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ABSTRACT: Human telomeres are comprised of d(TTAGGG) repeats that are capable of forming
G-quadruplex DNA structures. Ligands that bind to and stabilize these G-quadruplex DNA structures are
potential inhibitors of the cancer cell-associated enzyme telomerase. Other potential biological uses of
G-quadruplex targeting ligands have been proposed. One particularly challenging aspect of the contemplated
uses of G-quadruplex targeting ligands is their selectivity for G-quadruplex DNA versus double-stranded
DNA structures. We have previously reported the observation that two structurally related 3,4,9,10-
perylenetetracarboxylic acid diimide-based G-quadruplex DNA ligands, PIPER [N,N′-bis(2-(1-piperidino)-
ethyl)-3,4,9,10-perylenetetracarboxylic acid diimide] and Tel01 [N,N′-bis(3-(4-morpholino)propyl)-3,4,9,10-
perylenetetracarboxylic acid diimide], have different levels of G-quadruplex DNA binding selectivity at
pH 7 as determined by absorbance changes in the presence of different DNA structures [Kerwin, S. M.,
Chen, G., Kern, J. T., and Thomas, P. W. (2002)Bioorg. Med. Chem. Lett. 12, 447-450]. Here we report
that the less G-quadruplex DNA selective ligand PIPER can unwind double-stranded, closed circular
plasmid DNA, as determined by a topoisomerase I assay. A model for the interaction of Tel01 with the
G-quadruplex DNA structure formed by d(TAGGGTTA) was determined from NMR experiments. This
model is similar to the previously published model for PIPER bound to the same G-quadruplex DNA and
failed to provide a structural basis for the observed increased selectivity of Tel01 interaction with
G-quadruplex DNA. In contrast, investigation into the aggregation state of Tel01 and PIPER as well as
other 3,4,9,10-perylenetetracarboxylic acid diimide analogues bearing basic side chains demonstrates that
ligand aggregation is correlated with G-quadruplex DNA binding selectivity. For all six analogues examined,
those ligands that were aggregated at pH 7 in 70 mM potassium phosphate, 100 mM KCl, 1 mM EDTA
buffer also demonstrated G-quadruplex DNA binding selectivity under these buffer conditions. Ligands
that were not aggregated under these conditions display much lower levels of G-quadruplex DNA selectivity.
The aggregation state of these ligands is extremely sensitive to the buffer pH. Tel01, which is aggregated
at pH 7, is not aggregated at pH 6.4, where it demonstrates only modest G-quadruplex DNA binding
selectivity, and PIPER in pH 8.5 buffer is both aggregated and highly G-quadruplex DNA-selective. To
our knowledge, these studies demonstrate the first DNA structure selectivity as achieved through pH-
mediated ligand aggregation. The potential impact of these findings on the selectivity of other classes of
G-quadruplex DNA ligands is discussed.

Human telomeres are comprised of d(TTAGGG) repeats
(1) and their associated telomere binding proteins. These
terminal structures serve to protect the chromosomes from
end-to-end fusion events and nuclease degradation, as well
as acting to preserve essential genes throughout successive
rounds of nuclear replication (reviewed in2). The extreme
terminus of the telomere consists of a single-stranded DNA
overhang of approximately 150 bases and serves as the
primer for the enzyme telomerase (3, 4). Telomerase is a
ribonucleoprotein expressed by 85-90% of all immortalized
and cancer cells (5). Cells that express telomerase are capable
of maintaining telomeric length throughout cellular replica-

tion, effectively ending cellular senescence and rendering
the cells immortal (6).

Up to four guanosine-rich sequences, like those found in
the single-stranded DNA overhang of the telomere, have been
shown to associate to form unique secondary structures called
G-quadruplexes. G-quadruplexes are comprised of stacked
G-tetrads, in which four guanosines hydrogen-bond to form
a planar, symmetrical ring that is capable of metal chelation
(7, 8). When four separate G-rich DNA strands contribute
to the G-quadruplex, it is an interstrand G-quadruplex (G4-
DNA). If the four guanosines derive from the same DNA
strand, then the G-quadruplex is referred to as an intrastrand
G-quadruplex (G4′-DNA). Other G-quadruplex structures are
also known to exist, but are beyond the scope of this work
(reviewed in 9, 10). G-quadruplex secondary structures
negatively regulate telomerase activity, presumably by
interfering with the ability of telomerase to load onto the
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telomere (11, 12). Consequently, inhibition of telomerase
through the stabilization of telomeric G-quadruplex DNA
has become a focus of study in recent years (reviewed in
13).

Several small molecules have been identified that interact
with G-quadruplex DNA (14-25). Some of these compounds
have also demonstrated telomerase inhibition (20-23, 26-
28). G-quadruplex interactive ligands are generally poly-
cyclic, aromatic ligands substituted at multiple positions.
Unfortunately, the selectivity for G-quadruplex DNA over
double-stranded DNA of these compounds is often less than
ideal, resulting in nonspecific cellular cytotoxicity (10, 18,
19, 29-33). Increased selectivity for G-quadruplex DNA
over double-stranded DNA and the corresponding decrease
in cytotoxicity is an essential goal for these G-quadruplex
ligands and their use as telomerase inhibitors, or as biological
probes for in vivo detection of G-quadruplex. It is therefore
necessary to examine the mechanism of observed selectivity
for G-quadruplex interactive ligands in order to rationally
design ligands with improved G-quadruplex selectivity.

Using the DOCK shape-complementarity scoring algo-
rithm (34), we have previously identified the 3,4,9,10-
perylenetetracarboxylic acid diimides (PTCDIs)1 as potential
G-quadruplex interactive molecular scaffolds (35). TheN,N′-
bis(2-(1-piperidino)ethyl)-3,4,9,10-perylenetetracarboxylic acid
diimide (PIPER) was shown to interact with intermolecular
G-quadruplex DNA (G4-DNA) through aromatic stacking
interactions with available 3′ or 5′ G-tetrad faces of a
[d(GGG)]4 core. The stabilization of G-quadruplex DNA by
PIPER may be responsible for its observed telomerase
inhibition. Once bound to G-quadruplex DNA, PIPER has
been demonstrated to disrupt the unwinding of the quadru-
plex by yeastSgsI helicase, a member of the RecQ DNA
helicase family closely related to human Bloom’s syndrome
helicase and human Werner’s syndrome helicase (36). PIPER
also facilitates the formation of G-quadruplex DNA from
single-strand DNA (37) as well as certain duplex oligonucleo-
tides (38). In 1H NMR experiments, however, there is no
evidence for PIPER binding to duplex DNA (35, 38). The
perylene diimideN,N′-bis(3-(dimethylamino)propyl)-3,4,9,10-
perylenetetracarboxylic acid diimide, DAPER, is known to
precipitate trace amounts of calf thymus DNA, providing
evidence for double-stranded DNA binding (39). Like
porphyrins (40), these planar, heterocyclic aromatic PTCDIs
are known to self-assemble through stacking interactions
(41). This aggregate formation may occur at a nucleation
site as in the case of ligands aggregating on DNA templates,
which has been previously reported (42-44). Alternatively,
these ligands may aggregate separately from the DNA in
solution, resulting in an aggregate capable of binding DNA
or sequestering ligand from ligand-DNA interactions.

In a brief communication, we have recently reported our
initial studies on the G-quadruplex selectivity of PIPER and
N,N′-bis(3-(4-morpholino)propyl)-3,4,9,10-perylenetetracar-
boxylic acid diimide (Tel01) (14). We observed that Tel01
was much more selective for G-quadruplex DNA over

double-stranded DNA than PIPER in pH 7 potassium
phosphate buffer, conditions which favored the aggregation
of Tel01 but not PIPER. We concluded that PIPER and Tel01
bind preferentially to G-quadruplex DNA under conditions
that favor ligand aggregation. Here we expand on our
previous findings, utilizing a series of PTCDIs with various
sidearm groups and studying the structural basis of G-
quadruplex interaction, double-stranded DNA interaction,
aggregation state, and G-quadruplex selectivity. By compar-
ing NMR-based models of PIPER and Tel01 bound to
G-quadruplex DNA, we find that there is no structural basis
for the difference in G-quadruplex selectivity between these
PTCDIs. Rather, the aggregation state of these molecules is
critical to their G-quadruplex selectivity. This ligand ag-
gregation is pH-dependent and related to the pKa of the
various PTCDI sidearm nitrogen substituents. We show that
this pH-dependent aggregation mediates the relative G-
quadruplex binding selectivity of a range of PTCDI ligands.
Also, we provide evidence for the intercalation of monomeric
PTCDIs into double-stranded DNA. The discovery of a
unique mechanism of binding selectivity based on ligand
aggregation expands our knowledge of the PTCDI class of
compounds and may have implication for other G-quadruplex
DNA ligands.

MATERIALS AND METHODS

Sample Preparations. PIPER was prepared as previously
reported (35). Tel01, Tel03, Tel04, Tel08, and Tel10 (Scheme
1) were prepared from 3,4,9,10-perylenetetracarboxylic acid
dianhydride (100 mg, Aldrich) by reaction with the appropri-
ate primary amine (10 equiv) in 20 mL of 1-butanol at 90
°C for 24 h with stirring under an argon atmosphere. The
reaction mixture was cooled to room temperature, and the
product was isolated by filtration, washed with deionized
water and methanol, and dried under vacuum. Compounds
were characterized by1H and 13C NMR spectroscopy and
low and high-resolution chemical ionization mass spectros-
copy. (a)N,N′-Bis(3-(4-morpholino)propyl)-3,4,9,10-peryl-
enetetracarboxylic acid diimide (Tel01) 91% yield.1H NMR
(CF3COOD, 300 MHz, 25°C) δ: 8.68 (s, 8H), 4.45-4.54
(m, 8H), 4.19 (s, 4H), 3.84 (s, 4H), 3.46-3.59 (m, 8H), 2.53
(s, 4H);13C NMR (CF3COOD, 300 MHz, 25°C) δ: 167.65,
137.75, 134.80, 131.03, 127.96, 126.28, 123.66, 66.05, 57.86,
54.63, 39.64, 24.29. CIMSm/z 645 (MH+). HRCIMS calcd
for C38H37N4O6 645.27131; found, 645.27223. (b)N,N′-Bis-
(2-(dimethylamino)ethyl)-3,4,9,10-perylenetetracarboxylic acid

1 Abbreviations: BSA, bovine serum albumin; EDTA,N,N,N′,N′-
ethylenediaminetetraacetic acid; EtBr, ethidium bromide; PTCDI,
3,4,9,10-perylenetetracarboxylic acid diimide; RLS, resonance light
scattering; TFA, trifluoroacetic acid; SDS, sodium dodecyl sulfate; Tris,
N,N,N-tris(hydroxymethyl)aminomethane.

Scheme 1: Synthesis of 3,4,9,10-Perylenetetracarboxylic
Acid Diimides (PTCDIs)
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diimide (Tel03) 89% yield (45). 1H NMR (CF3COOD, 300
MHz, 25 °C) δ: 8.88 (d,J ) 7.9, 4H), 8.80 (d,J ) 7.9,
4H), 4.79 (s, 4H), 7.77 (s, 4H), 3.21 (s, 12H);13C NMR
(CF3COOD, 300 MHz, 25°C) δ: 168.58, 138.75, 135.51,
131.63, 128.72, 126.78, 123.75, 60.54, 46.23, 46.19. CIMS
m/z533 (MH+). HRCIMS calcd for C32H29N4O4 533.21888;
found, 533.22029. (c)N,N′-Bis(3-(1-imidazolyl)propyl)-
3,4,9,10-perylenetetracarboxylic acid diimide (Tel04) 93%
yield. 1H NMR (CF3COOD, 500 MHz, 50°C) δ: 9.28 (s,
2H), 9.21 (s, 8H), 8.06 (s, 2H), 7.97 (s, 2H), 5.01 (s, 4H),
4.95 (s, 4H), 3.06 (s, 4H);13C NMR (CF3COOD, 500 MHz,
25 °C) δ: 168.21, 138.46, 137.21, 135.58, 131.74, 128.70,
126.90, 124.61, 124.37, 122.77, 50.37, 40.43, 30.83. CIMS
m/z607 (MH+). HRCIMS calcd for C36H27N6O4 607.20937;
found, 607.20801. (d)N,N′-Bis(2-(1-piperazinyl)ethyl)-
3,4,9,10-perylenetetracarboxylic acid diimide (Tel08) 91%
yield. 1H NMR (CF3COOD, 500 MHz, 50°C) δ: 9.41 (d,J
) 7.9, 4H), 9.35 (d,J ) 7.9, 4H), 5.40 (s, 4H), 5.02 (br,
4H), 4.57 (s, 12H), 4.44 (br, 4H);13C NMR (CF3COOD,
500 MHz, 25°C) δ: 168.63, 138.94, 135.74, 131.79, 128.93,
126.87, 123.82, 59.35, 51.95, 44.22, 37.59. CIMSm/z 615
(MH+). HRCIMS calcd for C36H35N6O4 615.27198; found,
615.27273. (e)N,N′-Bis(2-(4-morpholino)ethyl)-3,4,9,10-
perylenetetracarboxylic acid diimide (Tel10) 95% yield.1H
NMR (CF3COOD, 500 MHz, 50°C) δ: 9.35 (d,J ) 7.18,
4H), 9.31 (d,J ) 7.63, 4H), 5.33 (s, 4H) 4.85 (d,J ) 6.40
Hz, 4H), 4.60 (t,J ) 10.53 Hz, 4H), 4.50 (t,J ) 3.24 Hz,
4H), 4.34 (s, 4H), 3.94 (br, 4H);13C NMR (CF3COOD, 500
MHz, 25 °C) δ: 168.57, 138.89, 135.72, 131.75, 128.87,
126.88, 123.88, 66.38, 59.48, 55.52, 37.59. CIMSm/z 617
(MH+). HRCIMS calcd for C36H33N4O6 617.24001; found,
617.23944.

DNA Preparation. The four oligonucleotides d(TAGGGT-
TA), d(TTAGGG)4, d(CGCGCGATATCGCGCG), and
d(TTTTTTTT) were synthesized on a 10µM scale using a
PerSeptive Biosystems Expedite 8909 automatic DNA
synthesizer and columns from Glen Research. Oligos were
cleaved from the columns and HPLC-purified on a C-18
column. Collected fractions were combined and extensively
dialyzed against deionized water before being lyophilized
completely. DNAs were dissolved in 70 mM potassium
phosphate/100 mM KCl/1 mM EDTA buffer at the appropri-
ate concentration and pH for study. The G-quadruplex DNAs
and the double-stranded DNA were heated to 90°C for 5
min and slowly cooled to anneal the strands. DNA structures
were confirmed using nondenaturing gel electrophoresis.
Throughout this work, DNA concentrations are expressed
in terms of DNA structure, which is the same as DNA strand
concentration for single-stranded and intramolecular G-
quadruplex DNA, half the DNA strand concentration for
double-stranded DNA, and one-fourth the DNA strand
concentration for four-stranded intermolecular G-quadruplex
DNA.

NMR Spectroscopy. G-quadruplex DNA [d(TAGGGT-
TA)]4 in 90% H2O/10% D2O with 150 mM KCl, 25 mM
potassium phosphate, 1 mM EDTA (pH 7) was titrated with
a solution of Tel01 in 0.1% aqueous TFA. Spectra were
recorded at 27°C utilizing a standard jump-return pulse
sequence for water suppression (46) with a relaxation delay
of 2 s. Spectra of the 1:1 G4-DNA [d(TAGGGTTA)]4-Tel01
complex in D2O with 150 mM KCl, 25 mM potassium
phosphate, 1 mM EDTA (pH 7) were recorded at 40°C

utilizing a 500 MHz Varian Unity plus NMR. Mixing times
of 100, 200, and 300 ms were used. Based upon NOE build-
up curves (data not shown), the 200 ms mixing time was
chosen for cross-peak intensity analysis. All of the nonex-
changeable DNA protons, excluding the 5′ and 5′′ sugar
protons, were readily assigned following sequential assign-
ment procedures (47). The agreement between the assigned
2′ and 2′′ protons in both the COSY and NOESY confirms
accurate assignments of the DNA protons. The aromatic
protons of Tel01 were assigned based on their strong COSY
correlation. Assignments of the proton resonances for the
Tel01 sidearm could be made following the methylene
protons of the alkyl linker via both NOESY and COSY.

Modeling and Refinement. Using Macromodel 6.5 (Schro-
dinger, Inc.) and the previously published [d(TAGGGTTA)]4

G-quadruplex as the beginning DNA model, Tel01 was built
and manually positioned within the G-quadruplex to best
satisfy the NOE interactions between the aromatic protons
of Tel01 and the G5 C1′ protons and T6 C1′ protons of the
quadruplex as observed in the 200 ms NOESY spectra. The
complex was transferred to the INSIGHT II suite of programs
(Molecular Simulations, Inc.) for restraint analysis and
refinement using the CFF91 force field. Distance restraints
(144 DNA to DNA restraints, 14 Tel01 to DNA restraints)
were input as calculated from the 200 ms NOESY experi-
ment and classified as strong (2.0-2.9 Å), medium (2.5-
4.0 Å), or weak (3.5-5.0 Å) following the reasoning outlined
for our previously published model (35). The Tel01 complex
was subjected to restrained molecular dynamics (50 ps at
250 K), sampling 15 structures for conjugate gradient
minimization to an energy convergence of 0.001 kcal/mol.

Facilitation of G-quadruplex Formation.DNA, d(TAGGG-
TTA), in water was heated to 90°C for 5 min before being
rapidly cooled in ice to ensure that the DNA was all single-
stranded. This DNA stock solution (8µL) and various
concentrations of PTCDI in water (2µL) were combined
with 10 µL of 140 mM potassium phosphate buffer (pH 7)
containing 200 mM KCl and 2 mM EDTA. The reaction
mixtures were allowed to incubate at room temperature for
1 or 16 h. Following incubation, 4µL of loading buffer
(0.25% bromophenol blue, 0.25% xylene cyanol, 40%
glycerol) was added, and the samples were electrophoresed
on a 1.5 mm thick, 20% polyacrylamide native gel at 130 V
with standard Tris-boric acid-EDTA (TBE) as running
buffer. DNA was visualized by UV-shadowing, and the gel
images were recorded by digital photography and quantified
using NIH Image software.

Fluorescence Spectroscopy. Spectra were recorded on a
Hitachi model F-2000 spectrofluorometer. For fluorescent
scans, compound (1µM) in 70 mM potassium phosphate/
100 mM KCl buffer/1 mM EDTA at the cited pH was
allowed to equilibrate for 1 h before scans were performed
at 25 °C using an excitation wavelength of 520 nm and
emission wavelengths from 530 to 800 nm. The quartz
cuvette was treated with SigmaCote for 1 h followed by
extensive washing with water to minimize nonspecific
binding of the ligand to the cuvette. Resonance light
scattering experiments were performed on the same samples
by synchronizing the excitation and emission wavelengths
and recording the emission intensity every 10 nm from 220
to 650 nm.
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Absorption Spectroscopy. Spectra were recorded on a
UNICO model 2102 UV spectrophotometer. To determine
the best conditions under which to pursue the visible
absorption studies with the perylene diimides, we first
determined their propensity for nonspecific binding under
the conditions of the absorption spectroscopy experiments.
Each of three perylene diimide compounds (Tel01, Tel03,
and PIPER) was dissolved in 70 mM potassium phosphate/
100 mM KCl/1 mM EDTA buffer at 25µM and stored for
10 min in polystyrene cuvettes at room temperature. The
solutions were withdrawn, and the absorbance of the solu-
tions was compared to that immediately before storage in
the cuvettes. While solutions of Tel01 and Tel03 demon-
strated negligible change in absorbance, solutions of PIPER
demonstrated∼11% loss of absorbance due to nonspecific
binding to the polystyrene cuvettes. A survey of other
materials (glass, silanized glass, polypropylene, silanized
polypropylene) indicated even more pronounced nonspecific
binding of PIPER (24-33% loss in absorbance at 10 min)
and significant nonspecific binding by Tel01 and Tel03 to
glass and polypropylene at 10 min. Longer storage times
generally led to increased nonspecific binding, so that after
1 h the absorption decrease for Tel03 solutions was 79% in
glass vials, but only 3% in polystyrene cuvettes. Thus, all
subsequent experiments were carried out in polystyrene
cuvettes. For pH-dependent absorption spectra, compound
(20 µM) was incubated at room temperature in 40 mM
potassium phosphate buffer at the indicated pH. For DNA
binding experiments, the absorption spectra were obtained
for the compound (20µM) in 70 mM potassium phosphate/
100 mM KCl/1 mM EDTA buffer (pH 7) alone or in the
presence of 20µM structure of G4-DNA [d(TAGGGTTA)]4,
G4′-DNA [d(TTAGGG)4], double-stranded DNA [d(CGCGC-
GATATCGCGCG)]2, or single-stranded DNA d(TTTTTTTT).
Samples were monitored until equilibrium was achieved, as
evidenced by constant absorbance readings.

Topoisomerase I Unwinding Assay. Topoisomerase I
unwinding assays were performed following the procedure
of Shen (48). Double-stranded phageΦX174 DNA (Sigma)
was used without purification. The supercoiled DNA was
relaxed with calf thymus topoisomerase I (Amersham Phar-
macia Biotech) per the manufacturers’ recommendations in
the supplied buffer. RelaxedΦX174 DNA (250 ng) was
dispensed in reaction buffer (50 mM Tris-HCl, pH 7.5, 20
mM KCl, 1 mM Na-EDTA, 1 mM DTT, 30µg/mL BSA)
to a final volume of 15µL. A 20× drug stock solution (or
reaction buffer for control) was added, and the drug/DNA
mixture was incubated at 25°C for 30 min. PIPER
concentrations ranged from 5 to 200µM. Ethidium bromide
was used as a positive control at concentrations of 1 and 2.5
µM. Topoisomerase I (10 units, where 1 unit is the amount
of enzyme needed to completely relax 0.5µg of supercoiled
pBR322 DNA in 20µL in 30 min at 37°C) was added and
the mixture incubated at 37°C for 90 min. Loading solution
(2% SDS, 14% ficoll, 0.1% bromophenol blue in water) was
added and the mixture subjected to electrophoresis (1%
agarose gel in TBE, 20 V, 18 h). During this electrophoresis,
the drug is removed from the DNA, as has been reported by
Shen (48). The gel was stained with ethidium bromide,
destained in deionized water, and visualized using a Chemi-
Imager 4000 system (Alpha Innotech Corp.). Quantification

of the visualized DNA bands was achieved using NIH Image
software.

RESULTS

A variety of PTCDIs were prepared by reacting com-
mercially available 3,4,9,10-perylenetetracarboxylic acid
dianhydride with a variety of primary amines, present in
excess in warm 1-butanol as solvent (Scheme 1). Isolation
of pure PTCDIs was carried out by filtration of the reaction
mixture followed by washing the crude product with water
and methanol to remove the unreacted amine. The solid
PTDCIs obtained after extensive drying in vacuo were
characterized by1H and 13C NMR and high-resolution
chemical ionization mass spectrometry. The PTCDIs that
were prepared included the previously reportedN,N′-bis-
(piperidinoethyl) derivative PIPER andN,N′-bis(morpho-
linopropyl) derivative Tel01 as well as theN,N′-bis(di-
methylaminoethyl) analogue Tel03, theN,N′-bis(imidazolyl-
propyl) analogue Tel04, theN,N′-bis(piperazinylethyl) ana-
logue Tel08, and theN,N′-bis(morpholinoethyl) analogue
Tel10.

The PTCDI Tel01 Binds [d(TAGGGTTA)]4 by Stacking
on the 3′ Terminal G-Tetrad.The structural basis of
G-quadruplex DNA recognition by small molecules is still
not well understood. One mode of interaction between planar
chromophores and G-quadruplex DNA involves end-stacking
of the chromophore on one or both available G-tetrad faces
of a G-quadruplex. This binding mode has been observed
for the PTCDI PIPER binding to the four-stranded G-
quadruplex d(TAGGGTTA), as determined by solution NMR
data (35). Martin and Neidle have also reported X-ray fiber
diffraction data on the 1,4-disubstituted amidoanthraquinone
BSU-1071’s interaction with a synthetic [d(TGGGGT)]4

sequence which also demonstrated this G-tetrad stacking
motif (18). In contrast, solution NMR data for the inter-
action of distamycin with the intermolecular G-quadruplex
[d(TGGGGT)]4 have demonstrated the cooperative binding
of two or more distamycin molecules to the grooves of the
G-quadruplex (49). The information gleaned from these
structural studies of G-quadruplex DNA and ligand com-
plexes with G-quadruplex DNA aids greatly in rational drug
design and helps to explain various differences in the
observed binding of ligands to G-quadruplex DNA. Our
preliminary absorption spectroscopy experiments indicated
that PIPER and Tel01 have strikingly different selectivity
for G-quadruplex DNA over double-stranded DNA at pH 7
(14). Here, we present a model of the Tel01-[d(TAGGGT-
TA)]4 complex derived from NMR data for comparison with
the previously published PIPER-[d(TAGGGTTA)]4 com-
plex model. The similarity of these two models indicates
that the differing G-quadruplex selectivity of these two
PTCDIs is not caused by different modes of binding between
the ligands and the DNA.

The intermolecular G4-DNA [d(TAGGGTTA)]4 has pre-
viously been shown to be a reasonable structure to investigate
the binding of ligands, specifically PTCDIs (25, 35). When
this G-quadruplex structure is titrated with Tel01 in 90%
H2O/10% D2O/175 mM potassium buffer, a pronounced
upfield shift of the imino protons of the G-quadruplex DNA
is observed as the ligand to DNA structure ratio approaches
1:1 (Figure 1A). With the addition of Tel01 beyond the 1:1
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stoichiometry, we observe a third set of imino proton reso-
nances (data not shown) indicative of a second lower-affinity
binding site as seen with the PIPER-[d(TAGGGTTA)]4
complex (35). Beginning at the 5′ end of the DNA sequence,
we number the residues T1, A2, G3, G4, G5, T6, T7, and
A8. In this titration experiment, the G5 imino proton’s peak
shifts the furthest, indicating that the ligand binds close to
this position, the 3′ terminal face of the G-quadruplex DNA.
Both the free DNA G3, G4, and G5 imino proton peaks and
the G3*, G4*, and G5* imino proton peaks of the Tel01-
[d(TAGGGTTA)]4 complex are observed in the spectra at
less than stoichiometric amounts of ligand. This indicates
that the DNA-ligand complex is in slow-exchange with free
DNA. Once the ligand-DNA complex is formed, however,
only one set of DNA imino proton peaks is observed in the
spectra. The absence of additional DNA imino proton peaks
indicates that the complex maintains theC4 symmetry of the
free G-quadruplex. In order forC4 symmetry to be retained
in the complex, the ligand must transition between the two
C2-symmetrical binding configurations on the terminal G-
quartet face. These 90° transitions are apparently fast on the
NMR time scale.

Sequential walk assignments for the aromatic to C1′H
portion of the 200 ms 2D-NOESY spectrum of the Tel01-
[d(TAGGGTTA)]4 complex are shown in Figure 1B. Begin-
ning in the upper right quadrant of the figure with the cross-
peak between the DNA’s T1 C6H resonance and T1 C1′H
resonance (* in Figure 1B), assignments of the aromatic to
C1′ proton resonances of the complex are made by following
the connectivity between the cross-peak resonances. Assign-
ments of the C3′ and C4′ proton resonances are accomplished
similarly, while assignment of the 2′ and 2′′ proton reso-
nances may be made by comparison with the aromatic region
of the NOESY and confirmed in the COSY spectra. Cross-
peaks between Tel01’s aromatic protons and both the G5*
C1′H and T6* C1′H of the G-quadruplex DNA are shown
in the box in Figure 1B. These DNA-ligand cross-peaks
indicate that the ligand aromatic protons interact with the
G-quadruplex DNA at this base step. Unfortunately, the close
proximity of the G5* C8H and the T6* C6H signals does
not allow us to determine if there is the expected lack of

connectivity between these two base steps in the sequential
walk assignments. The NOESY and COSY data are satisfied
by placing the ligand sandwiched between the 3′ terminal
guanine tetrad and the subsequent thymine residues as shown
in the NMR-derived model of the Tel01-[d(TAGGGTTA)]4
complex (Figure 2). The alkyl linker protons of the Tel01
sidearms show weak NOE cross-peaks with the G5* C1′,
T6* C1′, and G5* C3′ protons of the G-quadruplex. As these
NOE cross-peak intensities are weak, and the symmetry of
the quadruplex is maintained, we believe that the sidearms
are dynamic and free to move throughout the groove,
interacting with each of these DNA protons transitionally.
These NOE requirements may be satisfied by a dynamic
model with each sidearm contacting either the G5* C1′ and
T6* C1′ protons or the G5* C3′ protons in two rapidly
interconverting overall binding configurations of the G-
quadruplex. The model shown is a representation of this
dynamic model showing one morpholinopropyl sidearm in
contact with the G5* C1′H/T6* C1′H and the other in contact
with the G5* C3′H of the DNA.

As in our previous PIPER model, we note relatively weak
NOE interactions between the two thymine residues and the
adenine residues in the 3′ tail of the G-quadruplex. We expect
that the tail region of the G-quadruplex is loosely stacked
and offers little resistance to the previously mentioned fast
90° transition of the ligand on the 3′ terminal G-tetrad face.

We demonstrate here that there are no qualitative differ-
ences between the PIPER-[d(TAGGGTTA)]4 complex and
the Tel01-[d(TAGGGTTA)]4 complex that could play a role
in the difference in G-quadruplex selectivity for these
compounds. We note the potential for the PTCDI arm
substituents to be in dynamic movement throughout the
G-quadruplex grooves, transitionally interacting with both
sides of the groove. These data present evidence that PIPER

FIGURE 1: (A) NMR titration of G4-DNA [d(TAGGGTTA)]4 with
Tel01. The imino proton region of the 500 MHz spectra is shown
at 27°C. The G3, G4, and G5 labels indicate the imino protons of
the G-quadruplex prior to Tel01 addition. With the introduction of
Tel01, the imino proton resonances shift upfield until a 1:1 stoi-
chiometry is achieved (G3*, G4*, and G5*). (B) The aromatic to
C1′ proton region of the 2D NOESY spectra of the [d(TAGGGT-
TA)]4-Tel01 complex recorded at 40°C. The arrows follow the
sequential proton assignments of the DNA while the box indicates
the interactions between the G5* and T6* C1′ protons with the
aromatic protons of Tel01.

FIGURE 2: NMR-based model of the Tel01-[d(TAGGGTTA)]4
complex. The ligand is stacked on the 3′ G-tetrad face with the
morpholinopropyl sidearms positioned in the grooves of the DNA.
The DNA thymine residues are shown in aqua, adenines in purple,
and guanosines in yellow. The ligand is CPK-rendered with carbons
in green, oxygen in red, and nitrogen in blue. Hydrogens are
removed for clarity.
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and Tel01, representative of this class of PTCDIs containing
basic sidearm substituents, bind similarly to this parallel-
stranded G-quadruplex and that observed differences in
selectivity for this structure over double-stranded DNA might
instead relate to the inherent physical properties of each
specific PTCDI.

The PTCDI PIPER Binds to and Unwinds Double-
Stranded DNA.While the binding of the perylene compounds
to G-quadruplex DNAs has been studied with NMR, very
little information has been provided for the interaction of
this class of compounds with double-stranded DNA. Under
appropriate conditions, the absorbance spectra of these
PTCDI ligands undergo a pronounced bathochromic shift in
the presence of double-stranded DNA (see below). Under
these same conditions, the fluorescence spectrum of these
ligands is quenched in the presence of double-stranded DNA
(data not shown). To gain more insight into the nature of
the double-stranded DNA binding observed for members of
the PTCDI class, we turned to a DNA unwinding assay.
Topoisomerase I unwinding assays have been used to
demonstrate the interactions of elsamicin A and a number
of quinobenzoxazines with plasmid DNA (48). Here, we
demonstrate that PIPER in pH 7.5 reaction buffer demon-
strates the DNA unwinding indicative of an intercalating
ligand. During our initial experiments to determine the
effective working concentration of PIPER, we noted that
topoisomerase I relaxation of supercoiledΦX174 phage
DNA to relaxed closed circular DNA was inhibited at
concentrations above 300µM PIPER (data not shown). This
inhibition is most likely due to extensive DNA binding at
these high concentrations of ligand. In the absence of added
compound (PIPER or EtBr), relaxed DNA incubated with
topoisomerase I does not form supercoiled DNA; however,
in the presence of 1 and 2.5µM aliquots of the intercalator
ethidium bromide, topoisomerase I converts relaxed DNA
to supercoiled DNA (Figure 3). In the presence of increasing
amounts of added PIPER, the relaxedΦX174 phage DNA
is converted to supercoiled DNA in a concentration-depend-
ent manner. The minimum unwinding concentration (MUC)
of PIPER is approximately 11µM, and the PIPER concen-
tration at which half of the DNA is converted to supercoiled
DNA (UC50) is 35 µM. As will be discussed later, other

PTCDIs (such as Tel01) aggregate under the reaction
conditions required for the experiment, so they could not be
similarly assayed. The MUC and UC50 values for PIPER
are similar to those reported for other intercalators, such as
the quinobenzoxazines (48, 50).

PTCDIs Facilitate G-quadruplex Formation.Assembly,
as opposed to stabilization, of G-quadruplex structures from
suitable single-stranded or double-stranded DNA by small
molecules may be linked to their in vivo mechanisms of
action and perhaps play a role in telomerase inhibition. The
ability to facilitate the formation of G-quadruplex DNA
structures from single-stranded DNA has been reported for
a variety of G-quadruplex interactive ligands, including
ethidium derivatives (23), dibenzophenanthrolines (27), and
the PTCDI PIPER (37). PIPER has also been shown to
promote the formation of G-quadruplex DNA structures from
certain double-stranded DNA sequences (38). To determine
if this facilitation of G-quadruplex structures is unique to
the PTCDI PIPER or whether it applies to other PTCDI
molecules, we examined the ability of PIPER and Tel01 to
facilitate the formation of four-stranded G-quadruplex DNA
structure from the single-stranded DNA. This information
could further assist in ruling out this ligand characteristic as
a possible basis for our observed difference in G-quadruplex
selectivity over double-stranded DNA between PIPER and
Tel01. For these studies, we employed the same d(TAGGGT-
TA) oligonucleotide used in the NMR structural investiga-
tions described above. As this DNA sequence lacks the
ability to form intramolecular DNA structures, the results
of this facilitation study were not complicated by concentra-
tion-dependent effects on the distribution of four-stranded,
two-stranded, and other G-quadruplex structures (37). Single-
stranded d(TAGGGTTA) DNA was incubated alone or in
the presence of PTCDIs at room temperature in 70 mM
potassium phosphate buffer containing 100 mM KCl, 1 mM
EDTA at pH 7, and the DNA products were separated by
native polyacrylamide gel electrophoresis and visualized by
UV shadowing. The results for Tel01, which are similar to
those for PIPER, are shown in Figure 4A. In the absence of
added PTCDI, there is very little G-quadruplex DNA formed;
however, the formation of G-quadruplex is readily apparent
in the presence of the ligand, and the amount of G-
quadruplex increases with increasing ligand concentration.
Similar results are obtained if the gel is visualized by staining
with ethidium bromide, which binds to and stains G4-DNA
(52); increasing concentration of PTDCIs resulted in in-
creased intensity of the ethidium bromide stained G4-DNA
band (data not shown). The PTCDIs PIPER and Tel01
behave similarly in this facilitation assay (Figure 4C). Both
PTCDIs facilitate the formation of G4-DNA to approximately
the same extent, indicating that the observed difference in
G4-DNA binding selectivity between these two PCTDIs is
not reflected in a difference in facilitation properties.

Advantageously, the PTCDIs are highly colored under
normal lighting conditions. By comparing the gels under both
UV and normal lighting conditions, we observe that the
G-quadruplex DNA band, visible under UV light, comigrates
with a visible red band of the PTCDI (Figure 4B). Because
the uncomplexed PTCDIs do not migrate toward the anode,
the observation of a PTCDI band that comigrates with the
DNA suggests that the PTCDI remains bound to the
G-quadruplex during electrophoresis, indicative of relatively

FIGURE 3: Topoisomerase I DNA unwinding assay results for
PIPER and ethidium bromide (EtBr) as a positive control. Relaxed
ΦX174 phage DNA in 50 mM Tris, 20 mM KCl, 1 mM EDTA, 1
mM DTT, 30 µg/mL BSA at pH 7.5 was incubated alone (lane C)
or with either EtBr or PIPER at the concentrations shown at 25°C
for 30 min followed by the addition of calf thymus topoisomerase
I (10 units) and further incubation at 37°C for 90 min. The samples
were treated with SDS (2%) and ficoll (14%) and the DNA
topoisomers separated by electrophoreses (1% agarose, 20 V, 18
h) and visualized by EtBr staining. At concentrations above 6µM
PIPER, the relaxed DNA (R) is converted to supercoiled DNA (SC)
as a result of ligand-induced DNA unwinding.
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tight binding. This result also highlights the driver role (37)
played by PTCDIs in G-quadruplex DNA facilitation; the
G-quadruplex DNA structure, once formed, associates tightly
with the PTCDI, providing a thermodynamic driving force
for conversion of single-stranded DNA to G-quadruplex.

PTCDI Aggregation Is pH-Dependent.Visible absorbance
spectroscopy analysis of the PTCDIs in varying pH buffers
reveals interesting results (Figure 5). When 20µM Tel01 is
placed in 40 mM potassium phosphate buffer at pH from 1

to 10, the maxima absorption shifts from 500 to 480 nm.
This shift is accompanied by a decrease in absorbance at
550 nm. This visible absorbance shift correlates to the
aggregation of the PTCDI as evidenced by resonance light
scattering (RLS) experiments. For aggregates in which there
is good overlap between adjacent monomer chomophores, a
large increase in the intensity of scattered light is observed
when the incident light is the same wavelength as the
aggregate absorbance (52). As shown in Figure 6, there is a
strong RLS signal at 480 nm for solutions of Tel01 (1µM)
in 70 mM potassium phosphate buffer containing 100 mM
KCl and 1 mM EDTA at pH values of 6.4 and higher. The
pH-dependent RLS spectrum maximum at 480 nm corre-
sponds with the pH-dependent visible absorbance shift to a
wavelength maximum at 480 nm noted previously in Figure
5, indicative of a shift from nonaggregated Tel01 at pH below
6 to extensively aggregated compound at pHs above 6.4. The
aggregation of Tel01 is extremely sensitive to small changes
in pH; there is a particularly abrupt increase in the RLS signal
for Tel01 solutions between pH 6.4 and 6.5 (Figure 6). At
pH 7, the RLS signal decreases somewhat due either to
precipitation of the aggregate or to a change in the nature of
the aggregate. Further increase in the pH much above pH 7
results in precipitation of the compound. It should be noted
that the aggregation phenomenon is expected to be dependent
on conditions such as PTCDI concentration and solution ionic
strength as well as pH. We have observed aggregation of
solutions of Tel01 (20µM) at pH 6, but only at high ionic
strength (1 M NaCl). In contrast, even at concentrations as
low as 1µM in 40 mM potassium phosphate buffer at pH 7,
Tel01 is extensively aggregated, as evidenced by RLS.

Previous fluorescence studies of PTCDI self-association
have demonstrated that self-association results in quenching
of the PTCDI fluorescence (53), indicative of the formation
of face-to-face association (H-aggregate) as opposed to a
staggered arrangement (J-aggregate) (54). Because the
fluorescence quantum yields of monomeric PTCDIs are very
high (ca. 1) and relatively insensitive to the nature of the
N-substitutents (55), the determination of the fluorescence
intensity of solutions of these compounds provides a
convenient method to monitor the degree of aggregation. The
RLS profile of the PTCDIs can thus be used to monitor
aggregate formation at various pHs while fluorescence
spectroscopy can simultaneously be used to monitor the
presence of monomeric ligand in solution. In Figure 6, the

FIGURE 4: Facilitation of G-quadruplex DNA formation from
single-stranded DNA d(TAGGGTTA) by PTCDIs. Single-stranded
d(TAGGGTTA) in 70 mM potassium phosphate, 100 mM KCl, 1
mM EDTA (pH 7) was incubated with various concentrations of
Tel01 or PIPER at room temperature, and the resulting DNA
structures were separated by electrophoresis on a 20% polyacryl-
amide gel under native conditions. The DNA was visualized by
UV shadowing. (A) Representative gel showing increased formation
of G4-DNA (G4) from single-stranded DNA (M) with increasing
concentration of Tel01 after 16 h incubation at room temperature.
The gel was visualized by UV-shadowing. (B) Same gel as in (A)
under visible light, demonstrating the migration of the red PTCDI
with the G4-DNA band. (C) Graphical representation of the G4-
DNA facilitation due to PIPER (circles) and Tel01 (squares) after
1 h incubation.

FIGURE 5: Absorption spectra of Tel01 in 40 mM potassium buffer
at different pHs. The lines represent pH 1, 2, 4, 6, 7, 8, and 10,
respectively, from top to bottom. With increasing pH, the absorption
maximum is shifted from 500 to 480 nm while there is a decrease
in absorbance at 550 nm. Tel01 aggregates between pH 6 and 7.

FIGURE 6: Resonance light scattering (dashed lines) and fluores-
cence spectra (solid lines) of 1µM Tel01 in 70 mM potassium
phosphate, 100 mM KCl, 1 mM EDTA buffer at pH 6 (no marker),
6.4 (circles), 6.5 (triangles), and 7 (squares). With increasing pH,
the aggregation of Tel01 is marked by an increase in the RLS signal
and a decrease in the fluorescence intensity.
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increase in the RLS emission signal of Tel01 as the pH is
increased from 6 to 6.5 is accompanied by concomitant
decrease in the fluorescence emission signal due to the
monomeric ligand in solution (secondy-axis, Figure 6).

The other PTCDIs shown in Scheme 1 also undergo pH-
dependent aggregation as evidenced by absorption spectros-
copy, RLS, and fluorescence; however, the pH at which
aggregation occurs depends on the nature of the basic
sidearms of the PTCDI. The absorption spectra of the other
PTCDIs (20µM) in various pH buffers show a pH-dependent
shift from 500 nm at lower pH to 480 nm at higher pH,
similar to that shown for Tel01 in Figure 5. The pH at which
aggregate formation occurs for the various PTCDIs as
determined by these absorbance changes is 7.5 for PIPER,
6.5 for Tel01, 7.5 for Tel03, and 5.5 for Tel04. Tel08 displays
more complex pH-dependent spectral changes, with transi-
tions noted at pH 6 and between pH 10 and 12. These results
roughly correlate with the expected pKa of the basic side
chains of these PTCDIs; Tel04, with the least basic imid-
azole-containing side chain, undergoes aggregation at the
lowest pH, while PIPER and Tel03, with the most basic side
chains, undergo aggregation only at higher pH. At the
physiologically relevant pH used in the DNA binding studies
(pH 7), each PTCDI has a differing aggregation state. PIPER
and Tel03 exist as monomeric species, whereas Tel01, Tel04,

and Tel10 exist mainly as aggregate species. The fluores-
cence data in Table 1 for solutions of each PTCDI in pH 7
buffer provide further evidence for this phenomenon. At pH
7, solutions of both PIPER and Tel03 have high relative
fluorescence intensities, due to a higher percent of non-
aggregated PTCDI in solution. The other ligands have very
low fluorescent intensities, indicating that at this pH they
exist predominantly as aggregates in solution.

PTCDI Self-Association Is Correlated with G-quadruplex
Binding SelectiVity. The changes in the absorbance spectra
of solutions of PTCDIs (20µM) in pH 7.0 potassium
phosphate buffer (170 mM K+) alone or in the presence of
20 µM single-stranded DNA (ssDNA) [d(TTTTTTTT)],
double-stranded DNA (dsDNA) [d(CGCGCGATATCG-
CGCG)]2, intermolecular G-quadruplex DNA (G4-DNA)
[d(TAGGGTTA)]4, or intramolecular G-quadruplex DNA
(G4′-DNA) [d(TTAGGG)4] were determined. Under these
conditions, certain PTCDIs demonstrate a much more
pronounced change in their absorbance spectrum in the
presence of G-quadruplex DNA than in the presence of
single- or double-stranded DNA. As exemplified by the
spectra obtained for Tel01 (Figure 7B), the spectra of these
PTCDIs change from the 480 nm peak indicative of
aggregated ligand in the absence of G-quadruplex DNA to
two longer wavelength absorbance peaks at 510 and 550 nm

Table 1: Relationship between PTCDI Aggregation and G-quadruplex Selectivity

∆A550nm
a in presence of

PTCDIb fluorescencec G4-DNAd G4′-DNAe dsDNAf ssDNAg

relative
G-quadruplex

selectivityh

PIPER 207.8 0.45 0.76 0.23 0.11 2.0
Tel01 1.3 0.57 0.82 0.03 0.00 19.0
Tel03 285.7 0.61 ndi 0.44 0.12 1.4
Tel04 3.4 0.60 0.45 0.03 0.01 20.0
Tel08 18.2 0.87 0.49 0.27 0.03 3.2
Tel10 2.3 0.52 0.54 0.01 0.02 52.0
PIPER (pH 8.5)j 9.1 0.42 nd 0.01 nd 42.0
Tel01 (pH 6.4)j 141.1 0.65 nd 0.41 nd 1.6

a Difference between theA550nm of a 20µM solution of the PTCDI in 70 mM potassium phosphate, 100 mM KCl, 1 mM EDTA buffer, pH 7,
in the presence of the DNA sample (20µM structure) and in the absence of the DNA.b For structures, see Figure 1.c Relative fluorescence
intensity (arbitrary units) of the 550 nm emission peak of the PTCDI (1µM) in 70 mM potassium phosphate, 100 mM KCl buffer, pH 7 (excitation
at 520 nm).d [d(TAGGGTTA)]4. e [d(TTAGGG)4]. f [d(CGCGCGATATCGCGCG)2]. g d(TTTTTTTT). h Ratio of ∆A550nm in the presence of G4-
DNA to ∆A550nm in the presence of dsDNA.i Not determined.j Experimental conditions are the same as in footnotesa andc, except the pH of the
buffer was as noted.

FIGURE 7: Absorption spectra of 20µM PIPER (A) and Tel01 (B) alone (black) or with 20µM (structure) of G4-DNA [d(TAGGGTTA)]4
(blue), G4′-DNA [d(TTAGGG)4] (cyan), ssDNA d(TTTTTTTT) (green), or dsDNA [d(CGCGCGATATCGCGCG)]2 (red), in 70 mM
potassium phosphate, 100 mM KCl, 1 mM EDTA buffer at pH 7. The compounds and DNA structures were combined in a 1:1 stoichiometry,
except for the curve in brown, in which the concentration of the dsDNA structure was 120µM (1:96 drug/DNA base pair stoichiometry).
Binding is apparent by monitoring the change in absorbance at 550 nm. Tel01 shows marked selectivity for the G-quadruplex DNAs over
double- and single-stranded DNA when compared to PIPER under these conditions.
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in the presence of either G4-DNA or G4′-DNA. In contrast,
in the presence of ssDNA, the spectra of these PTCDIs show
only a slight decrease in the absorbance at 480 nm, and in
the presence of dsDNA, this decrease at 480 nm is ac-
companied by a slight increase in the absorbance at 550 nm.
Addition of a large excess of dsDNA (120µM structure)
results in only modest further change at 480 and 550 nm
(Figure 7B). The PTCDIs that display this selective interac-
tion with G-quadruplex DNA versus single- or double-
stranded DNA are the PTCDIs that were found to be
extensively aggregated at pH 7: Tel01, Tel04, and Tel10.
In contrast to the results obtained with PTCDIs that are
extensively aggregated at pH 7, the PTCDIs that are less
aggregated at pH 7 demonstrate substantial changes in their
absorbance spectra in the presence of ssDNA, dsDNA, and
G-quadruplex DNA. These PTCDIs, exemplified by PIPER,
undergo an absorbance spectral shift from 498 nm for the
ligand alone to 510 nm in the presence of all the DNA
samples (Figure 7A). In addition, in the presence of G4-
DNA, G4′-DNA, and dsDNA, this shift is accompanied by
the appearance of an intense new peak at 550 nm (Figure
7A). These nonselective PTCDIs include PIPER, Tel03, and
Tel08.

Quantification of the binding selectivity of these PTCDIs
is complicated by the aggregation of the ligands. Absorbance
titrations of solutions of PTCDIs with various DNA samples
under conditions in which the PTCDIs are aggregated do
not lead to isosbestic behavior, and Scatchard analysis of
these data affords complex, nonlinear plots (data not shown).
To estimate the binding selectivity of these PTCDIs, a
comparison of the change in absorbance at 550 nm for each
ligand in the presence of G4-DNA, G4′-DNA, dsDNA, and
ssDNA, as in Figure 7, was done (Table 1). Those ligands
that demonstrate a large change in the absorbance at 550
nm in the presence of G-quadruplex DNA when compared
to the absorbance change in the presence of either dsDNA
or ssDNA are deemed to be more selective in their interaction
with G-quadruplex DNA than those ligands that demonstrate
large changes in the 550 nm absorbance values in the
presence of both G-quadruplex DNA and dsDNA or ssDNA.

From the data in Table 1, it can be seen that PIPER and
Tel03 are the least selective ligands. The ratios of the∆A550

nm values for G-quadruplex DNA to that for double-stranded
DNA for these PTCDIs are 2 and 1.4, respectively. These
two ligands are also the least aggregated at pH 7, as
evidenced by their relatively strong fluorescence in solution
(Table 1). Tel01, Tel04, and Tel10 have low fluorescent
emissions correlating to extensive aggregation in solution.
These three PTCDIs are also the most selective ligands. The
behavior of PTCDI Tel08 is interesting in that it displays
only a modest fluorescence in solution and also has a level
of selectivity that is intermediate between the extensively
aggregated PTCDIs and the nonaggregated PTCDIs; how-
ever, the selectivity of Tel08 remains rather low, indicating
that extensive PTCDI aggregation is required for a high
degree of G-quadruplex DNA binding selectivity.

As further proof of the pH-dependent, aggregate-mediated
PTCDI G-quadruplex binding selectivity, absorption spec-
troscopy experiments were performed under conditions where
PIPER was aggregated and Tel01 was not. PIPER is highly
aggregated at pH 8.5, as evidenced by a low fluorescence
and a strong RLS signal. The absorbance data for PIPER in

the presence of G4-DNA and dsDNA collected at pH 8.5
show greatly enhanced selectivity, with a ratio of∆A550 nm

for G4-DNA and∆A550 nmfor dsDNA of 42 (Table 1). Tel01,
which displayed selective binding at pH 7, was assayed at
pH 6.4. Under these conditions, Tel01 is not extensively
aggregated, as evidenced by a strong fluorescence signal.
At this pH, Tel01 displays little selectivity for binding to
G-quadruplex DNA; the ratio of∆A550 nm for G4-DNA and
∆A550 nm for dsDNA is 1.6 (Table 1).

DISCUSSION

G-quadruplex DNA is a diverse family of higher-order
DNA structures that may play a role in telomere maintenance,
transcriptional control, chromosome organization, recombi-
nation, and other biological processes. These potential roles
of G-quadruplex DNA structures have stimulated a search
for specific ligands that might serve either as biological
probes for these structures or perhaps as therapeutic agents.
The search for G-quadruplex DNA binding agents has led
to the discovery of a number of different classes of ligands
with varying degrees of G-quadruplex DNA selectivity.
However, in no case has the origin of the selectivity of a
ligand for G-quadruplex DNA versus double-stranded DNA
been addressed. We have investigated one class of G-
quadruplex DNA ligands, the PTCDIs, and show that for
these ligands, G-quadruplex DNA binding selectivity is
mediated by ligand self-assembly.

Initial reports of the G-quadruplex DNA binding ability
of the PTCDI PIPER demonstrated the ability of this ligand
to stack on the terminal G-tetrad faces of G-quadruplex DNA
structures, to enhance an intramolecular G-quadruplex-
mediated transcription stop site, and to inhibit human
telomerase (35). Subsequently, PIPER was reported to
facilitate the formation of G-quadruplex DNA structure from
single-stranded (37) and certain double-stranded DNA
sequences (38). Interestingly, in both gel-shift experiments
and NMR titrations involving double-stranded DNA, PIPER
demonstrated only slight interactions, indicative of a high
degree of selectivity for G-quadruplex DNA over double-
stranded DNA (38). This selectivity for G-quadruplex DNA
binding is reflected in PIPER’s ability to selectively inhibit
the G-quadruplex DNA unwinding, but not the double-
stranded DNA unwinding ability, of the RecQ DNA helicase
SgsI (36).

By employing absorption spectrophotometric methods, we
previously reported that at pH 7 PIPER interacted with both
double-stranded DNA as well as G-quadruplex DNA (14).
In contrast, a related PTCDI, Tel01, demonstrated a much
more selective interaction with G-quadruplex DNA at this
pH (14). Here we show by NMR that there is no obvious
structural difference between the complexes formed by
PIPER and Tel01 with the G-quadruplex form of d(TAGGGT-
TA) that could explain the observed differences in binding
selectivity between these two compounds. We furthermore
demonstrate that PIPER does indeed interact with double-
stranded DNA under the conditions of the topoisomerase I
assay, and that the result is unwinding of the DNA in a
manner analogous to double-stranded DNA intercalation
agents.

The PTCDIs are known to undergo aggregation (56), and
here we demonstrate by a variety of techniques that the
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PTCDIs PIPER, Tel01, and related analogues with basic side
chains undergo pH-mediated aggregation. The pH at which
these PTCDIs aggregate is a function of the basicity of the
side chain group. For PTCDIs with more basic side chains
(e.g., PIPER, Tel03), aggregation occurs at pH values> 7,
whereas for PTCDIs with less basic side chains (e.g., Tel01,
Tel04, Tel10), aggregation occurs at neutral pH. This
aggregation can be extremely sensitive to small pH changes;
pH differences as small as 0.1 unit can have a profound effect
on the aggregation state of these PTCDIs. The G-quadruplex
DNA binding selectivity of these PTCDIs is directly related
to their aggregation state. At neutral pH, the PTCDIs that
are aggregated at pH 7 demonstrate enhanced G-quadruplex
DNA binding selectivity, and the PTCDIs that are not
aggregated at pH 7 display diminished G-quadruplex DNA
binding selectivity. Furthermore, by adjusting the pH, the
aggregation state of the ligands can be changed. At pH 8.5,
PIPER is aggregated and displays enhanced G-quadruplex
DNA binding ability relative to that determined at pH 7,
where PIPER is not aggregated. Tel01 is not aggregated at
pH 6.4, and demonstrates diminished G-quadruplex DNA
binding selectivity at this pH compared to that determined
at pH 7, where it is aggregated.

The finding of ligand aggregation-mediated G-quadruplex
DNA binding selectivity for PIPER and other PTCDI ligands
helps to reconcile the conflicting reports of the G-quadruplex
DNA binding selectivity of PIPER. Although PIPER does
not demonstrate strong interaction with double-stranded DNA
during NMR titrations (38), the conditions employed,
particularly the relative high salt and ligand concentrations,
favor aggregation of this ligand. Similarly, assays in which
PIPER does not demonstrate significant interaction with
double-stranded DNA by gel shift (37) or helicase unwinding
effects (36) were carried out at pH>7, where ligand
aggregation is favored. Here we demonstrate that PIPER is
selective for G-quadruplex DNA binding under basic condi-
tions where PIPER is aggregated. Thus, despite the modest
G-quadruplex DNA binding selectivity of PIPER in the
monomeric state, under a variety of assay conditions PIPER
is aggregated and does display selective G-quadruplex DNA
binding.

A wide variety of small organic molecules are known to
undergo aggregation, and this aggregation can lead to non-
specific inhibition of enzymes complicating high-throughput
screening methods (57). In contrast to this aggregation-
mediated promiscuity, the aggregation of PTCDIs leads to
increased selectivity in their binding interactions with G-
quadruplex DNA targets. The implication of this aggregation-
mediated selectivity for other G-quadruplex ligands is not
yet known; however, it should be noted that many G-
quadruplex DNA ligands contain extended chromophores that
may favor ligand aggregation.

The way in which ligand aggregation of the PTCDIs
mediates G-quadruplex DNA binding selectivity is not clear.
One possibility involves a direct role of the aggregate in
G-quadruplex DNA binding. The NMR-based G-quadruplex
DNA binding models for both PIPER and Tel01 place the
ligands at the 3′ G-tetrad of the DNA, with one face of the
PTCDI chromophore stacking over the G-tetrad and the
opposite face of the chromophore free, or having only weak
associations with the 3′ tail of the G-quadruplex structure.
Thus, an aggregated PTCDI with two available chromophore

faces at either end of the face-to-face stacked aggregate of
(n) PTCDI monomers might also interact with the G-
quadruplex DNA by this G-tetrad stacking mode. The result
of such an interaction would be an intermediate G-quadruplex
DNA-PTCDI aggregate complex that could dissociate to
afford the G-quadruplex DNA-PTCDI monomer complex
and an (n - 1) PTCDI aggregate. By this process, direct
interaction between the PTCDI aggregate and G-quadruplex
DNA would result in deaggregation of the ligand and
formation of monomer PTCDI-G-quadruplex DNA com-
plexes. In contrast, the aggregated PTCDI would not be able
to interact with double-stranded DNA. Based upon the
topoisomerase unwinding results for PIPER, we consider that
under conditions where the PTCDIs bind to double-stranded
DNA (i.e., in the nonaggregated state) they do so by
intercalation. The intercalation of the ligands into double-
stranded DNA requires the insertion of the ligand chro-
mophore between DNA base pairs. This process is possible
for the monomeric PTCDIs, but not for the aggregated
ligands, in which opposite ligand faces are occluded due to
the nature of the self-association. Alternatively, assuming
that the aggregated PTCDIs exist in equilibrium with a small
number of monomeric ligands, the aggregation-mediated
G-quadruplex DNA binding selectivity reported here might
arise from a competition between monomeric ligand associa-
tions with different DNA structures versus self-association.
In the case of G-quadruplex DNA, the association of the
monomeric PTCDI with the G-quadruplex DNA is more
favorable than self-association, whereas in the case of double-
stranded DNA, the competition favors the formation of the
aggregate. Further work is required in order to define the
mechanism by which aggregation leads to selective G-
quadruplex DNA binding by these PTCDI ligands.

In conclusion, study of a series of PTCDI bearing basic
side chains has demonstrated that these ligands bind to
G-quadruplex DNA. Significantly, the selectivity of the
G-quadruplex DNA versus double-stranded DNA binding
by these PTCDIs is related to the pH-dependent aggregation
state of the ligands, such that pH conditions which favor
ligand aggregation result in more selective binding inter-
actions with G-quadruplex DNA when compared to non-
aggregating pH conditions. The discovery of the aggregation-
mediated G-quadruplex DNA binding selectivity exhibited
by these compounds may enable their use as tunable
biological probes. This work also serves to lay the foundation
for improving G-quadruplex selectivity of these PTCDI
ligands by rational design of ligands with altered self-
assembly proclivity.
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