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A rapid fluorescence assay for G-quadruplex DNA cleavage was used to investigate the preference of
TMPyP4 photochemical and Mn-TMPyP4 oxidative cleavage. Both agents most efficiently cleave the c-
Myc promoter G-quadruplex. Direct PAGE analysis of selected assay samples showed that for a given
cleavage agent, different cleavage products are formed from different G-quadruplex structures. Cleavage

assays carried out in the presence of excess competitor nucleic acid structures revealed the binding selec-
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tivity of cleavage agents, while comparisons with duplex cleavage efficiency employing a dual-labeled
hairpin oligonucleotide revealed neither agent prefers G-quadruplex over duplex substrates. Finally, this
assay was used to identify the perylene diimide Telll as a photocleavage agent for the c-Myc

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Guanosine-rich DNA sequences can form stable secondary struc-
tures known as G-quadruplexes, the building blocks of which are
tetrads made of four hydrogen bonded guanine bases (G-tetrads).!
G-quadruplexes are highly polymorphic structures, adopting
multiple molecularities and topologies based on both DNA
sequence and environmental factors.>> There is a growing interest
in understanding the dynamic nature and potential biological roles
of G-quadruplex structures in vivo.*> Many DNA sequences with
the potential to form these structures have been identified, includ-
ing telomeric repeats,® various oncogene promoters,” and fragile
sites associated with genomic rearrangement.’®!! Evidence that
these structures have biological roles also comes from the identifi-
cation of enzymes that recognize and process G-quadruplexes!?~14
including nucleases that cleave G-quadruplex DNA.!>16

Recent proposals for a role of G-quadruplex structures as ‘sinks’
for oxidative DNA damage!” has led to an increased interest in
studies of the potential roles of G-quadruplex structures in oxida-
tive telomere shortening and cleavage.!® There are conflicting re-
ports of the relative propensity of duplex versus G-quadruplex
DNA to undergo oxidative attack and cleavage, and for electron
‘hole’ transport through duplex-G-quadruplex junctions.’®=22 It is
becoming clear, however, that the topology of G-quadruplex struc-
tures may play an important role in these processes.??
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A small number of organic and coordination compounds have
been shown to cleave G-quadruplex DNA;!9212224-27 however,
many of these are also known to cleave duplex DNA. Some of these
G-quadruplex cleavage agents have been used as molecular probes
in vitro, specifically as tools to distinguish G-quadruplex folding
molecularities and topologies.®~3° However, to date only relatively
lengthy PAGE-based assays have been employed to characterize
these G-quadruplex cleavage agents, and issues of selectivity for
different G-quadruplex structures or for a given G-quadruplex ver-
sus duplex DNA or other higher-order DNA structures have not
been addressed.

In light of the structural diversity of G-quadruplex DNA, we rea-
son that different G-quadruplex DNA structures may have distinct
susceptibilities to cleavage, depending upon the nature of the
cleavage agent. Understanding these preferences is important if
these agents are to be used as probes for G-quadruplex structures
in a biological setting. Equally important is establishing the selec-
tivity of G-quadruplex cleavage agents for these structures versus
duplex and other, higher-order DNA structures. Given the limited
number and relatively low selectivity of known G-quadruplex
cleavage agents, there is a need to identify new, more selective
agents for potential use as biological probes.

In this work we employ a rapid solution fluorescence assay>! to
characterize the relative efficiency of G-quadruplex cleavage of
two model cleavage agents on different G-quadruplex structures.
Further insights into the nature of the G-quadruplex cleavage
products was obtained by direct PAGE analysis of selected assay
samples. The solution based assay was used to determine the effect
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of excess competitor DNA on the G-quadruplex cleavage efficiency
of these agents, in conjunction with direct measurement of duplex
DNA cleavage using a ‘break-light? assay. Finally, the utility of
the solution G-quadruplex cleavage assay for discovering new
cleavage agents is demonstrated by the identification of a perylene
diimide as a photocleavage agent targeting the c-Myc promoter
G-quadruplex. While previous studies of G-quadruplex ligands
have focused on binding selectivity, these studies demonstrate
that functional selectivity, specifically preferential cleavage of
G-quadruplex targets, can be accomplished with ligands that have
only modest binding selectivity for G-quadruplex DNA.

2. Results and discussion

TMPyP4 and Mn(=0)TMPyP4 (Fig. 1) were selected for study as
a model G-quadruplex cleavage agents. TMPyP4 is known to bind
to a range of G-quadruplex structures.>>-3” The photocleavage of
duplex DNA by TMPyP4 has been reported.>®3° TMPyP4 and
related porphyrins have also been reported to photocleave G-
quadruplex DNA preferentially at G’s associated with one or both
terminal G-tetrad faces.26274041 The oxo-metalloporphyrin
Mn(=0)TMPyP4, generated in situ by oxidation of Mn-TMPyP4,
has also been reported to cleave duplex*? and G-quadruplex
DNA.?° Despite these reports of G-quadruplex cleavage with these
two agents, many details concerning their cleavage selectivity for
different G-quadruplex structures or G-quadruplex structures ver-
sus other nucleic acid structures remain to be addressed. It was
reasoned that the rapid G-quadruplex cleavage assay employed
here would be useful in addressing these issues of cleavage
selectivity.

The solution fluorescence assay for G-quadruplex cleavage em-
ployed here utilizes dual-fluorescently-labeled G-quadruplex-
forming oligonucleotides similar to those previously used to char-
acterize G-quadruplex ligand binding by FRET-based G-quadruplex
melting measurements**~*> (Fig. 2). We have shown that these

TMPyP4

Mn(=0)TMPyP4

Figure 1. Structures of known photoactivated (TMPyP4) and oxidative
(Mn(=0)TMPyP4) G-quadruplex cleavage ligands.

same oligonucleotides can be used to assay for G-quadruplex
cleavage using fluorescence measurements on 96-well plates, in
a manner similar to the ‘break light’ assay employed for screening
duplex DNA-cleaving agents.>? Briefly, in the intact G-quadruplex
form, the donor FAM fluorescence emission is low due to quench-
ing by the acceptor TAM; however, once the G-quadruplex is
cleaved and the strands separate, this quenching is relieved and
the FAM emission increases. In order to ensure that each cleavage
event leads to disruption of the G-quadruplex, a heating/reanneal-
ing step is carried out during which only intact, intramolecular
G-quadruplex structures re-form. This step is carried out after
addition of a dissociation buffer to ensure that the cleavage agents
are no longer bound to the DNA and that the FAM fluorescence
accurately reflects the extent of cleavage.

The ability of this assay to accurately measure G-quadruplex
DNA cleavage has been established by comparing solution fluores-
cence intensities to DNA cleavage extent determined by direct
PAGE electrophoresis of the assay samples®! (also see Supplemen-
tary data, Fig. S1). It is important to note that the cleavage measured
with this assay is only that which occurs spontaneously (or during
the heating/reannealing step), in contrast to the majority of
previous studies of G-quadruplex cleavage, which employ PAGE
analysis after piperidine/heat treatment. Thus, lesions that lead to
cleavage after base/heat treatment may not be detected by this
assay. However, as will be shown below, these lesions can be easily
detected by direct PAGE analysis of the assay samples after
piperidine/heat treatment. Furthermore, the direct cleavage of
G-quadruplex DNA that is measured by this assay may be more
germane if the cleavage agent is to be eventually used to map
G-quadruplex structure location and dynamics in a biologically
relevant context.

For each cleavage agent, three G-quadruplex DNA structures
were employed. Oligonucleotides containing the human telomeric
sequence (GGGTAA), are known to adopt a number of distinct
topological folds.*® In the presence of potassium ions, solution
NMR studies have demonstrated to formation of a hybrid ‘3+1’
structure (Fig. 3A).*’ In contrast, in the presence of sodium ions,
an anti-parallel structure is formed (Fig. 3B).*® The dual-labeled
human telomeric G-quadruplex-forming deoxyoligonucleotide
F21T consists of the human telomeric 5-(GGGTTA);GGG-3' se-
quence labeled at the 5’-end with 6-carboxyfluorescein (FAM)
and at the 3’-end by tetramethylrhodamine (TAM). Similar to the
corresponding unlabeled oligonucleotide, F21T adopts distinct
structures in the presence of sodium versus potassium ions.*®
The nuclease hypersensitive element (NHE) IlI1 region of the
c-MYC promoter also forms G-quadruplex structures. Although
oligonucleotides comprising the wild-type sequence have been
shown to form mixtures of G-quadruplex structures, a mutated
sequence adopts a single G-quadruplex form, which has
been characterized by NMR (Fig. 3C).*° This parallel stranded
structure is distinct from both the Na* and K" human telomeric
G-quadruplexes. The dual-labeled oligonucleotide encompassing
this mutated c-Myc sequence (F-c-Myc22m-T) was also employed
in the cleavage studies (Fig. 3D).

2.1. Photochemical cleavage by TMPyP4

Samples of each dual-labeled G-quadruplex (250 nM) in potas-
sium or sodium cacodylate buffer (50 mM, pH 7.4) in a 96-well
plate were incubated with various concentrations of TMPyP4 for
30 min, followed by irradiation in a photoreactor fitted with lamps
with a maximal emission at 420 nm. The emission of these lamps
does not overlap significantly with the absorption spectra of either
fluorescent label, and no significant background cleavage is ob-
served for these dual-labeled G-quadruplexes subjected to irradia-
tion in the absence of TMPyP4. Prior to carrying out the heating/
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Figure 2. Design of the fluorescence G-quadruplex cleavage assay. The FAM fluorescence of a dual-labeled G-quadruplex oligonucleotide is low; however, once cleaved the
fluorescence greatly increases. An immediate increase in FAM fluorescence can occur due to spontaneous nucleotide dissociation as a result of a cleavage event. Alternatively,
a cleavage event that transforms the intramolecular G-quadruplex into a stable bimolecular G-quadruplex may not result in marked change in fluorescence. However, after
ligand dissociation, a thermal cycle irreversibly denatures all cleaved, intermolecular G-quadruplexes, which are unlikely to reanneal at the oligonucleotide concentration

(nM range) employed.

B

Nat*-form

F21T: FAM-5'-GGGATTGGGATTGGGATTGGG-3-TAM
F-c-Myc22m-T. FAM-5-TGAGGGTGGGTAGGGTGGGTAG-3'-TAM

D

Figure 3. (A) Topology of the (3 + 1) mixed hybrid human telomeric G-quadruplex formed in the presence of potassium (K*-form); (B) topology of the antiparallel human
telomeric G-quadruplex formed in the presence of sodium (Na*-Form); (C) topology of the parallel G-quadruplex formed by the c-Myc sequence (c-Myc); (D) sequences of the

dual-labeled oligonucleotides used in this work.

reannealing step as described above, the samples were treated
with a large excess of calf thymus DNA (10 pg final concentra-
tion/well) to dissociate TMPyP4 from cleaved and uncleaved G-
quadruplexes (SDS can also be used, see Supplementary data,
Fig. S2). The 96-well plates were sealed, heated to 85°C for
30 min, and then allowed to slowly cool to room temperature be-
fore the FAM fluorescence was determined. To allow comparisons
between runs, for each 96-well plate the fluorescence of each well
was corrected for the background fluorescence due to intact

G-quadruplex and TMPyP4 and normalized to a sample of
G-quadruplex that had been completely cleaved by prolonged
incubation with S1 nuclease (see Eq. 1 in Section 4).

These three G-quadruplex structures demonstrate distinct con-
centration- and irradiation time-dependent photochemical cleav-
age by TMPyP4. A marked increase in the FAM fluorescence was
observed for K'F21T irradiated in the presence of TMPyP4
(Fig. 4A). The fluorescence intensities of samples subjected to irra-
diation for 5, 10, 30 and 120 min increase proportionally with
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Figure 4. Normalized fluorescence intensity for different G-quadruplex DNA samples (250 nM) in the presence of 0-2.5 uM TMPyP4 irradiated (420 nm lamps) for 5-
120 min. (A) K*F21T (250 nM) in 50 mM potassium cacodylate buffer. (B) Na*F21T (250 nM) in 50 mM sodium cacodylate buffer. (C) F-c-Myc22m-T in 50 mM potassium

cacodylate buffer.

TMPyP4 concentration up to approximately 1 uM TMPyP4, or
three- to fourfold excess relative to K'F21T. At higher TMPyP4 con-
centrations, little further increase in fluorescence signal is noted,
and at the longest irradiation time, a slight decrease in fluores-
cence is observed at the highest TMPyP4 concentration. The high-
est normalized fluorescence of ca. 60%, corresponding to cleavage
of more than one-half of the K'F21T construct initially present oc-
curs after 120 min irradiation in the presence of 1250 nM TMPyP4.

The solution-based TMPyP4 photochemical cleavage assay of
NaF21T was also carried out to explore the effects of cation-in-
duced structural changes on photocleavage. The increase in FAM
fluorescence as a function of TMPyP4 concentration (Fig. 4B) shows
a plateau at TMPyP4 concentration corresponding to a 1-2:1 ratio
of TMPyP4 to Na*F21T. This ratio is lower than that observed
K'F21T (~4:1, see Fig. 4A) presumably reflecting a lower stoichi-
ometry of binding to the Na*-stabilized quadruplex. In addition,
the initial rate of photocleavage of Na*F21T is greater than that
of the K'F21T. For the Na*F21T, the solution fluorescence is greater
for all samples irradiated for short times (5-30 min) in the pres-
ence of TMPyP4 when compared to data for K'F21T. The only
exception is for samples irradiated for 30 min in the presence of
the highest TMPyP4 concentration. At longer irradiation times,
there is no further increase in fluorescence; instead, there is an

apparent decrease of fluorescence at high TMPyP4 concentrations,
such that at 120 min, the fluorescence is greater in the case of the
K'F21T.

The photochemical cleavage of F-c-Myc22m-T by TMPyP4 is
strikingly different from the photocleavage reactions of either
K'F21T or Na*F21T (Fig. 4C). The maximum increase in fluores-
cence of F-c-Myc22m-T is obtained from samples irradiated in
the presence of 500-750 nM TMPyP4 (2:1 or 3:1 TMPyP4/quadru-
plex ratio), depending on irradiation time. At higher TMPyP4 con-
centrations, the fluorescence decreased markedly, especially at
longer irradiation times. The maximal fluorescence increase occurs
at 500 nM TMPyP4 and 120 min irradiation and corresponds to ca.
70% cleavage of the dual-labeled oligonucleotide, which is a much
more efficient photocleavage than that observed for F21T in either
K*- or Na*-containing buffers.

The increased efficiency of photochemical cleavage of F-c-
Myc22m-T by TMPyP4 may be attributed to the greater affinity
of TMPyP4 for the parallel c-Myc G-quadruplex when compared
to the mixed- or anti-parallel human telomeric quadruplexes.®®
However, the origin of the marked decrease in normalized fluores-
cence at higher TMPyP4 concentrations, especially at longer irradi-
ation times was not apparent. Interestingly, it was found that this
effect is dependent on the time with which the samples were ex-
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posed to TMPyP4 before irradiation (Supplementary data, Fig. S4).
Only when irradiation is carried out immediately after addition of
TMPyP4 does the apparent cleavage at the higher TMPyP4 concen-
tration exceed that at the lower concentration.

2.2. Oxidative cleavage by Mn TMPyP4

The oxo-metalloporphyrin Mn(=0)TMPyP4, generated in situ
by oxidation of Mn-TMPyP4, has been reported to cleave the G-
quadruplex formed by the human telomeric sequence.?’ Thus, in
addition to TMPyP4 photochemical cleavage, a study of the oxida-
tive cleavage of G-quadruplex structures by Mn(=0)TMPyP4 was
undertaken. As shown in Figure 5A, even at very short reaction
times, there is significant apparent cleavage of K'F21T, as evi-
denced by increased FAM fluorescence. The maximum fluores-
cence increase, corresponding to 55% cleavage was found for
samples incubated in the presence of 750 nM of Mn-TMPyP4 for
15 min after the addition of oxidant, the longest reaction time em-
ployed. At higher Mn-TMPyP4 concentrations, the apparent cleav-
age determined by FAM fluorescence is reduced. Control
reactions in which K'F21T was incubated with KHSOs in the ab-
sence of Mn-TMPyP4 did not show any changes in FAM
fluorescence.

The effect of G-quadruplex DNA structural variations mediated
by metal ions on the oxidative cleavage by Mn.TMPyP4 was also
investigated. As shown in Figure 5B, when Na*F21T was subjected
to cleavage conditions with increasing concentrations of
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Mn-TMPyP4 in the presence of KHSOs, the fluorescence increased
with increasing reaction time. However, there was very little
change in fluorescence with increasing concentration of
Mn-TMPyP4 above 250 nM, which corresponds to a 1:1 ratio of
metalloporphyrin to G-quadruplex. The maximal increase in fluo-
rescence, corresponding to ca. 30% cleavage of Na*F21T was ob-
served after 15 min and >250 nM Mn-TMPyP4.

The G-quadruplex formed by F-c-Myc22m-T is a particularly
good substrate for oxidative cleavage by Mn-TMPyP4. As shown
in Figure 5C, the fluorescence of F-c-Myc22m-T is increased dra-
matically, even after just 1min of treatment with 250 nM
Mn-TMPyP4 in the presence of KHSOs. The fluorescence increases
further with increasing reaction times, but there is little increased
fluorescence observed as the Mn-TMPyP4 concentration is in-
creased above 250-500 nM, particularly at the longer reaction
times. The maximal increase in fluorescence, corresponding to over
50% cleavage of F-c-Myc22m-T was observed after 15 min in the
presence of 500 nM or higher Mn-TMPyP4.

2.3. PAGE analysis

In order to gain additional insight into the G-quadruplex cleav-
age products, aliquots from selected G-quadruplex cleavage reac-
tions were directly analyzed by PAGE using FAM emission to
visualize the gels. In addition, portions of these samples were also
first subjected to piperidine/heat treatment prior to PAGE analysis
in order to reveal base/heat labile DNA lesions.

(B) =& 1 min

=3 min
== 5 min
=0 =15 min

Normalized Fluorescence
"
o

0 200 400 600 800 1000 1200
MneTMPyP4 Conc. (nM)

= 1 min
=3 min
—&— 5 min

=0 =15 min

30 9

Normalized Fluorescence

20 9

10 4

0 200 400 600

800 1000 1200

MneTMPyP4 Conc. (nM)

Figure 5. Normalized fluorescence intensity for different G-quadruplex DNA samples (250 nM) subjected to oxidative cleavage for 1-15 min in the presence of 0-1.25 pM
Mn - TMPyP4 and KHSOs (100 puM). (A) K'F21T (250 nM) in 50 mM potassium cacodylate buffer. (B) Na*F21T (250 nM) in 50 mM sodium cacodylate buffer. (C) F-c-Myc22m-T

in 50 mM potassium cacodylate buffer.
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Our previous studies demonstrated the correlation between the
extent of G-quadruplex cleavage measured solution fluorescence
and the percent DNA cleavage as determined by direct PAGE anal-
ysis of samples of K'F21T treated with hydroxyl radical.>! To fur-
ther validate the solution fluorescence assay, samples from the
cleavage assays of Na"F21T and K*-F21T subjected to photochemi-
cal cleavage in the presence of different concentrations of TMPyP4
after 60 and 120 min of irradiation were analyzed by PAGE without
prior piperidine/heat treatment. The percent cleavage of the DNA
from PAGE analysis shows a strong correlation with the solu-
tion normalized fluorescence determined for these samples
(r*=0.9195, slope=1.02, Supplementary data, Fig. S1). These
results further demonstrate that the solution fluorescence of
these cleavage reactions provides a rapid and accurate measure
of the extent of frank G-quadruplex cleavage. However, G-
quadruplex lesions that lead to cleavage upon piperidine/heat
treatment can be observed by PAGE, but would not be revealed
by the solution fluorescence assay. Therefore, to reveal these
lesions, selected assay samples were subjected to PAGE analysis
both before and after piperidine/heat treatment. The reaction
mixtures subjected to PAGE analysis included those that showed
only moderate levels of cleavage in the solution fluorescence
assay in order to avoid the formation of secondary cleavage
products.

Base-labile photochemical lesions are generated on the K* F21T
G-quadruplex DNA by TMPyP4. When samples were first treated
with piperidine and heat prior to electrophoresis, additional G-
quadruplex cleavage was evident by the increased intensity of
bands corresponding to cleaved products (Fig. 6 right side of gel).
There is some cleavage of the 3’-linker and the TAM fluorophore
that occurs after piperidine/heat treatment, even in samples that
had not been irradiated in the presence of TMPyP4. The bands cor-
responding to cleavage at the terminal G-tetrads appear much
more intense after piperidine/heat treatment. Thus, although pho-
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tochemical cleavage that does not require base/heat treatment oc-
curs at all G-residues, the base-labile lesions are primarily at the
terminal G-tetrads. This preference for photochemical cleavage at
terminal G-tetrads is commensurate with that previously reported
for TMPyP4 photocleavage of other G-quadruplex structures fol-
lowing piperidine/heat treatment, in which terminal G-tetrads
are preferred sites of attack. These sites represent the most favored
sites for formation of oxidized G lesions?® and thus may be due to
an electron transfer process for the photocleavage by TMPyP4 that
may occur through the G-tetrad stack. Alternatively, the oxidation
of these terminal G-residues has been attributed to localized G
oxidation in mapping sites of TMPyP4 binding to G-quadruplex
structures.>>2% In contrast, the solution fluorescence signal for
photocleavage reactions and cleavage bands observed prior to
piperidine/heat treatment from PAGE analysis of these samples,
represent a different set of lesions that result in frank strand break-
age of the G-quadruplex. These are likely due to hydrogen atom
abstraction from the deoxyribose rings, as the resulting radicals
can ultimately lead to strand scission without base treatment.>°
Visualization of the gel shown in Figure 6 by TAM fluorescence
shows that the 3’-derived DNA cleavage products retain a 5’-phos-
phate as they co-migrate with Maxam-Gilbert sequencing reaction
products (data not shown).

For photochemical cleavage reactions carried out on Na'F21T,
the intensity of the bands corresponding to cleavage of the termi-
nal G-tetrads undergo a less pronounced increase after piperidine/
heat treatment when compared to the results from K'F21T (Sup-
plementary data, Fig. S3). This indicates less efficient electron-
transfer mediated photochemical cleavage by TMPyP4 on the
Na*-stabilized G-quadruplex. Thus, TMPyP4 photocleaves K'F21T
quadruplex by direct hydrogen atom abstraction and efficient elec-
tron transfer; whereas Na*F21T is cleaved primarily by hydrogen
atom abstraction, possibly due to poorer stacking interactions with
terminal G-tetrads of this structure.
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Figure 6. PAGE analysis of G-quadruplex photocleavage reactions of K‘F21T (250 nM) in potassium cacodylate buffer with 0-2.5 uM TMPyP4 irradiated for 30 min (420 nm).
Samples in lanes 1-9 were directly subjected to PAGE. Samples in lanes 12-20 were treated with piperidine at 90 °C for 30 min before PAGE analysis. Reactions contained
0 nM (lanes 2, 12), 250 nM (lanes 3, 13), 500 nM (lanes 4, 14), 750 nM (lanes 5, 15), 1000 nM (lanes 6, 16), 1.25 uM (lanes 7,9, 17, 19), or 2.5 pM (lanes 1, 8, 18, 20) of TMPyP4.
Samples in lanes 9 and 19 did not undergo the heat/reanneal cycles. Control samples with TmPyP4 in lanes 1 and 20 were not subjected to irradiation. The gel was visualized
by FAM fluorescence. (B) Sites of TMPyP4 photocleavage as determined by PAGE mapped on to the human telomeric (3 + 1) hybrid G-quadruplex structure. Major cleavage

sites are marked with a **.



6910 M. Schoonover, S. M. Kerwin/Bioorg. Med. Chem. 20 (2012) 6904-6918

PAGE analysis of the TMPyP4 photochemical cleavage reactions
of F-c-Myc22m-T demonstrate that the decreased apparent cleav-
age determined by solution fluorescence at high concentrations of
TMPyP4 (Fig. 4C) is not due to changes in the efficiency of quadru-
plex cleavage, but rather due to photobleaching of the FAM fluoro-
phore. Analysis of the samples subjected to photocleavage by
TMPyP4 for 10 min of irradiation by PAGE (Fig. 7A) shows diffuse
bands corresponding to cleavage at terminal G tetrads and an in-
tense, fast-moving band corresponding to cleavage of the extreme
5’-end nucleotides. After piperidine/heat treatment all these bands
are more intense. There is also evidence for a bias towards cleavage
at the 3’ G-tetrad (e.g., G6 > G2; G10 > G8) (Fig. 7B). However, in
contrast to the solution fluorescence results (Fig. 4C), the PAGE
analysis does not reveal any decrease in G-quadruplex cleavage
with increasing TMPyP4 concentration (Supplementary data,
Fig. S5).

The oxidative cleavage of F-c-Myc22m-T by Mn-TMPyP4 occurs
primarily at G residues. Due to the more rapid cleavage of the
c-Myc G-quadruplex by Mn-TMPyP4 as compared to the human
telomeric quadruplexes, cleavage reactions of F-c-Myc22m-T in
potassium-containing buffer exposed to various concentrations of
Mn-TMPyP4 in the presence of KHSOs for just one min were ana-
lyzed by PAGE. As shown in Figure 8, before piperidine/heat treat-
ment, the cleavage products afford diffuse bands that correspond
to cleavage at the G17 as well as the penultimate 5-G run (G8-
G10). In addition, low mobility products are also observed in these
cleavage reaction mixtures (arrows in Fig. 8A). These low-mobility
bands are also seen when the gel is visualized by TAM fluorescence
(data not shown), indicating that the products in these bands con-
tain full length DNA, either cross-linked or adducted to the porphy-
rin. At higher Mn-TMPyP4 concentrations, the intensity of both the
higher- and lower-mobility bands increases. After piperidine/heat
treatment, PAGE analysis of the F-c-Myc22m-T cleavage products
affords more intense and well-resolved bands corresponding to
cleavage at G8 and G10. Additional bands are observed corre-

sponding to cleavage at G15 and G19. The intensity of the bands
corresponding to cleavage at G17 are not dramatically enhanced
after piperidine/heat treatment. Thus, the major lesions formed
by Mn(=0)TMPyP4 on the c-Myc G-quadruplex are at specific G
residues that map to both G-tetrad faces of the quadruplex
(Fig. 8B).

The G-selective cleavage of F-c-Myc22m-T by Mn(=0)TMPyP4
is in contrast to previous reports of cleavage at G residues of a sin-
gle tetrad and the central T residues in loop regions of human telo-
meric G-quadruplex substrates.?® This G-tetrad and T-loop
cleavage pattern was also observed upon PAGE analysis of the as-
say samples from Mn(=0)TMPyP4 cleavage of Na'F21T and K'F-
21T (Supplementary data, Figs. S6 and S7). In addition, these gels
also show low-mobility band corresponding to cross-linked or ad-
ducted DNA products, as observed for F-c-Myc22m-T.

2.4. G-quadruplex cleavage selectivity

The solution fluorescence assay can be carried out the presence
of unlabeled competitor nucleic acids structures in order to estab-
lish the selectivity of various cleavage agents. G-quadruplex cleav-
age agents that display high affinity to other nucleic acid structures
will display diminished G-quadruplex cleavage in the presence of
the competitor structure, and the level of this binding selectivity
can be related to the concentration of competitor nucleic acid nec-
essary to inhibit G-quadruplex cleavage. For G-quadruplex cleav-
age agents to be used as probes in complex environments,
particularly in cells, this sort of binding selectivity is an important
consideration.

Solution fluorescence cleavage assays were carried on F-c-
Myc22m-T and K'F21T (both 250 nM) with TMPyP4 (500 nM) un-
der irradiation or with Mn-TMPyP4 (500 nM) and KHSOs in the
presence of a variety of competitor nucleic acid structures, includ-
ing G-quadruplex, triplex, duplex, and single-stranded DNA and
triplex, duplex, and single-stranded RNA (Fig. 9). As expected, the
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Figure 7. PAGE analysis of G-quadruplex photocleavage reactions of F-c-Myc22m-T (250 nM) in potassium cacodylate buffer with 0-2.5 uM TMPyP4 irradiated for 10 min
(420 nm). Samples in lanes 1-9 were directly subjected to PAGE. Samples in lanes 12-20 were treated with piperidine at 90 °C for 30 min before PAGE analysis. Reactions
contained 0 nM (lanes 2, 3,12), 250 nM (lanes 4, 13), 500 nM (lanes 5, 14), 750 nM (lanes 6, 15), 1000 nM (lanes 7,16), 1.25 uM (lanes 8, 17), or 2.5 uM (lanes 1, 9, 18) of
TMPyP4. Control samples in lanes 1 and 2, with and without TmPyP4 respectively, were not subjected to irradiation. The gel was visualized by FAM fluorescence. (B) Sites of
TMPyP4 photocleavage as determined by PAGE mapped on to the c-Myc parallel G-quadruplex structure. Major cleavage sites are marked with a
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Figure 8. PAGE analysis of G-quadruplex oxidative cleavage reactions of F-c-Myc22m-T (250 nM) in potassium cacodylate buffer with 0-1.25 pM Mn-TMPyP4 and KHSO5
(100 uM) for 1 min. Samples in lanes 1-9 were directly subjected to PAGE. Samples in lanes 12-18 were treated with piperidine at 90 °C for 30 min before PAGE analysis.
Reactions contained 0 nM (lanes 3, 12), 67.5 nM (lanes 4, 13), 125 nM (lanes 5, 14), 250 nM (lanes 6, 15), 500 nM (lanes 2, 7, 16), 750 nM (lanes 8, 17) 1.25 puM (lanes1, 9, 18)
of Mn-TMPyP4. Control sample not subjected to KHSOs contained is in lane 1. Sample in lanes 2 did not undergo the heat/reanneal cycle. The gel was visualized by FAM
fluorescence. (B) Sites of Mn(=0)TMPyP4 cleavage as determined by PAGE mapped on to the c-Myc parallel G-quadruplex structure. Major cleavage sites are marked with a

addition of unlabeled c-Myc quadruplex DNA inhibits the cleavage
of F-c-Myc22m-T, both in the case of TMPyP4 and Mn(=0)TMPyP4,
although the effect is more pronounced for Mn(=0)TMPyP4
(Fig. 9A). This effect is diminished when unlabeled human telomer-
ic G-quadruplex HT is added to F-c-Myc22m-T cleavage reactions,
particularly in the case of Mn(=0)TMPyP4. This may reflect the
preference for binding to the parallel c¢-Myc G-quadruplex
structure.>*

Overall, the efficiency of photocleavage by TMPyP4 is more af-
fected by the presence of excess competitor nucleic acids than that
of Mn(=0)TMPyP4. This lack of selectivity of TMPyP4 is most pro-
nounced in the case of photocleavage of K'F21T. Addition of 100-
fold excess (relative to K'F21T) triplex DNA, duplex RNA, and even
single-stranded DNA inhibit TMPyP4 photocleavage by >80%
(Fig. 9B).

In contrast to the above studies, which measure binding selec-
tivity effects on G-quadruplex cleavage, a more direct means to as-
sess the G-quadruplex cleavage selectivity of these agents was
sought. Even G-quadruplex cleavage agents that lack selectivity
for binding to G-quadruplex DNA may still cleave these structures
preferentially.®! Thus, we employed solution fluorescence cleavage
assays on a dual-labeled duplex hairpin substrate (F-mixed-T) in
the same manner as the G-quadruplex cleavage assays, to directly
compare the preference for G-quadruplex versus duplex DNA
cleavage by these agents.

TMPyP4 photocleaves duplex DNA nearly as efficiently as G-
quadruplex DNA. When F-mixed-T is subjected to irradiation in
the presence of various concentrations of TMPyP4, there is a
marked increase in the normalized FAM fluorescence (Fig. 10A).
The maximum normalized fluorescence corresponds to ~40%
cleavage at 120 min of irradiation in the presence of 1250 nM

TMPyP4 (Fig. 10A). This cleavage efficiency is only slightly less than
the 60% and 70% maximal TMPyP4 photocleavage of K'F21T and F-
c-Myc22m-T (Fig. 4A and C), respectively.

Mn-TMPyP4 oxidatively cleaves duplex DNA better than G-
quadruplex DNA. When F-mixed-T is subjected to oxidative
cleavage in the presence of Mn-TMPyP4, an increase in fluores-
cence corresponding to 100% cleavage is observed after 15 min,
even at 250 nM Mn-TMPyP4, the lowest concentration employed.
In contrast, the maximal Mn.TMPyP4 oxidative cleavage of
K'F21T and F-c-Myc22m-T is only 50-55%, and this requires higher
concentrations of Mn-TMPyP4 (Fig. 5A and C).

Taken together, these two different means of accessing the
binding selectivity and cleavage preference of G-quadruplex by
TMPyP4 and Mn-TMPyP4 provide insight to the limitations of these
agents and the need for improved selectivity. TMPyP4 displays lit-
tle preference for G-quadruplex photocleavage, and due to its lack
of binding selectivity, its G-quadruplex photocleavage is strongly
inhibited in the presence of competitor nucleic acids. Because
Mn-TMPyP4 binds more selectively to G-quadruplex DNA, its oxi-
dative cleavage of G-quadruplex structures is less affected by the
presence of competitor nucleic acids. However, Mn-TMPyP4 dis-
plays a preference towards oxidative cleavage of duplex, rather
than G-quadruplex DNA. This may reflect an increased ability of
duplex DNA-bound Mn(=0)TMPyP4 to damage DNA compared to
the G-quadruplex-bound oxo-metalloporphyrin.

2.5. Identification of a perylene diimide as a G-quadruplex
photocleavage agent

Taking advantage of the convenience of the solution fluores-
cence G-quadruplex cleavage assay, a number of previously re-
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Figure 9. Effect of competitor nucleic acid on the TMPyP4 photochemical (gray bars) and Mn-TMPyP4 oxidative (black bars) cleavage reactions of (A) F-c-Myc22m-T and (B)
K*'F21T in 50 mM potassium cacodylate, pH 7.4. Solutions of 250 nM (750 nM tetrad) G-quadruplex DNA (either F-c-Myc22m-T or F21T) with 1.25 or 25 uM competitor
(monomeric units) were either irradiated in the presence of 500 nM TMPyP4 for 30 min or subjected to oxidative cleavage with 500 nM Mn-TMPyP4 in the presence of
100 uM KHSOs for 15 min. After the addition of dissociation buffer (10 pg/well final concentration) and a thermal cycle, the FAM fluorescence of the samples was measured
and the percent inhibition of cleavage determined from the normalized fluorescence compared to samples without competitor added.

ported G-quadruplex DNA ligands were screened for their photoc-
leavage ability. This resulted in the identification of Telll, a
3,4,9,10-perylenetetracarboxylic acid diimide (PDI) as a G-quadru-
plex selective photocleavage agent. PDI-based G-quadruplex li-
gands can display high levels of G-quadruplex binding
selectivity.'#>17>5 and have been studied as helicase and telome-
rase inhibitors>>°% along with their potential to induce telomere
damage.’® However, PDIs have been overlooked as a photocleavage
agent despite the well-studied photochemistry of these com-
pounds®®>7 and the known duplex DNA photocleavage by structur-
ally similar naphthalene diimides.”®%°

As seen in Figure 11A, Tel11 photocleaves F-c-Myc22m-T most
efficiently, although all three G-quadruplex structures are cleaved
to some extent. The FAM fluorescence of Na*F21T is increased only
when irradiated in the presence of 100 uM Tel11, with the greatest
fluorescence increase, corresponding to ~13% cleavage, after
120 min irradiation. K'F21T displays a more pronounced fluores-
cence increase, corresponding to ~40% cleavage, in the presence
of 100 uM Tel11. In contrast, there is a noticeable increase in fluo-
rescence of F-c-Myc22m-T irradiated in the presence of just 1 M
Tel11. While the largest fluorescence increase of F-c-Myc22m-T,
corresponding to ~45% cleavage at 100 uM Tel11, is only slightly
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Figure 10. Normalized fluorescence intensity for the duplex hairpin F-mixed-T (250 nM) in 50 mM potassium cacodylate buffer (A) irradiated in the presence of 0-1.25 uM
TMPyP4 for 10-120 min by 420 nm lamps. (B) Incubated with 0-750 nM Mn-TmPyP4 in the presence of 100 pM KHSOs for 1-5 min.

higher than the cleavage of K'F21T at this Tel11 concentration, sig-
nificantly more cleavage is observed for F-c-Myc22m-T irradiated
in the presence of 10 UM of Tel11 when compared to K'F21T.
The G-quadruplex DNA photocleavage efficiency of Telll is
diminished in the presence of excess duplex DNA. As shown in Fig-
ure 11A, when the Tel11 photocleavage of F-c-Myc22m-T is carried
out in the presence of 100-fold excess (in bp, relative to G-quadru-
plex) of calf thymus DNA, the fluorescence due to G-quadruplex
cleavage is diminished by ~50%. At 10-fold higher competitor du-
plex DNA concentration, the photocleavage of F-c-Myc22m-T is
completely inhibited (data not shown). While direct comparison
with the binding selectivity of TMPyP4 and Mn-TMPyP4 is compli-
cated by the higher concentration of Tel11 required for these stud-
ies, the inhibitory effect of added duplex DNA on the G-quadruplex

photocleavage by Tel11 is in accord with previous studies indicat-
ing that Telll is a non-selective G-quadruplex DNA binding
agent.>?

Despite the inhibitory effect of duplex DNA on Tel11 photoclea-
vage of G-quadruplex structures, Tel11 has a high preference for
cleavage of G-quadruplex versus duplex DNA. When Tel11 photoc-
leavage reactions are carried out on the duplex hairpin F-mixed-T,
no significant fluorescence increase is observed, even after 120 min
of irradiation in the presence of 100 uM Tel11 (Fig. 11A).

The G-quadruplex photocleavage by Tel11 requires an unsubsti-
tuted perylene core. Tel18 is structurally identical to Tel11 with
the exception of the perylene bay positions, which are substituted
with chlorine atoms in Tel18. Bay position substitution is known to
produce a twist in the perylene core, reducing the compound’s
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Figure 11. (A) Normalized fluorescence intensity of 250 nM G-quadruplex (K'F21T, Na+F21T, or F-c-Myc22m-T) or duplex (F-mixed-T) DNA samples irradiated in the
presence of 1-100 uM Tel11 for 60 and 120 min by 420 nm lamps in 50 mM potassium or sodium cacodylate buffer. Where indicated 25 pM base-pair duplex calf thymus
DNA was also added to the reaction to determine the extent of binding selectivity. (B) Normalized fluorescence intensity of 250 nM G-quadruplex (K*F21T, Na+F21T, or F-c-
Myc22m-T) or duplex (F-mixed-T) DNA samples irradiated for 120 min in the presence of 0-100 uM Tel18.

ability to self aggregate and m stack with DNA.® Photocleavage
reactions carried out with bay-substituted analog Tel18 did not re-
sult in increased fluorescence for any of the substrates under any
reaction conditions (Fig. 11B).

PAGE analysis of Tel11 F-c-Myc22m-T photocleavage reactions
reveal a distinct cleavage pattern from that observed in either
TMPyP4 or Mn-TMPyP4 cleavage of this G-quadruplex. When
Tel11 photocleavage reactions were analyzed by PAGE prior to
piperidine/heat treatment, bands corresponding to cleavage of
the terminal 5'-G (G2) and the 5-G on each G tract (G4, G8, G13,
G17) were observed, especially in the samples that had been irra-
diated for 120 min in the highest concentrations of Tel11 (Fig. 12A,
left side of gel). Additional, weaker bands corresponding to the
center G of each G tract were also observed. Analysis of these sam-
ples after piperidine/heat treatment revealed more intense bands
corresponding to the terminal (G2) and 5'-G tetrad (G4, G8, G13,
G17). The bands that migrated with Maxam-Gilbert cleavage sites
at the center G of each tetrad that were observed before piperidine/
heat treatment are missing after this treatment. Instead, additional
bands that migrate slightly slower than the Maxam-Gilbert cleav-
age products at the 5'-G of each G-tract are observed. This is most
clearly seen in the case of G8 (Fig. 12A, right side of gel). These
bands may correspond to cleavage products at the 5'-terminal G
which retain 3'-modified phosphate (e.g., phosphoglycolaldehyde)
products. Mapping of these cleavage sites onto the structure of the
c-Myc22m G-quadruplex reveals a 5’ G-tetrad cleavage preference.
(Fig. 12B). This, together with the observation of cleavage products
that migrate differently than Maxam-Gilbert products, demon-

strate that Tel11 photocleavage chemistry is quite distinct from
that of the model cleavage agents examined here.

PAGE analysis of Tel11 and Tel18 photocleavage reactions con-
firm the conclusions derived from the solution fluorescence stud-
ies. The ability of Tel11 to photocleave K'F21T was confirmed by
PAGE analysis of the solution fluorescence assay samples (Supple-
mentary data, Fig. S8). Interestingly, PAGE analysis revealed that in
addition to cleavage products, irradiation of K'F21T in the presence
of Tel11 affords low mobility bands similar to those observed in
the case of Mn(=0)TMPyP4 oxidative cleavage (cf. Fig. 8). As these
bands can be visualized by both FAM and TAM fluorescence,
they indicate either the formation of Tel11-DNA adducts or
Tel11-induced DNA cross-linking. These bands are not observed
in Tel11 photocleavage reactions of Na*F21T (data not shown) or
F-c-Myc22m-T (Fig. 12A), indicating the importance of the potas-
sium stabilized F21T topology for adduct/crosslink formation.
PAGE analysis was also carried out on the Tel18 photocleavage
reaction samples. No cleavage bands were observed, confirming
the solution fluorescence results.

3. Conclusions

Using a rapid, fluorescence-based G-quadruplex cleavage assay
on three different G-quadruplex structures, the G-quadruplex
cleavage selectivity for two model cleavage agents has been deter-
mined. Comparisons between G-quadruplex structures demon-
strate that some G-quadruplex structures are more susceptible to
cleavage than others. Cleavage assays carried out in the presence
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Figure 12. PAGE analysis of G-quadruplex photocleavage reactions of F-c-Myc22m-T (250 nM) in potassium cacodylate buffer with 0-100 uM Tel 11 irradiated for 0-
120 min (420 nm). Samples in lanes 1-9 were directly subjected to PAGE. Samples in lanes 12-20 were treated with piperidine at 90 °C for 30 min prior to PAGE. Reactions
contained 0 nM (lanes 1, 3, 6, 15, 18,20) 1 uM (lanes 7, 14), 10 uM (lanes 4, 8, 13, 17) and 100 uM (lanes 2, 5,9, 12, 16, 19) of Tel 11. Control samples in lanes 1, 2, 19, 20 were
not irradiated. Samples in lanes 3-5 and 16-18 were irradiated for 60 min, while those sample in lanes 6-9 and 12-15 were irradiated for 120 min. Maxam-Gilbert
sequencing lanes are indicated by the G and G+A. The gel was visualized by FAM fluorescence. (B) Sites of Tel11 photocleavage as determined by PAGE mapped on to the c-

Myc parallel G-quadruplex structure. Major cleavage sites are marked with a .

of excess competitor nucleic acid structures reveal the binding
selectivity of cleavage agents, while comparisons with direct mea-
surements of duplex cleavage efficiency reveals substrate selectiv-
ity for these agents. Finally, the utility of this assay for rapid
screening for new G-quadruplex cleavage agents was demon-
strated by the identification of the known PDI G-quadruplex ligand
Tel11 as a G-quadruplex cleavage agent for the c-Myc promoter
structure. These studies are significant because they will facilitate
the discovery of novel G-quadruplex cleavage agents targeting spe-
cific G-quadruplex structures. These agents may be useful as
molecular probes or as therapeutics.

3.1. Selectivity for specific G-quadruplex structures

Of the three G-quadruplex substrates studied here, F-c-
Myc22m-T is cleaved most readily by both Mn(=0)TMPyP4 and
by photoexcited TMPyP4. In addition, Tel11 was also found to
cleave this G-quadruplex best. In all cases, cleavage of F-c-
Myc22m-T occurs at terminal G-tetrads, although the specific sites
of cleavage and cleavage chemistries for each agent differ. Con-
versely, Na'F21T serves as the worse cleavage substrate for all
cleavage agents examined. This indicates that parallel-stranded
G-quadruplexes such as that formed by c-Myc22m, may serve as
particularly good cleavage substrates due to the accessibility of
the terminal G-tetrads in these structures when compared to
mixed or antiparallel G-quadruplexes, particularly those with
transverse loops.

3.2. Cleavage chemistry varies with G-quadruplex structures

One very interesting finding from the PAGE analyses is that for a
given cleavage agent, different cleavage products are formed from
different G-quadruplex structures. For TMPyP4, more base-labile
products are formed from K'F21T and F-c-Myc22m-T than
Na*F21TT. In the case of Mn(=0)TMPyP4, only G-cleavage is ob-
served with F-c-Myc22m-T, whereas G and T cleavage is seen with

Na*F21T and K'F21T, although in all three cases there is evidence
for adducts or cross-linked DNA products. Adducts were also ob-
served with Tel11, but only in the case of K'F21T. The precise ori-
gin of these changes in cleavage chemistries requires further study,
but these results demonstrate that assumptions of unified cleavage
mechanisms and products across different G-quadruplex struc-
tures can be misleading.

3.3. Selectivity for G-quadruplex cleavage

Utilizing both a direct duplex cleavage assay and G-quadruplex
cleavage competitor assay provides a more complete measure of a
compound’s selectivity and preference for G-quadruplex cleavage
than either assay alone. An ideal probe would have a strong prefer-
ence for cleavage of G-quadruplex substrates versus duplex DNA
and have sufficient binding selectivity that the presence of excess
competitor nucleic acids, such as duplex DNA, not affect G-
quadruplex cleavage. We found that the presence of excess
competitor nucleic acid structures most affected the G-quadruplex
cleavage for TMPyP4, in accord with the promiscuous nature of this
nucleic acid ligand. In contrast, although Mn(=0)TMPyP4 cleavage
of G-quadruplex DNA was less affected in the presence of compet-
itor structures, in direct assays of duplex DNA cleavage ability using
a dual-labeled hairpin substrate, Mn(=0)TMPyP4 was found to
preferentially cleave duplex DNA. Thus, neither of these model
agents are very promising as probes. The PDI Tel11 has a higher
preference for G-quadruplex versus duplex cleavage than either
TMPyP4 or Mn(=0)TMPyP4; however, Tell1 suffers from a lack
of G-quadruplex binding selectivity leading to inhibition of G-
quadruplex cleavage in the presence of excess duplex DNA.

3.4. Utility of G-quadruplex cleavage assay in screening
The rapid, 96-well format of the fluorescence-based G-

quadruplex cleavage assay used here allows screening numerous
compounds for cleavage ability. Particularly when carried out in
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combination with parallel assays in presence of excess competitor
nucleic acids (e.g., duplex DNA), and a break-light assay for duplex
cleavage, this assay provides a powerful way to screen for selective
G-quadruplex cleavage agents. There are limitations of the assay in
terms of the types of lesions that can be detected and potential
interference related to the fluors (e.g., photo-bleaching). However,
using this assay as a ‘front end’ in a screening program, with more
time-consuming, direct PAGE analysis restricted to the most
promising assay samples, has led to the identification of Tel11 as
a G-quadruplex cleavage agent. Further studies of the details of
the cleavage chemistry of Tell1 and optimization for increased
binding selectivity are underway.

4. Experimental section
4.1. DNA purification and tertiary structure formation

The HPLC purified fluorescent dual-labeled oligonucleotides,
F21T, (5-FAM-dGGG(TTAGGG);-TAM-3"), F-c-Myc22m-T, (5'-
FAM-dTGAGGGTGGGTAGGGTGGGTAG-TAM-3’) and hairpin
structure F-mixed-T, (5'-FAM-dGCATGCTTTTGCATGC-TAM-3;
FAM: 6-carboxyfluorescein; TAM: tetramethyl-rhodamine) were
purchased from Integrated DNA Technologies and used without
further purification. The dual-labeled oligonucleotides were
diluted from water stock solution to 400 nM in 50 mM sodium or
potassium cacodylate, pH 7.4 and annealed by heating to 95 °C
for 5min in a water bath, followed by slowly cooling to room
temperature. FRET melting experiments confirmed G-quadruplex
formation with melting temperatures of 48, 56 and 85 °C (Na*F21T,
K*F21T and F-c-Myc22m-T respectively) which correspond closely
to the literature values for each G-quadruplex.*®34* The hairpin
structure melted at 76 °C, in accord with its theoretical melting
temperature. Authentic cleaved F21T, F-c-Myc22m-T and
F-mixed-T samples were prepared by incubating 100 pmol of the
dual-labeled oligonucleotide with 10 units of S1 nuclease in
10 pL 1x S1 nuclease buffer at 37 °C for 15 min. The reaction
was stopped by adding 240 puL of 50 mM potassium cacodylate,
pH 7.4. Where indicated, aliquots of these solutions were diluted
with the appropriate dissociation buffer and used as an internal
standard.

The unlabelled nucleic acid structures used in the competition
studies were either synthesized (Expedite 8900) and HPLC purified
in-house (HT: dAAA(GGGTTA);GGGAA), purchased from IDT (c-
Myc: dTGAGGGTGGGTAGGGTGGGTAG), purified from commercial
calf thymus DNA®? or prepared from synthetic polynucleotides
(Sigma-Aldrich). Triplex structures were prepared by mixing equi-
molar amounts of its duplex and single strands. Triplex and G-
quadruplex structures were annealed by heating to 95 °C for
5 min in a water bath, followed by slowly cooling to room temper-
ature. The structure and purity of these nucleic acid samples were
confirmed by UV (Varian Cary Bio 50) and CD (Jasco J-815) spec-
troscopy. Concentrated stocks were prepared using the monomeric
unit of each structure, meaning nucleotides for single strands, base
pairs for duplex, triplets for triplex and quartets for quadruplex
DNA.%! The competitor concentrations referenced in these studies
refer to these monomeric units.

4.2. Mn TMPyP4 preparation

Mn-TMPyP4 was prepared from TMPyP4 as described previ-
ously.2"%3 Briefly, TMPyP4 chloride (Sigma) (1 mmol) and 16 equiv
of MnCl, (Fisher) were mixed in 5 mL of 3:2 water/methanol with
catalytic 2,6-lutidine at room temperature. The reaction was mon-
itored by UV-visible spectroscopy (Varian Cary100) and deter-
mined to be complete after 24 h. Excess Mn?* was removed by

adding 16 meq of analytical grade Chelex100 resin (sodium salt,
BioRad) and stirring for 1 h at room temperature and decanting
the supernatant. Metalloporphyrin concentration was determined
spectrophotometrically: €4g2nm = 101,000 M~! cm~1.52

4.3. Photochemical cleavage by TMPyP4

To minimize background cleavage, all manipulations were car-
ried out under subdued lighting. Triplicate 20 pL reaction mixtures
of 250 nM of annealed K'F21T and 0-2.5 uM TMPyP4 tosylate (Sig-
ma) in 50 mM potassium cacodylate, pH 7.4 were placed in a 96-
well plate incubated at room temperature in the dark for 30 min.
Control wells were blocked from light by a sheet of aluminum foil,
and a glass plate was placed over all the wells to filter UV light un-
der 300 nm. The 96 well assay plate was then placed in a Luzchem
photoreactor equipped with eight RPR-4190 lamps (emission cen-
tered at 420 nm) (Rayonet) for 0-120 min. After irradiation, 180 pL
of dissociation buffer (5.55 mM potassium cacodylate, pH 7.4 and
either 10 pg/well calf thymus DNA or 2.22% SDS) was added to
the wells which were then covered with foil. After the last time
point, samples were subjected to thermal denaturation/reanneal-
ing as described below. This same method was used for the
photochemical cleavage of Na*F21T in sodium cacodylate buffer
and F-c-Myc22m-T and F-mixed-T in potassium cacodylate buffer;
however the thermal denaturation/reannealing step was omitted
for reactions using F-mixed-T.

4.4. Oxidative Mn TMPyP4 cleavage

Triplicate reaction mixtures containing 312.5 nM of K'F21T and
0-1.56 uM Mn-TMPyP4 in 62.5 mM potassium cacodylate, pH 7.4
(16 L) were placed in individual wells of a 96 well fluorescent
plate and preincubated for 30 min at room temperature. Oxidative
cleavage reactions were initiated by adding 4 pL of 500 pM KHSOs
(Sigma) freshly prepared in water and stopped after 0-15 min by
the addition of 180 pL dissociation buffer (5.55 mM potassium cac-
odylate pH 7.4 and 10 pg calf thymus DNA/sample). Following the
last time point, samples were subjected to thermal denaturation/
reannealing as described below. This same method was used for
the oxidative cleavage of Na'F21T in sodium cacodylate buffer
and F-c-Myc22m-T and F-mixed-T in potassium cacodylate buffer;
however the thermal denaturation/reannealing step was omitted
for reactions using F-mixed-T.

4.5. Photochemical cleavage by Tel11 and Tel18

The syntheses of Telll and Tell8 were described previ-
ously.'*2 Aside from the concentration range utilized (0-
100 uM), the photochemical cleavage reactions by Telll and
Tel18 were performed as described above for TMPyP4 photochem-
ical cleavage.

4.6. Heat denaturation and reannealing

Separate FRET T, experiments were first performed to establish
the temperature range of stability and to ensure the conditions al-
lowed G-quadruplex reannealing of the intact oligonucleotides in
the presence of the dissociation buffer. In order to prevent evapo-
ration during heating/reannealing, the 96-well plates were affixed
with an airtight seal (0.05 mm adhesive polyester seal-Uniseal,
Whatman). The plates were heated for 30 min in an 85 °C oven
and then cooled to room temperature. This specific time and tem-
perature was chosen to ensure complete G-quadruplex denatur-
ation while preventing the thermal distortion of the polystyrene
96-well plates that occurs at more elevated temperatures. After
cooling, the plates were spun in a swinging bucket rotor centrifuge
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(Eppendorf, 5810R) for 5 min at 3000 rpm to remove condensation
on the seal and the seal was carefully removed. After addition of
standards to empty wells, the FAM fluorescence was measured
and normalized as described below.

4.7. Quantification of cleavage products

The FAM fluorescence of each well was measured five times
using a Perkin Elmer Victor 3V plate reader (fluorescence filters:
ex 485+ 13 nm, em 535 *25nm) and the signal averaged FAM
emission intensity was corrected for the fluorescence of ligand (if
present) to give Fy, average FAM emission of the sample. The nor-
malized fluorescence for each well was calculated according to Eq.
1:

Normalized fluorescence = (Fx — Fin)/(Fmax — Fmin) % 100 (1)

where Fp;, is the average fluorescence of the corresponding sample
that had not been irradiated (dark control) or treated with external
oxidants; and Fna.x is the average fluorescence of a completely
cleaved dual-labeled construct. The average and standard deviation
of the normalized solution fluorescence of replicate samples (n = 3)
is reported. Note: The concentrations, discussed in the text and
shown in the Figures, refer to the concentrations employed in the
cleavage reactions, not the final concentrations during fluorescence
measurement or during preincubation.

4.8. PAGE analysis

Selected reaction samples were also subjected to PAGE analysis
either directly or after piperidine/heat treatment. Ethanol precipi-
tation prior to analysis was determined to be unnecessary when
calf thymus DNA was used in the dissociation buffer and the final
buffer concentration was minimal (10 mM). Where indicated,
selective samples were removed prior to the thermal step to deter-
mine whether the prolonged heat affected the extent of cleavage.
Samples consisting of 1.5-5 pmol of dual-labeled DNA cleavage
products were either lyophilized to dryness or subjected to piper-
idine heat treatment (10% v/v) (Sigma) for 30 min at 90 °C to in-
duce strand scission. Trace piperidine was removed by repeated
additions of water and lyophilization. DNA was then resuspended
in 1x denaturing buffer (formamide, 5 mM EDTA), heated to
95 °C for 5 min and subjected to electrophoresis on a 20% denatur-
ing polyacrylamide gel (1.5 mm thickness). Standard Maxim-Gil-
bert sequencing reactions®® of the dual-labeled oligonucleotides
were also loaded on the gel to aid in the identification of bands.
The gel was visualized by a Typhoon Trio monitoring the FAM fluo-
rescence and quantified by GelQuant.Net (BiochemLabSolutions).
The percent cleavage for each reaction mixture was calculated
using Egs. 2 and 3:

FC, = Cy/Tot, (2)

Percent cleavage = [(FCx — FC,)/(1 — FC,)] x 100 (3)

where FCy is the raw fraction of cleaved DNA for a given cleavage
reaction, Gy is the sum of the integrated band intensity for all cleav-
age bands in a given lane, Toty is the sum of band intensity for all
bands in a given lane, and FC, is the raw fraction of cleaved DNA
determined for a control sample not subjected to the cleavage reac-
tion conditions.

4.9. G-quadruplex cleavage in the presence of competitor
nucleic acids

Triplicate 20 uL samples of 250 nM K*F21T or F-c-Myc22m-T
and 25 puM (monomeric unit) of a competitor nucleic acid in
50 mM potassium cacodylate pH 7.4 were prepared with either

500 nM TMPyP4 or 10 and 100 uM Tel 11. The samples were incu-
bated in the dark for 30 min prior to irradiation for 30 min
(TMPyP4) or 120 min (Tel11) in a photoreactor equipped with
eight RPR-4190 lamps (emission centered at 420 nm) (Rayonet).
Triplicate 16 uL samples of 312.5nM F-c-Myc22m-T or K'F21T
and 31.25 uM (monomeric unit) of a nucleic acid in 62.5 mM
potassium cacodylate pH 7.4, were prepared with 625nM
Mn-TMPyP4. These samples were preincubated for 30 min prior
to initiating oxidative cleavage by the addition of 4 pL freshly pre-
pared 500 uM KHSOs. All reactions were stopped after 15 min by
the addition of 180 puL of the calf thymus dissociation buffer, fol-
lowed by heat denaturation/reannealing. Note: The concentration
of competitor nucleic acid discussed in text or in figures represents
its monomeric unit concentration in the cleavage reactions, which
contained 250 nM (750 nM in G-tetrad concentration) dual labeled
oligonucleotide.

The normalized solution fluorescence and percent error (stan-
dard deviation) were calculated as before using Eq. 1. The percent
inhibition of cleavage was calculated by Eq. 4:

Percent inhibition = [1 — (FCx — FC,)] x 100 (4)
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