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Electrospray ionization mass spectrometry (ESI-MS) and spectroscopic studies in solution
were used to evaluate the self-association, G-quadruplex DNA binding, and selectivity of
a series of perylene diimides (PDIs) (PIPER, Tel01, Tel11, Tel12, and Tel18) or benzannu-
lated perylene diimide ligands (Tel34 and Tel32). Fluorescence and resonance light
scattering spectra of Tel01, Tel12, Tel32, and Tel34 reveal that these analogs undergo
self-association in solution. UV-Vis and fluorescence titrations with G-quadruplex, duplex,
or single-stranded DNA demonstrate that all the analogs, with the exception of Tel32, bind
to G-quadruplex DNA, with those PDIs that are self-associated in solution showing the
highest degree of selectivity for binding G-quadruplex DNA. Parallel ESI-MS analysis of
the stoichiometries demonstrates the ability of the ligands, with the exception of Tel32, to
bind to G-quadruplex DNA. While most ligands show major 1:1 and 2:1 binding
stoichiometries as expected in the case of end-stacking, interestingly, three of the most
quadruplex-selective ligands show a different behavior. Tel01 forms 3:1 complexes, while
Tel12 and Tel32 only form 1:1 complexes. Collisional activation dissociation patterns are
compatible with ligand binding to G-quadruplex DNA via stacking on the ends of the
terminal G-tetrads. Experiments with duplex and single strand DNA were performed to
assess the binding selectivities of the ligands. PIPER, Tel11, and Tel18 demonstrated
extensive complexation with duplex DNA, while Tel11 and Tel18 bound to single strand
DNA, confirming the lack of selectivity of these two ligands. Our results indicate that
Tel01, Tel12, and Tel34 are the most selective for G-quadruplex DNA. (J Am Soc Mass
Spectrom 2006, 17, 593– 604) © 2006 American Society for Mass Spectrometry

Small molecules that interact noncovalently with
nucleic acid structures comprise an important
class of anticancer, antitumor, and antibacterial

therapies� [1,� 2].� Increased� interest� in� the� development
and evaluation of DNA-interactive agents has stimu-
lated the need for sensitive analytical techniques that
can not only characterize drug/DNA interactions but
are also compatible with library-based screening. Elec-
trospray ionization-mass spectrometry (ESI-MS) has
emerged as a useful tool for examining noncovalent
drug/DNA complexes because its low sample con-
sumption and fast analysis time makes it well-suited for
high� throughput� screening� techniques� [3,� 4].� The� full-
scan mass spectra can be used to evaluate binding

stoichiometries and selectivity, while binding mode and
structural information can be examined via tandem
mass spectrometry techniques such as collisional acti-
vated�dissociation�(CAD)�[5–7].

Much of the past work done in this area has focused
on analyzing well-characterized drug/duplex DNA
complexes, with promising results that indicate behav-
ior�in�the�gas�phase�can�be�correlated�to�solution�[5–25].
For example, Gabelica and coworkers demonstrated
that binding stoichiometries and relative ion abun-
dances observed in the mass spectra reflect known
solution�binding�behavior�[6].�Minor�groove�and�inter-
calation binding modes of well-studied duplex-interac-
tive drugs were distinguished by Wan and coworkers
using collisional activated dissociation (CAD) experi-
ments�[7].

Recent work by our group and others has extended
the use of ESI-MS to evaluate noncovalent interactions
of�small�molecules�with�G-quadruplex�DNA�[18,�20,�23,
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24,�26�–28],�a�higher�order�nucleic�acid�structure�being
investigated� as� an� anticancer� drug� target� [29,� 30].� G-
quadruplex DNA is formed from hydrogen bonding
between a planar arrangement of four guanine nucleo-
bases with the central cavity serving as a binding site
for monovalent metal ions, the presence of which is
generally required for the formation of the quadruplex. A
variety of G-quadruplex structures can be formed from
hydrogen bonding between guanines on up to four sepa-
rate�strands�of�oligodeoxynucleotides�(ODNs)�[29].

There is interest in studying G-quadruplex DNA as
an anticancer target because of its role in telomere
maintenance� in�cancer�cells� [31,�32].�Telomeres�are� the
extremities of linear chromosomes that play an impor-
tant role in protecting the chromosome ends from
fusion and degradation and ensuring the complete
replication of chromosomal DNA. Composed of G-rich
sequences (TTAGGG is the human telomeric sequence),
the single strand 3= overhangs of telomeres have the
ability to form G-quadruplex structures. Ligands that
selectively bind and stabilize the quadruplex structure
of telomeric DNA may lead to the inhibition of telom-
erase, the enzyme responsible for the synthesis of
telomeric� DNA� [33].� While� telomerase� is� not� active� in
most somatic cells, high levels of telomerase activity
have�been�associated�with�most�cancer�cells�[34].�Devel-
oping a drug that exhibits binding selectivity for G-
quadruplex DNA over other DNA structures is also a
primary focus of G-quadruplex-interactive drug design,
given the implications for reducing cytotoxic side-
effects of anticancer agents.

One promising class of quadruplex selective ligands
are� perylene� diimides� (PDIs)� [35–�43].� Recent� solu-
tion�studies�of�N,N=-bis[2-(1-piperidino)-ethyl]-3,4,9,10-
perylenetetracarboxylic� acid� diimide� (PIPER)� [35]� and
N,� N=-bis(4-morpholinylpropyl)-3,4,9,10-perylenetetra-
carboxylic�acid�diimide� (Tel01)� [38]� indicate� that� these
molecules�exhibit�G-quadruplex�affinity�by�stacking�on

the faces of the terminal G-tetrads, thereby stabilizing
the G-quadruplex structure. We previously demon-
strated the selectivity of Tel01 for quadruplex over
duplex DNA based on ESI-MS studies in a quadrupole
ion�trap�mass�spectrometer�[26].�A�more�comprehensive
series of PDI ligands, including those in which the
perylene diimide chromophore is modified through
substitution� or� benzannulation� (Figure� 1),� have� been
designed to further investigate the structural features
most important for G-quadruplex DNA binding. In this
study we demonstrate the utility of ESI-MS as a screen-
ing tool to characterize binding stoichiometry, distin-
guish between selective and nonselective binding, and
determine the binding mode of these novel perylene
diimide ligands.

Experimental Procedures

Chemicals

PIPER, Tel01, Tel11, Tel12 were prepared as described
previously� [35,� 37,� 38].� The� manuscript� detailing� the
synthesis of Tel18, Tel32, and Tel34 is in preparation.
Ammonium salts of oligodeoxynucleotides (ODNs)
custom synthesized on the 1.0 �mole scale with purifi-
cation by RP-HPLC were obtained from TriLink Bio-
technologies Inc. (San Diego, CA) and Integrated DNA
Technologies (Coralville, IA) and used without further
purification. The oligonucleotide d(TTTTTTTT) was
synthesized on a 10 �M scale using a DNA synthesizer
and purified by RP-HPLC. Collected fractions were
combined and extensively dialyzed against deionized
water before being lyophilized completely. A 2 mM
stock solution of the G-quadruplex-forming ODN (d(T-
TGGGGGT)) was prepared in deionized water. A por-
tion of the initial stock solution was diluted to 500 �M
in deionized water and set aside for single strand
experiments. The remaining solution was annealed

Figure 1. Structures of perylene diimide analogs. Molecular weights of compounds (Tel01, PIPER,
Tel32)�or�organic�ions�(Tel11,�Tel12,�Tel18,�Tel34)�in�Da�are�given�in�parenthesis.
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by diluting in 150 mM ammonium acetate, heating
to 90 °C and slowly cooling to room temperature
over a period of 7 h. The self-complementary
duplex-forming ODNs (d(GCGGGGATGGGGCG/
CGCCCCATCCCCGC), d(GCGGGAATTGGGCG/
CGCCCAATTCCCGC), and d(GCGGAAATTTGGCG/
CGCCAAATTTCCGC)) were annealed in 250 mM
ammonium acetate by heating to 90 °C and slowly
cooling to room temperature over a period of 2–3 h.

Absorption Spectroscopy

Spectra were recorded on a UNICO model 2102 UV-
spectrophotometer (Dayton, NJ). Experiments were car-
ried out in polystyrene cuvettes to minimize nonspecific
binding of the ligands to the surface of the cuvettes. For
DNA binding experiments, the absorption spectra were
obtained under high and low salt conditions. For the
high salt conditions, the compound (20 �M) in 70 mM
potassium phosphate, 100 mM potassium chloride, 1
mM EDTA buffer (pH 7) was analyzed alone or in
the presence 20 �M structure of G4-DNA
[d(TAGGGTTA)]4, G4=-DNA [d(TTAGGG)4] double-
strand DNA [d(CGCGCGATATCGCGCG)]2, or single-
stranded DNA d(TTTTTTTT). For the low salt condi-
tions, the compound (10 �M) in 3:1 25 mM ammonium
acetate/methanol was analyzed alone or in
the presence of 10 �M structure of G4-DNA [d(TT-
GGGGGT)]4, double-stranded DNA [d(GCAAATT-
TCG)]2 or single-stranded DNA d(TTTTTTTT). Samples
were monitored until equilibrium was achieved, as
evidenced by constant absorbance readings.

Fluorescence Spectroscopy and Resonance Light
Scattering

Spectra were recorded on a Hitachi model F-2000 spec-
trofluorometer. Quartz cuvettes were treated with Sig-
maCote (Sigma Aldrich, Milwaukee, WI) for 1 h fol-
lowed by extensive washing with water to minimize
nonspecific binding of the ligands to the surface of the
cuvette. Fluorescence and resonance light scattering
(RLS) measurements were carried out on the ligands
under both high- and low-salt conditions. The high-salt
conditions employed solutions of compound in 70 mM
potassium phosphate, 100 mM potassium chloride, 1
mM EDTA buffer at the indicated pH. Low-salt condi-
tions employed solutions of compound in 3:1 25 mM
ammonium acetate/methanol at the indicated pH. So-
lutions were allowed to equilibrate for the specified
time before scans were performed at 25 °C using the
noted excitation and emission wavelengths.

Mass Spectrometry

Stock solutions of the ligands were prepared in either
0.1% aqueous trifluoroacetic acid (PIPER and Tel01),
deionized water (Tel11, Tel12, and Tel18), acetonitrile

(Tel32) or dimethylsulfoxide (Tel34) and stored at room
temperature. Analytical solutions were prepared con-
taining G-quadruplex, duplex, or single strand DNA
and one ligand each at equimolar 10 �M concentrations
in 3:1 25 mM ammonium acetate/methanol solvent. A
Harvard syringe pump (Holliston, MA) set at a flow
rate of 3 �L/min was used to directly infuse the sample
solutions into a ThermoFinnigan LCQ Duo mass spec-
trometer (San Jose, CA). The ESI source was operated in
the negative ion mode with an electrospray voltage of
3.5 kV and a heated capillary temperature of 90 to
120 °C. To aid in desolvation, nitrogen sheath and
auxiliary gas were set at 40 and 10 arbitrary units,
respectively. The base pressure of the trap was �1 �
10�5 torr. Spectra were acquired by summing 300 scans,
with an ionization time ranging from 100 to 250 ms.

Collisional activated dissociation (CAD) experiments
were performed on selected complexes by isolating the
desired precursor ion in the ion trap using resonance
ejection, followed by fragmentation promoted by in-
creasing the collisional energy applied to the trap
(reported as a percentage of 5 V0-p) until the intensity of
the precursor ion was reduced to approximated 10% of
its original intensity. An activation time of 30 ms was
used in all CAD experiments.

Results and Discussion

Fluorescence and Resonance Light Scattering
Studies of PDI Aggregation

PDIs like Tel01 and PIPER are known to undergo
pH-dependent self-association to form aggregates in
solution� [37–39].� The� selectivity� of� PDIs� towards� G-
quadruplex DNA depends on the aggregation state of
these ligands, which, in addition to pH, may also be
affected by ligand concentration, buffer ionic strength,
and� the� presence� of� nonaqueous� cosolvents� [36,� 38].
Previous solution studies of the aggregation state and
G-quadruplex� DNA� binding� selectivity� of� PIPER� [36,
38],� Tel01� [36,� 38],� Tel11� [37],� and� Tel12� [37]� were
carried out under relatively high-salt (170 mM KCl)
phosphate buffer. To determine the aggregation state of
these and the other PDI ligands under the conditions of
the ESI-MS analysis discussed later, the fluorescence
and resonance light scattering spectra were determined
in 3:1 25 mM ammonium acetate/methanol.

As reported previously, the intense fluorescence of
the monomeric PDIs is quenched upon ligand self-
association� in� solution� [36�–38].� Solutions� of� PIPER� (1
�M) in methanolic ammonium acetate buffer display a
pronounced fluorescence emission at 550 nm whereas
solutions of Tel01 do not (Supplementary Figure S-1
which can be found in the electronic version of this
article.). For aggregates in which there is good overlap
between adjacent monomer chromophores, a large in-
crease in the intensity of scattered light is observed
when the incident light is the same wavelength as the
aggregate�absorbance�[44].�This�resonance�light�scatter-
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ing (RLS) signal has been used as a qualitative measure
of� the� presence� of� PDI� aggregates� in� solution� [36�–38].
Solutions of Tel01 display a large RLS signal; however,
the RLS signal for PIPER is absent, as demonstrated in
Figure S-1. The absence of strong fluorescence and the
presence of a strong RLS signal for solutions of Tel01
indicate that this PDI is aggregated under these condi-
tions. In contrast, the lack of an RLS signal and the
presence of strong fluorescence for solutions of PIPER
indicate that this PDI exists in the monomeric state.
Similar observations were made for solution of Tel01
and PIPER in high-salt buffer conditions, indicating that
the aggregation state of these two PDIs is largely
unaffected by the methanolic buffer conditions em-
ployed in the ESI-MS analysis.

The fluorescence and RLS spectra of the other PDIs
were also examined under the methanolic buffer con-
ditions.�As�shown� in�Table�1,�PIPER,�Tel11,�and�Tel18
are not aggregated in solution, as judged by the strong
fluorescence and lack of RLS signals of these solutions.
The PDI Tel12 displays only weak fluorescence and no
RLS spectra. The weak fluorescence of Tel12 may be
due to ligand dimerization, as has been noted for this
PDI�in�150�mM�KCl�phosphate�buffer�[37];�however,�the
fluorescence intensity of Tel12 in methanolic buffer is
higher than that in the high-salt buffer (data not
shown), indicating that dimerization is less extensive in
the methanolic buffer. Because Tel12 has been found to
dimerize, but does not produce a RLS spectrum, this
ligand self-associates. Self-association refers to the for-
mation of dimers, as is the case for Tel12, as well as
high-order species and aggregates, which we function-
ally define as PDI species that can be observed by
resonance-light scattering.

Like Tel01, solutions of the benzannulated PDI Tel34
in methanolic buffer do not fluoresce; however, unlike
Tel01, Tel34 solutions do not display a strong RLS
signal, indicating that if Tel34 is aggregated in solution,
the aggregates are RLS-silent. Attempts to compare the
aggregation state of Tel34 in methanolic ammonium

acetate and 150 mM KCl phosphate buffer were unsuc-
cessful due to the very low solubility of this PDI in the
high-salt buffer. Similarly, the low solubility of Tel32,
even in methanolic ammonium acetate, made charac-
terization of this PDI difficult. Immediately prepared
solutions of Tel32 showed very low fluorescence and
RLS signals; however, over a period of minutes the
ligand began to precipitate from these solutions.

DNA Binding Studies by UV-Vis Absorption
Spectroscopy

The UV-Vis absorption spectra of the PDIs (10 �M in 3:1
25 mM ammonium acetate/methanol) were determined
in the absence and presence of 10 �M G-quadruplex
DNA, duplex DNA, or single-stranded DNA. The par-
allel stranded G-quadruplex [d(T2G5T)]4 (G5), which is
similar to the well-characterized [d(T2G4T)]4, was em-
ployed for both these solution binding studies as well as
the ESI-MS analysis. An advantage of this parallel-
stranded G-quadruplex over intramolecular G-quadru-
plexes is the ease with which the G-quadruplex form
can be distinguished from single-stranded DNA in the
ESI-MS spectra (see below). The duplex DNA formed
by the self-complementary ODN d(GCAAATTTCG)
and single-stranded d(T8) were also used in these
solution binding studies.

As�shown�in�Figure�2a,�the�UV-Vis�spectrum�of�Tel01
shows an absorbance peak at 470 nm. Similar absor-
bance spectra are recorded for solutions of Tel01 in the
presence of equimolar duplex or single-stranded DNA;
however, in the presence of equimolar G-quadruplex
DNA, the absorbance spectrum of Tel01 is remarkably
different, consisting of two large peaks at 550 and 510
nm. The UV-Vis spectrum of PIPER displays an absor-
bance peak at 500 nm, which shifts to 510 nm in the
presence of equimolar single-stranded, double-
stranded,�or�G-quadruplex�DNA�(Figure�2b).�Addition-
ally, in the presence of each of these DNA structures,
there is a new absorbance from the PIPER chromophore
at 550 nm. The intensity of this long-wavelength band
increases in the order single-stranded DNA � double-
stranded DNA � G-quadruplex DNA.

These UV-Vis spectral changes for Tel01 and PIPER
indicate a difference in the G-quadruplex DNA binding
selectivity� of� these� two� ligands� [37,� 38].� Tel01,� whose
absorbance spectrum in the absence of DNA is blue-
shifted due to ligand aggregation, forms a complex with
G-quadruplex DNA that absorbs in the 550 nm region.
PIPER, whose spectrum in the absence of DNA does not
indicate ligand aggregation, forms similar long-wave-
length absorbing complexes with G-quadruplex, du-
plex,�and�even�single-stranded�DNA�(Figure�2b).

Other�PDIs�shown�in�Figure�1�also�undergo�UV-Vis
spectral changes in the presence of G-quadruplex DNA.
Tel11 and Tel12, whose absorbance spectra in the ab-
sence of DNA is similar to that of PIPER, also form
complexes with G-quadruplex DNA characterized by

Table 1. Resonance light scattering and fluorescence data for
PDIs

Ligand
Relative intrinsic

fluorescencea
Relative RLS

signalb

TEL01 0.649 36
PIPER 25.31 nsc

TEL11 25.83 nsc

TEL12 12.74 nsc

TEL18 41.82 nsc

TEL32 0.189 6
TEL34 0.524 5

aRelative intensity of fluorescence emission (550 nm) from a 1 �M
solution of PDI in 3:1 25 mM ammonium acetate/methanol buffer, pH 7.
Excitation was at 520 nm for all ligands except Tel32 and Tel24, which
were excited at 495 nm.
bRelative intensity of the resonance light scattering peak at 470 nm for
solutions of PDI (1 �M) in 3:1 25 mM ammonium acetate/methanol
buffer, pH 7.
cNo significant RLS signal observed.
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absorbance peaks at 550 nm (data not shown). Tel11,
but not Tel12, also gives rise to a peak at 550 nm in the
presence of double-stranded DNA. As expected, the
UV-Vis absorbance spectrum of the chromophore-
modified PDI Tel18 is different from that of PIPER and
the other PDIs. The Tel18 spectrum, consisting of a peak
at 525 nm with a shoulder at 492 nm, undergoes
hypochromic and bathochromic shifts in the presence of
G-quadruplex� DNA� (Figure� 2c).� Similar� changes� are
also observed in the presence of duplex DNA, and to a
lesser extent, single-stranded DNA. The absorbance
spectrum of Tel34 includes a long wavelength peak at
450� nm� with� a� shoulder� at� 490� nm� (Figure� 2d).� In� the
presence of G-quadruplex DNA, there is a shift of the
490 nm absorbance to 480 nm, accompanied by slight
hyperchromism. Immediately after the addition of dou-
ble-stranded or single-stranded DNA, there is a slight
hypochromism in the Tel34 absorbance spectrum, but
no appreciable changes in the position of the absor-
bance� peaks� (Figure� 2d).� Over� a� period� of� an� hour,
solutions of Tel34 containing duplex or single-stranded
DNA exhibit a pronounced decrease in UV-Vis absor-
bance that is accompanied by the formation of insoluble
material. This behavior is not observed in the presence
of G5 DNA, presumably because the complex formed
between this benzannulated PDI and the G-quadruplex
DNA is more soluble in the buffer than the ligand itself.
The benzannulated and uncharged PDI Tel32 is also
relatively insoluble, and at the concentration employed
for these absorbance studies (10 �M), the ligand precip-
itated from solution over the course of a few minutes.

Fluorescence Quenching Studies

It has previously been shown that PDI fluorescence is
quenched� upon� ligand� binding� to� DNA� structures� [36�–
38].�Fluorescence-quenching�experiments�of�the�PDIs�with
quadruplex, duplex, and single-stranded DNA allow bet-
ter quantification and insight into the affinity and selec-
tivity differences of these ligands for G-quadruplex DNA.
Solutions of 1 �M PDI in 3:1 25 mM ammonium acetate/
methanol buffer, pH 7 were titrated with stock solutions
of each DNA structure in the same buffer. Fluorescence
spectra were recorded at appropriate emission and exci-
tation wavelengths for each class of chromophore: un-
modified PDIs Tel01, Tel11, Tel12, Tel34, and PIPER
(emission at 545 nm, excitation at 495 nm); chlorinated PDI
Tel18 (emission at 555 nm, excitation at 495 nm); and
benzannulated PDI Tel32 (emission at 565 nm, excitation
at 469 nm). (Examples of the fluorescence titration curves
for Tel18 with quadruplex G5-DNA [d(TTGGGGGT)]4,
duplex [d(GCAAATTTCG)]2, and single-stranded [d(T8)]
are shown in Supplementary Figure S-2 which can be
found in the electronice version of this article.).While all
three DNA samples quench the fluorescence of Tel18,
there is clearly a difference between the efficiency of
fluorescence-quenching, with G5-DNA causing the most
extensive quenching at low concentrations, single-
stranded DNA producing the least quenching, and duplex
DNA leading to intermediate quenching. In the case of
G-quadruplex DNA, there is nearly 80% fluorescence-
quenching after the addition of just one-half equivalent of
DNA, indicating that multiple Tel18 ligands are binding
to the DNA.

Figure 2. UV-Vis absorbance spectra of 10 �M Tel01(a), PIPER (b), Tel18 (c), and Tel34 (d) alone and
in the presence of 10 �M G5-DNA [d(T2GT)]4, ds-DNA [d(GCAAATTTCG)]2, or ss-DNA [d(T8)] in 3:1
25 mM ammonium acetate/methanol, pH 7.
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The results of the fluorescence-quenching studies of
the� PDIs� are� summarized� in� Table� 2,� which� shows� the
percent PDI fluorescence-quenching after the addition of
one equivalent of the different DNA structures. In accord
with� the� UV-Vis� absorbance� studies� (Figure� 2a),� Tel01
displays a high degree of selectivity for G-quadruplex
DNA binding, as shown by the minimal fluorescence-
quenching in the presence of either duplex or single-
stranded DNA compared to G-quadruplex DNA.

Other PDIs, such as PIPER and Tel11, appear to
interact more strongly with G-quadruplex DNA when
compared to Tel01, but show very little selectivity for

G-quadruplex DNA versus duplex DNA. Both PIPER
and Tel18 also show significant interactions with single-
stranded DNA; the addition of one equivalent of single-
stranded DNA to these PDIs quenches their fluores-
cence by more than 50%. Tel18 and Tel34 appear to be
of intermediate selectivity for G-quadruplex DNA ver-
sus duplex DNA and have moderate affinity for single-
stranded DNA. Tel12 does not interact strongly with
G-quadruplex DNA, as evidenced by only 29% fluores-
cence-quenching in the presence of one equivalent of
G5-DNA; however, this PDI is relatively selective for
G-quadruplex DNA and does not bind to single-
stranded DNA. There was insignificant fluorescence-
quenching of Tel32, indicating that this PDI does not
interact with any of these DNA structures.

Binding Stoichiometry of Perylene Diimides
by Electrospray Ionization Mass Spectrometry

To begin an ESI-MS investigation of the binding selec-
tivity of the perylene diimide ligands, the complexation
of each ligand with G-quadruplex DNA was evaluated.
The intermolecular, parallel stranded G-quadruplex
[d(T2G5T)]4 (G5) was used in this study. Rosu et al. were
the first to demonstrate that G-quadruplex DNA can be
annealed in an ammonium acetate buffer and analyzed
by�ESI-MS� [27].�When�ammonium�acetate� is�used,� the
G-quadruplex structure is stabilized by NH4

� counte-
rions, rather than by Na� or K�, resulting in cleaner
spectra as a result of the greater lability of the associated
counterions during the ESI process. The ESI mass
spectrum of the G-quadruplex without any added li-
gands�(Figure�3a)�demonstrates�that�the�G-quadruplex

Figure 3. ESI mass spectra for complexes containing [d(T2G5T)]4 (G5) (a) alone, and with (b) Tel18
and (c) Tel12. Complexes containing one or more ligands are labeled with a “L”.

Table 2. Fluorescence quenching of PDIs by quadruplex,
duplex, and single-stranded DNA

Ligand

Percent fluorescence quenching in the
presence of equimolar DNAa

G5-DNAb ds-DNAc ss-DNAd

TEL01e 64 � 4% 6 � 2% 2 � 1%
PIPERe 100 � 1% 94 � 2% 57 � 4%
TEL11e 99.8 � 0.1% 96 � 1% 67 � 5%
TEL12e 29 � 6% 16 � 8% 13 � 6%
TEL18f 92.9 � 0.1% 66 � 3% 12 � 9%
TEL32c 4 � 2% 1 � 2% 7 � 2%
TEL34g 90 � 2% 62 � 4% 40 � 6%

aFluorescence emission intensity of solutions of 1 �M PDI and 1 �M
DNA in 3:1 25 mM ammonium acetate/methanol buffer, pH 7, ex-
pressed as a percent of emission intensity for solutions of the PDI alone.
b[d(T2G5T)]4.
c[d(GCAAATTTCG)]2.
d[d(T8)].
eExcitation � 495 nm, emission � 545 nm.
fExcitation � 495 nm, emission � 555 nm.
gExcitation � 469 nm,emission � 565 nm.
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species can readily be detected in the �6 charge state,
and to a lesser degree in the �7 charge state with two to
four ammonium adducts associated with each quadru-
plex. Likely the ammonium ions are bound in the
central cavity of the G-tetrad, stabilizing the quadru-
plex. For visual simplicity, the NH4

� ions are not
labeled in the remaining figures.

Solutions containing the G-quadruplex and one of
each of the five non-benzannulated ligands (Tel01,
Tel11, Tel12, Tel18, and PIPER) at equimolar concentra-
tions of 10 �M in a 3:1 25 mM ammonium acetate/
methanol solution exhibited a variety of binding stoi-
chiometries as demonstrated by the mass spectra shown
in� Figure� 3.� For� the� solution� containing� Tel18� (Figure
3b),� complexes�with�Tel18/G5�binding� stoichiometries
of 1:1 and 2:1 are present with greater abundances than
the free G-quadruplex ions. Other ligands formed less
abundant complexes with the G-quadruplex. This is
apparent�in�the�spectrum�of�G5�with�Tel12�(Figure�3c)�in
which only 1:1 complexes are present at lower abun-
dances than the unbound G-quadruplex ions.

With the exception of Tel01 and Tel12, 1:1 and 2:1
binding stoichiometries were consistently observed.
This result is in agreement with a previous NMR-based
study of the perylene diimide analog PIPER that found
1:1 and 2:1 complexes were typically formed in solution
by end-stacking on the faces of the terminal G-tetrads
[35].� The� 3:1� complexes� present� in� the� ESI� mass� spec-
trum of Tel01 with G5 may be the result of ligand
aggregation, as discussed above. Recent X-ray crystal-
lographic studies of an anthraquinone bound to a
parallel-stranded G-quadruplex DNA show three li-
gands�bound�to�a�single�G-tetrad�face�[45].�Presumably,
a similar sort of self-association of multiple PDI ligands
on G-tetrad faces could occur for Tel01, which under-
goes aggregation in solution even in the absence of
G-quadruplex DNA. Ligand aggregation is not ob-
served in solution for the analogs with charged side
chains (Tel11, Tel12, and Tel18). Aggregation is less
expected for these ligands due to charge repulsion,
which is especially true in the gas phase, thus explain-
ing why aggregation was not observed with those
ligands. Charge repulsion may also explain why only
1:1 complexes were observed for Tel12. As the only
ligand with negatively charged side chains, Tel12 may
experience coulombic repulsion with the anionic back-
bone of the DNA in solution and the gas-phase, pre-
venting the binding of multiple ligands. In general, the
predominant 1:1 and 2:1 binding stoichiometries ob-
served for the ligands with G5 DNA is expected based
on an end-stacking binding mode.

Binding Stoichiometry of Benzannulated Ligands
by ESI-MS

The interactions of G-quadruplex DNA with a series of
benzannulated� perylene� diimides� (Figure� 1)� with� an
extended chromophore, Tel32 and Tel34, were also

examined by ESI-MS. The benzannulated analogs may
engage in increased end-stacking interactions with the
G-tetrad as a result of the larger conjugated ring system
The ESI-MS results for this set of analogs (spectra not
shown) indicate that Tel34 forms complexes with the
quadruplex DNA, but only with binding stoichiome-
tries of 1:1. Interestingly, Tel11 and Tel18 have the same
side-chain as Tel34, but both formed complexes with
higher binding stoichiometries than Tel34, indicating
that the benzannulated analogs may interact differently
with the G-quadruplex. The larger chromophore of the
benzannulated analogs may prevent multiple ligands
from binding to the G5 structure due to steric hin-
drance. While Tel34 formed complexes with G-
quadruplex DNA, the other benzannulated analog,
Tel32, was the only perylene diimide ligand that did not
form any complexes with G5 DNA.

Concentration Effects

To examine how changes in the solution conditions
affect the binding stoichiometries of the ligand/G5
DNA complexes, solutions containing 10 �M G5 DNA
and either 2.5, 5.0, 10, and 20 �M each PDI ligand were
analyzed by ESI-MS (spectra not shown). The binding
stoichiometries of the analogs containing charged side
chains (Tel11, Tel12, Tel18, and Tel34), did not change
from those observed at a 1:1 ligand/G5 ratio with either
higher or lower ligand/G5 M ratios. For example, when
the Tel12/G5 M ratio was 1:4, only complexes with a 1:1
binding stoichiometry were present in the ESI mass
spectra. When the Tel12/G5 M ratio was increased from
1:4 to 2:1, the relative abundances of the 1:1 peaks
remained the same and no 2:1 complexes appeared.

Ligands containing basic side chains (Tel01 and
PIPER) do show concentration-dependent binding. At
ligand/DNA molar ratios of 1:4 to 1:1, the complexes
with binding stoichiometries of 1:1 are the most abun-
dant, with 2:1 complexes present at relative abundances
that are approximately three times less than that ob-
served for the 1:1 complexes. When the ligand/DNA
ratio is increased above 1:1, the 2:1 complexes become
nearly twice as abundant as the 1:1 complexes, and very
low abundance 3:1 complexes emerge that were not
present at lower ligand/DNA ratios. The concentration
dependent binding of Tel01 was demonstrated in a past
study�by�David�et�al.�[26],�and�is�confirmed�by�experi-
ments in this study. These results indicate that while all
of the perylene diimides bind G-quadruplex DNA at
primarily 1:1 and 2:1 binding stoichiometries, ligands
with side chains that are basic, Tel01 and PIPER,
demonstrate the ability to bind with higher stoichiom-
etries at increased ligand/G5 M ratios. Both Tel01 and
PIPER can undergo aggregation in solution in a pH-
dependent� fashion� [37,� 38].� The� observation� of� higher
binding stoichiometries for these two ligands may be
due to ligand self-association during ESI, as supported
by the RLS and fluorescence data discussed above and
summarized�in�Table�1.
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ESI-MS/MS Studies of G5 DNA/Perylene Diimide
Complexes

ESI-MS/MS experiments were undertaken to examine
the fragmentation patterns of ligand/G-quadruplex
complexes via collisional activated dissociation. While
full-scan ESI mass spectra are useful for comparing the
binding stoichiometries of the various ligands with
DNA, ligand binding modes are generally not distin-
guishable. Past ESI-MS/MS studies of drug/DNA com-
plexes suggest that complexes with different binding
modes produce distinct fragmentation patterns upon
collisional� activation� [6,� 7,� 26].� In� this� study,� all� com-
plexes, including [G5 � L]�6, [G5 � 2 � L]�6, [G5 � 3
� L]�6, [G5 � L]�7, and [G5 � 2 � L]�7, where L
represents a perylene diimide ligand, were subjected to
CAD experiments. All complexes, regardless of the
charge of the ligand, the charge state of the complex, or
the binding stoichiometry, dissociated via guanine base
losses from the precursor ions in addition to the ejection
of one anionic or neutral ligand, leaving the intact
quadruplex. Triplex and single strand oligonucleotide
ions without bound ligand are also present in the
spectra as a result of further dissociation of the quadru-
plex. Ligands Tel12, Tel01, and PIPER were ejected as
anions, while Tel11, Tel18, and Tel34 were ejected as
neutral�species.�An�example�of�this�fragmentation�pat-
tern�is�shown�in�Figure�4�for�the�CAD�spectrum�of�the
[G5 � Tel012]�6 complex. In addition to ions resulting
from guanine base loss, the �5 charge state of the intact
quadruplex and the �2 charge state of the single strand
species are present. Presumably, the �3 charge state of
the triplex is also formed; however the m/z of this ion
lies outside the detectable mass range of our instru-
ment.

The facile loss of ligand observed in the CAD spectra
of the DNA/perylene diimide complexes is consistent
with past studies of ligands that bind to G-quadruplex
DNA�by�end-stacking�[26,�27]�suggesting� the�perylene
diimides bind to quadruplex DNA in a similar manner.
Previously published results by our group demon-
strated that complexes containing distamycin A and
diethyloxadicarbocyanine (DTC), ligands that presum-
ably bind to G-quadruplex DNA via groove binding
[46,�47],�produce�single�stranded,�double�stranded,�and
triplex ODNs with and without bound ligand upon

CAD�[26].�It�is�important�to�note�that�both�distamycin�A
and DTC are cationic, while the postulated quadruplex
end-stacking ligands involved in a past ESI-MS/MS
study� [26]� were� neutral.� It� has� been� difficult� to� deter-
mine whether the differences between the fragmenta-
tion patterns of the end-stacking and the groove-
binding quadruplex-interactive ligands were the result
of different binding modes and/or ligand charge. How-
ever, in this study, all analogs, including the cationic
Tel11, Tel18, and Tel34 ligands dissociated via the
ejection of ligand from the intact G-quadruplex, sug-
gesting that the charge of the ligand has less of an
impact on the dissociation pathway than binding mode.

Duplex and single strand DNA binding of ligands
by ESI-MS

The evaluation of duplex versus quadruplex binding
selectivity is a critical issue in the design of new
anti-cancer drugs. To evaluate selectivity, ESI mass
spectra of solutions containing the perylene diimide
ligands with duplex DNA (abbreviated as ds) have also
been obtained to allow comparison of the selectivity of
the ligands for quadruplex versus duplex versus single
strand ODNs. To account for potential sequence selec-
tivity, a series of three non-self-complementary duplex
ODNs with varying G-C and A-T base pair composition
were used (d(GCGGGGATGGGGCG/CGCCCCATC-
CCCGC), d(GCGGGAATTGGGCG/CGCCCAATTC-
CCGC), and d(GCGGAAATTTGGCG/CGCCAAATT-
TCCGC)).�As� shown� in�Figure�5,� there� is� considerable
variation in duplex versus quadruplex selectivity. Some
ligands, such as Tel18, formed numerous complexes
with�the�duplex�DNA�(Figure�5b),�while�others�formed
no complexes, as demonstrated by the spectrum con-
taining� Tel34� (Figure� 5c).� The� increased� number� of
adducts, especially for the single strand ions, present in
Figure�5c�are�due�to�higher�levels�of�salts�present�in�the
Tel034 ligand sample. The ligands that did bind to the
duplex DNA, namely PIPER, Tel11, and Tel18, formed
complexes with binding stoichiometries of 4:1, 3:1, 2:1,
and 1:1, and did not demonstrate any notable base pair
selectivity.

To further examine the interaction between the li-
gands and duplex DNA, CAD experiments were per-

Figure 4. CAD product ion spectrum [G5 � Tel12]�6. Activation energy of 1.98 V was used.
Complexes containing one or more ligands are labeled with an “L”. Parent ions are labeled with an
asterisk.
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formed on all ligand/DNA complexes present in the
mass spectra. The complexes subjected to CAD in-
cluded [ds � L]�5, [ds � L]�6, [ds � 2 � L]�6, [ds � 3
� L]�6, [ds � 4 � L]�6, where “L” represents either
PIPER, Tel11, or Tel18. All complexes produced the
same charge-state dependent CAD pattern, regardless
of the ligand or binding stoichiometry. At lower charge
states, such as �5, the complexes dissociated by loss of
nucleobases (specifically A, G, and C) from the intact
complex, while at higher charge states, strand scission
was observed, with one or more ligands remaining
bound to the single strand ODN. An example of this
characteristic fragmentation is shown in Supplementary
Figure S-3 (which can be found in the electronice
version�of�this�article.)�for�the�1:1�complexes�containing
d(GCGGGAATTGGGCG/CGCCCAATTCCCGC) and
Tel18.

The complexes containing PIPER, the only analog
without cationic side chains that bound to duplex DNA,
exhibited an additional fragmentation route. At low
charge states, neutral ligand ejection was observed (a
new route), leaving the duplex ion, in addition to base
losses from the complex. These two processes are com-
petitive since both types of fragments are formed from
the same parent ion. The fragmentation pattern pro-
duced by the PDI/duplex DNA complexes, character-
ized by both noncovalent strand scission and ligand
ejection, in addition to covalent cleavages of high pro-
ton affinity nucleobases from the complex, is similar to
the results of past MS/MS studies of intercalator/
duplex�DNA�complexes� [5,� 7].� In�quadrupole� ion� trap
instruments, complexes containing minor groove bind-
ing ligands also undergo strand scission and cleavage of
nucleobases,� and� covalent� cleavages� of� the� terminal

portions of the duplex resulting in losses of an and (dn

��B)�ions�are�also�observed�upon�CAD�[7].�The�loss�of
these small sequence ions is never observed in the CAD
spectra of the PDI/duplex complexes. Intercalation has
been suggested for perylene diimide molecules that
bind� to� duplex� DNA� [37,� 38],� and� would� be� expected
with a duplex DNA-interactive molecule containing a
planar chromophore. Future work is necessary to exam-
ine the correlation between the fragmentation patterns
of the perylene diimide/duplex complexes and ligand
binding mode.

ESI mass spectra of solutions containing one ligand
and a single strand ODN were also acquired. The single
strand sequence used to anneal quadruplex DNA,
d(T2G5T), was used for these experiments to determine
whether the analogs that selectively bound to the G-
quadruplex DNA were selective for the G-quadruplex
structure or for the sequence of DNA. To ensure that
there were no Hoogsteen base pair interactions between
the guanine residues of the single strand ODN, ESI
mass spectra were first obtained for the ODN alone
(Supplementary Material Figure S-4 which can be found
in the electronic version of this article.). The mass
spectrum shows that the most abundant ions are found
at m/z 831 and 1247, corresponding to the [ss]�3 and
[ss]�2 species, respectively. The appearance of this mass
spectrum is significantly different than the one obtained
for�the�annealed�G-quadruplex�(Figure�3a).

Solutions containing the single strand ODN and each
ligand were prepared at equimolar 10 �M concentra-
tion in 3:1 water/methanol. The ESI mass spectra show
that the two ligands with cationic side chains that
formed complexes with duplex DNA and quadruplex
DNA, Tel11 and Tel18, also formed complexes with the

Figure 5. ESI mass spectra for complexes containing d(GCGGGAATTGGGCG/CGCCCAATTC-
CCGC): (a) alone, and with (b) Tel18 (extensive binding) and (c) Tel34 (no binding). The d(GCG-
GAATTGGGCG) single strand is labeled “ss1” and d(CGCCCAATTCCCGC) is labeled “ss2”.
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single strand ODN (Figure S-4B), while the remaining
ligands exhibited no single strand binding (Figure
S-4C). These results suggest that Tel11 and Tel18 indis-
criminately bind to DNA, regardless of the higher order
structure. This lack of selectivity may be the result of
electrostatic interactions between the cationic side
chains of the analogs and the phosphate backbone of
DNA. However, Tel34 also has a cationic side-chain but
was only found to bind to G-quadruplex DNA, suggest-
ing that the ligand/DNA complexes observed in the ESI
mass spectra are not merely the result of nonspecific
electrostatic interactions in the gas-phase.

ESI-MS Evaluation of Binding Selectivity
of Ligands

After evaluating the binding of the ligands to G-
quadruplex, duplex, and single strand DNA by ESI-
MS/MS, the overall selectivity of the analogs is sum-
marized�in�Table�3.�The�values�in�the�table�represent�the
fraction of bound DNA calculated using the following
equation:

Fraction of bound DNA

�
I�1:1� � I�2:1� � I�3:1� � I�4:1�

I�DNA� � I�1:1� � I�2:1� � I�3:1� � I�4:1�

where IDNA is the relative abundance of the free (un-
bound DNA) and I(n:1) are the relative abundances of
the� ligand/DNA� complexes.� This� equation� is� a� modi-
fied�version�of�an�equation�developed�by�Rosu�et�al.�[17]
that was used to estimate the concentration of all
individual species at equilibrium based on the relative
abundances of DNA ions in the mass spectrum, with
the assumption that the abundances of the free and
bound DNA ions are proportional to their relative
concentrations in solution. We are not convinced that
the ESI response factors of the unbound DNA ions and
the DNA/perylene diimide complexes are identical, so
instead we calculate the fraction of bound DNA to
obtain a relative comparison of the extent of ligand
binding to the different DNA structures.

While PIPER, Tel11, and Tel18 readily formed com-
plexes with the quadruplex DNA, these three analogs
also bound to duplex DNA which is undesirable for
target selectivity. Both Tel11 and Tel18 were also found
to bind to single strand DNA, suggesting that the

cationic side chains of the ligands may promote indis-
criminant binding to DNA due to electrostatic interac-
tions with the anionic phosphate backbone. Interest-
ingly, Tel34 has a cationic side-chain but did not bind to
duplex or single strand DNA, thus exhibiting signifi-
cant selectivity. This suggests the side-chains of the
benzannulated analogs have a different role in DNA
binding, which may be a key issue for G-quadruplex
selectivity.

The only analog with anionic side chains, Tel12,
formed 1:1 complexes with the G5 DNA, but did not
bind to duplex or single strand DNA. Whether the
anionic side chains play a role in the selectivity of the
analog is still unclear, but the binding of the ligand to
the G-quadruplex suggests that the complexes observed
in the ESI mass spectra are not solely the result of
electrostatic interactions. Finally, PIPER was found to
bind to G-quadruplex and duplex DNA, while the
structurally-similar ligand, Tel01, demonstrated selec-
tivity for the G-quadruplex.

There is good correlation between these ESI-MS
results and the spectroscopic studies of G-quadruplex
DNA binding by these PDIs (see above). Both the
UV-Vis spectroscopic studies and ESI-MS analysis dem-
onstrate that all of the PDIs examined here, with the
exception of Tel32, bind to parallel-stranded G-quadru-
plex DNA. Spectroscopic and ESI-MS studies also both
reveal the selectivity of certain PDIs (e.g., Tel01) for
G-quadruplex versus duplex DNA and the lack of
selectivity of other PDIs (e.g., Tel11) for any of the DNA
structures studied here. Additional insights into the
origin of the G-quadruplex binding selectivity observed
for certain PDIs is provided by ESI-MS. Of the PDIs
studied, three were found to undergo extensive self-
association (Tel12, Tel34) or aggregation (Tel01) in
solution. All three of these ligands display selectivity
for G-quadruplex DNA. However, ESI-MS reveals that
the stoichiometries of G-quadruplex DNA binding by
these ligands are different. Tel01 binds to G-quadruplex
DNA to form complexes with as many as three ligands
associated with a single quadruplex. Tel12 and Tel34
only form 1:1 complexes with G-quadruplex DNA.
Nonselective PDIs such as PIPER and Tel11, which are
not aggregated or highly self-associated in solution,
also form 1:1 and 2:1 ligand/DNA complexes with
G-quadruplex DNA. Clearly, the selectivity of PDIs for
G-quadruplex DNA binding is correlated with the

Table 3. Summary of ligand binding selectivitya

Ligand PIPER Tel01 Tel11 Tel12 Tel18 Tel34 Tel32

G5 Binding 0.95 0.65 0.95 0.30 0.75 0.30 --
Duplex Binding 0.80 0.20 0.95 - 0.90 -- --
Single Strand Binding -- -- 0.10 -- 0.10 -- --
Selectivity for G-Quadruplex poor good poor good poor good poor

“--” Indicates no complexes were observed. All values �/�0.05.
aValues in the chart represent the fraction of bound DNA.
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self-association state of these ligands in solution and not
their self-association on G-quadruplex DNA.

Conclusions

The results of this study demonstrate the use of ESI-MS
to evaluate noncovalent interactions between perylene
diimide ligands and G-quadruplex DNA and to screen
the ligands for selectivity. There is good correlation
between spectroscopic binding studies and ESI-MS
analysis of G-quadruplex DNA binding. Qualitative
comparisons can be made to quickly screen ligands
with minimal consumption of analyte, making this
technique compatible with high throughput screening
techniques. Our results found, with the exception of
Tel32 that exhibited no DNA binding, all ligands eval-
uated in this study formed complexes with G-
quadruplex DNA. Binding stoichiometries of 1:1 and
2:1 were observed for PIPER, Tel11, and Tel18; this is a
binding stoichiometry that is consistent with telomerase
inhibitors that bind to G-quadruplex DNA by stacking
on�the�faces�of�the�terminal�G-tetrads�[35,�40].�Interest-
ingly, the three most quadruplex-selective ligands
formed complexes with quadruplex DNA with a differ-
ent binding stoichiometry. Tel01 formed 3:1 complexes,
and Tel12 and Tel18 only formed 1:1 complexes. This
unusual behavior will be explored in future studies.
CAD experiments also suggested an end-stack mode of
binding since all complexes dissociated by ejecting the
ligand, leaving the intact G-quadruplex, triplex, or
single strand ODN. Based on binding to G-quadruplex,
duplex, and single stranded DNA, the analogs Tel01,
Tel12, and Tel34 are most promising in terms of G-
quadruplex selectivity. Our future work will focus on
obtaining more quantitative information about ligand/
G-quadruplex complexes, such as binding constants,
and identification of specific binding sites.
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