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ABSTRACT: Quadruplex-specific molecules can serve as suitable drugs in cancer therapy. We have synthesized
a pair of furan-based cyclic homooligopeptides, ligand 1 and ligand 2, to specifically target G-quadruplexes.
We have shown by CD spectroscopy and UV melting that these ligands can effectively induce G-quadruplex
structures in the G-rich 22-mer ¢-MYC DNA sequence and further stabilize the structure. Equilibrium
binding constants measured by isothermal titration calorimeter methods indicate a high affinity of the ligands
for the quadruplex structures (K ~ 10’ M~ ") and no affinity for the duplex DNA, demonstrating that these
ligands are selective for G-quadruplex structures. Surface plasmon resonance was also used to compute the
binding while fluorescence resonance energy transfer-based assay was additionally used to confirm the
selectivity. Moreover, using real time PCR we observed up to 90% downregulation of c-M Y C transcripts after
24 h of ligand treatment in HeLa cells. Using a luciferase assay we show the downregulation of the protein
levels. Fluorescent-assisted cell sorter-based cell cycle analysis showed a prominent arrest of cells in the sub-
G1 stage upon treatment of ligands that leads toward apoptosis. Altogether, these experiments support the
hypothesis that the present molecules are effective in specifically binding and stabilizing quadruplexes and

provide a suitable scaffold to develop into a quadruplex-targeting therapeutic agent.

G-quadruplexes are secondary nucleic acid structures finding
wide implications in various biological phenomena including
gene expression and cell proliferation (7, 2). Initially, G-quad-
ruplexes were reported in the human telomeric strand and were
hence rigorously probed for molecular functions like control of
longevity and maintenance of cell cycle. Small molecules that
bind and stabilize this structure have been demonstrated to
inhibit the enzyme telomerase, which is active in 85—90% of
cancer cells and inactive in normal somatic cells. G-quadruplexes
have been associated with disease, due to their relative abundance
in promoters of human proto-oncogenes like c-M YC, ¢-KIT, c-
FOS, KRAS, and c-ABL (3, 4), thereby shifting the focus of
research toward their implication in therapeutics. Most studies
have focused on understanding the quadruplex-mediated altera-
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tion in molecular recognition in the promoter regions and hence
their bearing on disease phenotypes. It becomes rather interesting
to study and develop therapeutic agents to stabilize and/or
sequester these structures. In this league it has been a challenge
to identify suitable ligands that can interact with G-quadruplex
DNA.! The appropriate ligand must be highly selective for
quadruplex structures and possess high specificity characterized
by high binding affinity for G-quadruplexes as well as demon-
strate low cytotoxicity and minimal side effects.

Despite a decade of attempts, a suitable quadruplex-targeting
therapeutic agent remains to hit the market. Nevertheless, stabili-
zation of G-quadruplexes by small molecules has recently been
shown to inhibit the transcriptional activity of some oncogenes
(3,6) . In their independent studies Rezler et al. (7) and Seenisamy
et al. (8) have shown that diselenosapphyrin, an expanded
porphyrin derivative, has 50-fold higher selectivity for quadruplex
over duplex. Several ligands including derivatives of acridines (9),
cationic porphyrin (10, 11) ethidium (12, 13), quindoline (14, 15),
and telomestatin (/6—19) have been studied for their quadruplex
binding ability. Most recently, hexaoxazoles (HXDV) have been
developed for telomeric quadruplex targeting, with relatively
good selectivity and low ICs, values (0.4 uM) (20). Recently, CX-
3543, a cylene derivative and an efficient quadruplex binder, has
entered phase II clinical trials (2/). Thus, the G-quadruplex motif
has emerged as a promising target for the design of selective
antitumor therapeutics.

The ¢-MYC proto-oncogene whose expression is known to be
controlled by a G-quadruplex motif is located in the promoter
and is also implicated in various cellular processes, cell growth,
proliferation, loss of differentiation, and cell death (apoptosis),
and cancer development (22—25). The ¢-M YC gene is overexpressed
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Scheme 1: Structure of the G-Quadruplex Binding Ligands
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in a wide variety of human cancers, e.g., 80% of breast cancers,
70% of colon cancer, 90% of gynecological cancers, and 50% of
hepatocellular carcinomas, and a variety of hematological tu-
mors possess abnormal ¢-M YC expression. The nuclease hyper-
sensitivity element (NHE) III; of the ¢-M YC promoter controls
85—90% of ¢-M YC transcription and has been the subject of
considerable research over the past 2 decades. Originally identi-
fied as a major site of DNase I hypersensitivity, the NHE III; is
located —142 to —115 bp upstream from the P1 promoter. This
region being rich in guanine bases has the capability to fold into
quadruplex (23).

Attempts at identifying suitable molecules to target G-quad-
ruplexes have failed to combine all of the desirable features;
namely, high affinity, high selectivity, and low toxicity in the
same molecule have had limited success. Porphyrin being photo-
toxic and less selective for quadruplex is not suitable while
diselenosapphyrin despite being an excellent quadruplex binder
has been unsuccessful owing to low solubility in water and low
yielding methods of preparation. Telomestatin finds limitation as
the known strategies of its synthesis have remained inefficient.
Hence new scaffolds combining these features must be identified.
In an endeavor to answer this question, we developed two novel
ligands based on furan amino acids (Scheme 1). In a previous
study by our group, we showed that the parent molecules of the
same league were efficient quadruplex binders and showed high
selectivity for quadruplex over duplex (26). However, they
showed lower binding affinities, which prompted us to modify
this scaffold to display higher binding affinity. In the present
study, we developed new cationic cyclic homooligopeptides, 1
and 2, prepared from the trisubstituted furan amino acid, H-Faa-
(CH,N3)-OH. We have employed an integrative approach to
understand the behavior of these novel ligands toward quadru-
plex. These molecules have shown higher binding affinities while
still retaining the selectivity for quadruplex. We have used CD
spectroscopy, UV melting, and ITC methods to explore the
binding, stabilization, and selectivity for quadruplex, along with
molecular assays to understand their effect on ¢-M Y C gene exp-
ression and cell survival. Additionally, through FACS we have
shown the direct effect of these ligands on cell cycle perturbation
and induction of apoptosis. This study has shown that the present
ligands can serve as suitable molecules to selectively target
quadruplexes and alter the expression of genes which possess
G-quadruplex motifs in their regulatory regions.

MATERIALS AND METHODS

CD Spectroscopy. CD spectra were recorded in Jasco spectro-
polarimeter 50 (model 715, Japan) equipped with a thermoelec-
trically controlled cell holder and a cuvette with a path length of
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1 cm. The oligonucleotides were heated at 95 °C for 5 min
followed by slow programmed cooling (0.2 °C/min) in 10 mM
Tris buffer, pH 7.4, without KCI or with 100 mM KCI. CD
spectra for quadruplexes (5 uM) were recorded between 220 and
320 nm at 25 °C, and the spectra obtained were the average of
three scans.

UV Melting Studies. The c-MYC quadruplex sample was
prepared by heating the oligonucleotides in 10 mM sodium
cacodylate buffer, pH 7.4, and 25 mM KCI followed by slow
cooling. The melting experiment was performed with 5 uM
concentration in a Cary 400 (Varian) spectrophotometer equi-
pped with a Hitachi SPR-10 thermo programmer in the absence
and presence of different molar ratios of ligands at a heating rate
of 0.2 °C/min. Data were collected at 295 nm. Typically three
replicate experiments were performed, and average values are
reported.

FRET. 5-Fluorescein- and 3'-dabsyl-labeled 22-mer c-myc
oligonucleotide was procured from SBS Genetech. The thermal
denaturation profile of the oligonucleotide at 200 nM strand
concentration was recorded in the absence and presence of each
of the ligands up to a quadruplex to ligand ratio of 1:8. Further in
this ligand saturated system, increasing amounts of CT DNA
duplex up to a base pair to ligand ratio of 100:1 were added to
compete with quadruplex. FRET measurements were performed
in duplicate using an LC 480 lightcycler from Roche at a heating
rate of 1 °C/min. Typically three replicate experiments were
performed, and average values are reported.

Isothermal Titration Calorimetry (ITC). ITC measurements
were performed in a VP-ITC titration calorimeter (MicroCal,
Northampton, MA). Before loading, the solutions were thor-
oughly degassed. The reference cell was filled with the degassed
buffer. The preformed quadruplex (5 uM) was kept in the sample
cell, and ligand (300 uM) in the same buffer was filled in the
syringe of volume 300 uL. Ligand solution was added sequen-
tially in 15 uL aliquots (for a total of 20 injections, 15 s duration
each) at 5 min intervals at 25 °C. Sequential titrations were
performed to ensure full occupancy of the binding sites by load-
ing and titrating with the same ligand without removing the
samples from the cell until the titration signal was essentially
constant. The heats of dilution were determined in parallel
experiments by injecting ligand solution of same concentration
in the same buffer. The respective heats of dilution were subtrac-
ted from the corresponding binding experiments prior to curve
fitting. Typically three replicate titration experiments were per-
formed. In cases when the shape of the thermograms was
nonsigmoidal due to the presence of at least two independent
binding processes, the thermograms (integrated heat/injection
data) obtained in ITC experiments were fit with two independent
sites model.

Surface Plasmon Resonance. The following 5'-biotin-labeled
oligonucleotides were procured from Sigma: c-myc, 5'-[BTN]-
TTTTTTTTTGGGGAGGGTGGGGAGGGTGGGG;  hair-
pin duplex, 5'-[BTNJGCATATATATCCCCCATATATATGC.
Preformed quadruplexes with these sequences in 10 mM HEPES
buffer containing 25 mM KCI and 0.005% IGEPAL were
immobilized onto a streptavidin-coated SA chip from Amer-
sham. Subsequently, increasing concentrations of each of the
ligands were flowed over the immobilized quadruplex, and the
resulting sensorgrams were analyzed using BlAevaluation soft-
ware and fitted to a 1:1 binding model to compute the binding
parameters. Experiments were performed on a BIACORE 8000
system at 25 °C.
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RNA Isolation and Real Time PCR. Total RNA was
isolated from 1 x 10° cells using Tri-Reagent (Sigma Chemical
Co.) as recommended by the manufacturer. DNase treatment
was performed according to manufacturer’s instructions using
DNase from Invitrogen. One microgram of total RNA was
reverse transcribed in a 20 uL reaction volume using an ABI high
capacity cDNA reverse transcriptase kit. The cDNA was hence
amplified using SYBR Green Real Time PCR Master mix from
ABI in the real time PCR reactions. The amplification was done
in LC 480 from Roche with the following cycling conditions for
PCR: 94 °C for 2 min, followed by 35 cycles of 94 °C for 30 s,
58 °Cfor 30 s, and 72 °C for 30 s. Amplification of 5-2 microglobulin
was performed as a control using the same PCR conditions. The
primers used were 5-TGAGGAGACACCGCCCAC-3 and
5-CAACATCGATTTCTTCCTCATCTTC-3 for ¢-M YC and
Y- TGCTGTCTCCATGTTTGATGTATCT-3 and 5-TCTCT-
GCTCCCCACCTCTAAGT-3 for -2 microglobin, respectively.

Luciferase Reporter Assay. The Del 4 plasmid (Vogelstein
laboratory), which has a 22-mer c-myc quadruplex sequence
cloned upstream of the Iuciferase promoter, was obtained as a
gift. The mutant Del 4 plasmid with mutated 22-mer sequence
from c-myc promoter was received from the Chowdhury labora-
tory as a gift. HeLa cells grown to 70% confluency in a six-well
plate were transfected with 1 ug of Del 4 plasmid or mutant
plasmid using Lipofectamine 2000 from Invitrogen. After 4 h,
media were replaced with complete DMEM also containing
increasing concentrations of ligand 2 (up to 200 uM). The expres-
sion of firefly luciferase was determined by luciferase assay
(Promega); 24 h after transfection (as described by the manufac-
turer) cell lysate (20 uL) was mixed with 100 uL of reconstituted
luciferase assay reagent, and light output was measured for 12 s
with a FB12 luminometer (Berthold).

Cell Cycle Analysis. Exponentially growing HeLa cells
(~45000 cells) were seeded in 12 wells and allowed to grow in
DMEM complete media for 24 h. The next day cells were treated
with ligand 1 and ligand 2 (0, 5, 10, 50, 100, and 200 uM) in
duplicate in fresh DMEM media. After 24 h of treatment the cells
were trypsinized, pelleted down, and given 1x PBS wash (twice).
The cells were then resuspended in 400 uL of 70% ethanol
prepared in PBS and 100 uL of 1x PBS and were stored at
—20 °C overnight. For sample preparation for FACS, the
samples fixed in 70% ethanol were pelleted at 6000 rpm for
5 min and then washed twice with 1x PBS. The pellet obtained
was resuspended in 400 uL of 4 mM sodium citrate buffer, pH
7.4, 100 uL of 1x PBS, and 50 uL of heat-inactivated RNase
(250 ug/mL), and the samples were incubated at 37 °C for 30 min.
After this incubation, 10 4L of propidium iodide (5 mg/mL) was
added to the samples and incubated at 4 °C for 1 h. The propi-
dium iodide fluorescence was acquired for 5000 events using the
cell cycle analysis protocol of GuavaEasycyte from Guava Tech-
nologies.

Apoptotic Cell Death Assay by FACS. Induction of
apoptosis in HeLa cell line caused by ligands 1 and 2 was
quantitatively determined by flow cytometry using the annexin
V-conjugated 7-aminoactinomycin D (7-AAD) apoptosis detec-
tion kit (Guava Technology, Hayward, CA) following the
manufacturer’s instructions. Subconfluent cells (50—60%) were
treated with 5, 10, 50, 100, and 200 M concentrations of ligand 1
and 2 in 12-well plates in duplicate in complete medium for 24 h.
The cells were then harvested, washed with PBS, and incubated
with annexin V binding reagent added for cellular staining at
room temperature for 10 min in the dark. The stained cells were
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FiGure 1: CD spectra of 5 uM c-myc 22-mer quadruplex in 10 mM
Tris, pH 7.4. Spectra in the presence of 0.5, 1, 1.5, 2.0, 2.5, and 3.0
molar ratios of ligand 1 (a) and ligand 2 (b) are shown. Panel ¢ shows
CD signal at 260 nm as a function of ligand to quadruplex ratio
showing an inflection point at a stoichiometry of 2.

analyzed by FACS using GuavaEasycyte from Guava Technol-
ogies. Nonapoptotic cells: annexin V (=) and 7-AAD (—), lower
left (LL) quadrant. Early apoptotic cells: annexin V (+) and
7-AAD (—), lower right (LR) quadrant. Late stage apoptotic and
dead cells: annexin V (+) and 7-AAD (+), upper right (UR)
quadrant. Nuclear debris: annexin V (=) and 7-AAD (+), upper
left (UL) quadrant.

Long-Term Viability Assay. HeLa cells were grown in
24-well plates in DMEM. Each day two wells were treated with
200 uM ligand for 6 consecutive days while two wells were
replenished with fresh media without ligand to work as control
samples for each day. On the last day all treated as well as control
wells were processed for FACS analysis using PI staining as
already mentioned, and 5000 events were acquired to get the live
cell vs dead cell count.

RESULTS AND DISCUSSION

Synthesis. The syntheses of the cyclic peptides (1, 2) are given
in detail in the Supporting Information. The deprotected dimer
TFA -H-Faa(CH,N;)-Faa(CH,N;)-OH was cyclodimerized by
using pentafluorophenyldiphenylphosphinate (FDPP)' in DMF
under dilute conditions (107> M) to give the cyclic product
cyclo-[Faa(CH,N3)]y in 60% yield. Cyclic product cyclo-[Faa-
(CH,Nj3)]4 could also be prepared in a single step by cyclooligo-
merization of the deprotected monomer TFA - H-Faa(CH,Nj)-
OH under the above conditions. But in this case we obatained
cyclo-[Faa(CH,N3)]3 as a major product in 30% yield with
respect to cyclo-[Faa(CH,N3)]4 in 11% yield. The azide groups
of the cyclized product cyclo-[Faa(CH,N3)]; were reduced to
primary amines by catalytic hydrogenation, followed by in situ
protection with Boc,O. The product was purified at the Boc-
protected stage by standard silica gel column chromatography.
Then Boc deprotection using TFA—CH,Cl, provided the ligand
1. Coupling of 1 with Boc-f3-Ala-OH was again followed by Boc
deprotection to provide the other product 2. The final products
were fully characterized by spectroscopic methods before using
them in the binding studies (see Supporting Information).

Induction of Structure Monitored through Circular Di-
chroism Study. CD is a useful technique to observe structural
transition in nucleic acids. We employed CD to evaluate the
ligand-induced formation of quadruplex in the absence of any
monovalent salt. The experiment was performed in two different
salt conditions. In the absence of ligands, the CD spectrum of the
c-MYC sequence was found to have a positive peak at 263 nm
(Figure 1). In the presence of ligand this peak amplitude was
magnified with each addition up to a ligand to quadruplex molar
ratio of 2 when more ligand ceased to cause any change in the
signal intensity. The change in signal at 263 nm when plotted
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FIGURE 2: Thermal renaturation profile of the 22-mer ¢c-myc quad-
ruplex (5 uM) in 10 mM sodium cacodylate (25 mM KCl), pH 7.0,
with no ligand (O), 5 uM ligand (O), 10 uM ligand (A), and 15 uM
ligand (V). Panel a shows melting profile with ligand 1 and panel b
with ligand 2.

against molar ratio showed saturation at a molar ratio of 2
(Figure Ic), suggesting that two ligand molecules are required for
maximal folding of each DNA molecule into a G-quadruplex. To
further strengthen our understanding of the induction properties
of the ligands, we conducted similar experiments in the presence
of 100 mM KCl also (see Supporting Information Figure 1) and
found that the ligands showed no or insignificant change in the
positive CD signal at 263 nm. This led us to infer that the ligands
were good inducers of parallel quadruplex in the ¢-M YC 22-mer
in the absence of K™ unlike in 100 mM K, when the ¢-M YC 22-
mer is expected to be maximally folded with high stability. At the
same time it was also observed that ligands 1 and 2 caused a
preferential induction of parallel topology. This quadruplex-
inducing ability of the ligands impinged on the need to further
assess stability of the induced structure.

UV Melting Study To Determine Thermal Stabilization.
UV melting study was performed to assess the effect of ligand
binding on the stability of the quadruplex structure. As ligands
do not absorb themselves at 295 nm, quadruplex melting experi-
ments were performed in the presence of 25 mM KCI and
100 mM KCI. At 100 mM KCI we observed very stable ligand
quadruplex complexes such that proper melting domain could
not be observed within the experimentally feasible temperature
range (data not shown). Whereas at lower salt concentration,
25 mM KCl, proper melting could be seen within the observable
range and the stabilizing effect of ligands could be well appre-
ciated. Figure 2 shows the melting temperature (7},) of the
¢-MYC quadruplex in the absence and presence of increasing
amounts of ligand. The T}, of the sequence in 10 mM sodium
cacodylate with 25 mM KCl in the absence of any ligand was
observed to be 61 °C, while change in T}, (AT,,) in the presence of
ligand 1 was 9, 15, and 18 °C at 1:1, 1:2, and 1:3 molar ratios,
respectively. Further addition of ligand resulted in only nominal
change in AT,,. Higher stabilization was obtained for ligand 2
leading to ATy, increment of 14, 20, and 25 °C at 1:1, 1:2, and 1:3
molar ratios, respectively. These AT, values obtained are quite
encouraging as they are in a similar range of AT, reported for
other well-studied quadruplex ligands like telomestatin (AT}, =
24 °C), the cationic porphyrin TmPyP4 (AT}, = 17 °C), and the
other metal-based compounds like Ni(I) porphyrin (AT, =
33 °C) (27—29). Since the other molecules have different geome-
tries, they display different stoichiometries toward the ¢-MYC
quadruplex (28, 29).

FRET Measurements To Determine Selectivity. FRET
melting has come across as a useful tool to characterize the
selectivity of binding ligand toward quadruplex structure over
duplex (30). We conducted FRET melting assay to assess the
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FIGURE 3: FRET melting curves show increased thermal stability of
the dual-labeled 22-mer c-myc quadruplex (10 mM sodium cacody-
late, pH 7.0, 25 mM KCl) in the absence and presence of ligand 1
(panel a) and ligand 2 (panel b). Scatter plots here show melting
profiles in the absence of ligand (O) and with increasing quadruplex
to ligand ratios: 1:1 (O), 1:2(a), 1:4 (V), 1:6 (x), and 1:8 (—). Further,
ina 1:8 ligand-saturated system, upon addition of CT DNA (duplex)
at quadruplex to duplex (CT-DNA) molar ratios 1:10 (M), 1:20 (@),
1:40 (a), 1:60 (¥), and 1:100 (+), there was no significant change in
the thermal stabilization profile indicative of high selectivity for
quadruplex. Panel ¢ shows variation of AT}, as a function of increa-
sing concentration of ligand. All experiments were performed in
duplicate.

thermal stabilization of fluorophore (fluorescein)—quencher
(dabeyl)-tagged quadruplex in the presence of 25 mM KCI in
the absence and presence of increasing amounts of ligands. The
melting temperature (7y,) of the ¢-MYC quadruplex in the
absence and presence of increasing amounts of ligand was
analyzed by calculating the alpha fraction of the fluorescence
vs temperature curves. The Ty, of the sequence in 10 mM sodium
cacodylate with 25 mM KCl in the absence of any ligand was
observed to be 59 °C, while AT, in the presence of ligand 1 was 3,
8, 12, 17, and 18 °C at 0.2, 0.4, 0.8, 1.2, and 1.6 uM ligand,
respectively (Figure 3a). Further addition of ligand resulted in
only nominal change in AT;,. Higher stabilization was obtained
for ligand 2 leading to AT, increment of 2, 11, 18,23, and 23 °C
at0.2,0.4, 0.8, 1.2, and 1.6 uM ligand, respectively (Figure 3b).
These AT, values obtained are quite encouraging as they are in a
similar range of ATy, reported for other well-studied quadruplex
ligands like telomestatin (AT, = 24 °C), the cationic porphyrin
TmPyP4 (AT, = 17 °C), and the other metal-based compounds
like Ni(IT) porphyrin (ATy, = 33 °C) (31, 32). The plot of ATy, vs
molar concentration of ligand shows the gradual increase in AT},
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with increasing concentration of ligand in the system, thus
suggesting increased binding and hence stabilization of the
quadruplex (Figure 3c) .

We extended the assay to include CT DNA to understand
competitive binding to duplex, too. Hence, in a ligand-saturated
system (such that no more change in AT, was recorded) we
added increasing amounts of CT DNA. Interestingly, there was
no significant change in the melting temperatures despite increas-
ing amounts of duplex even at 100 uM CT DNA (in base pair).
This is a prompt exhibition of selectivity of ligands to bind with
only quadruplex structures and not to duplex.

Isothermal Titration Calorimetry Study To Assess Bind-
ing Parameters. We conducted an ITC study to understand the
binding between 22-mer ¢-M YC quadruplex as well as duplex
(CT DNA) with ligands 1 and 2 and also to study their selectivity
over duplex. We performed the experiment both at lower
(25 mM) and higher (100 mM) KCI concentration. Figure 4
shows typical integrated heat data for the mentioned titrations.
The upper panel shows the microcalorimetric signal while the
lower panel represents the binding curve generated by integrating
the heat burst curves upon ligand injection. Intriguingly, the
profiles obtained were quite different at the two different salt
concentrations for both the ligands. Panels a and b in Figure 4
represent the thermograms obtained in the presence of 25 mM
KCI for titrations with ligand 1 and ligand 2, respectively. The
ITC titrations of the quadruplex with ligands 1 and 2 exhibited
two independent binding processes with different energetic
profiles. In case of ligand 1, there were two binding sites, one
with high binding affinity of the order of 10 and stoichiometry of
2 and the other binding was relatively weak, of the order of 10°,
involving four ligand molecules for every one quadruplex mole-
cule. This amounted to a total stoichiometry of 6 (Figure 4 and
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FIGURE 4: ITC thermograms showing two independent site binding
in the presence of 25 mM KCI of ligand 1 (a) and ligand 2 (b) and
ligand 1 in the presence of 100 mM KCI (¢) with 22-mer c-myc
quadruplex.
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Table 1). Similarly, ligand 2 also showed high binding affinity
and stoichiometries indicative of two-site binding. The binding
affinities in this case were of the order of 107 and 10° with nomi-
nally higher magnitude over ligand 1 (Table 1). The stoichiome-
tries were also 2 and 4, respectively, for the stronger end stacking
and weaker sideward binding as was seen in the case of ligand 1.
Surprisingly, the picture was completely different in the presence
of 100 mM KCI. As shown in Figure 4 (panel c), in the case of
ligand 1, there was only one type of binding with a binding
affinity of the order of 10° and stoichiometry of 5. Similarly, for
ligand 2 in the presence of 100 mM KClI (data not shown) the
binding affinity was of the order of 10°, and the stoichiometry
was deduced to be 5 (Tablel). With only a nominal difference in
the magnitude of binding affinity, the two ligands showed a
similar binding behavior.

We observe in the case of both the ligands alike that the
stoichiometries of interaction in 25 mM KClI as well as 100 mM
KCI (5 and 6, respectively) have remained almost unaffected
although binding affinities and hence binding modes have shown
vast difference in the two cases. While in the case of 25 mM KCl
the two bindings can be resolved into a stronger and a weaker
binding as shown by the two-independent binding site curve. At
higher salt concentration the binding affinity for both the modes
appears to be similar such that the two binding modes are not
easily distinguished once the DNA is folded maximally into
quadruplex. This apparent disparity in the binding profile in
different salt conditions suggests that at lower salt concentrations
the ligands participate in the process of quadruplex folding, too,
as is also indicated in CD results, ligands efficiently induce the
structure. It has been previously observed that well-characterized
quadruplex ligands like porphyrin also have similar binding
profiles. In an earlier study, our group have reported porphyrin
(TMPyP4) binding with four different quadruplexes. Using ITC
and SPR it was shown that with ¢-M Y C quadruplex there was 3:1
(porphyrin:quadruplex) binding with the two binding affinities of
the order of 10" and 10°, respectively. Porphyrin also showed high
binding affinity with telomeric quadruplex displaying two dis-
tinct binding modes with binding affinities differing by 2 orders of
magnitude (33). In another independent study Hurleys’s group
reported Se2SAP binding with 19-mer ¢-M YC quadruplex with
10" M~ binding affinity and 1:1 stoichiometry (34).

From the binding isotherms we determined the thermody-
namic parameters of ligand interaction using different binding
mode equations. In the case of 25 mM KCI, the AH (enthalpy of
reaction) was —5.8 kcal/mol for ligand 1, while —1.9 kcal/mol for
ligand 2. The AS values were 5.72 cal mol™' K™' and 21.3 cal
mol ™' K™™' for ligand 1 and ligand 2, respectively. The AH and
AS values of the two binding processes for both the ligands in the
presence of 100 mM KCI are mentioned in Table 1. Both
spectroscopic (CD as well as UV) studies and calorimetric

Table 1: Isothermal Titration Calorimetry-Derived Thermodynamic Parameters for G-Quadruplex—Ligand Interaction at 25 °C

AS, AG, AS, AG,
AH, (cal mol™! (kcal/ AH, (cal mol ™! K (kcal/
ligand N, (kcal/mol) K™ KM mol) N, (kcal/mol) K™ ™M™ mol)
25 mM KCl
1 2(£0.04) —4.00 (£0.17) 2022  240x107(£0.4)  —10.02 4(£0.05) —7.25(40.08) 4.25 1.86 x 10°(£0.07) —8.51
2 2(40.08)  —35.13(+0.46) 1870 7.71x107(£0.33) —10.71 4(40.12) —8.02(£0.2) 3.70 520 x 10°(£0.43) —7.76
100 mM KCI
1 4(£0.05) —5.8(%0.01) 572 335x10°(£0.23)  —7.50
2 2(£0.42) —1.9(£0.1) 21.3 1.18 x 10°(£0.08)  —8.24



http://pubs.acs.org/action/showImage?doi=10.1021/bi1005927&iName=master.img-004.png&w=201&h=149

Article

(ITC) studies indicate that these ligands are efficient inducers and
display promising results at lower salt concentrations.

In an attempt to establish the selectivity of these ligands
toward quadruplex, it is essential to evaluate their binding with
genomic (duplex) DNA. We conducted similar ITC experiments
with duplex molecules using CT DNA and found that molecules
showed no binding to the duplex even at low K* conditions
(Supporting Information Figure 2). This confirmed the selectivity
for quadruplex and encouraged us to further perform molecular
biology assays to assess the biological consequences of ¢-MYC
quadruplex and ligand interaction.

Surface Plasmon Resonance To Determine Binding
Parameters. Surface plasmon resonance is a valuable technique
to study DNA small molecule interactions. We used SPR to find
the binding parameters of the c-MYC 22-mer quadruplex with
increasing concentrations of the ligands (1 and 2). The represen-
tative sensorgrams are shown in Supporting Information Figure 3.
Upon analysis, binding affinities were found to be 2.87 (£0.41) x
10" M~" and 4.85 (£0.63) x 10° M~ for ligand 1 and 2, respec-
tively. It was encouraging to find that the binding parameters
were similar in the case of both ITC and SPR. Additionally, SPR
experiments were performed with 18-mer hairpin duplex also
(data not shown) to compare the strength of binding of ligands
with duplex and quadruplex. But in this case, sensorgrams did
not indicate any binding, and hence the data could not be pro-
perly fitted. This confirmed the absence of binding of the ligands
with duplex DNA reaffirming the selectivity of the ligands for
quadruplex structure.

Effect of Ligands on the Endogenous c-M YC Transcrip-
tion. Next we attempted to understand the effect of quadruplex
ligand interaction on transcriptional regulation of the ¢-MYC
gene. Quadruplex motif in the P, promoter of the ¢-M YC gene
has been established to have a regulatory role in ¢-MYC
transcription. Therefore, we performed real time PCR to assess
the transcript level of the ¢-MYC gene upon pharmacological
perturbation by quadruplex binding ligands 1 and 2. The HeLa
cell line, which is an epithelial carcinoma cell line, is a well
validated and widely used cell line for studying proto-oncogenes
like c-MYC. Hence, for all cell-based assays in the study, the
HeLa cell line was aptly chosen. HeLa cells were treated with 5,
10, 50, 100, and 200 M each of the ligands 1 and 2 for 24 h each,
and the total RNA was extracted, reverse transcribed into cDNA,
and used as template in the real time PCR experiment. There was
an evident overall decrease in the abundance of ¢-M YC transcript
and was found to be downregulated with the increasing concen-
tration of the ligands. The relative fold change was calculated
by normalizing against the 5-2 microglobin transcript. Figure 5
shows that in the case of 1 and 2 there was up to 80% and 90%
downregulation at 200 uM ligand concentration, while 50%
downregulation of ¢-M YC was observed at 50 M ligand 1 and
10 uM ligand 2. This reduction could result either from ligand
affecting the molecular recognition of quadruplex or due to
competition with transcription factors for binding site on the
quadruplex. Similar results were reported by Hurley’s group in
their microarray study where they show that 100 uM porphyrin
treatment caused downregulation of the various genes including
¢-MYC and hTERT (35). Also Xodo and co-workers in their
study with TMPyP3 and TMPyP4 showed effective downregula-
tion of endogenous KRAS mRNA upon treatment with 50 uM
ligand. They have also shown that TmPyP2 that does not stabilize
quadruplex due to its inability to stack between the G tetrads and
does not reduce KRAS mRNA either (36). Human VEGF gene,
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FIGURE 5: Downregulation of ¢-M YC transcripts upon treatment of
ligands. RNA isolated from HeLa cells after 24 h treatment with
different concentrations of ligand 1 and 2 was reverse transcribed,
and real time PCR was performed. Bar charts show relative fold
change in the ¢-MYC transcripts upon ligand treatment showing
downregulation in a concentration-dependent manner. Normaliza-
tion was done with respect to the -2 microglobin gene. The error bars
indicate standard deviation from three independent experiments.
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FIGURE 6: Bar charts show gradual reduction in reporter activity
upon treatment of HeLa cells transfected with Del 4 plasmid (which
bears the 22-mer quadruplex forming c-myc sequence upstream of the
reporter) in the presence of ligand 2. Error bars indicate standard
error over three independent experiments.

which has a quadruplex motif in the proximal promoter, was
shown by reverse transcriptase PCR to get downregulated in a
concentration-dependent manner upon treatment with up to
50 uM TmPyP4 and Se2SAP each (37). In another study, Hurley
and co-workers have shown 50% downregulation of firefly
luciferase driven by PDGF-A promoter which reportedly har-
bors a G-quadruplex-forming motif subsequent to treatment
with 10 uM TmPyP4 (38). These reports impinge on the fact that
stabilization of quadruplexes in the genome can be effectively
utilized to modulate gene expression.

Ligand Treatment Downregulates c¢-MYC Promoter
Driven Reporter Expression. Having assessed the downregu-
lation of ¢-MYC at the transcript level, we attempted to observe
the effect at the protein level. For this we performed a simple
luciferase reporter assay in which the plasmid containing 22-mer
quadruplex forming ¢-MYC sequence cloned upstream of the
firefly luciferase promoter transfected in HeLa cells showed a
concentration-dependent reduction of reporter activity with
ligand 2 after 24 h of treatment. Ligand 2 showed up to 60%
downregulation of the promoter activity, relative to untreated
samples, at 100 M, indicating perturbance of protein levels
(Figure 6). To assess the specificity of quadruplex binding, a
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FiGure 7: Effect of ligands on cell cycle. Bar chart shows the
percentage of sub-G1 cells in HeLa cells treated for 24 h with ligands
1 and 2 at mentioned concentrations. Propidium iodide stained cells
were counted by flow cytometry. The error bars indicate standard
deviation from three independent experiments.

corresponding control experiment with the plasmid containing a
mutated 22-mer sequence which can no longer form quadruplex
was also performed. As expected, there was no significant change
in reporter activity. Data have been shown in Supporting
Information Figure 6. This ligand-mediated downregulation is
suggestive of stabilization of the quadruplex formed by the 22mer
sequence finally leading to the reduction of the reporter activity.
Earlier studies have also used similar tools to confirm quadruplex
binding (39, 40).

Effect of c-MYC Downregulation on Cell Cycle. As
cellular choice between cell growth and apoptosis is under the
control of ¢-MYC stimulations and repression, we conducted
further molecular assays to investigate the downstream effects of ¢-
MYC suppression mediated by the quadruplex ligand interaction
inside the cell. c-M YC finds roles in various cellular processes and
plays a key function in regulating the cell cycle especially. The cell
cycle is composed of four distinct phases, namely, Gy, S, G», and
M, and is tightly regulated by the various cyclins and cyclin-
dependent kinases making the progression through the various
checkpoints in the different phases of cell cycle critical to cell
health. The progression through these phases also marks the cell
for its fate whether to divide, differentiate, or die. We wanted to
investigate the effect of ligand-induced suppression of ¢-M YC on
the cell cycle progression. Cells treated with different concentra-
tions of the ligand, 5, 10, 50, 100, and 200 uM, were stained with
propidium iodide and then acquired in the flow cytometer to
measure the DNA content. Representative histograms depict the
frequency distribution of cells in the various cell cycle phases
(Supporting Information Figure 4). A typical cell cycle histogram
shows cells in different phases corresponding to their DNA
content. The most prominent effect was seen on the sub-G; cell
population. As seen in Figure 7, as compared to untreated cells,
there was a considerable increase in the sub-G; population in cells
treated at the highest concentration (200 #M), 50% and 60% for
ligand 1 and 2, respectively. However, there was only moderate
change in the populations of the cells in other phases. The high
proportion of sub-G; cells was indicative of apoptotic populations
and prompted us to probe the extent of apoptosis (47).

¢-MYC Downregulation by Quadruplex-Selective Mo-
lecules Drives Cells toward Apoptosis. As already stated
c-MYC plays major roles in the cell cycle and is also critical in
apoptotic pathways in the cell. c-MYC is one of those key
molecules that drive the cellular choice between apoptotic and
metastatic pathways. Therefore, any perturbance in the levels of
¢-MYC by such targeting by quadruplex selective ligands will
manifest into visible effects in the cell, pertaining to cell health
and life cycle. To understand the significance of increased cell
population in the sub-G1 phase, which is often the indicator of

Agarwal et al.

oo |
| o2

[52]
o

<

s

=

>

>

XA
XK

XXX
SRR
T

XX
2

(=]
N

<
5 10 50 100 200

Ligand Concentration, uM

% Total Apoptotic Population
N
[

-

FiGURE 8: Bar graph showing the percentage of total apoptotic cells
upon 24 h of ligand treatment at mentioned concentrations. Annexin
V-conjugated 7-AAD nexin assay was used to count apoptotic
population by flow cytometry. Error bars indicate standard error
over three independent experiments.

apoptotic populations, we attempted to conduct an apoptosis
assay. The assay system in our study was based on annexin V and
nexin conjugated with 7-AAD. The representative dot plots
displaying the frequency distribution of the cells in the four
quadrants corresponding to extent of apoptosis are also shown
(Supporting Information Figure 5). Figure 8 shows the bar
graphs depicting the percentage of total apoptotic cells upon
ligand treatment as compared to the untreated cells. In the case of
ligand 1 there were almost 20% apoptotic cells at 5 uM, while at
200 uM treatment there were more than 40% cells in the same
category. A similar profile with ligand 2 was seen with 20%
apoptosis at 5 uM progressing up to ~38% at 200 uM. Cell cycle
arrest and apoptosis induced by targeting the telomeric quad-
ruplex with the G-quadruplex ligand pyridine in T98G glioma
cells have been reported by Pennarun et al. (42). It is noteworthy
here that, at 10 uM ligand, apoptosis is significantly increased for
both ligands without much effect on cell cycle arrest. The sub-G1
population measured in the cell cycle analysis is a marker of
apoptotic population. At the same time, this population may not
be a direct quantitative measure of the total apoptotic popula-
tion, but it certainly gives the idea of increasing or decreasing
tendency toward apoptosis. Moreover, the assayed apoptotic
population in the annexin V assay is additionally composed of
cells which are tending to apoptosis (early in the apoptotic phase
as well as late apoptotic populations) due to arrest in some stage
of cell cycle like the G2/M phase or S phase.

Effect of Long-Term Ligand Treatment on Cell Viabili-
ty. A long-term cell viability assay was performed to determine
the cellular toxicity of both the ligands. Initially, we conducted
MTT assay to determine the mitochondrial activity which is an
indicator of cell viability. We observed that these ligands did not
display effective inhibition of mitochondrial activity over a
concentration range of 0—800 uM (data not shown). This
suggested that the assay was not the appropriate indicator of
cell death. Therefore, this was followed by exposure of cells to
ligand for 1 week and daily assessment of live and dead
populations through a sensitive FACS-based technique. At lower
ligand concentrations (10 uM) we could not observe any sub-
stantial decrease in cell survival (data not shown) while at 100 uM
concentration we observed a stark effect on cell viability. Figure 9
shows that markedly high cell death ensued from day 3 for both
ligands 1 and 2, resulting in 70% and 85% cell death in contrast
to 25% in control. While at the end of fifth day of treatment as
much as 73% and 90% cell mortality was recorded in the case of
ligands 1 and 2, respectively. The results suggest that ligands were
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F1GURE 9: Effect of ligands on cell survival. Percentage of dead cells
was measured over 5 days as compared to untreated cells (O) and
after treatment with 100 M ligand 1 (O) and 2 (2). Propidium iodide
stained cells were counted using a flow cytometer and plotted as a
function of days after treatment. The error bars indicate standard
deviation from three independent experiments.

not cytotoxic unlike porphyrin and its cationic derivatives. The
result indicates efficacious cellular response to the ligands.

Targeting quadruplex structures to modulate molecular re-
cognition and cellular function has been an exciting field.
Numerous quadruplex binding molecules have been designed,
and their binding behaviors have been closely analyzed in the
past. Several of these have demonstrated two binding modes. Ina
study from Hurley’s group it was shown that porphyrin can show
two distinct binding modes, an intercalative and an end stacking
mode for binding to ¢-M YC 27-mer (43). While in a recent study,
our group showed two distinct binding modes for porphyrin with
quadruplex including end stacking and external binding with
varying binding affinities and stoichiometry (44). Telomestatin is
another widely investigated quadruplex ligand. The experimental
data about its binding modes and binding sites are yet unavail-
able, but our molecular dynamics data describe it as a strong
telomeric quadruplex binder with two distinct binding sites (45).
Contextually, Hurley and co-workers in a study showed a second
weaker binding mode with ¢-M YC quadruplex at higher ligand
concentrations over and above a first specific binding, at the
lower ligand concentrations (46). In our earlier reports we have
also shown that porphyrin exhibits two distinct modes for
binding with quadruplex with different binding affinities. The
two modes of binding discussed there include end stacking and
external binding (/7). Hence, the trend of two distinct binding
modes in the context of quadruplex binding is well reported. We
suggest that the two binding modes observed in the present study
with ligands 1 and 2 are end stacking and external binding again.
The intercalative binding mode in the case of quadruplex—ligand
interaction seems less feasible as has been argued by Neidle and
co-workers in their crystallographic study with porphyrin (47).
With two binding modes our ligands show two distinct binding
behaviors with different binding affinities and stoichiometry. We
obtained a binding affinity of the order of 107 and 10° corre-
sponding to stronger end stacking and weaker external binding
modes, respectively. Porphyrin reportedly binds with 107 and 10°
M ™! binding affinity, and Se2SAP shows 10° M~ binding with
quadruplex. While oxazole-based molecules from Balasubrama-
nian’s group show a Kp value of 15 uM with human telomeric
quadruplex as determined by SPR (48). In another study with
oxazole derivatives HXDV and HXLV’s, the ITC-derived
binding affinity has been found out to be 10° M~" (49). These
binding affinity data confer the potential of our molecules as
strong quadruplex binding ligands with binding affinities in a
higher or a comparable range with other well-characterized
ligands (42—44).
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We also show through ITC that ligands 1 and 2 do not bind to
CT-DNA (duplex) and are highly selective for quadruplex.
Arguably higher selectivity than other ligands available in
literature is thus demonstrated. Porphyrin binds to duplex with
a 10° M~" binding affinity (1 order less than that for quadruplex);
Se2SAP binds weakly with duplex again with 10° M~" binding
affinity. Pilch and co-workers have reported selectivity of
HXDV’s for quadruplex over salmon testes DNA in a UV
melting study (4/), while ligands 1 and 2 in our study show
absence of any heat change during ligand CT DNA interaction,
indicating failure to bind with CT-DNA. The binding affinity
and high selectivity have also been demonstrated in in vivo (cell
culture) conditions. The ligands show effective suppression of
c-MYC expression as determined in the RT-PCR experiments;
50 uM ligand 1 and 10 4M ligand 2 reduced ¢-M Y C expression to
50% after 24 h treatment in HeLa cells. Porphyrin has been
reported to effectively downregulate c-M YC at 100 uM concen-
tration in various independent studies (50, 51), while 50 uM
TmPyP4 was consumed for reducing KRAS expression to 30%
in pancreatic adenocarcinoma cells (52). Evaluation of the down-
stream effects of ¢-M YC suppression was done by assessing the
effects on cell cycle and further on apoptosis. It was found that
the ligands effectively drive the cells toward apoptosis, which may
be the result of ¢-MYC downregualtion. All of these results
unanimously suggest that the present ligands are highly effective
quadruplex binders and can modulate the activity of the genes
that bear a potential quadruplex in their regulatory element.

Structure-specific targeting of regulatory regions in the genes
to influence their biological activity requires highly specific and
efficient binding agents. The previously characterized quadruplex
ligands have each shown some limitations. Porphyrin being
highly cytotoxic and photoactive has been ruled out as a drug
candidate (52, 53). Se2SAP though less cytotoxic than porphyrin
shows inefficient cellular uptake and hence has limited in vivo
activity (7). Telomestatin has been a preferred ligand for in vitro
quadruplex targeting but has a limitation in its poor water
solubility. Though the experimental values of telomestatin are
unavailable, yet studies have revealed that the oxazole moiety is
the preferred scaffold for G-quadruplex-specific ligands (40).
Several groups have designed different molecules of this league
for G-quadruplex targeting (52, 54—356), but the so far tested
oxazole derivatives have shown promising biophysical proper-
ties, yet their in vivo activity remains to be characterized. We have
shown our ligands to be highly selective and efficient quadruplex
binders along with low cytotoxicity and appreciable cellular
uptake in the in vitro as well as in vivo experiments. In the present
study we have focused on only one representative gene, c-M YC,
of the group of genes that bear a quadruplex motif in their regu-
latory elements. Further studies encompassing other members of
the group along with a genome wide expression profiling shall be
instrumental in establishing the selectivity of these ligands for
quadruplex. It would also be challenging to investigate if the
ligands can distinguish between the different (polymorphic)
quadruplex structures available in the genomic scenario.

CONCLUSION

In our study we have designed and synthesized a set of mole-
cules to be considered as potential scaffolds for selective targeting
of quadruplexes. This study entails an integrative approach
wherein we combine both biophysical methods and molecular
assays to establish suitable scaffolds to target G-quadruplexes. In
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summary, the spectroscopic and calorimetric studies have unan-
imously shown efficient binding, stabilization, and high selec-
tivity for quadruplex over duplex. These ligands have proven to
be promising with interesting results with molecular assays like
real time PCR, reporter assay, cell-survival assay, cell cycle
analysis, and apoptosis studies.

In the present study we have focused on only one representa-
tive gene, c-M YC, of the group of genes that bear a quadruplex
motif in their regulatory elements. Further studies encompassing
other members of the group along with a genome-wide expres-
sion profiling shall be instrumental in establishing the selectivity
of these ligands for quadruplex. We have found that these ligands
have the capability to efficiently bind with telomeric quadruplex,
also (data not shown). It would also be challenging to investigate
if the ligands can distinguish between the different (polymorphic)
quadruplex structures available in the genomic scenario. More
such studies in the future may be encouraged for better under-
standing of the genomic evolution as well as for applications in
therapeutics.
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