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The structural uniqueness of G-quadruplex DNA makes it an
ideal target for drug design. Various small molecules have been
found to bind to G-quadruplex DNA. These include porphyrins,
diamidoanthraquinones, carbocyanine dyes, and perylene diimides,
among others.1 The perylene diimide,N,N′-bis[2-(1-piperidino)-
ethyl]3,4,9,10-perylenetetracarboxylic diimide (PIPER) has been
reported to be selective for G-quadruplex structures with little
affinity for either single- or double-stranded DNA.1 Herein we
report on the synthesis and characterization of a PIPER derivative,
perylene-EDTA‚iron(II) that selectively cleaves G-quadruplex
DNA in the presence of dithiothreitol (DTT).

EDTA‚Fe(II) has been tethered to a variety of small molecules,
peptides, and nucleic acids to effect cleavage of single- and
double-stranded DNA in the presence of dioxygen and a reducing
agent such as DTT.2 A similar approach has been taken to effect
cleavage of triple-stranded DNA.3 Bleomycin-nickel(III) has been
found to cleave loop residues in the intramolecular G-quadruplex
structure formed by d(T2G4)4,4 and certain porphyrins are known
to effect cleavage of G-quadruplex DNA when irradiated with
UV light.5 However, both porphyrins and bleomycin also bind
to duplex DNA. Thus, although a nuclease specific for G-
quadruplex DNA has been found,6 no G-quadruplex-specific
cleaving reagent has been reported to date.

Among the G-quadruplex binding molecules that have been
reported, PIPER appears to be one of the most selective. This
molecule is known to bind by stacking on the 3′-G tetrad of
parallel stranded G-quadruplex DNA and positioning the side
chains in opposing grooves.7 Indirect evidence indicates that this
molecule can also bind to intramolecular G-quadruplex structures,1

although the precise mode of binding to this type of quadruplex
structure motif is not known. PIPER has also been shown to
facilitate the formation of G-quadruplex structures from single-
stranded DNA.8 Furthermore, as a result of its binding to
G-quadruplex structures, PIPER has been found to inhibit the
extension of G-rich telomeric primers by telomerase.1,7 Due to
its strong binding to G-quadruplex DNA, it was thus natural to
select this molecule as a starting point in the design of a
G-quadruplex specific cleaving reagent.

The synthesis of perylene-EDTA was carried out by coupling
triethylester EDTA toN,N′-bis[diethylamine]-3,4,9,10-perylene-
tetracarboxylic diimide, both of which were obtained following
published procedures.2,9 Cleavage of the triethylester was then
carried out with NaOH (see Supporting Information). Figure 1
shows the DNA substrate used for assaying cleavage of G-
quadruplex DNA by perylene-EDTA‚Fe(II). The G-quadruplex
region consists of four repeats of theTetrahymenatelomeric repeat
sequence T2G4, flanked by two random-sequence duplex regions
consisting of 21 base pairs and 33 base pairs, respectively. Seven
T residues in the bottom strand were used to bridge the
G-quadruplex section in the top strand. The G-quadruplex in the
top strand was preformed in 100 mM K+ buffer prior to annealing
to the bottom strand. The duplex-quadruplex substrate was then
purified by nondenaturing PAGE. DMS methylation protection
analysis (Supporting Information) of the top strand hybridized to
the bottom strand in 100 mM K+ confirmed that the four T2G4

repeats form a stable G-quadruplex structure in which only three
guanines in each of the four repeats are involved in G-tetrad
formation.

Figure 2 shows the cleavage pattern observed for the top strand
when the duplex-quadruplex substrate in Figure 1 is incubated
in the presence of perylene-EDTA‚Fe(II) and DTT. Two promi-
nent cleavage sites within the G-quadruplex region centered on
G4 and G16 were observed. Cleavage around G4 includes some
cleavage of the two T residues of the first T2G4 repeat, while
cleavage around G16 includes some cleavage of the two T
residues in the third T2G4 repeat. Relatively minor cleavage of
the second and fourth sets of guanine repeats was observed and
only at high concentrations of perylene-EDTA‚Fe(II). Degradation
products resulting from the radiolabeling process precluded a
detailed analysis of the 3′-end of the top strand. However, except
for cleavage centered at the first A immediately adjacent to the
last T2G4 repeat, no other significant cleavage was observed. Also,
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Figure 1. Diagram of the duplex-quadruplex substrate used to assay
cleavage of G-quadruplex DNA by perylene-EDTA‚Fe(II).
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the top strand within the 21 base pair double-stranded region
remains essentially intact. Figure 3 shows the cleavage pattern
observed for the bottom strand under the same conditions. Only
minor cleavage of the bottom strand centered on the first T
following the T7 bridge was observed. No noticeable cleavage of
the bottom strand within either of the two double-stranded regions
was observed.

Overall, the results show that perylene-EDTA‚Fe(II) can bind
to G-quadruplex DNA and cleave it. The combined data from

Figures 1 and 2 show some cleavage of the double-stranded
regions but only in the immediate vicinity of the G-quadruplex,
indicating that this molecule is selective for G-quadruplex DNA.
There are some similarities in the cleavage pattern in Figure 2
and that observed in the photocleavage of intramolecular G-
quadruplex (formed from single-stranded DNA containing T2AG3

repeats) with the cationic porphyrin derivative TMPY4.5 Here
we also observe cleavage around the 5′- and 3′-ends of the
G-quadruplex, and around the 5′-G of the third G-rich repeat.
However, the cleavage pattern differs from that observed with
TYPYP4 in that there is lack of significant cleavage around the
3′-Gs of the second and last G-rich repeats (G12 and G24,
respectively, in the present substrate). It is likely that lack of
cleavage around G12 and G24 may be a result of steric hindrance
that may prevent either of the EDTA moieties from approaching
these two residues in this rather unusual substrate

Different folding patterns for d(T2G4)4 have been proposed10

(Figure 4). The different folding patterns could arise due to
differences in the microenvironment and the manner in which
the DNA is annealed. Although the mode of G-quadruplex binding
by perylene-EDTA‚Fe(II) and the conformations of the EDTA
moieties is not yet clear, the cleavage pattern suggests that the
G-rich region in the present substrate assumes a conformation
closer to that of the basket or chair forms and that perylene-
EDTA‚Fe(II) binds in the vicinity of the outer G-tetrad formed
by G4, G12, G16, and G24. A “dog-eared” G-quadruplex topology
is less likely since cleavage is observed at both 5′- and 3′-ends
of the G-rich region. However, additional data will be needed to
unambiguously determine the overall conformation of the G-
quadruplex DNA/perylene-EDTA‚Fe(II) complex.

In summary, although its mode of binding is not precisely
known, perylene-EDTA‚Fe(II) is the first DNA-cleaving reagent
of its kind with a strong affinity and selectivity for G-quadruplex
DNA. It should prove a useful tool for analyzing G-quadruplex
structures and as a prototype for the design of G-quadruplex-
specific molecules that can be used to probe chromatin structure.
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Figure 2. Autoradiograph of the cleavage pattern observed for the top
strand in the duplex-quadruplex substrate shown in Figure 1. Lane 1:
5′-32P-labeled DNA only (some degradation products from the32P-labeling
process are evident). Lane 2: Mock experiment in which the labeled
DNA underwent the same treatment as the DNA with perylene-EDTA‚
Fe(II). Lane 3: DNA in the presence of 1 mM EDTA‚Fe(II). Lanes
4-8: DNA with perylene-EDTA‚Fe(II) added at concentrations of 0.01,
0.1, 1.0, 10, and 100µM, respectively. The arrows point to the cleavage
sites in the substrate. The AG and TC lanes are Maxam-Gilbert
sequencing lanes.

Figure 3. Autoradiograph of the cleavage pattern observed for the bottom
strand in the substrate shown in Figure 1. The experimental conditions
for each lane are the same as in Figure 2. The arrow points to a minor
cleavage site at the 3′-end of the T7 segment.

Figure 4. G-quadruplex structures proposed for theTetrahymena
telomeric repeat sequence.
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