equilibrate
for 1 min before recording the fluorescence.

problem for intramolecular triplexes, although some hysteresis
is apparent at faster rates of heating and cooling. The rate of
heating is a greater problem for the experiments with quadruplex
DNA. There is some hysteresis between the heating and
cooling curves for the intramolecular quadruplex and a large
(15°C) difference for the intermolecular complex. However,
these problems can be overcome by increasing the temperature
in small steps, leaving the reaction to equilibrate between each
change before recording the fluorescence. Although the
smallest step size for the Roche LightCycler is 1°C, we have
shown that this can be used to produce accurate melting data.

Triplex stability

We have demonstrated the use of this technique by comparing
the stability of triplexes that contain different base modifica-
tions at two (out of six) positions in the third strand. Although
each of these modifications has been tested in independent
studies (23-26,30-34), this is the first time in which they have
all been compared together. It can be seen that the 2’-O-methyl
substitution decreases triplex stability. This contrasts with
previous reports, which show that oligoribonucleotides
generate more stable triplexes than their deoxy counterparts
(30,31) and that the stability is further increased by the
2’-O-methyl substitution (31). However, these previous
studies used fully substituted oligonucleotides and it is
possible that partial substitution destabilises the structure.
Similarly, the 5-propynyl substitution would be expected to
increase stability, as previously reported (32,33). The lack of
observed stabilisation is most probably because, in these oligo-
nucleotides, the propynyl-dU residues are not adjacent. The
stabilisation by 5-bromo-dU is consistent with earlier reports
that triplex stability increases in the order U < T < BrU (34).
The melting data confirm the effect of amino substitutions on
triplex stability (23-25) and demonstrate the potency of the
doubly modified analogue 2’-aminoethoxy, U? (26). Detailed
studies with this analogue will be reported elsewhere.

The technique also allows us to independently study the
stability of the underlying duplex, by selectively labelling the
two duplex strands. The results demonstrate that addition of
the third strand does not affect the stability of the underlying
duplex.
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Triplex melting profiles

The second transition (a decrease in fluorescence) in the triplex
melting profiles was unexpected. This is observed for the less
stable triplexes but is not present with the triplexes
containing propargylamino-dU or the doubly modified
analogue 2’-aminoethoxy, UP. We presume that this second
transition is a property of the underlying duplex, since the
average distance between the fluorophore and quencher will be
greater for the partially melted triplex than for the fully melted
random coil. When the third strand dissociates, the remaining
duplex will be relatively rigid and hold the fluorophore and
quencher apart. One problem with this explanation is that the
second transition occurs at a lower temperature than the duplex
T,, measured with oligos 1-3. However, this difference may be
explained by the location of the fluorescein substitution on the
different oligonucleotides. For the oligonucleotides designed
to measure the duplex melt (oligos 1-3) this is attached to
deoxyribose, at the 5’-end of the duplex portion. In contrast, it
is attached as Fam-cap-dU within the underlying duplex for the
triplex oligos 4—10. The internal Fam residue may cause some
destabilisation of the underlying duplex. Indeed, we have
shown that moving the fluorophore away from the pyrimidine
ring by including a propargyl group before the caproyl linker
produces more stable DNA duplexes (unpublished observa-
tions). Although this internal residue affects the stability of the
underlying duplex, it should not cause a problem for binding
the third strand, as it is located 2 bp beyond the end of the
Hoogsteen strand. It is not clear why this second transition is
more sensitive to addition of the triplex-binding ligand than the
intramolecular duplex alone (AT, of 8°C compared with 4°C).

The experiments with the naphthylquinoline compound
demonstrate that this technique can be used to assess the
effects of triplex-binding ligands. In other studies we have
shown that it can also be used to study the effects of ligands on
quadruplex stability. In the present study the ligand does not
affect the fluorescence signal, although we are aware that some
compounds may directly interact with the fluorophore and
quench the fluorescence. In such instances it may therefore be
necessary to confirm the binding reaction with unmodified
oligonucleotides using conventional techniques. However, if
the ligand quenches the fluorescence by binding to the folded
complex, then the change in signal can be used to monitor its
dissociation.
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