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Aromatic interactions are critical noncovalent forces that
help stabilize the self-assembly of oligonucleotide (ODN)
structures including duplex and quadruplex DNA." Much
current work has focused on the development of ODN-
tethered affinity-enhancing groups that make intramolecular
contact and further stabilize duplex DNA through additional
aromatic interactions.”! Recently, Berova and co-workers
have demonstrated that porphyrin macrocycles linked to the
5'-terminus of ODNs can be used to stabilize, non-comple-
mentary, non-Watson—Crick duplexes through aromatic inter-
actions with the terminal base pairs.”) However, there has
been no exploration of the potential of these ODN-linked
synthetic units with more complex DNA aggregates, such as
guanine quadruplexes which self-assemble through sequential
stacking of metal-templated guanine quartets (Scheme 1 A).[
Given the importance of quadruplex structures in telomere
stabilization,’*® oncogene activation,* regulation of the
insulin gene,* as well as in the development of structural and
functional supramolecular assemblies, we were keen to
introduce synthetic agents capable of stabilizing guanine
quadruplexes through designed orthogonal aromatic inter-
actions.

Herein we report a novel strategy that can dramatically
enhance the stability of parallel tetramolecular quadruplexes
by harnessing the self-stacking interactions of porphyrin
macrocycles in water. Furthermore, we demonstrate that
addition of (2-hydroxypropyl)-p-cyclodextrin (HP-$-CD), a
porphyrin complexation agent, can attenuate porphyrin—
porphyrin stacking interactions and thus modulate the self-
assembly of quadruplexes.

Initially, a series of ODNs were prepared to identify the
minimum length of guanine-rich sequences necessary to form
parallel tetramolecular quadruplexes under previously estab-
lished conditions.”” Thus, parent ODNs 1-4 containing
contiguous tracts of guanines (with sequences d(TG,T,)
where n=3-6 for ODNs 1-4, respectively) were obtained
(Scheme 1B). Each of these ODNs included a flanking T,
sequence at the 3’-terminus to further destabilize the associ-
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Scheme 1. A) Structure of a cyclic guanine quartet formed by potas-
sium ion templation and Hoogsteen hydrogen-bonding interactions.
B) Sequence of guanine-rich ODNs (1-4) with no head groups.

C) Sequence of ODNs tethered at the 5'-termini with porphyrin 1P or
phenyl 1Ph head groups. D) lllustration of (2-hydroxypropyl)-f-cyclo-
dextrin (HP-B-CD).

ation of the tetramolecular quadruplexes whilst also serving
to minimize longitudinal stacking between individual quad-
ruplexes.

Guanine-containing ODNs 1-4 were exposed to quad-
ruplex self-assembly protocols (80 mm KCl, 10 mm Tris-HCl
(Tris = tris(hydroxymethyl)aminomethane), pH7.5) with
incubation times of 48 h at 4°C.I"! The secondary structure
of the ensuing complexes was assessed by circular dichroism
spectroscopy. Incubation of ODNSs 4 or 3 (Figure 1) both gave
rise to a high-intensity circular dichroism profile, with a
positive ellipticity at 266 nm and a negative peak at 243 nm.
This profile is characteristic of parallel tetramolecular quad-
ruplexes (namely, (4), and (3),).”) In contrast, the incubation
of shorter ODNs 2 or 1, under the time frame of the
experiment, displayed weak circular dichroism bands as the
nucleobase units are not stacked to any appreciable extent.
This latter result is not surprising since quadruplexes formed
by ODNs 2 and 1 can only be stabilized by four and three
guanine quartets, respectively.

Among the ODN sequences used in this study, parent
sequence 1 was anticipated to have the lowest propensity for
the formation of a quadruplex. Thus, we focused on using
orthogonal aromatic interactions to stabilize quadruplexes
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Figure 1. Circular dichroism spectra of ODNs after self-assembly: 4
—)3()2(),1 (), 1P (0), and 1Ph (m). All measure-
ments were carried out in 80 mm KCl and 10 mwm Tris-HCl (pH 7.5).
Concentrations of all ODNs were 25 puMm (single strand).
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derived from this sequence.
Accordingly, congener 1P
(with sequence Pd(TG,T,)
containing a 5,15-diphenyl-
porphyrin module (P) teth-
ered to the 5'-terminus) was
prepared (Scheme 1C). Our

expectation was that aro- 5' ncubation with K*
matic stacking interactions _
between the porphyrin
chromophores should

enhance quadruplex self-
assembly.'" A C,, spacer
was included to minimize
interactions between the
porphyrin macrocycles and
the nucleobase core. A cir-
cular dichroism study of the
resultant self-assembly for
ODN 1P clearly showed
significant guanine stacking
with a profile consistent
with the presence of the
parallel quadruplex (1P),,
which is in sharp contrast
to what was observed for
1.0 This enhancement in
quadruplex formation is
thought to occur as a result of aromatic interactions between
the large hydrophobic surfaces of the 5'-tethered porphyrin
macrocycles (Scheme 2 A).

The quadruplex-forming capability of an ODN incorpo-
rating a smaller, phenyl head group (1Ph) was also explored
(Scheme 1C).l'") Here, a profile lacking appreciable secon-
dary structure was observed (Figure 1). Although not rigor-
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ously established, a possible rationale for why porphyrin-
based self-association leads to clean formation of a quad-
ruplex as opposed to the ODN with the smaller, phenyl group
lies in the large hydrophobic component for porphyrin
aggregation in water (LogP for P=6.95 versus LogP for
Ph=2.03).

The reversibility of the noncovalent interactions that
promote self-association of porphyrin rings suggested a
simple route to controling the assembly of the quadruplex.
Addition of HP-f-CD (Scheme 1D), a receptor that is
capable of binding to phenylporphyrins through the forma-
tion of an inclusion complex,® should remove the stabilizing
effect of the porphyrin head groups and thus promote the
disassembly of (1P),. To test this hypothesis, a solution of self-
assembled (1P), was mixed for 48 h with 7.2% (w/v) HP-B-
CD (Scheme 2B). Indeed, analysis of the resultant complex
by circular dichroism spectroscopy showed destabilization of
(1P),, as judged by both a decrease in the intensity as well as a
bathochromic shift of the maximum ellipticity.!'"!

Further evidence for HP-f-CD-induced destabilization of
(1P), came from thermal denaturation studies. For example,
the melting temperature (7,,) for (1P), was found to be 77°C
(Figure 2, inset) while incubation of (1P), with HP--CD for
48 h resulted in a T}, of 65°C. In addition to the decrease in

Destabilized quadruplex

Stabilized quadruplex

C)

Thermal
denaturation

Non-aggregated species

Scheme 2. A) Self-assembly of ODN 1P in potassium-containing buffer leads to the formation of the parallel
guanine quadruplex (1P), stabilized by porphyrin-based orthogonal aromatic interactions. B) The resultant
quadruplex can be destabilized by addition of HP-B-CD through host-guest complexation. C) Thermal
denaturation of the destabilized quadruplex leads to disassembly. D) Self-assembly of 1P in the presence of
HP-B-CD inhibits formation of the quadruplex.

the T, value, the thermal denaturation profile for (1P),
incubated with HP-B-CD indicates that simple heating
above the Ty, value can be used to disaggregate the quad-
ruplex structure back to a monomeric form (Scheme 2C).
This result is significant because in many cases quadruplexes
stabilized in potassium-containing buffer are still substantially
folded even upon heating at 95°C.['%)
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Figure 2. Circular dichroism spectra of ODN 1P after formation of the
quadruplex (0), as well as subsequent to mixing with 7.2% (w/v) HP-
B-CD for 48 h (e). Also shown is ODN 1P wherein HP-3-CD was
added prior to self-assembly of the quadruplex (). Inset: Thermal
denaturation profiles of quadruplex (1P), in the absence and presence
of 7.2% (w/v) HP-B-CD. All measurements were carried out in 80 mm
KCl and 10 mm Tris-HCI (pH 7.5). Concentrations of all ODNs were
25 pm (single strand).

To confirm that porphyrin-based aromatic interactions are
responsible for the enhancement in stability of (1P),,
electronic absorption studies were carried out. The results
from these experiments (Figure 3) substantiate the presence
of porphyrin self-association through cofacial m—x interac-
tions. For example, the presence of a broad, blue-shifted
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Figure 3. Normalized electronic absorption spectra of ODN 1P after
formation of the quadruplex (0), as well as after mixing with 7.2%
(w/v) HP-B-CD for 48 h (e). Also shown is ODN 1P wherein HP-3-CD
was added prior to self-assembly of the quadruplex (). For the sake
of comparison, single-stranded ODN SSP in the absence (0) and
presence (@) of 7.2% (w/v) HP-B-CD is also included. All measure-
ments were carried out in 80 mm KCl and 10 mwm Tris-HCl (pH 7.5).
Concentrations of all ODNs were 25 puMm (single strand).
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shoulder (centered at 350 nm) in the Soret region is consistent
with H-type, n—m interactions between the porphyrin macro-
cycles.™ In contrast, a porphyrin-tethered single-stranded
control (SSP; [Pd(CGTCATATCTTA)]), which is incapable
of forming a tetraplex, displayed no aggregation behavior.
Importantly, UV/Vis studies of quadruplex (1P), upon mixing
with excess HP-B-CD showed a decrease in the porphyrin
aggregation band. These findings suggest that a large fraction
of the porphyrin head groups on (1P), are capped with HP-f3-
CD.

The aforementioned experiments suggested that aromatic
porphyrin-porphyrin interactions are important in the for-
mation and subsequent stability of quadruplex (1P),. Thus,
self-assembly of 1P in the presence of HP-B-CD should
preclude the formation of quadruplex (1P), (Scheme 2D). In
fact, addition of 7.2% (w/v) HP-B-CD to a solution of ODN
1P (80 mm KCl, 10 mm Tris-HCIL, pH 7.5) prior to quadruplex
self-assembly!” (that is, exposure to a heating and annealing
cycle) resulted in no quadruplex formation. Furthermore, the
normalized UV/Vis spectrum of the resulting species is
strikingly similar to that observed for control ODN SSP in
the presence of HP-B-CD. Taken together, these results
demonstrate that the formation of cyclodextrin—porphyrin
host—guest complexes can minimize porphyrin—porphyrin
self-association and thus inhibit the formation of quadruplex
(1P),, which is dependent on these engineered m—m inter-
actions.

In conclusion, we have detailed the use of allosteric
porphyrin-based aromatic interactions that can stabilize the
formation of a tetramolecular DNA quadruplex which
otherwise does not readily form. An important versatility of
this system is that addition of HP-B-CD can be used to
modulate the porphyrin-stacking interactions thereby allow-
ing for control over the self-assembly of the quadruplex. This
approach can potentially be used to fine-tune the aggregation
of relevant tetramolecular quadruplexes important in materi-
als applications. Furthermore, a similar strategy can be
envisaged for the modulation of biologically relevant intra-
molecular quadruplexes. For example, porphyrins appended
to the 3'- and 5'-ends of a telomeric repeat sequence d(T,G,),
may lead to the stablization of an intramolecular quadruplex
(through porphyrin-based m—m interactions) that can be
destabilized in the presence of HP-3-CD. Work towards this
goal is currently in progress.
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