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Introduction

Oligonucleotides can interact in a sequence-specific manner
with homopurine–homopyrimidine sequences of duplex and
single-stranded DNA and RNA to form triplexes.[1] Depending
on the composition and the orientation of the third strand
with respect to the central homopurine Watson–Crick (WC)
strand, triplexes are classified into two main categories: i) par-
allel and ii) antiparallel.[2]

The best-characterized parallel triplex is that formed be-
tween a double-stranded homopurine–homopyrimidine helix
(duplex DNA) and a single-stranded homopyrimidine track (tri-
plex-forming oligonucleotide). In this type of triple helix, the
triplex-forming oligonucleotide binds to the major groove, par-
allel to the homopurine strand of the Watson–Crick double-
helical DNA, through Hoogsteen hydrogen bonding and is sta-
bilized under acidic conditions.[1, 3] As an alternative approach,
parallel-stranded duplexes or parallel clamps—consisting of
purine residues linked to a pyrimidine chain of inverted polari-
ty by 3’–3’ or 5’–5’ internucleotide junctions (Scheme 1)—have
been designed[4–6] and demonstrated to bind single-stranded
DNA and RNA targets by triplex formation.[4, 5, 7, 8]

In the antiparallel triplexes, the third strand composed of
purine bases binds antiparallel to the homopurine strand of
the duplex through reverse-Hoogsteen hydrogen bonds and
its binding is pH-independent.[9] The same strategy has been
shown to generate stable antiparallel triplexes when purine-
rich clamps are used as templates:[10–13] that is, antiparallel
clamps (Scheme 1).

One of the main drawbacks of this technology is the low sta-
bility of triple helices, especially under neutral and basic pH
conditions in the case of parallel triplexes. A large effort has
been devoted to designing modified oligonucleotides to en-
hance triple helix stability.[1] One of the most successful modifi-

cations was to replace natural bases with some modified
bases.[14] The introduction of an amino group at the 8-position
in adenine brings with it the combined effects of a gain in one
Hoogsteen purine–pyrimidine H-bond and the ability of the
amino group to be integrated into the “spine of hydration” lo-
cated in the minor-major groove of the triplex structure.[4]

Binding of pyrimidine single strands by modified clamps con-
taining 8-aminopurines has been described and shows high af-
finity for model homopyrimidine sequences, resulting in the
formation of very stable triplexes.[4, 15] The design of clamps ca-
pable of increasing the stability of triplex structures further
would be highly desirable for the use of triple helix formation
as a new tool for applications such as structural studies and
DNA-based diagnostic tools, as well as for antigene and anti-
sense therapies.[1, 16–19]

A second problem for the inclusion of this technology in the
molecular biology toolbox involves the placement of the
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Sequence-specific triple-helix structures can be formed by parallel
and antiparallel DNA clamps interacting with single-stranded
DNA or RNA targets. Single-stranded nucleic acid molecules are
known to adopt secondary structures that might interfere with
intermolecular interactions. We demonstrate the correlation be-
tween a secondary structure involving the target—a stable stem
predicted by in silico folding and experimentally confirmed by
thermal stability and competition analyses—and an inhibitory
effect on triplex formation. We overcame structural impediments
by designing a new type of clamp : “tail-clamps”. A combination

of gel-shift, kinetic analysis, UV thermal melting and thermody-
namic techniques was used to demonstrate that tail-clamps effi-
ciently form triple helices with a structured target sequence. The
performance of parallel and antiparallel tail-clamps was com-
pared: antiparallel tail-clamps had higher binding efficiencies
than parallel tail-clamps both with structured DNA and RNA tar-
gets. In addition, the reported triplex-stabilizing property of 8-
aminopurine residues was confirmed for tail-clamps. Finally, we
discuss the possible use of this improved triplex technology as a
new tool for applications in molecular biology.
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target oligonucleotide within its DNA or RNA sequence con-
text. Single-stranded nucleic acid molecules tend to adopt sec-
ondary structures that have an effect on intermolecular interac-
tions.[20–23] Therefore, secondary structures may pose a substan-
tial problem to the ability of clamps to approach the target
sequence, and this has never been addressed to date.

The presented results raise the problem of the influence of
secondary structure on triplex formation by clamps. They show
correlation between predicted stable target secondary struc-
tures and poorly efficient triplex formation and present the
design of a new strategy based on the addition of a tail se-
quence to parallel-stranded, antiparallel-stranded and modified
clamps to form triple helices with structured DNA or RNA mol-
ecules. Finally, they validate the new tail-clamp strategy to
overcome structural interference, concomitantly greatly in-
creasing the stability of triplex binding.

Results

The P35S clamp specifically binds the 35S target oligo-
nucleotide

We designed and synthesized a parallel-stranded clamp (P35S
clamp, Table 1) targeting a 12-homopyrimidine sequence of
the CaMV35S promoter in order to assess the capacity of such
clamps to form triple helices in a real DNA context. The homo-
purine portion of the P35S clamp should be able to hybridise
the target through Watson–Crick bonding, and the inverted
homopyrimidine portion of the P35S clamp should form a tri-
plex by Hoogsteen hydrogen bonding (Scheme 2). Initial bind-
ing experiments were performed with a 33-nt oligonucleotide
(33pyr, Table 1), flanked by nucleotides 479 and 511 of the
CaMV35S promoter at 5’ and 3’, respectively, including the 12-

homopyrimidine target sequence. Radioactively la-
belled target was incubated with increasing amounts
of P35S clamp under triplex-forming conditions. Tri-
plex formation was observed in all reaction mixtures
containing clamp (Figure 1 A). The percentage of
binding gradually increased with the molar excess of
clamp, approaching 100 % at 50-fold. Thermal stabili-
ty analyses (Table 2) further confirmed the affinity ob-
served by gel-shift. Such values for triplex formation
are similar to those previously described for the par-
allel R22 clamp and WC-11mer[4] under the same con-
ditions, indicating that different target sequences can
be suitable for triplex formation through parallel-
stranded clamps.

Further, we also studied the specificity of binding
with a 33-nt oligonucleotide complementary to the
target sequence (33pur, Table 1) but including a ho-
mopurine instead of the homopyrimidine track and
therefore not expected to form triplexes with P35S
clamp. Indeed, no shifted bands were detected up to
a 100-fold excess of clamp (Figure 1 B). In addition,
we used a 32-nt oligonucleotide (32pyr, Table 1) in-

corporating a different 12-nucleotide homopyrimidine track
and obtained negative results (data not shown); this indicated
that the CaMV35S promoter triplexes were formed in a se-
quence-specific manner. As was to be expected, nonhomolo-
gous clamps did not show detectable binding with 33pyr
under the same conditions (data not shown).

Scheme 1. Schematic representation of binding of a homopyrimidine single-stranded nu-
cleic acid with parallel and antiparallel clamps. Arrows indicate 5’ to 3’ orientation. Lines
indicate Watson–Crick hydrogen bonds, and dots Hoogsteen or reverse-Hoogsteen hy-
drogen bonds.

Table 1. Sequences of homopyrimidine targets and parallel- and antiparallel-
stranded clamps prepared in this study.

Name Sequence

33pyr 5’-CGTCTTCTTTTTCCACGATGCTCCTCGTGGGTG-3’
33pur 5’-CACCCACGAGGAGCATCGTGGAAAAAGAAGACG-3’
50pyr 5’-TGAAGACGTGGTTGGAACGTCTTCTTTTTCCAC-

GATGCTCCTCGTGGGTG-3’
50pur 5’-CACCCACGAGGAGCATCGTGGAAAAAGAAGACGTTCCAACCACGTCTT-

CA-3’
32pyr 5’-TGGAATAATTTATCTTCTTCTTCTATTTATGT-3’
15(�) 5’-CCAACCACGTCTTCA-3’
22pyr 5’-GGTTGGAACGTCTTCTTTTTCC-3’
RNA
22pyr

5’-GGUUGGAACGUCUUCUUUUUCC-3’

P35S
clamp

biotin-5’-GGAAAAAGAAGA-3’-(eg)6-3’-TCTTCTTTTTCC-5’

P35S-T
clamp

biotin-3’TCTTCTTTTTCC-5’-(eg)6-5’-GGAAAAAGAAGACGTTCCAACC-3’

PN35S-
T clamp

biotin-3’-TCTTCTTTTTCC-5’-(eg)6-5’-GGNAANAGNAGACGTTCCAACC-3’

A35S
clamp

biotin-5’-AGAAGAAAAAGG-TTTT-GGAAAAAGAAGA-3’

A35S-T
clamp

biotin-5’-AGAAGAAAAAGG-TTTT-GGAAAAAGAAGACGTTCCAACC-3’

WC35S-
T clamp

5’-AGTGGTACTATA-TTTT-GGAAAAAGAAGACGTTCCAACC-3’

N = 8-aminoadenine, (eg)6 = hexa(ethylene glycol), biotin = biotin-CONH-(CH2)6-
O-phosphate
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Role of the secondary structure in triplex formation

Accessibility of the target sequence is a crucial requirement for
successful interactions of nucleic acid molecules.[24, 25] Single-
stranded nucleic acid molecules tend to adopt secondary

structures whose formation and stability can be theo-
retically predicted on a sequence basis by use of sec-
ondary structure prediction algorithms. Under our tri-
plex-forming conditions, intramolecular target inter-
actions could interfere with the intermolecular triplex
formation. The 33pyr oligonucleotide used above
was folded by use of the RNA Structure Version 4.11
program,[26] and no stable secondary structure in-
volving the homopyrimidine track was predicted
(Figure 2). However, it was predicted that a slightly
longer sequence (50pyr, Table 1) should form a stable
stem in which five out of 12 target pyrimidine nu-
cleotides were involved in Watson–Crick intramolecu-
lar interactions (Figure 2). This stem was also predict-
ed when longer (up to 600 nt) CaMV35S sequences
were folded. Melting experiments with target (33pyr
and 50pyr) oligonucleotides alone (at 2 mm concen-
tration in 0.1 m sodium phosphate/citric acid pH 7.0)
gave only a sigmoidal curve for oligonucleotide
50pyr. The melting temperature of the transition was
66 8C (DG =�3.5 kcal mol). This confirms the presence
of a secondary structure in 50pyr under the experi-
mental conditions.

Radioactively labelled 50pyr was incubated with increasing
amounts of P35S clamp under triplex-forming conditions and
analysed by gel-shift. Figure 3 shows the absence of lower mo-
bility bands even at 100-fold excess of clamp, indicating the
absence of triplexes. This could be due to inaccessibility of the
target sequence as a result of the predicted intramolecular in-
teractions (Figure 2). We therefore performed the same reac-
tions in the presence of a 100-fold excess of 15(�) (Table 1), an
oligonucleotide complementary to eight nucleotides in 50pyr
involved in the same predicted intramolecular stem as the ho-
mopyrimidine track. Hybridization of 15(�) with 50pyr under
standard triplex-forming conditions was confirmed (Figure 3).
In the presence of 15(�), the P35S clamp was able to interact
with 50pyr, although with low efficiency (Figure 3). This sug-
gested that 15(�) should compete with the 50pyr predicted in-
tramolecular stem and so make the homopyrimidine target se-
quence accessible. We concluded that such an intramolecular
stem should contribute to the lack of triplex formation, and
that such a problem could be overcome by competition of the
intramolecular stem with a complementary oligonucleotide.

Tail-clamps bind 35S target oligonucleotides with predicted
secondary structures

One limitation of the use of two oligonucleotides to bind one
target is the weak efficiency of trimolecular interactions. How-
ever, if the oligonucleotide is included as part of the clamp, it
becomes possible to increase both the strength and the specif-
icity of binding. We designed a new clamp molecule (a tail-
clamp) by attaching an oligonucleotide (tail sequence, comple-
mentary to the 5’ flanking sequence of the homopyrimidine
track) to its Watson–Crick-forming strand. The CaMV35S pro-
moter tail-clamp (P35S-T clamp, Table 1) consists of: i) the same
homopurine portion as the P35S clamp plus the adjacent tail

Scheme 2. Schematic representation of the theoretical interactions between 35S clamps
and 35S tail-clamps and their target sequences.

Figure 1. The P35S clamp specifically binds the CaMV35S promoter 33pyr
oligonucleotide. A) Autoradiograph showing binding of P35S clamp to 33pyr
oligonucleotide. Lanes 2–6: 32P-labelled target (2.5 nm) was incubated with
5–100 m equiv of cold clamp and the mixtures were analysed by 10 % non-
denaturing polyacrylamide gel electrophoresis at 4 8C. Triplexes are indicated
by the arrow. Lane 1: Control reaction without P35S clamp. B) Autoradio-
graph showing the lack of binding of P35S clamp to 33pur oligonucleotide
(i.e. , complementary to 33pyr). Lane 7: No clamp added to the reaction.
Lane 8: Incubation of 32P-labelled 33pur with 100-fold P35S hairpin.

Table 2. Melting temperatures (Tms) of triplexes in 0.1 m sodium phos-
phate and citric acid at the appropriate pH.

Triplexes pH Tm [8C][a] DG [kcal mol�1][a]

A35S clamp + 22pyr 7.0 36.0 �9.0
A35S-T clamp + 22pyr 7.0 62.7 �18.7
WC35S-T clamp + 22pyr 7.0 58.4 �14.1
P35S clamp + 22pyr 5.0 42.6 �12.9
P35S-T clamp + 22pyr 5.0 55.1 �14.8
WC35S-T clamp + 22pyr 5.0 51.1 �12.1
PN35S-T clamp + 22pyr 5.0 56.2 �16.0

[a] Uncertainties in Tm values and free energies are estimated at �1 8C,
and �10 %.
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sequence (Watson–Crick hydrogen bonds), and ii) the same in-
verted homopyrimidine portion as the P35S clamp (Hoogsteen
hydrogen bonding) (Scheme 2). The tail element should assist
the triplex formation by interfering with the tendency of the
homopyrimidine target to form secondary structures with adja-
cent sequences (Figure 2).

Radioactively labelled 50pyr target was incubated with in-
creasing amounts of P35S-T clamp under triplex-forming condi-

tions and the results were analysed by gel-shift. In contrast to
the negative results obtained with non-tailed clamps, binding
with the tail-clamp was achieved, and it increased with the
molar excess of P35S-T clamp up to around 45 % at 100-fold
(Figure 4 A). Quantification of the shifted bands allowed calcu-
lation of the observed kinetic association constant (kobs)
(Table 3). The P35S-T clamp bound its target in a significantly
more stable manner than the corresponding clamp in the ab-

Figure 2. Predicted secondary structures in triplex formation. Diagram showing the predicted secondary structures of illustrative target oligonucleotides
(33pyr and 50pyr) and clamps (35S clamps and 35S tail-clamps) used in this study, together with the anticipated bimolecular structures. Nucleotides intended
to be involved in triplex formation are represented in grey boxes, while the tail sequence and its target are in white boxes. Lines indicate Watson–Crick hydro-
gen bonds, and dots Hoogsteen or reverse-Hoogsteen hydrogen bonds. The represented sequences correspond to parallel clamps or tail-clamps. The same
bimolecular interactions are predicted for antiparallel clamps or tail-clamps.
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sence of tail sequence, as shown by thermal stability analyses
(difference in Tm: 12.5 8C; difference in DG : 1.9 kcal mol�1;
Table 2). In conclusion, tail-clamps are capable of overcoming
structural impediments in triplex formation. The entropic effect
obtained by linking two consecutive binding units results in a
new molecule with higher affinity towards the target.

With the aim of obtaining triplexes that would be stable at
neutral pH we studied the possible use of purine-rich clamps.

We thus designed and synthesized the A35S-T clamp (Table 1),
an antiparallel tail-clamp that targets the same 12-homopyrim-
idine track of the CaMV35S promoter and incorporates the
same tail sequence as the corresponding parallel tail-clamp.
The A35S-T clamp should form triplexes with the target in the
same manner as the P35-T clamp, except that the homopurine
Hoogsteen strand should bind the double helical structure an-
tiparallel to the target (Scheme 2). Binding of the A35S-T clamp
was achieved with 50pyr up to around 55 % at 100-fold excess
(Figure 4 B), as observed for the P35S-T clamp. Although not
directly comparable (different pH conditions), it is interesting
to note that both the kobs (Table 3) and the thermal stability
(Table 2) values indicated a slightly higher stability for the com-
plexes based on the antiparallel clamp than for those based
on the corresponding parallel clamp.

We next evaluated the effect of the Hoogsteen bonds on
the tail-clamp/target binding by using a control tail-clamp
(WC35S-T clamp, Table 1) in which the Hoogsteen-forming
strand was substituted by a random sequence and therefore
could not form triplex. As would be expected, Watson–Crick in-
teractions occurred (Figure 4 C and Table 2 and Table 3), and
these were weaker at pH 5.0 than at pH 7.0, possibly due to
destabilisation of this type of interactions by protonation of cy-
tosine and adenine residues at low pH. Interestingly, shifted
bands resulting only from Watson–Crick interactions were sig-
nificantly fainter (i.e. , below 30 % at 100-fold molar excess; Fig-
ure 4 C) than those obtained with the A35S-T clamp and the
P35S-T clamp. Affinity values obtained with the control, parallel
or antiparallel tail-clamps and the CaMV35S target allowed the
role of the Hoogsteen-forming strand to be quantified: triplex
structures presented kobs values close to five times higher
(Table 3), and thermal stability values showed important in-
crements (difference in Tm: 4.0 8C (parallel clamps) and 4.3 8C
(antiparallel clamps); difference in DG : 2.7 and 4.6 kcal mol�1,
respectively). Therefore, Hoogsteen bonds contributed to the
stabilization of structures involving the target and a parallel or
antiparallel tail-clamp, which further confirmed that triplex
structures were effectively formed.

In an attempt to increase the stability of triplex structures
formed by parallel tail-clamps further, we synthesized and
tested a modified P35S-T clamp with three 8-aminopurine nu-
cleotides at the Watson–Crick-forming strand (PN35S-T clamp;

Figure 3. Role of secondary structure in triplex formation. Competition anal-
ysis showing binding of P35S clamp to 32P-labelled 50pyr in the presence of
a 100-fold excess of oligonucleotide 15(�). Lane 2: Lack of binding of P35S
clamp to 32P-labelled 50pyr in the absence of 15(�). Lanes 5–8: Binding reac-
tions with 2–100 molar equivalents of cold clamp. The interaction of 50pyr
and 15(�) is indicated by the open arrowhead. Interaction of 50pyr, 15(�)
and P35S clamp is indicated by a solid arrowhead. Lane 4: Control reaction
in the absence of P35S clamp. Lanes 1 and 3: 50pyr alone.

Figure 4. Tail-clamps efficiently bind structured 35S target oligonucleotides.
Autoradiograph of 10 % nondenaturing polyacrylamide gels run at 4 8C
showing binding of tail-clamps to 50pyr. Lanes 2–7: 32P-labelled target
(2.5 nm) was incubated with 2–100 molar equivalents of cold tail-clamp.
Lane 1: Control reaction in absence of tail-clamp. A) P35S-T clamp, shown
under triplex-forming conditions (pH 5.0). B) A35S-T clamp (pH 7.0).
C) WC35S-T clamp (pH 7.0).

Table 3. Observed kinetic association constants (kobs) for 50pyr and
clamps used in this study.[a]

Tail-clamp pH kobs [m�1 s�1]
DNA[b] RNA[b]

A35S clamp 7.0 n.d.[c]

A35S-T clamp 7.0 2500 4400
WC35S-T clamp 7.0 500
P35S clamp 5.0 n.d.[c]

P35S-T clamp 5.0 1400
WC35S-T clamp 5.0 300
PN35S-T clamp 5.0 2100 4800

[a] Calculated at a fivefold molar excess of clamp. [b] Uncertainties in kobs

values are estimated at �10 %. [c] Binding not detected.
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Table 1). Clamps incorporating 8-aminoadenine moieties have
been shown to give very stable triple helical structures.[4]

Under the same conditions, the PN35S-T clamp exhibited a
stronger affinity than the unmodified clamp for the target [i.e. ,
1.5-fold higher kobs values (Table 3), difference in Tm (1.1 8C) and
difference in DG (1.2 kcal mol�1; Table 2)] . As would be expect-
ed, no binding was observed if the control 50pur sequence
was used as template, indicating triplex sequence specificity.
Remarkably, the positive effect of 8-aminoadenine residues on
the stability of triple helices previously observed in parallel
clamps also proved to be valid for tail-clamps.

Tail-clamps efficiently bind RNA targets

Clamps have been shown to interact readily with complemen-
tary RNA single-stranded oligonucleotides, forming stable tri-
plexes.[5] We next assessed the capacity of parallel and antipar-
allel tail-clamps to form triple helices with RNA targets. A radi-
oactively labelled RNA22pyr (Table 1) target was incubated
with increasing amounts of the PN35S-T clamp or the A35S-T
clamp under triplex-forming conditions and analysed by gel-
shift. The formation of triplex structures increased with the
molar excess of clamps and approached 100 % at 20-fold (data
not shown). The kobs values (Table 3) indicated that parallel and
antiparallel tail-clamps had superior affinities for RNA than for
DNA targets. The sequence specificity was confirmed by use of
nonhomologous RNA oligonucleotides and clamps (data not
shown).

Triplex-mediated capture and recovery of CaMV35S target
oligonucleotides

The increased stability of triple helices formed with tail-clamps
and the potential to cope with structural impediments in the
target sequences allow tail-clamps to be considered as an ad-
ditional tool for analytical and therapeutic purposes. For in-
stance, triplex formation has been used as one possible
method for sequence-specific DNA purification (i.e. , “triplex af-
finity capture”,[27–32] based on the specific binding of a pyrimi-
dine oligonucleotide to the purine strand in duplex DNA, form-
ing a local triplex structure followed by capture of the triplex).
In a prospective assay, we tested the suitability of tail-clamp-
mediated triplex formation for the capture and recovery of
RNA and DNA molecules with predicted secondary structures.
As an example we used one of the tail-clamp molecules shown
to form triple helices efficiently with structured targets (see
above). We thus incubated radioactively labelled 50pyr or
RNA22pyr target under triplex-forming conditions with a 50-
fold excess of the biotinylated PN35S-T clamp previously
bound to streptavidin-coated magnetic beads. Elution of the
target was achieved by triplex destabilization and the process
was monitored by denaturing acrylamide gel electrophoresis
(Figure 5). Under the optimal conditions described in the Ex-
perimental Section, more than 50 % (DNA target; Figure 5 A) or
80 % (RNA target, Figure 5 B) of the initial radioactivity could
be captured and recovered even in the presence of an excess
of nontarget molecules (i.e. , 103-fold). No significant radioactiv-

ity (i.e. , less than 3 %) was found in the magnetic beads after
elution. Moreover, less than 6 % of the radioactivity was cap-
tured and recovered in parallel experiments in which the tail-
clamp was either omitted or substituted by the corresponding
nontailed clamp (P35S clamp). The kobs, Tm and DG values ob-
tained with use of the PN35S-T clamp versus the WC35S-T
clamp (Tables 2 and 3) indicated that although Watson–Crick
interactions may have a role in our affinity capture assay; tri-
plex formation should have a predominant role especially at
pH 5.0. In conclusion, the method allowed efficient capture of
target DNA or RNA and its subsequent recovery.

Discussion

Targeting of suitable single strands through triplex formation
by clamps has been proposed as a tool for molecular biologi-
cal and gene expression studies. A flaw of these studies is that
they have only been performed on homopyrimidine model
target oligonucleotides. The major aim of this work is to assess
the capacity of clamps to drive the formation of triple helices
with homopyrimidine targets included within longer sequen-
ces and presenting predictable secondary structures. The for-
mation of intramolecular structures has been reported to have
an effect on intermolecular interactions involving nucleic acids
such as small interfering RNAs,[20, 33] antisense oligonucleo-
tides[21, 22] or trans-cleaving ribozymes.[23, 34, 35] Therefore, secon-
dary structures may pose a substantial as yet unaddressed
problem regarding the interaction of nucleic acid targets with
clamps.

We selected a biologically relevant sequence—the CaMV35S
promoter (a viral sequence commonly used for plant transfor-
mation)—containing a track of 12 pyrimidine nucleotides, five
of them involved in a stable stem predicted by in silico folding
and experimentally confirmed by thermal stability and compe-
tition analyses. The CaMV35S promoter-directed parallel clamp,
which performed excellently with an oligonucleotide target of
a size similar to previously reported short model oligonucleo-
tides,[4] failed to bind the structured oligonucleotide 50pyr

Figure 5. Triplex-mediated capture and recovery of CaMV35S promoter oli-
gonucleotides by use of a biotin streptavidin recognition system. Autoradio-
graph of a 10 % denaturing polyacrylamide gel showing capture of : A) 32P-la-
belled 50pyr, and B) 32P-labelled RNA 22pyr by triplex formation with PN35S-
T clamp. Lanes 1–3: Control reactions in which the PN35S-T clamp was omit-
ted. Lanes 1 and 4: Initial amount of oligonucleotide (250 fmol). Lanes 2 and
5: Uncaptured target. Lanes 3 and 6: Recovered (i.e. , captured and eluted)
target. Results of scintillation counting performed in a parallel experiment
are indicated in counts per minute (cpm). Uncertainties in capture and re-
covery values are estimated at �10 %.
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over detectable levels. Therefore, the secondary structure of
the homopyrimidine target and surrounding sequence has a
significant and predictable effect on triplex formation
(Figure 2).

New clamp molecules—that is, tail-clamps—were designed,
and these efficiently formed triple helices in combination with
structured target molecules (e.g. , 50pyr). The tail sequence
was incorporated in order to destabilize target intramolecular
interactions and to allow the clamp portion of the tail-clamp
to form the triplex efficiently (Figure 2). Tail sequences have
been fused to other types of molecules with different purpos-
es: to increase the strand invasion of double-stranded DNA by
bis-PNAs,[36, 37] for example, or, with catalytic RNAs, to increase
the targeting efficiency of ribozyme M1 RNA (M1GS RNA ribo-
zymes).[38, 39]

We performed a comparative study on the interaction of the
structured sequence 50pyr with tail-clamps, in which the
clamp portion was either parallel- or antiparallel-stranded, and
including 8-aminopurine nucleotide modifications when possi-
ble. By use of a combination of gel-shift, kinetic analysis, UV
thermal melting and thermodynamic techniques, we demon-
strated that all the tested tail-clamps efficiently bound the
same structured target sequence, and that these interactions
were indeed triplex structures. We had previously reported the
formation of triplex structures by parallel, antiparallel and
modified clamps with an unstructured model oligonucleo-
tide.[4, 15] Here we extend this finding to structured sequences
with tail-clamps and establish that the tail-clamp tail portion
does not inhibit the formation of triple helices but increases
their stabilities. A series of experiments performed in parallel
suggested that the orientation of the third strand with respect
to the central homopurine Watson–Crick strand had conse-
quences for the stability of triple helices. Antiparallel tail-
clamps showed higher binding efficiencies than parallel tail-
clamps (each under the optimal pH conditions). In addition,
the reported triplex-stabilizing properties of 8-aminopurine res-
idues[4] have been confirmed here for parallel tail-clamps (that
is, the inclusion of three 8-aminopurine residues stabilized the
triplex structures up to levels similar to those obtained with
unmodified antiparallel tail-clamps). In accordance with previ-
ous results, the inclusion of a larger number of modified resi-
dues could enhance the binding efficiency. Unfortunately the
high number of thymine residues in our target sequence and
the fact that 8-aminoadenine destabilized antiparallel triplex-
es[15] did not allow the inclusion of modified residues in the
antiparallel tail-clamp.

RNA molecules are typically found as single-stranded nucleic
acids and mostly fold in stable secondary structures. RNA oli-
gonucleotides had been reported to form stable triple struc-
tures with parallel-stranded conventional clamps, whether con-
taining 8-aminoadenine residues[10] or not,[5] and with antiparal-
lel clamps.[13, 40] Here we have demonstrated that both antipar-
allel and modified parallel tail-clamps were able to bind an
RNA target in a very efficient manner.

Tail-clamps can be regarded as an additional tool for nucleic
acids studies. The specific properties of triple helices formed
by parallel and antiparallel clamps may have important practi-

cal implications. Parallel clamps have been reported to form
stable triplexes under acidic conditions, and these structures
are relatively unstable at neutral and basic pH. They could be
suitable for—for example—in vitro sequence enrichment pur-
poses. In a prospective assay, we have shown the suitability of
tail-clamps for specific capture and recovery of structured DNA
and RNA targets by triplex affinity capture. In contrast, antipar-
allel triplexes are more promising in the biomedical field, since
their stability is pH-independent, and they could be formed,
for example, inside the cell.[41]

Experimental Section

Selection of a target sequence for triplex formation within the
CaMV35S promoter : A suitable homopyrimidine track for triplex
formation in the CaMV35S promoter sequence was selected. It is
12 nucleotides long and located at positions 498 to 509 (according
to Accession Number AR271019); that is, internal to the amplicon
of the validated PCR assay and in a region conserved among most
approved GMO events. Being of a similar length to the model se-
quence used to develop the clamp technology,[4] it should be capa-
ble of forming sequence-specific triplexes in combination with an
appropriate clamp.

Synthesis of unmodified oligonucleotides : Oligonucleotides used
in this study are listed in Table 1. Unmodified oligonucleotides
[33pyr, 33pur, 50pyr, 50pur, 32pyr and 15(�)] were prepared and
synthesized on an Applied Biosystems model 392 DNA synthesizer.
Sequences were prepared with standard (Bz- or iBu-protected) 3’-
phosphoramidites and polystyrene solid supports (LV200) by the
manufacturer’s protocols. Coupling efficiencies were higher than
98 %. After the assembly of the sequences, oligonucleotide sup-
ports were treated with aqueous ammonia (32 %) at 55 8C for 16 h.
Ammonia solutions were concentrated to dryness and the prod-
ucts were desalted on NAP-10 (Sephadex G-25) columns eluted
with water. The lengths and homogeneities of the products were
checked by denaturing polyacrylamide gel electrophoresis. All the
sequences were used without further purification. RNA oligonu-
cleotides were purchased from Dharmacon.

Single-stranded DNA folding and secondary structure predic-
tion : Single-stranded DNA structures were predicted with the aid
of the RNAstructure program, Version 4.11.[26] Both 35S target
oligonucleotides and a 600-nt sequence comprising the target se-
quence of the CaMV35S promoter were analysed.

Synthesis of 35S clamps : The parallel-stranded P35S clamp
(Table 1) was designed with the purine sequence complementary
to the CaMV35S promoter homopyrimidine target sequence, con-
nected head-to-head and through their 3’-ends with the Hoog-
steen C,T-sequence. A hexa(ethylene glycol) [(eg)6] molecule was
used to connect the two strands. A biotin molecule was added at
one of the ends to allow capture by streptavidin.

Clamps P35S-T and PN35S-T (Table 1) have similar compositions,
with the homopurine and the homopyrimidine parts connected
through their 5’ ends with the hexa(ethylene glycol) linker [(eg)6].
The P35S-T clamp has ten additional bases. These additional bases
are complementary to the CaMV35S promoter after the homopyri-
midine track, so the tail-clamp oligonucleotides should form a
duplex after the triplex. A biotin molecule was also added at one
of the ends. Finally, the PN35S-T clamp (Table 1) has the same se-
quence as the P35S-T clamp but three adenines are replaced by
three 8-aminoadenines.
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The oligonucleotides were prepared on an automatic Applied Bio-
systems 392 DNA synthesizer. The parallel clamps were prepared
as described elsewhere.[4] The 5’–5’ clamps (P35S-T and PN35S-T)
were prepared in four steps. Firstly, the pyrimidine part was pre-
pared by use of reversed C and T phosphoramidites and reversed
C-support (linked to the support through the 5’ end). Secondly, a
hexa(ethylene glycol) linker was added by use of a commercially
available phosphoramidite (Glen Research). Thirdly, the purine part
was assembled from standard phosphoramidites for the natural
bases and the 8-aminoadenine phosphoramidites. The phosphora-
midite of 8-aminoadenine was prepared as described elsewhere.[4]

Finally, biotin was added at the end of the sequence by use of a
commercially available 5’-biotin phosphoramidite (Glen Research).

A similar approach was used for the preparation of the 3’–3’ clamp
(P35S clamp). In this case, the purine part was assembled first, fol-
lowed by the hexa(ethylene glycol). The pyrimidine part was the
last to be assembled, by use of reversed phosphoramidites. After
the assembly of the sequences, oligonucleotide supports were
treated with aqueous ammonia (32 %) at 55 8C for 16 h. The ammo-
nia solutions were concentrated to dryness and the products were
purified by reversed-phase HPLC. Oligonucleotides were synthe-
sized on a 200 nmol scale on polystyrene supports and with the
last dimethoxytrityl (DMT) group at the 5’ end (DMT-on protocol)
to facilitate reversed-phase purification. Each purified product pre-
sented a major peak, which was collected. Yields (OD units at
260 nm after HPLC purification) were between 5–10 OD. HPLC con-
ditions: HPLC solutions were as follows. Solvent A: Acetonitrile
(ACN; 5 %) in triethylammonium acetate (pH 6.5, 100 mm) and sol-
vent B: ACN (70 %) in triethylammonium acetate (pH 6.5, 100 mm).
Columns: PRP-1 (Hamilton), 250 � 10 mm. Flow rate: 3 mL min�1.
Linear gradients: 30 min 10–80 % B (DMT-on) or 30 min 0–50 % B
(DMT-off).

The antiparallel clamp A35S (Table 1) was designed to have the
purine sequence complementary to the CaMV35S promoter homo-
pyrimidine target sequence, connected with the reverse Hoogsteen
G,A-sequence. A tetrathymidine loop was used for connecting
both strands, a biotin molecule being added at one of the ends to
allow capture by streptavidin. The antiparallel tail-clamp A35S-T
(Table 1) has ten additional bases as well as a biotin moiety at the
5’-end. Substitution of adenine with 8-aminoadenine is not possi-
ble in this context, as described in Ref. [15]. The control oligonucle-
otide sequence WC35S-T clamp has the complementary sequence
to the CaMV35S promoter but a random sequence was added in-
stead of the triplex-forming sequence. This oligonucleotide can
only form a duplex with the target sequence. These oligonucleo-
tides were synthesized and purified similarly to unmodified oligo-
nucleotides as described above.

Binding of clamps to target sequences by melting experiments :
Melting experiments were performed as follows. Solutions of equi-
molar amounts of clamps and the target strand (22pyr) were
mixed in sodium phosphate/citric acid buffer (0.1 m) at the appro-
priate pH (parallel clamps pH 5.0 and antiparallel clamps pH 7.0).
The DNA concentration was determined by UV absorbance meas-
urements (260 nm) at 90 8C, with use of the following extinction
coefficients for the DNA coil state: 7500, 8500, 12 500, 15 000, and
15 000 m

�1 cm�1 for C, T, G, A, and 8-amino-A, respectively. The sol-
utions were heated to 90 8C, allowed to cool slowly to room tem-
perature, and stored at 4 8C until the UV was measured. UV absorp-
tion spectra and melting experiments (absorbance vs. temperature)
were recorded in 1 cm pathlength cells in a spectrophotometer,
with a temperature controller and a programmed temperature in-
crease rate of 0.5 8C min�1. Melts were run in duplicate at 260 nm

and at a triplex concentration of 2 mm. All of the absorbance
versus temperature plots showed sigmoidal curves indicating co-
operative transitions, and the data were fitted to a two-state
model by use of MeltWin 3.5 software[42] in order to determine the
Tm and DG values. Free energy values are given at 37 8C. Uncertain-
ties in Tm values and free energies are estimated at �1 8C, and
�10 %.

Preparation of labelled targets : The single-stranded CaMV35S
target DNA or RNA oligonucleotides (100 pmol) were 5’-end-
labelled with [g32P]ATP with T4 polynucleotide kinase in a final
volume of kinase buffer (25 ml). After incubation at 37 8C for 1 hour,
the solution was heated at 70 8C for 10 minutes to denature the
enzyme and subsequently cooled to room temperature. The label-
led oligonucleotide was precipitated in sodium acetate (pH 5.2,
0.3 m, 100 mL) containing glycogen (2 mg) with 2.5 volumes of cold
ethanol. After overnight incubation at �20 8C, the mixture was
centrifuged at 4 8C and 14 000 r.p.m. for 45 min. The pellet was
washed with ethanol (70 %) and dissolved in water (100 mL).

Conditions for triplex formation : Radiolabelled targets (25 fmol)
were heated at 93 8C for 3 min in sodium phosphate/citric acid
buffer [pH 5.0, 0.1 m (parallel clamps) or pH 7.0 (antiparallel
clamps)] , and cooled on ice for 1 min. Increasing amounts (two-,
five-, ten-, 20-, 50- and 100-fold) of the 35S clamps were added,
and the samples were incubated at 50/54 8C in a final volume reac-
tion (10 ml) for 1 h.

Gel electrophoretic mobility shift analysis of the triplex forma-
tion : Triplex formation reaction mixtures were treated with glycerol
(60 % v/v) and loaded onto nondenaturing polyacrylamide gels
(10 %) prepared with acrylamide/bisacrylamide 19:1 in sodium
phosphate/citric acid buffer (pH 5.0 or pH 7.0, 0.1 m). Samples were
run at 4 8C and 60–70 V and results were visualized by autoradiog-
raphy. The formation of triplex was monitored by the appearance
of a radioactive band with lower mobility than that corresponding
to the target alone. The gel was scanned on a phosphorimager
(Molecular Dynamics), and shifted and unshifted bands were quan-
tified with the aid of ImageQuant software (Molecular Dynamics).
The observed kinetic association constants (kobs) were estimated by
calculation of the ratio of the shifted bands vs. total target (shifted
plus unshifted bands) at a fivefold molar excess of clamp in a mini-
mum of three independent experiments. Standard deviations were
around 10 % in all cases.

Triplex affinity capture : Streptavidin-coated magnetic beads (4 mL,
Dynal Biotech) were thoroughly washed in buffer A [0.1 m sodium
phosphate/citric acid buffer pH 5.0, NaCl (1 m)] before incubation
with biotinylated clamps in a final volume (10 mL) of the same
buffer for 30 min at room temperature. The beads were separated
by use of a magnetic particle concentrator (Dynal Biotech) and
were washed three times with sodium phosphate/citric acid buffer
(pH 5.0, 0.1 m). They were subsequently used for triplex formation
with radioactively labelled 50pyr or RNA22pyr target (250 fmol) as
indicated. The beads were magnetically separated and the liquid
phase was considered to contain uncaptured molecules. After
three washes with sodium phosphate/citric acid buffer (pH 5.0,
0.1 m), the captured molecules were recovered by incubation in
Tris buffer (pH 8, 0.1 m) for 10 min at 90 8C, followed by magnetic
separation of the beads. The process was monitored by denaturing
polyacrylamide gel (10 %) electrophoresis.
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