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Abstract: Polymorphic G-quadruplex (G4) secondary DNA
structures have received increasing attention in medicinal
chemistry owing to their key involvement in the regulation of
the maintenance of genomic stability, telomere length
homeostasis and transcription of important proto-oncogenes.
Different classes of G4 ligands have been developed for the
potential treatment of several human diseases. Among them,
the carbazole scaffold with appropriate side chain appen-
dages has attracted much interest for designing G4 ligands.
Because of its large and rigid π-conjugation system and ease
of functionalization at three different positions, a variety of
carbazole derivatives have been synthesized from various

natural or synthetic sources for potential applications in G4-
based therapeutics and biosensors. Herein, we provide an
updated close-up of the literatures on carbazole-based G4
ligands with particular focus given on their detailed binding
insights studied by NMR spectroscopy. The structure-activity
relationships and the opportunities and challenges of their
potential applications as biosensors and therapeutics are also
discussed. This review will provide an overall picture of
carbazole ligands with remarkable G4 topological preference,
fluorescence properties and significant bioactivity; portraying
carbazole as a very promising scaffold for assembling G4
ligands with a range of novel functional applications.

1. Introduction

G-quadruplexes (G4s) are considered as promising drug targets
for therapeutic applications.[1] The four-stranded G-quadruplex
structures are basically formed by guanine-rich DNA or RNA
sequences in near-promoter, telomere or UTR regions.[2] Quad-
ruplexes play pivotal roles in the regulation of replication,
transcription and translation as well as in the maintenance of
telomere length homeostasis.[2,3] Given the significance of
quadruplexes in biological functions, much effort has been put
into the development of effective G4 binders derived either
from natural products or synthetic compounds.[4] G4s are
composed of three or more layers of stacked G-tetrads that are
formed by four guanine residues through Hoogsteen hydrogen
bonds[5] (Figure 1a). The square planar alignment of G-tetrads
provides a unique site for specific recognition of quadruplexes
via π-π stacking interactions. G4 binding can also be controlled
by interaction with G4 loops or grooves (Figure 1b) via electro-
static interactions or intercalation between G-tetrads or by a
combination of all these modes.

Given the unique feature of quadruplex recognition through
G-tetrads, most of the selective G4 binders are those that
possess a large flat-shaped aromatic surface that is much larger
than that of a duplex binder to avoid non-specific interactions
with DNA duplexes.[3] Heteroaromatic scaffolds like carbazoles
have been designed as potential quadruplex binding ligands.
Carbazole, a strong pharmacophoric moiety, is a tricyclic

structure consisting of two benzene rings fused on both sides
of a nitrogen-containing five-membered ring (Figure 2). This
heterocyclic ring system can stack upon the top or bottom of
external G-tetrads of quadruplexes by π–π interactions. The
core system of a carbazole can also be linked with one-to-three
external side chains like cationic arms to exploit electrostatic
interactions with negatively charged phosphate backbones or
with some side-chain appendages for hydrogen-bonding inter-
actions with the G4 groove/loop regions. Of important note,
carbazole derivatives with appropriate functional groups can
adopt crescent shaped topologies enabling a well-defined
interaction with intramolecular G-quadruplexes. The structural
unit is also able to display spectroscopic properties that can
further provide potential means for monitoring binding inter-
actions with quadruplexes. Based on these intriguing features,
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Figure 1. (a) G-quadruplex (G4) formation via stacking of Hoogsteen hydro-
gen bonded G-tetrads. (b) Structure and polymorphism of major type of G4s.
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carbazoles have attracted considerable interest for targeting
various G-quadruplex structures.

Not surprisingly, the carbazole ring system has thus been a
key chemical scaffold in a variety of biologically active
compounds.[6] Owing to a wide spectrum of bioactivity and
therapeutic properties, carbazoles have been considered as a
potential drug candidate for the treatment of multiple diseases

like cancer, diabetes, viral and bacterial diseases, neurological
disorders etc.[7] The carbazole ring is also prevalent in several
medicinally active natural products for example, murrayanine,[8]

mukonine,[9] carbazomycins,[10] carbazomadurin A,[11]

staurosporine,[12] murrayafoline A[13] (Figure 2). In addition, many
carbazole derivatives have been chemically synthesized and are
well established for their pharmacological activities. More
interestingly, there are numerous carbazole based commercially
drugs that are available in the market such as ellipticine,[14]

olivacine,[15] datelliptium,[16] alectinib,[17] celiptium[17] etc (Fig-
ure 2).

With the present article, we intend to provide a brief, up-to-
date summary of the most promising carbazole based ligands
that have been established as effective G-quadruplex binders.
Small molecules targeting G4 have been reviewed in many
literatures with different perspectives. Here, the aim of this
article is to delineate structural design of carbazole ligands and
the essential biophysical and biological data for understanding
their molecular interactions with G-quadruplexes and particular
notion has been given on in-depth NMR analysis of carbazole-
G4 interactions.

2. Binding Mode of Quadruplex-interactive
Carbazole Ligands

Nuclear magnetic resonance (NMR) spectroscopy is a powerful
method for understanding G-quadruplex structures as well as
their interaction with ligands of low molecular weight (“small
ligands”).[18] It allows insight into the binding of quadruplex-
interactive ligands at atomic level under near-physiological
conditions. Beside structural information, information about
dynamics and kinetics can be obtained. For the investigation of
ligand-G4 interactions, it is a substantial advantage that G4
signals deriving from Hoogsteen base pairs are well separated
from the signals of Watson–Crick or i-motif base pairs.[19]

Investigation of the 1D NMR spectral region featuring imino
signals allows a fast check for the homogeneity of the G4
folding simply by counting the number of NMR signals.[5g,20]

Further, from initial 1D 1H NMR titration experiments, informa-
tion regarding the exchange regime (kex) of ligand binding can
be gained. It is generally classified into three regimes on NMR
time scales: fast (kex@Δδ; Δδ=difference of chemical exchange
between apo and holo state), intermediate (kex�Δδ) and slow
exchange (kex!Δδ). Ligand binding in fast exchange leads to a
shift of the signals (also referred to as chemical shift
perturbation (CSP)) whereas binding in intermediate exchange
results in line broadening (up to beyond detection limit). In
slow exchange, a new set of signals from the G4-ligand complex
appears. Under these conditions, together with further experi-
ments, the determination of a high-resolution structure could
be feasible.[18] The scarce number of solution NMR-structures of
DNA G4-ligand complexes[21] is caused by the scarce number of
ligands that bind in slow exchange. However, G4 structures in
the ligand-free state are used for rational structure-based drug
design. Signals that experience the strongest effect of inter-
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Figure 2. Chemical structures of carbazole and its derivatives that show
potent pharmacological activities such as anti-inflammatory, anti-microbial
(Murrayanine),[8b] antiproliferative (Mukonine),[9b] antioxidant (Carbazomadur-
in A),[11] and antitumor (Ellipticine,[14] Celiptium,[17] Alectinib[17]).
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mediate or fast exchange binding ligands can be depicted on
the respective G4-structure or docking studies can be per-
formed to estimate the binding site.[22] Interpretation of such
docking studies have to be conducted with caution as the
capping structure of the free G4 may not reflect the
conformation in the ligand-bound state.[21e]

As most carbazole ligands have been found to bind in
intermediate exchange regime, they will be classified according
to their binding mode (Figure 3) in the further sections. The
different binding modes found for G4 DNA targeting carbazole
ligands have been divided into two main sections: Binding with
local or with global conformational changes (Figure 3). Binding
with local changes has been further differentiated by the
purpose of ligand design and refers to ligand binding to the
major conformation of a targeted sequence (Figure 3a) and
binding to a specific G4 topology irrespective of the sequence
(Figure 3b). Global conformational changes can either be
induced by a conformational selection or induced fit
mechanism.[23] It is often difficult to differentiate whether the
conformational change takes place before (conformational
selection) or after (induced fit) ligand binding. In order to
determine the mechanism, all rate constants at varying
substrate:ligand concentrations would have to be known.[23]

Even though NMR is the best technique to evaluate these
parameters, the binding modes of the here presented ligands
have not been examined in detail. Often, the ligand solubility is
insufficient to reach the required excess of ligand. Hence, the
classification into conformational selection occurred on the

basis of a pre-existing minor conformation in slow exchange
that has been increasingly populated upon ligand addition.

2.1. Binding to the major conformation of a target sequence

Many carbazole ligands bind to the major conformation of the
G4 target sequence without a recognizable effect on the
conformational equilibrium or the overall topology. The
carbazole ligands 3ao,[24] 3ap,[24b] BMVEC[25] and 2f[26] (Figure 4)
can be categorized within this group. Ligand 3ao (alternatively
known as Tz1) and 3ap are mono-triazolyl carbazole derivatives
that have been developed by in situ copper free click reaction
in the presence of c-MYC G4*Au@Fe3O4 and BCL2 G4*Au@Fe3O4

nanotemplates.[24] 3ao containing two aryl carboxamide motifs
is capable of specifically recognizing c-MYC parallel G-quad-
ruplex (Kd=170 nM) over i-motifs and BCL2 G4 while the meta-
isomer 3ap prefers to bind to BCL2 G4 DNA with a dissociation
constant in comparatively high micro molar regime (Kd=

0.68 μM). In case of 3ao, significant line broadening of the
imino signals has been observed at a ratio of [3ao]:[c-MYC]=
0.25 indicating strong binding interactions. These molecules
have been shown to reduce off-target effects in biological
experiments; ligand 3ao and 3ap could selectively down-
regulate the expression of c-MYC and BCL2 genes, respectively
via stabilization of promoter quadruplexes and eventually lead
to apoptosis in cancer cells. Another carbazole ligand 3be[24b]

generated from in situ cycloaddition with c-MYC i-motif DNA
nanotemplate (c-MYC C4*Au@Fe3O4) results in general line
broadening of the characteristic imino signals (15–16 ppm) for
i-motif C–C+ base pairs as well as in the aromatic region of c-
MYC i-motif.

Tang and coworkers reported two carbazole iodides MVEC
[(3-Bis-(1-methyl-4-vinylpyridium iodine) 9-ethyl-carbazole)] and
BMVEC [(3,6-Bis-(1-methyl-4-vinylpyridium iodine) 9-ethyl-
carbazole)] to explore the binding mode of carbazole deriva-
tives with telomeric G4 DNA (Figure 4).[25] BMVEC has cationic
charge on the two pendant groups of pyridinium rings of 9-
ethylcarbazole while MVEC has one cationic charge pendant
group. CD spectroscopy showed that BMVEC significantly
stabilizes both parallel Hum6 (T2AG3) (ΔTCD

m =16 °C at ligand:
G4=1 :1) and antiparallel Hum22 (AT2G3T2AG3) telomeric G4
DNA (ΔTCD

m =7 °C at ligand:G4=1 :1) but MVEC prefers to bind
to parallel Hum6 DNA (ΔTCD

m =10 °C at ligand:G4=1 :1). An

Figure 3. Schematic drawing of binding modes found for carbazole ligands.
They have been divided into two main categories: Binding with local and
binding with global conformational changes. The first category includes
ligands that induce changes around the binding pocket and they were either
designed to bind to the major conformation (A) of the target sequence or to
target solely in a topology selective manner. Whereas in the conformational
selection mechanism, the ligand binds to a pre-existing minor conformation
(b) and influences the conformational equilibrium in favour to the binding
competent form. Further, the ligand can induce a change in the overall
topology of the binding partner and follow an induced fit mechanism.

Figure 4. Chemical structures of carbazole ligands capable of binding to the
major conformation of G4 DNA.
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induced CD-signal was observed near 300 nm on binding of
BMVEC to basket-type antiparallel Hum22. 1D 1H NMR spectro-
scopy further revealed that BMVEC interacts with Hum6 G4
DNA in slow exchange on NMR time scale. The imino proton
signals (10–12 ppm) of Hum6 G4-G6 gradually disappeared and
a new set of imino proton resonances appeared at a 1 :1
BMVEC:Hum6 stoichiometry. The authors conclude that at low
concentration, BMVEC initially binds to the groove region and
at higher concentrations, it then end stacks onto the G-tetrad
near the G6 residue. NMR titrations with MVEC result in
progressive upfield shifts of G4-G6 signals and line broadening
of G4 signal at MVEC:Hum6 ratio of 1 : 1 indicating significant
interaction with the Hum6 G4 residue in an intermediate
exchange regime. In case of Hum22, BMVEC induces only
significant line broadening of the imino resonance signals
(10.5–12.0 ppm). Both these carbazole iodides were shown to
exhibit anti-proliferative activity against hepatocellular and
colorectal carcinoma cell lines.

A novel multi-carbazole derivative consisting of a tri-
(carbazole)benzene core was identified as a promising G4-
stabilizer by Mergny and Smith group.[26] They envisaged that
the hetero-polyaromatic scaffold with C3-symmetry and a
crescent shaped architecture could enable effective stabilization
by π-stacking interactions and the three protonated N-alkyl-
amine side chains angled in appropriate positions on the
scaffold could facilitate selective interactions with loop and
groove regions of G-quadruplexes (Figure 4). The multi-
carbazole ligand 2f with C3-alkyl chain length and pyrrolidine
cyclic amine substituents exhibited a high degree of stabiliza-
tion for hybrid and antiparallel 21-mer telomeric G4 DNA in
DNA-based FRET melting studies (ΔTm=14.3 °C; ligand conc.
5 μM, ligand:G4=25 :1) and for parallel KRAS G4 DNA (ΔTm=

22.7 °C; at 5 μM ligand concentration). 1D 1H NMR spectroscopy
with KRAS G4 demonstrated severe line broadening and
decreased intensity of all the imino signals (10–12 ppm) of the
guanine residues involved in the formation of G-quartets.

For the ligands 4e[27] and Cz1,[28] a more specific interaction
with c-MYC22 could be observed (Figure 5). c-MYC22 is a
stabilized mutant of the purine-rich nuclease hypersensitive
element NHEIII1 located upstream of the c-MYC promoter
sequence.[29]

Carbazole ligand 4e[27] was developed by Dash group via
dynamic combinatorial approach (DCC) from an imine-based

combinatorial library in the presence of c-MYC G4 DNA (NMR
data not published). Both these ligands exhibited high
selectivity for quadruplex over duplex DNA. The ligands showed
a clear binding preference for c-MYC G4 [4e: ΔTm=23.4 °C
(ligand concentration 1 μM, ligand:G4=5 :1), Kd=1.08 μM; Cz1:
ΔTm=15.8 °C (ligand concentration 1 μM, ligand:G4=5 :1), Kd=

0.21 μM] and acted as endogenous transcriptional regulators of
c-MYC gene in cancer cells. These compounds were subse-
quently shown to induce cytotoxicity and apoptosis in cancer
cell lines. In case of 4e, the imino signals of G8, G9, G13 and
G14 were more affected as well as one or two signals in the
overlapping region of G10, G15 and G19 (Figure 6a) (numbering
according to Figure 6c).

In the aromatic region, line broadening and CSPs were also
observed for signals of the flanking nucleotides T1, G2, T20, A21
and A22 (data not shown). In molecular docking studies,

Figure 5. Chemical structure of carbazole 4e and Cz1.

Figure 6. Imino region of 1D 1H NMR spectrum of the c-MYC22 G-quadruplex
DNA with increasing [ligand]:[DNA] molar ratio of (a) 4e and (b) Cz1. b) The
spectra were recorded at 298 K, 600 MHz. Experimental conditions: 100 μM
DNA in 25 mM Tris ·HCl (pH 7.4) buffer containing 100 mM KCl in 5% d6-
DMSO/95% H2O. c) sequence of c-MYC22 with the numbering used for
assignment that has been transferred from Ambrus et al..[29] d) and e)
Mapping of the observed changes in 1D 1H NMR spectra upon addition of
4e and Cz1, respectively, on the solution NMR structure of c-MYC22
(PDB:1XAV). T, A and G are light blue, dark blue and grey, respectively. GH1
and GH8, TH6, AH8 and AH2 that experience chemical shift perturbation are
highlighted with red, light blue and dark blue spheres, respectively. The
mapping reveals that both ligands affect similar signals, which are located at
the external tetrads and the groove formed by the G-stretches 8–9-10 and
13–14-15. Therefore, an identic binding site for both ligands is expected.
However, Cz1 shows stronger binding as compared to 4e.

Chemistry—A European Journal 
Minireview
doi.org/10.1002/chem.202101866

12730Chem. Eur. J. 2021, 27, 12726–12736 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 25.08.2021

2150 / 212295 [S. 12730/12736] 1

http://orcid.org/0000-0001-5693-7909


binding to the 3'-external tetrad was observed. The NMR data
provide supporting evidence that both external tetrads act as
potential binding sites as well as interaction of 4 e with the
groove formed by G8-G9-G10 and G13-G14-G15. Titration of
Cz1 resulted in strong line broadening of the imino protons of
c-MYC22 (NMR data not published). However, upon a 1 :1 molar
ratio of Cz1:c-MYC22, the binding was shifted into fast exchange
resulting in CSPs and an increase in signal intensity (Figure 6b).
Altogether, most affected signals were also located at the
groove formed by the G-stretches 8–9-10 and 13–14-15 and the
aromatic signals of T1, G4, T20 and A22 (data not shown). Thus,
a similar binding site for Cz1 like 4 e is expected (Figure 6d–e).

BMVC (3,6-bis(1-methyl4-vinylpyridium)carbazole diiodide)
is one of the few ligands that binds in slow exchange rate to c-
MYC22 and the NMR solution structures of the 1 :1 (PDB code
6JJ0) and 2 :1 (PDB code 6O2L) complex were reported[30]

(Figure 7, numbering according to Figure 6c). The crescent
shaped ligand is highly sensitive and efficient light-up fluores-
cent probe for G4 DNA due to its good water solubility and
biocompatibility. NMR studies revealed that the ligand first
binds to the 5'-end and forms a tight complex. Moreover, at a
ligand:DNA molar ratio of 1 : 1, signals of the 2 :1 complex are
also coming up with the 3' external tetrad as additional binding
site. Interestingly, the 5’ (T4, G5 and A6) and 3’ flanking
segments underwent large conformational changes creating
additional planes that serve as potential binding sites for
BMVC. BMVC also adopts a contracted conformation that
allows optimal π-π stacking with both the external tetrads and
5’- and 3’ capping structures. 2D NMR analysis provided
detailed binding mode of BMVC: The G2 and A3 residues at the
5’-capping segment stack over G4 of the 5’-tetrad while A3

inserts into the arc of BMVC forming a BMVC-A3 plane. The T1
stacks on the central carbazole core of BMVC further stabilizing
the BMVC-A3 plane. At the 3‘-end, T20 forms a new plane with
BMVC and stack upon 3’-tetrad. However, the 3'-binding site
showed a weaker affinity (as the A21 and A22 residues do not
participate in stacking interactions with BMVC-T20 plane) and
displayed a high sensitivity to T20A mutation or truncation of
the TAA-flanking sequence. These indicate that BMVC binds the
MYC G4 with greater affinity (Kd=36 nM) and specificity,
considerably stronger than other reported G4 ligands and
represses c-MYC gene expression in cancer cells.

2.2. Topology selective ligand

Beside ligands that bind specifically to a particular promoter G4
there are also topology-specific ligands. The group of Ta-Chau
Chang synthesized a derivative of BMVC with a high selectivity
towards parallel G4s: BMVC-12C-Br (Figure 8).[31] Owing to the
presence of dodecyl alkyl chain, the derivative acts as a
surfactant between oil and water. Based on this hydrophobicity,
they developed a method to separate G4 of different topologies
- the emulsified induced filtration (EIF). A two-phase system
containing a mixture of G4s in the aqueous phase and the
ligand as surfactant between the phases was used. As model
systems, a mixture of the hybrid-type Tel24-M[32] and predom-
inantly parallel Tel19-M[33] telomeric sequences as well as a
mixture of the two promoter sequences c-MYC-2345 (parallel)[34]

and BCL2mid-M (hybrid)[35] were used. By ultrasonic emulsifica-
tion, an oil-in-water emulsion has been formed and filtrated
through a membrane of mixed cellulose esters (MCEs). With this
process, a transfer of the parallel G4 into the emulsion particles
by binding to BMVC-12C-Br resulting in a structural separation
was nicely reported by NMR.[31]

2.3. Conformational selection

In the conformational selection binding mode, the ligand
interacts to a pre-existing conformation of a biomolecule, only
present in small amounts and shifts the conformational

Figure 7. (a) Chemical structure of ligand BMVC. (b) top view onto the 5’-end
of the 1 :1 BMVC:c-MYC22 complex (PDB: 6JJ0).[30] (c) side view of the 1 :1
complex and (d) side view of the 2 :1 BMVC :c-MYC22 complex (PDB:
6O2L),[30] BMVC* indicates the weaker binding site. A-, T- and G-residues are
depicted in green, blue and grey, respectively.

Figure 8. Structures of topology selective ligand BMVC-1c-Br and specific
G4-conformation selective carbazole derivatives BTC, BTC f and carbazole-
thiazole orange conjugate Cz-TO.

Chemistry—A European Journal 
Minireview
doi.org/10.1002/chem.202101866

12731Chem. Eur. J. 2021, 27, 12726–12736 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 25.08.2021

2150 / 212295 [S. 12731/12736] 1

http://orcid.org/0000-0001-5693-7909


equilibrium towards the binding competent form.[23] The
carbazole ligands BTC[36] and BTC-f[37] (Figure 8), developed by
Dash group, select the minor-populated conformer (in Figure 3
designated as b) of c-MYC G4 DNA and binds to it in a specific
manner. Both these bis-triazolyl carbazole derivatives were
prepared by one-pot Cu(I) catalysed Huisgen 1,3-dipolar azide-
alkyne cycloaddition. BTC f with a N-alkylated NMe2 side chain
in carbazole moiety showed a ΔTm value of 22.7 K in FRET based
DNA melting studies at only 100 nM ligand concentration
(ligand:G4=1 :2) and a Kd of 300 nM and ligand BTC lacking the
central NMe2 side chain displayed quite similar binding affinity
for c-MYC (ΔTm value of 24 K at 200 nM ligand concentration,
ligand:G4=1 :1 and a Kd of 450 nM). The ligands were titrated
to c-MYC22 G4 DNA, a stabilized mutant of wild-type c-MYC
Pu27 that presents additional signals presumably belonging to
multiple structures of the 3'-capping formed by the TAA-
flanking nucleotides. Both the ligands were found to induce an
increase in signal intensity of the minor conformation (b) of c-
MYC22 while reducing the signals of the major conformation (A)
(Figure 3 and Figure 9). Moreover, upon ligand addition, new
signals appeared in the imino region (e.g., at 10.5 ppm)
suggesting that the binding-competent minor conformation (b)
underwent small conformational changes (B*) (like restructuring
of the capping structure) in the presence of BTC and BTC-f.
Interestingly, these ligands were found to stabilize the c-MYC
minor conformation formation even in the absence of any
added K+ ion.

A fluorescent G4-binding dye - the carbazole-thiazole
orange conjugate Cz� TO (Figure 8) was found to bind the BCL2
2345 G4 DNA via end-stacking as the signals of tetrad-forming
guanines are more affected by binding.[38] This observation is
not comprehensible for us. However, there are some signals
(approximately at 11.05, 11.3 and 11.45 ppm) increasing in
intensity upon ligand addition to BCL2 2345 that were ignored
by the authors. Considering the spectral changes resulted by

BTC and BTC f binding, a conformational selection mechanism
seems plausible. As only 2 datapoints (0 eq and 0.75 eq) were
published, a detailed analysis is not possible. However, Cz-TO
specifically enhances its fluorescence intensity over 70-fold in
the presence of BCL2 G4 while showing less than 30-fold
increase with promoter (c-MYC, c-KIT1 and VEGF) and telomeric
G4s and other nucleic acids.

2.4. Induced fit

Ligand BMVC-8C3O was shown to convert the overall topology
of its G4 binding partner (Figure 10).[39] This is typical for an
induced fit binding mode.[23] The ligand was prepared by Chang
and co-workers via covalent attachment of a tetraethylene
glycol (8C3O) terminating in a methyl-piperidinium cation with
the carbazole diiodide derivative BMVC. Upon interaction with
BMVC-8C3O, the hybrid type Tel23 (hybrid I) (Figure 10a) and
Tel25 (hybrid II) (Figure 10b) G4s topologically convert from
their apo form to a parallel structure (Figure 10d).

The authors recorded NMR spectra in 99% D2O at several
time points (10 min to 24 h) upon ligand addition. In D2O, only
the imino protons of the inner tetrad that are protected for
exchange are visible. Thus, the transformation from the hybrid
to the parallel structure over time can be easily followed and
further a statement about the refolding pathway is possible. As
the imino protons of the inner tetrad keep protected for HD

Figure 9. Imino region of 1D 1H NMR spectrum of the c-MYC22 G-quadruplex
DNA with increasing [Ligand]:[DNA] molar ratio of (a) BTC and (b) BTC f. The
spectra were recorded at 298 K, 600 MHz. Experimental conditions: 100 μM
DNA in 25 mM Tris ·HCl (pH 7.4) buffer containing 100 mM KCl in 10% D2O/
90% H2O. Both ligands bind to a pre-existing minor conformation and
induce a change in conformational equilibrium of c-MYC22. The numbering
is according to Figure 6c). a) is adapted with permission from Ref. [36].
Published by The Royal Society of Chemistry. b) is adapted with permission
from Ref. [37]. Copyright 2015, Springer Nature.

Figure 10. Induced-fit binding mechanism of G4-interactive ligand. Ligand
BMVC-8C3O induces conformational transition from (a) hybrid-I and (b)
hybrid-II telomeric G4 topology to (d) parallel topology.
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exchange during the entire refolding process, only local
rearrangements seem involved in the topological conversion.

The same transformation was observed in the presence of
acetonitrile and PEG. Hence, the transition happened owing to
a local dehydration effect that was persuaded by the incorpo-
ration of 8C3O into the solvent sphere of G4. This hydro-
phobicity in the vicinity of G4 triggered the formation of the
parallel G4 form. Further, it proves that PEG-induced structural
changes can't be attributed to the molecular crowding but to
the described dehydration effect. Thus, G4 structures deter-
mined with PEG might not represent the physiological relevant
form.

3. Other G4-interactive Carbazole Ligands

Apart from the above-mentioned carbazole ligands, several
other carbazole derivatives were reported and many of them
emerged as promising candidates for G4 visualization[40] and
development of effective drug candidates for therapeutic
purposes.[41] Most of these ligands are substituted with different
lateral chains to improve multiple properties, such as enhanced
affinity for G4s, cellular uptake and solubility as well as efficient
detection of intracellular G4 structures. However, their G4
binding capabilities were established by different means of
biophysical studies other than detailed NMR analysis.

3.1. Fluorescent probes

The fused heteroaromatic nitrogen containing ring system of
carbazole is an effective electron donating optical
chromophore.[42] The large π-conjugated scaffold also displayed
good Stokes shifts and high quantum yields owing to intra-
molecular charge transfer (ICT) along with excellent biocompat-
ibility and stability. Thus, carbazoles are widely used as
fluorescent turn on probes for sensitive and efficient monitoring
of cellular G4s. A number of carbazole based fluorescent ligands
with superior selectivity over the duplex DNA were reported
(Figure 11a).

The triethylene glycol conjugated carbazole derivative Cz-
TEG[40a] and the groove binder cationic pyridinium containing
analogue Cz-Py[40b] exhibit superior G4 selectivity and low
cytotoxicity that are useful for G4-DNA sensing (Figure 11a). A
benzindole substituted carbazole cyanine dye 9E PBIC was
reported as a selective fluorescent probe for parallel c-MYC G4
DNA.[40c] The dye selectively discriminates parallel c-MYC 2345
G4 over other parallel, antiparallel and hybrid G4 and ss/ds
DNAs by showing a 100-fold fluorescence enhancement.
Another light up probe, BPBC composed of benzimidazole and
carbazole moieties was reported for the selective recognition of
parallel G4s.[40d] For visualization of cellular G4s, a two-photon
fluorescent probe Cz-BT[40e] was synthesized by conjugating a
benzothiazole moiety with the carbazole core with a diethyl
amine side chain at the 9th position. As the probe requires
higher wavelength excitation (>700 nm), it could easily avoid
the interference of autofluorescence within cellular environ-

ment. Later, a bis-carbazolyl methane-based cyanine derivative
(Bis-Cz-Cy) was developed for two-photon excited fluorescence
(TPEF) microscopy imaging of G4s within cellular
environment.[40f] The probe shows excitation maxima at 820 nm
and thus is practically more effective for non-invasive live cell
imaging due to deep penetration, low photobleaching and
high spatial resolution. Another two-photon excited ligand
EBMVC-B was employed with a modified G-rich oligonucleotide
(5'-TGAG3AG4-3'-3'-T-5') to develop an intermolecular G4-ligand
complex that acts as a fluorescent sensor of blood potassium
levels (Figure 11a).[40g] The G-rich oligonucleotide contains an
inverted thymine nucleotide whose 3’-terminus was connected
to the 3’-terminus of the upstream nucleotide blocking nuclease
activity in biological fluids. The oligonucleotide folds into an
intermolecular G4 specifically in the presence of K+ ions and
subsequently interacts with the G4-binder EBMVC-B producing
fluorescence turn on signals in response to K+ ions. Interest-
ingly, the G4-EBMVC-B complex selectively detects K+ ions with
no interference from other competitive ions like Na+, Li+ , Ca2+,
Mg2+, NH4+, Zn2+, Cu2+ etc. under physiological condition. The
fluorescent carbazole iodide derivative BMVC exhibits high
sensitivity for quadruplexes with anti-anti-anti-anti and anti-
anti-syn-syn arrangements (anti-parallel topology) while show-
ing weak fluorescence responses for duplexes and quadru-
plexes with anti-syn-anti-syn arrangement.[40h] Further, another
BMVC analogue containing two ortho-pyridinium groups
instead of para-pyridinium, o-BMVC has been developed
showing a large contrast in fluorescence decay time, binding
affinity, and fluorescent intensity between G4 structures.[40i]

Owing to its longer fluorescence decay times, the ligand is able
to specifically visualize the location of G4 foci in living cells. By
staining several cancer cells and normal cells with o-BMVC, it
could be demonstrated that significantly more G4 foci are
present in cancer cells. In further studies with patient cells, o-
BMVC appears applicable as biosensor for human head and
neck cancer.[40j]

3.2. Anticancer agents

Several derivatives of carbazoles have been explored as
effective G4 targeting anticancer agents (Figure 11b).[41] The
group of Muniyappa and Bhattacharya introduced carbazole-
benzimidazole conjugates (CMP and CHP) for selective inhib-
ition of telomerase activity.[41a] Both these conjugates demon-
strated fluorescence light-up in the presence of Hum21
telomeric G4 DNA and structural inversion from the K+

-stabilized hybrid G4 structure into a stable, telomeric parallel
G4 DNA while showing distinct induced circular dichroism (ICD)
signal with Na+ stabilized anti-parallel Hum21. The bis-
benzimidazole ligands could inhibit telomerase function and
induce cytotoxicity in telomerase positive cancer cells by
selectively penetrating the nucleus of cancer cell lines over the
normal telomerase negative primary cells. Inspired from these
findings the group again developed six new carbazole based
benzimidazoles for selective inhibition of telomerase activity
(Figure 11b).[41b] Among these series of carbazoles, the dimeric
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bis-benzimidazoles with hydroxyethyl substituted piperazines
(Cz-BzI 5–6) demonstrated significantly high binding and
stabilization capability for telomeric G4 DNA and induced
cancer cell specific apoptosis. In a subsequent study, the group

synthesized a series of other carbazole based benzimidazoles
for targeting G4 structures in oncogene promoter regions.[41c]

All the ligands have been found to stabilize the G4 DNA of c-
MYC, c-KIT1, c-KIT2, VEGF and BCL2 gene promoters and repress

Figure 11. Chemical structures of other G4-interactive carbazole ligands: the carbazole derived (a) fluorescent probes and (b) anti-cancer agents.
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the expression of the oncogenes in cancer cells but they fail to
discriminate among diverse G4 topologies.

Chen, Huang and Tan group developed a four-leaf clover-
like ligand IZCZ-3 for specific stabilization of parallel topology
of promoter c-MYC G4 (Figure 11b).[41d] The ligand was synthe-
sized by conjugating a carbazole moiety with a triaryl-
substituted imidazole in a one-pot condensation reaction. The
ligand IZCZ-3 imparted high stability to c-MYC G4 and showed
little effect on other telomeric and promoter quadruplexes
HRAS, c-KIT1, BCL2, KRAS, RET and PDGFA as well as i-motif,
triplex, duplex and hairpin DNA. Molecular docking studies
revealed that IZCZ-3 stacked perfectly on the terminal G-tetrad
and the central imidazole moiety was found to be located onto
the ion channel of the c-MYC G4. The conjugate efficiently
inhibits c-MYC transcription via binding and stabilizing the
promoter c-MYC G4 in cells leading to cell cycle arrest at G0/G1
phase and apoptosis. It also inhibits tumor growth in a human
cervical squamous cancer xenograft.

4. Concluding Remarks

We presented here a large variety of carbazole ligands with
respect to their possible binding modes and promising
therapeutic and sensing applications. Most of them have been
shown to suppress c-MYC expression and induce apoptosis in
cancer cells. BMVC is a promising anti-cancer drug candidate
which binds in low nM range, but it lacks selectivity for c-MYC
over other G4s.[43] However, the reported solution NMR
structure of the BMVC-c-MYC22 complex can be used for
targeted ligand design. The carbazole ligand BTC f augments
the minor conformation of c-MYC and preferentially binds to c-
MYC over c-KIT. Therefore, ligands with conformational selection
binding mode are probably good candidates for promoter
selective G4 binding. BMVC-8C3O even induces a change of the
G4 into a parallel topology and could elucidate the PEG-
induced G4 structural changes as well as give insights into the
pathway of folding transition from hybrid to parallel G4.
Moreover, the large π-conjugated system makes the carbazole
ligands suitable as fluorescent probes for live cell imaging and
potential anticancer agents. Altogether, the carbazole moiety
can serve as an excellent core for designing DNA G4 ligands in
the fields of nanotechnology, biomedical technology and anti-
cancer therapy.
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