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A site-specific self-assembled light-up rotor
probe for selective recognition and stabilization
of c-MYC G-quadruplex DNA†

Marco Deiana, a Karam Chand, b Jan Jamroskovic, a Rabindra Nath Das, b

Ikenna Obi, a Erik Chorell *b and Nasim Sabouri *a

Direct and unambiguous evidence of the formation of G-quadruplexes (G4s) in human cells have shown

their implication in several key biological events and has emphasized their role as important targets for

small-molecule cancer therapeutics. Here, we report on the first example of a self-assembled molecular-

rotor G4-binder able to discriminate between an extensive panel of G4 and non-G4 structures and to

selectively light-up (up to 64-fold), bind (nanomolar range), and stabilize the c-MYC promoter G4 DNA. In

particular, association with the c-MYC G4 triggers the disassembly of its supramolecular state (disaggre-

gation-induced emission, DIE) and induces geometrical restrictions (motion-induced change in emission,

MICE) leading to a significant enhancement of its emission yield. Moreover, this optical reporter is able to

selectively stabilize the c-MYC G4 and inhibit DNA synthesis. Finally, by using confocal laser-scanning

microscopy (CLSM) we show the ability of this compound to localize primarily in the subnuclear G4-rich

compartments of cancer cells. This work provides a benchmark for the future design and development of

a new generation of smart sequence-selective supramolecular G4-binders that combine outstanding

sensing and stability properties, to be utilized in anti-cancer therapy.

Introduction

G-quadruplex nucleic acids (G4s) are non-canonical higher-
order four-stranded guanine-rich sequences stabilized through
Hoogsteen-type hydrogen bonding. G4s have received increas-
ing attention as they have been implicated in biologically
important roles such as oncogene transcriptional regulation,
DNA replication, and telomere stability.1–3 The prevalence of
putative G4 structures in promoters of cancer genes provides a
firm basis for the concept of G4s being plausible therapeutic
targets in oncology. One such example is the G4 structure in
the proto-oncogene, c-MYC.4–6 The c-MYC protein is a tran-
scription factor that regulates cellular proliferation, differen-
tiation, and apoptosis.4–6 The expression of c-MYC is upregu-
lated in 70% of different cancer types, and it is connected to
ca. 100.000 deaths world-wide.7–10 The c-MYC protein has
proven challenging to target with conventional drug design

strategies and it has thus been considered undruggable.8

However, as about 90% of c-MYC expression is regulated by a
G4 forming sequence found in the nuclease hypersensitive
element III (1) region (NHEIII1) of the c-MYC gene,2,11 G4-
binding small molecules able to inhibit c-MYC functions at the
gene level rather than the protein level are an alternative anti-
cancer therapeutic strategy.1,3,12 Although indisputable pro-
gresses have been made over the past years in the use of G4-
binders as therapeutic agents, the design of dual-tasking com-
pounds capable of both stabilizing and detecting G4 structures
with high selectivity and sensitivity for certain sequences
rather than a certain topology is still one of the major chal-
lenges in the field.1–3,12

Supramolecular fluorescence sensors with distinguishable
and controllable readout responses were recently designed as
topology-specific G4-binders.13–16 Their G4-interactive binding
model relies on the disassembly of the molecular aggregate
(disaggregation-induced emission, DIE) in the presence of
highly accessible π-surfaces such as those found in parallel G4
topologies. Parallel G4 structures are devoid of either adjacent
lateral or diagonal loops, and can therefore provide better
π-stacking platforms for the accommodation of the aromatic
core of these ligands. Indeed, supramolecular sensors operat-
ing via DIE are successful in selectively detecting parallel G4
topologies, however neither of these G4-binders have been
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sequence/site-specific.13–16 This sensing mechanism strongly
differs from the aggregation-caused quenching (ACQ) pre-
viously reported for G4- or duplex minor-groove binders based
on cyanine dyes.17,18

In this study, we envisioned that a two-step switching
mechanism based on (1) recognition-driven disassembly (i.e.
DIE)19 of the hydrophobic fluorophore and (2) surrounding-
induced motional restriction (motion-induced change in emis-
sion, MICE)20 in the monomeric ligand structure would give
rise to a specific readout signal only when the optical reporter
fits into the binding pocket of the c-MYC G4 DNA.

By synthesizing a self-assembled quinazoline-quinazoli-
none derivative, hereafter 4b, we were able to overcome this
challenge. 4b featured outstanding binding affinity, sensitivity,
selectivity, and stabilization for the c-MYC G4 DNA (Fig. 1).
Moreover, the association with the c-MYC G4 simultaneously
triggered the disassembly of its supramolecular state and
induced geometrical restrictions leading to a significant
increase in its fluorescence intensity and lifetime decay. The
outstanding recognition process of 4b for c-MYC G4 via end-
stacking provided a binding constant and a limit of detection
in the nanomolar regime awarding it as one of the most sensi-
tive sequence-selective G4-binders currently available.21–24

Moreover, DNA polymerase stop assay clearly demonstrated
the ability of 4b to inhibit DNA synthesis of Taq-DNA polymer-
ase by selectively stabilizing the c-MYC G4. Finally, confocal
laser scanning microscopy (CLSM) images showed that 4b was
primarily enriched in the G4-rich nucleolar regions of human
cancer cells. 4b is, to the best of our knowledge, the first proto-
type of a supramolecular ligand with a drug-like chemical
structure that is capable of site-specific detection and stabiliz-
ation of a particular G4-sequence. The drug-like chemical
structure of this compound, featured by its low-molecular
weight and absence of charged moieties, along with its chemi-
cal versatility and scalability is rare in the G4 field. Thus, this
opens up avenues for the development of a brand-new gene-

ration of site-specific G4-binders with desirable optical and
biological properties.

Results and discussion
Molecular design and self-assembly process

The synthesis of the desired quinazoline-quinazolinones 4a–d
was achieved in three to four steps from commercially avail-
able anilines (1a–b) or 4-carboxybenzyl (Cbz) protected 1,4-
benzenediamine (1c).25 The anilines were first converted to
1,2-dihydroquinoline derivative (2a–c) via a Skraup’s synthesis
and next reacted with 2-cynoguanidine in acidic conditions to
give the N-(4-methyl-quinazolin-2-yl)-guanidine intermediates
(3a–c). Condensation of 3a–c with isatoic anhydride under
basic conditions gave the quinazoline-quinazolinones (4a–c)
and 4d was obtained by subsequent hydrolysis of the Cbz
group in 4c (Fig. 2).

The quinazoline-quinazolinone 4b was the main focus of
this investigation and fluorescence studies showed that 4b was
sensitive to polarity changes and exhibited positive solvato-
chromism in organic solvents (Fig. S1 and S2†). Temperature-
dependent UV/Vis studies of 4b in aqueous buffered solution
at varying temperatures from 25 to 95 °C showed that the
absorption maxima were hypsochromically shifted with a gain
of vibronic fine structures and an overall narrowing of the full
width at half-maximum (FWHM) of the high-energy transition
band of ∼33% (Fig. S3 and S4†). The absorption behavior cor-
responded well with the strongly quenched blue-shifted emis-
sion band observed at 25 °C compared with that obtained at
95 °C (Fig. S4†). The above spectral features suggest the for-
mation of higher-order aggregated structures of 4b.26

Concentration-dependent UV/Vis experiments provided the
aggregation constant (Kagg) = 7.3 × 105 M−1 (Fig. S5†). The
aggregated state of 4b was favored by increasing the ionic
strength in the solution, which could be detected by the hypo-
chromically reduced absorption maxima (ca. 60% reduction at
potassium chloride concentrations above 5 mM) (Fig. S6†).15

On the contrary, DMSO is a highly disaggregating solvent and
upon increasing the DMSO volume fraction χ(DMSO), 4b was

Fig. 1 Schematic illustration of the molecular recognition mechanism
operated by 4b in the presence of G4 and non-G4 structures. (Middle)
4b self-assembles in water forming a non-emissive supramolecular
aggregate. (Right) The high binding affinity for c-MYC Pu22 displaces 4b
from its aggregated state (DIE) forming a rigid 2 : 1 complex (MICE) that
induce up to 64-fold fluorescence enhancement. (Left) ssDNA, dsDNA
and various G4s with different topologies (parallel, antiparallel or hybrid
structures) can neither efficiently induce disassembly and/nor molecular
restrictions on the 4b scaffold leading to poor affinities and negligible
light-up responses.

Fig. 2 Synthetic route of quinazoline-quinazolinone (4a–d) hybrids.
Reagents and conditions: (i)dry acetone, I2, t-butylcatechol, MgSO4,
reflux, 24 h, (49–68%); (ii)2-cynogunidine, 2 M HCl, 100 °C, 0.5 h,
(43–57%); (iii)DMF, isatoic anhydride, N,N-diisopropylethylamine,
100 °C, 12 h, (51–63%); (iv)HBr–acetic acid (3 : 7), reflux, 12 h, 66%.
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present in the monomeric form (Fig. 3 and S7†).15 Finally, the
monomer spectrum of 4b could also be observed in buffered
water solution in the presence of sodium dodecyl sulfate (SDS)
micelles (Fig. S8†).14,16

G4-interactive binding studies

The DMSO-disaggregation condition of 4b induced a colori-
metric change of 4b and a high fluorescence response (Fig. 3).
The observed optical changes in disaggregation-favouring solu-
tions, prompted us to study the recognition process of 4b
towards a large panel of biologically relevant synthetic and
natural G4 structures with different topologies to examine
their ability to disaggregate 4b (see Table S1 and Fig. S9† for
their morphological characterization). 4b exhibited the highest
fluorescence response (∼64-fold) in the presence of c-MYC
Pu22 G4 DNA, a commonly used and well-characterized paral-
lel G4 with exceptional thermal stability (Fig. 4).27–30

The truncated c-MYC Pu22 sequence (c-MYC Pu22, 5′-
TGAG3TG3TAG3TG3TTA-3′) form the major G4 conformation
representing the wild-type G4 found in the NHEIII1 region of
the c-MYC gene and provides a great molecular system for G4-
interactive binding studies.31 To investigate if the emission
enhancement of 4b in the presence of c-MYC Pu22 was specific
to only this ligand, we examined the G4 light-up binding
response of all the synthesized compounds (3a–4d) in the pres-
ence of c-MYC Pu22. As depicted in Fig. 5, the highest fluo-
rescence response was detected for the 4b-c-MYC Pu22 system
supporting its outstanding selectivity for this particular G4
template.

Importantly, the presence of long genomic dsDNA did not
induce any significant light-up response from 4b even at an
excess of 140 eq. However, addition of 0.5 eq. of c-MYC Pu22 to
the same dsDNA-containing solution enhanced the fluo-
rescence intensity from 4b with over 50 folds (Fig. S10†). This
outstanding selectivity to recognize and light-up c-MYC Pu22
was further supported by 4b-stained non-denaturing polyacryl-
amide gels loaded with different G4 and non-G4 structures
(Fig. 6).

Next, we performed in-depth biophysical analysis on the
interaction between 4b and c-MYC Pu22. The absorption spec-
trum of 4b in aqueous buffered solution in the absence of c-
MYC Pu22 featured high and low energy transitions centered
at 334 nm and 445 nm, respectively (Fig. 7). Upon addition of
c-MYC Pu22, the absorption maxima of 4b showed a concomi-
tant monotonic hypochromism and hyperchromism of the low
and high energy transitions, respectively, along with a marked
hypsochromic shift resulting in a well-defined isosbestic point
centered at 355 nm. In line with the absorption changes, the

Fig. 3 UV/Vis absorption and emission (inset) spectra of 4b in water/
DMSO solutions at increasing DMSO volume fractions, χ(DMSO) at 25 °C.
In the upper-right panel, the change of 4b from non-fluorescent (100%
water) to fluorescent (100% DMSO) is shown. (c4b = 15 and 2 μM for
absorption and fluorescence studies, respectively).

Fig. 4 Fluorimetric binding isotherms of 4b in the presence of G4 and
non-G4 structures (c4b = 2.5 µM, Tris buffer (10 mM), pH = 7.5, KCl
(100 mM), T = 25 °C, λexc = 320 nm). The black dashed curves result
from a global fitting by using either a 1 : 1 (4b-c-MYC Pu24T) or 2 : 1 (4b-
c-MYC Pu22/Pu22 mut) binding model.

Fig. 5 Fluorescence light-up response of all synthesized compounds
(3a–4d) in the presence of c-MYC Pu22 (c3a−4d = 2.5 µM, cc-MYC Pu22 =
2.5 µM, Tris buffer (10 mM), pH = 7.5, KCl (100 mM), T = 25 °C, λexc =
320 nm).
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steady-state emission of 4b is almost fully quenched in its
unbound state (photoluminescence quantum yield (PLQY),
ΦF(4b) = 0.14%) and light-up in the presence of c-MYC Pu22
(ΦF(4b-c-MYC Pu22) = 5.5%) inducing a clear colour change in the
solution, and resulting in a large Stokes shift of 226 nm (i.e.
ca. 12 000 cm−1) indicative of excited-state charge transfer
(Fig. 7).

These results suggest that the c-MYC Pu22 structure triggers
disassembly of the aggregated 4b state into a stable c-MYC
Pu22-4b complex, which results in a significant increase in its
emission quantum yield, likely through geometrical
(vibrational and rotational) and/or structural (molecular con-
formation) changes.

To examine this hypothesis, we compared 4b with its analo-
gous, 4a and 4d, that lacked the diethyl-amino substituent in
position C-6 (Fig. 2 and 5). The diethyl-amino substituent is
prone to favour the formation of a twisted intramolecular
charge transfer (TICT) process in the excited state. 4a had a
hydrogen in the C-6 position and was therefore, expected to be
non-emissive in solution, while 4d carried an electron-donat-
ing primary amine group in the same position, and was
expected to be fluorescent but unable to form TICT processes.
Indeed, 4a was neither fluorescent in the presence nor absence
of c-MYC Pu22, highlighting the pivotal role played by the elec-
tron-donating C-6 substituent in conferring the emissive pro-
perties of the compound (Fig. 5 and S11†). On the other hand,
4d displayed an emission band with maximum at 548 nm. The
addition of c-MYC Pu22 to 4d did not largely affect its light-up
ability (∼2-fold) but blue-shifted its emission maximum result-
ing in a clear colour change of the solution (Fig. S12†).
Together, these results confirmed the direct involvement of
the diethyl-amino moiety into the complexation process with
the c-MYC Pu22 structure and its role as an external flexible
turn-on signal reporting motif.

Next, the association mechanism of the 4b-c-MYC Pu22
complex was quantitatively determined by performing the
mole ratio method, Job’s plot titration assay, and a global
fitting procedure (Fig. 7 and S13–S15†). Binding data analysis
indicated the formation of a 4b-c-MYC Pu22 complex with a
2 : 1 (guest/host) stoichiometry and nanomolar association
constant (Table 1). A similar 2 : 1 ligand : c-MYC Pu22 complex
was earlier reported for quindoline and indenoisoquinolines
compounds.31,32

The association constant calculated for 4b-c-MYC Pu22
complex is among the highest values reported in literature so
far.21–24 Moreover, a limit of detection (LOD) of 49 nM was
obtained which is 2-fold lower than that reported for N-methyl
mesoporphyrin IX (NMM), a renowned selective parallel G4
binder, LOD = 104 nM (Fig. S16†).15 Kinetic studies on the
mechanism of interaction between 4b and c-MYC Pu22 showed
that the G4 structure actively binds 4b which catalyses the dis-

Fig. 6 Non-denaturing PAGE images of G4 and non-G4 structures
stained with 4b (left panel). The same gel was later co-stained with
Thiazole Orange (TO), (right panel) to show the specificity of binding
and to detect loading of DNA in all lanes. c4b = 5 μM, cTO = 5 μM and
coligos = 10 μM, λexc = 457 nm.

Fig. 7 Spectrophotometric (solid lines) and fluorimetric (dashed lines)
titration of 4b (c4b = 15 or 2.5 µM for absorption and emission, respect-
ively, in 10 mM Tris buffer and 100 mM KCl at pH = 7.5, λexc = 320 nm)
upon addition of c-MYC Pu22 at 25 °C (cc-MYC Pu22 = 0.0, 0.9, 1.8, 2.6,
3.5, 4.4, 5.3, 7.0, 8.8, 10.6, 13.2 and 17.6 μM and cc-MYC Pu22 = 0.0, 0.3,
0.6, 0.9, 1.2, 1.5, 2.1, 2.7, 3.3, 4.2, 5.1, 6.6, 8.1, 10.5, 12.9, 16.5 and
20.1 μM in the absorption and fluorescence titrations, respectively). The
blue and red lines correspond to the spectra at 0.0 eq. and 1.17 eq. or
8.04 eq. in the absorption and emission spectra, respectively.
Superimposed black dotted lines resulted from a global fitting with a
2 : 1 binding model. The inset shows the change in fluorescence derived
by the addition of c-MYC Pu22 to 4b. Table 1 Summary of the binding constants, free energy changes and

photophysical parameters

G4s K11/M
−1 K21/M

−1 ΔΔG/kj mol−1 ΦF/% τ/ns

c-MYC Pu22 mut 1.1 × 102 4.3 × 109 −46.8 5.9 4.9
c-MYC Pu22 4.9 × 102 3.4 × 108 −36.8 5.5 4.4
c-MYC Pu24T 3.4 × 106 — −37.3 — 3.7

Data fitting with 1 : 1 (4b-c-MYC Pu24T) or 2 : 1 (4b-c-MYC Pu22/
Pu22 mut) binding models was performed with Bindfit by using
multiple global fitting methods (Nelder-Mead method) and are
provided as the average values of both fluorimetric and
spectrophotometric titrations.33,34 The microscopic stepwise free
energy changes are defined as: ΔΔG = ΔG21 − ΔG11 considering that in
case of 2 : 1 binding ΔG11 = −RT ln(K11/2) and ΔG21 = −RT ln(K21 × 2)
while, in case of 1 : 1 binding ΔΔG = −RT lnK11. R is the gas constant
(8.314 J mol−1 K−1) and T is the temperature at 25 °C expressed in K
(298 K). 5-(Dimethylamino)-1-naphthalenesulfonamide is used as
reference standard (ΦF = 5%, in water). The average lifetime is derived
by using a tri-exponential decay fitting.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 12950–12957 | 12953

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 8

/8
/2

02
4 

11
:5

3:
28

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr03404e


sociation of the aggregated form (Fig. S17†). To further charac-
terize and confirm 4b binding, we performed NMR titrations
of the c-MYC Pu22 G4 structure with 0, 0.1, 0.2, 0.5, 1, and 2
equivalents of 4b (Fig. S18†). This showed a clear line-broaden-
ing of the signals in the imino-region of c-MYC Pu22 already at
0.1 equivalents of 4b. Increasing concentrations of 4b resulted
in an almost complete disappearance of NMR signals from the
imino-protons which confirm that 4b is strongly binding the c-
MYC Pu22 G4 structure. To confirm that the observed line-
broadening is an effect of exchange processes caused by
binding rather than a compound-induced unfolding of the G4
structure, we next performed electronic circular dichroism
(ECD) measurements (Fig. S19†). This showed that the native
parallel morphology of c-MYC Pu22 was fully conserved upon
addition of four equivalents of 4b, without any sign of induced
CD (ICD) peaks.

The binding mode of 4b to the c-MYC Pu22 template was
investigated by fluorescence displacement assay using the well-
known G4 end-stackers, Phen-DC3 and Pyridostatin (PDS,
Fig. 8 and S20†).35–37 As expected, both Phen-DC3 and PDS
were able to fully displace 4b from the G-tetrad ends, high-
lighting the ability of 4b to target the G4 template via an end-
stacking binding mode. We observed a slightly different colour
change in cuvette III (compare cuvettes marked as I with III,
Fig. 8) upon Phen-DC3-mediated 4b displacement from the G4
structure. This may be due to a small fraction of the unbound
4b molecules that remained free in solution without reforming
molecular aggregates.

In addition to the core G-quartets of the c-MYC Pu22, this
oligonucleotide also includes 5′ TGA and 3′ TAA flanking resi-
dues (Table S1†). These flanking residues form together with
the G-tetrad ends two suitable binding pockets for ligand
accommodation through a sandwiched-type binding
mode.31,32 The importance of these flanking sequences in the
interactions with 4b is apparent based on the fluorimetric
titration of 4b in the presence of c-MYC sG4, a mutated c-MYC
Pu22 sequence (c-MYC sG4, 5′-G3TG3TAG3TG3-3′) that still fea-
tures the high accessible parallel G-quartets, but lacks the
flanking sequences (Fig. 4). These titrations showed that the
fluorescence enhancement signal of 4b with c-MYC sG4 was
dramatically reduced compared with the c-MYC Pu22
sequence (Fig. 4). Furthermore, the direct fluorescence titra-
tion of 4b to the c-MYC Pu22 sequence where the 3′ end is
mutated to TGA instead of TAA (c-MYC Pu22 mut, 5′-
TGAG3TG3TAG3TG3TGA-3′) showed an equally strong fluo-
rescence enhancement and an increased binding constant
compared to the unmutated c-MYC Pu22 sequence (Fig. 4 and
Table 1), suggesting that the flanking sequences are impor-
tant for disrupting the aggregated form of 4b to promote the
formation of a stable and highly emissive 4b-c-MYC G4
complex. We also tested the G4-interactive binding properties
of 4b with the c-MYC Pu24T (c-MYC Pu24T, 5′-
TGAG3TG2TGAG3TG4AAG2-3′) sequence that features the
same 5′-G-tetrad/flanking residue of c-MYC Pu22 but con-
siderably different 3′-terminal G-tetrad end and flanking
sequence. Association of 4b with c-MYC Pu24T showed a
limited fluorescence light-up response (Fig. 4). These fluori-
metric data could be well-fitted by using a 1 : 1 binding model
indicating the 5′-end as the major binding site involved in
the complexation process between 4b and the c-MYC Pu24T
template. Importantly, the sequence specificity was strongly
connected to the G4 structure, as the fluorimetric titrations
of 4b to a single-stranded DNA sequence (TGA-ssDNA, 5′-
G2ATGTGAGTGTGAGTGTGAG2-3′) that features three TGA
motifs but cannot fold into a G4 structure, provided minimal
fluorescence changes (Fig. 4). Next, we performed ligand-
induced fluorescence quenching assays to probe the direct
involvement of the terminal G-tetrads and flanking residues
in the complexation mechanism.38 We either labeled the 5′ or
3′-end of the c-MYC Pu22 with the Texas Red fluorophore (5′-
Txred c-MYC Pu22 or 3′-Txred c-MYC Pu22), and hypothesized
that binding of 4b to either of the G-tetrads/flanking ends
would mediate proximal ligand-binding quenching. Indeed,
the addition of 4b to either the 5′-Txred c-MYC Pu22 or 3′-
Txred c-MYC Pu22 induced a dose-dependent loss of fluo-
rescence intensity (Fig. S21†). The 5′-TGA end gave the
highest loss of fluorescence, suggesting that the 5′-end is the
main site of 4b binding. Together, these data show that the
synergetic interplay between the hydrophobic surface of the
terminal G-tetrads with the presence of specific flanking
sequences is the major driving force for the selective associ-
ation of 4b toward the c-MYC Pu22 scaffold.

In order to investigate the photophysical properties of the
excited-state, time-correlated single photon counting (TCSPC)

Fig. 8 (A) Schematic illustration of the fluorescence displacement assay
performed by using the G4 end-stacker Phen-DC3. 4b is non-emissive
in its free state (I). Complexation with c-MYC Pu22 induced a clear
colour change of the solution (II). Replacement of 4b from the G4 tem-
plate by Phen-DC3 caused the fluorescence quenching of 4b (III). (B and
C) Fluorescence emission changes on the 4b-c-MYC Pu22 system upon
increasing concentration of Phen-DC3. The dashed white line corres-
ponds to the emission of 4b alone. The blue and red lines correspond to
4b-cMYC Pu22 and 4b-c-MYC Pu22-Phen-DC3 systems, respectively
(4b = 2.5 μM, c-MYC Pu22 = 1.25 μM and Phen-DC3 ranged from 0 to
1.5 μM).
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measurements of 4b bound to different c-MYC Pu22 analogues
were performed (Fig. 9 and Table S2†).

In its unbound state, 4b was non-emissive and its time-
dependent decay overlapped with the Instrumental Response
Function (IRF) signal of our time-resolved setup (0.055 ns)
showing the formation of radiationless pathways of the aggre-
gated form. However, the lifetime of 4b dramatically increased
in the presence of c-MYC Pu22. The average singlet state life-
time obtained by fitting the time-resolved fluorescence decay
of the 4b : c-MYC Pu22 complex with a triexponential function
was ∼4.4 ns (Table 1 and S2†).

G4-selective stabilization properties

To determine if 4b can stabilize G4 structures, we performed
the Taq-DNA polymerase stop assay.39 Using this assay, we
showed that 4b inhibited replication by the Taq-DNA polymer-
ase by selectively stabilizing the c-MYC G4 just before the first
G-tract in the DNA template (Fig. 10A). This process resulted in
enhanced replication pausing and decreased amounts of full-
length products (Fig. 10B). No enhanced pausing effects were
observed in the presence of 4b when using the human telo-
meric G4 template or a non-G4 forming sequence, showing the
selectivity of 4b for stabilizing the c-MYC G4 (Fig. 10).

Next, the ability of 4b to induce G4 stabilization was investi-
gated by CD melting analysis (Fig. S22†). As shown in Table 2,
4b induced a high level of thermal stabilization (ΔTm) on the
c-MYC Pu22 template that reached 10 °C at 5 equivalents. In
contrast, under the same experimental conditions, 4b destabi-
lized the Tel-22 G4 structure with 6 °C. Together these data
show a selective G4 stabilization effect by 4b.

Cellular imaging and associated G4-nucleolar binding

Confocal laser scanning microscopy (CLSM) was used to evalu-
ate the cellular emission fingerprint of 4b (Fig. 11).

HeLa cells treated with 4b revealed an intense fluorescence
signal in the cytoplasmic/mitochondrial, and nuclear net-

works, with clear peaks in the subnuclear compartments,
whose appearance was compatible with that of G4-rich nucleo-
lar regions (Fig. 11).16,40–44 To confirm the nature of the main

Fig. 9 Singlet excited state decay traces of 4b (λexc = 365 nm) in the
absence and presence of different c-MYC G4 oligonucleotides. [DNA] =
20 µM and [4b] = 2 µM.

Fig. 10 (A) Taq-DNA polymerase stop assay with 4b using non-G4
DNA, c-MYC Pu24T G4 DNA and Tel-22 G4 DNA as a template. The G4
sequences of the templates are shown on the side of the gels. The Gs
forming the G4 structures are indicated in bold. Concentration of 4b is
indicated above each line. Dark arrows represent start of the reaction –

primer; grey arrows represent full-length products; asterisks represent
pausing site. (B) Relative quantification of full-length products normal-
ized to DMSO treated sample.

Table 2 CD-based thermal stabilization (ΔTm) induced by 4b to the G4
templates

System Tm (G4) Tm (4b-G4) ΔTm

4b-c-MYC Pu22 59.7 69.7 +10.0
4b-Tel-22 37.9 31.8 −6.1
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binding target of 4b, we treated cells with RNase (Fig. 11).
RNase-treatment did not greatly modify the staining pattern of
the cells, supporting the ability of the compound to mainly
target G4 DNA sites. To validate the G4-binding ability of 4b in
the nucleolar compartments we carried out a competition
assay by using the well-known G4-binder, BRACO-19.45 The 4b-
associated emission in the nucleolar regions decreased signifi-
cantly in the presence of BRACO-19 confirming the specific
staining of 4b towards DNA G4s. Finally, TMPyP4 was used as
a non-selective G4/duplex porphyrin-based binder displaying a
red emission in the cytoplasmic, nuclear, and sub-nuclear
regions (Fig. 11).41 The staining pattern of the nucleus by
TMPyP4 was more intense and spread out compared to the
staining by 4b, suggesting that TMPyP4 stain the nuclear DNA

differently, perhaps due to its non-selective G4/duplex binding
affinity. Incubation of TMPyP4 with 4b did not affect the fluo-
rescence signal of TMPyP4, suggesting that 4b do not compete
with the same DNA sites as TMPyP4.

Conclusions

In summary, we have reported on the first example of a supra-
molecular fluorescent rotor with outstanding binding strength,
sensitivity and selectivity for the c-MYC G4 DNA. In particular,
the compound displayed a two-step switching mechanism
based on recognition-driven disassembly and surrounding
induced motional restriction on the ligand’s chromophoric
structure combined with the ability to discriminate between
an extensive panel of G4 and non-G4 structures and selectively
light-up the c-MYC promoter G4 DNA. In-depth biophysical
studies highlighted the role exerted by the terminal flanking
sequences of the c-MYC Pu22 template in these effects and
identified the localization of the ligand’s binding site. Beside
its enticing quadruplex interacting/optical properties, our fluo-
rescent sensor showed an outstanding ability to selectively
stabilize the c-MYC G4 structure. Finally, our probe preferen-
tially targeted the nucleolar G4-rich compartments of cancer
cells. This is the first prototype of a small molecule that
address the quest toward sequence/site-specific G4-binders
and open new directions for the development of self-
assembled fluorescent molecular rotors for tracking and con-
trolling non-canonical DNA structures in a cellular context.
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