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A poly(dT) oligomer can serve as the string on which synthetic
hairpins possessing poly(dA) and poly(dT) arms connected by a
hydrophobic perylene diimide linker are assembled like beads
on a string. The synthetic hairpins form head-to-head dimers
and trimers, respectively, in the absence of the poly(dT) string
and in the presence of a string with inverted polarity at mid-
strand. However, they assemble in cooperative head-to-tail
fashion on normal poly(dT) oligomers.

We describe here the assembly of DNA triplexes in which poly(dT)
single strands serve as templates for either head-to-head (HH) or
head-to-tail (HT) assembly of perylene diimide (PDI)-linked
hairpins with poly(dT)-poly(dA) arms. The orientation (HH or
HT) is determined by the strand polarity of the poly(dT) template.
Head-to-tail assembly provides an unprecedented cooperative
“beads-on-a-string” approach to exceptionally stable parallel
triplex structures.

Triplex formation has been extensively investigated as an anti-
sense strategy for the selective recognition of polypurine—
polypyrimidine duplex sequences in duplex DNA by polypurine
single strands.! Triplexes can also be formed by targeting an
appropriate single strand either with two complementary strands
or with a single oligonucleotide possessing two base pair domains
connected by a short nucleotide linker or by a synthetic linker.>
Research on triplex formation has been motivated by biological
applications including gene-targeting.’ However, as our results will
demonstrate, triplex formation can also be employed for self-
assembly of novel supermolecular structures.

We recently reported that a poly(dA)—poly(dT) hairpin posses-
sing a hydrophobic perylene diimide (PDI) linker forms a stable
head-to-head hairpin dimer structure 2-Hg (Scheme la) as a
consequence of the hydrophobic association of the PDI linkers.®
Association and dissociation of PDI can be readily monitored by
changes in the relative intensities of the PDI A“%A%! vibronic
band intensities, from ca. 1.4 for a PDI monomer to ca. 0.6 for a
PDI dimer (Fig. 1).” The derivatives of thermal dissociation
profiles for either the 260 nm base pair absorbance or the PDI
A%%A%! vibronic band intensity ratio for the hairpin dimer 2-Hg
provide the same value for the melting temperature (7, = 70 +
0.5 °C), as shown in Fig. 2a.

As a consequence of the inverted relationship of the two sub-
units of 2-Hg, we expected that it would form a 2 : 2 triplex
structure with two equivalents of Tg (Scheme 1b) and a 2 : 1 triplex
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1 Electronic supplementary information (ESI) available: PAGE gels and
derivatives of melting curves. See DOI: 10.1039/b607941e
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Scheme 1 Structures of the PDI linker, hairpin dimer 2-Hg (a), and
triplexes (b)—(e).

with a single equivalent of TorTy (Scheme 1c), an 18-mer with
inverted polarity at mid-strand and two extra bases provided to
span the PDI dimer region of 2-Hg. This expectation was
confirmed by non-denaturing gels,® which display a single band,
and by the 260 nm UV thermal dissociation profiles shown in
Fig. 2a. The latter have low temperature transitions at ca. 22 °C
and 31 °C, respectively, assigned to triplex dissociation. This
process leaves the hairpin dimer intact, as evidenced by the nearly
constant values of A>%A%! during triplex melting (Fig. 2a inset).
The higher temperature transitions are identical to those of 2-Hg.®
The CD spectra of 2-Hg with and without TorTe (Fig. 3) are
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Fig. 1 UV absorption spectra of a single strand PDI conjugate (——)
and the hairpin dimer 2-Hg (—) in 20 mM Tris HCl, 2 mM EDTA,
pH 8.0, 20 mM MgCl,, 100 mM NaCl.
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Fig. 2 Melting curves for (a) the Hg hairpin dimer, Hg with Tg (1 : 1
ratio), and Hg with TorTo (2 : 1 ratio) and (b) Hg with Tyg (2 : 1 ratio), and
Hg with T,; (3 : 1 ratio). Insets show temperature dependence of the PDI
A%A™ ratio. All data is for 10 M conjugates in 20 mM Tris HCI, 2 mM
EDTA, pH 8.0, 20 mM MgCl,, 100 mM NacCl.
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Fig. 3 CD spectra of the hairpin dimer 2-Hg and the triplex Hg-TorTo
(2 : 1 ratio).

similar to those of poly(dA-dT-dT) and poly(dA-dT), respectively,
which differ only in the intensity of the 220 nm band.” The
CD spectrum of the triplex also displays stronger long-
wavelength features assigned to exciton coupling of the two PDI
chromophores.®

To our considerable surprise, Hg forms a substantially more
stable 2 : 1 triplex with T18 than it does with TorTo, even though
T,g cannot form a parallel triplex with the hairpin dimer. The
low temperature transition of the 260 nm thermal dissociation
profile (Fig. 2b) provides a value of T}, = 43 °C.'"° Moreover, the
A%YA™! ratio at low temperatures has a value nearer to that of the
PDI monomer than to that of the dimer (Fig 2b inset). These

observations led us to investigate the properties of a 3 : 1 mixture
of Hg and Ty;. The low temperature 260 nm profile provides a
value of T,, = 51 °C and the A”%A%" ratio at low temperatures
has a value similar to that for the 2 : 1 mixture of Hg and T\5. The
UV spectral data for Hg with Tg and T, is consistent with the
formation of triplex structures in which the Hg hairpins are
assembled on the poly(dT) strand in head-to-tail fashion, like beads
on a string. The values of 7, decrease in the order 3 : 1 Hg-Ty; >
2:1HgTig » 1:1 HgTs, indicative of cooperative head-to-tail
binding in the two former structures. We note that the 7, value
for the 2 : 1 triplex Hg-Tg is similar to that reported by James
et al.® for a triplex formed between dTy4 and a hairpin possessing
dA4 and dT 4 arms connected by a hexamethylene glycol linker at
similar salt concentrations.

Possible structures for the head-to-tail and head-to-head
triplexes were explored by means of molecular dynamics simula-
tions of their structures. Geometries of the parallel triplexes for
2 : 1 Hg-Tg and Hg-TorTy were calculated as described for the
dimer 2-Hg.%!'" The Amber 7.0 program suite was used to run
molecular dynamics simulations for 2 ns with a step length of 2 fs.'?
Averaged structures obtained from the MD simulations are shown
in Fig. 4. The structure of 2 : 1 Hg-Tg displays an undistorted
parallel triplex geometry in which a carbonyl group from both of
the PDI linkers is hydrogen bonded to a thymine from the
poly(dT) strand and the internal PDI is m-stacked with the
terminal base pair of the other hairpin. We note that hairpins
having nucleotide loops would be incapable of forming analogous
compact n : 1 triplex structures. In contrast, the triplex structure of
2 : 1 Hg-TorTy is distorted in the region of the PDI dimer, the
poly(dT) strand displaying a pronounced bulge and the PDI dimer
having a large dihedral angle between chromophore long axes. The
calculated structures are consistent with both the lower T, value
and smaller percent hypochromism for the Hg-TorTy triplex vs. the
Hg-Tg triplex. The opening of PDI-PDI dihedral angle is also
consistent with the observation of stronger exciton coupled CD for
the triplex vs. the hairpin dimer, which has parallel PDI’s and
hence weak exciton coupling.®

The proposed structures for the 2 : 1 and 3 : 1 triplexes
(Scheme 1d,e) have terminal PDI chromophores. Hydrophobic
association of two terminal PDI’s would lead to head-to-head 4 : 2
and 6 : 2 dimers, respectively. Further studies will be needed to
determine equilibrium constants for the formation of triplex
dimers.

Fig. 4 Averaged structures for (a) Hg with Tg and (b) Hg with TorTy
(both 2 : 1 ratios). Structures are truncated to three base triplets.
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In summary, we find that PDI-linked hairpins with short
poly(dT)-poly(dA) base pair domains can be assembled on a
longer single strand poly(dT) thus providing a beads-on-a-string
approach to triplex formation. The orientation of the hairpin
“beads” is determined by the polarity of the poly(dT) “string”,
with head-to-tail orientation resulting in strongly cooperative
binding. The thermodynamics and kinetics of triplex formation
and dissociation are under continuing investigation as is the
formation of higher order structures based on triplex formation.

Funding for this project was provided by grants from
the National Science Foundation (CHE-0400663 to FDL) and
(EEC-0118025 to GCS).
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