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Synthesis of linked triple helical DNAs possessing high affinity
to triple helical DNA binding protein
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Abstract—The synthesis of triplexes possessing an anthraquinonyl group and composed of branched oligonucleotides (ONs) is
described. Binding ability of a triplex-binding protein (MBP-LOR3ARF) to the triplexes was evaluated by an electrophoretic mobil-
ity shift assay (EMSA). It was found that the triplex, which has an anthraquinonecarbonyl group at the 5 0-end of the third strand
and is connected with the pentaerythritol linker, has greater affinity to the protein than an unmodified triplex.
� 2005 Elsevier Ltd. All rights reserved.
Triple helix (triplex)-forming oligonucleotides (ONs)
have attracted a great deal of attention because of their
ability to specifically bind double-stranded DNA and
their potential use in gene therapy.1,2 Depending on
the orientation of the third strand, two major classes
of triplexes are identified.3 When the third strand con-
sists mainly of pyrimidines, Hoogsteen-type base triplets
(TÆdA:T and dC+ÆdG:dC) are formed in which the third
strand is parallel to the purine strand of the target du-
plex. When the third strand is predominantly purines,
reverse Hoogsteen-type base triplets (dGÆdG:dC, dAÆ-
dA:T, and TÆdA:T) are formed in which the third strand
is antiparallel to the purine strand of the target duplex.

Recently, much attention is being given to methodology
targeting single-stranded DNA or RNA through the
formation of triplexes using circular or branched
ONs.4–10 For instance, Volkmann et al. showed that in
cell culture experiments a branched ON against a highly
conserved polypurine tract efficiently inhibited HIV-1
replication, leading to a block of p24 synthesis and inhi-
bition of syncytia formation.9 Recently, we have also
demonstrated the synthesis of the branched ONs that
were linked with the pentaerythritol linker.10 We found
that the branched ONs linked with the pentaerythritol
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linker significantly stabilized the triplexes with single-
stranded DNA or RNA.

On the other hand, so far, proteins, that specifically bind
triple helical DNAs, have been found in several kinds of
species.11–21 They are referred to as triplex-binding
proteins (TBPs). Although the biological roles of the
TBPs are not fully understood, they are presumed to
play important roles in cells by binding the triple helical
DNAs. From these findings, we envisioned that the
TBPs would be good stabilizers of triplexes in the
antisense strategy utilizing the branched ONs if they
specifically bind triplexes between the branched ONs
and the target DNAs or RNAs, and thermally stabilize
the triple helical structures. In this paper, we address the
possibility of the TBPs as stabilizers of triplexes in the
antisense strategy utilizing the branched ONs.

In order to synthesize branched ONs connected with
the pentaerythritol linker, a phosphoramidite of a pen-
taerythritol derivative was synthesized according to
Scheme 1. Hydroxyl functions of a properly protected
pentaerythritol 1, which was synthesized by the report-
ed method,10,22–25 were protected with a Bz group to
give a di-Bz derivative 3 in 86% yield along with the
formation of a mono-Bz derivative 2. After deprotect-
ing the Lev group of 3, 4 was phosphitylated by the
standard procedure26 to give the corresponding phos-
phoramidite 5 in 94% yield. To incorporate an interca-
lator at the 5 0-end of a third strand, a phosphoramidite
of an anthraquinone derivative was synthesized
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Figure 1. Sequences of the oligonucleotides used in this study.
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Scheme 1. Reagents and conditions: (a) BzCl, pyridine, rt, 86%; (b) NH2NH2ÆH2O, CH3CO2H, pyridine, rt, 81%; (c) ClP(OC2H4CN)(N-i-Pr2), EtN-

i-Pr2, CH2Cl2, rt, 94%.
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according to Scheme 2. The anthraquinone derivative
7, which was obtained by a reaction of anthraqui-
none-2-carboxylic acid (6) and 6-aminohexanol, was
phosphitylated by the standard procedure26 to give
the corresponding phosphoramidite 8 in 85% yield.
ONs were synthesized using the phosphoramidite meth-
od with a DNA/RNA synthesizer. Sequences of ONs
used in this study are listed in Figure 1 (The clusters
of 2 0-deoxyguanosine are abbreviated to G4, G3 or
G2 in the triplexes). The ONs were designed to form
antiparallel-type triplexes. The structure of the ONs
was analyzed by MALDI-TOF/MS, and the observed
molecular weight supported its structure.

We chose the MBP-LOR3ARF protein, which was found
in South-Western screening of a human keratinocyte
expression library by Ciotti et al.,27 as a TBP for this
study. First, we evaluated the binding ability of the
MBP-LOR3ARF protein to the non-linked triplexes by
an electrophoretic mobility shift assay (EMSA). The
triplexes labeled with 32P at the 5 0-ends of the first
strands were incubated with various concentrations of
the MBP-LOR3ARF protein, and the mixtures were ana-
lyzed by a polyacrylamide gel electrophoresis (PAGE)
under non-denaturing conditions.28 As shown in Figure
2, the PAGE exhibited two slower mobility bands,
which would correspond to the triplex-protein complex-
es. The result is consistent with the previous report.20 It
was suggested that 5 0-GGG-3 0 is the minimum sequence
recognized by an individual MBP-LOR3ARF molecule.
Thus, the faster mobility band referred to as C1 is
supposed to correspond to the complex composed of
the triplex and single or plural proteins, whereas the
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Scheme 2. Reagents and conditions: (a) NH2(CH2)6NH2, 1-ethyl-3-(3-dimeth

rt, 25%; (b) ClP(OC2H4CN)(N-i-Pr2), EtN-i-Pr2, CH2Cl2, rt, 85%.
slower mobility band referred to as C2 is presumed to
correspond to the complex between the triplex and plu-
ral proteins. The densities of radioactive bands on the
gel were determined with a bio-imaging analyzer. The
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Figure 4. Binding ratio of TBP to the triplexes, G3–G4–G4–G3, Ant-
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Figure 2. Quantitative EMSA to detect binding of TBP to the

triplexes, G3–G4–G4–G3, G2–G4–G2–G4, and linked-G3–G4–G4–

G3. Triplex concentration: 50 nM. TBP concentrations are indicated.
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results are shown in Figure 3 by a bar graph. It was
found that the protein has a slightly greater affinity to
the triplexes composed of the continuous 5 0-GGGG-3 0

sequences than others.

Next, we appraised the binding ability of the MBP-
LOR3ARF protein to the triplexes modified with the
anthraquinone derivative and comprised of the
branched ON 16 or ON 17. The binding ratios of
the protein to the triplexes are shown in Figure 4. It
was revealed that the linked triplex has a higher affinity
to the protein than the non-linked triplexes at every pro-
tein concentration. Furthermore, it turned out that the
incorporation of the anthraquinonyl group also increas-
es affinity of the triplexes to the protein. It was reported
that thermal stabilities of triplexes were enhanced by
connecting the third strands and the first or second
strands with proper linkers and introducing intercala-
tors into the third strands.4,5,22 Thus, the increased affin-
ity of the protein to the triplexes would be due to the
enhancement of thermal stability of the triplexes.

To examine whether the binding of the protein is specific
for a triplex structure or not, we performed the EMSA in
the presence of competitors. The triplex, linked-G3-G4-
G4-G3, labeled with 32P at the 5 0-end of the first strand
was incubated with the MBP-LOR3ARF protein at room
temperature for 60 min. The mixture was further
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Figure 3. Binding ratio of TBP to the triplexes, G3–G4–G4–G3, G3–

G3–G3–G3, G2–G4–G4–G2, and G2–G4–G2–G4.
incubated in the presence of the competitors for 30 min
and was analyzed by the PAGE under non-denaturing
conditions. The results are shown in Figure 5. Binding
ratio of the protein to the labeled triplex was decreased
in the presence of the triplexes, G3-G4-G4-G3 and
linked-G3-G4-G4-G3, whereas other competitors had
almost no influence on the binding of the protein to the
labeled triplex. Thus, it was revealed that the binding of
the protein is specific for the triplex structure.

Finally, we investigated the binding ability of the MBP-
LOR3ARF protein to the triplexes containing one base
mismatch in the first strands. As shown in Figure 6, it
was found that the incorporations of the mismatch base
pair significantly reduce the affinity of the protein to the
triplexes both in the linked and non-linked triplexes.

In conclusion, we have demonstrated a synthesis of
triplexes composed of the branched ONs and modified
duple
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with the anthraquinonyl group. The binding ability of
the MBP-LOR3ARF protein to the triplexes was evaluat-
ed by the EMSA. It was found that the triplex, which
has an anthraquinonecarbonyl group at the 5 0-end of
the third strand and is connected with the pentaerythri-
tol linker, has greater affinity to the protein than an
unmodified triplex. Potaman and Sinden reported that
peptides composed of basic amino acids such as Lys
and Arg thermally stabilize triplexes.29,30 The MBP-
LOR3ARF protein also has clusters comprised of basic
amino acids at its C-terminus region. Thus, the MBP-
LOR3ARF protein will be a good stabilizer of triplexes
in antisense strategy utilizing the branched ONs.
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