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ABSTRACT

Various potential G-quadruplex forming sequences present in the genome offer a platform to
modulate their function by means of stabilizing molecules. Though G-quadruplex structures
exhibit diverse structural topologies, the presence of G-quartets as a common structural element
makes the design of topology specific ligands a daunting task. To address this, the subtle
structural variations of loops and grooves present in the quadruplex structures can be exploited.
To this end, we report the design and synthesis of quadruplex stabilizing agents based on
bisbenzimidazole carboxamide derivatives of pyridine, 1, 8-naphthyridine and 1, 10-
phenanthroline. The designed ligands specifically bind to and stabilize promoter quadruplexes
having parallel topology over any of the human telomeric quadruplex topologies (parallel, hybrid
or antiparallel) and duplex DNAs. CD melting studies indicate that ligands could impart higher
stabilization to ¢-MYC and c-KIT promoter quadruplexes (upto 21 °C increment in 7y,) than
telomeric and duplex DNAs (AT, < 2.5 °C). Consistent with CD melting study, ligands bind
strongly (Ky = ~10%-10° M) to ¢-MYC quadruplex DNA. Molecular modeling and dynamics
studies provide insights into how the specificity is achieved, and underscore the importance of
flexible N-alkyl side chains attached to the benzimidazole-scaffold in recognizing propeller loops
of promoter quadruplexes. Overall, the results reported here demonstrate that the benzimidazole
scaffold represents a potent and powerful side chain, which could judiciously be assembled with

a suitable central core to achieve specific binding to a particular quadruplex topology.
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Introduction

G-quadruplexes are structurally diverse and dynamic four stranded nucleic acids formed by
stacking of two or more G-quartets in the presence of appropriate metal ions.” > Number of such
putative G-quadruplex-forming sequences in the human genome was estimated to be over
370,000, which will increase further by considering bulge formations in the strands of
quadruplexes.”™ These quadruplex structures have been detected at the telomere, across the
chromosomes and in the transcriptome of the human cells by employing quadruplex-specific
antibody and thus validate their existence in vivo.”*” Formation of stable G-quadruplexes induce
various effect on cellular functions such as stalling replication,® halting function of telomerase

1112 Therefore,

enzymes’ and modulating gene expression at transcription’’ and translation leve
quadruplexes are harnessed as potential therapeutic targets by exogenous small molecules or
ligands.” In this direction, small molecules are shown to bind and stabilize the quadruplex
structures present in the genome and transcriptome in cellular systems.”® They are also known

14, 15

to induce DNA damage response pathway and promote synthetic lethality in cancer cells.”’

Various promoter quadruplexes present at the upstream of proto-oncogenes represent the
six hallmarks of cancer,’” and can be targeted by ligands to down-regulate their expression.’” **
Most of the promoter quadruplexes such as ¢-MYC,” ¢-KIT,”” ?' VEGF,”> RET,”® HIF-10"* etc.
are known to adopt parallel topology. Contrarily, a growing number of evidences indicate that
the parallel form of telomeric DNA might not be biologically relevant target as it requires

dehydrated conditions to exist.””?’

Recent findings suggest that hybrid-1, hybrid-2 and 2-tetrads
antiparallel basket topologies are the biologically relevant quadruplex structures for the telomeric

DNA.?* ?*7% Major folding differences between parallel- promoter quadruplexes and telomeric

quadruplexes can be exploited for the design of topology-specific ligands. G-quadruplex ligands,
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which can specifically discriminate one quadruplex over other quadruplexes without
compromising selectivity over duplex, are highly desirable to study structure-specific therapeutic
interventions at the genomic level. However, in purely therapeutic point of view, the extent of
specificity needed between various quadruplexes is poorly understood. G-quadruplex specific
ligand could also be added judiciously along with the quadruplex specific-antibodies to reinforce
the visualization quadruplex structure at the precise location in the genome, as reported for the
RNA quadruplex visualization by carboxypyridostatin (carboxyPDS) ligand.’

Till date, numerous ligands have been reported as G-quadruplex stabilizing agents with

high selectivity toward quadruplex over duplex DNAs. '~

Nevertheless, it is highly challenging
to design a ligand which is specific for targeted quadruplex over other quadruplexes, as G-
quartet is the common structural feature in all quadruplexes. But loops (diagonal, lateral, and
propeller) and width of the grooves (narrow, medium and wide) are differed for each quadruplex
considerably.’ Furthermore, there are considerable differences in the structures reported for
native quadruplexes (without ligand) and quadruplex-ligand complexes as ligand-induced
binding pockets are created in the later due to rearrangement of the flexible loops or flanking

3336 Therefore, these flexible loops and unique groove widths™ need to be

nucleotides.
considered along with the large m surface area of quartet for achieving specific binding of small
molecule to the targeted quadruplex topology.’® " Interestingly, few ligands are reported to
specifically stabilize human telomeric quadruplex having parallel, antiparallel or hybrid
topologies over promoter quadruplexes with parallel topologies. For example, acridine based
ligands bind specifically to telomeric DNA over promoter quadruplexes (c-KITI, ¢-KIT2).*®

Receptor-based virtual screening strategies also identified specific telomeric binding ligands.” In

addition, ligands which discriminate between various telomeric quadruplexes are also reported.

ACS Paragon Plus Environment

Page 4 of 35



Page 5 of 35

©CoO~NOUTA,WNPE

ACS Chemical Biology

Oxazole-based heptacyclic derivative (TOxaPy) is able to specifically stabilize antiparallel form
of human telomeric DNA over other topologies;40 N-methyl mesoporphyrin IX (NMM) showed
specificity for parallel topology over antiparallel topology of telomeric DNA.“ Recently
reported pyridostatin based ligand is able to discriminate telomeric RNA quadruplex from its
DNA counterpar‘[."2

Ligands having few fold binding preferences for promoter quadruplexes over telomeric
DNA are also reported.”*” So far, to the best of our knowledge, there is no report on ligands,
which specifically bind to and stabilize the promoter quadruplex DNAs over all the known
topologies of human telomeric DNA. Moreover, due to lack of structural information, the
reasons for the limited topological bias of the reported ligands are poorly understood.

In this work, we report the specific recognition and stabilization of promoter
quadruplexes over telomeric quadruplexes by benzimidazole carboxamide derivatives of
pyridine, 1, 8-naphthyridine and 1, 10-phenanthroloine (Figure 1). Ligand-induced stabilization
of quadruplex and duplex DNAs assessed by CD melting studies show that all ligands are able to
impart higher stabilization to promoter quadruplexes (c-MYC, c-KIT1 and c-KIT2) over human
telomeric and duplex DNAs. CD and NMR titration studies point out that ligand binds to c-MYC
quadruplex through end-stacking and is able to induce the formation of c-MYC quadruplex in the
absence of added metal ions. UV-vis titration studies reveal that the ligands could specifically
bind to ¢-MYC quadruplex over telomeric and duplex DNA. In addition, the above ligands are
able to arrest primer extension at c-MYC quadruplex forming site with low ICsy values.
Structural insights obtained by molecular modeling and dynamics studies explain why ligands

bind specifically to parallel quadruplexes over telomeric and duplex DNAs.
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Figure 1. Structures of topology specific G-quadruplex DNA stabilizing ligands. Central cores contain
pyridine (Py), 1,8-naphthyridine (Nap) and 1,10 Phenanthroline (Phen) and benzimidazole contains
dimethyl aminopropyl (Pr) and dimethyl aminoethyl (Et) as side chains.

RESULTS AND DISCUSSION
Ligand design and synthesis
Benzimidazole scaffolds, which are structural isosteres of purine bases, have widely been studied

48-50

as duplex groove binders as well as quadruplex DNA stabilizing agents. Metal complexes

such as platinum (II) and palladium (II) of bisbenzimidazole were able to bind and stabilize

quadruplex DNA selectively over duplex DNA.”" **

By and large, these benzimidazole based
ligands do not discriminate one quadruplex topology over others; and their selectivity was
explored only in the context of targeted quadruplex over duplex DNA.”" ¥ Mostly flexible alkyl
side chains appended to these benzimidazole ligands are positioned on benzene ring of the

benzimidazole moiety.49’ 7

We envisage that the precise location of side chains on imidazole ring
of benzimidazole moiety (Figure 1) with appropriate length will have crucial role in
differentiating various quadruplexes as accessibility to phosphate backbone of loops of each

quadruplex structure is quite different. Herein, six bisbenzimidazole carboxamide derivatives of

pyridine, 1,8-naphthyridine and 1,10-phenanthroline were designed and synthesized to
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discriminate various quadruplex topologies (Figure 1). The aromatic central cores were chosen

3438 The rationales

because of their presence in several G-quadruplex DNA stabilizing agents.
for the design of such ligands are as follows: (1) Nitrogen atoms present in the central core and
NH of amide bond can form internal H-bonding, which would fix the ligand conformation to
crescent shape.”” This is expected to enhance its accessibility to the top of the G-quartets. (2) As
the benzimidazole scaffold is structurally similar to purine bases, the stacking interactions
between benzimidazole and guanine bases in the quartet are anticipated. (3) Furthermore, the
positively charged flexible alkyl side chains have the potential to interact with negatively
charged phosphate groups present in the loop and grooves.

Syntheses of target molecules (Figure 1) were achieved by coupling corresponding

dimethlyaminoethyl or dimethylaminopropyl substituted 2-aminobenzimidazole compounds with

appropriate dicarboxylic acid as shown in Scheme 1. The key precursors 1 and 2, needed for the

Scheme 1. Synthesis of bisbenzimidazole derivatives of pyridine, 1,8-naphthyridine and 1,10-
phenanthroline carboxamide®

R R
N i N
)—NH — )—NH,
N ):o N
Ph
1 R= -CH,-CH,-N(Me), 3 R= -CH,-CH,-N(Me), 90%
2 R= -CH,-CH,-CH,-N(Me), 4 R= -CH,-CH,-CH,-N(Me), 87%
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o N0 O SN N0
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"Reagents and conditions: (i) CH;NH,-EtOH (33 %), 80 °C, 4 d; (ii) (a) EDC.HCI, HOBt, N-methyl
morpholine, DCM, rt, 24 h (b) TFA, DCM, rt, 10 min.

synthesis of side chains 3 and 4, were prepared using the reported procedures with slight

modifications starting from 2-nitrofluorobenzene in 4 steps (Scheme S1, Supporting
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information).”” Deprotection of benzoyl group in 1 and 2 using ethanolic methylamine (~33%) in
a sealed tube at 80 °C, furnished the required amine 3 and 4 in 87-90% yields. The direct
coupling of these amine compounds 3 and 4 with dicarboxylic acid of pyridine 5, 1, 8-
naphthyridine 6 and 1,10-phenanthroline 7 by EDC.HCI yielded corresponding amide
compounds. These amides were treated with trifluoroacetic acid (TFA) to give final ligands Py-
Et, Py-Pr, Nap-Et, Nap-Pr, Phen-Et and Phen-Pr, (Figure 1 and Scheme 1) in the protonated
forms in 34- 59% yields.

CD melting studies

Initial screening of all ligands (Figure 1) was carried out by CD melting assay, which provided
the ligand-induced thermal stabilization of quadruplex and duplex DNAs. Initially, the effect of
ligands on human telomeric DNA was tested. Thermal melting of telomeric DNA was monitored
at 292 nm since its CD spectrum in K" solution has major positive band centered at 292 nm for
the mixed populations of parallel and hybrid structures. In the absence of any ligand, the
telomeric DNA showed a T}, of 52.6 £ 0.2 °C (Figure 2A, Table 1). In the presence of various
ligands the T}, was increased only marginally upto maximum of 2.5 °C. These results clearly
point out that ligand-induced stabilization of telomeric DNA is very low. Next we were
interested to check the effect of ligands on stabilization of promoter quadruplex DNAs (c-KIT1,
c-KIT2 and c-MYC). Promoter quadruplexes are known to adopt parallel topology under K"
condition thus melting study was monitored at 262 nm (Figure 2B and Figure S1, Supporting
information). Interestingly, unlike the marginal ligand-induced stabilization observed for
telomeric DNA, stabilization of promoter quadruplex was increased upto 20.7 °C for Phen-Pr
(Table 1). The ATy, values are in the range of 1.8 - 10.0 °C for Py-Et and Py-Pr; 8.1 - 17.8 °C
for Nap-Et and Nap-Pr; 16.0 - 20.7 °C for Phen-Et and Phen-Pr ligands. This clearly indicates

that the effect of stabilization increases with increasing m surface area of the central
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Figure 2. CD melting curves for telomeric and ¢-MYC DNAs (10 uM in 10 mM lithium cacodylate buffer
pH 7.2) in the absence and presence of ligands (3 molar eq.). (A) Telomeric DNA (10 mM KCl, and 90
mM LiCl) (B) c-MYC DNA (1 mM KCl and 99 mM LiCl).

Table 1. Thermal stability of various quadruplex DNAs and duplex DNA with ligands measured by
CD melting experiments

ATy
Ligands Teg)lr\ln:ric -KITI -KIT2 -MYC D(lilspll;x
Py-Et 0.5+04 7.1+£03 1.8+0.8 8.0+0.3 1.0+04
Py-Pr 0.6+0.2 7.5+03 3.7+0.7 10£04 20+£04
Nap-Et 1.5+0.5 11.3+£0.3 10.3+0.9 17.8 £0.2 0
Nap-Pr 25+0.5 145+0.9 8.1+09 14.5+£0.8 23+04
Phen-Et 1.0+£0.8 18.5+0.9 16.3+0.6 16.0£0.3 0
Phen-Pr 1.7+£0.8 207+ 1.1 16.6 £ 0.7 19.6 £0.5 n.d

“ AT, represents shift in thermal melting [AT,= T,, (DNA + 3 molar equivalents ligand) — 7,, (DNA)]. For
all experiments DNA 10 uM for quadruplex or 15 uM for duplex DNA in 10 mM lithium cacodylate
buffer pH 7.2 were used. The 7, values are: 52.6 + 0.2 °C [telomeric DNA in 10 mM KCI, 90 mM LiCl];
47.7+ 0.3 °C [¢-KITI DNA in 10 mM KCl, 90 mM LiCl]; 52.8 + 0.6 °C [¢-KIT2 DNA in 1 mM KCI, 99
mM LiCl]; 56.7 £ 0.1 °C [¢-MYC DNA in 1 mM KCI, 99 mM LiCl]; 62.7 + 0.4 °C [ds-17 DNA in 10
mM KCI and 90 mM LiCl]. All experiments were triplicated and the values reported are average of three
independent measurements with the estimated standard deviation. As the ionic strength is known to
modulate the binding of a cationic ligand to the negatively charged DNA, for all melting experiments, a
total ionic strength of 110 mM was maintained with the help of Li" ions, which does not alter the structure
and stability of the K'-induced quadruplex forms.”
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core (1,10-phenanthroline> 1,8-naphthyridine > pyridine). However, there is no conclusive order
in the magnitude of stabilization of promoter quadruplexes with increasing side chain length
from dimethylaminoethyl to dimethylaminopropyl due to the presence of diverse central cores in
the ligands. To further validate our findings on the distinct specificity of the ligands toward
promoter quadruplexes, melting experiments were also carried out with a well-characterized

3398 under the identical salt and

ligand, 3AQN (bisquinolium derivative of 1,8-naphthyridine)
buffer conditions. Results showed that the reference compound 3AQN conferred stability to both
telomeric (A7, = 24.0) and c-MYC (AT,, > 30.0) quadruplex DNAs (Figure S2, Supporting
information), contrasting to the results obtained with bisbenzimidazole ligands (Table 1).

Having established specific stabilization promoter quadruplexes over telomeric DNA by
the benzimidazole ligands, the ability of ligand to stabilize duplex DNA was also verified.
Thermal stability of duplex DNA monitored at 242 nm provided a T;, of 62.7 + 0.4 °C in the
absence of ligands (Table 1, Figure S1C, Supporting Information). The stability of duplex DNA
upon addition of ligands was increased by 2.3 °C. Remarkably, there was no detectable
stabilization observed for duplex DNA in the presence of Nap-Et and Phen-Et ligands. Overall
results show that ligands selectively stabilize promoter quadruplexes over duplex DNAs.

Since the telomeric DNA is known to adopt antiparallel topology in the presence of Na
ions, melting studies were performed to examine whether these ligands could stabilize the
antiparallel topology. Due to the lowest induced-stabilization effect of Phen-Et to the telomeric
DNA (AT, =1 °C), further studies were focused on this ligand. Thermal melting of antiparallel
form of telomeric DNA provided 7p, of 51.2 = 0.4 °C in the absence of ligands (Figure S3A,

supporting Information). Addition of Phen-Et resulted in no change in T3, indicating the ligand

did not stabilize the antiparallel quadruplex structure of telomeric DNA (Figure S3A, Supporting
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Information). Having established marginal ligand-induced stabilization of telomeric quadruplex
DNA both in Na" and K ions, we evaluated the effect of ligand to the parallel topology of
telomeric DNA. It is reported that under polyethylene glycol (PEG) condition in the presence of
K" ions, telomeric DNA is known to adopt only a parallel topology.” Similar to the results
obtained with antiparallel quadruplex topology, addition of Phen-Et showed no stabilizing effect
on the telomeric parallel topology (Figure S3B, Supporting information). In contrast, the
reference compound 3AQN stabilizes the PEG-induced parallel quadruplex DNA by a AT, =

10.0 (Figure S3C, Supporting information), distinguishing it from Phen-Et.

Other possibility one should not rule out is the formation of higher-order quadruplex
structures by human telomeric DNA.”% ** % In order to study whether the ligand, Phen-Et, can
stabilize this higher order form of telomeric DNA, a sequence AGGG(TTAGGG);, which can
form two contiguous quadruplexes, was used. Results show that 7}, of long telomeric quadruplex
DNA was increased only by ~2 °C in the presence of ligand (Figure S3D, Supporting
Information). Overall the CD melting data indicate that ligands are less effective in stabilizing
any of the telomeric DNA topological forms (antiprallel, parallel, hybrid or higher order forms).
The marginal ligand-assisted stabilization observed for telomeric DNA prompted us to
rationalize these findings. Quadruplexes have different sites (quartets, loops and grooves) to
which ligands bind via various non-covalent interactions such as stacking, electrostatic, and
hydrogen-bonding and van der Waals forces. It appears that parallel form of promoter
quadruplexes fulfill the structural requirements to maximize these non-covalent interactions with
the ligands. These aspects were probed in details by molecular modeling and dynamics studies

(see in respective section).
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CD and NMR titration studies

CD studies were performed to examine whether the ligand could induce quadruplex structures
from the promoter and telomeric DNAs in the absence of added metal ions. In the absence of
added metal ions, c-MYC DNA exhibited positive peak at 264 nm and a negative peak at 240 nm
(Figure 3A), which are consistent with the parallel topology. Upon addition of Phen-Et, the
ellipticity at 263 nm remarkably increased, indicating strong induction of quadruplex form

(Figure 3A). Other promoter DNAs such as ¢-KIT1 and ¢-KIT2 were also induced the parallel

A B
8 — c-MYCDNA (absence of added salts) 121 — c-MYCDNA (K1)
—— leq Phen-Et — 1eq Phen-Et
2eq 8- 2eq
4 3eq 3eq
1 — 4eq \ —4eq

CD (mdeg)
CD (mdeg)

225 250 275 300 325 225 250 275 300 325

Wavelength (nm) Wavelength (nm)

Figure 3. CD titration of ligand Phen-Et to c-MYC DNA (15 pM in 10 mM Tris buffer pH 7.2) in the
presence and absence of K" ions. (A) c-MYC DNA with increasing molar eq. (0 to 4) of Phen-Et. (B) c-
MYC DNA (100 mM KCl) with increasing molar eq. (0 to 4) of Phen Et.

form of quadruplex but with less prominent CD enhancement by the addition of Phen-Et (Figure
S4A and B, Supporting Information). Contrarily, CD spectrum of telomeric DNA in the absence
of added metal ions showed weak positive band at 256 nm and negative bands at 279 and 238 nm
(Figure S3C, Supporting Information).” In the presence of Phen-Et, no well-defined quadruplex
peaks corresponding to any of the known topologies were observed (Figure S4C Supporting
Information), owing to its non-specific interactions with an unfolded-telomeric DNA structure.

In contrast, many classes of G-quadruplex selective ligands such as Telomestatin,”
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bisquinolinium compounds (360A, 3AQN),” and thioflavin T** are known to induce antiparallel

quadruplex structure of the telomeric DNA in the absence of added salts.

CD studies were also performed in the presence of metal ions (K') to examine the
structural changes of preformed-quadruplex upon addition of ligand. In the presence of K ions,
c-MYC DNA exists in parallel form as evidenced from the positive peak at 263 nm and negative
peak 242 nm (Figure 3B).” Addition of Phen-Et to the preformed-quadruplex led to very slight
changes in ellipticity and the parallel topology was retained in the folded form. Similarly,
parallel topologies of ¢-KIT1 and c-KIT2 quadruplex structures were retained after addition of
Phen-Et (Figure S5A and B, Supporting Information). In the case of telomeric quadruplex DNA,
induction of weak antiparallel form was observed by the addition of ligand (Figure S5C,
Supporting Information). However, from the CD melting studies, it was apparent that such
induction by the ligand has conferred only marginal stability to the telomeric quadruplex DNA.
Overall, CD studies clearly suggest that Phen-Et is able to induce and stabilize the parallel
quadruplex form of c-MYC quadruplex DNA.

Imino-protons in the '"H NMR spectra of quadruplex and quadruplex-ligand complex
provide valuable insights into stoichiometry and binding mode of ligands. It is reported that
when ligands bind to quadruplex by end-stacking mode, the imino-proton peaks of all G-quartets
get shielded, which leads to up-field chemical shifts.”* In contrast, when ligands bind to
grooves of quadruplex, chemical shifts of imino protons are unaffected or undergo only nominal
changes.” * % NMR spectrum of ¢-MYC DNA showed 12 well-resolved distinct peaks in the
imino region corresponding to 12 guanines present in the 3-quartets of quadruplex (Figure 4).%
However, when 0.5 molar eq. of Phen-Et was titrated into c-MYC DNA, a new-set of peaks with

up-field chemical shifts for ligand-quadruplex complex were emerged, while the peaks
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correspond to c-MYC DNA (without ligand) were also present (Figure 4). This clearly indicates
that ligand favors end- stacking binding mode and, however, a complete saturation of quadruplex
was not attained due to which mixed populations of both quadruplex and quadruplex-ligand
complex coexisted. Interestingly, upon addition of 1 molar eq. of Phen-Et (1:1 stoichiometry),
only the up-field shifted imino-protons for a single dominant conformation of quadruplex-ligand
complex were observed (Figure 4). These results are in line with recently reported NMR studies
of quadruplex-ligand complexes wherein quindoline and phenanthroline-bisquinolinium (Phen-

DC3) compounds induce up-field shift of all imino-protons as they bind onto the terminal quartet

66, 68

of c-MYC quadruplex.

[c-MYC DNA] : [Phen-Et]

1:1

1:0

Figure 4. Sequence, topology and '"H NMR (800 MHz) spectra and of ¢-MYC DNA. (A) Sequence of c-
MYC DNA. The guanine bases (G) which are involved in G-quartet formation are labelled in blue color.
(B) Topology of the parallel c-MYC quadruplex DNA.” (C) '"H NMR spectra of imino region of ¢-MYC
DNA (227 uM in 80 mM KCI and 20 mM Potassium phosphate buffer pH 6.7) in the absence and
presence of Phen-Et. Spectra were recorded in H,O:D,0 mixture (9:1) at 25 °C. At 1 (DNA): 0.5
(ligand) molar ratio, both ¢-MYC quadruplex-ligand complex and ¢-MYC quadruplex coexist and at 1:1
molar ratio only the quadruplex-ligand complex exists. Dotted lines indicate imino protons
corresponding to the ligand-free ¢-MYC quadruplex. Imino protons of G-quartets were labelled based on
the previous literature.”’
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UV-Vis absorption studies

UV titration experiments were performed to find binding constant of the ligands with various
DNAs. Ligands are known to exhibit bathochromic shift, hyperchromicity or hypochromicity
upon binding with DNA.?* 7 7% 71" A solution of Phen-Et displayed absorbance maxima at 282

nm and around 344 nm (Figure 5A). Addition of c-MYC quadruplex to this solution resulted in

A B
0.6
] —— Phen-Et (7.5 uM)
a5 4uM ¢c-MYCDNA _ 14x10°]
— 8uM £
1 —12yM —36uM 3 5
® 0.4 16MM 40 HM % 1.2x107 4
e —20yM —44M Q
G 0.3 % 9
§ 034 —24uM 48 uM g 1.0x1071
o 1 \ 28uyM  —52uM =
2 02 \ —32uM —56uM < 1%
<] \ B . Z 8.0x10"-
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0.0 . : — ; . S,
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140x10°  2.80<10° 4.20x10°  5.60x10°
c-MYC DNA (M)
Figure 5. Absorption spectra of Phen-Et and with ¢-MYC DNA and the binding plot. (A) Addition of c-
MYC DNA (4-56 uM in 100 mM KCI and 10 mM lithium cacodylate pH 7.2) into the solution of Phen-
Et (7.5 uM in the identical salt and buffer conditions) at 25 °C. (B) Plot of [c-MYC DNA]/AE,, versus [c-
MYC DNA].

Wavelength (nm)

red-shift by 20 nm and remarkable hyperchromicity at 364 nm (Figure 5A), indicating strong

interaction of Phen-Et and c-MYC quadruplex DNA. The ratio of slope-to-intercept, obtained by
plotting of [c-MYC]/Ag,, versus [c-MYC], provided binding constant (Kp) of (6.39 + 0.33) x 10*

M at 25 °C (Figure 5B, see experimental section in Supporting information for details). Under
identical salt and buffer concentration, UV-Vis titrations were also performed for telomeric and
duplex DNA (Figure S6, Supporting Information). Though red-shift was observed upon addition
of telomeric and duplex DNA to the Phen-Et solution, there was only a slight change in the
absorbance at 364 nm (Figure S6, Supporting Information). Due to the very weak interaction of

Phen-Et with telomeric and duplex DNA, we were not able to deduce the binding constants.
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These results clearly reinstate that Phen-Et specifically binds to and stabilizes c-MYC

quadruplex over telomeric and duplex DNAs.

Since Phen-Pr has imparted higher stabilization to c-MYC quadruplex over other ligands,
its binding affinity to c-MYC quadruplex was also determined. Consistent with Phen-Et ligand,
addition of c-MYC DNA into the solution of Phen-Pr also exhibited red-shift (by 20 nm) and
remarkable hyperchromicity at 364 nm. The binding constant (Ky) of Phen-Pr was found to be
(2.41 £ 0.16) x 10° M"', which is ~4 fold higher than that of Phen-Et (Figure S7A and B,
Supporting Information). It is apparent that the observed binding affinities of the ligands are
moderate and lower than the potent G-quadruplex stabilizing ligands such as Pyridostatin
(PDS).” This underscore that G-quadruplex specific ligands may not exhibit very high binding
affinity so as to maintain the biding specificity confined to a particular topology. Overall,
consistent with melting study, the ligands Phen-Et and Phen-Pr have higher binding affinity and
specificity for c-MYC quadruplex over telomeric and duplex DNAs (Figure S7C and D,

Supporting Information).
Taq polymerase stop assay

Ligand-induced stability of quadruplex DNA was further probed by Tag polymerase stop assay.
737* Here templates containing ¢-MYC quadruplex forming sequence and non-quadruplex
forming sequence (mutated c-MYC DNA in which one G was replaced by A) were used. In the
absence of ligand at 55 °C, Taq polymerase was able to extend the primer into full length
product when ¢-MYC quadruplex forming template was used (Figure 6, Figure S8 and S9,

Supporting Information). However, in the presence of ligand, quadruplex structure present in the

template being stabilized, due to which Tag polymerase was unable to unwind this stable
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Figure 6. Denaturing PAGE (15%, 7M urea) of primer-extension stop assay by 7ag polymerase. Template
sequence contains quadruplex forming c-MYC DNA and non-quadruplex forming mutated c-MYC DNA
(100 nM template, 50 nM primer, 0.2 mM dNTPs and 0.5 U Tag polymerase) (A) Phen-Et (0, 0.25, 0.5, 1,
2,4 and 8 uM). (B) Phen-Pr (0, 0.1, 0.2, 0.3, 0.5, 1 and 2 uM). F, S and P denote Full length product, Stop
product at quadruplex forming site and Primer respectively. Extension of primer by Tag polymerase at 55 °C
leads to full length product in the absence of ligand whereas in the presence of ligands, which stabilize the

P

quadruplex, extension is paused at quadruplex forming site.

quadruplex to get full length product. Hence, instead of full length product, there was stop
product at the quadruplex forming site in the presence of ligand. Plotting percentage of stop
product versus concentration of ligand used furnishes the ICsy values (Figure S10, Supporting
Information). The ligands Nap-Et and Nap-Pr showed ICsy values of ~ 0.8 uM and ~ 7.2 uM;
phenanthroline based ligands, Phen-Et and Phen-Pr, showed ICsy values of ~1.0 uM and ~0.5
uM respectively (Figure S10, Supporting Information). In case of pyridine based ligands, Py-Et
and Py-Pr, full length product was observed even at 100 uM (Figure S9, Supporting
Information) due to the poor stabilization of quadruplexes by them. It should be noted that in the
case of Nap-Et, at high concentration (3 uM), pausing sites were observed not only in the

quadruplex forming site but also primer-template site due to its binding to single/ double

Template contains
c-MYC DNA

—

Template contains
mutated c-MYC DNA

- b.-...-
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stranded DNA (Figure S8A, Supporting Information). Similar results were also observed for the

potent ligands such as Telomestatin and Amidoanthroquinone (BSU-1051). > #

Template sequence containing non-quadruplex forming region (mutated c-MYC) was also
studied under identical condition to evaluate any non-specific binding of the ligands (Figure 6).
Results indicate that all ligands, except Nap-Et, showed no effect on the mutated DNA, which
further substantiate that inhibition of primer extension is quadruplex mediated and the ligands
have higher binding affinity for quadruplex over single and double stranded DNAs. In the case of
Nap-Et, pausing sites were observed due to its non-specific binding to single or double stranded
DNA (Figure S8A, Supporting Information). Overall, the ICsy values are well in agreement with
CD melting data of ¢-MYC quadruplex DNA, where Phen-Pr imparted highest stabilization

(AT, = 20.7 °C) and showed lowest ICsg value (~ 0.5 uM).

Molecular modeling and dynamics studies

Molecular dynamics (MD) simulation studies were carried out to decipher the structural basis of
ligand specificity in binding and stabilizing promoter G-quadruplex over telomeric G-quadruplex
and ds DNAs. All the ligands were energy optimized at B3LYP/6-311G** level in Gaussian
09,” and optimized geometries showed that conformational freedom of the ligands was strictly
restricted by two intra-molecular hydrogen bonds between N-atoms in the aromatic core and H
atoms in the amide group linking the side chains (Figure S11, Supporting Information).
Molecular docking studies were performed using Glide with the energy optimized structures of
Phen-Et and Phen-Pr ligands with c-MYC (PDB entry: 1XAV),” telomeric parallel (PDB entry:
1KF1),” hybrid (PDB entry: 2MB3)" and antiparallel (PDB entry: 143D)”” G-quadruplex
structures. All the docked structures showed top G-quartet as the preferred binding site for the

ligands. The docked structures were subjected to a 100 ns of unrestrained MD simulations using
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AMBER 12 package.” Generalized AMBER force field”” and FF12SB were used for ligand and
DNA respectively.

Binding free energies for all G-quadruplex-ligand complexes were estimated using MM-
PB/GBSA method.*” The total binding free energy (AG, Table 2, Tables S1-S3, Supporting
Information) clearly showed that Phen-Et and Phen-Pr have higher selectivity/specificity

Table 2. Binding free energy (AG, kcal mol™) for G-quadruplex and ds DNA with each
ligand estimated using MM-PB/GBSA in AMBER 12.

Structures Phen-Et Phen-Pr

c-MYC (1XAV) -61.67 £3.4° —66.65 +4.2
Telomeric antiparallel (143D) —35.57+6.7 —42.38 £ 6.7
Telomeric hybrid (2MB3) —-12.13+£3.7 —4228+5.2

dsDNA —14.47+£5.2 —20.00+2.9

?Standard deviation of the AG values calculated from 100 ns of MD simulations.

toward parallel ¢-MYC quadruplex (~ —61-66 kcal mol") over telomeric (~ —12-42 kcal mol™)
and duplex (~ —14-20 kcal mol™") DNAs. Results also highlight that Phen-Et is more specific
than Phen-Pr towards c-MYC over telomeric quadruplex DNA.

It should be noted that there exist major structural differences between c-MYC and
telomeric quadruplex topologies. The telomeric parallel and ¢-MYC structure contain only
propeller loops, whereas telomeric antiparallel structure contains two lateral and one diagonal
loop, and hybrid structure contains two lateral and one propeller loop.”” // These diverse loop
conformations, and their orientation of the sugar phosphate backbone could make differences in
the binding sites for G-quadruplex interacting ligands. The MD snapshot for the Phen-Et and
Phen-Pr with c-MYC -quadruplex unveiled that G-quartet surface along with the re-oriented 5°-

flanking nucleotides create a well-defined binding site (Figure 7).° As a result, ligands were
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5’-Flanking
- nucleotides
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Figure 7. Final MD snapshot of Phen-Et and Phen-Pr with c-MYC G-quadruplex DNA after 100 ns
simulations. (A) Phen-Et bound to ¢-MYC quadruplex (side view). (B) Phen-Et stacks on 5’-quartet and
makes electrostatic interactions with the loops (axial view). (C) Phen-Pr bound to ¢-MYC quadruplex (side
view). (D) Phen-Pr stacks on 5’-quartet and makes electrostatic interaction with loops (axial view). The red
lines indicate the distance between nucleobases and ligand; black dotted lines denote the electrostatic
interactions between ligands and DNA. Phosphate backbone and nucleosides are represented in cartoon and
stick representation respectively. The K' ions are shown in purple sphere. All the distances are mentioned in A.

able to stack on top of all the four guanines present in the quartet of ¢c-MYC DNA. The MD
snapshot of Phen-Et with telomeric antiparallel G-quadruplex showed that only central
phenanthroline ring stacked on to the G-quartet, while two benzimidazole side chains were away
from G-quartet surface (Figure S12, Supporting Information). However, the MD snapshot of

telomeric hybrid G-quadruplex DNA and ligands revealed that Phen-Pr stacks well on the top of
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the G-quartet (Figure S13, Supporting Information). In addition, both ligands in the presence of
telomeric antiparallel G-quadruplex DNA underwent energetically unfavorable amide bond
rotations during the course of MD simulations (Figure S12, Supporting Information).
Interestingly, Phen-Et and Phen-Pr retained their energy optimized conformation during the
course of dynamics, when they bound to c-MYC G-quadruplex DNA (Figure S14, Supporting
Information). Overall, these results suggest that Phen-Et, which has a shorter side chain than
Phen-Pr, could impart higher specificity towards c-MYC G-quadruplex DNA over telomeric G-
quadruplex topologies. The differences in binding preference of the ligands toward different
topologies imply that intrinsic flexibility of flanking nucleotides in c-MYC, which is lacking in
telomeric DNA, should be considered for the design of topology specific G-quadruplex
stabilizing ligands.®

To unveil the link between the length of side chains and observed quadruplex specificity,
the distances between the protonated side chains in the ligands and phosphate groups present in
the loop of G-quadruplex DNA were probed. One of the N-protonated side chains of Phen-Et
and phosphate backbone of propeller loop of c¢-MYC G-quadruplex forms electrostatic
interactions as the distance between them was found to be 2.6 + 0.5 A (Figure 7C and 7D). Such
interaction was not observed in the other protonated side chain of Phen-Et. In the case of Phen-
Pr, both N-Protonated side chains were in close contact (~2.6 A) with phosphate backbone of
propeller loops, favoring electrostatic interactions (Figure 7D). Conversely, the distance
between the protonated side chains and phosphate group in the diagonal and lateral loop of
telomeric G-quadruplex structures was ~ 8.2 A, deterring Phen-Et to form the favorable
electrostatic interactions (Figure S15, Supporting Information). Contrarily, one of the N-

protonated side chains of Phen-Pr was located at a distance of ~3.2 A from negatively charged
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phosphate backbone of lateral and diagonal loops present in telomeric quadruplex structures,
thus favoring electrostatic interactions (Figure S15, Supporting Information). These results
validate that the length of side chains play critical role in discriminating various quadruplex
topologies.

To further understand the role of non-covalent interactions of ligand binding to G-
quadruplex DNAs, presence of stacking and electrostatic interactions were probed at each pico
second (ps) during the course of 100 ns of MD simulations. For electrostatic interactions,
distance of < 3.5 A cutoff was considered between positively charged N-protonated side chains
of the ligand and the negatively charged DNA backbone. Similarly, for the analysis of stacking
interactions, the distance of < 3.5 A between the ligand and G-quartet was considered along with
+ 10° vector angle of the planes. In the case of Phen-Et and Phen-Pr ligands with c-MYC G-
quadruplex, both the electrostatic and stacking interactions were found to be present ~85% of the
total simulation time (Table S4, Supporting Information). The combined effect of these two non-
covalent interactions facilitates the ligands to form a stable complex with c-MYC G-quadruplex
DNA. Interestingly, Phen-Et with telomeric antiparallel quadruplex structure showed that
electrostatic and stacking interactions were present only ~45% and ~39% of the simulation time
respectively. In case of telomeric hybrid structure, Phen-Et maintained only ~8% of stacking
and ~6% electrostatic interactions (Table S4, Supporting Information). However, Phen-Pr with
human telomeric antiparallel and hybrid G-quadruplex showed the presence both of the
interactions more than ~50% of simulation time. The low prevalence of these non-covalent
interactions between the ligands and telomeric quadruplex topologies accounts for their weak
stabilizing effects observed in the experiments. Additionally, energetics of m1 — & stacking‘” of

quadruplex-ligand complexes were computed at MP2/6-31G* (0.25) level in Gaussian 09 (Table
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3 and Table S5, Supporting Information). For the stacking energy calculations, the structures of
original G-quadruplex and structure obtained after 100 ns of MD simulation with ligands were
utilized. Difference in the stacking energy of the two structures is shown in Table 3. The results
clearly show that the ligands have better stacking affinity with c-MYC G-quadruplex DNA over
telomeric DNA topologies. Additionally, stacking energy calculations reveals that Phen-Et is

more specific toward c-MYC quadruplex than Phen-Pr.

Table 3. Difference in the stacking energy of G-quadruplex DNA in the geometry of ligand unbound
state and bound state calculated at MP2/6-31G*(0.25) level (kcal mol™) in Gaussian 09.

c-MYC G- Telomeric antiparallel Telomeric hybrid
Structures quadruplex (PDB G-quadruplex G-quadruplex
entry: 1XAV) (PDB entry: 143D) (PDB entry: 2MB3)

Phen-Et —20.80 -3.73 -3.70

Phen-Pr —22.51 -9.76 —-10.89

The conformational stability of the quadruplex-ligand complexes were analyzed using the
1D and 2D RMSD maps. The RMSD analysis of G-quartets and ligands showed all atoms were
within 1.5 A during the course of 100 ns MD simulations in quadruplex-ligand complexes
(Figure S16-S18, Supporting Information). The 5’-flanking nucleotides (RMSD = 2.8 + 0.5 A) in
c-MYC G-quadruplex underwent a global conformational change to accommodate the ligands in
such a way as to maximize their interactions with G-quartets (Table S6, Supporting Information).
Contrarily, the 3’-flanking tri-nucleotides (RMSD = 1.8 + 0.3 A) of ¢-MYC quadruplex stacked
rigidly to the bottom of G-quartet. The ligand Phen-Et did not form a rigid complex with
telomeric hybrid G-quadruplex as evidenced from higher RMSD of lateral loop (RMSD =2.4 +
0.8 A) and ligand (RMSD = 3.1 + 0.4 A). Such deviations were not observed for Phen-Pr and

telomeric hybrid G-quadruplex DNA (Table S6, Supporting Information). Furthermore, the two
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dimensional RMSD maps of quadruplex-ligand complexes validate the conformational flexibility
of Phen-Et with telomeric quadruplex structures during the course of MD simulations (Figure
S19-S21, Supporting Information).

It has been reported that binding preference of a ligand to a particular G-quadruplex
topology or structure depends on its ability to maximize the available accessible surface area in
the receptor quadruplex structure.”” To delineate this aspect, solvent accessible surface area
(SASA) of the quadruplex over the 100 ns of MD simulation was calculated for the quadruplex-
ligand complexes using Surf tool in AMBER 12. The normalized frequency of SASA during the
course of simulation was analyzed (Figure S22, Supporting Information). The Phen-Et and
Phen-Pr accessed large surface area of c-MYC G-quadruplex with ASASA of 238 A? and 253 A?

respectively (Figure 8). However for the Phen-Et, ASASAs with telomeric antiparallel and

Phen-Et

.

ASASA = 238 A?

SASA = 3795 A
SASA = 4033 A2

PDB entry: 1XAV Ligand bound ¢-MYC G-quadruplex DNA

Ligand free c-MYC G-quadruplex DNA

Figure 8. Comparison of solvent accessible surface area (SASA) between native and Phen-Et bound
¢-MYC quadruplex DNAs. ASASA = (SASA of Phen-Et bound c-MYC quadruplex complex) —
(SASA of native c-MYC quadruplex DNA). SASA of Phen-Et bound c-MYC complex was calculated
after 100 ns of MD simulations.

hybrid were found to be only 173 A* and 169 A? respectively. The difference in the ASASA
between parallel c-MYC and telomeric G-quadruplex topology is around 60 A?, therefore the

ligands favor ¢-MYC G-quadruplex over telomeric DNA topologies. The ability of ligand in
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accessing the surface area of the DNA solely depends on the quadruplex topology. The ligands
were able to re-orient the 5’-flanking nucleotides in ¢-MYC, but not lateral or diagonal loops
present in telomeric DNA topologies. However, it has been reported that strong stabilizing
agents like Telomestatin (ASASA =225 A%) and Naphthalene diimides (ASASA = 210 A?) were
able to efficiently re-orient the nucleobases present in the loops of telomeric G-quadruplex
structures, *%% 97 92

MD dynamics and simulations (100 ns) were also extended to rationalize the inability of
the ligands to stabilize or induce telomeric parallel topology as evidenced from the CD studies.
The final MD snapshot of Phen-Et with telomeric parallel G-quadruplex DNA showed that the
Phen-Et did not stack well on to the G-quartet surface (Figure S23, Supporting Information).
Moreover, the N-protonated side chains in Phen-Et failed to form electrostatic interactions with
the backbone of the propeller loop as the distance between them was found to be 10.2 A, and
which led to flexibility of the ligand side chains as evidenced from the RMSD graphs (Figure
S24 and S25, Supporting Information). The average RMSD of the loops of parallel quadruplex
DNA was around 2.8 A over 100 ns of MD simulations, which indicated the conformational
flexibility of the propeller loops. Furthermore, the two dimensional RMSD map of G-quadruplex
— Phen-Et complex illustrated the formation of an unstable complex during the MD simulations.
Also, the presences of electrostatic and stacking interactions were found to be~ 5 % and ~ 12 %
of the 100 ns of the simulation time respectively. The very low prevalence of electrostatic
interactions was due to the lengthy (three nucleotides) and flexible propeller loops in the
telomeric DNA in comparison to the shorter (one and two nucleotides) and rigid propeller loops

in c-MYC G-quadruplex DNA. Overall, the data clearly show that the ligand Phen-Et forms only
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a less stable complex with telomeric parallel G-quadruplex DNA, which accounts for the binding

energy of —18.63 + 3.2 kcal mol™ observed for the complex (Table S7, Supporting Information).

The selectivity of Phen-Et and Phen-Pr ligands towards G-quadruplex DNAs over
dsDNA was also explored by MD simulations. The final MD snapshot of the dsSDNA and ligand
(Figure S26, Supporting Information), binding energy values (Table 2 and Table S8, Supporting
Information), and RMSD graphs (Figure S27, Supporting Information) indicated that ligands
have significantly low binding affinity toward dsDNA. Overall, MD simulation studies, SASA
analysis, and stacking energy calculations shed lights on how the specificity was achieved by the
Phen-Et and Phen-Pr ligands toward parallel G-quadruplex topology adopted by promoter

DNAs.

CONCLUSIONS

We have designed and synthesized bisbenzimidazole carboxamide derivatives of pyridine, 1, 8-
naphthyridine and 1,10-phenanthroline to specifically stabilize promoter quadruplexes over
telomeric and duplex DNAs. Our studies showed that both aromatic & surface area of the central
core and appropriately positioned N-alkyl benzimidazole side chains with suitable length of the
ligands play a crucial role in discriminating promoter quadruplexes from telomeric DNA. As a
result, phenanthroline-based ligands having larger surface area compared to their pyridine and
naphthyridine counterparts imparted high specificity toward promoter quadruplexes. Among
Phen-Et and Phen-Pr, the former having ethyl side chain was emerged as the lead compound
due to its inability to interact with the loops of telomeric DNA, reflecting in the specific
stabilization of promoter quadruplexes (A7, = ~16 - 18°C) over telomeric DNA (AT, =1 °C). In
particular, the ligand has imparted only marginal stability to any of the telomeric DNA

topological forms (antiprallel, parallel, hybrid or higher order forms). NMR and CD titration
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studies showed that the ligand bound to the c-MYC quadruplex via end stacking and upon
binding the parallel topology of the c-MYC quadruplex was retained. UV-Vis titrations studies
further validated the fact that the ligand specifically bound (K, ~6 x 10* M) to ¢-MYC
quadruplex DNA. Furthermore, Tag polymerase stop assay showed that ligand was able to arrest
the primer extension (ICso ~1.0 uM) by stabilizing the c-MYC quadruplex structure present in the
template. Molecular modeling and dynamics studies revealed that the length of the flexible N, N-
dimethyl aminoethyl side chains present in the ligand was optimal in targeting propeller loops of
the c-MYC quadruplex to establish electrostatic interactions. In addition, the ligands, by
reorienting 5° flanking nucleotides of c-MYC quadruplex, maximize the accessible surface area
for favorable stacking interactions with the G-quartet of c-MYC quadruplex, accounting for the
specificity of the ligands toward c-MYC quadruplex over telomeric quadruplex structures.
Overall, this study underscores the importance of the flexible side chains in the ligands,
which should be taken into consideration for the design of structure-specific quadruplex
stabilizing agents. In this context, it should be noted that even when the accurate three
dimensional structure of various G-quadruplex DNA topologies are available, right now, there is
no well-established methodology to design or identify the structure-specific ligands based on
minor structural differences in each quadruplex topologies. Therefore, the benzimidazole
scaffolds reported here represent potent and powerful side chains to engineer the quadruplex
specific ligands. Systematic explorations and screening of these side chains by attaching with
suitable central core having drug-like properties can lead to the evolvement of next generation of
ligands, which may find applications in quadruplex DNA based therapeutics. Furthermore, these
topology specific ligands could also be utilized along with quadruplex-specific antibodies for the

potential applications in visualizing promoter quadruplex DNAs in cellular environment.
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SUPPORTING INFORMATION

Experimental procedures, CD melting and titrations curves, UV-Vis absorption spectra,
polymerase stop assay, additional results from molecular modeling and dynamics studies and
copies of NMR spectra. This material is available free of charge via the Internet at

http://pubs.acs.org.
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