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Introduction

The ability of TFOs (triplex-forming oligonucleotides) to inter-
act specifically with polypurine/polypyrimidine double-strand-
ed DNA to form triplexes makes them candidates for repres-
sion of genomic transcription in the so-called antigene strat-
egy.[1–7] Moreover, several studies have shown the promise of
DNA triplexes for inducing gene recombination and repairing
genetic defects in mammalian cells.[8–10]

However, several restrictions limit the use of TFOs for poten-
tial gene therapy. Of these, the most significant problem is
weak binding of the third strand to the underlying DNA
duplex. The hybridisation of the TFO to double-stranded DNA
occurs in the major groove of the duplex and is the result of
Hoogsteen or reverse-Hoogsteen hydrogen bonds between
the nucleobases of the TFO and those of the duplex purine
strand. In the pyrimidine-motif triplex, cytosine protonation—
which occurs at a relatively acidic pH, far from physiological
conditions—is required to form C+ ·G:C triplets and conse-
quently to ensure triplex stability. Moreover, the low stability of
triplexes under physiological conditions is partly due to unfav-
ourable charge repulsion between the three negatively charg-
ed DNA strands. As a consequence, high, nonphysiological
levels of multivalent cations, such as Mg2 + ,[11] or polyamines
are crucial for triplex stabilisation.[12, 13]

To reduce charge repulsion, the grafting of cationic amino
groups to synthetic TFOs has been achieved.[14] However, up to
now, very few cationic modifications have efficiently improved
the ability of pyrimidine TFOs to form stable triplexes. As ex-
amples, the covalent attachment of spermine to C4 of 5-meth-
ylcytosine[15–17] or substitution of uracil-H5 with an aminopro-
pargyl side chain[18] have produced base-modified analogues
with attractive binding to duplex DNA. With regard to sugar
modifications, the combination of a positive charge and an

RNA-like conformation in 2’-aminoethoxy oligonucleotides
(ONs) has resulted in significant increases in triplex stability
even in comparison with 2’-O-methyl TFOs, clearly showing the
cationic effect of the substitution.[19, 20] Moreover, it has recently
been shown that the bis-amino compound 2’-aminoethoxy-5-
propargylamino-uridine dramatically enhances triplex stabili-
ty.[21, 22] The insertion of cationic groups into nucleobases or
sugars leads to zwitterionic ONs still bearing phosphate linkag-
es, whereas cationic backbone modifications can produce both
zwitterionic and fully modified cationic ONs.[23–31] Replacement
of anionic phosphodiester bonds with cationic phosphorami-
dates may result in favourable electrostatic interactions be-
tween the positively charged TFO and the negatively charged
DNA target. In addition, cationic ONs would be expected to
have better cellular permeation properties than anionic ONs.[32]

Finally, cationic phosphoramidate TFOs present other advan-
tages: they are not degraded by nucleases and their synthesis
can be performed by small changes to existing automated
DNA synthetic processes.

In most cases, modifications of phosphate groups induce de-
stabilisation of the hybrids. This presumably results from the
diastereoisomerism due to phosphorus chirality, in comparison
with unmodified phosphodiester (PO) b-ONs. Indeed, of the
mixtures of diastereoisomers, only a few possess the optimal
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The ability of cationic phosphoramidate pyrimidine a-oligonu-
cleotides (ONs) to form triplexes with DNA duplexes was investi-
gated by UV melting experiments, circular dichroism spectroscopy
and gel mobility shift experiments. Replacement of the phospho-
diester linkages in a-ONs with positively charged phosphorami-
date linkages results in more efficient triplex formation, the tri-
plex stability increasing with the number of positive charges. At a
neutral pH and in the absence of magnesium ions, it was found
that a fully cationic phosphoramidate a-TFO (triplex-forming

oligonucleotide) forms a highly stable triplex that melts at a
higher temperature than the duplex target. No hysteresis between
the annealing and melting curves was noticed ; this indicates fast
association. Moreover, the recognition of a DNA duplex with a
cationic a-TFO through Hoogsteen base pairing is highly se-
quence-specific. To the best of our knowledge, this is the first
report of stable triplexes in the pyrimidine motif formed by cat-
ionic a-oligonucleotides and duplex targets.
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combination of physical, chemical and biological proper-
ties.[26, 33] Despite this weak binding, the replacement of PO
linkages with positively charged phosphoramidate linkages in
a purine TFO resulted in efficient triplex formation.[27] More-
over, these purine cationic TFOs specifically inhibited the ex-
pression of a plasmid DNA injected into Xenopus oocytes.[28, 34]

For some years our group has been developing phosphor-
amidate a-anomeric ONs, which form stable parallel-stranded
duplexes with complementary natural DNA and RNA.[35, 36] Fur-
thermore, we demonstrated that nonionic phosphoramidate a-
ONs form more stable triplexes than their b-analogues and
natural ONs.[37, 38] Although interesting, the stability of these tri-
plexes under physiological pH conditions remained low. To im-
prove the binding of these analogues, we introduced cationic
dimethylaminopropyl phosphoramidate (PNHDMAP) linkages
into ONs with a-anomeric configurations (Scheme 1). We first

established that the stereoisomerism of a single cation-
ic PNHDMAP linkage introduced into an a-ON was not
detrimental to the stability of hybrids formed with
DNA or RNA, regardless of the isomer considered.[35]

We then incorporated three to five cationic PNHDMAP
linkages into phosphodiester a-dodecamers through
dinucleoside building blocks containing a PNHDMAP
linkage. In comparison with natural b-POs, or even
with nonionic phosphoramidate a-ONs, the thermal
stabilities of triplexes formed with these chimeric PO/
PNHDMAP a-TFOs were considerably enhanced.[30]

More recently, we showed that cationic PNHDMAP a-
ONs tightly bind to RNA with high specificity and were
capable of arresting RNA translation by interfering with
the hepatitis C virus internal ribosome entry site in a
whole-cell assay without transfecting agents.[29] These
promising data have prompted us to evaluate the hy-
bridisation properties of cationic PNHDMAP pyrimidine
a-TFOs with double-stranded DNA in depth.

In this paper we focus on the stabilities of triplexes
formed with various cationic phosphoramidate pyrimi-
dine a-TFOs containing increasing numbers of positive
charges. Particularly interestingly with respect to possi-

ble therapeutic and diagnostic purposes, we show by UV melt-
ing, CD spectroscopy and gel mobility shift experiments that
these cationic TFOs bind with extraordinary high affinity and
specificity to their DNA targets under pH and salt conditions
that approximate physiological conditions.

Results

Cationic a-ONs form highly stable triplexes over a wide pH
range

UV melting studies : The thermal stabilities of complexes gen-
erated by pyrimidine a-ONs 3–5 (12 nucleotides in length) con-
taining an increasing number (five to 11) of cationic PNHDMAP
internucleotide bonds with duplex DNA targets were evaluated
by UV absorption spectroscopy (Table 1). We determined melt-
ing temperatures (Tms) by thermal denaturation and renatura-
tion experiments. No differences between the thermal associa-
tion and dissociation curves of the TFOs hybridised to DNA tar-
gets were observed except in the case of the unmodified PO
b-TFO 1. The melting curve of duplex target I, which is pre-
organised in a hairpin structure (34 nucleotides in length) and
contains a 12 bp polypurine:polypyrimidine region was mono-
phasic and pH-independent (Tm = 74 8C). Binding of the PO b-
TFO 1 occurs in a parallel orientation with respect to the
purine strand of target I, by Hoogsteen base pairing. In con-
trast, all the phosphoramidate a-ONs obtained as diastereoiso-
meric mixtures bind to the DNA duplex purine strand with an
antiparallel orientation as Hoogsteen third strands.[37, 38]

At pH 7, the melting of the complex b-TFO 1 with duplex I
remained monophasic, with only one transition at 74 8C,
whereas the melting of a-TFO 3 with duplex I was biphasic,

Scheme 1. Cationic analogues: dimethylaminopropyl-phosphoramidate
(PNHDMAP) a-oligodeoxynucleotides.

Table 1. Targets and oligonucleotides synthesised.

ON Sequence 5’!3’[a] Anomeric Internucleotide
configuration backbone[c]

of sugar[b]

Hairpin duplex targets
I GCAAAGAAGGAGAACTTTTGTTCTCCTTCTTTGC b PO

II GCAAAGAAAGAGAACTTTTGTTCTCTTTCTTTGC b PO
III GCAAAGAGAGAGAACTTTTGTTCTCTCTCTTTGC b PO

Short-strand duplex target
IV AAAGAAGGAGAA b PO

TTCTCCTTCTTT b PO
Long-strand duplex target

V GAGGAAAGAAGGAGAAGAGA b PO
TCTCTTCTCCTTCTTTCCTC b PO

Pyrimidine TFO
1 TTTCTTCCTCTT b PO
2 T + T + T + C + T + T + C + C + T + C + T + T b 11 PNHDMAP
3 TTCT + C + C + T + T + CTTT a 5 PNHDMAP
4 TT + C + T + C + C + T + T + C + T + TT a 9 PNHDMAP
5 T + T + C + T + C + C + T + T + C + T + T + T a 11 PNHDMAP

[a] Bold uppercase: TFO binding site (12-mers) in the duplex target sequences;
bold, italic and underlined uppercase: mismatches in target sequences II and III ;
symbols + : dimethylaminopropyl-phosphoramidate backbones. [b] b-TFOs 1 and 2
have parallel orientations with respect to the purine strand of the duplex and a-
TFOs 3, 4 and 5 have antiparallel orientations. [c] PO: phosphodiester; PNHDMAP:
dimethylaminopropylphosphoramidate.
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with a first transition—the melting of the triplex to a duplex—
at low temperature (26.5 8C) and the second transition—the
melting of the target I—at higher temperature (74 8C; Table 2).

Interestingly, the complexes with a-TFOs 4 and 5 each showed
only one transition, with Tm values of 74 8C and 79 8C, respec-
tively, which could be identified as direct melting of the triplex
to its constituent single-strand DNA. The double modifica-
tion—a-anomeric configuration and PNHDMAP linkages—
greatly increased the thermal stability of the complexes: see,
for example, the unmodified phosphodiester b-ON 1 and the
fully cationic a-ON 5. In comparison, a fully nonionic methoxy-
ethylphosphoramidate (PNHME) a-TFO formed a less stable
triplex (Tm = 23, 39.5 and 55 8C at pH 7, 6.2 and 5.5, respective-
ly).[37] This stabilisation was enhanced with increasing numbers
of cationic linkages in the a-TFO.

At pH 6.2, transitions due to the dissociation of TFOs 1 or 3
from the duplex I were observed, with Tm values of 19 8C and
44 8C, respectively. The a-TFOs 4 and 5 each formed a complex
with one transition and a Tm value (80 8C and 85 8C) higher
than the Tm of the duplex I (74 8C). At acidic pH (5.5), the two
transitions were not well resolved with a-TFO 3, and only the
first parts of the melting curves were detectable below 85 8C
for 4 and 5, but no Tms could
be determined. It is noteworthy
that the Tm of the complex
formed with the fully cationic
a-TFO 5 was extremely high
even at pH 7.4 (74 8C).

As would be expected with
the CT pyrimidine triplex motif,
the melting profiles were pH-
dependent and the Tm values
shifted to lower temperatures
at high pH values. When the pH
was increased from 6.2 to 7.0,
this effect was significantly
more pronounced for triplexes
formed with a-TFO 3 (DTm =

17.5 8C) than with a-TFOs 4 and
5 (DTm = 6–6.5 8C). Similarly,
when the pH was raised from 7

to 7.4, the Tm of the triplex formed with a-TFO 4 dropped by
28 8C relative to pH 7 whereas with a-TFO 5 the decrease was
only 5 8C. The higher the number of cationic linkages, the
lower the pH dependence of the complex stability. Thus, cat-
ionic internucleotide linkages counterbalanced the destabilis-
ing effect of pH.

As these monophasic melting profiles were exceptional, we
repeated UV melting experiments at pH 7 with a short duplex
target IV (12 bp in length) in order to form a triplex with three
separated single strands. This shorter duplex IV melts at a
much lower temperature (Tm = 34.5 8C) than the hairpin duplex
I (Tm = 74 8C; Figure 1; Table 2). The triplex with the unmodified
b-TFO 1 showed two-step melting, with Tm values at 7.5 8C and
34.5 8C. With a-TFO 3, the two melting transitions were not
properly resolved but the low-temperature transition at 20.5 8C
could be assigned to the melting of the triplex into the duplex
I and the free single strand 3. On the other hand, when the
number of cationic linkages was increased from five to nine or
11 in a-TFOs 4 and 5, only one transition was observed, at a
higher temperature (42 8C and 47.5 8C) than for the duplex Tm

(34.5 8C). The stabilities of the complexes formed between 4 or
5 and their target IV were higher than that of duplex IV and in
the case of the fully PNHDMAP-modified a-TFO 5 the Tm was
over 40 8C higher than that of the reference triplex at neutral
pH.

The sharpness of the melting curve observed at 260 nm
with an a-TFO was indicative of cooperativity, whereas a very
broad transition (Tm = 32.5 8C) was obtained with b-TFO 2, con-
taining 11 PNHDMAP linkages (data not shown). Furthermore,
it is notable that 15 minutes incubation of the samples before
the melting experiments were sufficient to provide optimal
binding. No differences between the hybridisation curves and
the melting curves were observed with a-TFOs 3, 4 and 5, indi-
cating fast association, whereas hysteresis was noted with the
unmodified PO b-TFO 1 under the same experimental condi-
tions. Another finding is that triplexes with the short duplex IV
and the cationic a-TFO were less stable than with the longer
hairpin target I. This contrasts with the already reported behav-

Table 2. Melting temperatures (Tms) of the triplexes.[a]

b-TFO a-TFO
Duplex target pH 1 3 4 5

I[b] 5.5 29.0 56.0 >86.0 n.d.[c]

6.2 19.0 44.0 80.0 85.5
7.0 <5 26.5 74.0 79.0
7.4 n.d.[c] n.d.[c] 46.0 74.0

IV[b] 7.0 7.5 20.5 42.0 47.5

[a] Tm values for triplex melting are given in 8C and were measured at
260 nm in NaCl (100 mm), sodium cacodylate (10 mm) buffer, c = 3 mm.
[b] Tm of the hairpin I = 74 8C and of duplex IV = 34.5 8C. [c] n.d. = no Tm

determined.

Figure 1. UV melting curves (260 nm) of duplex DNA IV (a) and of the complexes formed with target IV and
b-TFO 1 (^), a-TFO 3 (&), a-TFO 4 (~) or a-TFO 5 (*) in sodium cacodylate (10 mm), NaCl (100 mm), 3 mm, pH 7.
Curves represented by using offsets, started at absorbance of 1.
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iour of triplexes formed with b-TFOs and targets of various
lengths.[39]

Stoichiometry of complexes

To verify that the three strands (a-TFO 5, GA and CT strands of
target IV) would combine to form a triplex containing one
strand of each oligonucleotide,[40, 41] the binding stoichiometry
of the fully cationic a-TFO 5 with the duplex IV was deter-
mined by the continuous variation method (Job plot).[42] Thus,
mixing curves of the absorbance vs. mole fraction of TFO 5
and target IV were constructed (Figure 2). A rising mole frac-
tion of TFO 5 relative to target IV reduced the absorbance at
260 nm and 280 nm to an inflection point at 0.5 mole fraction.
This value establishes the combination of the a-TFO 5 and the
two strands of the DNA target IV in the formation of an a-
TFO/DNA:DNA triplex.

The recognition of duplex DNA with cationic a-TFOs is
sequence-specific

If the electrostatic interaction between a cationic a-TFO and
an anionic double-stranded DNA in a triplex is significant, the
binding could become unspecific and independent of Hoog-
steen base-pairing recognition. To study the sequence specifici-
ty of the binding, a-TFOs 3, 4 and 5 were allowed to form tri-
plexes at pH 7 with DNA hairpins II and III. These targets con-
tain an A:T base pair—to create a Hoogsteen mismatch (C/A:T
instead of C/G:C)—and two contiguous G:C and A:T base pairs
to generate two Hoogsteen mismatches (T/G:C and C/A:T in-
stead of T/A:T and C/G:C), respectively. Introduction of one
C/A:T mismatch in the hybrids between cationic a-TFOs 3 or 4
and DNA target II decreased the Tms by 18.5 8C (Tm = 8 8C) and
14 8C (Tm = 50 8C), respectively (Table 3). Two contiguous mis-
matches were detrimental to triplex formation by a-TFOs 3 or
4 and hairpin III (Tm<3 8C and 34 8C). Furthermore, when the
pH was decreased from 7 to 6.2, the specificity was not affect-
ed, since one or two mismatches in the triplex formed by ON
3 and target II induced 20 8C or 38 8C destabilisations, respec-
tively (Table 3). It is noteworthy that the triplex transitions

were very broad in the case of a-TFO 4, indicating a loss of co-
operativity, the Tm values being determined approximately.
Finally, no triplex formation was observed when the fully modi-
fied a-TFO 5 was in the presence of hairpin II or III at pH 7,
only the duplex transition being detected.

Circular dichroism

To confirm triplex formation and to gain more information on
the structures of the triplexes involving b-TFOs 1/2 or a-TFOs
3–5, CD wavelength-dependent spectra were measured at dif-
ferent temperatures from 2 8C to 65 8C and at neutral pH. The
CD spectra of the unstructured oligonucleotides are typically
characterised by low-ellipticity bands in the 210–300 nm
region,[43] and the formation of secondary structure is usually
accompanied by large increases in ellipticity values. CD may be
used to assess the interactions between duplex and third
strand by comparing the CD spectrum of a mixture of the
target duplex and the third strand under triplex-forming condi-
tions to the mathematical sum of the CD spectra of the duplex
and the third strand recorded separately under identical
conditions.

At low temperature, the CD spectra of b-TFOs 1 and 2 each
showed a positive band centred at 275 nm, followed by a wide
negative band with two shoulders at 242 and 215 nm (Fig-
ure 3 A). We noted a difference only in the intensity of the pos-
itive band, which was higher for PO b-TFO 1 between 300 and
260 nm. Furthermore, when the temperature was increased to
65 8C, only minor changes in the CD spectrum of PNHDMAP b-
TFO 2 were detected (Figure 3 B). The intensity of the positive
band was reduced by about 14 %, whereas for PO b-TFO 1 the
decrease was about 30 %. No change was observed in the neg-
ative bands in the 210–260 nm wavelength range.

At 2 8C, the CD spectra of a-TFOs 3, 4 and 5 were different
from those of b-ONs 1 and 2, with a large negative band cen-
tred at 270 nm and a smaller one at 224 nm (Figure 3 A). Upon
increasing the temperature, we observed decreases in the CD
signals for the three a-TFOs (Figure 3 B). This decline (30 %)
was greater with ON 3, containing five PNHDMAP linkages,
than with the fully backbone-modified TFO 5 (19 %). As we ob-
served for b-TFO 1 and 2, the CD spectra of a-ONs with high
contents of PO linkages were more temperature-dependent.

The CD spectra of the duplex target IV (12 bp length) each
exhibited a positive band in the 300–230 nm wavelength

Figure 2. UV absorbance (260 nm and 280 nm) of mixtures of a-TFO 5 and
the complementary duplex target IV at 2 mm total concentration in sodium
cacodylate (10 mm), NaCl (100 mm), pH 7 and at 15 8C.

Table 3. Influence of one or two mismatches on the Tms of triplexes.[a]

Duplex DNA target
a-TFO pH I II (1 mismatch) III (2 mismatches)

5 7.0 79.0 No triplex No triplex
4 7.0 74.0 50.0 (�24.0)[b] 34.0 (�40.0)[b]

3 7.0 26.5 8.0 (�18.5)[b] <3.0
3 6.2 44.0 24.0 (�20.0)[b] 6.0 (�38.0)[b]

[a] Tm values for triplex melting are given in 8C and were measured at
260 nm in NaCl (100 mm), sodium cacodylate (10 mm) buffer, c = 3 mm.
[b] DTm compared to regular triplex with I.
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range (centred at 277 nm), a negative band of nearly equal ro-
tational strength, centred at 245 nm and a zero crossover
point at 260 nm (Figure 3 C). Qualitatively, the spectra of
duplex IV are characteristic of the DNA-B form.[43] From 25 8C to
65 8C, the ellipticity of the CD band located at 277 nm dramati-
cally decreased whereas the ellipticity of the negative band lo-
cated at 245 nm increased, which reflects dissociation of the
duplex structure into single strands. The CD spectrum at 65 8C
clearly has the shape of the denatured DNA spectrum. Below
230 nm, the spectra of duplex IV had positive ellipticity.

The CD spectrum of the mixture of duplex IV and b-TFO 1
showed one positive band centred at 277 nm and two nega-
tive bands at 245 nm and 210 nm (Figure 4 A, left). In relation
to the spectrum of the target duplex IV, the additional nega-
tive band at 210 nm disappeared upon increasing the temper-

ature from 2 8C to 20 8C, whereas the intensity of the band at
245 nm did not change. The magnitude of this latter band de-
creased when the temperature was increased from 25 8C to
55 8C, which corresponds to the melting of the duplex IV. Dif-
ference spectra (in which the sum of the duplex and the
single-strand spectra is subtracted from the mixture spectrum)
showed the parts of the spectrum specific to the triplex (data
not shown). As reported,[44] the negative band at 210 nm is
indicative of the existence of a triplex structure in poly-
(d(AG).d(CT)) complexes. This characteristic feature was also
observed with triplexes formed with N3’!P5’ phosphorami-
date TFOs.[45] Careful analysis of the CD spectra revealed that
triplex melting could be detected at 210–220 nm and duplex
melting at wavelengths between 240 and 250 nm. In this way
it is possible to distinguish triplex and duplex melting inde-
pendently of each other by plotting the ellipticity as a function
of the temperature at the selected wavelengths of 210 nm and
245 nm, respectively (Figure 4 A right).[46, 47] The CD melting
curve of the mixture of duplex IV and TFO 1 obtained at
245 nm was completely superimposable on the curve of
duplex IV alone; this indicated that the wavelength of 245 nm
was ideal for following duplex melting. The CD melting curve
recorded at 210 nm was distinct from the curve of duplex IV
with a much lower transition (Tm�10 8C), which corresponds
to triplex melting. These selective CD melting curves are partic-
ularly useful in cases in which duplex and triplex melting over-
lap, as they allow the individual observation of each melting
process.

The CD spectra of a-TFO 3 hybridised to duplex IV were dif-
ferent from spectra obtained for reference triplex with b-TFO 1
(Figure 4 B). Below 30 8C they only presented two negative
bands at 210 nm and 264 nm, whereas the ellipticity of the
band at 210 nm increased (from �15 mdeg to �4 mdeg) with
temperature (from 2 8C to 30 8C), while the band at 264 nm did
not change. This result indicated the melting only of the tri-
plex. Above 35 8C we no longer observed a negative band at
210 nm, but a new positive band centred at 218 nm appeared
in the spectra from 35 8C to 65 8C. At the same time, the inten-
sity of the negative band at 264 nm was reduced by about
42 % at 65 8C and a blue shift of about 9 nm was observed
with increasing temperature to 65 8C.

With a-TFOs 4 or 5, containing nine or 11 PNHDMAP linkag-
es, the CD spectra recorded below 50 8C were very similar, one
positive band at 281 nm and two negative bands centred at
248 nm and 210 nm being observed in each case (Figure 4 C,
left). When the temperature was increased to 65 8C the three
bands weakened dramatically, even disappearing in the case of
the bands at 281 nm and at 210 nm. Only the band around
250 nm still remained, but it became wide and we observed a
red shift to 258 nm. Note that at 65 8C a new positive band ap-
peared at 218 nm in both cases. The UV melting curve of the
complex of ON IV and a-TFO 5 showed only a transition at
pH 7 indicating an equilibrium between the triplex form and
single strands. The CD melting curves of the same complex
plotted at 210 nm and 248 nm were perfectly superimposable,
which confirms the simultaneous melting into three strands at
high temperature (Figure 4 C, right).

Figure 3. Wavelength-dependent CD spectra of single strands (30 mm): b-
TFO 1 (blue), b-TFO 2 (green), a-TFO 3 (turquoise), a-TFO 4 (black), a-TFO 5
(red) at A) 2 8C and B) 65 8C, and C) of duplex IV from 2 8C to 55 8C in sodium
cacodylate (10 mm), NaCl (100 mm), pH 7.
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Gel mobility shift assays

Formation of triplex was confirmed by EMSA (the binding of a
third strand slows down the migration of the target duplex).
By varying the TFO concentration (10, 100 and 1000 nm) it is
possible to determine an apparent KD, the concentration at
which 50 % of the triplex is formed. It is noteworthy that this
method only gives estimations of dissociation constants (KD

values are given �30 %). We performed EMSA with a 20 bp
duplex V with the purine strand labelled (Figure 5). At pH 7.2
and low temperature (4 8C), in the presence of NaCl (100 mm),
no retarded band was observed with POs b-TFO 1 and a-
TFO 3, up to 1 mm. This lack of triplex formation could be ex-
plained in terms of the pH of the medium, far from the acidic
conditions necessary for the cytosine protonation required for
CGC triplet stabilisation. In contrast, a-TFOs 4 and 5, contain-

Figure 4. Wavelength-dependent CD spectra and CD melting curves (pH 7) for complexes with A) b-TFO 1 and target duplex IV: detection of triplex at
210 nm (a) and duplex melting at 245 nm (c). B) a-TFO 3 and IV: detection of triplex at 210 nm (a) and duplex melting at 265 nm (c). C) a-TFO 5
and IV: detection at 210 nm (a) and 248 nm (c). CD melting curves of duplex IV in (A) and (C) are represented by dotted lines.
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ing nine and 11 cationic internucleotide linkages, respectively,
and b-TFO 2 showed a greater affinity for duplex V than 1 and
3. The relative intensities of the retarded bands increased with
TFO concentration, except in the case of a-TFO 4, where a pla-
teau was rapidly reached at 0.1 mm, indicating that the shift to
the triplex form was incomplete. The triplex formed with a-
TFO 5 was slightly more stable (KD = 0.02 mm) than that formed
with a-TFO 4 (KD = 0.06 mm) but interestingly more stable than
b-TFO 2 (KD>1 mm). The migration of the triplex formed with 5
is slightly slower than that with 4, a result of the increased cat-
ionic nature of 5. Because of the similar net charges, the mobi-
lities of the triplex bands formed with b-TFO 2 or a-TFO 5 were
similar.

Discussion

The low strength of ON binding to a double-stranded DNA
target to form a triplex is a major obstacle to their utilisation
for gene targeting under physiological conditions.[10] Indeed,
formation of a triple helix involves strong electrostatic repul-
sion between the negatively charged partner strands. Reduc-
ing the negative charge on the third strand by the introduc-
tion of cationic backbones is an attractive potential means to
enhance triple helix stability. The experiments and the results
described here demonstrate the potential of cationic phos-
phoramidate a-TFOs to overcome the limitations of unmodi-
fied TFOs.

The incorporation of cationic internucleotide linkages into a
pyrimidine a-TFO increased the stability of triplexes formed
with a double-stranded DNA target. The increase in Tm was
positively correlated to the number of cationic linkages. The a-
anomeric configuration of the nucleosides compensates for
the destabilisation and for the lack of melting cooperativity ob-
served with phosphoramidate b-TFO analogues due to the
mixture of diastereoisomers resulting from the phosphorus
atom chirality.[26, 31] In the past, we had already demonstrated
that inversion of the anomeric configuration (from b to a) in
fully modified nonionic N-alkylphosphoramidate ONs increased
their affinities for single-stranded DNA and RNA[35] and for
duplex DNA.[37, 38] Thus, although phosphate modifications
induce phosphorus chirality, the use of a diastereoisomer mix-
ture is not detrimental for triplex formation with neutral oligo-
nucleotides composed of a-deoxyribose units. However the a-
configuration is not solely responsible for the cationic a-TFO
behaviour. Indeed we recently reported that cationic a-ONs

bound more tightly than nonanionic a-analogues to DNA or
RNA targets.[29] Duplex DNA targeting follows the same rule.
Actually, PNHDMAP a-ONs combine the stabilising effect of
the a-configuration of the sugar moieties with the cationisa-
tion of the internucleotide linkages (the cationic effect) reduc-
ing the electrostatic repulsion between the strands involved
in nucleic acid complexes. As a consequence, the binding
strengths of cationic phosphoramidate a-TFOs to duplex DNA
are higher than for their neutral analogues.

At pH 7, the triplex formed with the fully cationic a-TFO is
more stable than its host duplex. The formation of a triple
helix without a detectable double-helical intermediate had pre-
viously been observed for some pyrimidine TFOs producing
very stable triplexes with purine targets, such as N3’!P5’
phosphoramidates,[45, 48] and 2’-O-aminoethyl TFOs.[49] This
could be explained in terms of a strong interaction between
the third strand and the purine strand of the duplex. During
the complex melting, the single transition can be identified as
a direct melting of the triplex to its single-strand DNA constitu-
ents or by the disruption of the third-strand interaction being
followed straightaway by the duplex melting.

The general observation that triplex formation is slow with
unmodified pyrimidine TFOs does not hold for cationic pyrimi-
dine a-TFOs.[50] Thus, incubation times of several hours at 4 8C
are required to obtain complete triplex formation with regular
TFOs, whereas cationic a-TFO binding reached its maximum
within a very short incubation time. In the gel electrophoresis
experiments, the samples were incubated for 17 h to allow tri-
plex formation with PO b-TFOs, but this long incubation time
was not required for triplex formation with cationic a-TFOs.
Furthermore, the perfect superimposition of the melting and
annealing curves shows that the triplex formation is complete
during the hybridisation process of cationic a-TFOs and the
rate of triplex formation is much faster than with unmodified
pyrimidine TFOs under the experimental conditions used in
this study.

The triplexes formed with pyrimidine cationic a-TFOs are
less sensitive to pH than phosphodiester TFOs. Generally, in-
creasing the pH lowers triplex stability due to the lack of cyto-
sine protonation and the consequent loss of a Hoogsteen hy-
drogen bond in the C/G:C triplet.[51] Apparently, the cationic
backbones partly compensate for the lack of cytosine protona-
tion as the pH rises. Consequently, cationic PNHDMAP a-TFOs
form stable triplexes at neutral pH. In comparison, Letsinger
et al. ,[26] have shown that pyrimidine ONs (15-mers) containing

Figure 5. Analysis of complexes formed by a- or b-TFOs 1–5 with DNA duplex V by gel mobility shift assay at pH 7.2 and 4 8C. ss: single-stranded DNA. ds:
double-stranded DNA. ts: triple-stranded DNA. The 5’-32P-labeled purine strand is marked by an asterisk.
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alternating anionic PO and stereouniform cationic PNHDMAP
linkages bind to duplex DNA at pH 7 to form triplexes, but
only one of the zwitterionic isomers formed a relatively stable
triplex (Tm = 24 8C). Here, a-TFOs 3, 4 and 5 were used as dia-
stereoisomeric mixtures and their affinities for the duplex tar-
gets were higher. Furthermore, other cationic linkages such as
N,N-dimethylaminoethyl phosphoramidates incorporated into
phosphodiester b-TFOs were reported to produce decreases in
triplex stability with respect to the parent all-phosphate tri-
plex.[31] In a case in which all the PO bonds were replaced by
positively charged diethylaminoethyl (DEED) phosphoramidate
moieties, a b-TFO was shown to associate with a duplex target
with high affinity.[27] The dissociation constant for triplex forma-
tion was estimated to be 10 mm, whereas our results show a KD

of 0.02 mm for the fully cationic PNHDMAP a-TFO. It seems
that cationic a-TFOs bind to duplex target more efficiently
than cationic b-TFOs.

In regular triplexes, high levels of Mg2 + are generally re-
quired to neutralise the electrostatic repulsion between the
negatively charged third strand and the doubly negatively
charged DNA target. It is noteworthy that highly stable triplex-
es with the cationic a-TFOs were observed in buffers without
addition of Mg2+ , due to the replacement of the electrostatic
repulsion by an electrostatic attraction.

Moreover, the strong binding of a cationic PNHDMAP a-TFO
to duplex DNA does not overcome the specificity due to base
pairing interactions, criteria required for gene targeting. This
study shows that cationic a-TFOs can discriminate between
duplex DNA sequences that differ by one base pair. The specif-
icity provides a basis for choice of TFO sequences targeted to
selected sequences on duplex DNA.

Lastly, these cationic analogues are highly soluble in water,
are resistant to nucleases and are taken up by the cells as pre-
viously described.[29] Taken together, all these properties indi-
cate that cationic phosphoramidate a-TFOs have promise as
sequence-specific inhibitors of gene expression, of protein
binding to DNA. They should find use in a variety of applica-
tions to manipulate genes and gene function.

Experimental Section

Oligonucleotides synthesis and purification : It is well established
that pyrimidine-rich a-ONs and their backbone-modified phosphor-
amidates hybridise to the purine strand of their duplex DNA tar-
gets with an antiparallel orientation.[37, 38, 52] For this reason, all the
PNHDMAP a-ONs described here were designed with an antiparal-
lel orientation with respect to the DNA target purine strand.

Modified b-ON 2 and a-ONs 3–5 (Table 1) were synthesised (1 mmol
scale) with an ABI model 394 DNA synthesiser by hydrogen phos-
phonate chemistry,[53] with protected b- or a-nucleoside 3’-H-phos-
phonates.[35, 54] The elongation and the oxidation of chimeric a-
ONs 3 and 4, containing mixed PO and PNHDMAP domains, were
performed in blocks as previously described.[29] After deprotection
with concentrated aqueous ammonia (30 %) at 40 8C for 4 h, ONs 2,
4 and 5 were purified by cationic-exchange HPLC, whilst a-ON 3
was purified by anionic-exchange HPLC as reported.[29] All ONs
were further desalted with Chromafix PS-RP cartridges (Macherey–
Nagel). Their final purity was confirmed by HPLC and they were

characterised by MALDI-TOF mass spectrometry (data not shown).
Target sequences I, II, III, IV and V and unmodified ON 1 were pur-
chased from Eurogentec (Seraing, Belgium).

UV melting experiments : Optical measurements were carried out
on a Uvikon 943 spectrophotometer (Kontron) as previously de-
scribed.[29] Prior to the experiments, the oligonucleotides, each at a
final concentration of 3 mm, were mixed in NaCl (100 mm), sodium
cacodylate (10 mm) buffer (pH 5.5, 6.2, 7.0, 7.4) and allowed to in-
cubate at 90 8C for 20 min and then to cool to 5 8C. The samples
were allowed to stabilise for 15 min at the beginning temperature
of each heating–cooling cycle. During the melting and annealing
experiments, the heating rate was fixed at 0.3 8C min�1. Digitised
absorbance and temperature values were stored in a computer for
subsequent plotting and analysis. Tm values were defined as the
maximum of the first derivative plots of absorbance versus temper-
ature.

UV mixing curves : Stock solutions of a-ON 5 and its complemen-
tary duplex IV were prepared at equal concentrations (of 2 mm).
Job or continuous variation plots[42] were obtained by mixing sam-
ples of 5 and IV at various ratios while maintaining the total con-
centration at 2 mm in a 1 cm pathlength cuvette. All solutions con-
tained sodium chloride (100 mm) and sodium cacodylate (10 mm)
buffer at pH 7. Solutions were mixed and left to equilibrate at
15 8C for 20 min. After equilibration, absorbance was measured at
260 and 280 nm.

CD measurements : CD spectra were recorded on a JASCO J-810
spectropolarimeter interfaced with a microcomputer and equipped
with a temperature controller. The cell holding chamber was
flushed with a constant stream of dry nitrogen to avoid water con-
densation on the cell exterior. DNA samples were equilibrated for
10 min prior to each scan. For each sample, two spectrum scans
were accumulated over the 200–330 nm wavelength range and
the 2–65 8C temperature range in a 0.1 cm pathlength cell at a
scanning rate of 20 nm min�1. The oligonucleotide concentration
used was 30 mm in sodium chloride (100 mm) and sodium cacody-
late (10 mm) buffer (pH 7).

Electrophoretic mobility shift assay (EMSA): The purine strand
of duplex target V was 5’-end-labelled with [g32P ATP] (ICN
3000 Ci mmol�1) and T4-polynucleotide kinase (Invitrogen) by the
manufacturer’s protocol. Duplex V was formed with the GA strand
5’-end-labelled and the unlabeled complementary CT strand in a
20 % molar excess. Increasing concentrations of TFOs 1–5 (10 nm,
100 nm and 1 mm) were added to the target V (10 nm strand con-
centration). The triplex mixture in a Tris-borate-EDTA buffer (89 mm

Tris, 89 mm boric acid, 2 mm EDTA, pH 7.2) containing NaCl
(100 mm) was heated to 80 8C, then cooled to room temperature
and incubated overnight at 4 8C and then loaded onto a 12 % non-
denaturating polyacrylamide gel (acrylamide/bis-acrylamide 19:1).
Migration at 4 8C was carried out for 5 h (150 V) in the same buffer
as described above. Gels were dried and analysed with Scion
Image program. The apparent Kd is defined as the TFO concentra-
tion required to shift 50 % of duplex radioactivity into the retarded
band (triplex).
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