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Abstract

Recent studies support the idea that &lgplex structures in the promoter regions of
oncogenes and telomere DNA can serve as potehghfeutic targets in the treatment of
cancer. Accordingly, several different types of amg small molecules that stabilize G-
guadruplex structures and inhibit telomerase agtivave been discerned. Here, we describe the
binding of benzimidazole-carbazole ligands to Geljuplex structures formed in G-rich DNA
sequences containing the promoter regions of hudNC, c-KIT1, c-KIT2, VEGF andBCL2
proto-oncogenes. The fluorescence spectroscopig iddicate that benzimidazole-carbazole
ligands bind and preferentially stabilize the patabpology of G-quadruplexeas the promoter
region of oncogenes. The molecular docking stuglieside insights into the mode and extent of
binding of this class of ligands to the G-quadrypkeformed in oncogene promoters. The high
stability of these G-quadruplex structures wasdaéd by thermal denaturation and telomerase-
catalyzed extension of the' &nd. Notably, benzimidazole-carbazole ligands seggprthe
expression of oncogenes in cancer callsa dose-dependent manner. We anticipate that

benzimidazole-carbazole ligands, by virtue of tladaility to stabilize G-quadruplex structures in



the promoter regions of oncogenes, might reduceiskeof cancer through the loss of function

in the proteins encoded by these genes.

Keywords: Oncogenes, G-quadruplex DNA, benzimidazodbazole conjugateghiazole

orange, fluorescence intercalator displacenmiymerase stop assdyanscriptional regulation.

1. Introduction

The human genome contains highly repetitsequences: among them, the most
polymorphic are the G-rich sequences, which reatbld into a variety of G-quadruplex
structures [1]. A typical G-quadruplex comprises aofplanar cyclic array of four guanine
residues held together by Hoogsteen hydrogen bidhdBy stacking on top of each other, these
tetrads produce a right-handed quadruple helicactire. The G-rich sequences give rise to
diverse G-quadruplex structures by folding intarintra-molecularly and can form hybrid-type
mixed parallel/antiparallel G-strands [1-3]. Theramolecular G-quadruplex structures can
adopt diverse topologies; depending on the oriemtabf strands, size/sequence of loops,
glycosidic torsion angles, and type of metal iohs3]. The computational studies and high-
throughput sequencing have revealed that approglyn@i 6310 distinct G-quadruplex forming
sequences exist in the human genome [4, 5].

A significant body of work has also shoviratt G-quadruplex forming sequences are not
randomly distributed throughout the genome, but tencluster in specific regions. The non-
random distribution of G-quadruplex forming sequenand their evolutionary conservation in
genomes posit that these sequences may be asdouwidte a wide range of fundamental

biological processes [4, 6, 7]. The most commomfof DNA in cells is the B-form, in which
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G/C base pairing precludes the formation of G-qupléx structures. However, the guanines
within a G/C-rich region can fold into G-quadruplsttuctures as a consequence of transient
strand separation during the processes of trarigsrjpgeplication and recombination [8, Jhe
research activity in the area of G-quadruplex stmés has hugely expanded in the past decade
due to their existence at biologically relevantilooder physiological conditionand their
potential druggability in human cells [10-12].

The telomeres protect chromosomes from degradatiml genomic instability; they also
regulate telomerase activity [13, 14]. Telomerasa reverse transcriptase that plays a key role
in telomere length homeostasis by adding TTAGGGaep to the ends of chromosomes [15,
16]. For optimal telomerase activity, unfolded takric G-rich single strands are a necessity; on
the other hand, folding of this overhang into a @dyuplex structure inhibits telomere
elongation by telomerase. Given the fact that tel@se is overexpressed in a majority of human
cancer cells, it has emerged as a potential tangdte development of anti-cancer drugs [17].
Among several different approaches to telomerasibition, the stabilization of G-quadruplexes
by small molecules has received much attention. [A8]human telomeric single-stranded DNA
(ssDNA) folds into a variety of intramolecular Gaglruplex structures [19-23], the structural
features that are considered during the developrokfigands include the G-tetrad surface,
discrete grooves resulting from combinationsywf andanti- deoxyguanosine conformations, a
central channel with a negative charge and motitisimthe flexible loop regions [24]. Owing to
their potential roles in disease pathology, sevieuadreds of small molecules that interact with
and stabilize telomeric G-quadruplex structuresehasen reported in literature [25].

Previous analyses using bioinformatics tools hawvealed that G-quadruplex DNA motifs

are embedded within the promoters of human oncagasewell in several genes that encode

4



transcription factors, but are under-representedhen promoters of housekeeping genes and
tumor suppressor genes [24, 26]. A number of stutiave provided persuasive evidence
supporting functional roles of the promoter G-qugiexes of various human genes suchNg
[27], c-MYC [28], VEGF [29], HIF-1a [30], BCL-2 [31], MtCK [32], KRAS [33], c-KIT [34],
RET [35], PDGF-A [36] andACCL1 [37] and also their potential druggability [1, 13B]. Several
classes of small molecules that bind and stabiblemeric G-quadruplex structures have been
reported [25, 39, 40]. Most of the reported ligahdse a planar aromatic surface and interact
with the external surface of the G-quartetasgtacking interactions. Along with this selectivity
and affinity of a ligand can be enhanced by thetedstatic as well as H-bonding interactions of

the neutral/cationic side chain with the groovesg®of the quadruplex structure [39, 41].

In previous research works, a variety of experitalenechniques have revealed that
benzimidazolecarbazole ligands selectively bind and stabilizéonberic G-quadruplex
structures, inhibit telomerase activity and probteon of human cancer cells [42, 43].
Additionally, these ligands were found to inducedimgical conversion from non-parallel to
parallel forms in human telomeric G-quadruplex cnes [42, 43]. In this study, we
demonstrate the ability of benzimidazole-carbadaiands to bind, stabilize and target G-
guadruplex structures formed at telomeres anddrptbmoter regions of humarMYC, c-KIT1,
c-KIT2, VEGF andBCL?2 proto-oncogenes. The data presented here suggestethzimidazole-
carbazole ligands can inhibit telomerase-catalyzdénsion of the'3end [42]. The biological
evidence that these ligands have important phygicdd consequences are presented: they
suppress the expression of oncogenes in human ttelts indicating cellular relevance to

oncogene promoter G-quadruplexes and potentigdoae the risk of cancer.



2. Results and Discussion

2.1. Ligands used in this study

The benzimidazole scaffolds are a vakabdass of heterocyclic compounds that have
many applications in the pharmaceutical industriye enzimidazole containing compounds
interact with various cellular targets (DNA beingetprimary target) and elicit a variety of
cellular responses. Owing to their planarity, bemdazole derivatives have the potential to
interact with DNA via the intercalation binding nmed44-46]. Another class of compounds,
which contain the bis-benzimidazole group (for eplenHoechst 33342 and Hoechst 33258)
interact through the minor groove of duplex DNA |[4B]. The benzimidazole-transition metal
ion conjugates also interact with DNA. For examjlenzimidazole-Cti complexes intercalate
into duplex DNA [49]. The binding activity of bemaidazole moiety (containing groove
binders) is also studied with respect to theirrexton with G-quadruplex DNA [50].

The compounds containing a carbazole moiety ex@esgle range of pharmacological
activities including anticancer, antiviral, antifyal, anticoagulant, antiparasitic, analgesic,
anticonvulsant, antiulcer and antihypertensivevéats [51-55]. The chemistry and biology of
carbazoles have attracted great interest in theéexbrof their use in the synthesis of DNA
binders due to their desirable electronic strustiaed larger-conjugated surface. In addition,
various functional groups can be attached to ecttrally rigid carbazolyl ring. The ligands
containing carbazole moiety bind to the minor g@o¥ A/T-rich sequences and also interact by
intercalation as they contain a flat chromophor@.[3he research stimulated by the attractive
properties of carbazoles has led to the synthdsisadbazole derivatives that recognize and

stabilize a variety of G-quadruplex DNA structufé2, 43, 49, 56-60].



In previous research work, benzimidazole-carbazotjugates were shown to
selectively stabilize telomeric G-quadruplex DNAeowduplex DNA [42]. These ligands possess
carbazole as a central pharmacophore with varyingher of flanking benzimidazole moieties
and they preferentially bind to telomeric G-quadexNA over duplex DNA. In this study, the
ability of benzimidazole-carbazole conjugates todhbihe G-quadruplex structures formed by G-
rich DNA sequences (Table 1) in the promoter regibhumanc-MYC, c¢-KIT1, c-KIT2, VEGF
and BCL2 proto-oncogenewas investigated. Five benzimidazole-carbazole ugatg ligands
were used (Fig. 1), of which the synthesis of Idj@rand4 have been reported previously [42];
newly synthesized ligands 3 and5 were included to widen the pharmacological scopae
strategyemployed in the synthesis of ligaddwas based on the observation that carbazole-
benzimidazole pharmacophore efficiently binds td atabilizes telomeric G-quadruplex DNA
[42]. While protonatable hydroxyethyl piperazine ietes in ligand1l can electrostatically
interact with negatively charged phosphodiestekbaee, the hydroxyl moieties can function as
hydrogen bond donor. Further, ligadhas three protonatable piperazine or morpholineties
which can impart electrostatic interactions anaurigi3 contains an extra hard positive charge
that might facilitate ligand-DNA interaction. Boligand 2 and3 are devoid of the hydroxyethyl
group and can disable the H-bond donor propertythie case of ligandg and 5, the
hydroxyethyl group along with three protonatableieties, either N-methyl-piperazine or
dimethylamine, was added. Thus, keeping the calbdis-benzimidaole central
pharmacophore common, the peripheral functionalggavere varied to study their effect on G-
guadruplex binding efficacy and changes in theiecdfrity towards different topological

structures.
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Figure. 1. Structure of benzimidazoelearbazole conjugates used in this study.

Table 1. Telomeric and oncogene promoter oligoraiitle sequences used in this study.

Promoter 5'<-----Sequence----->3'

C-Myc TGGGGAGGGTGGGGAGGGTGGGGAAGG
VEGF CGGGGCGGGLCLCGGGGGLCGGEGET
Telomere  TTAGGGTTAGGGTTAGGGTTAGGG

c-Kit AGGGAGGGCGCTGGGAGGAGGG
c-Kit-2 CGGGCGGGCGCGAGGGAGGGG
BCL2 AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGLTG

2.2. Fluorescence emission spectral titrations
To investigate the ability of different lz@midazolecarbazole conjugates (ligandishb) to
bind G-quadruplexes formed by the telomere and gewme promoter sequencesMYC, c-

KIT1, c-KIT2, VEGF and BCL2), fluorescence titration experiments were caroetl In these
8



experiments, a fixed concentration of a specifiggarid was titrated against increasing
concentrations of the indicated G-quadruplex. Ak tigands exhibited very weak emissions
after excitation at 330 nm, which could be duehi ¢ollisional quenching of the singlet-excited
state by polar water molecules. The ligahdlone displayed an extremely weak fluorescence
emission(Fig. 2A). The addition of increasing concentratiaf telomere G-quadruplex resulted
in a substantially enhanced emission (maximum atr#6). In parallel, the ability of ligantito
bind oncogengromoter ¢-MYC, BCL2, ¢c-KIT1, ¢-KIT2, and VEGF) G-quadruplexesvas
measured. The fluorescence intensity increasedfisemtly as the ligand was titrated with each
of the G-quadruplex DNA substrates derived from thd@icated oncogene promoter G-rich
sequences (Fig. 2B-2F).

Similarly, fluorescence titration experm® were performed with ligand&5 and the
results corroborated the effect of ligafd The influence of ligand2-5 on the fluorescence
emission spectra was evident from the differencesemission profiles upon addition of
increasing concentrations of the oncogene prontetguadruplex DNAwhich was followed by
saturation for each ligand (supplementary Fig. 81-She enhancement in fluorescence
intensity suggests that the ligands encounter &regnhydrophobic environment upon binding,
which in turn results in the retention of theirrinsic fluorescence emissions. Collectively, these
fluorescence titration measurements support tha tat benzimidazole-carbazole conjugates
interact with both telomere and oncogene promadiYC, c-KIT1, c-KIT2, VEGF, and BCL2)

G-quadruplexes.
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Figure. 2. Interaction of ligandl with different G-quadruplexes. The reaction migsir
contained a fixed amount (Oy8) of the indicated ligand in 10 mM Tris-HCI buffépH 7.4)
with 100 mM KCI, 0.1 mM EDTA and increasing conaatibn of the specified G-quadruplex
(as indicated in each panel). The fluorescencetisgdéracings were obtained at each time point
after the addition of an aliquot of G-quadruplext@uM). Panels A, B, C, D and E corresponds
to telomeric,c-MYC, BCL2, c-KIT1, ¢c-KIT2 and VEGF G-quadruplex substrates, respectively.
The vertical arrow represents relative increastumrescence intensity following addition of the

specified G-quadruplex.

2.3. Effect of benzimidazol e-carbazole conjugates on the conformation of G-quadruplexes
The foregoing studies indicated that lpardazole-carbazole conjugates interact with
telomere and oncogene promoter G-quadruplexesnGhesfact that G-quadruplexes can adopt

various folding topologies [1-2,6-7], we soughtassess the effect of benzimidazole-carbazole
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conjugates on the topology of oncogene promoteu&iquplexes. Far-UV CD spectroscopy has
been extensively used to monitor the different comfitions of G-quadruplex structures in
solution [61]. Thus, CD spectroscopy was employethe current study to investigate the effect
of different benzimidazole-carbazole ligands ondbeformation of G-quadruplexes.

The reaction mixtures (in 10 mM Tris-Hétlffer, pH 7.4, containing 5 uM G-quadruplex
DNA, 100 mM KCI and 0.1 mM EDTA,; with or without ffierent ligands) were heated at 95 °C
for 5 min followed by slow cooling to room tempena. Then the spectra were recorded in the
absence or presence of the indicated ligands.cTM&C, c-KIT1, ¢c-KIT2 and VEGF promoter
G-rich sequences consistently folded into paralednded while the telomere arBCL2
sequences folded into hybrid-type mixed paralleipanallel G-strands. The addition of ligahd
4 or 5 to the G-quadruplex samples led to a structunarsion from the K stabilized hybrid-
type mixed parallel/antiparallel G-quadruplex to stable telomere parallel-stranded G-
guadruplex. The positive peaks at 288 nm and 26 Tnienged to produce a positive peak at 264
nm and a negative peak at 241 nm, indicating thedtion of parallel-stranded G4 DNA (Fig.
3A).

The telomeric G-rich sequence folds intoylrid structure under physiological conditions;
at the same time, it folds into a parallel-stranadsehformation under molecular crowding
conditions [62]. The ligandg and 3 failed to induce a structural transition from hgbtype
mixed parallel/antiparallel G-quadruplex to a ptadtranded structure in the telomere G-
quadruplex. A similar effect was seen in the cdstn@BCL2 promoter G-quadruplex structure
(Fig. 3C). It is interesting to note that the ligad, 2, 3, 4 or 5 induced changes in the ellipticity
of humanc-MYC, c-KIT1, ¢-KIT2 andVEGF promoter G-quadruplexes; however, the parallel-

stranded topology was retained (Fig. 3B, 3D-3F)eskhresults suggest that these ligands
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preferentially bind to the parallel-stranded G-quigtexes formed by G-rich promoter sequences
derived from humar-MYC, c-KIT1, c-KIT2 andVEGF oncogenesBased on these observations,
we propose that theenzimidazole-carbazole ligands induce and stabpiarallel-stranded G-
guadruplex topologies. Moreover, the piperazingidies at the end of the benzimidazole
scaffold (ligandl, 4, and5) play an important role in the structural alteyatiof hybrid G-

quadruplex structures into parallel ones. Intengbyi replacement of the piperazine residues

with morpholine (ligan® and3) disable the molecules to bring about any suatstoamational

changes.
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Figure. 3. The effect of benzimidazole-carbazole ligands lom ¢onformation of different G-
guadruplex substrates. The CD spectra were obt&iogdreaction mixtures containingu®/1 of

the indicated G-quadruplex in 10 mM Tris-HCI bufigiH 7.4) with 100 mM KCI, 0.1 mM
EDTA in the presence or absence of different ligamaset: black, red, blue, dark cyan, pink and

olive CD spectral tracings correspond to G-quadmjh the absence or presence of ligahd,
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3, 4and5, respectively. Panels A, B, C, D, E, and F comesipto telomeric, -MYC, BCL2, c-

KIT1, c-KIT2 andVEGF G4 DNA substrates respectively.

2.4. Fluorescent intercalator displacement assay

The fluorescent intercalator displacem@rlD) assay has been previously used to
determine the specificity and affinity of putati@ DNA ligands [1-2,6-7]. Thiazole orange
(TO), a fluorescent DNA-binding ligand, binds tog@adruplexes with high affinity; it does so
in a manner consistent with binding at a single,diéading to a 500 to 3000-fold increase in
fluorescence emission [65]. The enhancement inrdkmence emission appears to depend on the
topology of G-quadruplex that adopted by a givemidB-sequence. The affinity of a given
ligand for G-quadruplex is expressed in terms ofP@lues, which represents the concentration
of the ligand required to reduce the fluorescemtensity by 50%. A low D¢ value suggests
high binding affinity and vice versa.

We have previously shown that benzimidez@rbazole conjugates display lower fC
values for telomeric G-quadruplexes compared tdeduPNA, suggesting higher affinity of the
ligands towards G-quadruplex structures [42]. Théiseings were further validated by
determining the concentrations of liganti$ required to reduce the fluorescence intensity of
oncogene promotercMYC, c-KIT1, c-KIT2, VEGF, and BCL2) G-quadruplexes (Fig. 4;
supplementary Fig. S5-S7 and Table 2). The lighstdowed higher affinity towardsMYC, c-
KIT1, c-KIT2, and VEGF with DCsy values of 1.63uM, 1.62 uM, 1.36 uM and 1.42uM
respectively (Table 2). However, a higher conceiatneof ligand1 was required to displace 50%
of TO from telomeric andBCL2 G-quadruplexes. The Bgvalues for ligandl were 2.79uM

and 2.86uM in the case of telomeric arBICL2 G-quadruplexes, respectively. To assert the
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generality of the principle, D values were determined for ligan?2is4 and5. The ligand<, 4
and5 displayed lower Dg; values forc-MYC, c-KIT1, ¢-KIT2 and VEGF over telomeric and
BCL2 G-quadruplexes (Table 2). Notably, ligands4 and 5 displayed higher efficiency
compared to ligand, indicating higher affinity for G4 DNA. This highaffinity may be due to
the presence of the extra protonated side chaipleduo the carbazolbl-centre. However,
higher DG, values for ligand3 indicates that the existence of an additional qgoratable
morpholine moiety along the carbazdleside chain energetically disfavors the G-quadmiple
binding activity. Importantly, all the ligand4-{5) displayed increased binding affinity towards
parallel G-quadruplex structurex-MYC, c-KIT1, c-KIT2, and VEGF) over hybrid-type
structures (telomere ar8iCL2). The standard G-quadruplex DNA binding molecuMPlyP4
showed higher affinity towards all the G-quadrup@XA than the carbazole-benzimidazole
ligands (supplementary Fig. S8 and Table 2). limportant to note that, unlike carbazole-
benzimidazole ligands, TMPyP4 does not show anfeprace among different G-quadruplex
DNA topologies. Moreover, all the carbazole-bendaziole ligands showed much higher

selectivity towardds-DNA over G-quadruplex DNA than TMPyP4 (Table 2).
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Fig. 4. Thiazole orange (TO) displacement by ligdnidom telomericc-MYC, BCL2, ¢c-KIT1, c-

KIT2 or VEGF G-quadruplex-TO adduct. The fluorescence spectra@iG-quadruplex was
obtained in a buffer containing 10 mM Tris-HCI (pt#4), 100 mM KCI, and 0.1 mM EDTA in
the presence of increasing concentrations of lighn@ihe fluorescence spectral tracings were
recorded at each time point after the additionmoékquot of a ligand (0.1pM). Panels A, B, C,

D, E, and F correspond to telomerMYC, BCL2, c-KIT1, ¢c-KIT2 and VEGF G4 DNA

substrates respectively. Panel G shows relativais@lacement for telomeric;MYC, BCL2, ¢-
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KIT1, c-KIT2 andVEGF G-quadruplex substrates as a function of incrgasomcentration of the

specified ligand (as indicated in each panel).

Table 2. DCs values (ligand concentrations for the displacenwri0% of the TO from G4

DNA-TO complex) for the different G-quadruplexes aetermined from fluorescence

intercalator displacement assays

®The results are the average of two independentriemgets and estimated error values are

within £ 5% of each other.

2.5. Thermal stability of telomere and oncogene promoter G-quadruplexes

The data from fluorescence titrationsl dme FID assay suggest that ligaridS bind
efficiently to both telomeric and oncogene promdeMYC, c-KIT1, ¢c-KIT2 and VEGF) G-
guadruplexes. To further validate these observatiasme examined the thermal stabilityTg,) of
telomeric and oncogene promoterMYC, c-KIT1, ¢-KIT2 and VEGF) G-quadruplexes as a
function of ligandsl-5 using CD spectroscopy. Toward this end, the sanf@hel0 mM Tris-
HCI buffer, pH 7.4) containing 5 uM G-quadruplex ABN25 mM KCI and 0.1 mM EDTA and

different ligands were heated followed by slow @oglto room temperature. The variable

16



temperature CD spectra were recorded on a JascdO Jspectropolarimeter. Since
benzimidazolecarbazole conjugates induce a parallel topologteiomeric G4 DNA, melting
studies were carried out at 264 nm.

The Fig. 5A shows thermal melting profilesr telomeric G4 DNA in the absence or
presence of ligand$-5. In the absence of any ligand, the telomeric Gdgualex showed &,
of 55.3 °C. In the presence lafjands1-5, the T, increased up to 21.2 °C. As shown in Table 3,
the ATy, values are quite high for ligan@s4 and5 at 16.8 °C, 21.1 °C and 21.2 °C respectively.
The AT, values are lower for ligandsand3 at 9.7 °C and 7.1 °C respectively (Table 3). Thus,
these experiments reveal that ligades confer thermal stability on the telomeric G-quaniex
structure.

Next, we investigated the effect of ligandn stabilization of oncogene promoter G-
guadruplexes. As these promoter G-quadruplexekraoen to adopt a parallel topology in the
presence of Kion, the melting studies were followed at 262 fiilne CD melting measurements
showed significant thermal stabilization of promidBequadruplex DNAs in the presence of each
ligand (Fig. 5B-5F). The thermal stability providbg ligandsl-5 to promoter G-quadruplexes
followed the ordec-KIT1 = ¢-KIT2 > VEGF > c-MYC =~ BCL2. The AT, values for various G-
quadruplexes are in the range-@.% °C for ligandl; 5.6-16.8 °C for ligan®; 3.3-7.5 °C for
ligand3; 8.9-25.9 °C for ligandd and 7.424.7°C for ligandb (Table 3). The ligands$, 2, and3
provided slightly less thermal stabilization congzhto ligandgt and5. However, there was no
clear order of magnitude in the stabilization pdad by various ligands to different G-
guadruplexes. The ligandisand5, having three protonatable side chains with eifliperazine
or dimethylamine residues, showed enhanced statiliz compared to ligandl (having only

two side chains). The ligar@2l with two morpholine residues, exhibited moderdsbiization
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while compound3 (containing an additional morpholine moiety thagwever, blocks the
piperazine side-chain) exhibited a much weakerilstady ability and selectivity for all the
investigated quadruplexes. The standard G-quékUpNA binder TMPyP4 conferred much

lower thermal stability to G-quadruplex DNA thagdnd4 or 5.
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Fig. 5. Benzimidazolecarbazole ligands stabilize telomereMYC, BCL2, ¢c-KIT1, ¢c-KIT2 and
VEGF G-quadruplex structures. Thermal denaturationietudf G-quadruplex in the absence or
presence of ligands, 2, 3, 45 or TMPyP4. Black, red, blue, dark cyan, pink, olive and dark
blue spectral tracings correspond to the thermaueation profiles in the absence and presence
of ligand 1, 2, 3, 45 and TMPyP4 respectively. Panels A, B, C, D, E, and F correspto

telomeric,c-MYC, BCL2, c-KIT1, c-KIT2 andVEGF G-quadruplex substrates, respectively.
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Table 3. Thermal stability of various G-quadruplex DNA stiwres with different

benzimidazolecarbazole conjugates measured by CD melting studies

®ATn values were obtained from the differences in tledting temperatures of the ligand bound
and G4 DNA alone in 10 mM Tr$HCI buffer (pH 7.4) containing 25 mM KCI and 0.1 mM

EDTA. The results are the average of two independeperiments and are within £ 0.5 °C of
each other.

Our previous studies with telomeric G-quadruplegvedd relatively weaker stabilization by
ligands in the presence of NaCl compared with Gdqugalex stabilized by KCI [42, 43]. In the
presence of Naon, the ligands failed to bring about a conformasil change in telomeric G4
DNA from antiparallel basket to parallel type; haweg in the case of Kion, the ligands bring
about a conformational change and they favor pratbnformation. Thus, the higher
denaturation temperatures in the presence ofo are most likely due to the topological
transformation from hybrid to a more stable patateucture. This suggests that the parallel
form of G-quadruplexes meets the structural requér@s for maximum non-covalent
interactions with the ligands. Collectively, thesuts from CD melting studies suggest that

ligands1-5 preferentially stabilize parallel the G-quadrup&aaformation.
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2.6. Polymerase stop assay

Having established that ligantiss interact with and stabilize promoter G-quadruplex
structures, we asked whether such stabilized Grgpéakes present obstacles to DNA synthesis
by DNA polymerases. For this purpose, a 77-m&tYC G-quadruplex forming sequence was
annealed t6%P-labeled primers through heating followed by skmweling in 10 mM Tris-HCI
buffer (pH 7.4) containing 5 mM KCI. The conceniat of the primer used for annealing was
1.5-fold higher than the template and targeted td#va complementary region at thleeBd of
the template. The primer extension reaction wasiated by the addition offag DNA
polymerase. The reaction was performed at 48 °C3formin. As expected, the reaction
performed in the absence of any added ligand gesteeafull-length product (Fig. 6A, lane 2).

In theory, if the ligand stabilizes a Gaguuplex structure in the-MYC template, the
primer extension byfag DNA polymerase would pause at the G-quadruplexiiiog (pause)
site. On adding increasing concentrations of kigrenhanced pausing was observed at the site
coinciding with the formation of G-quadruplex iret@7-merc-MYC G-rich promoter sequence
(Fig. 6A, lanes 3 to 6). These results suggest lthahd 5 enhances Taqg DNA polymerase
pausing by stabilizing the G-quadruplex structdtehigh concentrations of ligansl there was
increased premature termination resulting in cotepiehibition of the formation of full-length

products.
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Figure. 6. Tag DNA polymerase stop assay performed oncthdYC DNA template sequence in
the presence of increasing concentrations ligarahd 1. The position of primer, full-length
product and the pause product is indicated onigig-hand side. (A) Primer extension reaction
in the presence of ligarlat 48 °C. (B) Primer extension reaction in thespreee of ligand. at

40 °C.

To further substantiate these findingiag DNA polymerase primer extension reactions
were carried out using ligaridat 40 °C. As shown in Fig. 6B (lane 1), in the alzseof ligandL,
a small amount of ligand-independent DNA synthesiest was seeat the guanine tract. In
contrast, ligandl generated the same premature chain terminatiodupt® as ligands,
confirming that these ligands are responsible flacking DNA synthesis. Furthermore, the
extent of premature chain termination observed duatly proportional to the concentration of
ligand added to the reaction (Fig. 6B, lanes 3fb)e pattern and extent of ligand-dependent
arrest of DNA synthesis is consistent with the owtof stabilization of G-quadruplex DNAs

formed by oncogene promoter G-rich sequences.
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2.7. Computational studies

To investigate the most probable modédinding of these ligands to various G-
qguadruplex structures at the telomeric and oncogeomoter regions, we performed docking
studies using the AutoDock 4.0 software [64]. ldliidn, the extent of binding of these ligands
to various G4 DNAs was determined, thus substangidhe biophysical results described above.
For this purpose, two representative benzimidazaldazole conjugates were taken for docking
studies namely: ligand and 2. Initially, the energy optimization of ligands and 2 was
performedand the most stable energy state structures wedegneld. These were then docked
with the structures of humanKIT (203M), c-KIT2 (2KQH), VEGF (2M27), Hreo (1KF1), C-
MYC (1XAV), and BCL2 (2F8U) G-quadruplexes (Fig. 7). Both the ligandsravfound to
interact with different G-quadruplexes through @ént stacking and/or H-bond formation.
Primarily the central benzimidazelearbazole pharmacophore interacted with the pl&ar
tetrad; the side chains were found to interact Withnegatively charged phosphate backbone in
the groove and loop region. Taken together, theselts corroborate the spectroscopic analysis
and DNA synthesis arrest studies showing that gdnand?2 efficiently interact with the G-

guadruplex structures formed by both telomere arwbgene promoter G-rich sequences.
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(A) (B)

(F)

Figure. 7. The docked models of ligandsand2 with (A) telomeric, (B)c-MYC, (C) BCL2, (D)
c-KIT1, (E) c-KIT2 and (F)VEGF G-quadruplex structures. PDB code of the telomerMYC,
BCL2, c-KIT1, ¢c-KIT2 andVEGF G-quadruplex structure used for the docking are1,KIXAV,
2F8U, 203M, 2KQH, and 2M27 respectively. Panel present docking with ligand and

subpanel 1l with ligan@.
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2.8. Benzimidazole-carbazole ligands inhibit telomerase activity and oncogene expression,

which in turn shows cancer cell specific cytotoxicity

The foregoing studies demonstrate that telomerid @amcogene promoter G-quadruplex
structures can be stabilized by benzimidazole-zaledigands. Next, we sought to investigate
their ability to inhibit telomerase activity; tord and repress the transcription of target oncogene
promoters. To this end, the effect of ligadmdn telomerase activity was tested using a modified
telomeric repeat amplification assay (TRARR5) [65]. Here, ligand5 was used in the
concentration range of 0.01 tou®1. As shown in Fig. 8A, it inhibited telomerasdtiaity in a
dose-dependent manner, and this was correlated thathdecreased intensity and number of
telomeric bands with an kg value of 0.3uM. We wondered whether ligariflcan suppress the
expression oE-MYC and VEGF gene products in cell model&ccordingly, we analyzed their
transcriptional response to ligaridin MCF-7 and HelLa cellsising qRT-PCR assay. The
expression of the housekeeping gene GAPDH servedcastrol. We found a dose-dependent
decreasén c-MYC and VEGF transcript levels with no alteration (BAPDH transcription. The
HelLa cells showed 49% and 71% decreaseNtYC transcription upon treatment withu®1 and
10 uM ligand5, respectively; however, no corresponding reductvas seen in cells treated with
DMSO (Fig. 8B). Similarly, the VEGF transcript ldgevere reduced by 44% and 68% upon
treatment with .uM and 10uM of ligand5 respectively.

Next, we evaluated whether these ligandsbéxanti-proliferative effect against various
cancer cell lines. The cytotoxic efficacy of ligahdgainst human breast cancer cells (MCF-7)
and human cervical cancer (HelLa) cells was cawigtdusing MTT assay. The results showed
that ligand5 significantly inhibited the proliferation of canceell lines in a concentration-

dependent manner with 4gvalues of 11.42M and 8.29uM respectively (Fig. 8C). Thus, these
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results support the idea that benzimidazole-catbaligands could potentially be used for
suppression of oncogene expression in cancer catld, as suitable candidates in cancer

chemotherapy.
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Figure 8. Benzimidazolecarbazole ligand inhibits telomerase activity, represses oncogene
expression and displays cancer cell specific cytoity. (A) Ligand 5 inhibits telomerase
activity in a dose-dependent manner. Telomerabéition of ligand5 was evaluated by
TRAP-LIG assay. Lane 1, positive control; 2, negatontrol. Lanes 3-13, incubated with
increasing concentrations of liga®d(0.01, 0.02, 0.04, 0.08, 0.1, 0.3, 0.6, 0.9, 1.8, 2 uM
respectively). (B) Ligan& suppresses-MYC andVEGF transcription in HelLa cells. The HelLa
cells were treated with increasing concentratiohfigand 5 for 24 h and then the transcript
levels ofc-MYC and VEGF were measured. The histograms show relative folshgt in thec-
MYC andVEGF transcript levels upon ligand treatmeBAPDH was used as an internal control
for normalization. (C) Ligan8 decreases cell viability and induces cell de&itotoxic effect

of ligand5 in MCF-7 and HeLa cells was evaluated by the M§3ag. The error bars represent

the mean = SD of three independent experiment®ieed in triplicate
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3. Conclusions

The biological significance of G-quadruge has been well-recognized and they have
emerged as attractive candidates for cancer thefdmyinterest in telomere-specific therapeutic
compounds continues, in parallel, there is growingerest in oncogene promoter G-
guadruplexes as potential therapeutic targets tigdea new effective anticancer drug. In
contrast to the telomeric G-quadruplex forming seope, the G-quadruplex-forming sequences
in promoter regions are diverse and can fold intdtiple G-quadruplex conformations. Thus,
the discovery and development of small moleculas ¢an interact with genomic G-quadruplex
DNA structures may provide necessary opportunif@stargeting promoter sequences and
downstream events. A ligand that stabilizes onectire may interact differently with others.
Therefore, it is necessary to profile the inte@ttof ligands with different G-quadruplexes to
determine their biological activity as G-quadrupsabilizing compounds.

Our previous studies have demonstratedaiazimidazole-carbazole ligands preferentially
bind to and stabilize telomeric G-quadruplexes al@uble-stranded DNA and, consequently,
inhibit telomerase activity [42]. Additionally, tee ligands exhibit selectivity towards parallel G-
guadruplex structures. In the current study, beitarvle-carbazole ligands were found to bind
and stabilize humaa-MYC, c-KIT1, c-KIT2, VEGF andBCL2 promoter G-quadruplex structures
in vitro. The spectroscopic experiments suggest that b&tenwie-carbazole ligands induce
topological changes from hybrid to stable parallefjuadruplex DNAs. Consistent with the
experimental data on thermal stability of G-quatknes and FID assays, these ligands
displayed higher affinity to oncogene promoter Gdjuplexes. Furthermore, studies with

ligands 2, 4 and 5 indicate that these are strong oncogene promotqua@ruplex binding
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ligands compared to ligands and 3. Structural modifications among ligands5 strongly
suggest that the hydroxyethyl substituted bis-beitdazole residues are responsible for
topological transformation of the G-quadruplex DMN#ucture. The additional protonatable
residue at the carbazolM-centre (ligand2, 4, and5) enhances G-quadruplex DNA affinity
without altering the specificity toward paralleptdogical structure. Notably, the stabilization of
promoter G-quadruplexes by benzimidazolrbazole ligands stall DNA replication and inhibit
oncogene expressiom vivo. We close with a point emphasizing the notion thia¢
transcriptional activation of oncogenes in can&discan be suppressed through the stabilization

of G-quadruplexes by benzimidazetarbazole ligands.

4. Experimental section
4.1 Synthesis of benzimidazol e-carbazole ligands

We designed and synthesized ligan8 and5 (scheme 1-3) as previously described [42].
All starting materials were from the commercial m@$ and used without further purification.
All solvents were from Merck, and they were distll and/or dried prior to use whenever

necessary. All ligands were found to be at leaSP&9ure by elemental analysis.
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Scheme 1Reagents, conditions and yields: a) dry DMF, KCOs, N,-atomosphere, 110 °C, 12 h,
95%, b) H/Pd-C, rt, 12 h, 100%, c) NaH, ethylbromide, TBBIMF, rt, 12 h, 80%, d) POg|

DMF, ZnCh, 100 °C, 24 h, 75%, (e) CompouidN&S,0s, ethanol, 80 °C, 24 h, 60%.
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Scheme 2Reagents, conditions and yields: a) dry DMF, KCOs, Ny-atm. 110 °C, 12 h, 95%, b)
H./Pd-C, room temperature, 12 h, 100%, c) 1, 4-Dilmoatane, acetonitrile, 50 °C, 6 h, 90%;

d) Morpholine, room temperature, 12 h, 98%,18),(NaS,0s, EtOH, 80 °C, 12 h, 85%.
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Scheme 3.Reagents, conditions and yields: a) 1,4-dibromobutane, TBAI, 50% NaOH, room
temperature, 12 h, 72%; b) NHM8g), acetonitrile, 80 °C, 6 h, 90%; c) ZnCPOCEDMF, 0 °C

— 100°C, 24 h, 75%:; d) compouri®l N&S,0s, EtOH, 80 °C, 24 h, 70%.

2-[4-(3-Amino-4-nitro-phenyl)-piperazin-1-yl]-ethanol (6). 5-Chloro-2-nitroaniline (2 g, 11.6
@NOZ mmol) was taken in dry DMF (5 ml) and 2-piperaziyidethanol
N

I

J/N solution. This mixture was then heated at 110 °QleunN

NH,  (3g, 23.08 mmol) and 4CO; (4.8 g, 34.6 mmol) were added to the

HO atmosphere for 12 h until the disappearance of |&roiR-
nitroaniline. The crude compound was suspendedatemand the product was extracted with

ethyl acetate. The organic layer was washed twite water, dried over anhydrous 0, and
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concentrated. This resulted in a pure product asiroeed by TLC (1% MeOH/CHGIlon pre-
coated silica gel) and was isolated as a brigHbyesolid (2.93 g, 95% yield:H NMR (300
MHz, CDCL) § ppm 2.59-2.65 (m, 6H), 3.4 (= 4.8, 4H), 3.7 () = 4.8, 2H), 5.95 (dJ = 2.7,
1H), 6.1 (bs, 2H, Nb), 6.29 (dd,J = 9.3,J = 2.7, 1H), 8.02 (dJ = 9.3, 1H); HRMS:m/z =

267.1457 [M+H], Calcd. = 267.1457 [M+H] mp 163 °C.

2-(4-(3, 4-Diaminophenyl)piperazine-1-yl)ethanol (¥ Compound 5a (206 mg) was
NH,
,@ synthesized along with 100 mg of Pd/C (10%) in etih@nd stirred
N

NH
J] * under a pressure of,H1 atm.) for 12 h. The reaction mixture was

N
j passed through a celite bed under nitrogen flow @setl for the

HO
next reaction without any further purification & tdiamine product

was found to readily undergo aerial oxidation.

9-ethyl-9H-carbazole (9) 2 g (12 mmol) of Carbazol&)(was dissolved in 20 ml of DMF and
to that 115 (60 mmol) of NaH, 3.9 (36 mmol) of bmethane and 440 mg
)N (10%) were added and stirred at room temperdtrel2 h. The reaction
mixture was then quenched by slowly adding watet #wen dried under reduced pressure and
partitioned between water and chloroform. The oiglayer was passed through the,8i@, bed
and dried to get crude white powder. The pure prodas purified by column chromatography
and the pure product was isolated at 2-3% ethydéefbiexane eluent with a yield of 1.8 g (80%).
H NMR (300 MHz, CDCJ) 5 ppm 8.09 (dJ) = 7.4, 2H), 7.45 (dJ = 7.4, 2H), 7.38 (dJ = 7.4,
2H), 7.21 (d,J = 7.4, 2H), 4.31 (q) = 7.4, 2H), 1.4 (t) = 7.4, 3H); HRMS: m/z = 196.1129

[M+H]*, Calcd. = 196.1126 [M+H]
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9-ethyl-9H-carbazole-3,6-dicarbaldehyde (10)Compound® (1 g, 4 mmol)1.56 g (8 mmol) of
OHC CHO anhydrous ZnGlwere taken together in a round bottom flask (100

mL) along with 20 ml of dry DMF and heated at 10D for 15

) min. This was followed by cooling to room temperatuTo this

solution, 3.7 ml (40 mmol) of PO¢Wwas added drop-wise with cooling over ice-bathlformin
followed by heating at 100 °C for 24 h. Then thacten mixture was evaporated under vacuum
to remove excess DMF and quenched by the additibncecold water followed by
neutralization with concentrated KOH solution. Timéture was finally extracted using ethyl
acetate and the organic layer was passed throbgh af dry NaSQ,. The filtrate was collected
and evaporated to get a brown gummy mass which muagied by silica gel column
chromatography using chloroform/methanol as elug@he final product was evident at 1%
methanol/chloroform as an off-white solid, which svadjudged to be pure by TLC (1%
MeOH/CHC} on pre-coated silica gel) (1.5 g, 75%). NMR (300 MHz, CDC})  ppm 10.13
(s, 2H), 8.68 (s, 2H), 8.11 (d= 8.7, 2H), 7.55 (d) = 8.4, 2H), 4.34 (q) = 7.4, 2H), 1.47 (t) =

7.4, 3H). HRMS: m/z = 252.1029 [M+H]Calcd. = 252.1025 [M+H]

Compound 1.502 mg of compoundO (2 mmol), 740 mg (4 mmol) of freshly prepared diaeni

compound 7 were dissolved in 50 ml of

r
@
HNMNH ethanol and 461 mg of aqueous,SiDs
N

N
N,®/ \Q was added and then heated at 100 °C for
Z/_ N

v N \'N1 24 h. Reaction mixture was then cooled
HO OH

and dried under reduced pressure and redissolvetinanol. The pure product was isolated by
repeated precipitation from ethyl acetate witheld/of 819 mg (60%):H NMR (400 MHz, ¢-

DMSO) & ppm 12.55 (broad, 2H), 9.06 (s, 2H), 8.31¢; 8.8, 2H), 7.80 (dJ = 8.8, 2H), 7.46
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(d,J= 8.4, 2H), 7.07 (s, 2H), 6.92 (d= 8.8, 2H), 4.81 (broad, 4H), 4.54 (s, 4H), 3.660& 6,
4H), 2.93 (s, 12H), 2.77 (s, 6H), 1.36 (s, 3KC NMR (100 MHz, ¢-DMSO) § ppm 152.72,
149.32, 142.32, 141.63, 124.43, 123.84, 122.65,4828112.21, 110.49, 60.12, 58.23, 53.45,
50.12, 13.56; HRMS: m/z = 684.3778 [M+HLalcd. = 684.3774 [M+H] mp >300 °C; Anal.

(calcd. for GoHasNgOy): C, 70.25; H, 6.63; N, 18.43; found: C, 70.75,6#43; N, 18.22.

5-morpholino-2-nitrobenzenamine (11).A mixture of 5-chloro-2-nitrobenzenamine (1g, 1.8
NO, mmol), morpholine (2 ml) and dry KOs (1.2 g, 9 mmol) were taken
JJN NH, along with 5 ml of dry DMF and heated at 110 °C emdhitrogen
0 atmosphere for 12 h. The reaction mixture was thésd under vacuum
and 50 ml of cold water was added to it to formedoyv colored precipitate which was filtered
off and washed several times with distilled wated @ghen dried affording the yellow colored
product which was adjudged to be pure by TLC (2%OME&CHCL on pre-coated silica gel)
(1.239, 95%)*H NMR (400 MHz, ¢-DMSO) & ppm 7.82 (d,J = 10, 1H), 7.28 (s, 2H), 6.39 (dd,
J=9.8,= 2.8, 1H), 6.2 (dJ = 2.8, 1H), 3.70 (t) = 4.8, H), 3.27 (tJ = 4.8, 4H); IR (KBr):
3448, 3335, 3179, 3088, 2973, 2928, 2872, 28468,16234, 1123, 892 chm HRMS: m/z =

246.0858 [M+Nal], Calcd. = 246.0855 [M+N&] mp 188 °C.

4-morpholinobenzene-1, 2-diaming12). Compoundl2 has been synthesized from compound

/@:NHZ 11 following a similar procedure as described for poomd?.
N

)y

0

NH,
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Compound 14 Compoundl3 (1 g, 2.65 mmol) was taken with 20 mL of dry acide and to
OHC CHO that 1,4-dibromobutane (2.3g, 10.6 mmol) was aduetiheated
at 50 °C for 6 h. The volume was then reduced undetuum
\ and washed several times with petroleum etherd@tbby ethyl

/ix acetate to get a gummy yellowish product (1.42 @feP ‘H
o ,g\/\/\m NMR (400 MHz, CROD) & ppm 10.08 (s, 2H), 8.78 (s, 2H), 8.1
(dd,J=8.8, 1.2, 2H), 7.78 (d = 8.4, 2H), 4.69 (m, 2H), 3.6-3.5

(m, 6H), 3.06 (s, 3H), 2.72 (s, 2H), 2.7-2.6 (M,)2R148 (t,J = 6.8, = 6.8, 2H), 2.02-1.82 (m,

6H), 1.55 (m, 2H); HRMSm/z = 512.1912 [M-Br], Calcd. = 512.1913 [M-Bf]

Compound 15 The bromo-compound4 (200 mg) has been taken with excess of morpholine
e O o and stirred at room temperature for 12 h and then

N_\_\_N féj_fr_\_ washed with ethyl acetate to get the pure product
OHC N\:—-\\O as gummy liquid (197 mg, 98%)H NMR (400
MHz, d-DMSO) s ppm 10.11 (s, 2H), 8.92 (d,= 1.2, 2H), 8.09 (dd] = 1.2,J = 8.8, 2H), 7.93
(d,J=8.4, 2H), 4.57 (s, 2H), 3.9 (s, 4H), 3.78-3.76 4id), 3.72 (s, 2H), 3.65-3.61(m, 4H), 3.45
(t, J= 4.8, 2H), 3.1 (ddJ; = 4.8,J, = 5.8, 4H), 3.02 (s, 2H), 2.85 (= 5.6, 2H), 2.71 (s, 2H),

2.60 (s, 2H), 2.42 (0 = 6.8, 2H), 2.01 (s, 2H), 1.81 (s, 2H), 1.70 (s),2H58 (s, 2H), 1.49 (s,

2H); IR (KBr): 1685 crit; HRMS: m/z = 519.3336 [M-Bf] Calcd. = 519.3335 [M-Bf]

l\\llv Compound 3 The compound5 has been
Q reacted with freshly prepared diaimiag
NH
N~= O following the similar procedure discussed
N © earlier for compoundl affording deep-
_\_\_ /\ I Br
O N \/g_\_\_
N= N\/\O
NH A
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brown colored solid product with the yield of 8581 NMR (400 MHz, ¢-DMSO) & ppm 9.09

(s, 2H), 8.30 (dJ = 8, 2H), 7.89 (dJ = 8.4, 2H), 7.54 (d] = 8.8, 2H), 7.05 (d] = 8.4, 2H), 4.54
(s, 2H), 3.9-3.72 (m, 16H), 3.62-3.56 (m, 3H), 3489 (M, 9H), 3.04 (s, 4H), 2.85 (s, 2H), 2.76
(s, 2H), 2.67-2.63 (m, 2H), 1.86 (s, 2H), 1.7 (K),41.53 (s, 2H)*C NMR (100 MHz, &
DMSO) é ppm 150.59, 148.41, 141.71, 125.01, 122.35, 119.25.11, 114.09, 110.56, 99.28,
66.21, 65.79, 63.34, 63.20, 61.47, 61.27, 59.124/(&7.36, 55.67, 5535, 51.21, 49.94, 47.86,
47.64, 47.43, 47.24, 45.52, 42.81, 42.59, 41.142®623.31, 20.74, 20.05, 18.52, 15.10; IR
(KBr): 3445, 2952, 2922, 2853, 1642, 1449, 126010111044, 1021, 934, 899, 808 ¢m
HRMS: m/z = 866.5319, Calcd. = 866.5319 [M-Brjmp >300 °C; Anal. (calcd. for

Cs1HesBrN10O3): C, 64.75; H, 6.93; N, 14.81; found: C, 64.88;6:86; N, 14.73.

9-(4-Bromobutyl)-9H-carbazole (16) To a mixture of TBAI (277 mg, 0.75 mmol), carbkez(8

g, 18 mmol) and 11.67 g (54 mmol) of 1, 4-dibronaime and an aqueous 50%
1 NaOH (9 mL) were added at room temperature. Theaurexwas then stirred for
H\Br 6 h and then poured into water (100 mL) and ex¢detith DCM. The organic

layer was passed through a bed of dry3@ and evaporated to get a crude product which was

purified by silica gel column chromatography witlexiane/ethyl acetate mixture as eluent

yielding a white solid (5.4 g, 90%) NMR (400 MHz, CDC}) & ppm 8.1 (d,) = 7.6, 2H), 7.47

(m, 4H), 7.24 (ddJ = 4.5, 7.8, 2H), 4.36 (m, 2H), 3.38 (m, 2H), 2.0, @H), 1.91 (m, 2H);

HRMS: m/z = 302.0545 [M+H] Calcd. = 302.0544 [M+H] mp 101 °C.

4-(9H-carbazol-9-yl)-N,N-dimethylbutan-1-amine (17) Compoundl6 (900 mg, 2.98 mmol)

was dissolved in dry acetonitrile in a pressurestabd cooled down in ice. A dry
N
H/ dimethylamine was passed through the reaction maxamd stirred overnight at
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80 °C. The excess dimethylamine was carefully resdoand the reaction mixture was dried
under reduced pressure. The crude product pasedidmetween water and chloroform. The
organic layer was passed through a bed of dpbRa The filtrate was collected and evaporated
to get the desired product which was adjudged tpure by TLC (3% MeOH/CHGIlon pre-
coated silica gel) (713 mg, 90%H NMR (400 MHz, CDCY) 6 ppm 8.08 (dJ = 7.6, 2H), 7.45
(m, 4H), 7.24 (m, 2H), 4.39 (d,= 5.1, 2H), 2.82 (m, 2H), 2.59 (s, 6H), 2.01-1.8% PH), 1.88-

1.82 (m, 2H). HRMS: m/z = 267.1865 [M+H]Calcd. = 267.1861 [M+H]

9-(4-(dimethylamino)butyl)-9H-carbazole-3,6-dicarbddehyde (18) Compoundl7 (830 mg,

OHC CHO 3.12 mmol),850 mg (6.24 mmol) of anhydrous ZnGkere taken
together in a round bottom flask (100 ml) alongwétml of dry DMF
'/ﬁ and heated at 100 °C for 15 min. This was follovigdcooling to

_NQ room temperature. To this 2.9 ml (31.2 mmol) of POEas added

drop-wise with cooling over ice-bath for 15 minléaled by heating at 100 °C for 24 h. Then the
reaction mixture was evaporated under vacuum tooventhe excess DMF and quenched
carefully by addition of ice-cold water followed kyeutralization with concentrated KOH
solution. The mixture was finally extracted usirigy acetate and the organic layer was passed
through a bed of dry N&QO,. The filtrate was collected and evaporated toagbtown gummy
mass which was purified by silica gel column chrozgeaphy using chloroform/methanol as
eluent. The final product came at 3% methanol/ditom as a brown solid which was adjudged
to be pure by TLC (5% MeOH/CHEbn pre-coated silica gel) (753 mg, 75%). NMR (400
MHz, CDCk) & ppm 10.14 (s, 2H), 8.68 (s, 2H), 8.09 (dti,= 0.8, J2 = 8.4, 2H), 7.57 (d, 2H),
4.43 (t,d = 7.2, 2H), 2.29 (tJ = 7.2, 2H), 2.18 (s, 6H), 1.96 (,= 7.6, 2H), 1.56 (m, 2H).

HRMS: m/z = 323.1763 [M+H] Calcd. = 323.176 [M+H]
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Compound 5. The dialdehyde compounti8 (200 mg, 0.62 mmol) was taken with freshly

HO\\\ OH prepared diamin€ (293 mg, 1.24 mmol)
N’—\ NI
Ny Jr .

Q Q/N in 30 mL ethanol and to that 143 mg of

N N
HN‘\‘ I | ‘)L NH aqueous N#5,0s was added and refluxed
N for 12 h. The reaction mixture was then
(r' cooled and filtered and dried under

NO

reduced pressure to get the crude product. The mvassthen dissolved in methanol and
precipitated by addition of ethyl acetate. Repeditprecipitation yielded a light brown solid
product (327 mg, 70%fH NMR (400 MHz, ¢-DMSO) & ppm 9.07 (s, 2H), 8.3 (d,= 8.8, 2H),
7.79 (d,J = 8.8, 2H), 7.45 (d] = 8.4, 2H), 7.02 (s, 2H), 6.92 (d= 8.8, 2H), 4.48 (s, 4H), 3.56
(t, J= 6, 4H), 3.16-3.12 (m, 8H), 2.62 (s, 8H), 2.486(d), 2.3-2.22 (m, 4H), 1.8 (s, 2H), 1.57 (s,
2H); C NMR (c-DMSO) § ppm 153.27, 149.17, 142.23, 139.22, 135.41, 125192.11,
121.36, 120.21, 116.44, 115.81, 110.59, 101.583%%0.36, 58.89, 54.78, 54.34, 44.25, 27.11,
24.52, 22.33, 15.184RMS: m/z = 755.4506 [M+H] Calcd. = 755.4509 [M+H] mp >300 °C;

Anal. (calcd. for G4Hs4N1002): C, 70.00; H, 7.21; N, 18.55; found: C, 70.8;4#2; N, 18.31.

4.2 Oligonucleotides and reagents

The oligonucleotides used in this study were purchasemn Sigma-Genosys Ltd.
Oligonucleotide sequences used in this study atedin Table 3. The oligonucleotides were
suspended in TE buffer (10 mM Tris-HCI, 0.1 mM EDTpPH 8.0) and stored a0 °C.
Molecular biology grade chemicals including polydéme glycol 200 and thiazole orange (TO)

were purchased from Sigma-Aldrich (Bangalore). éher reagents and biochemicals were

37



obtained from Sigma-Aldrich or from other commekcsurces and used without further
purification. The buffer solutions were preparethgaMilli-Q water. Benzimidazolecarbazole
conjugates used in the study were >95% pure. Tdandi solutions were prepared in Milli-Q

water/molecular biological grade DMSO and dilutedhie corresponding buffer.

4.3 G4 DNA sample preparation

The G-rich oligonucleotides were prepared by digaglin 10 mM Tris-HCI buffer (pH 7.5), 0.1
mM EDTA and indicated concentrations of KCI. Theere folded into the G-quadruplex
structure by heating at 95 °C for 5 min followed $lpw cooling to room temperature. The
formation of G-quadruplex structures was assesgedd spectroscopy and PAGE under non-
denaturing conditions. For high-temperature meltmgasurements, G4 DNA samples were

prepared in the presence of different ligands a®dlun the assays.

4.4 CD spectroscopy

The binding reactions containedi! DNA, 10 mM Tris-HCI (pH 7.4), 0.1 mM EDTA and 100
mM KCI. The CD spectra were recorded in the ran@@4£00 nm with a scanning speed of 100
nm min* and a response time of 2 sec at 25 °C usilgpeao spectrophotometer equipped with a
temperature controller (having a quartz cell witbm path length). The spectrum shown is the

average of three scans. The data was analyzedrxy @sgin 8.0 software.

4.5  Fluorescence spectroscopy
The fluorescence emission spectra were recordedJobin Yvon-Spex Fluoromax 3 fluorimeter

(Instruments S. A., Inc.) using a quartz cuvetterga path length of 1 cm. The temperature of
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the sample was maintained at 25 °C throughout $kayausing a Peltier controller. To the assay
buffer (10 mM Tris-HCI, pH 7.4, 0.1 mM EDTA and 106@M KCI) containing 0.6uM ligand,

25 uM preformed G4 DNA (3ul) was added and incubated for 5 min prior to rdoay of
spectrum. The ligands were excited at 330 nm ardethission spectra were recorded in the
range 350-550 nm using a slit width of 5 nm. Théadaas analyzed using the Origin 8.0

software.

4.6  Fluorescent intercalator displacement assay.

Thiazole orange displacement assay was conductedadoyng the ligand at increasing
concentrations to the reaction mixture containifdg@NA-TO complex (luM TO + 0.5uM G4
DNA). After incubation for 5 min, emission specware recorded. In each case, the percentage
of TO displacement was calculated from the fluoceese intensity (akex = 501 nm andem =

531 nm) using the equation: % TO displacement = 1Q@~/Fy,) x 100], where Fis the
fluorescence intensity at each titration point &ds the fluorescence of TO bound to G4 DNA
as described [66]. The BEvalues were determined from the plot of the flsoence ligand
displaced (%) versus the ligand concentration addlled data was analyzed using the Origin 8.0

software.

4.7 DNA melting measurements

The melting measurements were conducted using @ Jgectrophotometer equipped with a
temperature controller with a quartz cell havingm path length. Either G4 DNA alone or G4-
DNA plus ligand solutions were placed in a 1 cmrtmiauvette. The CD spectra were recorded

over the range 200-400 nm at 20-96 °C with incremen 2 °C/min. Further, ellipticity versus
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temperature profiles (melting curves) were plotfeat normalized values) at a wavelength of
positive maxima and th€&, was determined. Each trace is the average ofaat ta/o scans. A
blank sample containing only buffer was treatedhi@ same manner and the value subtracted

from the collected data.

4.8 Polymerase stop assay

Polymerase stop assay was performed as previoesigrided [67] with slight modifications.
Briefly, a single-stranded-MYC DNA template (10 nM) bearing the G-quadruplex forgn
sequence was mixed witiP-labeled and cold primers (15 nM) in a Tris-HCffeu (pH 7.4)
containing 5 mM KCI, denatured by heating at 95f6C5 min, and then slowly cooled down to
room temperature. Fofaq polymerase reactions in the presence of ligandsa@propriate
concentration of ligands was added to the reactiorture before annealing. The primer
extension reactions were performed by mixing areteaubstrates with the reaction buffer (5
mM MgCl,, 0.5 mM DTT, 1.5 mg/ml BSA, and 0.2 mM dNTPs) dhdn incubating it witlTaq
DNA polymerase for 30 min either at 48 or 40 °CeThactions were stopped by the addition of
10 uL loading dye (95% formamide, 10 mM EDTA, 10 mM NaQMH1% xylene cyanol, 0.1%
bromophenol blue). The samples were analyzed ubfg urea denaturing PAGE. The gel was
fixed for 30 min in a solution containing 10% acedcid and 10% methanol. The dried gel was
exposed to the phosphorimaging screen prior to iaoguimages using the Fuji FLA-5000

phosphorimager.
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4.9 Computational studies

The ligands under study were energy optimized usireg Gaussian 03 suite program with
B3LYP/6-31G* level of theory. The G-quadruplex DNsructures formed by various G-rich
promoter sequences, namely PDB 203MK(T), 2KQH (c-KI1T2), 2M27 (VEGF), 1KF1 (Hrelo),
1XAV (c-MYC) and 2F8U BCL?2), were used in docking studies with the ligandmgighe
AutoDock 4.0 software [64]. A grid box (with dimeass of 126 x 126 x 126 points, spacing =
0.375 A) was used, keeping the center at the mausmule. The calculations were performed
by utilizing the Lamarckian genetic algorithm (LG#)th a random initial population size = 150
the maximum number of energy evaluations 25000@€,ntaximum number of generations =
27000 and a mutation rate = 0.02. One hundred emignt docking runs were carried out for

respective ligands with the root-mean-square (RM®)pff set at 0.5 A.

4.10 RNA isolation and gRT-PCR

The HelLa cells were seeded in 6-well plates aratécewith different concentrations of ligand 4.
After 24 h of treatment, the RNA was isolated bgirg the cells in 1 ml TRI reagent (Sigma-
Aldrich) following instructions provided by the mafacturer. The aqueous phase containing
RNA was separated by adding 0.2 ml chloroform feld by centrifugation at 13000 rpm for 10
min at 4 °C. The total RNA was precipitated withsalnte isopropanol, washed with 70%
ethanol and dissolved in 20 ul RNase free watenehtove genomic DNA contamination from
the isolated RNA, the samples were treated with $NaThe preparation of RNA was free from
genomic DNA as assessed by polymerase chain react@ne pg RNA was subjected for
reverse transcription using the iScript cDNA systhéit as per the instructions provided by the

manufacturer (Bio-Rad Laboratories, CA). The cDNAswquantified using the iTaq universal
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SYBR green supermix kit (Bio-Rad Laboratories, CGBAPDH was used as an internal control
for normalization. The forward and reverse primeguences for amplification of c-MYC were
5- TGGTTGCTCCATGAGGAGACA-3 and B3GTGGCACCTCTTGAGGACCT-3
respectively. VEGF was amplified by the forwardnper 3-TGCATTGGAGCCTTGCCTTG-3
and reverse primer'£GGCTCACCGCCTCGGCTTG:3The internal control GAPDH was
amplified by the forward primer B22CCCTTCATTGACCTCAACTAC-3 and reverse the

primer 3-GAGTCCTTCCACGATACCAAAG-3.

411 Cell viability assay:

The HeLa and MCF7 cells in the logarithmic growtiape were seeded in 48-well culture plates
for 24 h and then treated with various concentratbligand 5. After 72 h incubation, 30
MTT reagent (5 mg/ml) was added to each well. Aiteubation for 4 h., culture medium was
removed and then 30@ of DMSO was added to each well. Cell viabilityasvquantified by
measuring photometric absorbance at 570 nmTiacan Infinite 200 Pro multi-well plate reader
(Tecan Group Ltd, Mannedorf, Switzerland) and itocoinl.10 software (Tecan Group Ltd). The

ICs0 values were derived from nonlinear regressionyaimblsing GraphPad Prism 5 software.
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CD Circular dichroism

DMEM  Dulbecco's Modified Eagle's Medium
DMSO Dimethyl sulfoxide

dsDNA Double-stranded DNA

FBS Fetal bovine serum

FI Fluorescence intensity

FID Fluorescent intercalator displacement
FRET Forster resonance energy transfer
hTelo Human telomeric region

hTERT  Human telomerase reverse transcriptase g
ODN Oligodeoxynucleotide

PAGE Polyacrylamide gel electrophoresis

PBS Phosphate buffered saline

RT-PCR Reverse transcription polymerase cheantion
SSDNA Single-stranded DNA

Tm Melting temperature

TO Thiazole orange
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Table 1

Promoter 5'<-----Sequence----->3'

C-Myc TGGGGAGGGTGGGGAGGGTGGGGAAGG

VEGF CGGGGCGGGCCGGGGGCGGGGT

Telomere TTAGGGTTAGGGTTAGGGTTAGGG

c-Kit AGGGAGGGCGCTGGGAGGAGGG

c-Kit-2 CGGGCGGGCGCGAGGGAGGGG

BCL2 AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGG

GGCTG




Table 2

_ DCso (UM)
Ligand
Telomere | c-MYC | BCL2 | ¢c-KIT1 | ¢c-KIT2 | VEGF | ct-DNA

1 2.79 1.63 2.86 1.62 1.34 1.42 5.28
2 1.30 0.85 1.29 0.98 0.74 0.63 5.52
3 >3 >3 >3 >3 >3 >3 >10
4 1.15 0.98 1.44 0.88 0.66 0.75 6.49
5 1.13 0.83 1.39 0.86 0.65 0.78 6.94
TMPyP4 0.47 0.38 0.43 0.32 0.35 0.31 0.87




Table 3

Ligand AT (°C)

Telomere | c-MYC BCL2 c-KIT1 | ¢c-KIT2 | VEGF
1 9.74 8.63 6.53 13.18 17.00 12.79
2 16.86 8.65 5.54 12.20 16.55 14.18
3 7.14 4.95 3.26 3.58 7.53 4.35
4 21.17 8.86 9.50 25.88 21.96 14.15
5 21.26 7.35 9.54 24.69 23.27 11.28
TMPyP4 15.63 10.97 14.27 15.14 15.54 12.35




