
Stable DNA Triple Helix Formation Using Oligonucleotides Containing
2′-Aminoethoxy,5-propargylamino-U†

Matthieu Sollogoub,‡,⊥ Richard A. J. Darby,§,# Bernard Cuenoud,| Tom Brown,‡ and Keith R. Fox*,§

Department of Chemistry, UniVersity of Southampton, Highfield, Southampton SO17 1BJ, United Kingdom,
and DiVision of Biochemistry & Molecular Biology, School of Biological Sciences, UniVersity of Southampton,

Bassett Crescent East, Southampton SO16 7PX, United Kingdom, and Respiratory Diseases,
NoVartis Horsham Research Centre, Wimblehurst Road, Horsham, West Sussex RH12 5AB, United Kingdom

ReceiVed February 25, 2002; ReVised Manuscript ReceiVed April 8, 2002

ABSTRACT: We have prepared oligonucleotides containing the novel base analogue 2′-aminoethoxy,5-
propargylamino-U in place of thymidine and examined their ability to form intermolecular and
intramolecular triple helices by DNase I footprinting and thermal melting studies. The results were compared
with those for oligonucleotides containing 5-propargylamino-dU and 2′-aminoethoxy-T. We find that the
bis-substituted derivative produces a large increase in triplex stability, much greater than that produced
by either of the monosubstituted analogues, which are roughly equipotent with each other. Intermolecular
triplexes with 9-mer oligonucleotides containing three or four base modifications generate footprints at
submicromolar concentrations even at pH 7.5, in contrast to the unmodified oligonucleotide, which failed
to produce a footprint at pH 5.0, even at 30µM. UV- and fluorescence melting studies with intramolecular
triplexes confirmed that the bis-modified base produces a much greater increase inTm than either
modification alone.

Intermolecular DNA triple helix formation provides a
means for selectively targeting unique DNA sequences,
which in principle may be useful for treating a wide range
of diseases including cancer and viral infections (1-9). In
this strategy, the DNA sequence of interest is targeted with
a synthetic oligonucleotide, which binds in the major groove,
making specific hydrogen bond contacts with exposed groups
on the DNA bases (usually the purines) (1, 9). Nucleic acid
triple helices can be divided into two main classes, which
differ in the orientation of the third strand oligonucleotide
relative to the purine strand of the target duplex. Triplexes
in which the third strand runs parallel to the purine strand
are characterized by T‚AT and C+‚GC triplets (10), while
antiparallel triplexes consist of G‚GC and either A‚AT or
T‚AT triplets (11). Several other weaker triplets have also
been described for recognition of pyrimidine bases, and a
large number of nucleotide analogues have been prepared
for extending the recognition code, and for generating
complexes that are stable under physiological conditions (12).

One major limitation of the triplex strategy is that, although
the complexes form with high specificity, the strength of

binding is not as strong as that of the underlying duplex.
Several strategies have been explored for increasing the
binding affinity of the third strand. These include addition
of ligands that bind to triplex (not duplex) DNA (13, 14),
covalent attachment of a DNA binding agent (usually an
intercalator) which acts as a nonspecific anchor (15-17),
addition of polyamines to the end of the oligonucleotide (18),
the sugars (19), or the bases (20, 21), modification of the
phosphodiester backbone (22-24), and the design of novel
bases with improved base stacking (25-27).

Although the T‚AT triplet forms in a pH-independent
fashion, several studies have shown that it has a lower
stability than isolated C+‚GC triplets (28-30), presumably
because the positive charge on the latter makes favorable
interactions when stacked against theπ-electrons of the
adjacent triplets. We have used footprinting studies to
examine the interaction of 9-mer oligonucleotides with
oligopurine targets and have shown that, although TCCT-
TCTCT forms a stable triplex with a submicromolar dis-
sociation constant, TTTTTTCTT does not generate a foot-
print even at concentrations as high as 30µM (30). We have
previously shown that addition of a positively charged group
at the 5-position of thymine enhances the stability of the
T‚AT triplet (31, 32). For these studies, we used 5-propar-
gylamino-dU (UP,1 Figure 1A) as a charged thymine
analogue. This analogue combines the benefits of the
additional positive charge with the stacking of adjacent
propyne moieties as previously observed with propynyl-dU
(33, 34). Although adjacent C+‚GC triplets have a destabiliz-
ing effect on triplex formation, third strands that contain
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multiple substitutions with UP form more stable complexes,
and 9-mer oligonucleotides substituted in only three or four
positions show only a small increase in triplex stability (32).
Other groups have shown that addition of a positive charge
at the 2′-position also greatly enhances triplex stability and
demonstrated that the 2′-aminoethoxy group was the most
efficient (EA-T, Figure 1A) (35-39).

We have recently prepared a nucleotide analogue contain-
ing both these substitutions (bis-amino-U, Figure 1A) (40).
In this paper, we compare the stability of triplexes containing
this analogue with those containing EA-T or UP.

MATERIALS AND METHODS

Oligonucleotides.Oligonucleotides were synthesized on
an Applied Biosystems 394 solid-phase DNA/RNA synthe-
sizer on 1.0µM scale, and were prepared and HPLC purified
by Oswel Research Products Ltd., Southampton. Phosphora-
midite monomers for the base modifications were prepared
as previously described (32, 35, 40). Methyl red (Figure 2D)
was incorporated at various positions in the oligonucleotides,
using MeRed dR (Figure 2A). Fluorescein (Figure 2C) was
incorporated using either Fam dR (Figure 2A) or FamCap-
dU (Figure 2B). The sequences of oligonucleotides used in
these studies are shown in Figures 1C and 2E.

DNA Fragments. TyrT(43-59) is a modification of the
original tyrT DNA sequence, which contains a 17-base
oligopurine tract between positions 43-59 (41). The se-
quence of this region is shown in Figure 1B. The radiolabeled
DNA fragment was prepared by digesting the plasmid with
EcoRI andAVaI and was labeled at the 3′-end of theEcoRI
site using reverse transcriptase andR-32P-dATP. The labeled
110-base pair DNA fragment was separated from the
remainder of the plasmid DNA on an 8% (w/v) nondena-

turing polyacrylamide gel. The isolated DNA was dissolved
in 10 mM Tris-HCl pH 7.5 containing 0.1 mM EDTA to
give about 10-20 cps/µL as determined on a hand held
Geiger counter (<10 nM). For quantitative footprinting
experiments, the absolute DNA concentration is not impor-
tant so long as it is lower than the dissociation constant of
the DNA binding compound.

DNase I Footprinting. Radiolabeled DNA (1.5µL) was
mixed with oligonucleotides (1.5µL) dissolved in an
appropriate buffer. Experiments at pH 5.0 and 6.0 were
performed in 50 mM sodium acetate containing 10 mM
MgCl2, while at pH 7.5 the buffer used was 10 mM Tris-
HCl containing 50 mM NaCl and 10 mM MgCl2. The
concentrations refer to conditions in the final reaction
mixture. These complexes were left to equilibrate at 20°C
for at least 2 h. The samples were digested by adding 2µL
of 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 5µL of 80%
formamide containing 10 mM EDTA, 10 mM NaOH, and
0.1% (w/v) bromophenol blue.

Gel Electrophoresis. The products of digestion were
separated on 9% 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

FIGURE 1: (A) Structures of thymine (T), 2′-aminoethoxy-T (EA-
T), 5-propargylamino-dU (UP), and bis-amino-U. (B) Sequence of
the oligopurine tract (boxed), contained within the 110 base pairs
fragment fromtyrT(48-59). The third strand 9-mer oligonucle-
otides, used in the footprinting experiments, are shown above. (C)
Oligonucleotides used to form intramolecular triplexes for use in
UV-melting studies. The linkers between the strands were composed
of two octanediol residues (O).

FIGURE 2: Chemical structures of (A) MeRd dR, R) methyl red
and Fam dR, R) Fam; (B) FamCap-dU, R) Fam; (C) Fam; (D)
methyl red. (E) Sequences of oligonucleotides used for the
fluorescent melting studies with the Roche LightCycler. The
different stands of these intramolecular complexes are joined by
one or two hexaethylene glycol moieties (H). Q indicates the
quencher, while F indicates the fluorophore. In each case, the
quencher is MeRed dR. For oligonucleotides 9-13, the fluorophore
is FamCap-dU, while this is Fam dR for oligonucleotides 14-16.
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h and then fixed in 10% (v/v) acetic acid. These were
transferred to Whatman 3MM paper and dried under vacuum
at 80°C. The dried gels were either exposed to autoradio-
graphy at-70 °C using an intensifying screen, or were
subjected to phosphorimaging using a Molecular Dynamics
STORM phosphorimager.

QuantitatiVe Analysis. The intensity of bands within each
footprint was estimated using ImageQuant software. These
were normalized by comparison with a region for which
DNase I cleavage was not affected. Footprinting plots (42)
were constructed from these data and C50 values, indicating
the oligonucleotide concentration, which reduces the band
intensity by 50%, were calculated by fitting a simple binding
curve to the data (30, 31, 42).

UV Melting. UV melting studies were performed as
previously described (43) on a Perkin-Elmer Lambda 2 UV/
Vis spectrometer with PTP-1 temperature programmer or
Perkin-Elmer Lambda 15 UV/Vis specrometer. Absorbances
were monitored at 260 nm. The heating rate was set at 1°/
min, and absorbances were taken at intervals of 10 s. First
derivatives were obtained using the Perkin-Elmer PECSS2
software. Each UV melting experiment was repeated until
the threeTm values were within 0.5°C. Experiments at pH
5.0-6.5 were performed in 50 mM sodium acetate buffer
containing 100 mM NaCl. Between pH 7.0 and 8.0, the
buffer used was 50 mM sodium phosphate containing 100
mM NaCl, while at pH 8.5-9.0 the buffer was 50 mM borate
containing 100 mM NaCl. The oligonucleotide in the
spectrophotometer cell was at a concentration of 3µM.
Sequences for the oligonucleotides used in these studies are
shown in Figure 1C.

Fluorescence Melting.Fluorescence melting experiments
were performed using the oligonucleotides shown in Figure
2E. Full details of this procedure are published elsewhere
(44). Briefly, 20 µL of oligonucleotide (0.25µM, diluted in
the same buffers as used for the UV-melting studies) were
placed in the Roche LightCycler glass capillary. Oligonucle-
otides were first denatured by heating to 95°C for 5 min.
They were then annealed by cooling to 25°C at the slowest
instrument rate (0.1°/s), held at 25°C for 5 min and then
melted by heating to 95°C at 0.1°/s. Recordings were taken
during both the annealing and denaturing steps and were
found to be identical, indicating that system was at thermo-
dynamic equilibrium. The LightCycler has one excitation
source (488 nm); the changes in fluorescence emission were
measured at 520 nm.Tm values were determined from the
first derivatives of the melting profiles using the Roche
LightCycler software. In some instances, the melting curves
showed a small change in fluorescence with temperature in
regions outside the melting transition; the data were not
corrected for the temperature dependence of the fluorescence
emission. Each reaction was performed in triplicate, and the
Tm values usually differed by less than 0.5°C.

RESULTS

DNase I Footprinting. We have previously shown that the
oligonucleotide TTTTTTCTT binds only weakly to its 9-base
pair target site, and fails to give a footprint, even at a
concentration of 30µM at pH 5.0 (30). The low affinity is
thought to be due to the relatively weak stability of the T‚
AT triplet, compared with C+‚GC. This interaction has been

stabilized by addition of triplex-binding ligands or by
inclusion of modified bases. In particular, we have shown
that replacement of seven of the Ts with propragylamino-
dU (UP) using the oligonucleotide UPUPUPUPUPUPCUPT
increases the affinity by over 3 orders of magnitude,
generating footprints at nanomolar concentrations (32).
However, substitution of only four of the Ts required 20µM
oligonucleotide, while an oligonucleotide with only three
substitutions failed to produce a clear footprint. We therefore
examined the effect of substituting three or four of the Ts in
this oligonucleotide with the new analogue 5-propargy-
lamino,2′-aminoethoxy-U. For comparison, we prepared
similar oligonucleotides substituted with 2′-aminoethoxy-T.
The results of footprinting experiments with these oligo-
nucleotides are shown in Figures 3 and 4. At pH 5.0, the
oligonucleotide containing four 2′-aminoethoxy-T residues
attenuates DNase I cleavage at the expected target site; this
is accompanied by enhanced cleavage at the 3′- (lower) end
of the target site, an effect that is often observed for triplex
footprints. Quantitative analysis of this cleavage pattern
generates the footprinting plot shown in Figure 5. Simple

FIGURE 3: DNase I digestion patterns showing the interaction of
aminoethoxy-U-substituted oligoncleotides with the oligopurine tract
in tyrT(43-59). The experiments were performed in 50 mM sodium
acetate buffer pH 5.0 containing 10 mM MgCl2. Oligonucleotide
concentrations (µM) are shown at the top of each gel lane. The
tracks labeled “con” show DNase I digestion of the duplex DNA
in the absence of oligonucleotide. “GA” represents Maxam-Gilbert
markers specific for purines. The boxes show the position of the
expected 9-mer target sites.
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binding curves fitted to these data yield C50 values of 6.9(
1.8 and 7.9( 1.2 µM for the footprint and enhancement,
respectively. In contrast, no footprint is evident for the
oligonucleotide containing three 2′-aminoethoxy-dT residues.
These C50 values are presented in Table 1, which also shows
the values for 5-propargylamino-dU taken from previous
work. The data show that each of these amino-modifications
generates a similar effect on the binding affinity. No
footprints were evident when these experiments were re-
peated at pH 7.5, as previously shown for oligonucleotides
containing three or four 5′-propargylamino-dU residues.

The first two panels of Figure 4 show the results of similar
experiments with oligonucleotides containing three or four
bis-amino modified bases, performed at pH 5.0. It can be
seen that both oligonucleotides generate clear footprints at
the target site, which are accompanied by enhanced cleavage

at the 3′-end. Quantitative analysis of these footprints and
enhancements produces the footprinting plots shown in
Figure 5. The C50 values estimated from these data are shown
in Table 1. It is clear that the oligonucleotide containing only
three modifications binds with appreciable affinity. Similar
experiments were also performed at pH 7.5, and are shown
in the final two panels of Figure 4. Even under these
conditions, in which the degree of cytosine protonation is
much reduced, both oligonucleotides produce DNase I
footprints. The footprinting plots are shown in Figure 5, and
the C50 values are presented in Table 1. It can be seen that
there is little decrease in affinity for the four-substituted
oligonucleotide between the two pHs. It is clear that that
the bis-amino derivative produces a large increase in triplex
stability which is much greater than that generated by either
substitution alone.

FIGURE 4: DNase I digestion patterns showing the interaction of bis-amino-U-substituted oligonucleotides with the oligopurine tract in
tyrT(43-59). The experiments were performed in 50 mM sodium acetate buffer pH 5.0 containing 10 mM MgCl2 or 10 mM Tris-HCl pH
7.5 containing 50 mM NaCl and 10 mM MgCl2. Oligonucleotide concentrations (µM) are shown at the top of each gel lane. The tracks
labeled “con” show DNase I digestion of the duplex DNA in the absence of oligonucleotide. “GA” represents Maxam-Gilbert markers
specific for purines. The boxes show the position of the expected 9-mer target sites.

Table 1: C50 Values Derived from Footprinting Plots of the DNase I Cleavage Patterns in the Presence of the Different Oligonucleotidesa

XTTXTTCXT XTXTXTCXT

oligonucleotide
footprint
C50 µM

enhancement
C50 µM

footprint
C50 µM

enhancement
C50 µM

X ) 5-propargylamino pH 5.0 NO NO 21( 6 4.3( 0.9
X ) 2′-aminoethoxy pH 5.0 NO NO 6.9( 1.8 7.9( 1.2
X ) bis-modified pH 5.0 0.83( 0.23 0.34( 0.16 0.13( 0.03 0.32( 0.20
X ) bis-modified pH 7.5 23( 2 14( 5 0.54( 0.13 0.56( 0.16

a The data for 5-propargylamino-dU are taken from ref31. Note that the unmodified oligonucleotide 5′-TTTTTTCTT does not affect DNase I
cleavage under any of these conditions. Similarly the mono-amino derivatives do not affect the DNase I cleavage pattern at pH 7.5. NO indicates
no footprint detected with 30µM oligonucleotide.
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UV Melting Studies.UV-melting curves were determined
for oligos 5-8 (Figure 1C) containing the sequences A6-
T6-X5T. These oligonucleotides generate short intramolecu-
lar triplexes in which the three strands are covalently linked
by octanediol residues. We have shown that at pH 7.0 (50
mM sodium phosphate buffer, containing 100 mM NaCl)
oligonucleotides in which X) T or UP melt with a single
transition at 314 and 335.5 K, respectively (32). When X
was replaced with aminoethoxy-T or bis-amino-U, this again
yielded single melting transitions at 332.5 and 336.8 K,
respectively. These results demonstrate that both analogues
stabilize this intramolecular triplex and suggest that the rank
order of stabilization might be aminoethoxy-T< propragy-
lamino-dU < bis-amino-U. However, we were concerned
that the more stable duplex-single strand might affect or mask
the triplex-duplex melting transition. We therefore designed
further oligonucleotides in which the duplex is seven base
pairs longer than the triplex (oligos 2-4) in an attempt to
separate the duplex and triplex melting transitions. Repre-
sentative melting curves for these oligonucleotides are shown
in Figure 6 and the full range of data are summarized in
Table 2. So as not to stabilize the triplex too far, only two
out of the six thymines were substituted with the base
analogues. The data for the unmodified and UP-containing
oligonucleotides have been previously presented (30, 32).
As expected oligo 1, corresponding to the duplex, melted
with a single transition at all pHs withTm values of around
335 K. Oligo 2 (corresponding to P2 in our previous work
(32)) displayed two melting transitions, corresponding to

triplex-duplex and duplex-single strands. The lower transi-
tion moved to lower temperatures at elevated pHs presumably
due to partial deprotonation of the propargylamino side
group. In contrast, the complexes containing two amino-
ethoxy-T or bis-amino-U residues showed only a single
melting transition under all conditions. TheTm values for
oligo 3 are fairly constant across all the pHs, whereas oligo
4 shows a decrease in stability above pH 8.0, though this is
less pronounced than with oligo 2. At low pHs, the
bis-substituted oligonucleotide is 8 K more stable than the
oligonucleotide substituted with only aminoethoxy-T, and
melts at temperatures above that of the underlying duplex
(oligo 1). These results therefore confirm that bis-amino-U
produces a marked increase in triplex stability which is
greater than that produced by either the 5′-propargylamino
or 2′-aminoethoxy substitution alone.

Fluorescence Melting CurVes.Although the UV-melting
results presented above confirm that the bis-amino-U sub-
stitution enhances triplex stability, it is difficult or impossible
to distinguish between the triplex-duplex and duplex-single
strand transitions. We have therefore devised a novel
fluorescence-based method, the full details of which pre-
sented elsewhere have been (44), which allows us to observe
these two transitions independently. The oligonucleotides
used for this work are presented in Figure 2E and each
contain 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 triplex. When the oligonucleotide
melts these two groups are separated, and there is a large
increase in fluorescence. Oligonucleotides 9-12 are designed
with the fluorophore and quencher in third strand and duplex

FIGURE 5: Footprinting plots showing the interaction of oligo-
nucleotides with the target site intyrT(43-59). The data were taken
from quantitative analysis of the gels presented in Figures 2 and 3.
In each case, the abscissa shows the oligonucleotide concentration
(µM), while the ordinate shows the relative intensity of bands in
the footprint, plotted on an arbitrary scale. The curves fitted to the
data are simple binding curves corresponding to the C50 values
shown in Table 1. In each case, the open circles correspond to the
reduction in intensity seen at the footprinting site, while the filled
circles correspond to the enhanced cleavage observed at the triple-
duplex junction.

FIGURE 6: UV-melting profiles for intramolecular triplexes,
measured at pH 7.0. The ordinate shows the first differential of
the melting curves (dA/dT). The data for the unmodified triplex
and for propargylamino-dU were taken from ref32.

Table 2: Tm Values for the Different Oligonucleotides Determined
from UV-melting Studies

Tm (K)

pH oligo 1 oligo 2 oligo 3 oligo 4

5.0 334.9 326.8 335.3 343.0
6.0 335.9 323.6 337.0 343.9
7.0 334.5 320.8 337.5 343.7
8.0 335.2 314.7 338.2 340.1
9.0 335.0 335.0
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purine strand, respectively, so that the increase in fluores-
cence will represent dissociation of the triplex. In contrast,
oligos 15 and 16 form the same intramolecular triplexes, but
the fluorophore and quencher are positioned in either strand
of the duplex, so that the fluorescence increase represents
melting of the duplex only. Oligo 14 only contains the duplex
found in the other triplexes. Melting experiments with these
oligonucleotides were performed in parallel using the Roche
LightCycler. Representative examples are shown in Figure
7, and theTm values are summarized in Table 3. Considering
first the unmodified triplex (oligo 9), this melts with aTm

between 301 and 309 K. In contrast, the duplex melt for
this intramolecular triplex is seen with oligo 15 and is about
350 K. This is very similar to the values obtained for the
duplex alone (oligo 14). Oligos 10-12 show the effect of
substituting two of the third strand Ts with the three different
base analogues. All three triplexes melt at much higher
temperatures than the unmodified complex. In general, the
complexes with propargylamino-dU are more stable than
those with 2′-aminoethoxy-T. The bis-amino-U modification
produces the most stable complexes, which melt at temper-
atures similar to that of the underlying duplex, confirming
the cooperative nature of this melting process. As expected,
oligos 10 and 11 show pH-dependent melting profiles,
becoming less stable at elevated pHs, with 9.1 and 6.5 K
decreases between pH 5.0 and 8.0, respectively. Although
bis-amino-U also shows a pH-dependent decrease inTm this
is less pronounced, with only a 4.0 K decrease over the same

pH range. Interestingly, oligo 13, in which the two modified
bases are placed adjacent to each other, shows nearly
identical melting properties to oligo 12 in which they are
separated by one base.

DISCUSSION

The data presented in this paper clearly demonstrate that
dU bases containing both 2′-aminoethoxy and 5′-propargy-
lamino substituents form much more stable triplexes than
those containing either substitution alone. This stabilization
is observed with both intermolecular (footprinting) and
intramolecular (UV and fluorescence melting) complexes.
The fluorescence melting experiments show that 5-propar-
gylamino and 2′-aminoethoxy substituents have an additive
effect in the bis-substituted derivative. The data at pH 7.0
(Table 3) show that UP or EA-T modifications produce∆Tm

values of 27.1 and 12.5 K, respectively. This compares with
42.4 K for the bis-amino derivative, which is slightly greater
than the sum of the other two. The additive effect of the
two substitutions suggests that these groups are contacting
different phosphates. It is also noteworthy that the bis-
modified derivative is less pH dependent than the other
derivatives though, as expected, the stability decreases above
pH 8.0, consistent with amino-phosphate interactions.

The footprinting studies show that a 9-mer oligonucleotide
containing four bis-amino-U residues forms a complex with
submicromolar affinity even at pH 7.5, despite the fact that
this contains a single C‚GC triplet. This is therefore one of
the strongest parallel triplexes reported so far.

To explain the stabilization produced with bis-amino
derivative, we have performed some simple modeling studies.
A section of the resulting structure is shown in Figure 8.
This model was derived by manually adding a 5-propargy-
lamino group to the NMR structure of the EA-T containing
triplex, which has previously been reported (37, 38). No
energy minimization was performed. A section of this model
is presented in Figure 8, showing the UP-A Hoogsteen pair,
together with the third strand T on the 5′-side of UP. As
previously reported (37, 38), the 2′-aminoethoxy group
makes a specific contact with a phosphate on the purine
strand of the duplex, with an N-O distance of about 2.8 Å.
The amino group of the propargylamino substituent is able
to interact with its own 5′-phosphate with an N-O distance
of 3.0 Å. In addition, there is a possible hydrophobic contact
between the propyne moiety and the 5-methyl group of the
adjacent third strand base (2.4 Å). The propargylamino group
is also 4.7 Å from the next third strand phosphate group.
On rotating by 50° about the propyne CH2 group, both N-O
phosphate distances become 4.2 Å, though this is too large
for a strong ion-pair interaction. Both contacts may be
possible if minor changes occur in the structure of the

FIGURE 7: Fluorescence-melting curves for oligonucleotides which
form intramolecular complexes, measured at pH 7.0. In each case,
the oligonucleotide concentration was 0.25µM unmodified, pro-
pargylamino, aminoethoxy, and bis-amino correspond to oligos
9-12, respectively. The ordinate represents the relative fluorescence
of each oligonucleotide as a function of temperature. The duplexes
correspond to oligos 14 (right-hand curve) and 16. The inset shows
first differentials of these data.

Table 3: Tm Values for Various Oligonucleotides Determined by Fluorescence Melting Studiesa

Tm (K)

pH oligo 9 oligo 10 oligo 11 oligo 12 oligo 13 oligo 14 oligo 15 oligo 16

5.0 308.6 333.5 321.0 346.9 346.5 348.3 348.1 348.2
6.0 303.6 331.2 317.5 346.7 346.0 351.0 349.9 350.5
7.0 303.3 330.4 315.8 345.7 345.2 351.3 351.1 350.4
8.0 303.4 324.4 314.5 342.9 342.7 351.3 351.1 350.5
9.0 301.0 307.5 304.7 325.5 325.3 347.6 347.2 346.5

a The oligonucleotide concentration was 0.25µM in each case.
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underlying DNA. However, a definite model will require
high-resolution NMR or X-ray data. The interaction of the
5′-propargylamino group with phosphate on the same strand
suggests that this substituent may restrict the rotational
freedom of the third strand and help to preorganize it ready
for triplex formation.

It is worth noting that, even though the stabilization arises
from charge effects, the third strand oligonucleotides form
specific complexes and their sequence recognition properties
are not obviously affected. This is apparent with the
footprinting data for which the footprints are found in the
predicted positions, and there are no other changes in the
cleavage pattern in the remainder of the 100 base pair
fragment.

In contrast to C+‚GC triplets, adjacent bis-amino-U-
containing triplets do not appear to be destabilizing. This
emphasizes the importance of removing the positive charge
from the bases and placing it on a substituent that is able to
neutralize the negatively charged phosphodiester backbone.
Since each base triplet is connected to three phosphates, the
X‚AT triplets formed with this analogue will still have an
overall net negative charge. This strategy of appending
positively charged moieties to the DNA bases at specific loci
should be generally applicable to the triplex strategy, and
we are extending it to other bases. The addition of 2′-
aminoethoxy to C has been previously shown to stabilize
the C+‚GC triplet (35, 37), though in this instance addition

of a 5′-propargylamino group will not be beneficial as it will
decrease the pKa of the N(3) atom of cytosine. This base
analogue will therefore be unable to form two hydrogen
bonds to the GC base pair.
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