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List of abbreviations 

°C   temperature in degrees Celsius 
1D, 2D,…, nD  one-, two-dimensional, ..., n-dimensional 
2’-dG   2’-deoxyguanosin 
2’-F-araG 2�-deoxy-2�-fluoro-arabinoguanosine  
2’-F-r   2�-deoxy-2�-fluoro-guanosine  
5’-UTR   5’-untranslated region 
A  adenine 
Az  azobenzene 
bis-tris  2,2-bis(hydroxymethyl)-2,2',2"-nitrilotriethanol 
bp   base pair 
B. mori  Bombyx mori 

BSA  bovine serum albumin 
C  cytosine 
C+  protonated cytosine 
CD   circular dichroism 
C. elegans Caenorhabditis elegans 

COSY   corrleated spectroscopy
CSP   chemical shift perturbation 
d-   desoxyribo- 

δ    chemical shift or torsion angle 
D2O   deuterated water 
DNA    desoxyribonucleic acid 
ds-  double strand 
DSS   3-(trimethylsilyl)-1-propanesulfonic acid
e.g.  exempli gratia, for example
EM  electron microscopy 
EPR  electron paramagnetic resonance 
et al.   et alia, and others
EXSY  NMR exchange spectroscopy 
FRET  Förster resonance energy transfer 
γ    gyromagnetic ratio (rad�s−1

�T−1) or torsion angle 
G  guanine 
G4P  genome sequence with potential for G-quadruplex formation (according to Maizels)   
h   hour 
HMBC  heteronuclear multiple bond correlation spectroscopy 
HMQC   heteronuclear multi-quantum correlation spectroscopy 
H2O   water 
H. sapiens Homo sapiens 

HSQC  heteronuclear single-quantum correlation spectroscopy 
i.e.  id est, that is 
J   scalar coupling constant 
K  temperature in degrees Kelvin 
K+  potassium cation 
kb  kilobase 
KCl   potassium chloride 
LNA   locked nucleic acids  
M   molar 
m   meter 
Mg2+   magnesium cation 
MHz  Megahertz 
min   minute 
mRNA   messenger RNA 
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mtDNA  mitochondrial DNA 
Na+  sodium cation 
NH4

+  ammonium cation 
NMR   nuclear magnetic resonance 
NOE   nuclear Overhauser effect 
NOESY   nuclear Overhauser effect spectroscopy 
nt   nucleotide 
Nz  longitudinal nitrogen magnetization 
NzEx-HSQC Nz chemical exchange heteronuclear single quantum coherence spectroscopy 
P  phase angle of the pseudorotation 
PCR   polymerase chain reaction 
PDB  protein data bank 
PEG  polyethylene glycol 
pH   the negative of the logarithm to base 10 of the hydrogen ion activity (M) 
ppm   parts per million 
PQS  putative G-quadruplex forming sequences (according to Huppert) 
Pu  purine (A or G) 
Py  pyrimidine (C or T) 
r-  ribo- 

R1ρ  rotating frame relaxation rate 
RDC   residual coupling constants 
Rg  gyration radius 
RNA   ribonucleic acid 
rRNA  ribosomal RNA 
s   second 
sm-FRET single-molecule Förster resonance energy transfer 
S/N   signal-to-noise ratio 
SOFAST  band-selective optimized flip-angle short-transient 
ss-  single strand 
telIC50  telomerase half maximal inhibitory concentration 
TBA  thrombin binding aptamer 
TFO  triplex-forming oligonucleotides 
TRAP   telomerase repeat amplification protocol 
tRNA   transfer RNA 

τm  amplitude of the pseudorotation 
U  uracil 
UNA  unlocked nucleic acids  
UV   ultraviolet 
Vis  visible 
WC  Watson-Crick 
%   percent 
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Overview and summary 

    This thesis deals with the NMR characterization of the structure and the folding dynamics of 

DNA G-quadruplexes as potential therapeutic target in cancer therapy and building block for 

DNA-based nanotechnology. 

    In presence of stabilizing cations such as Na+ or K+, G-rich sequences can form G-quadruplex 

structures by stacking of multiple G-tetrads on top of each other, each G-tetrad resulting from the 

cyclic arrangement of four guanine bases stabilized by Hoogsteen hydrogen bonds.  

The canonical B-DNA has been regarded for a long time as the only physiologically relevant DNA 

conformation; however, the role of G-quadruplex structures as regulatory elements in many 

biological processes has recently been recognized. 

    The telomeric DNA is formed by the repetition of a G-rich motif and its single-stranded 

3’-overhang is the substrate of the telomerase, which is up-regulated in 85-90% of all human 

cancers. Evidence for the formation of G-quadruplexes at the 3’-end of the human telomeric DNA 

has been reported. The formation of G-quadruplex structures may affect the recruitment of the 

telomerase enzyme and the telomere-associated proteins required for the capping and 

maintenance of the chromosomes end. Therefore many efforts have recently been devoted to 

investigate small molecules able to bind and stabilize the G-quadruplex structures formed at the 

telomeres as potential anticancer drugs. However, due to the high polymorphism of the human 

telomeric DNA, the structural information reported till now on G-quadruplex-ligand complexes is 

very scarce. To better understand and interpret the binding modes between the G-quadruplex 

structure and the interacting ligands, more information on the structure and dynamics of the human 

telomeric DNA is required. A deeper insight into the folding mechanisms of telomeric G-quadruplex 

is also necessary to elucidate the interaction of the telomeres 3’-overhang with ligands and 

telomere-binding proteins.  

    Bioinformatics studies predicted the formation of G-quadruplex structures also in other regions 

of the genome, suggesting a possible role for G-quadruplex structures in transcription regulation. 

In particular, the promoter regions of several oncogenes are enriched in potential G-quadruplex 

forming sequences, compared to tumor suppressor genes and housekeeping genes. The effects of 

G-quadruplex formation and its stabilization with small molecules have been best characterized for 

the transcription of the c-MYC oncogene, whose expression is deregulated in a number of 

malignancies. It has been shown that the binding of small molecules to the G-quadruplex 

structures formed in the G-rich sequence located upstream of the c-MYC promoter region results 

in down-regulation of the c-MYC expression. The development of small ligands able to repress 

c-MYC expression is considered an attractive strategy in anti-cancer therapy. 
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    Besides playing an important role in genome maintenance and gene regulation of biological 

processes, the G-quadruplex structures have been used in nanotechnology to drive self-assembly 

of nanoarchitectures and build nanomachines. 

    The first part of this thesis (Chapters 1-5) introduces the reader to the world of G-quadruplexes.

    The main features of the classic Watson-Crick double helix and alternative non-B DNA 

structures are illustrated in Chapter 1. Many different base pairing schemes are possible, besides 

the canonical Watson-Crick motif, thereby expanding the structural complexity of DNA. 

Non-canonical base pairing, such as Hoogsteen hydrogen bonding, enables the assembly of 

triplets and quartets, which are the building blocks of triplex and quadruplex structures, 

respectively.  

    The structural characteristics of DNA G-quadruplexes are delineated in detail in Chapter 2.  

G-quadruplex structures are extremely polymorphic, in terms of strands orientation, loops 

geometry, grooves width and arrangement of the glycosidic torsion angles. The various structural 

elements as well as the different cation coordination geometries are here presented, with a special 

emphasis on the diversity of conformations reported for the telomeric DNA G-quadruplexes.  

    Chapter 3 describes the biological roles of G-quadruplex structures in the genome. After 

introducing the architecture of the telomeric DNA and its interacting proteins, the mechanism of the 

telomeres elongation catalysed by the telomerase enzyme and its implications for cancer are 

discussed. The occurrence of G-quadruplex structures in functional regions of the genome, such 

as promoter regions of oncogenes, and their possible roles in regulating the gene transcription are 

then outlined in the second part of the chapter. 

    The potential of G-quadruplex as a novel anti-cancer target is examined in Chapter 4 and the 

proposed anti-cancer mechanisms for ligands stabilizing G-quadruplex structures are discussed.    

RNA G-quadruplexes and their putative role in gene regulation at the level of translation are briefly 

illustrated at the end of the chapter. 

    A general overview on the NMR methods to investigate the G-quadruplex structures is 

presented in Chapter 5. The experimental set-up used for the real-time NMR studies of the 

G-quadruplex folding is also described. 

    The second part of the thesis (Chapters 6-8), which is the cumulative part, comprises the 

original publications grouped in three Chapters according to the topic:  

- G-quadruplex interacting ligands (Chapter 6), 

- G-quadruplex folding kinetics (Chapter 7), 

- G-quadruplex in nanotechnology (Chapter 8). 

    A brief introduction to the topic opens each chapter, providing the framework for the following 

papers. The personal contribution of this thesis’ author to each publication is stated in the 

introduction to the respective article.   
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    The state of the art on small molecules targeting G-quadruplex structures is given at the 

beginning of Chapter 6, including a summary of the experimental structures of G-quadruplexes in 

complex with ligands available up to date.  

    The publications presented in Chapters 6.1-6.3 are concerned with the elucidation of the 

interaction modes between DNA G-quadruplexes and selected ligands with potential therapeutic 

applications.   

    The binding ability of two natural alkaloids (berberine and sanguinarine) to telomeric 

G-quadruplexes is examined in Chapter 6.1. The ability of carbazole and diguanosine derivatives 

(synthetized in the group of Prof. Dash, IISER, Kolkata) to interact with c-MYC G-quadruplex and 

to down-regulate c-MYC expression is explored in Chapter 6.2 and Chapter 6.3, respectively. 

Achievements: 

- Identification of a high  

stoichiometry of binding with  

ligand self-association  

induced by the DNA binding  

- Mapping of the binding sites  

via NMR-driven docking 

Achievements: 

- Proposal of an interaction  

model (conformational  

selection) on the basis of 1D  
1H NMR titration data 

   

Achievements: 

- Mapping of the interaction  

interface between the ligand  

and the c-MYC G-quadruplex  

via
1H chemical shift  

perturbation (CSP) data.  
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    The energy landscape of human telomeric G-quadruplex structures is discussed in Chapter 7, 

in light of the experimental kinetic studies as well as molecular dynamics simulations reported in 

literature until now. Up to date there is no general consensus regarding the folding pathway of 

unimolecular human telomeric G-quadruplex, in particular due to the lack of atomic resolution data 

on the species involved in the folding. Chapter 7.1 presents the first real-time NMR study of the 

human telomeric G-quadruplex folding kinetics.                                                      

Achievements: 

- Application of real-time NMR to provide atomic resolution insight into the folding pathway 

of the human telomeric G-quadruplex  

- Proposal of a folding mechanism (kinetic partitioning) involving long-lived intermediate 

states 

- Characterization of the folding topology of the species involved in the folding 

    The final chapter of this thesis (Chapter 8) outlines the potential of G-quadruplex structures as 

building blocks in nanotechnology. After illustrating briefly the additional possibilities offered by 

alternative non-B DNA structures to programme nanomaterials, a number of applications 

employing G-quadruplex structures in different fields of nanotechnology are described.  

    The article presented in Chapter 8.1 investigates the structural and photoswitching properties of 

a novel intermolecular azobenzene-containing G-quadruplex synthetized in the group of Prof. 

Heckel (Goethe University, Frankfurt).  
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Achievements: 

- Identification of an azobenzene derivative able to form an homogeneous intermolecular 

G-quadruplex structure 

- Characterization of its photoswitching behaviour 

- Determination of the NMR structure of the G-quadruplex.  
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1 DNA from A to Z 

    A survey of the literature revealed that all but four letters of the English alphabet have already 

been used to indicate the various structural geometries adopted by DNA.[1]  

Since the proposal of the Watson and Crick model in 1953, the “canonical” B-DNA has been 

considered the only physiologically relevant conformation for a long time. The B-DNA structural 

model was based on low-resolution fiber diffraction data and the first high-resolution data 

validating the Watson-Crick model were available only in 1980 by Drew and Dickerson.[2] The very 

first X-ray high-resolution single-crystal structure of a duplex DNA was reported one year before 

and, surprisingly, was featured by a left-handed Z-DNA conformation.[3] Since 1979, many of 

alternative DNA structures were discovered within a decade.[4]  

    DNA is indeed more versatile and malleable than the Watson-Crick double helix and its 

structural diversity is determined not only by minor differences in the helical parameters, but also 

by major structural characteristics like the number of strands or the handedness and the base 

pairing scheme.  

    These alternative, non-B DNA structures may play major roles in genome maintenance (e.g., 

DNA replication, transcription, recombination and repair) and may be involved in cancer and 

diseases.[5]   

    The capability of DNA to adopt various conformations has been also exploited in 

nanotechnology to build nanomachines and to guide self-assembly.[6]
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1.1 DNA building blocks 

    Nucleic acids are polymers of nucleotides, each composed of a base, a pentose sugar (ribose in 

RNA or 2’-deoxyribose in DNA) and a phosphodiester group. Two sequential nucleotides are 

condensed via a phosphodiester linkage that connects the O3’ of a nucleotide to the O5’ of the 

following one.   

Figure 1 DNA building blocks with atomic numbering and name of each base. The complete nucleotidic unit 
is shown only for guanine as example, while a schematic structure of the nucleoside is displayed for the other 
bases.  

    The pentose sugar is non-planar (puckering) and can adopt various conformations that can be 

described using the pseudorotation parameters P and τm defined in Figure 2a as function of the 

five endocyclic torsion angles (νi, i=1,…, 5), according to the formalism by Altona and 

Sundaralingam.[7] The continuum of sugar puckers can be represented on the so-called 

pseudorotation wheel (Figure 2b) using amplitude (τm) and phase angle (P) of the pseudorotation. 

The preferred geometries observed in crystal structures of isolated nucleosides and nucleotides 

are north conformers C3’-endo type (dark gray region) and south conformers C2’-endo type (light 

gray region). The phosphodiester backbone can be described with six torsion angles indicated in 

Figure 2c with α, …, ζ. These torsion angles can assume restricted values and are 

inter-correlated, pointing also at a correlated backbone flexibility.[8] Due to structural constraints, 

the glycosidic torsion angle χ has a marked preference for two conformational domains: syn and 

anti (Figure 2d). There is also a correlation between the glycosidic torsion angle and the sugar 

pucker: a C3’-endo sugar is usually characterized by an anti glycosidic torsion angle, while 

residues with a syn glycosidic torsion angle prefer to adopt a C2’-endo pucker.  
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Figure 2 Geometric descriptors for nucleotide torsion angles. a) Definition of pseudorotation parameters and 
b) pseudorotation wheel for deoxyribose. Preferred conformations of the sugar pucker are south (S), around 
P=162˚ (C2’-endo, light gray), or north (N), around P=18˚ (C3’-endo, dark gray). c) Backbone torsion angles 
indicated with arrows on a nucleotide unit. d) anti and syn domains of glycosidic torsion angle χ are defined in 
terms of the atoms O4’-C1’-N9-C4 in purines (red) and O4’-C1’-N1-C2 in pyrimidines.  
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1.2 Canonical base pairing 

Figure 3 Watson-Crick base pairing pattern and definition of minor groove (the side of the base pair facing 
the phosphate backbone) and major groove (the other side). The major groove contains O6 and N6 
substituents in purines and O4, N4 substituents in pyrimidines. 

    The right-handed B-DNA double helix originally proposed by Watson and Crick is the most 

common conformation adopted by DNA in the genome under physiological conditions. Watson and 

Crick postulated a double helical structure with two strands twisted around a common axis 

anti-parallel to each other in a right-handed fashion (helical twist ~36˚). In this model the strands 

are held together by a specific hydrogen bonding pattern between purine bases (Pu) and 

pyrimidine bases (Py), namely adenine pairs with thymine and guanine with cytidine, which 

immediately suggested a possible mechanism for copying the genetic material.[9] This is commonly 

indicated as Watson-Crick (WC) or canonical base pairing scheme (Figure 3).  The B-DNA 

structure features ~10 base pairs per helical turn and a helical rise of ~3.4 Å. The sugar pucker of 

the deoxyribose is mostly in C2’-endo conformation and the geometry of the glycosidic torsion 

angle is anti.[2]  

    Depending on salt concentration, hydration level and sequence composition, the classic 

right-handed B-DNA can maintain the canonical base pairing pattern and, nevertheless, adopt 

different structures.  

    The A-DNA form is the best characterized example of a right-handed double helix deviating from 

B-DNA. The A-DNA is formed in DNA fibers under low humidity conditions and in solution at low 

water activity, in presence of alcohols. A-DNA is a right handed double helix with helical twist of 

~31˚ and ~11 base pairs per helical turn. The glycosidic torsion angles are all anti and the 

conformation of the sugar pucker is C3’-endo. 

While in B-DNA the base pairs are basically stacked on top of each other in a parallel fashion with 

small slide, A-DNA features a large slide and the base pairs are tilted and rolled. The helical rise is 
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consequently reduced to ~2.5 Å. The high x-displacement value characteristic of the A-DNA is 

related to the “hole” in the top view and makes the diameter of A-DNA overall larger compared to 

the B-DNA (Figure 4). Consequently, the minor groove is wide and shallow and the major groove 

is narrow and deep. The A-conformation is also the one adopted by RNA duplexes. Interestingly, 

A-DNA is formed in the nascent template-primer duplex in the DNA polymerase active site as 

result of distortion and underwinding of B-DNA.[10] The shallow, wide minor groove in A-DNA 

allows the polymerase for a better reading of the minor groove structure, which is more sensitive to 

mismatching than the major groove. Therefore, A-DNA formation in the polymerase active site 

provides an extra mechanism to guarantee correct base-pairing and high fidelity of replication.[5]

Other right-handed variants of the B-DNA form have been reported (B’-DNA, C-DNA, D-DNA). 

    The first high resolution X-ray crystal structure of a duplex DNA was obtained in 1979 by Wang 

et al. and provided the first striking example of non right-handed DNA structure.[3] A regular 

alternation of purines (Pu) and pyrimidines (Py) can adopt a zig-zag conformation called Z-DNA. 

Two different steps can be identified in such a structure: the 5’-Pu-Py-3’ step and the 5’-Py-Pu-3’ 

step, with a relative rotation of two adjacent DNA bases (helical twist) of ~-9˚ and ~-51˚, 

respectively. This results in a zig-zag phosphodiester backbone, with purines adopting a syn

conformation and pyrimidines an anti conformation, defining a deep and narrow minor groove and 

no major groove. The repeat unit is therefore a dinucleotide. The Z-DNA has ~12 base pairs per 

helical repeat and is slimmer than a B-DNA.  

    In physiological cellular conditions the zig-zag backbone produces high electrostatic repulsion 

between the phosphate groups, which are pushed into the B-DNA conformation. High salt 

concentrations or polyvalent cations able to decrease the electrostatic repulsion between the 

phosphodiester groups stabilize the Z-conformation. For this reason, the biological function of 

Z-DNA has been object of debate.[11] It has been shown that potential Z-DNA forming regions are 

non-randomly distributed in the genome and are overrepresented near the transcription initiation 

site.[12] The formation of Z-DNA has been also observed under negative supercoiling conditions.[13]

Furthermore, it has been suggested that Z-DNA can be formed transiently as a result of biological 

activities, such as torsional strain induced by movement of RNA polymerase during transcription. 

The discovery of Z-DNA binding domains supports as well a biological role of Z-DNA.[11]

Figure 4 shows examples of A-, B- and Z-DNA structures selected from the Protein Data Bank 

(PDB), including an analysis of the base steps parameters.  
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  A-DNA B-DNA Z-DNA 

  PDB: 1ZF8 PDB: 5DNB PDB: 4OCB 

F
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5’-Py-Pu-3’step 5’-Pu-Py-3’step 

B
a
s
e
 p

a
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 s
te

p
 

p
a
ra

m
e
te

rs
 

Shift (Å) -0.25 (0.84) 0 (0.37) 0 (0.01) 0 (0.27) 

Slide(Å) -1.76 (0.36) 0.78 (1.22) 5.4 (0.23) -1.06 (0.22) 

Rise (Å) 3.28 (0.28) 3.31 (0.19) 3.67 (0.32) 3.26 (0.10) 

Tilt (deg.) -0.13 (3.81) 0 (2.65) 0 (0.84) 0 (0.64) 

Roll (deg.) 5.76 (5.8) 2.22 (6.09) -2.5 (1.14) -4.11 (3.39) 

Twist (deg.) 29.41 (4.6) 35.27 (9.27) -8.26 (0.68) -50.61 (1.42)
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X-displacement (Å) -4.49 (1.25) 0.45 (1.92) -27.02 (5.00) 1.54 (0.50) 

Y-displacement (Å) 0.69 (1.79) 0 (1.04) 0 (3.51) 0 (0.34) 

Helical rise (Å) 2.86 (0.46) 3.22 (0.22) 5.02 (0.72) 3.14 (0.11) 

Inclination (deg.) 11.4 (11.18) 5.1 (9.89) 16.87 (7.24) 4.86 (3.99) 

Tip (deg.) 0.12 (7.39) 0 (4.97) 0 (6.08) 0 (0.76) 

Helical twist (deg.) 30.66 (4.49) 35.9 (9.12) -8.75 (0.67) -50.88 (1.30)

Figure 4 Examples of crystal structures (resolution < 2.0 Å) of A-DNA (PDB: 1ZF8), B-DNA (PDB: 5DNB) and 
Z-DNA (PDB: 4OCB). Orientation and displacement of successive base pairs are reported for each structure 
according to the guidelines introduced by Dickerson et al.

[14] and in a local base-centered reference frame.[15]

Mean values and standard deviations (in brackets) of base pair step parameters and base pair helical 
parameters result from the analysis of the A-, B- and Z-DNA crystal structures with the software 3DNA.[16,17]

The mean values are in agreement with those reported for a survey of high-resolution crystal structure by 
Olson et al.

[18]
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1.3 Non-canonical base pairing 

    Besides the canonical Watson-Crick base pairs (Figure 3), many more different arrangements 

and base pairing motifs are possible, thereby expanding the structural complexity of DNA. While 

the reverse Watson-Crick hydrogen bonding pattern (Figure 5a) uses the WC edge of the purine 

base, the Hoogsteen type (Figure 5b) employs the so-called Hoogsteen edge, defined by N6 and 

N7 in adenine and O6 and N7 in guanine.[19] Homo-purine and homo-pyrimidine base pairs can be 

also formed (Figure 5c-d). These non-canonical base pairs provide additional interaction pattern 

for building triplets and quartets (Figure 5e-h), which are the fundamental structural units of triplex 

and quadruplex, respectively. 

Figure 5 a)-d) Selected examples of unusual base pairing schemes. e)-g) Base triplets and h) quartet 
adopting unusual base pairing motifs. In the triplets, the base involved only in canonical WC base pairing is 
colored in gray.   

    Non-canonical base pairs can be also formed as transient excited states within a WC double 

helix with canonical base pairing. In fact, the group of Al-Hashimi has recently detected short-lived, 

low-populated Hoogsteen base pairs resulting from the flipping of a base in the WC base pair.[20]

Hoogsteen base pairs embedded in a DNA duplex have been observed in complex with proteins 

but not in naked DNA. The proposed Hoogsteen-WC base pair equilibrium suggests that a 

transient Hoogsteen base pair could be trapped by protein binding and modulate the binding 

affinity with a possible functional role.[21]

    Formation of non-canonical base pairing allows expanding the DNA alphabet by the assembly of 

more than two strands into new structures with unique features very different from the iconic 

double helical structures.    

    DNA segments containing mirror repeats in polyPu/polyPy duplexes are called H-palyndromes 

and occur much more frequently in eukaryotic organisms compared to prokaryotes.[22] A DNA 

fragment containing one half of the repeat folds back in the major groove of the duplex containing 
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the mirror repeat and forms an intra-molecular triple helix. The overall structure is called H-DNA 

and features a triplex and a single-stranded region. H-DNA is formed preferably in negatively 

supercoiled DNA, since the major groove must unwind in order to be broad enough to 

accommodate the third strand. Synthetic oligonucleotides have been shown to adopt such a triplex 

conformation. NMR structures of DNA triplexes are available since 1994 (see DNA-H examples in 

Figure 6), while only one crystal structure containing a pure triplex region flanked by duplexes has 

been reported until now.[23]

H-DNA G-triplex

Pu�(Pu�.Py�) 

PDB: 134D 

Py�(Pu�.Py�) 

PDB: 149D 
PDB: 2MKM 
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Figure 6 Examples of NMR structure of triplex DNA: Pu(Pu.Py) (PDB: 134D), Py(Pu.Py) (PDB:149D) and 
G-triplex (PDB: 2MKM). Relative polarity of the strands in H-DNA is indicated with arrows, while the Py base 
of the WC duplex is indicated in gray in the bottom of the scheme. 

    Two sub-classes of H-DNA can be identified, according to the nature of the third strand: 

Pu(Pu.Py) containing triplets such as G(G.C), if the invading strand is purine rich, or Py(Pu.Py) 

containing triplets such as T(A.T) and C+(G.C), if the invading strand is pyrimidine rich. The third 

strand always binds to the Hoogsteen edge of the purine in the WC duplex. The formation of a 

triplex containing C+(G.C) triplet is pH-dependent, since the cytosine of the invading strand needs 

to be protonated. The capability of short, synthetic oligonucleotides to bind the major groove of 
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duplex DNA to form stable triplexes is the basic principle of the so-called “triplex technology”. 

Triplex forming oligonucleotides (TFOs) have been used extensively in antigene strategies to 

inhibit gene transcription and to study mechanisms of DNA repair, damage and mutagenesis.[24,25]

A G-triplex DNA derived from a truncated sequence of the thrombin binding aptamer (TBA) has 

recently been characterized by NMR (Figure 6, PDB: 2MKM) and it is a plausible intermediate in 

TBA folding.[26]

    Four-stranded DNA structures such as G-quadruplex and i-motif rely on the formation of 

non-canonical base pairing schemes in G-rich and C-rich sequences, respectively. The building 

block of a G-quadruplex is the so-called G-quartet (Figure 5h), composed of four guanines 

arranged cyclically via Hoogsteen hydrogen bonds.[27] In presence of monovalent cations such as 

Na+ or K+, more G-tetrads can stack on top of each other and form a G-quadruplex (Figure 7 and 

Chapter 2). G-quadruplex forming sequences are widespread throughout the human genome, 

particularly at the telomeres and at promoter region of oncogenes. The role of G-quadruplex 

structures in genome maintenance and gene regulation is discussed in more detail in Chapters 3 

and 4.  

    C-rich sequences are able to fold into the i-motif (Figure 7) structure.[28]  The basic unit of an 

i-motif is the symmetric hemi-protonated C+.C base pair (Figure 5d), which can be formed at acidic 

pH since it requires the protonation of one cytosine N3. The shared proton jumps between the 

base-paired cytosines.[29] An i-motif consists of four strands interacting pairwise via intercalated 

C+.C base pairs. Thus, the aromatic moieties of consecutive base pairs are not stacking but rather 

intercalating. The two interacting strands are parallel between each other and antiparallel to the 

other two strands, independently on the molecularity of the structure. Such a strands arrangement 

results in the formation of two wide and shallow major grooves alternated with two narrow minor 

grooves. Intra-molecular i-motif structures are classified in 5’-end intercalation topology (5’E) or 

3’-end intercalation topology (3’E) according to the identity of the outermost C+.C base pair.[30]

C-rich sequences able to fold into i-motif structures have been identified in the human telomeres[31]

and in the promoter regions of the oncogenes such as VEGF,[32]
BCL-2

[33] and c-MYC.[34] All the 

structures proposed for the i-motifs derived from these oncogene present the structural core 

described before, but differ in the number of intercalated base pairs (4-7) and in the length of the 

loops (2-7 nt) connecting the C-stretches. Like G-quadruplexes, i-motifs are supposed to be 

involved in gene regulation.[35] Nevertheless, the biological role of i-motif structures has been a 

matter of some debate because of the acidic pH required for its stability. However, in the case of 

the c-MYC oncogene, formation of the i-motif is supposed to be driven by superhelical stress 

instead of acidic pH.[34] Formation of the i-motif as well as G-quadruplexes in vivo requires the 

local unwinding of the B-DNA duplex. It has been proposed that the negative supercoiling induced 

upstream of the transcription site by the movement of the RNA polymerase (PNAP) is the main 

force driving the local melting of the duplex and favours the formation of alternative DNA 

structures.[34]   
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The pH-dependent formation of the i-motif is a unique feature that has been widely utilized in 

nanotechnology to trigger molecular motors, control self-assembly of DNA nanoarchitectures and 

molecular logic gates.[36]

 G-quadruplex I-motif 
 PDB: 1KF1 PDB: 1BQJ 
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Figure 7 One representative conformation of a G-quadruplex (PDB: 1KF1) and an i-motif (PDB: 1BQJ) crystal 
structures with G-tetrad (Figure 5h) and symmetric hemiprotonated  C+.C base pair (Figure 5d) displayed at 
the bottom. K+ stabilizing cations in the G-quadruplex structure are represented with violet spheres. 
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2 G-quadruplex structures 

    The peculiar behaviour of guanylic acid (5’-guanosine monophosphate, GMP) to form gels in 

water at high millimolar concentrations was already reported by the Norwegian chemist Ivar Bang 

at the beginning of the 20th century.[37] The structural nature of these hydrogels was explained 42 

years later, in 1962, by Gellert, Davies and Lipsett on the basis of X-ray diffraction data on 

guanylic acid fibers.[27] They proposed that four 5’-GMP units could interact cyclically in a planar 

fashion with each guanine using the WC edge to bind the Hoogsteen edge of its neighbour, 

thereby forming the so-called G-quartet (Figure 8, left). The stacking of more tetrameric units on 

top of each other (G-quadruplex, Figure 8, right) produces helical structures able to justify the 

X-ray pattern and gel-like properties of highly concentrated guanylic acid solutions. 

Figure 8 G-quartet (or G-tetrad) unit stabilized by monovalent cations (left) and G-quadruplex structure 
resulting by the cation-directed stacking of more G-tetrad units. 

    The essential role of cations in stabilizing G-quartet and template the self-assembly of 

G-quadruplex structures was reported for the first time by Pinnavaia and co-workers in 1978.[38] A 

variety of different hydrophilic and lipophilic guanosine derivatives has been prepared as scaffold 

to control the self-assembly of materials in water and in organic solvents.[39]   

    G-quadruplex structures were initially believed to form only in vitro until different groups 

proposed in 1987 that G-rich sequences found at telomeres and in other functional regions could 

in fact adopt four-stranded structures with G-tetrads.[40–42] Since then, a number of potential 

G-quadruplex forming sequences has been identified in bioinformatics analyses and the structure 

of these G-quadruplexes, as well as the biological function, have been investigated. 
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2.1 Cation coordination to G-quadruplex  

    Cations are necessary for G-quadruplex formation.[43] As noted in 1980 by Laszlo and 

co-workers, cation binding and not hydrophobic interactions is the driving force guiding the 

self-assembly of 5’-GMP: the presence and the nature of the cation is critical to stabilize the 

stacking of G-tetrads.[44,45] The guanine carbonyl oxygen atoms (O6) define a planar square in 

each G-quartet and a bipyramidal antiprism in two G-quartets stacked on top of each other. The 

stacking of multiple G-quartets forms a cavity which is surrounded by negative charge, given that 

the partial charge of each O6 atom is negative.[46] Dehydrated cations interact specifically with the 

guanine carbonyl oxygen O6 to stabilize the channel and the electrostatic repulsion between the 

cations is shielded by the partial negative charges on the O6 oxygen. Although there could be 

empty sites between the quartets, these vacancies must have a very short lifetime (few ns, on the 

basis of MD simulations[47]). It is worth to note, that Sherman and co-workers have recently 

synthetized the first water-soluble template-assembled synthetic G-quartets (TASQ) able to 

self-assemble in single G-quartet using a template platform in absence of cations.[48] Since the 

template bears four guanosine derivatives, the G-tetrad assembly is intramolecular and the 

entropic penalty associated with the self-assembly process is reduced, resulting in a 

thermodynamically stable G-quartet even in absence of cations.      

    A solid-state NMR study by Wang and Wu on 5’-GMP self-assemblies indicated the following 

stabilization capability: K+ > NH4
+ > Rb+ > Na+ > Li+.[49] In particular, the stabilization effect of Li+ is 

negligible. Tl+ has been also reported to bind to G-quadruplex.[50,51] Amongst the divalent metal 

cations, Sr2+,[52–54] Ba2+[55] and Pb2+,[56,57] are the most effective in inducing G-quadruplex formation, 

although also Ca2+ has been crystallized together with Na+ in the channel of the G-quadruplex 

formed by [d(TGGGGT)]4 (PDB: 2GW0).[58,59] Interestingly, Ca2+, Co2+, Mn2+, Zn2+, Ni2+ and Mg2+

are supposed to induce dissociation of the quadruplex by entering transiently open G-quartets and 

coordinating the guanine hydrogen bond acceptors N7 and O6, thus preventing the re-

establishment of the Hoogsteen interaction.[60]  

According to Hardin and co-workers, K+, Na+, NH4
+, Sr2+ and Pb2+ are the most effective 

stabilizers.[60]

    Details of the cation coordination geometry have been mostly provided by X-ray crystallography. 

A selection of G-quadruplex structures crystallized with different mono- and divalent cations 

deposited in the PDB is displayed in Figure 9 and Figure 10, while Table 1 summarizes the 

geometric parameters characteristic of the ionic channel in each structure. Na+ can be coordinated 

either in the G-tetrad plane with a planar coordination geometry or in between the successive 

G-tetrad planes in a bipyramidal antiprismatic geometry. In general, for Na+ intermediate 

coordination geometries are allowed in order to minimize the cation electrostatic repulsion (see for 

example the ionic channel in PDB 352D, Figure 9).[61] All the other metal cations are too large to fit 

in-plane and are thus coordinated in the bipyramidal antiprismatic geometry. The coordination of 

the Na+ and K+ is characterized best because of their physiological relevance. 
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Front view Top view 
Cation coordination 

site 
Ionic 

channel 
PDB : 1KF1

K+

PDB : 1JB7

Na+

PDB : 352D

Na+

PDB : 2HBN

Tl+

Figure 9 Coordination of monovalent cations in selected G-quadruplex crystal structures from the PDB. K+, 
Na+ and Tl+ cations are shown as violet, orange and green spheres, respectively. Details of the cation 
coordination site(s) and ionic channels formed by the O6 guanine atom (red spheres) are shown on the right. 
The distances are in Å. 
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Front view Top view 
Cation

coordination site 
Ionic 

channel 
PDB : 4KRV

Sr+

PDB : 2GW0

Ca+

PDB : 4U92

Ba+

Figure 10 Coordination of divalent cations in selected G-quadruplex crystal structures from the PDB. Sr+, Ca+

and Ba+ cations are shown as magenta, red and green spheres, respectively. Structures 4KRV and 2GW0 
contain additional Na+ cations (orange spheres) coordinated in the ionic channel. Details of the cation 
coordination site and ionic channels formed by the O6 guanine atom (red spheres) are shown on the right. 
The distances are in Å. 
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Cation 

Effective 
ionic radius 

( ) 

Crystal 
radius 

( ) 

PDB ID 

(Res. ( )) 
Sequence 

Coordination 

distances ( ) 

K+ 1.51 1.65 
1KF1 
(2.10) 

d[AGGG(TTAGGG)3] 2.4-3.2 

Na+ 

0.99  
(IV) 
1.18  
(VIII) 

1.13  
(IV) 
1.32  
(VIII) 

1JB7 
(1.86) 

[d(GGGGTTTTGGGG)]2 2.1-2.5 2.3-2.7 

352D 
(0.95) 

[d(TGGGGT)]4 2.3-2.4 2.5-2.9 

Tl+

(+Na+)
1.59 1.73 

2HBN 
(1.55) 

[d(GGGGTTTTGGGG)]2 2.5-3.1 

Sr2+ 1.26 1.4 
4RKV 
(0.88) 

[d(UGGGGU)]4 2.6 

Ca2+ 1.12 1.26 
2GW0 
(1.55) 

[d(TGGGGT)]4 2.5-3.1 

Ba2+ 1.42 1.56 
4U92 
(1.50) 

[d(CCACNVKGCGTGG)]4 2.7-2.8 

Table 1 Effective ionic radii and crystal radii of quadruplex stabilizing cations are reported according to 
Shannon.[62] PDB identity, DNA sequence and coordination distances refer to the crystal structures shown in 
Figure 9 and Figure 10. 

    The issues related to the determination of thermodynamic and kinetic parameters for the 

cation-induced dissociation and association of G-quadruplexes have been surveyed by Hardin and 

co-workers and Chaires and co-workers.[60,63] Notably, solution studies show that, apart from the 

specifically bound K+ cations in the channel, there are more cations (either specifically or 

non-specifically/diffusely bound) than those detected in X-ray structures. The number of bound 

cations depends highly on the specific conformation(s) adopted by the G-quadruplex, which are 

extremely variable especially for telomeric G-quadruplex (see Chapter 2.3).[64] Different 

distributions of populated conformations, resulting from differences in folding protocol, 

oligonucleotide sequence and experimental conditions (particularly the presence of fluorescent 

labels) and frequent misuse of a two-state transition model for interpretation of calorimetric and 

optical data partially explain the great variability reported in literature for the thermodynamics of 

cations binding to G-quadruplex.[63]  

    G-quadruplexes coordinated to K+ are generally more stable than to Na+, as revealed by the 

melting temperatures (Tm). The higher thermodynamic stability of the K+-coordinated form is the 

result of two distinct contributions: the coordination energy (which is correlated to the size of the 

cation) and the cation dehydration energy. Thermodynamic analysis of competition experiments 

showed that the latter contribution is the actual driving force of the K+ over Na+ selectivity.[65]

Dingley et al. investigated by NMR the effect of cation and temperature on the G-tetrads hydrogen 

bond geometry on the sequence [d(G4T4G4)]2, derived from Oxytricha nova telomeric DNA. The 

Na+ cations, located in the center of the tetrads, induce a tightening of the hydrogen bonding 

pattern, compared to K+ and NH4
+ cations. Furthermore, a global expansion of the tetrads is 

observed when increasing the temperature.[66]

The guanine O6 atoms define a channel through which the cations can move along the 

coordination sites in the channel axis and not directly from the bulk to the channel or vice versa. 

This mechanism suggests the possibility of vacant sites, even if only with short lifetimes, when 

compared to the residence time of the cations in the coordination sites.  
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NH4
+ has been used as probe for investigation of the movement of cations within the G-quadruplex 

channel by NMR (see Chapter 5.4). Feigon and co-workers have determined an exchange rate 

from the inner to the outer sites of 4 s-1 at 283 K for the symmetric, bimolecular, diagonally looped 

G-quadruplex formed by the sequence derived from Oxytricha nova. Addition of Na+ cations to the 

[d(G4T4G4)]2 quadruplex pre-folded in presence of NH4
+ cations results in a faster rate of NH4

+

exchange from the inner to the outer sites (residence time decreased from 250 ms to 36 ms).[67]

These data further support the hypothesis that cations enter and exit from the external G-tetrads 

without disrupting the G-quartets, as the bound lifetime of the cations in the channel (hundreds of 

ms) is much shorter than the base-pairs opening rate (from hours to days). Analysis of the NH4
+

cation coordination in the unimolecular quadruplex d[G4(T4G4)3] revealed that the exchange rate of 

NH4
+ between inner coordination site and the outer coordination sites is much slower 

(0.05-0.07 s-1) and that the exchange rate between outer sites [d(G4T4G4)]2 and the bulk is always 

faster than the exchange between inner and outer. Movement of cations from an outer binding site 

to the bulk is energetically less demanding than between inner sites. The cation movement within 

inner sites is hardly detectable for three tetrad G-quadruplexes. Moreover, the exchange rates 

reflect the rigidity of the quartets, since they have to slightly open in order to allow the movement 

of NH4
+.[68] Therefore different loop geometries and possible stacking of loop residues may 

influence the external G-quartet stiffness and, ultimately, the cation exchange rate.[69–72] Sket et al.

have recently suggested that the presence of an all syn external tetrad drastically decelerates the 

cation movement into the bulk solution.[73]

    The nature of the stabilizing cation is a source of polymorphism. Different cations can induce 

diverse G-quadruplex structures, most notably for human telomeric DNA sequences (see Chapter 

5.4 for details). A G-quadruplex conformational switch driven by the concentration ratio [Na+]:[K+] 

has been reported first by Sen and Gilbert, who suggested a possible functional role for this 

switch,[74] given the remarkable difference in average intracellular concentration of Na+ (12 mM) 

versus K+ (140 mM).[75] Possible mechanisms for the interconversion between the Na+- and the K+-

form of human telomeric sequences have been proposed, on the basis of CD, 2-aminopurine 

fluorescence and NMR data.[76–78] Physiological conditions are characterized by a complex mixture 

of mono- and divalent cations; therefore the existence of a G-quadruplex coordinating different 

cations has been hypothesized. In fact, a form containing a 1:1 mixture of [NH4
+]:[K+] has been 

identified by NMR for the quadruplex formed by [d(G3T4G4)]2.[79] Moreover, a tetrameric quadruplex 

containing a mixture of Tl+ and Na+ has been crystallized (PDB code: 1S45).[80] On the other side, 

there are also G-quadruplex forming sequences that conserve the same folding topology in 

presence of different stabilizing cations. For example, it was shown that [d(G4T4G4)]2 folds into an 

anti-parallel, dimeric, diagonally looped structure in the presence of Na+, K+ and NH4
+. There are, 

however, minor differences between the T4 loops conformations which can be attributed to 

different cation coordination modes. In fact, while the size of K+ and NH4
+ allows only inter-plane 

coordination, Na+ can be coordinated within the G-tetrad plane and can additionally coordinate the 

O2 atom of a thymine.[81] It has recently been observed that the 23 nt-long d[TAGGG(TTAGGG)3] 

derived from the human telomeric sequence adopts the same folding topology (hybrid-1) in the 
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presence of K+ and in the presence of Na+. The K+-form is more stable (∆Tm =10 K) and addition of 

K+ cations readily replaces the Na+ cations in the G-quadruplex core in a stepwise process that 

does not require global unfolding.[82]  

2.2 Stacking of G-tetrads 

    The geometry of stacking is commonly defined according to the polarity of consecutive tetrads 

and to the overlap of the stacked bases.  

Figure 11 Definition of stacking polarity in two consecutive G-quartets.  

The polarity of Hoogsteen hydrogen bonds within a G-tetrad can be defined following the 

donor-acceptor pattern as shown in Figure 11. Two consecutive G-quartets can have same 

polarity or opposite polarity of the Hoogsteen hydrogen bonding pattern. It has recently been 

shown that the flipping of the hydrogen bond polarity can be achieved within a tetrad by selective 

substitution of syn guanine residues with the anti-favoring 2�-deoxy-2�-fluoro-guanosine (2’-F-r)[83]

or by rational incorporation of 8-oxo-guanine and xanthine in a complementary fashion.[84]

    A survey of structures determined by X-ray crystallography was examined by Lech et al. to 

identify the most commonly observed stacking geometries.[85] The statistical analysis of the 

database revealed that in the G-quadruplex core there are three recurring stacking geometries 

(Figure 12). The 5-5 geometry (Figure 12a) is characterized by an overlap of the 5-membered 

rings at 5’-syn-anti-3’ steps in tetrads with opposite polarity. The 5-6 geometry (Figure 12b) 

features a partial overlap of the 5-membered ring of one tetrad with the 6-membered ring of the 

other one and occurs at 5’-anti-anti-3’ steps in tetrads with the same polarity. A partial overlap of 

the 6-membered rings (6-6 geometry in Figure 12c) is observed at 5’-anti-syn-3’ steps in G-tetrads 

with opposite polarity. Thus, a strong correlation between glycosidic torsion angle and stacking 

base is observed. The statistical analysis of the crystallographic database gave similar results to 

those obtained on a selection of NMR structures. Furthermore, a folding topology reported in 

solution but never observed in crystal structures features 5’-syn-syn-3’ steps that adopt the same 

partial 5-6 stacking geometry observed at 5’-anti-anti-3’ steps in crystal structures.[85]
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a) b) c)

  
PDB : 4DII

5-5 
5’-syn-anti-3’ 

PDB : 1KF1

partial 5-6 
5’-anti-anti-3’ 

PDB : 1JPQ

partial 6-6 
5’-anti-syn-3’ 

Figure 12 Examples of the most frequently observed stacking geometries, according to the database of X-ray 
crystal structures examined by Lech et al.[85] The carbonyl O6 atoms in the guanine residues are indicated 
with red spheres. 

    Various other geometries of base stacking  can be observed at the interface of stacked 

G-quadruplexes.[85]  

2.3 Polymorphism of G-quadruplex 

    G-quadruplex structures are extremely diverse and a variety of structural elements has been 

reported. A G-quadruplex can be formed inter-molecularly between four strands (tetramolecular) or 

between two strands (bimolecular), as well as intra-molecularly (unimolecular), as indicated in 

Figure 13a. The backbone strands that connect the G-stretches involved in the formation of the 

tetrads can assume different relative 5’ to 3’ orientations (indicated with arrows in selected 

examples on top of Figure 13b). The G-quadruplexes can feature four strands with the same 

orientation (all parallel), three strands oriented in one direction and one in the other (hybrid 3+1 

topology) or a mixture of two strands in one orientation and two in the other (anti-parallel 2+2 

topology), with different possibilities of relative orientation (see for example PDB 4DII for ����

geometry and PDB 143D for ���� geometry). The backbone strands connecting guanine residues 

at adjacent positions in contiguous tetrads are usually continuous, but they can also present 

interruptions, as shown for example in the PDB structure 2KPR. The loops are structural elements 

connecting two G-stretches of the G-quadruplex core and can adopt four different geometries, 

indicated in different colors on the selected unimolecular quadruplex structures displayed in Figure 

13b. The double-chain reversal loop (orange color code) connects two guanine bases belonging to 

different tetrads in adjacent, parallel strands. Guanine bases sharing hydrogen bonds and 

belonging to antiparallel strands are connected by edgewise loops (red color code), while diagonal 

loops connect opposite guanine residues in the same tetrad, belonging to non-adjacent, 

anti-parallel strands (cyan color code).  
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Figure 13 Structural elements defining G-quadruplex polymorphism: a) molecularity, b) strands orientation 
and loops geometry, c) glycosidic torsion angles and grooves width.  The PDB codes of the selected 
examples are indicated in gray below each structure. In the schemes displayed on top of panel b) 
double-chain reversal loops are colored in orange, edgewise loops in red, diagonal loops in cyan and 
V-shaped loops in blue. In the bottom of panel b) a double-chain reversal loop is highlighted in orange on 
PDB structure 1KF1, an edgewise loop is highlighted in red on PDB structure 2GKU, a diagonal loop is 
highlighted in cyan on PDB structure 143D and a V-shaped loop is highlighted in blue on the PDB structure 
2KPR. On each PDB structure, backbone and sugar are light gray, loops residues are marine green, 
G-tetrad’s guanines connected by the highlighted loop are colored with the same color code used to highlight 
the loop, while the others are dark gray. Guanine residues in anti and syn conformation are indicated in gray 
and purple, respectively. The groove width is indicated as example on the G-tetrad on the right of panel c). w, 
m and n stand for wide, medium and narrow groove, respectively. 
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 V-shaped loops were observed for the first time in 2001 by Patel and co-workers and connect two 

corners of a G-tetrad core lacking one supporting column (blue color code in Figure 13b).[86] It was 

suggested that the break in the backbone could facilitate the insertion of a planar ligand between 

the G-tetrad planes. However, no intercalating G-quadruplex ligand has been reported up to now.  

    The length and the composition of the loops are important factors in determining topology and 

stability of the quadruplex. Several groups have systematically investigated the influence of the 

loop length on 3-tetrads intramolecular quadruplexes.[87,88] The ultimate aim of these studies is to 

find a rationale for predicting the thermodynamic stability and the folding topology of G-quadruplex 

solely on the base of the nucleotide sequence. The longer the loop, the less stable is the 

quadruplex, on the basis of the melting temperature (Tm) measured by UV or CD. One long loop 

(more than 7 nt-long) can be tolerated, but incorporation of two or three long loops is 

destructive.[88] While V-shaped loops contain no nucleotides[86,89–91] and diagonal loops usually 

require at least 3 nucleotides, single-nucleotide loops favor the formation of double-chain reversal 

loop, which is a very robust scaffold in G-quadruplexes from gene promoter regions. Indeed, most 

of the quadruplexes formed in the gene promoter regions contain two double-chain reversal 1 nt 

loops and one central double-chain reversal loop of variable length (see Table 5). Interestingly, a 

very stable all-parallel quadruplex containing a 13 nt-long central loop has been recently 

characterized by Yang and co-workers in the human BCL-2 proximal promoter region.[92] Webba 

da Silva and Plavec showed that it is possible to design the oligonucleotide sequence in order to 

control the G-quadruplex self-assembly and guide the folding into a specific topology just by 

controlling the length of the loops.[93] The design is successful for G-quadruplexes with loops 

containing only thymine residues, which are less prone to hydrogen bonding and stacking. In fact, 

the composition of the loop plays also a role. Loop residues cannot only form additional base pairs, 

but also stack on top of each other or on top of an external G-quartet, conferring to the quadruplex 

additional stability. It has been reported that adenine residues belonging to single nucleotide loops 

in 2-tetrad quadruplexes can arrange along the edges of the G-tetrad via hydrogen bonds to form 

a mixed G/A higher order platform, such as an heptad.[94] The different thermodynamic stability of 

two G-quadruplex structures formed in the nuclease hypersensitivity element III1 (NHE III1) of the 

c-MYC gene (see Chapter 3.2) was also explained in terms of loop composition: the more stable 

quadruplex contains two double chain reversal single-thymine loops while the less stable one 

contains two double chain reversal single-adenine loops. In a double chain reversal 

single-nucleotide loop, the adenine adopts a “wing-up” conformation, with the base almost 

perpendicular to the groove, which is more solvent exposed than the “wing-down” conformation 

adopted by a thymine, which is reported to lay in the groove. Adenine is more solvent-protruding 

than thymine, therefore it is suggested to be energetically less favored.[95] The analysis of the 

effect of the sequence composition on a 3 nt-long central loop showed also that an adenine 

residue at the 5’-end of the loop is destabilizing.[96]
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    The structural diversity is furthermore determined by the conformation of the glycosidic bond 

angle (χ, Figure 13c), which can assume either anti or syn orientation. The glycosidic bond angles 

of two adjacent bases define the width of the groove (Figure 13c, right): narrow (n) and wide (w) 

grooves result from contiguous bases with anti-syn or syn-anti conformation, while medium (m) 

grooves are defined by contiguous bases with anti-anti or syn-syn conformation. Thus, in a tetrad 

there are 16 possible combinations of glycosidic bond angles, which define 8 possible groove 

width combinations. Only G-quartet characterized by the same groove width combination can 

stack on top of each other to form a stable quadruplex. An accurate geometrical formalism for 

description of G-quadruplex folding topologies has been developed by Webba da Silva in 2007.[97]  

Figure 14 displays as example three different grooves observed in the hybrid (3+1) structure 

formed by the telomeric sequence Tel24 d[TTGGG(TTAGGG)3A]. 

narrow medium medium wide

    

  

Figure 14 Examples of different grooves for the hybrid (3+1) quadruplex formed by the telomeric sequence 
Tel24 d[TTGGG(TTAGGG)3A] (PDB: 2GKU). Narrow, medium and wide grooves are highlighted on the NMR 
structure (top) and on the corresponding solvent accessible surface area (SASA) colored by electrostatic 
potential (bottom), calculated using the Adaptive Poisson-Boltzmann Solver (APBS) Tool implemented in 
Pymol.   

    Interestingly, the first structure of a left-handed G-quadruplex has just recently been reported by 

Phan and co-workers (PDB: 2MS9, NMR structure; PDB: 4U5M, X-ray structure). The CD 

signature of the “Z-G-quadruplex” is peculiar and the backbone dihedrals are similar to those 

reported for Z-DNA. The stacking distances and the groove geometry are comparable with those 

of a right-handed G-quadruplex, but the progression of the backbone in two successive guanines 

is left-handed.[98]  
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2.4 Polymorphism of human telomeric DNA G-quadruplex 

    A well-studied example of G-quadruplex polymorphism is given by the variety of structures 

adopted by the sequences derived from the four G-repeats d[GGG(TTAGGG)3], which is the 

minimal motif in human telomeric DNA able to form a unimolecular G-quadruplex (See Chapter 

3.1).[99,100] Besides NMR and X-ray, a plethora of experimental methods, including circular 

dichroism (CD),[101,102] mass spectrometry,[103] single molecule Förster resonance energy transfer 

(sm-FRET),[104,105] electron paramagnetic resonance (EPR),[106,107] fluorescence 

spectroscopy[108,109] and calorimetry,[110] has revealed the complex nature of G-quadruplex 

polymorphism in human telomeres.  

    The overall structure depends on the nature of the stabilizing cation, on the presence of 

molecular crowding agents (such as polyethylene glycol) and on the presence and composition of 

5’- and 3’-flanking nucleotides adjacent to the d[GGG(TTAGGG)3] core. The various topologies 

reported until now for sequences derived from d[GGG(TTAGGG)3] are summarized and visualized 

in Figure 15, Figure 16 and Table 2.  

    The first structure of unimolecular telomeric quadruplex was reported in 1993 for the sequence 

d[AGGG(TTAGGG)3] in Na+-containing solution (PDB: 143D).[111] It folds in the so-called “basket” 

topology, with three tetrads and anti-parallel strands connected by lateral-diagonal-lateral loops. 

However, in K+-containing solution this sequence forms a mixture of more multiple 

conformations.[112] The X-ray crystal structure of the same DNA crystallized in presence of K+

cations was published in 2002 by Neidle and co-workers and was characterized by a completely 

different folding topology commonly indicated as “propeller” with all the guanine residues in anti

conformation and all parallel strands connected by propeller loops (PDB: 1KF1).[113] Interestingly, 

the propeller G-quadruplex is the only folding topology observed in crystal structures irrespective 

of the telomeric sequence used (see for example PDB structures: 3CDM 23 nt-long, 4DA3 21 

nt-long, 1K8P bimolecular 12 nt-long). The propeller structure has been observed in solution only 

in presence of 40% polyethylene glycol 200 (PEG 200) (PDB: 2LD8),[114] but it is still matter of 

debate, whether the telomeric quadruplex is capable of adopting this topology in solution. Two 

different structures (“hybrid-1” and “hybrid-2”) consisting of three stacked G-tetrads connected by a 

mixture of three parallel strands and one antiparallel strand (hybrid 3+1 forms) were identified in 

K+-containing solution by Yang group and Phan group.[115–117]    The two topologies differ in the 

successive order of the loop arrangement, which is propeller-lateral-lateral in the hybrid-1 and 

lateral-lateral-propeller in the hybrid-2. Noteworthy, the human telomeric sequence 

d[TAGGG(TTAGGG)3] is able to adopt the hybrid-1 topology either in K+ or in Na+-containing 

solution.[82]  

A two-tetrads antiparallel basket structure has been also characterized in K+-containing solution 

with unmodified sequences lacking the 5’-flanking nucleotides.[118,119] This two-tetrad quadruplex 

features an extensive loop-loop interaction via base pairing. In 2013 a novel antiparallel (2+2) 

topology with antiparallel strands connected by lateral-propeller-lateral loops has been 
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characterized by NMR in Na+-containing solution.[120] Although there is no atomic resolution 

structure reported until now, the “chair” folding, featured by antiparallel strands, has been 

proposed as a plausible structure.[121]    

Figure 15 Schematic representation of the major folding topologies proposed for unimolecular human 
telomeric quadrupex. For each topology, the common name (top) and the PDB code (bottom, gray) of the 
available structures are indicated. Guanine residues in anti and syn conformation are shown in gray and 
purple, respectively. 

G4
topology

Sequence Cation 
PDB 
code 

Method Topology 

Basket 
3-terads  

     d(AGGGTTAGGGTTAGGGTTAGGG) Na+ 143D NMR (2+2), (l, d, l) 

Propeller 
     d(AGGGTTAGGGTTAGGGTTAGGG) K+ 1KF1 X-ray All parallel, 

(p, p, p)    d(TAGGGTTAGGGTTAGGGTTAGGG)    K+ (*) 2LD8 NMR 

Hybrid-1 
d(AAAGGGTTAGGGTTAGGGTTAGGGAA) K+ 2HY9 NMR 

(3+1), (p, l, l)   d( TTGGGTTAGGGTTAGGGTTAGGGA) K+ 2GKU NMR 
  d( TAGGGTTAGGGTTAGGGTTAGGG) K+ 2JSM NMR 

Hybrid-2 
 d(TTAGGGTTAGGGTTAGGGTTAGGGTT) K+ 2JPZ NMR 

(3+1), (l, l, p) 
  d( TAGGGTTAGGGTTAGGGTTAGGGTT) K+ 2JSL NMR 

Basket 
2-tetrads 

    d( AGGGTTAGGGTTAIGGTTAGGGT) K+ 2KKA NMR 
(2+2), (l, d, l) 

       d(GGGTTAGGGTTAGGGTTAGGGT) K+ 2KF8 NMR 
Novel 
(2+2) 

d(TTAGGGTTAGGGTTAGGGTTABrGGGTTA) Na+ 2MBJ NMR (2+2), (l, p, l) 

Table 2 Overview of the unimolecular G-quadruplex (G4) structures derived by human telomeric sequences 
deposited in the PDB up today. Mutations compared to the wild type are highlighted in red. (*) 40% PEG 200. 
The topology is described on the basis of the relative orientations of the strands (all parallel, 2+2 or 3+1) and 
of the geometry of the loops encountered in direction 5’ to 3’ (l, d and p indicate lateral, diagonal and propeller 
loop, respectively). 

G4 topology PDB code 
Groove width ( ) 

Narrow Medium Wide 

Hybrid (3+1) 
Form 1 2GKU 11.0 - 11.8 15.5 - 16.4 19.7 - 19.9 
Form 2 2JSL 10.8 - 11.1 16.4 - 17.0 19.1 - 18.4 

Propeller 1XAV - 15.3 - 18.1 - 
Basket 

3-tetrads 
134D 11.2 - 13.6 13.7 - 16.8 16.0 - 18.1 

Z-G-quadruplex 2MS9 - 14.3 - 17.4 - 

Table 3 Groove width measured as phosphorous-phosphorous distance on adjacent guanine residues in the 
inner tetrad of selected G-quadruplex (G4) structures. 
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Topology Top view Front view

Hybrid-I 

PDB: 
2GKU 

Rg = 1.19 nm

Hybrid-2 

PDB: 
2JSL 

Rg = 1.21 nm

Basket 
3-tetrads 

PDB: 
143D  

Rg = 1.14 nm

Basket 
2-tetrads 

PDB: 
2KF8 

Rg = 1.12 nm
  

Propeller 

PDB: 
2LD8 

Rg = 1.31 nm

Figure 16 Top view (5’-end) and front view of representative NMR structures reported for human telomeric 
DNA. Structures are displayed as solvent accessible surface area (SASA) colored by electrostatic potential 
(left) and as sticks (right), with the 5’-end residue shown in yellow spheres. The SASA and the electrostatic 
potential were calculated using the Adaptive Poisson-Boltzmann Solver (APBS) Tool implemented in Pymol. 
The radius of gyration (Rg), calculated for the displayed structure with the software HYDROPRO,[122] is 
indicated in the first column. 

    It is still “not so crystal clear”[123] which of these conformations is adopted by the telomeric 3’-end 

overhang in vivo. Most of the structures presented above were determined in experimental 

conditions which are very far away from the structured and complex environment that the 

biomolecules experience in cell. In fact, in eukaryotic cells biomacromolecules occupy around the 

30% of the total volume and small organic molecules that act as osmolytes can reach the molar 
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range, making excluded volume effects crucial in perturbing the conformational equilibria.[124]

Moreover, DNA in the nucleus is highly packed in nucleosomes and metaphase chromosomes and 

the single-stranded telomeric ends are engaged in interactions with several proteins, particularly 

with the shelterin protein complex (see section 3.1), which further complicates the development of 

appropriate in vitro models for mimicking the in cell conditions. Most of the experimental results 

reported until now are performed in diluted solution or in presence of molecular crowding reagents 

such as polyethylene glycol (PEG), whose effect on the G-quadruplex structures is not completely 

understood. Human telomeric DNA sequences have been shown to adopt the same propeller 

conformation as crystal and in solution containing 40% PEG 200.[113,114] Since the effect of PEG 

was initially suggested to be molecular crowding, the propeller conformation was proposed to be 

the physiologically relevant one.[114] However, this is still a matter of debate in the G-quadruplex 

community.[114,125–128] The capability of 40% PEG 200 to induce the conversion of any human 

telomeric quadruplex conformation to the all-parallel stranded topology was already reported in 

2007,[129] and exploited by Chang and co-workers in 2012 to engineer carbazole ligands with 

polyethylene glycol units and to induce conformational changes upon binding.[130] Other molecular 

crowding agents like Ficoll 400, bovine serum albumin (BSA) and Xenopus laevis egg extract are 

not capable to induce any conformational transition in telomeric G-quadruplex.[125,126] Molecular 

crowding acts on the basis of shape and size differences, therefore, for molecular crowding to be 

the determinant mechanism to stabilize the propeller conformation, the propeller form should be 

the most compact. The radius of gyration characteristic of different topologies and the solvent 

accessible surface (see Figure 16) show, however, that the propeller form is not the most compact 

conformation.[125] Therefore, molecular crowding is not the major determinant of the PEG-driven 

transition to the propeller form. Hydration effects are distinct from crowding and rely on the change 

in water activity. While the formation of duplex and triplex DNA is accompanied by an increase in 

water activity (the folded structures are more hydrated than the single-stranded), the formation of 

G-quadruplexes is associated with a release of water molecules and is favoured by a reduction in 

water activity. Some authors explained the conformational transition usually observed in presence 

of PEG in terms of dehydration effects.[125] Another possible explanation suggested is that PEG

binds preferentially to the propeller form with a conformational selection mechanism.[127] The 

discussion is still open, but it is meanwhile accepted that PEG is not the most appropriate 

crowding agent to investigate the effect of molecular crowding on telomeric DNA.[126]

    It is important to keep in mind that most of the studies are performed with 4 telomeric repeats, 

which are basically just a very shortened version of the 150-250 nt-long single stranded DNA 

present at the 3’-end of telomeres. It has been proposed that in vivo more G-quadruplex units 

could be formed at the telomeres. In fact, there is experimental evidence for the formation of 

higher order G-quadruplex structures in long (8-16 repeats) telomeric DNA sequences.[101,131,132]

However, the details of the structural arrangement of the human telomeric overhang are still 

controversial.[133] In particular, there is no consensus regarding the interaction mode between 

adjacent quadruplex units. Single-molecule laser tweezer experiments conducted on 12-24 

repeats of telomeric sequences show that the G-quadruplexes are likely non-interacting, following 
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the so-called “beads-on-a-string” model (Figure 17a).[134] On the other hand, molecular dynamics 

(MD) simulations supported by sedimentation and fluorescence studies suggest that the adjacent 

G-quadruplex units are interacting via the loops and can therefore not be considered completely 

independent (Figure 17b).[132,135] The folding topology of the G-quadruplex units involved in higher 

order structures is also not clear. The packing of propeller (P in Figure 17b) units via G-tetrads 

interaction is favoured in presence of 40% PEG 200,[136] but can be excluded on the basis of 

sedimentation coefficient data, which indicate an hybrid-based (H1 and H2 in Figure 17b) 

model.[132] Furthermore, NMR studies have recently provided an atomic resolution insight into the 

folding of a telomeric sequence with 8 repeats, suggesting that ex vivo (in cell extract) it might 

adopt both 2-tetrad basket and hybrid-2 conformations.[137]

Figure 17 Proposed models for the arrangement of G-quadruplex units in long human telomeric 3’-overhang. 
a) Non-interacting units (beads-on-a-string model). b) Interacting units via G-tetrads stacking of propeller 
G-quadruplex units (P) or via loop residues interaction of hybrid-1 (H1) and hybrid-2 (H2) G-quadruplex units.  
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3 Location of G-quadruplexes in the genome and 

biological function 

    Computational analyses showed that potential G-quadruplex forming motifs are non-randomly 

distributed and evolutionary conserved in the human genome, suggesting that G-quadruplex 

structures may play key roles in a number of biological processes. Maizels et al. has recently 

introduced the concept of “G-quadruplex genome”, as the set of G-quadruplex motifs that 

participate in key processes.[138]

    The first reports on the total number of potential quadruplex-forming sequences in the human 

genome were published one decade ago.[139–141] Over 350,000 putative quadruplex sequences 

(PQS) were identified with two similar approaches,[139,140] based on the following pattern-based 

“Folding Rule”: 

with n being the number of G stacks and l1, l2, l3 being the number of nucleotides belonging to 

loop 1, 2 and 3, respectively. The restraints for the parameters n, l1, l2 and l3 vary in different 

algorithms. The maximum length of the loop is usually set  to 7 nucleotides, on the basis of 

molecular modelling[142] and biophysical studies[87] suggesting that an increase in the loop length 

has a major effect on the G-quadruplex stability. However, Yang and co-workers have recently 

shown that the major G-quadruplex conformation formed by the purine rich sequence involved in 

the regulation of the gene BCL-2  (see Chapter 3.2) contains a 13-nt long chain reversal loop,[92]

revealing the necessity to refine the prediction algorithm. Any prediction algorithm relying on a 

pattern-based folding rule like the one discussed above does not predict the thermodynamic 

stability of the G-quadruplex. More recently, Stegle et al. have developed an algorithm to infer the 

G-quadruplex thermal stability from the sequence.[143] Furthermore, databases for predicting 

G-quadruplex formation and stability are available online.[144,145] Despite these limitations, 

bioinformatic approaches have led to many discoveries.[146]    

    A different computational approach was adopted by Maizels et al. to quantify the potential of 

genomic regions to form G-quadruplexes (G4P).[147] The “G4P calculator” software 

(http://depts.washington.edu/maizels9/G4calc.php) evaluates whether sliding windows of 100 

bases in length contain at least four runs with three or more guanines, independently on their 

separation.  

    PQS are relatively rare in human genome: approximately a third less than what would be 

expected by chance, suggesting evolutionary selective pressure against G-quadruplex formation in 

mRNA.[139]  However, PQS are highly abundant in gene promoters, defined as the region 1 kb 

upstream of the transcription start site (TSS), compared to the genome average.[148] In particular, 
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G-quadruplex are highly concentrated few hundreds bases immediately upstream of the TSS and 

are supposed to be more stable than in the rest of the genome, because they are rich in 

one-nucleotide loops.[143] More than 40% of the promoter regions of annotated genes contain one 

or more PQS. It is also striking that DNase I hypersensitive sites (NHS)[149] are enriched in PQS 

compared to the average genome, implying that these regions undergo a structural transition from 

double helix DNA and an unwound form, which is a prerequisite in gene promoters for transcription 

activation. Furthermore, binding to storage proteins like histones would impair the formation of 

G-quadruplexes. Indeed, G-quadruplexes are likely to be formed outside the nucleosome.[150]

There is a close correlation between G4P in template and non-template strand. This potential is 

however low in the non-template strand, which is connected to the formation of 

transcription-induced structures.  

    Maizels et al. did not only enumerate the regions with G4P, but also showed that there is a 

correlation between G4P and gene functions. G-protein-coupled receptors, sensory perception, 

nucleosome assembly, ubiquitination and nucleic acid binding are examples of functions 

characterized by low G4P, while functions such as transcription factor activity, cell signalling, 

muscle contraction, development, growth factors and cytokines present high G4P. Interestingly, 

the distribution of G4P for tumor suppressor genes was shifted from the RefSeq (RefSeq, 

http://www.ncbi.nlm.nih.gov/refseq/rsg/about/) median towards lower values, while the distribution 

of proto-oncogenes was shifted towards higher G4P. Therefore, tumor suppressors and 

proto-oncogenes are characterized by low and high G4P, respectively.  

    Analysis of the G4P frequency in genomic sequences used as reference standards for 

well-characterized genes (Figure 18) shows that motifs with high potential of forming 

G-quadruplexes (with loop size 1-12 nt) are frequent at the transcription start site (TSS), at the 

5’-UTR and at the 5’-end of the first intron, but most of the coding regions are depleted of potential 

G-quadruplex forming motifs.  

Figure 18 Distribution of regions with high potential to form G-quadruplex (G4) in a generic human RefSeq 
gene. Extracted from Reference [138]. The transcription start site (TSS) is indicated with an arrow. 

    Although bioinformatics pointed out that functional regions of genome have a high potential for 

G-quadruplex formation, the existence of G-quadruplex structures in vivo has been matter of 

debate.[151] In particular, strong evidence for the formation of G-quadruplexes at telomeres in 
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humans was reported only very recently from the Balasubramanian group using G-quadruplex 

specific engineered antibodies.[152]  Engineered antibodies have been first used more than one 

decade ago to visualize telomeric G-quadruplexes in ciliates.[153] In 2013, an engineered antibody 

able to bind specifically and with high affinity to G-quadruplex structures in the human cells (BG4) 

was generated by Biffi et al. Immunostaining shows the presence of G-quadruplex structures in 

human genome and positional analysis revealed the formation of G-quadruplexes at telomeres 

and outside the telomeres. In particular, G-quadruplex structures are localized mostly outside the 

telomeres. However, immunodetection relies on a multistep protocol which requires the use of 

fixed and permeabilized cells, whose integrity is not perfect. Rodriguez et al. tried to circumvent 

this problem by targeting the G-quadruplex structures in the genome of living cells prior to cell 

fixing with a derivative of the ligand pyridostatin (see Chapter 6). In this way, the ligand binds to 

genomic G-quadruplexes in functioning cells. The detection requires cell fixation anyway and in 

situ click-chemistry in order to conjugate the PDS derivative with a fluorophore. The genomic sites 

of action of pyridostatin, which has been previously shown to produce replication- and 

transcription-dependent DNA damage, were mapped. Pyridostatin targeted mostly non-telomeric 

genomic sites and showed a propensity to interact with sequences with G-quadruplex forming 

potential.[154] Another elegant method to identify G-quadruplex structures in living cells without 

fixation, permeabilization or chemical manipulation relies on targeting the G-quadruplex with 

quadruplex-selective fluorescent ligands acting as light-up probes. This strategy has been 

prominently applied in Chang labs and Monchaud labs.[155,156] For further examples of 

G-quadruplex detection in living cells via smart light-up probe see also Chapters 6.2 and 6.3.     

The regions of the genome rich in G-quadruplex forming motifs will be described in the following.  

3.1 G-quadruplex structures at telomeres 

    Telomeres are DNA-protein complexes located at the end of linear chromosomes in eukaryotic 

organisms.[157] Telomeres protect the ends of chromosomes from homologous recombination and 

from being recognized as double strand breaks or damaged DNA and processed by the DNA 

repair machinery.[158] Furthermore they are the substrate of the telomerase enzyme, a reverse 

transcriptase able to elongate them, thus providing a mechanism to solve the so-called 

“end-replication problem”.   

Telomeric DNA 

    The telomeric DNA is formed by the repetition of a G-rich unit and comprises in humans a 

10-15 kb long double-stranded region and a 150-250-nt long single-stranded 3’-overhang (Figure 

19a).  
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Figure 19 a) Structure of the human telomeres. b) T-loop and D-loop geometry. 

This feature is conserved in the eukaryotic kingdom. The sequence of the G-rich repeat varies 

from organism to organism (see Figure 20) and is d(TTAGGG) in vertebrates. The “vertebrate 

motif” can be considered the ancestral telomeric motif in the animal kingdom and it is also found in 

the Choanozoa, a phylum of protists.  

Figure 20 Distribution of telomeric motifs in the eukarya. Sequences of telomeric repeats derived from the 
most studied organisms are indicated on the right. The phylogenetic tree was adapted from 
references [159,160]. 

    The presence of a canonical telomeric repeat is not always connected to significative 

telomerase activity or to the presence of telomerase at all. In fact, the telomerase enzyme has 

been lost, although rarely, in the evolution of plants (the onion, Allium cepa) and animals (the 

silkworm, Bombyx mori).  Other species, for example the insect Drosophila melanogaster, do not 

possess any canonical telomeric motif.[161]
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The sequence of the 3’-end of human chromosomes is not precisely determined, while the 

sequence of the 5’-end is nearly always ATC-5’.  

The single-stranded G-rich 3’-overhang has essentially two important functions: it recruits specific 

proteins (the so-called shelterin or telosome complex) to protect telomeres and it serves as primer 

for telomerase-mediated extension of telomeres. It can form alternative structures like 

G-quadruplexes (discussed in details in Chapter 2) or T-loops. The so-called T-loop (Figure 19b) 

is formed when the single-stranded portion folds back and invades the double-stranded telomeric 

DNA. The single-stranded DNA region is thus hidden from the DNA repair machinery, therefore 

this DNA architecture has been proposed to be a primordial mechanism for chromosome-end 

protection. As a consequence of the double-strand invasion, a portion of DNA remains 

single-stranded forming the so-called D-loop (Figure 19b). Little is known, however, about the 

dynamic behaviour of the T-loop and it is not clear whether it is persisting throughout the cell 

cycle.[162,163]

Telomeres interacting proteins 

    Human telomeric DNA is packaged by histones into nucleosomes and bound to the telosome or 

shelterin complex (blue color code, Figure 21a), a sequence-specific complex of proteins that 

caps the chromosomes preventing illicit end-to-end joining and guarantees genomic stability.  

The human shelterin complex is composed of six proteins: telomeric repeat-binding factor 1 

(TRF1), telomeric repeat-binding factor 2 (TRF2), repressor and activator protein 1 (RAP1), 

TRF1-interacting nuclear protein 2 (TIN2), protection of telomeres 1 (POT1) and TPP1. 

All together these proteins constitute the platform to recruit all the interaction partners involved in 

the telomeres maintenance and protection. The telomeric repeat binding factors TRF1 and TRF2 

bind sequence-specifically as homodimers the double-stranded region of the telomeric DNA and 

play a role in the regulation of telomere length[164] and in the stability of the T-loop structure.[165]

TRF2 is supposed to be involved in tumorigenesis, since it is overexpressed in many human 

tumors.[166] Critical loss of TTAGGG repeats or loss of TRF2 function results in the same cascade 

of signals that is triggered by double-stranded DNA breaks. Mammalian RAP1 is not able to bind 

telomeric DNA and localizes at the telomers via binding to TRF2. In mice, TRF1- and 

TPP1-deficiency leads to 100% perinatal mortality, while lack of RAP1 protein does not affect mice 

viability, even though it increases telomeres fragility.[167] TIN2 tethers TRF1, TRF2 and TPP1. 

Moreover, it has a major role in stabilizing the TPP1/POT1 complex on the single-stranded 

DNA.[168] TPP1 and POT1 are localized at the single-stranded overhang via the specific binding of 

POT1 to the single-stranded decamer TTAGGGTTAG. POT1 comprises two 

Oligonucleotide/Oligosaccharide Binding (OB) fold domains: OB1 recognizes 5'-TTAGGG while 

OB2 binds to the downstream TTAG-3'. POT1 is supposed to prevent the binding of replication 

protein A (RPA) to the single stranded DNA. RPA is a ssDNA binding protein essential for 

triggering DNA damage response. It has been shown that G-quadruplex formation enhances the 

POT1/TPP1 ability to block the access of RPA to the telomeres.[169] TPP1 increases by 10-fold the 

DNA affinity of POT1 and recruits the telomerase enzyme to the tip of the chromosomes. TPP1 
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and POT1 enhance together the processivity of the telomerase.[170] The POT1-TPP1 in vitro 

complex is extremely dynamic and slides back and forth on the telomeres overhang, possibly 

inducing folding and refolding of G-quadruplex structures. This sliding mechanism may result in an 

enhancement of the telomerase processivity.[171] Extra-telomeric function of shelterin proteins have 

been also reported.[157]

Figure 21 a) Human telomeres interacting proteins. b) Scheme of the secondary structure of the telomerase 
TER subunit. c) Functional domains of the TERT subunit. Adapted from reference [172]. 
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CST 

    The human CST (CTC1-STN1-TEN1) complex (orange color code, Figure 21a) is composed of 

the three proteins CTC1 (conserved telomere maintenance component 1), STN1 (suppressor of 

Cdc thirteen) and TEN1 (protein involved in Telomeric pathways in association with STN1, number 

1). The CST is able to bind the single stranded telomeric DNA via multiple OB-folding domains. It 

has been proposed that, at least in yeasts, the structure of CST resembles the structure of the 

replication protein A (RPA) complex.[173] The CST complex is supposed to be implicated in 

supporting the protection of the telomeres and to inhibit telomerase activity by competing with 

POT1/TPP1 complex and sequestration of the telomerase primer.[174]

Telomerase  

    The telomerase enzyme (purple color code, Figure 21a) in its minimal form is composed of a 

protein subunit (the telomerase reverse transcriptase TERT), and an RNA component (the 

telomerase RNA TER), containing the template used by TERT to add multiple DNA repeats to the 

3’-overhang of telomeres. The structures available for TERT and TER derived from different 

organisms are reviewed by Sandin and Rhodes in reference [172].  

Size and sequence of each component vary from species to species. For example, the size of the 

RNA subunit TER ranges from 150 nt in ciliates to 1300 nt in yeasts, while the length of TER in 

vertebrates is about 450 nt (Figure 21b).  The two structural domains framed in Figure 21b with 

gray boxes are conserved: a stem-loop element (CR4-CR5) and the catalytically essential 

pseudoknot-template domain. These two domains are directly involved in the interaction with the 

TERT subunit (gray arrows in Figure 21b).[175]   

The TERT subunit is conserved among many organisms and is composed of about 1100 amino 

acids (Figure 21c). The essential N-terminal domain (TEN) is binding with high affinity the single 

stranded telomeric DNA and is recruited by TPP1/TIN2 in the shelterin complex. It is connected via 

a flexible linker to the RNA bonding domain (TRBD), which is able to interact with the CR4/CR4 

element of TER. The central reverse transcriptase domain (RT) is flanked by the TRBD domain 

and a C-terminal domain (CTE). The 21 Å resolution 3D structure obtained by single particle EM 

(electron microscopy) suggests that human telomerase enzyme exists as a dimer composed of 

two TER subunits (each 153 kDa) connected by a flexible hinge and two TERT subunits (each 127 

kDa) at the periphery, locating the catalytic pockets about 180 Å far from each other.[176] EM 

structural analysis reveals the presence of an “open-state” and a “closed-state”. Sauerwald et al.

speculate also that the telomerase exists as a dimer to extend in parallel two different telomeric 

substrates from sister chromatids.  

Telomere maintenance  

    50 years ago, in the early days of the telomere research, the “end-replication problem” was 

already clear: according to the semi-conservative DNA replication mechanism, each round of cell 

division causes the shortening of telomeres because conventional DNA polymerases are not able 

to replicate the 3’-ends of linear chromosomes. The central role of telomeres to copy completely 

the end of chromosomes was proposed at the beginning of the Seventies; however the details for 

the replication mechanism were still unclear. Telomerase was identified the first time in 1985 in the 
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ciliate Tetrahymena by Greider and Blackburn.[177] A few years later Szostak discovered a gene 

coding for an protein essential telomere maintenance in Saccharomyces cerevisiae.[178] The 

pioneering work by Greider, Blackburn and Szostak was awarded in 2009 with the Nobel Prize in 

Physiology or Medicine “for the discovery of how chromosomes are protected by telomeres and 

the enzyme telomerase”.  

    The telomerase enzyme circumvents the “end-replication problem” by adding in a processive 

way DNA repeats to the 3’-overhang of telomeres. 

    A proposed mechanism for telomere elongation is schematically represented in Figure 22. In 

humans the enzyme telomerase is recruited to the telomeres by the protein TPP1. The TERT 

subunit adopts a closed-ring configuration and does hardly undergo any conformational change 

during the telomere synthesis. Once the enzyme is loaded on the telomeres, the RNA template 

partially pairs with the single stranded telomeric DNA, facilitating the alignment of the 3’-end in the 

active site. After catalysing the addition of one telomeric repeat (5’-GGTTAG-3’ in humans), the 

telomeric overhang transiently dissociates from the RNA template region and allows base pairing 

of the newly synthesized DNA overhang with the distal region of the RNA template. A new 

telomeric repeat is then added. The translocation/elongation cycle is reiterated in a processive 

way. The TEN domain shows affinity for single-stranded telomeric DNA and is supposed to bind 

upstream of the telomeric 3’-end contributing to anchor the telomerase to the chromosome and 

potentially facilitating the telomerase processivity by maintaining the association during the 

translocation step.[179] However, the exact mechanism of re-alignment of DNA overhang with the 

RNA template after one round of elongation is unknown.  

    The telomerase processivity is the capability of adding multiple repeats without releasing the 

DNA substrate. Under homeostatic conditions, during the S phase of the cell cycle, one molecule 

of telomerase adds processively 60 nt. When telomeres are elongating (non-equilibrium 

conditions) multiple molecules of telomerase are involved and the extention is less processive.[180]

Recently published results based on single-molecule data suggest that the telomerase rate of 

extention is 1 nt/sec (60 nt/min) and is 6 times faster in presence of POT1/TPP1.[181]    
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Figure 22 Mechanism of telomeres elongation catalysed by telomerase enzyme. Adapted from reference 
[160]. 

    In normal human cells, after successive cellular divisions the telomeres progressively shorten 

and after reaching a critical length, cellular senescence is provoked. Therefore the progressive 

shortening of telomeres is supposed to be a “molecular clock”.[182] On the other side, cancer cells 

proliferate indefinitely and are considered immortal. Telomeres play a central role in determining 

the replicative potential of cells; in particular immortal cells maintain telomeres at a stable length.     

The level of telomerase expression changes through life: it is maximum in the early stage of 

embryonic development and in pluripotent stem cells and it is drastically reduced, although 

detectable, in adult somatic cells, where telomeres are shortening with aging (Figure 23).  

    Telomerase enzyme is re-activated in 85-90% of all human tumors.[183] Tumors have a longer 

proliferative history, therefore cancer cells are usually featured by short telomeres, whose 

maintenance above a critical minimal length is guaranteed by high levels of telomerase activity.  
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Figure 23 Changes in telomere length of different classes of cells over time. Number of arrows is proportional 
to the level of telomerase activity. The full line represents viable cells and the dotted line indicates 
apoptosis/chromosomal instability/arrest of the cell cycle.  

    Although most of the human tumors are connected to high levels of telomerase activity, and rely 

on a telomerase-based mechanism for telomeres elongation, about 5% of human tumors exploit a 

different mechanism to overcome replicative mortality.[184] The so-called alternative lengthening of 

telomeres (ALT) pathway is thought to be based on homologous recombination. Evidence of the 

presence of 5’ C-rich telomeric overhang in the nematode Caenorhabditis elegans suggested the 

necessity to reconsider the architecture of mammalian telomeres and indeed 5’ C-rich telomeric 

overhangs were found to be prevalent in tumor cells relying on the ALT pathway.[185] Although C. 

elegans has been often chosen as a model organism to investigate ALT mechanism, NMR 

structural investigations have recently shown that, at least in vitro, the 5’- and 3’-overhang 

architecture of C. elegans telomeres is completely different from other multicellular eukaryotes, 

underlying possible limitations in the use of this organism as model.[186]

3.2 G-quadruplex structures in transcription 

    One or more potential G-quadruplex forming sequences have been identified within 1000 nt 

upstream of the transcription start site (TSS) of 50% of human genes. In particular, promoters of 

human oncogenes and regulatory elements are more likely to contain G-quadruplex forming 

sequences than housekeeping or tumor suppressor genes.[148]

   Figure 24 summarizes possible mechanisms of transcriptional regulation via G-quadruplex (GQ) 

elements in gene promoters. The formation of G-quadruplex on the template strand might cause a 

stalling of the replication machine, while G-quadruplex formation on the coding strand could in 

principle contribute to maintain the transcribed strand in a single stranded conformation and 

enhance the transcription. Furthermore, the formation of G-quadruplex structures on the coding 

strand could also recruit transcriptional repressor or transcriptional enhancers. See also the recent 

review by Rhodes and Lipps for more details on the regulatory roles of G-quadruplex 

structures.[187]
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Figure 24 Putative biological roles of the G-quadruplex (GQ) in transcription, as proposed by Bochman et 
al.

[188] depicted as cartoon scheme. RNA polymerase (RNAP) is indicated in yellow.  The transcription start 
site (TSS) and the location of the potential G-quadruplex forming sequence (PQS) are indicated with arrows.  

    Potential G-quadruplex forming sequences (PQS) have been identified in the promoter regions 

of the genes encoding for the following proteins: MYC, KIT receptor tyrosine kinase, B cell 

lymphoma 2 (BCL-2), vascular endothelial growth factor (VEGF), hypoxia-inducible factor 1α

(HIF1α), the transcription factor c-MYB, platelet-derived growth factor α polypeptide (PDGFα), 

PDGF receptor β polypeptide (PDGFRβ), KRAS, retinoblastoma protein 1 (RB1), human 

telomerase reverse transcriptase (h-TERT). 

c-MYC  

    The transcription factor MYC is involved in transcriptional regulation pathways related to a broad 

spectrum of cellular activities, such as cell growth, metabolism and survival.[189] MYC is in fact able 

to bind to 10-15% of all promoter regions.[190]
c-MYC is the most frequently amplified oncogene in 

human cancers and its expression is deregulated by gene amplifications in solid tumors and by 

chromosomal translocation and leukemias and lymphomas.[191] Transcription of c-MYC is primarily 

regulated by a 27 nt G-rich sequence present within the nuclease hypersensitivity element III1

(NHE III1).
[192] This sequence, located �142 to �115 bp upstream of the P1 promoter of c-MYC

oncogene, exists in an equilibrium between transcriptionally active forms (double helical and single 

stranded) and a silenced form able to adopt G-quadruplex structures.[193–195] The role of 

G-quadruplexes in the regulation of c-MYC transcription will be discussed in detail in Chapter 4.1. 
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    The purine-rich 27 nt-long sequence responsible of c-MYC regulation, indicated as mycPu27 

(Table 4), contains five G-runs (I-V). Various G-quadruplex structures derived from different G-rich 

tracts of the c-MYC regulatory element NHE III1 have been reported until now. [95,196–198]  

It has been shown that in a K+-containing solution only the four consecutive 3’ G-runs (II-V) are 

involved in the formation of the major G-quadruplex structure which is causing the gene 

transcriptional silencing.[199,200] The 22 nt-long wild-type sequence containing the four 3’ G-runs 

(myc2345, Table 4) adopts a parallel stranded, propeller topology and forms a mixture of four loop 

isomers which are in dynamic equilibrium.  
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mycPu27 T G G G G A G G G T G G G G A G G G T G G G G A A G G

 I  II  III  IV  V     

myc2345    T G A G G G T G G G G A G G G T G G G G A A   

mycPu22_G14T/G23T    T G A G G G T G G G T A G G G T G G G T A A   

myc_Pu22_G11T/G23T    T G A G G G T T G G G A G G G T G G G T A A   

mycPu22_G14T/G20T    T G A G G G T G G G T A G G G T T G G G A A   

mycPu22_G11T/G20T    T G A G G G T T G G T A G G G T T G G G A A   

mycPu24_G13I    T G A G G G T G G I G A G G G T G G G G A A G G

myc1234 T G G G G A G G G T G G G G A G G G T         

mycPu19_G2A/G11A T A G G G A G G G T A G G G A G G G T         

mycPu19_G2A/G14A T A G G G A G G G T G G G A A G G G T         

myc1245 T G G G G A G G G T T T T T A G G G T G G G G A    

Table 4 Overview of the various sequences derived from the NHE III1 of c-MYC

    The biological function of the c-MYC promoter quadruplex depends on the equilibrium between 

the four loop isomers and each loop isomer contributes to its inhibitory effect. The structures of the 

different loop isomers can be obtained by dual G-to-T substitutions (mycPu22_G14T/G23T, 

mycPu22_G11T/G23T, mycPu22_G14T/G20T, mycPu22_G11T/G20T, Table 4) and differ in the 

arrangement of one- and two- nucleotide loops.[200] The major conformer is the one formed by the 

sequence mycPu22_G14T/G23T (Table 4) and its solution NMR structure has been solved in 

2005 by Yang and co-workers.[198] This structure has been used in the G-quadruplex ligand 

interaction studies presented in Chapters 6.2 and 6.3. As reported by Yang,[198] the TAA-3’ and 5’-

TGA flanking sequences are able to form multiple stable conformations. Thus, this sequence is 

present in solution as a mixture of a major conformation and one or more minor conformations 

which are likely featured by the same parallel G-quadruplex core, but different capping structures. 

The exact structure of these minor conformations has not been characterized until now. 

The pioneering work of Siddiqui-Jain et al. showed that small molecules stabilizing the c-MYC

G-quadruplex can reduce c-MYC transcription in cancer cells.[201–203] Since then, several classes of 

small molecules able to bind and stabilize c-MYC quadruplex have been developed[199,203–215] and 

few of them have been structurally characterized in complex with c-MYC G-quadruplex by 

NMR.[197,216,217]

    Alternative structures have been proposed by Phan et al. (mycPu24_G13I PDB: 2A5P and 

myc2345 – no PDB). The major G-quadruplex formed under superhelicity conditions involves the 
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four consecutive 5’ G-runs (I-IV).[34] The wild-type sequence containing the four 5’ G-runs 

(myc1234, Table 4) adopts a mixture of two different loop isomers which can be isolated by dual 

G-to-A substitutions (mycPu19_G2A/G11A and mycPu19_G2A/G14A, Table 4). The conformation 

of the main loop isomer (mycPu19_G2A/G11A) is featured again by an all-parallel core with 

propeller loops.  

c-KIT

    The c-KIT proto-oncogene encodes for a membrane-bound glycoprotein belonging to the family 

of tyrosine kinase receptors involved in developmental and growth processes. Gain-of-function and 

point mutations are the most common c-KIT mutations detected in human malignancies like 

human gastrointestinal stromal tumor (GIST), mastocytosis, acute myeloid leukaemia, sinonasal 

NK/T-cell lymphoma, germ cell tumors and melanoma.[218] Two G-rich sequences have been 

identified in the promoter region of the human c-KIT gene, so-called c-kit1

d(AGGGAGGGCGCTGGGAGGAGGG), occurring between -87 and -109 base pairs relative to the 

TSS, and c-kit2 d(CGGGCGGGCGCGAGGGAGGGG), located between -140 and -160 base pairs 

relative to the TSS. X-ray and crystal structures are available for c-kit1,[219,220] while several models 

have been proposed on the basis of NMR data for the folding of c-kit2.
[221,222] The c-kit1 crystal 

structure (PDB: 3QXR) was solved in 2012 and it was the first X-ray structure published for a gene 

promoter G-quadruplex. In contrast to the relative abundance of X-ray structures of telomeric 

G-quadruplexes, very few crystal structures have been reported until now for gene promoter 

quadruplexes.  Interestingly, X-ray and NMR structures of c-kit1 are in good agreement, while the 

folding topologies of the human telomeric quadruplex are strongly dependent on the experimental 

method and on the experimental conditions employed.   

BCL-2  

    BCL-2 is a membrane protein which plays an important role in the maintenance of mitochondrial 

integrity and it has an anti-apoptotic effect. The BCL-2 oncogene is overexpressed in a number of 

human tumors, such as B-cell and T-cell lymphomas, breast cancer and gastric carcinoma.[223] The 

5’-end of the P1 promoter of the human BCL-2 oncogene includes a 39-nt GC-rich element 

containing 6 G-tracts of 3-5 consecutive guanines and can potentially form 15 different 

G-quadruplexes. The structure of the G-quadrupelx formed by the mid G-tracts, which appears to 

be the most stable in K+-containing solution, was determined in 2006 by NMR[224] and an 

alternative structure involving the G-tracts number 1, 2, 4 and 5, featured by a 13-nt loop has been 

recently proposed.[92] The C-rich counterpart has been extensively studied and is able to form 

i-motif structures.[225–227]  

VEGF  

    The vascular endothelial growth factor (VEGF) is a pluripotent cytokine and a potent angiogenic 

factor, consisting of two identical subunits binding to VEGF receptors on the surface of endothelial 

cells.[228,229] VEGF is up-regulated in many tumors and several VEGF inhibitors against 

tumor-mediated angiogenesis are in clinical trials.[230] The region located between -85 and -50 bp 

relative to the transcription start site is essential for VEGF promoter activity in many human cancer 

cell lines and it has been reported to form G-quadruplexes.[231] The solution NMR structure of a 22 
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nt sequence derived from the VEGF promoter sequence by G to T mutation of two residues in the 

central loop was recently reported.[232]

HIF1α  

    The hypoxia-inducible factor 1 (HIF-1) is a transcription factor which regulates the response to 

the deprivation of oxygen. It is composed of two subunits: the α subunit is inducible by hypoxia 

(HIF1α) and the β subunit is constitutively expressed (HIF1β). HIF-1 is up-regulated in several 

tumor types and promotes the formation of an aggressive tumor phenotype.[233] The 

HIF1α promoter region contains a polyPu:polyPy rich sequence able to form G-quadruplex 

structures and is located between -85 and -65 base pairs upstream of the TSS and overlapping 

putative binding sites for activating transcription factors.[234]

c-MYB  

    The c-MYB proto-oncogene encodes for a transcription factor involved in the regulation of 

differentiation, survival and proliferation of cells in the hematopoietic system and in the 

gastrointestinal tract. Deregulation of c-MYB expression seems to activate genes related to cancer 

progression and metastasis.[235] The c-MYB promoter contains three regions of four GGA repeats 

located 17 base pairs downstream of the TSS. The structure of the G-quadruplex formed by 

d[(GGA)4] is featured by two G-tetrads and contains an unusual G(:A):G(:A):G(:A):G heptad.[94] It 

was solved by NMR long before the identification of the d[(GGA)4] motif in the c-MYB promoter.[236]  

PDGFα

    Platelet-derived growth factors have been implicated in the pathogenesis of a number of tumor 

types, via autocrine stimulation of cancer cells, angiogenesis and control of interstitial fluid 

pressure.[237]

    The 5’-flanking region of the gene encoding for the platelet-derived growth factor α polypeptide 

(PDGFα) contains one nuclease hypersensitive element (NHE) located between -120 and -33 

base pairs relative to the TSS and is characterized by high GC-content. The G-rich strand of the 

NHE of PDGFα contains five G-tracts, each separated from the neighbouring by single nucleotide. 

It has been proposed that this region is able to form two distinct stable G-quadruplex structures, 

each containing four G-tetrads and characterized by an all-parallel strands arrangement.[238]

PDGFRβ  

    The 38 nt-long G-rich strand of the NHE in the promoter region of the gene encoding for the 

platelet-derived growth factor receptor β polypeptide (PDGFRβ) contains seven G-tracts of 2-7 

consecutive guanines. DMS footprinting and mutational studies allowed the identification of the 

residues involved in the formation of the major intramolecular G-quadruplex formed in the 

PDGFRβ promoter region and NMR studies highlighted the presence of a broken G-tract with a 

snapback motif.[239]    

KRAS 

    KRAS encodes for a GTPase protein acting as a signal transducer (RAS) playing a key role in 

regulation of cell growth. KRAS is the sixth most mutated gene in all cancers.[240] The NHE in the 

promoter region of KRAS contains a G-rich strand that has been proposed to assume two different 

conformations.[241]
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RB1  

    The retinoblastoma gene RB1 encodes for a nuclear phosphoprotein that acts as tumor 

suppressor and is functionally inactivated in most human cancers.[242] Formation of a G-quadruplex 

at the 5’-end of the RB1 gene has been shown by Sugiyama et al.[243]

TERT 

    The catalytic subunit of the human telomerase reverse transcriptase (h-TERT) elongates the 

3’-overhang of human telomeres as described in Chapter 3.1 (see Figure 22 and Figure 23). 

Phan and co-workers identified a region with high propensity for G-quadruplex formation 

between -20 and -110 bp relative to the TSS. This region includes 14 G-tracts able to form multiple 

G-quadruplex structures and the fragment located between -41 and -60 bp relative to the TSS 

resulted suitable for NMR structural characterization, which revealed the coexistence of two major 

conformations in equilibrium.[244]   

    The majority of the G-quadruplex structures reported for promoter oncogenes were derived from 

mutant sequences (mutations are highlighted in red in Table 5) optimized in order to stabilize a 

major conformation.  

    In fact, many G-rich sequences extracted from gene promoters contain more than 4 G-tracts 

composed of more than 3 consecutive guanines, therefore more G-quadruplex structures can 

potentially be formed and coexist in equilibrium with each other. This confers to the system a 

dynamic character, which could be determinant for the biological function, as already reported for 

c-MYC.[199]
PDGFα, PDGFβ and BCL-2 promoters contain also multiple overlapping G-quadruplex 

forming G-tracts. 

    Parallel-stranded structures with three tetrads are the most common folding topologies observed 

in G-rich sequences derived from the promoter sequences of human oncogenes (Table 5). They 

all feature a 1:n:1 loop arrangement, with 2 ≤ n ≤ 5 and propeller/double chain reversal being the 

most favourite loop geometry. However, structures with only two tetrads (c-MYB, PDB: 1MYQ) or 

four tetrads (PDGFα, model proposed on the basis of CD data and dimethyl sulfate footprinting) 

were also reported. There are also several examples of promoter G-quadruplex structures featured 

by different folding topologies, containing loop in geometries other than propeller and snapback 

motifs. Interestingly, the structure of c-kit1, reported both by NMR and X-ray crystallography (PDB: 

2O3M, 4WO2), presents a unique arrangement embedding an isolated non-G-tract guanine into a 

G-quartet. Moreover, a 3’-end snapback guanine has been reported to be involved in the formation 

of an external tetrad in the NMR structures determined for c-MYC by Phan et al. (PDB: 2A5P) and 

in the NMR-based model proposed for the G-quadruplex derived from the PDGFβ promoter 

region.[239] The (3+1) strand arrangement has been observed only in the promoters derived from 

h-TERT (PDB: 2KZD) and BCL-2 (PDB: 2KF8U). 

    Table 5 summarizes the structures available up to date for G-quadruplexes formed in promoter 

regions of oncogene.  
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Gene Sequence Ligand 
PDB 
code 

Method Topology 

BCL-2 d(GGGCGCGGGAGGAATTGGGCGGG) - 2F8U NMR 
(3+1), 
(p,l-long, l) 

B-raf d(GGGCGGGGAGGGGGAAGGGA) - 4H29 X-ray 
interlocked 
dimer, 
7 quartets 

c-MYC 

d(TGAGGGTGGIGAGGGTGGGGAAGG) - 2A5P NMR 
snapback motif 
(p, p, p,  
d-long) 

d(TGAGGGTGGGTAGGGTGGGTAA) - 1XAV NMR 
all parallel,  
(p, p, p) 

d(TAGGGAGGGTAGGGAGGGT) - 2LBY NMR 
all parallel, 
 (p, p, p) 

d(TGAGGGTGGTGAGGGTGGGGAAGG) Phen-DC3 2MGN NMR see 2A5P  
d(TGAGGGTGGGTAGGGTGGGTAA) quindoline 2L7V NMR see 1XAV 
d(GAGGGTGGIGAGGGTGGGGAAGG) TmPyP4 2A5R NMR see 2A5P 

h-TERT 
d(A GGGI A GGGG CT GGG A GGG C) - 2KZD NMR (3+1), (l, l, p) 

d(A IGGG AGGGI CT GGG A GGG C) - 2KZE NMR 
All parallel,  
(p, p, p) 

c-KIT 
(c-kit1) 

d( ) - 3QXR X-ray 

dimer, 
all parallel, 
snapback motif 
(p, p, l, l-long) 

d(AGGGAGGGCGCTGGGAGGAGGG) - 2O3M NMR 
all parallel, 
snapback motif 
(p, p, l, l-long) 

d(AGGGAGGGCGCTGGGAGGAGGG) - 4WO2 X-ray as 3QXR 

c-KIT 
(c-kit2) 

d(CGGGCGGGCACGAGGGAGGGT) - 2KQG NMR 
all parallel, 
(p, p-long, p) 

d(CGGGCGGGCGCGAGGGAGGGT) - 2KQH NMR 
all parallel 
(p, p-long, p) 

d(CGGGCGGGCGCGAGGGAGGGT) - 2KYO NMR 
interlocked 
dimer, 
all parallel 

d(CGGGCGGGCGCTAGGGAGGGT) - 2KYP NMR 
all parallel, 
(p, p-long, p) 

RET d(GGGGCGGGGCGGGGCGGGGT) - 2L88 NMR 
all parallel, 
(p, p, p) 

c-MYB d(GGAGGAGGAGGA) - 1MYQ NMR 
dimer, 
2-tetrad 

VEGF d(CGGGGCGGGCCTTGGGCGGGGT) - 2M27 NMR 
all parallel, 
(p, p-long, p) 

Table 5 Survey of the G-quadruplex structures from promoter regions of oncogenes, deposited in the Protein 
Data Bank up to January 2016. Mutations compared to the wild type sequence are highlighted in red. The 
guanine residues involved in the formation of the G-quartets are underlined in the sequence. The topology is 
described on the basis of the relative orientations of the strands (all parallel, 2+2 or 3+1) and the geometry of 
the loops encountered in direction 5’ to 3’ (l, d and p indicate lateral, diagonal and propeller loop, 
respectively). 

3.3 G-quadruplex structures in replication  

    Immunostaining of human cells showed a maximum number of foci during the S phase, 

consistent with replication-dependent formation of G-quadruplex structures.[152] Besnard et al.

showed that G-quadruplex-forming motifs are associated with the majority of replication origins 

and they speculated that G-quadruplex structures might favour duplex unwinding in negatively 

supercoiled DNA and facilitate the loading of origin recognition complex (ORC) and other 

replication factors.[245]  
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    During DNA replication, replicative helicases separate the two DNA strands and, while the 

leading strand is synthetized continuously, the synthesis of the lagging strand is discontinuous and 

lets the lagging strand transiently single-stranded. G-quadruplex structures can be formed, in 

particular on the lagging strand, stalling the replication machine (Figure 25).  

Figure 25 Putative biological roles of the G-quadruplex structures in replication, as proposed by Bochman et 
al.[188] depicted as cartoon scheme. DNA polymerase (DNAP) is indicated in light blue.   

    G-quadruplex structures must be resolved in order to allow the polymerase to use the DNA 

strand as template. In fact, many DNA helicases have been shown to bind and/or unwind 

G-quadruplex structures in vitro, including human helicases like WRN, BLM, FANCJ and PIF1, 

associated with genomic instability and increased cancer risk.[188] In cell lines from human patient 

affected by Fanconi anemia, the loss of G-quadruplex unwinding capability is correlated with 

genomic deletions overlapping regions with high G-quadruplex formation potential.[246] This study 

provides an important piece of evidence connectinghuman diseases to the loss of capability to 

unwind G-quadruplex. Furthermore Paeschke et al. suggested that the resolution of G-quadruplex 

structures by PIF1 helicase suppresses genome instability.[247]

3.4 G-quadruplexes at other locations 

    Minisatellites are tandem repeats of 10-100 nt motifs, often very unstable in human germlines. 

The subtelomeric minisatellite CEB1 is destabilized in meiosis[248]  and  the solution structure of a 

G-rich fragment deriveved from CEB1 has been characterized by NMR (PDB: 2MB4).[91]

G-quadruplex forming sequences have also been identified downstream of the TSS, in the first 

intron and on the non-template strand.[249] NMR structures of the G-rich sequences derived from 

the 5’-intron of the human CHL1 gene and from the first intron the N-MYC gene have been 

reported.[90,250]  

    Recent studies showed that there are a number of putative G-quadruplexes forming sequences 

in the mitochondrial DNA (mtDNA) and indeed G-quadruplex were detected in living cells using an 

engineered fluorescent carbazole ligand able to bind G-quadruplexes and accumulate selectively 

in mitochondria.[155]  

  



50 



G-quadruplex as novel anti-cancer target 

51 

4 G-quadruplex as novel anti-cancer target 

Figure 26 The six functional capabilities which are proposed to be hallmarks of cancer according to Weinberg 
and Hanahan. G-quadruplexes forming oncogenes and chromosomal regions associated to each of the six 
processes are listed. Adapted from References [194,251,252]. 

    Weinberg and Hanahan proposed that most of cancers are featured by six essential alterations 

in cell physiology and acquire during their development the same set of functional capabilities: 

self-sufficiency in growth signals, insensitivity to growth-inhibitory signals, evasion of apoptosis, 

tissue invasion and metastasis, limitless replicative potential and sustained angiogenesis.[251]

Interestingly, G-quadruplexes have been identified in genes and chromosomal regions that are 

represented in each of the six cancer hallmarks (Figure 26).[252]  

There is general interest in developing drugs able to target molecular processes that are more 

active in cancer than in normal cells.[253]  

    G-quadruplexes are structurally diverse and have unique molecular recognition features that 

make G-quadruplex binders suitable drugs with potentially high specificity for cancer cells. In fact, 

structural studies (see Chapter 2.3) revealed that the G-quadruplex architecture is highly 

heterogeneous due to diversity of loop geometries and strands orientation and, from a 

drug-development point of view, its globular fold makes it closer to a protein molecular receptor 

than the traditional target, the B-DNA from.  

    The B-DNA was historically the first target for many of the drugs that have been used in 

anti-cancer therapy. Alkylating agents, in particular inter-strand cross-linking agents like 

cisplatin[254] have been extensively used and have been proved to be potent and efficacious in 

treating patients affected by cancer. However, the clinical potential of these DNA-damaging agents 
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is weakened by their general cytotoxicity and non-specificity. In contrast to alkylating agents, 

anti-tumor antibiotics (e.g., doxorubicin,[255] a non-specific DNA intercalator that causes 

topoisomerase II inhibition) seem to have a modest selectivity for cancer cells over normal cells, 

most likely due to interaction with protein-DNA complexes. Code-reading drugs, able to selectively 

bind in a sequence-specific manner the major groove (e.g., triplex-forming oligonucleotides -TFOs-
[256] and peptide nucleic acids -PNAs[257]) or the minor groove (e.g., netropsin and distamycin)[258]

via donor-acceptor interactions and/or shape complementarity, have also been developed.  

    The discovery of G-quadruplex structures, with their polymorphisms, provided a novel class of 

molecular targets for DNA-interactive compounds and offered new opportunities for drug design.  

Up to date there is only one G-quadruplex ligand that has successfully entered the phase II of 

Clinical trials (Quarfloxin, CX-3543, see Chapter 6, Figure 42c).[207] However, the development of 

G-quadruplex ligands is considered a promising area in cancer therapeutics, especially as part of a 

rational synergistic anti-cancer strategy.[259]  “Synthetic lethality” refers to the condition where, 

given two genes, mutation or chemical inhibition of either one gene alone is compatible with 

viability, while mutation of both genes is lethal.[260] This concept was exploited to develop 

cancer-specific cytotoxic agents that in combination generated an enhanced inhibitory effect. For 

example, synergistic interaction of telomestatin (see Chapter 6, Figure 42p) and WRN helicase

inhibitor caused 70% inhibition of cancer cell growth.[261]  Moreover, the pyridostatin (see Chapter 

6, Figure 42o) antiproliferative effect exhibited synergy with a DNA-dependent protein kinase 

(DNA-PKcs) inhibitor.[262] An important factor for an effective synergistic action seems to be the 

order of administration of the drugs.  

Furthermore, G-quadruplex ligands may be employed to target at the same time oncogenic and 

telomeric G-quadruplexes (dual targeting), which could result in additional therapeutic advantage. 

4.1 Targeting DNA G-quadruplexes with small molecules 

    The first therapeutic application of G-quadruplex binding ligands was the inhibition of the 

telomerase enzyme. This strategy was based on the observation that the telomerase enzyme is 

up-regulated in 85-90 % of all cancers, while its expression level is drastically reduced in healthy 

cells. Because of this level of specificity, targeting telomerase and telomeres maintenance is 

nowadays considered an attractive platform for anticancer drug discovery.[263–265] Some aspects 

regarding targeting G-quadruplexes as telomere-directed anticancer drug modality will be 

discussed in the following. An overview of small molecule G-quadruplex binders will be given in 

more detail in Chapter 6. 

    The initial idea underlying the G-quadruplex-mediated telomerase inhibition was to stabilize or to 

induce formation of G-quadruplex structures at the single stranded 3’-overhang of telomeres in 

order to prevent the access of telomerase to its substrate/primer. Indeed, already in 1991 it was 

shown that the telomerase activity is inhibited in vitro if the substrate contains pre-folded 

G-quadruplex structures.[266] The first G-quadruplex ligand able to inhibit effectively the telomerase 

enzyme was reported in 1997 by Neidle and Hurley laboratories.[267]
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    Initially the pharmaceutical industry and the academic world were sceptical about this novel 

strategy because of the time-lag expected for telomerase inhibition, assuming that telomeres need 

to be eroded down to a critical low point before any phenotypic effect occurs. It was argued that in 

contrast to conventional chemotherapeutic agents, small molecules that target G-quadruplexes in 

order to inhibit telomerase may not induce cytotoxicity immediately after administration. Knowing 

that about 100 nt per round of replication are lost, cells with a mean telomere length of 5 kb and a 

24 h cell doubling time would reach the critical telomere length at which the cell enters the 

senescence in 40-50 days.[263] However, subsequent studies showed that anti-tumor effects can 

occur much faster (after 10 days) and without telomere shortening.[268,269]

    It is now accepted that a G-quadruplex ligand binding to telomeric DNA competes with hPOT1 

and facilitates the uncapping of telomerase and hPOT1, initiating the DNA damage response 

mechanisms, which are fast and lead to senescence and apoptosis (Figure 27).[270] It has to be 

mentioned that recently published results from Balci and co-workers suggest that in vitro the 

formation of G-quadruplex at the 3’-single stranded telomeric overhang might contribute to favour 

the loading of the POT1-TPP1 proteins and suppress the binding of the replication protein A (RPA 

protein) which recognizes the single stranded DNA as a damaged site.[169]  

G-quadruplex binding ligands cannot be considered “simple” telomerase inhibitors, but telomere 

targeting agents acting with more than one mechanism and able to induce short-term and 

long-term responses.[271] As suggested in a recent review by Ohnmacht and Neidle, the expression 

“telomere targeting” should be used to indicate the behaviour of well-studied G-quadruplex binders 

like RHPS4[269] and BRACO-19[268] (see Chapter 6) that have been shown to bind and stabilize 

single-stranded telomeric overhang and to induce hPOT1 and hTERT uncapping, leading to a fast 

DNA damage response.[264]   



54 

Figure 27 Proposed anti-cancer mechanism of a G-quadruplex stabilizing ligand at telomeres. Adapted from 
Reference [263]. 

    Although capped with the sheltering complex (Figure 21) and possibly involved in more 

complex architectures (Figure 19), the 3’-overhang of telomeres is at least transiently 

single-stranded, enabling the formation of G-quadruplexes. On the other side, the sequences with 

high G-quadruplex forming potential are normally constrained in a duplex form. Lane and Chairs 

have estimated that the energy required to unwind a duplex of infinite length to form a bubble of 

22-26 nt is around 30 kcal/mol.[272] This raises the question of whether these structures can be 

actually formed in vivo and compete with the more stable double helix conformation. It is important 

to take into account possible stabilizing factors, such as proteins or ligands, cations, hydration and 

steric crowding.[273] It has been shown that the transcription induces in vivo negative supercoiling 

(under-twisting) behind the transcriptional machinery and positive supercoiling (over-twisting) in 

front. This induced supercoiling stress is not relieved by topoisomerase I or II,[274] and propagates 

towards the promoter, favouring the unwinding. Then the G-quadruplex can compensate for 

negative supercoiling.[275] The effect of negative supercoiling of the nuclease hypersensitive 

element NHE III1 of the c-MYC promoter has been investigated by Hurley and co-workers, who 

demonstrated that this region is highly dynamic and exists as a mixture of duplex, partially melted 

and other secondary structures.[34]  
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Figure 28 Cartoon scheme of the proposed model for activation/silencing of c-MYC.[204] Partially adapted 
from references [252,276].  

    The role of G-quadruplex in gene regulation has been extensively studied in the c-MYC

system.[276] Figure 28 summarizes the proposed mechanisms of c-MYC regulation via 

G-quadruplex structures that can be formed in the NHE III1 of the promoter region.  

As already discussed, the negative superhelicity plays an important role in formation of 

G-quadruplex structures and under negative superhelicity the c-MYC NHE III1, situated around 

130 nt upstream of the promoter region P1, has been shown to co-exist as duplex, partially melted 

and non-B-DNA secondary conformation (Figure 28).  

    The NHE III1 element is the binding substrate for several proteins. The transcription factor Sp1 

(orange code, Figure 28) can bind GC-rich double helical regions but it is not binding the c-MYC

promoter in quiescent cells. Sp1 binds the NHE III1 element after induction of c-MYC transcription 

by serum stimulation and acts as trans-activator. hnRNP K (heterogeneous nuclear ribonuclear 

protein K, light gray code, Figure 28) and CNBP (cellular nucleic acid binding protein, dark green 

code, Figure 28) have been shown to bind respectively to the C-rich and G-rich single-stranded 

region of the NHE III1 element and activate the transcription.[277,278] Nucleolin is a multifunctional 
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phosphoprotein that has been shown to selectively bind in vitro with high affinity and selectivity to 

the c-MYC G-quadruplex structure (green code, Figure 28). Overexpression of nucleolin results in 

a reduction of the activity of the c-MYC promoter.[279] When the c-MYC NHE III1 element is in its 

G-quadruplex/i-motif form, the substrate of Sp1, CNBP and hnRNP K is not accessible anymore 

and the transcription is silenced. In this model the G-quadruplex acts as a silencer element. 

Stabilization of the G-quadruplex form by nucleolin results in negative regulation of c-MYC

transcription.[279] An landmark paper by Hurley and co-workers showed that point mutations 

destabilizing the G-quadruplex resulted in an increased transcriptional activity, while G-quadruplex 

stabilizing compounds such as TMPyP4 (yellow star, Figure 28) down-regulate the c-MYC

expression.[280]

    Notably, the compound Quarfloxin, initially developed to inhibit c-MYC expression (see also 

Chapters 3.2 and 6), acts as inhibitor of the RNA polymerase I in the transcription of the human 

ribosomal RNA gene (rRNA), which is over-expressed in cancer cells. rRNA is GC-rich and several 

PQS regions have been identified in the coding strand. G-quadruplex structures in the coding 

strand are supposed to prevent the renaturation of the DNA and increase the transcription rate of 

RNA polymerase I. Moreover, the nucleolar protein nucleolin, which is essential for the ribosomal 

RNA (rRNA) synthesis, has nanomolar affinity for G-quadruplex structures and may contribute to 

increase the polymerase transcription rate stabilizing the rRNA gene G-quadruplexes. Drygin et al.

showed that Quarfloxin concentrates in the nucleolus and is able to disrupt the nucleolin/rRNA

G-quadruplex complex. This results in the selective inhibition of RNA polymerase I and 

suppression of the ribosome biogenesis, which is deregulated in cancer cells. Furthermore, the 

nucleolin is redistributed from the nucleolus to the nucleoplasm, mimicking stress conditions and 

leading to apoptosis.[207]

4.2 Occurrence and regulation by RNA G-quadruplexes  

    RNA G-quadruplexes and their biological role will be shortly discussed in this chapter (for further 

details, see review [281]). 

    Early reports on formation of RNA G-quadruplexes date back to the 1990s,[282] as well as the 

first studies establishing a connection between RNA G-quadruplexes and biological processes. 

Explicit evidence for the formation of RNA G-quadruplexes in cell has been recently provided in 

the Balasubramanian lab using G-quadruplex structure-specific antibodies.[283]  

Bioinformatics studies have shown that 5’- and 3’-untranslated regions of mRNAs are enriched in 

G-quadruplex-forming sequences, suggesting that these elements could be involved in RNA 

processing or translational control.[249,284] Furthermore, it has been recently shown that telomeres 

are not transcriptionally silent but they are transcribed into TERRA RNAs by the DNA-dependent 

RNA polymerase II and are supposed to be involved in chromatin remodelling and regulation of 

telomerase activity.[285–287] TERRA transcripts are composed of tandem repeats of r(UUAGGG) 
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with heterogeneous length (100 to 900-nt) and can fold into G-quadruplex structures (PDB: 2M18, 

2KBP, 3IBK, 3MIJ).[288–291]  

    Interestingly, while DNA G-quadruplexes seem to adopt a diversity of folding topologies, the 

currently available structures indicate that RNA G-quadruplexes prefer an all-parallel folding with 

propeller loops, irrespective of the flanking nucleotides and the experimental conditions.[292]  

    Biophysical studies proved that RNA G-quadruplexes are thermodynamically more stable than 

DNA G-quadruplexes[293] and the structural rationale for this stability has been proposed by Neidle 

and co-workers on the basis of X-ray data and molecular modelling.[290] The 2’-hydroxyl group 

interacts with phosphate as well as backbone oxygen atoms and with polar group from the bases. 

These interactions affect the hydration structure, reducing the number of structural water 

molecules and strengthening the hydrogen bonding network of the constrained water molecules. 

These extensive intramolecular contacts confer stability to the overall structure.  

Furthermore, on the basis of these additional hydrogen bonding options, targeting selectively RNA 

vs DNA G-quadruplex may be achieved with appropriate design of the ligand.[294]

    The role of 5’-UTR RNA G-quadruplex structures in translation regulation has been reviewed by 

Bugaut and Balasubramanian[281] and the two proposed mechanisms are summarized in Figure 

29.  

    It has been suggested that, in the context of the cap-dependent translation, the formation of 

G-quadruplex structures at the 5’-UTR can interfere with the formation of the pre-initiation 

ribosomal complex or interrupt the scanning mechanism (Figure 29a). In fact, G-quadruplex 

elements have been shown to act as translation repressors in several mRNAs.[295–297]  An 

alternative mechanism of translation initiation (cap-independent translation) uses internal 

ribosomal entry sites (IRES) and by-passes the 5’-cap. The IRES-mediated translation has been 

identified in several cellular mRNAs, such as the 5’-UTR of the human vascular endothelial growth 

factor (hVEGF). Basu and co-workers have recently reported that a G-quadruplex-forming element 

in the IRES domain of the 5’-UTR mRNA of hVEGF directly recruits the 40S ribosomal subunit and 

is essential for IRES-mediated translation (Figure 29b).[298,299] Therefore, RNA G-quadruplexes 

have no “universal 'translational suppressor' effect”.[300]

    According to the regulation mechanisms proposed above, targeting RNA G-quadruplexes at the 

5’-UTR with small molecules may allow to modulate the translation and, ultimately, to control gene 

expression. 

    However, in contrast to the number of studies reported until now on the DNA G-quadruplex 

interaction with ligands (see Chapter 6), there are only few reports on small molecules targeting 

RNA G-quadruplex and their mechanism of action is still elusive.[281]    
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Figure 29 Putative role of RNA G-quadruplex structures at 5’-UTR in a) cap-dependent and b) 
cap-independent translation. Adapted from references a) [281] and b) [298].  
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5 NMR of G-quadruplexes 

    Atomic-resolution structures of G-quadruplexes have been determined in the last two decades 

by means of X-ray crystallography and solution state NMR spectroscopy (Figure 30a). The 

increase in number of DNA G-quadruplex structures determined by NMR has been quite large, 

compared to the growth of the overall DNA structures determined by NMR (Figure 30b).  

    NMR provides information not only about the structure at atomic resolution in solution, but also 

allows to investigate the dynamics and the kinetics of the G-quadruplex and its interaction with 

proteins and ligands. NMR methods to investigate G-quadruplex structures have been reviewed by 

Webba da Silva[301] and, more recently, by Heddi and Phan.[302]

Figure 30 Number of DNA structures released in the PDB since 1990 a) containing only DNA in G-
quadruplex conformation (G4, query: ”quadruplex”) and determined by NMR (light blue) or by X-ray 
crystallography (blue), b) containing only DNA in G-quadruplex conformation (G4, query: ”quadruplex”, light 
blue), or only DNA in other conformations (green).  

5.1 Favouring a single G-quadruplex conformation 

    As discussed in Chapter 2.3, G-quadruplex polymorphism in solution is high and the presence 

of multiple conformations is revealed in a 1D 1H NMR spectrum by detecting a number of imino 

proton peaks exceeding the number of guanine residues involved in the formation of a single 

quadruplex. This complicates the analysis of the NMR spectra and the determination of high 

resolution NMR structure of G-quadruplexes. Hence, different strategies have been developed to 

favour a specific conformation and ultimately improve the quality of the spectra. The folding 

topology of a G-quadruplex can be controlled first of all by adjusting the nature and the 

concentration of the stabilizing cation and/or by varying the molecular crowding 

conditions.[114,125,137,303] Moreover, mutations at the 3’- and/or 5’-flanking sequences have been 

shown to shift the conformational equilibrium towards a single conformer. For example, the human 

telomeric sequence d[TTGGG(TTAGGG)3A] (Tel24) used in the kinetic studies (see Chapter 7) 

presents an A�T mutation at position 2 and a T�A mutation at position 24 compared to the 

human telomeric wild-type sequence. These two mutations guarantee the formation of a major 
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conformer (95% populated) suitable for NMR determination.[304] Mutations in the loop regions can 

also influence the relative populations of more conformers in equilibrium, as reported, e.g. for the 

structural determination of the major G-quadruplex formed in the sequences derived from the 

NHE III1 element in the promoter region of c-MYC (see Chapter 3.2).[198] Rational incorporation of 

chemically modified nucleotides (Figure 31) has been also extensively used to control the 

conformational equilibria of G-quadruplex in solution and decrease the structural polymorphism.[305]  

Figure 31 2’-deoxyguanosine modifications affecting the guanine moiety (gray box) or the deoxyribose moiety 
(yellow box). 

    In general, bulky substituents at position 8 tend to stabilize syn guanosine conformation. The 

influence of C8-substitutions on the Tel24 G-quadruplex overall stability has been systematically 

investigated by Lech et al.[306] 8-Br-substitutions on syn guanines result always in an increased 

thermal stability compared to the unmodified sequence. Furthermore, a bromine atom facing a 

wide groove has a stronger stabilizing effect than a bromine atom in a medium groove. In the latter 

case, the presence of a propeller loop bridging the groove contributes to reduce the stabilizing 

effect. Karsisiotis et al. have explained these effects in terms of steric hindrance and proposed that 

the general effect of an 8-Br-substitution is to prevent the formation of narrow grooves.[305] The 

effect of 8-oxo-substitution is more drastic, since it results in a non-planar 5-membered ring which 

impairs the G-quadruplex stability and possibly modifies its folding topology. Hartig and co-workers 

suggested that a combination of xanthine (X) and 8-oxo-guanine (O) in a complementary manner 

may favour the formation of a X�O�X�O tetrad which could be incorporated in a quadruplex with 

little loss of stability.[307] Phan and co-workers have recently shown how a rational incorporation of 

xanthine and 8-oxo-guanine can be used either to replace a G�G couple in a G-quartet without 

altering the overall folding[308] or to invert the G-quartet polarity.[84]

    Replacement of guanine with its analogue inosine has been used not only to influence the 

conformational equilibria, but also to facilitate the NMR assignment. For the same purposes, 

replacement of thymine with 6-Br-uracile has been employed in several NMR studies. 

    Modifications can be introduced also in the sugar moiety. 2�-deoxy-2�-fluoro-arabinoguanosine 

(2’-F-araG) has been shown to favour anti conformation of the glycosidic bond and replacement of 

anti 2’-deoxyguanosine with 2’-F-arabinoguanosine results in an increase of the G-quadruplex 
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stability.[309–311] It has been shown that 2’-F-arabinose adopts a south-east sugar pucker (see 

Figure 2),[312] therefore 2’-F-araG tends to adopt an anti conformation to avoid steric repulsion 

between the nucleobase and the β-fluorine. 2�-deoxy-2�-fluoro-guanosine (2’-F-r) modification is 

also well tolerated at anti positions, while it leads to perturbation of the folding topology when 

substituted at syn positions.[313] Interestingly, a selective replacement of syn guanine with the 

anti-favoring 2�-deoxy-2�-fluoro-guanosine (2’-F-r) can result in the inversion of the Hoogsteen 

hydrogen bonding polarity of a specific tetrad, without alteration of the overall G-quadruplex 

folding.[83] Locked nucleic acids (LNA) and unlocked nucleic acids (UNA) were also used as tool to 

manipulate G-quadruplex polymorphism. In LNA the O2’ is linked to the C4’ via a methylene bridge 

which locks the furanose ring in N-type conformation as usually observed in RNA. On the other 

hand, the sugar moiety in UNA residues is very flexible, due to the lack of the bond connecting C3’ 

and C4’. LNA substitutions at anti positions are generally stabilizing, while substitutions at syn

positions are disrupting the folding topology.[310] A combination of LNA and UNA substitutions has 

been used by Plavec and co-workers to favour the formation of one predominant conformation in 

the G-rich vascular endothelial growth factor (VEGF) aptamer.[314] NMR studies have shown that 

oligonucleotides composed only by LNA can form G-quadruplexes with all the sugarpuckers in 

C3’-endo[89,315] and recently, the first crystal structure of an all-LNA G-quadrupex has been 

reported.[316]

5.2 NMR parameters: chemical shifts and coupling

constants 

    The imino protons belonging to guanine residues involved in a G-quartet via Hoogsteen base 

pairing typically resonate between 10.5 and 12.2 ppm and they are clearly separated from the 

signals stemming from canonical Watson-Crick base pairing, clustered between 12 and 15 ppm. 

Furthermore, the imino proton signals originating from C+
�C symmetric base pair in the i-motif 

conformation are clustered around 15.5 ppm. A 1D 1H spectrum in water allows already 

determining whether the investigated oligonucleotide is forming a G-quadruplex and how many 

tetrads and/or different conformations are formed. The jump-return-echo water suppression 

scheme with an excitation maximum at around 11.5 ppm allows to detect imino signals with 

optimal sensitivity.[317] The number of imino proton signals detected between 10.5 and 12.2 ppm is 

indicative of the number of guanine residues involved in G-quadruplex formation and, 

consequently, of the number of tetrads composing the quadruplex. Additional canonical base pairs 

may be formed by the residues belonging to the loops and the flanking sequences constituting the 

capping structures. Further, the imino signals from these capping structures are usually shifted 

downfield compared to the imino signals from the G-tetrad moiety.  

    Figure 32 displays the imino region of the 1D 1H spectrum recorded after addition of the C-rich 

(green) complementary strand to a G-rich telomeric sequence pre-folded in G-quadruplex structure 

(black). The hybridization process is slow and allows to detect simultaneously 1) the G-quadruplex 

unfolding, 2) the i-motif formed by the C-rich sequence at acidic pH and 3) the nascent duplex, 
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product of the hybridization of the two complementary strands. Interestingly, there is no overlap 

between the imino signals arising from the three different structures.   

  

Figure 32 Imino region of 1D 1H spectrum recorded to monitor the hybridization of telomeric G-rich (black) 
and C-rich (green) complementary strands.   

    Hydrogen to deuterium exchange will result in the fast exchange of the imino protons located on 

the external tetrads, while protons belonging to the inner tetrads are more protected from 

exchange with solvent and are usually detectable at room temperature for several hours. In the 

presence of capping structures, even imino protons from the external tetrads can be detected after 

H-D exchange.  

    The 13C chemical shift gives also valuable information, allowing to distinguish in the aromatic 

region between H2 protons of adenine residues, resonating around 152 ppm, and the other 

aromatic protons (Figure 33). Greene et al. have systematically investigated the effect of the 

glycosidic torsion angle on the 13C and 15N chemical shifts of guanosine residues in bimolecular 

G-quadruplexes derived from telomeric sequences.13C chemical shifts of C8, C1’, C2’, C3’, and 

C4’ have been shown to be correlated to the glycosidic torsion angle χ.[83,318] Assignment of the 

guanine anomeric carbon C1’ and aromatic carbon C8 in the hybrid-1 G-quadruplex formed by the 

telomeric sequence Tel24 is indicated in Figure 33a-b. The C1’ and C8 carbons belonging to 

guanine residues in syn conformation (violet) are on average downfield shifted compared to the 

one observed for anti guanine residues (gray).  
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Figure 33 1H,13C-HSQC recorded on a natural abundance telomeric DNA (Tel24, 
d(TTGGGTTAGGGTTAGGGTTAGGA) sample 0.5 mM in 25 mM bis-tris buffer (pH 7.0) containing 70 mM 
KCl, 100% D2O, at 600 MHz, 298 K. Zoom on the a) C1’-H1’ and b) C8-H8 region with assignment of the 
guanine residues according to the numbering reported on the structure displayed in c). Anti guanines 
residues are colored in gray, while syn guanines are colored in violet.  

    Beyond providing through-bond connectivities necessary for the assignment, the J-couplings 

provide information on the torsion angles essential for structure determination. An overview of the 

coupling constants reported for the guanine nucleobase is displayed in Figure 34a, while Figure 

34b summarizes the homo- and heteronuclear 1J-couplings reported for the deoxyribose sugar and 

the JCP-couplings between the sugar and the phosphate backbone.   



64 

Figure 34 Overview of the coupling constants (Hz) for guanine base and deoxyribose. All the coupling 
constants in the guanine base (left) were determined on 5’-GMP by Ippel et al.

[319] 3J, 2J and 1J are 
respectively black, orange and cyan. The 1JCC in the sugar moiety (right) were determined for ribose, 
therefore are indicated in gray.  The 1JCH were determined by Ippel et al. on the deoxy moiety of the cyclic 
nucleotide r<pGp(dG)> with 83% N-type (C3’-endo) state populated.[319] The calculations by Voká�ová et al.
suggested however a different dependency of 1JC2’H2’ and 1JC2’H2’’ on the sugar pucker (1JC2’H2’ 132.4-137.2 Hz 
and 1JC2’H2’’ 123.7-135.2 Hz for C2’-endo, 1JC2’H2’ 124.7-128.5 Hz and 1JC2’H2’’ 133.0-140.7 Hz for 
C3’-endo).[320]  The 2JCP and 3JCP (gray) have been determined by Schwalbe et al. for RNA and GMP, 
respectively.[321]

    A detailed description of the J-couplings in nucleic acids can be found in the reviews by Ippel et 

al. and Wijmenga et al.[319,322] Selected examples of 3J couplings dependence on torsional angles 

are shown in Figure 35.  

Figure 35 a) Dependance of 3JC8H1’ and 3JC4H1’ couplings on the glyosidic torsional angle χ according to the 
Karplus equation parametrized by Ippel et al.[319] b) Dependance of 3JH5’P5, 

3JH5’’P5 and 3JC4’P5 on the torsional 
angle β according to the Karplus equation parametrized by Mooren et al.[323] c) Dependance of 3JH3’P3, 

3JC4’P3

and 3JC2’P3 on the torsional angle ε according to the Karplus equation parametrized by Mooren et al.[323] d) 
Dependence of 3JH1’H2’ on the torsional angle defined by H1’-C1’-C2’-H2’ (φ1’2’) according to the generalized 
Karplus equation proposed by Haasnoot et al.[324] The bserved ranges for the torsion angles are highlighted 
with gray boxes and the corresponding geometry descriptors (g+ = +60˚, g- = -60˚ and t = 180˚; syn, anti, south 
(S) and north (N) conformations are defined in Figure 2) are indicated with black labels.  
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5.3 Assignment strategies 

    Assignment of unlabelled DNA oligonucleotides relies mostly on the through-space NOE 

connectivities. The extreme conformational diversity of the G-quadruplex structures (see Chapter 

2.3) determines a broad range of NOE-observable 1H-1H distances (see Table 6 for comparison 

with A- and B-DNA duplexes). 

    The imino region of the NOESY spectrum is shown in Figure 36a while panel b displays as 

example all the imino-imino NOE contacts detected for residue G10: intra-tetrad connectivities (G4 

H1-G10 H1, 4.4 Å), sequential inter-tetrad connectivities (G11 H1-G10 H1, 3.8 Å) and non-

sequential, inter-tetrad connectivities (G17 H1-G10 H1, 2.9 Å). The imino-aromatic region Figure 

36e) contains valuable information about the folding topology (Figure 36c). In fact, the average 

distance between the aromatic proton H8 and the imino proton H1 belonging to adjacent guanines 

in the same G-tetrad is 5 Å, therefore H1-H8 interactions (red arrows, Figure 36d) are detectable 

in this region. Assignment of the intra-tetrad connectivities (Figure 36f) allows the complete 

determination of the folding topology. Furthermore, residues belonging to the loops or to the 

flanking regions that are stacking onto the external quartet may give intense cross-peaks in this 

region. For example, the stacking of adenine A20 onto the 5’-end tetrad can be inferred from the 

strong cross-peaks detectable between A20 H2 and all the guanine imino protons (Figure 36g). If 

the G-quadruplex forming oligonucleotide contains thymine residues, further information on the 

geometry of the capping structure can be obtained from the analysis of the imino-methyl region 

(Figure 36h). Figure 36i shows as example the NOE interaction detected between G5 H1 and the 

methyl group of residue T13. 

    Distance (Å)

A-DNA# B-DNA# G-quadruplex

G H1-G H1 Inter-strand 3.8 3.4 3.8 

Sequential 
4.3 3.4 4.4 (intra-tetrad) 

  2.9 (inter-tetrad) 
G H1’-G H8

Intra-residue 
anti 3.8  3.8 3.9 
syn n.d. n.d. 2.6 

Sequential 

5’-anti-anti-3’ 4.6  3.6 3.6 
5’-syn-anti-3’ n.d. n.d. 4.0 
5’-anti-syn-3’ n.d. n.d.         > 5.0 * 
5’-syn-syn-3’ n.d. n.d.         > 5.0  
3’-anti-anti-5’ > 5.0  > 5.0          > 5.0  
3’-anti-syn-5’ n.d. n.d. 3.4 
3’-syn-anti-5’ n.d. n.d. > 5.0 * 
3’-syn-syn-5’ n.d. n.d. 5.0 

Table 6 Imino-imino and anomeric-aromatic 1H-1H distances (Å) measured in regular A-DNA and B-DNA 
(#data from reference [325]. n.d.: not determined) and DNA G-quadruplex (data measured on the PDB 
structure 2GKU, with the exception* of the data for the 5’-anti-syn-3’ step, measured on the PDB structure 
143D).  
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Figure 36 Assignment of the imino region of the NOESY spectrum of 1 mM Tel24 in 25 mM Bis-Tris buffer at 
pH 7.0 containing 70 mM KCl in 90% H2O / 10% D2O, recorded at 600 MHz and 288 K. a) Imino-imino region 
with b) NOE contacts observed for residue G10 indicated on the NMR structure (PDB: 2KGU) determined by 
Phan and co-workers.[304] c) Scheme of the hybrid-1 conformation adopted by Tel24.[304] d) Scheme of a 
G-quartet with red arrows indicating the H8-H1 NOE interactions between adjacent guanines expected in the 
imino-aromatic region shown in panel e). f) Intra-tetrad H8-H1 interactions, with color code according to the 
labels in panel e). g)  NOE contacts between A20 H2 and the 5’-end tetrad observed in the imino-aromatic 
region (e). h) Imino-methyl region with NOE interaction detected between the methyl group of residue T13 
and the imino proton of residue G5 is indicated in panel i). 
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Figure 37 Scheme of the detectable aromatic-anomeric NOE connections (red arrows) according to the 
relative glycosidic torsion angle conformation of two successive guanine residues. anti residues are 
represented in gray, while syn residues in magenta.
              

Figure 38 a) Assignment of the aromatic-anomeric region of the NOESY spectrum of 1 mM Tel24 in 25 mM 
Bis-Tris buffer at pH 7.0 containing 70 mM KCl in 90% H2O / 10% D2O, recorded at 600 MHz and 288 K. The 
H8(n)-H1’(n)-H8(n+1) sequential walk is indicated as example for G3-G4-G5 and G9-G10-G11 in yellow and 
cyan, respectively. b) Scheme of the hybrid-1 conformation adopted by Tel24[304] with anti and syn guanine 
residues represented in gray and magenta, respectively.  

    It is possible to trace the H8(n)-H1’(n)-H8(n+1) NOE sequential walk, usually employed for 

assignment of B-helix DNA and A-helix RNA, also for DNA G-quadruplexes. However, due to 

geometrical reasons, the sequential pathway is broken at the anti-syn step and at the syn-syn step 

a)
b)
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(Figure 37). Furthermore, at a syn-anti step the cross peak between H8(n) and H1’(n+1) is also 

detectable, resulting in a squared NOE path. The intra-residue H1’-H8 cross peak for residues in 

syn conformation is usually very strong (H1’-H8’ distance = 2.5-2.7 Å). The sequential connectivity 

in the loop regions may be lost, depending on the loop length and geometry. The assignment of 

the aromatic-anomeric region of Tel24 is shown in Figure 38a. As example, the sequential walk for 

the G-stretches G3-G4-G5 and G9-G10-G11 is indicated with full lines and the squared NOE 

connectivity pattern can be detected at the steps G3(syn)-G4(anti) and G9(syn)-G10(anti). 

    Similar NOE sequential walks can be traced in the H8-H2’/H2’’ region. 

    The sugar proton assignment can be confirmed/completed via experiments based on 

through-bond interactions, such as 2D 1H,1H-TOCSY, 1H,1H-2D DQF-COSY and 2D 1H,31P-

correlation spectroscopy.  

    The long-range 3JHC-couplings can be also exploited to correlate via the carbon C5 the imino 

and the aromatic proton belonging to the same guanine residue (see Figure 39 for scheme of the 

magnetization transfer). The 13C,1H-HMBC at natural abundance with jump-return water 

suppression developed by Phan has been widely used to cross-check the assignment of imino and 

aromatic protons in G-quadruplexes.[326]  

Figure 39 C5 region of the 13C,1H-HMBC recorded on a 2 mM Tel24 sample at natural abundance. 
J-couplings exploited for the long-range transfer are indicated on the guanine structure. Further experimental 
conditions: 25 mM Bis-Tris buffer at pH 7.0 containing 70 mM KCl in 90% H2O / 10% D2O, recorded at 
600 MHz and 298 K. The delay for the long-range magnetization transfer was set to 29 ms. 

    The assignment of a G-quadruplex can be facilitated if the sample is isotopically enriched. In 

particular, not all the through-bond correlations can be obtained at natural abundance. Thus, 

unambiguous assignment via site-specific labelling may be necessary in G-rich sequences that are 

intrinsically characterized by heavy overlap.  

    The intra-tetrad connectivities, which ultimately provide the folding topology, can be determined 

on a uniformly 15N-labelled sample using HNN-COSY experiments. The 2JNN scalar coupling 



NMR of G-quadruplexes 

69 

(6-8 Hz)[327] can be used to correlate N2 and N7 involved in the G-tetrad Hoogsteen base pairing. 

The N2-N7 correlation can be established via the amino hydrogen H2 or the aromatic proton 

H8.[328] This strategy has been applied by Phan et al. to determine the structure of the RNA 

G-quadruplex formed by the 36 nt-long aptamer binding to the fragile X mental retardation protein 

(FMRP).[329]

    While isotopically enriched RNA is routinely prepared in mg amounts via in vitro transcription 

using T7 polymerase,[330] comparably cost-effective methods for the synthesis of (large) 13C,15N 

labelled DNA are still missing. Enzymatic synthesis of isotopically labelled DNA has been 

introduced in 1995 by Zimmer and Crothers.[331,332] Later, an in vivo method, based on the 

amplification of plasmids in E. coli cells grown on labelled minimal medium, and an in vitro

PCR-based method were proposed by Louis et al. for preparation of isotopically labelled 

dsDNA.[333] A new method employing self-primed PCR with asymmetric endonuclease digestion 

has been recently developed by Nelissen et al. for preparation of isotopically labelled ssDNA.[334]

However, chemical synthesis remains the most versatile method to produce labelled DNA and it 

allows to obtain uniformly or site-specifically labelled material with a variety of labelling 

schemes.[335] The main drawback of this strategy is the high cost of the isotopically labelled 

phosphoramidites. NOE-based assignment of G-quadruplexes can be ambiguous due to the 

overlap of the signals and to the fact that imino-imino inter-tetrad cross-peaks may arise from 

intra-strand sequential interactions or inter-strand interactions (Figure 36). 13C/15N site-specific 

labelling may be necessary for unambiguous assignment. A relatively affordable approach was 

introduced in 2002 by Phan and Patel, showing that diluting the labelled material (0.5 - 4.0% 

enrichment level in 2-4 mM DNA samples) allows unambiguous assignment.[336] For example, a 

1% 13C,15N enriched sample exhibits a 4-fold increase of 15N (abundance 1.37%) and a 2-fold 

increase of 13C (abundance 2.1%) compared to the natural abundance (0.37% 15N and 1.1% 13C). 

Since then, the use of site-specifically labelled samples at low enrichment levels has become very 

popular and it is routinely used to unambiguously assign the guanine imino protons, the aromatic 

protons and the sugar protons.[120,217,329,337]  

    Isotope-filtered experiments allow to discriminate between protons bound to 12C/14N and protons 

bound to 13C/15N.[338]  Figure 40 summarizes the assignment strategy for residue G17 in Tel24 

sequence, which has been used in the folding kinetic experiments presented in Chapter 7. 
15N-filtered 1D 1H and 1H,13C-HSQC spectra recorded on a 150 µM DNA sample 13C,15N 

site-specifically labelled at position G17 (98% enrichment level) allowed to unambiguously assign 

H1 and H8 protons belonging to G17 in each conformation populated during the folding process.   
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Figure 40 Assignment of imino and aromatic proton of residue G17 (violet) of telomeric sequence Tel24 (a) in 
hybrid-1 (black schematic) and hybrid-2 (red schematic) conformation using DNA 13C,15N site-specifically 
labelled at positon 17 (violet; 98% isotopically enriched, 150 µM DNA). b) Bottom: overlay of the imino region 
of the 1D 1H spectrum (black) at the beginning of the folding kinetic, when the two conformations are equally 
populated, with the corresponding 15N-filtered spectrum (violet). Top: imino region of the 1D 1H spectrum at 
the end of the folding kinetic, when the hybrid-1 conformation is predominantly populated. c) Overlay of the 
aromatic region of 1H,13C-HSQC at different stages of the folding kinetics. The cyan spectrum was recorded 
on the 13C,15N sample labelled at position 17 before inducing the folding (only the unfolded state is populated) 
and the violet spectrum after inducing the folding (hybrid-1, hybrid-2 and unfolded states are populated). The 
gray spectrum was recorded on a sample at natural abundance after inducing the folding, while the black 
spectrum at the end of the kinetic. See Chapter 7.1 for further details. 

5.4  Binding and dynamics of cations studied by NMR

    The thermodynamics of cation binding as well as the dynamics of the cations movement within 

the channel can be investigated by NMR. 

    NMR was used to explain the selectivity of G-quadruplexes for K+
versus Na+. Analysis of the 1H 

chemical shift resulting from replacement of Na+ with K+ in the bimolecular quadruplex formed by 

[d(G3T4G3)]2 allowed to conclude that the preference for Na+ over K+ is driven by the difference in 

cation dehydration energy and not by the difference in coordination energy.[65]

DFT calculations showed that the 2JNN couplings correlating N2 and N7 are connected to the 

hydrogen bond geometry in the G-tetrad, i.e., to the hydrogen bond distances.[339] The 

dependence of 2JNN couplings on the temperature and nature of the stabilizing cation has been 

studied by Dingley et al. on the sequence [d(G4T4G4)]2, derived from Oxytricha nova telomeric 

DNA.
[66] The J-coupling analysis highlighted details that were not picked up by X-ray 

crystallography or NMR structures based on NOE restraints: for example, that the N2…H2…N7 at 

the 5’-end are the most thermolabile hydrogen bonds. 

    Heteronuclear liquid state NMR has also been employed to directly detect the metal ion binding. 

Hud et al. showed already in the late Nineties that 15NH4
+ is a valuable spin-½ probe for cation 

binding in solution state NMR.[340] In presence of 15NH4
+, the DNA sequence [d(G4T4G4)]2 forms a 

symmetric, diagonally looped, antiparallel dimeric quadruplex with four G-tetrads, i.e., the same 

folding topology as in a Na+-containing solution.[341] Three 15NH4
+ cations lodged between the 

G-tetrads were directly detected via 15N-filtered experiments and, in contrast with the X-ray 



NMR of G-quadruplexes 

71 

structure reported in presence of K+,[342] no 15NH4
+ were observed in the poly-thymine loops. Nz 

chemical exchange heteronuclear single-quantum coherence (NzEx-HSQC) experiments at 

different mixing times allowed to determine for the 15NH4
+ in the inner site a rate of exchange with 

the 15NH4
+ in the outer site of 4 s-1 at 283 K. More recently, Plavec and co-workers have used this 

approach to elucidate the mechanism of movement of cations in the quadruplex channel (see 

Chapter 2.1 for more details).[67–73] Although 15NH4
+ has been shown to be a valuable replacement 

of alkali ions in liquid NMR studies, it is important to keep in mind that ammonium ions are 

potential hydrogen donors and have specific pH requirements. 

    205Tl+ has also been used in solution state NMR as spin-½ probe for investigation of cation 

binding to G-quadruplexes.[51,343] 205Tl+ has a high natural abundance (70.5%), a relative sensitivity 

to proton of 0.13 and chemical properties similar to K+ (e.g., the ionic radius, see Table 1). Gill et 

al. have used 1H-205Tl scalar couplings and direct detection of 205Tl to localize Tl+ within the 

coordination sites and characterized Tl+-bound form of [d(G4T4G4)]2 (PDB code: 1K4X).[51]  

    While solution state NMR was well established for spin-½ probes, the investigation of 

quadrupolar nuclei such 23Na and 39K or 87Rb has been more challenging.   

    Early studies from Laszlo and co-workers reported the direct detection of dehydrated 23Na+

bound to guanosine self-assemblies.[44,45] Braunlin and co-workers proposed twenty years ago that 

the alkali metal cations 23Na and 39K bound to the G-quadruplex core result in an extreme line 

broadening that makes them “invisible” to solution-state NMR because of very rapid quadrupolar 

relaxation.[344] More recently, Wu and co-workers developed a new approach which allows 

obtaining high-resolution spectra of quadrupolar nuclei.[345,346] In particular, they can directly detect 

three classes of cations: unspecifically bound to the phosphate backbone, specifically bound to the 

G-quadruplex channel and bound to the loop regions. 

    It has to be mentioned that solid state NMR has been also employed to directly detect the 

cations bound to G-quadruplexes. Solid state 23Na NMR studies on G-quadruplex DNA were 

reported first by Griffin and co-workers and then by Wu and co-workers.[347,348] The binding of 

potassium cations to G-quadruplex structures was also directly detected by solid state 39K NMR, 

using a magnetic field of 19.5 T to overcome difficulties due to the low γ of 39K.[349] Furthermore, 
17O NMR spectroscopy was used to probe the interaction between cations and carbonyl groups 

involved in G-tetrad formation.[350]

5.5 Real-time NMR to monitor G-quadruplex folding 

    NMR is a powerful technique to investigate the dynamics of biomacromolecules at atomic 

resolution. Several experimental techniques covering different time scales are available nowadays 

to investigate the various molecular motions and the dynamic processes (see Figure 41a). More 

about NMR solution-state methods to characterize the dynamics of nucleic acids can be found in 

the review [351] by Al-Hashimi.  

    Real-time NMR is optimally suited to investigate processes that are occurring on a time scale 

longer than 1 s, such as folding and conformational transitions (Figure 41a, black).  
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The folding can be triggered by disturbing the chemical equilibrium directly in the spectrometer in 

several ways, e.g., illumination of photo-caged or photo-sensitive molecules,[352] rapid change of 

the temperature[353] or the sample composition (pH, concentration of cations or denaturing 

agents).[354]

    We have employed the latter approach to study the folding kinetics of telomeric G-quadruplex 

(Chapter 7.1), using the rapid mixing device shown in Figure 41b[355] which allows to trigger the 

folding by changing abruptly the K+ concentration in solution. An insert, connected to a pneumatic 

injection syringe situated outside the magnet, is placed inside a Shigemi NMR tube. With this 

set-up, 300 µL of unfolded DNA in a K+-free buffer can be mixed with 40 µL of KCl solution trapped 

between two air bubbles in the insert. The NMR tube serves as mixing chamber. The set-up is 

optimized to guarantee a homogeneous mixing of the solutions inside the tube. The dead time 

(1-2 s) is basically depending on the repetition delay and DNA concentration. After a single 

injection event a series of consecutively acquired 1D 1H NMR spectra is recorded as pseudo 2D 

experiment (Figure 41c). The kinetic information can be extracted by plotting the intensity of 

selected peaks as a function of time. 

    In case of high degree of overlap in the 1D 1H NMR spectrum, provided that the sample is 

labeled, a variety of fast NMR techniques can be used to monitor the kinetics of folding. However, 

the examples of fast real-time multidimensional NMR applied to nucleic acids are rare in the 

literature.[356] For an overview of the recent progress in this field, see the review [357] and 

references therein. 
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Figure 41 a) Time scales of the different molecular motions/dynamic processes and NMR methods available 
to investigate the dynamics on the different time scales. The processes that can be investigated with real-time 
NMR are colored in black. b) Scheme of the experimental setup for real-time NMR to monitor the folding of 
G-quadruplex with zoom on the rapid mixing device developed by Mok et al.

[355] c) The strategy used to 
monitor the folding kinetic of the telomeric sequence Tel24 (see Chapter 7.1 for the discussion of the details 
of the folding mechanism). A series of 1D 1H NMR spectra is recorded as pseudo-2D experiment after 
inducing the folding with the injection of KCl triggered by the pulse program. 
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6 G-quadruplex ligands 

    This chapter gives a short overview of the different classes of G-quadruplex ligands and their 

possible binding modes and discusses the effective biological relevance and drug-likeness of the 

G-quadruplex ligands developed until now.  Small molecules targeting G-quadruplex have been 

surveyed in many reviews with different perspectives by several groups.[264,358–361] An online 

database for G-quadruplex ligands (www.g4ldb.org) is also available and contains up to date over 

900 hits.[362]  

Structural features of G-quadruplex ligands 

    The classical features of a G-quadruplex ligand are an extended flat aromatic moiety able to 

form π−π interactions with a G-tetrad and the presence of positively charged groups able to bind 

the negatively charged backbone via electrostatic interactions.  

    The aromatic moiety should in theory be much larger than the one of a classical duplex 

intercalator (e.g., ethidium bromide, proflavine…) in order to increase the duplex/quadruplex 

selectivity and maximize the stacking interaction with the quartet surface. The positive charges 

may arise from in situ protonation of an amine group, via N-methylation of aza-aromatic groups or 

via metal complexation. Besides using the cationic nature criterion, G-quadruplex ligands can also 

be classified from a structural point of view in two groups: those featuring a polycyclic aromatic 

core and those containing not-fused hetero-aromatic compounds, which are frequently, but not 

always, embedded in polycyclic structures. A very popular approach adopted in the G-quadruplex 

ligands design is based on functionalizing the aromatic moiety with positively charged side 

chain(s), with the aim to “clamp” the quadruplex core. In this way the hydrophobic aromatic core is 

retained, and at the same time the protonated side arms enhance the water solubility. Although the 

principles guiding the design of most of the ligands reported until now assume a stacking binding 

mode to the G-quartet, a novel binding mode via groove interaction has been reported for 

distamycin.[363] The same binding mode to G-quadruplexes was observed for non-planar 

compounds without aromatic rings and for a neutral derivative of distamycin.[364,365]  

Figure 42 shows a selection of representative G-quadruplex binding ligands that have been 

reported to have a G-quadruplex-related biological activity. 

    The very early studies from the labs of Neidle and Hurley were focussed on 

amido-anthraquinone derivatives.[267] However, due to the low water solubility and scarce duplex 

vs quadruplex selectivity, the amido-anthraquinone core was gradually replaced with an acridine 

core. In particular the quadruplex/duplex affinity and the potency of telomerase inhibition of 

3,6,9-trisubstituted acridines (BRACO-19, Figure 42a) revealed to be much higher than for the 

corresponding 3,6-disubstituted acridines.[268,366] The crystal structure of BRACO-19 with the 

bimolecular telomeric quadruplex [d(TAGGGTTAGGGT)]2 (PDB: 3CE5)[367] indeed confirmed the 

rationale behind the ligand design. With the aim to increase the degree of π-π stacking with an 

external quartet, the acridine core has also been extended to generate RHPS4 (Figure 42b),[368]
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containing a pentacyclic moiety with a positive charge but without side-chains. Some details into 

the binding mode of RHPS4 to the tetrameric quadruplex [d(TTAGGGT)]4 have been elucidated by 

NMR (PDB: 1NZM).[369] Figure 42c shows the molecular structure of Quarfloxin (CX-3542), the 

only G-quadruplex targeting compound that up to date has progressed to Phase II clinical trials 

(ClinicalTrials.gov Identifier: NCT00780663, see also Chapter 4.1 for possible mechanism of 

action). The fluoroquinolone scaffold was known to have poisoning activity against topoisomerase 

II and bacterial gyrase. Hurley and co-workers developed a fluoroquinolone-based ligand with 

topoisomerase II activity and with G-quadruplex interaction capability.[370] The lead optimization 

process was then completed by Cylene Pharmaceuticals and produced the compound quarfloxin, 

without topoisomerase II activity and with higher quadruplex/duplex selectivity.  

    Natural compounds have also been reported to bind to the G-quadruplex with different 

efficiency. In particular, the isoquinoline alkaloid berberine (Figure 42d) has frequently been used 

as lead compound. The interaction studies of berberine and the structurally related alkaloid 

sanguinarine with G-quadruplex structures derived from human telomeres will be presented in 

Chapter 6.1. After the publication of this article, the crystal structure of berberine with a telomeric 

DNA G-quadruplex was reported (PDB: 3RSR, Table 7and Figure 42).[371] The natural alkaloid 

cryptolepine served as scaffold to develop the quindoline compound displayed in Figure 42e, 

which showed the ability to stabilize the c-MYC G-quadruplex and inhibit the c-MYC expression in 

cancer cells. The NMR structure of the c-MYC G-quadruplex with ligand e) has been solved by 

NMR by Yang and co-workers (PDB: 2L7V, Table 7 and Figure 43).  

    The naphthalene diimide moiety, known to bind to duplex DNA, was modified in Neidle’s group 

to obtain tri- and tetra-substituted analogues with improved selectivity for quadruplex over 

duplex.[372] On the basis of biophysical and biological data, the tetra-substituted derivatives were 

further developed and various derivatives differing in side chain length and nature of the functional 

groups were synthetized (Figure 42f-g) following a structure-based approach (Table 7 and Figure 

43).[373-375]  Interestingly, the large planar surface featuring perylene diimide derivatives (see as 

example the compound PIPER, Figure 42h)[376] does not guarantee better G-quadruplex over 

duplex selectivity but impairs the hydrosolubility of the compound. On the other side, the 

quadruplex selectivity of perylene diimide derivatives seems to increase under experimental 

conditions promoting ligand self-aggregation.[377]

    The groups of Mergny and Fichou reported on the use of bisquinolinium derivatives as scaffold 

for G-quadruplex ligands. In particular, the phenantholine analogue Phen-DC3 (Figure 42i) 

showed exceptional quadruplex/duplex selectivity and high capability of enhancing quadruplex 

thermal stability.[378] The aromatic surface of Phen-DC3 was designed to perfectly match the 

aromatic area of a G-quartet. In fact, the NMR structure of this ligand in complex with a 

unimolecular quadruplex (PDB: 2MGN, Table 7 and Figure 43) reveals an optimal overlap 

between the tetrad and the phenanthroline and quinolinium groups.[216]  

    Carbazole derivatives have also been shown to bind to G-quadruplexes. The fluorescent 

carbazole moiety was employed for the first time by Chang and coworkers more than one decade 

ago[379] and has been engineered to drive conformational transitions of G-quadruplexes[130] and to 
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visualize G-quadruplex structures formed at mitochondrial DNA in living cells.[155] Dash and 

co-workers have recently optimized the modular synthesis of various bis-triazolyl carbazole 

derivatives. The compound shown in Figure 42j revealed to be a fluorescent “light-up” probe for 

selective detection of c-MYC quadruplexes over duplex DNA in living cells, with potential ability to 

down-regulate the c-MYC expression in cancer cells. The details of the screening, the biological 

essays and the NMR characterization of the interaction with the c-MYC G-quadruplex will be 

presented in more detail in the research article in Chapter 6.2.  

    Despite their low quadruplex/duplex selectivity, the cationic meso-methylpyridinium-substituted 

porphyrin TMPyP4 and its metal complexes (Figure 42k-l) are amongst the most popular ligands 

used as a reference in the screening of G-quadruplex interacting compounds. Actually, the binding 

mode of TMPyP4 to G-quadruplexes is controversial. While the NMR structure of the cationic 

porphyrin TMPyP4 (Figure 42k) with the c-MYC quadruplex shows external stacking on G-tetrads 

(PDB: 2A5R, Table 7 and Figure 43), spectroscopic data suggest possible intercalation between 

the tetrads for the complex between TMPyP4 and G-wires.[380] Although the N-methyl 

mesoporphyrine IX (Figure 42m) binds to G-quadruplex with a weaker affinity compared to 

TMPyP4, it displays a much higher quadruplex/duplex selectivity and has been reported to 

recognize selectively parallel folding topologies.[381] A crystal structure of the ligand N-methyl 

mesoporphyrine IX (Figure 42m) with telomeric DNA has been recently reported (PDB: Table 7

and Figure 43).[382]

    Several metal-containing ligands have been shown to interact effectively with G-quadruplex 

DNA, but up to date, structural data are available only for the salphen-derivative (Figure 42n) in 

complex with Cu(II) (PDB: 3QSC) and Ni(II) (PDB: 3QSF).  

The compound Pyridostatin (Figure 42o) was synthetized in the Balasubramanian lab and is one 

of the most effective ligand reported until now for stabilizing the G-quadruplex melting temperature 

with a remarkable selectivity for quadruplex over duplex.[383]  It has also been shown to induce cell 

apoptosis via uncapping of POT1 and to induce DNA damage. The ligand pyridostatin has been 

employed in landmark studies to identify in the genome G-quadruplex structures.[152,283,384]  

    The natural compound telomestatin (Figure 42p) was isolated in 2001 from the bacterium 

Streptomyces anulatus and has a polycyclic, neutral scaffold which geometrically matches the 

G-tetrad surface.[385] Due to its neutral and cyclic nature, it is not able to interact with the DNA 

duplex. Furthermore, it is a very potent telomerase inhibitor, able to induce apoptosis of cancer 

cells in vitro and in vivo.[386] Despite its very promising structural and biological properties, 

telomestatin is barely soluble in water and difficult to prepare in large-scale. Many telomestatin 

analogues have been synthetized in order to circumvent at least the solubility problem. In 

particular, the macrocycle L2H2-6OTD, containing two lysine residues (Figure 42q), has been 

structurally characterized by NMR in complex with human telomeric quadruplex (PDB: 2MB3, 

Table 7 and Figure 43).  

    Based on the Template-Assembled Synthetic G-Quartet (TASQ) developed in Sherman’s group, 

several “nature-inspired” G-quadruplex ligands bearing guanine/guanosine units have been 

synthetized.[48,387,388]  
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    The dansyl-diguanosine derivative DDG (Figure 42r) was designed in the Dash lab with the aim 

to conjugate the biomimetic properties of guanosine units with the biocompatible fluorescent 

dansyl probe.[389]  

DDG can bind to the c-MYC G-quadruplex with high affinity and selectivity and shows an 

enhancement in fluorescence emission upon G-quadruplex binding, which makes it a potential 

biomarker for G-quadruplexes in living cells. Its binding mode to the c-MYC G-quadruplex has 

been investigated by NMR and the detailed characterization of DDG will be presented in Chapter 

6.3. The ligand DDG can also self-assemble into a G-quartet-based ionic channel that can be 

incorporated into phospholipid bilayers.[390]  

    Interesting examples of multitasking ligands have recently been reported by Monchaud and co-

workers. The ligand NaphthoTASQ (Figure 42s) features a naphthalene core linked to four 

guanine units. Upon interaction with a G-quadruplex, the naphthalene templates the self-assembly 

of the guanine units into a G-quartet, which is able to stack onto the G-quadruplex. The 

naphthalene fluorescence is quenched in the open form and restored in the G-quadruplex-bound, 

closed form. NaphthoTASQ is therefore a synthetic G-quartet-based “light-up” probe.[156]  



G-quadruplex ligands 

79 

Figure 42 Selected representative G-quadruplex ligands. If available, the common name of the compound is 
indicated in italic, and the PDB code of the structure with G-quadruplex is indicated in brackets.  



80 

Methods to investigate the interaction of G-quadruplex with ligands 

    The interaction of ligands with G-quadruplexes has been investigated using a variety of 

experimental techniques that have recently been reviewed by Murat et al.
[361]  

    Essentially, the results are strongly dependent on the experimental technique and on the 

experimental conditions: different laboratories using the same experimental conditions may 

produce different results. The absolute values of the ligand-induced stabilization of the 

G-quadruplex melting temperature reported in literature are extremely variable, as well as the 

binding affinities. Furthermore, the telomerase inhibition potency has frequently been measured 

using the telomerase repeat amplification protocol (TRAP), composed of a first step where 

telomerase elongates a substrate and a second PCR step to amplify the product of telomerase 

elongation. It is now accepted that the telIC50 values as determined by the standard TRAP assay 

are often overestimated due to the ligand-induced inhibition of the PCR step.[391] Therefore, 

although general trends can be identified, direct quantitative comparison of literature results is not 

always meaningful.  

    Furthermore, it may not be strictly correct to compare the FRET-derived data (melting 

temperatures and ligands effects on end-to-end distances) directly with the data derived from 

unlabelled DNA sequences by CD, NMR or UV studies, since the fluorescent labels may interact 

extensively with the G-quadruplex and perturb the G-quadruplex-ligand interaction.[392]

The amount of structural data, either from X-ray or NMR, on ligand-G-quadruplex complexes is still 

rather limited and therefore there are very few examples of structure-based rational design of 

G-quadruplex ligands (such as the series of naphthalene diimide derivatives developed in Neidle’s 

lab[372–374,393]).  

    The ligand-G-quadruplex complexes deposited in the PDB should be analyzed with caution, 

since there are many tetra- or bi-molecular quadruplexes present that do not possess any loop or 

somewhat “artificial” loops without physiological relevance. Therefore, only unimolecular 

quadruplex structures will be considered in the following discussion (Table 7 and Figure 43). 

Moreover, as discussed in Chapter 2.3, the polymorphism which features the G-quadruplex 

structures in solution is drastically reduced in crystals. All the crystal structures of telomeric DNA

reported up to date are characterized by an all-parallel topology with propeller loops, while in 

solution this topology has only been observed in presence of polyethylene glycol (see Chapter 

2.4). The structural data reported for G-quadruplexes in gene promoter regions are mainly 

NMR-based and only one crystal structure for the c-KIT promoter gene has been reported until 

now. Interestingly, it is in agreement with the NMR structure (see Chapter 3.2), therefore the 

discrepancies between X-ray data and NMR data typically observed for telomeric quadruplexes

might not be a feature of quadruplexes derived from other genomic locations. This complicates the 

structure-based design process and suggests that the structural data reported in literature have to 

be evaluated critically.    

    On the basis of experimental X-ray, NMR and biophysical data, the most plausible binding mode 

is stacking on the external 3’- or 5’-end quartet (Figure 43), while intercalation between the 

quartets has never been observed. A survey of the crystal structures of human telomeric 
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quadruplex in complex with small ligands has recently been published by Neidle and 

co-workers.[394] All the analyzed structures have the same folding topology (all parallel) but 

the -TTA- propeller loops reveal a high degree of freedom. The loops can be classified in 12 

distinct conformational groups and the most commonly observed loops featured a so-called “TAT 

intercalation” motif, with the adenine base stacked on top of the 5’-thymine and the second 

thymine nearly stacked on the external face of the adenine. The Authors conclude that the 

structures of the loops  may be conserved in quadruplexes complexed with structurally similar 

ligands (e.g., naphthalene diimide derivatives). If possible, in silico docking methods should use as 

target a quadruplex structure from a complex with a structurally similar ligand.  

G4 type G4 topology Ligand [DNA]:[Lig.] Method 
PDB 
code 

Ref. 

telomeric 
All-parallel,  
propeller 

Berberine d) 1:4 X-ray 3R6R [371] 

c-MYC
All-parallel, 
 propeller 

Quindoline der. e) 1:2 NMR 2L7V [217] 

telomeric 
All-parallel, 
 propeller 

Naphth. diimide der. f) 1:1 X-ray 3SC8 [374] 

telomeric 
All-parallel,  
propeller 

Naphth. diimide der.  1:1 X-ray 3T5E [374] 

telomeric 
All-parallel,  
propeller 

Naphth. diimide der. g) 1:4 X-ray 3CDM [373] 

telomeric 
All-parallel,  
propeller 

Naphth. diimide der.  1:1 X-ray 3UYH [375] 

telomeric 
All-parallel, 
propeller 

Naphth. diimide der.  1:1 X-ray 4DA3 [375] 

telomeric 
All-parallel,  
propeller 

Naphth. diimide der.  1:1 X-ray 4DAQ [375] 

c-MYC
All-parallel,  
snapback  

Phen-DC3 i) 1:1 NMR 2MGN [216] 

c-MYC 
All-parallel,  
snapback  

TMPyP4 k) 1:1 NMR 2A5R [197] 

telomeric 
All-parallel,  
propeller 

Mesoporph. der. m) 1:1 X-ray 4FXM [395] 

telomeric Hybrid-1 Telomestatin der. q) 1:1 NMR 2MB3 [332] 

Table 7 NMR and X-ray structures of intramolecular G-quadruplex (G4) structures in complex with ligands 
deposited in the Protein Data Bank. The structures of the ligands are indicated in Figure 42 according to the 
letter code.  



82 

Figure 43 Experimentally determined interaction modes of different G-quadruplex ligands as reported until 
now by NMR or X-ray. A selection of structures from Table 7 is shown according to the following criteria: 1) in 
case of an asymmetric crystal unit with more quadruplexes, they are all shown only if there is a ligand 
stacking at the interface (3CDM), otherwise half unit is omitted (3SC8); 2) in case of structurally similar 
ligands (3UYH, 3SC8 and 3T5E), only one representative is shown. The ligands are shown in spheres 
representation (orange). The structures of the ligands are indicated in Figure 42 according to the letter code.  

    All the X-ray structures of telomeric quadruplexes reported in Figure 43, apart from the PDB 

structure 3CDM, were obtained using the sequence d[AGGG(TTAGGG)3] which possess only a 

5’-flanking adenine. The PDB structure 3CDM contains a 5’-TA flanking sequence. On the other 

side, all the reported NMR structures were obtained with sequences (telomeric and non-telomeric) 

containing more 5’- and 3’-flanking nucleotides able to form capping structures. Inspection of the 

NMR structures clearly shows that the 5’- and 3’-flanking segments play a major role in forming 

pockets able to accommodate the ligand. In particular, the complex of the c-MYC DNA with the 

quindoline derivative e) (PDB: 2L7V) is featured by an extensive rearrangement of the flanking 

nucleotides, that stack on top of the ligand and wrap it. 

PDB: 3R6R   Ligand d) X-ray PDB: 2L7V   Ligand e) NMR

PDB: 3SC8   Ligand f) X-ray PDB: 3CDM   Ligand g) X-ray

PDB: 2MGN   Ligand i) NMR PDB: 2A5R    Ligand k) NMR

PDB: 4FXM   Ligand m) X-ray PDB: 2MB3   Ligand q) NMR
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    Petraccone and co-workers suggested that targeting human telomeric quadruplex multimers 

could be a new route for drug design.[396] As discussed in Chapter 2.4, the 3’-end of the telomeres 

could form in vivo higher order architectures composed of more G-quadruplex units. Therefore, it 

would be sensible to test the ligand ability to bind not only to single G-qudruplex units, but also to 

G-quadruplex multimers. In fact, the binding ability to G-quadruplex multimers might be different 

and not predictable on the basis of the interaction data reported for the single units.  

Remarks on the drug-likeness of G-quadruplex ligands 

    Even if characterized by excellent quadruplex over duplex selectivity and high binding affinity, 

most of the G-quadruplex ligands presented above do not satisfy the four Lipinski criteria for 

orally-administered drugs (molecular weight< 500 Daltons, octanol-water partition coefficient < 5, 

number of hydrogen-bond donors < 5 and number of hydrogen-bond acceptors < 5) used in 

medicinal chemistry to predict the drug-likeness of a candidate lead compound. If a compound has 

physico-chemical properties that fall in these ranges, it is likely that its adsorption, distribution, 

metabolism and excretion (ADME) properties will be acceptable.  

    The presence of large aromatic surfaces and multiple cationic charges make the 

pharmacokinetic properties of a classical G-quadruplex ligand rather poor.[397]

Nevertheless, pre-clinical studies reported anti-cancer activity in vivo in xenograft cancer models 

for several G-quadruplex ligands (e.g., RHPS4, BRACO-19, TMPyP4, telomestatin, naphthalene 

diimide derivatives) therefore their cellular uptake must be efficient. However, it is not yet 

completely clear why G-quadruplex ligands show selectivity towards tumor cells lines: it may be 

due to differences in cell permeability or differences in composition of the shelterin complex 

between the normal and the cancer cells.  

    The potent anti-cancer activity of these small molecules in xenograft models suggests that it is 

worth to invest more effort in the development of G-quadruplex targeting compounds, even if they 

might be not optimal for oral administration.[264]

    The only G-quadruplex ligand that has entered the Clinical trials is quarfloxin (CX-3543) (see 

also the previous paragraphs and Chapter 4). It is now in phase II for patients with low to 

intermediate stage neuroendocrine carcinoma. Furthermore, several G-quadruplex ligands that did 

not proceed to clinical trials show synergistic effects with established anti-cancer drugs (e.g., a 

BRACO-19 derivative and cis-platinum) to inhibit the growth of cancer cells in vivo.[397]
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6.1 Research article:Spectroscopic, molecular modelling, 

and NMR-spectroscopic investigation of the binding 

mode of the natural alkaloids berberine and 

sanguinarine to human telomeric G-quadruplex DNA 

Bessi I., Bazzicalupi C., Richter C., Jonker H. R. A., Saxena K., Sissi C., Chioccioli M., Bianco S., 

Bilia A. R, Schwalbe H., Gratteri P. 

ACS Chemical Biology, 2012, 15; 7(6): 1109-19. 

    In this article, the binding ability of berberine and sanguinarine to human telomeric 

G-quadruplexes is discussed. The DNA-ligand interaction was studied using circular dichroism 

(CD), fluorescence, NMR spectroscopy and molecular modeling approaches.  Our results uncover 

a high stoichiometry of ligand binding as well as ligand self-association induced by the interaction 

with G-quadruplex DNA. 

NMR spectroscopy and molecular modelling were employed to gain insight into the binding modes 

of the two natural alkaloids with human telomeric DNA.  

    The NMR data were collected and analysed by the author of this thesis in the group of Prof. 

Schwalbe. Dr. Jonker performed the NMR-restrained docking of the ligand-quadruplex complexes. 

The fluorescence measurements and the CD measurements were performed in the group of Prof. 

Sissi (University of Padua, Italy) while the unrestrained docking was carried on in the group of 

Prof. Gratteri (University of Florence, Italy). The author of this thesis contributed to all the aspects 

of writing the manuscript. 

    No structural data on the complex between telomeric quadruplex and berberine or sanguinarine 

was available at the time this paper was written. A paper presenting the crystal structure of a 

human telomeric G-quadruplex with berberine was published in 2013 by Bazzicalupi et al. (PDB: 

3R6R, see also Chapter 6). 
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ABSTRACT: G-quadruplex structures can be formed at the single-stranded overhang
of telomeric DNA, and ligands able to stabilize this structure have recently been
identified as potential anticancer drugs. Among the potential G-quadruplex binders,
we have studied the binding ability of berberine and sanguinarine, two members of the
alkaloid family, an important class of natural products long known for medicinal
purpose. Our spectroscopic (CD, NMR, and fluorescence) studies and molecular
modeling approaches revealed binding modes at ligand−complex stoichiometries >1:1
and ligand self-association induced by DNA for the interactions of the natural alkaloids
berberine and sanguinarine with the human telomeric G-quadruplex DNA.

T elomeric DNA and its quadruplex structures are excep-
tional interesting targets for pharmaceutical interven-

tion.1−4 Telomeres represent non-coding DNAs located at the
end of eukaryotic chromosomes. In human and vertebrate cells
they are composed of TTAGGG repeats. The 3′-ends of
telomeres are single-stranded and in this form represent the
substrate of telomerase, a reverse transcriptase that maintains
telomere length homeostasis. Folding of single-stranded
telomeric DNA into a G-quadruplex structure prevents
hybridization with the telomerase RNA template. Inhibition
of telomerase and the related telomere shortening is suggested
as a therapeutic selective anticancer strategy. Indeed,
telomerase is overexpressed in 80−85% of cancer cells and
primary tumors but not in normal somatic cells.5 On the basis
of this evidence, low molecular weight ligands that bind and
induce telomeric G-quadruplexes are thus considered potential
anticancer drugs, due to their ability to inhibit the activity of the
telomerase enzyme resulting from a stabilization of the not
properly folded DNA substrate. A number of synthetic
compounds have been shown to either stabilize G-quadruplex
structures or promote their formation.5,6 In addition, natural
compounds are an important resource for the development of
novel drugs with antitumor activity (half of all anticancer drugs

internationally approved between 1940 and 2006 are of natural
origin). Several features of natural compounds make them very
attractive, such as the considerable variability in their chemical
structure, their wide availability from natural sources, the low
cost of their extraction processes, and most importantly, their
general low toxicity.7

Up to now, a number of studies have investigated the
interaction of G-quadruplexes with small natural com-
pounds.8−13 Those studies have mainly focused on the planar
isoquinoline alkaloid berberine (Scheme 1a) and its derivatives.
Additionally, due to its structural similarity to berberine, the
benzophenanthridine alkaloid sanguinarine (Scheme 1b) has
also been investigated as a potential ligand that is able to
promote G-quadruplex folding from human telomeric
sequences.11,14,15

These compounds with a π-delocalized system and a partial
positive charge were found to recognize G-quadruplex
structures confirming that they can represent lead structures
for further optimization.
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However, to date, structural data are rare, impairing a
comprehensive description of the DNA binding mode of these
alkaloids. This lack of structural data is likely due to the high
structural polymorphism of the human telomeric G-quadruplex
DNA in solution. Short human telomeric DNA sequences,
containing up to four TTAGGG repeats, are often used as
models for structural investigations of the telomere, but very
little is known about the biologically relevant fold of long
human telomeric DNA in vivo.16,17 Indeed, the G-quadruplex
fold depends on several factors, such as flanking nucleotides
and nature of stabilizing cation.18,19 In a Na+-containing
solution, the human telomeric DNA sequence AGGG-
[TTAGGG]3 (Tel22) assumes a unique structure, known as
basket-type (Scheme 1c),20 whereas in K+-containing solution,
a mixture of different conformations can coexist.18 On the other
hand, NMR spectroscopy showed that in the presence of K+,
the AAAGGG[TTAGGG]3AA (Tel26) sequence and the
TTAGGG[TTAGGG]3TT (wtTel26) sequence, derived from
Tel22 by addition of flanking nucleotides, are folded in unique
stable arrangements, the hybrid-1 and hybrid-2 topology
(Scheme 1d and e), respectively.21,22

In the present work, we report a comparison of the binding
mode of berberine and sanguinarine to human telomeric G-
quadruplex DNA adopting either basket- or hybrid-type fold.
The interaction of the two alkaloids with DNA has been
investigated by a variety of spectroscopic techniques (fluo-
rescence, CD, and NMR) and molecular modeling approaches.
Our investigations show that the natural alkaloids berberine and
sanguinarine interact with basket- and hybrid-type human
telomeric G-quadruplex DNA with a high stoichiometry as a
consequence of specific binding modes and additional ligand
self-association induced by DNA binding.

■ RESULTS

Investigation of the DNA Binding Modes by FRET
Melting Studies and CD Binding Studies. The natural
ligands L1 or L2 (Scheme 1) have been reported to interact
with DNA,10,11 and to clarify whether they can discriminate
between distinct DNA folds, we performed melting experi-
ments detected by fluorescence emission changes in a FRET

dye pair on a G-quadruplex forming a sequence resembling the
human telomeric sequence (4GGG) as well as on double-
stranded DNA (dsDNA) sequences of comparable length. A
schematic that shows the principle of the FRET/fluorescence
quenching experiment is reported in Supplementary Figure 1.
Under the applied experimental conditions (pH 7.4, in the
presence of either Na+ or K+), the ligands interacted with the
G-quadruplex DNA, as indicated by the observed increase of
the DNA melting temperature. Binding of L2 induced a larger
DNA melting thermal shift than L1. Ligand L2 exhibits a pH-
dependent equilibrium between a charged iminium form and a
neutral alkanolamine form (with a pKa of 7.4). Since only the
iminium form is known to bind strongly to B-form DNA, we
evaluated whether such an equilibrium can affect the DNA
recognition by L2 in conditions that are comparable to the
physiological one.23,24 Interestingly, a pH change from 7.0 up
to 8.0 did not alter the observed stabilization profile
(Supplementary Figure 2).
Both ligands induced only a very small increase in the

thermal stability of random dsDNA, when compared to 4GGG
(Figures 1 a and b). In particular, for the human telomeric
sequence, a higher ΔTm was observed for the K

+-stabilized G-
quadruplex conformations. The melting data showed that L2
induces larger effects on all tested sequences. On the contrary,
addition of unlabeled double-stranded DNA to the ligand-
bound form of 4GGG displaces preferentially L2 from the G-
quadruplex (Supplementary Table 1). Thus, L1 is the most
selective binder for the 4GGG telomeric sequence in K+-
containing buffer.
We additionally monitored the DNA−ligand interaction by

circular dichroism (CD) spectroscopy (Figure 1 c−f).
Comparable changes in the CD spectra were observed upon
addition of L1 or L2 to the human telomeric DNA sequence
(Tel22) in K+-containing buffer, suggesting a common binding
mode to this hybrid-type G-quadruplex fold.25 It is noteworthy
that in the presence of the telomeric basket-type fold (Na+-
containing buffer), L2 but not L1 caused relevant modifications
of the DNA CD spectrum. We cannot exclude that this could
be the result of a different binding mode of the two alkaloids on
this G-quadruplex structure; however, merged with the melting
experiments, it suggests a modest interaction of L1 with the
antiparallel basket-type telomeric G-quadruplex.

Equilibrium Binding Studies by Fluorescence. To
quantify the binding affinity of L2 toward DNA we performed
fluorescence titrations monitoring the fluorescence of the
ligand. Accordingly, we monitored L2 binding to the telomeric
G-quadruplex DNA (Tel22) folded in either Na+- or K+-
containing buffer (Supplementary Figure 3) as well as to calf
thymus DNA (ctDNA). Data relative to the interaction of L1
with Tel22 in K+-containing buffer were previously re-
ported,9,11,26 while in Na+-containing buffer, the lower binding
affinity of L1 to this basket-type fold does not allow a reliable
quantitative analysis. Under all conditions, addition of DNA
caused quenching of the drug fluorescence signal, which
allowed us to determine the binding affinity and the
stoichiometry of the complex (Table 1).
Although a preference for G-quadruplexes over ctDNA can

be inferred, no large modulation of the binding constant of L2
for different DNA targets was observed. This finding is in
agreement with the CD and fluorescence melting data, further
confirming the poor selectivity of this compound for a defined
DNA arrangement. It is noteworthy that under all of the tested

Scheme 1. Chemical Drawing of (a) Berberine (L1) and (b)
Sanguinarine (L2) and Folding Topologies of DNA
Telomeric G-Quadruplexes: (c) Basket, (d) Hybrid-1, and
(e) Hybrid-2
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conditions a binding stoichiometry higher than 1:1 was
detected.
Insights into the Structure of the Complex via NMR

Spectroscopy and Molecular Modeling. The NMR
experiments were planned in order to characterize the
interaction of berberine and sanguinarine with antiparallel
basket-type as well as hybrid-type folds, which were found to be
the prevalent conformations of intramolecular telomeric G-
quadruplexes in physiologically relevant conditions.17

The experimental conditions and the DNA sequences were
chosen to achieve optimal NMR results: the Tel22 sequence
was used in Na+-containing buffer while the Tel26 and wtTel26
sequences were used in K+-containing buffer. The human
telomeric Tel22 sequence AGGG[TTAGGG]3 in Na

+-contain-
ing solution forms a unique basket-type structure,20 while in the
presence of K+, an equilibrium is observed between more
hybrid-type structures that are energetically comparable, as
indicated by 1D 1H NMR spectra (Supplementary Figures 4
and 5). Simple modifications of the Tel22 sequence lead to a
single prevalent structure in K+-containing solution: the Tel26
sequence AAAGGG[TTAGGG]3AA and the wtTel26 sequence
TTAGGG[TTAGGG]3TT are folded into the so-called hybrid-
1 and hybrid-2 structures, respectively.21,22

The 1H resonances assignment of the ligands (Supplemen-
tary Figures 6−9 and Tables 2−3) is in accordance with data
reported in the literature.27,28 The proton resonance assign-
ment for the different DNA folds was performed on the basis of
the assignment as previously reported in literature.20−22 The 1H
NMR spectra of Tel22 with assignment of imino region and a
31P NMR proton decoupled spectrum of Tel22 with partial

Figure 1. (a, b) Variations of DNA (0.25 μM) melting temperature by increasing concentrations of L1 (a) or L2 (b) in 10 mM LiOH, pH 7.4 with
H3PO4, 50 mM KCl or NaCl, evaluated by fluorescence melting experiments. Error ±0.4 °C. (●) 4GGG in K+-containing buffer; (○) 4GGG in Na+

containing buffer; (▼) dsDNA in K+-containing buffer. (c−f) Circular dichroism spectra of Tel22 (4 μM) recorded in the presence of increasing L1
(c, d) or L2 (e, f) concentrations (0−50 μM) recorded in 10 mM Tris-HCl, pH 7.5 with 50 mM KCl (c, e) or 50 mM NaCl (d, f).

Table 1. Thermodynamic Parameters from Fluorometric
Titrations Performed in 10 mM Tris, pH 7.5 with Added 50
mM NaCl or KCl

target
DNA buffer Kb × 106 (M−1)

stoichiometry L2/
Tel22 n (bases)a

Tel22 K+ 9.14 ± 0.85 2.0 ± 0.1

Na+ 2.45 ± 0.21 6.0 ± 0.4

ctDNA K+ 1.76 ± 0.15 1.7 ± 0.2
aThe number of DNA residues involved in the interaction with a
single ligand molecule.
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assignment of nucleotides involved in the interaction are
included in Supplementary Figures 10−11.
To gain an insight into the binding modes between the

ligands and the DNA, NMR titrations of the selected different
G-quadruplexes with L1 and L2 were performed. Due to signal
overlap, the chemical shift perturbations (CSPs) of Tel26 and
wtTel26 could not accurately be monitored (NMR titration
data relative to the interaction of berberine with Tel26 and
wtTel26 is presented in Supplementary Figure 12), but

nevertheless, the broadening of some external G-quartet
imino signals can be clearly observed. Therefore, our NMR
studies mainly focused on the investigation of the interaction
between the ligands and the Tel22 in basket-type conformation.
The CSPs as function of the [ligand]:[DNA] ratio for imino

and aromatic proton resonances are displayed in Figure 2.
Imino proton signals that showed the most intense CSP

upon addition of L1 are G4, G8, G14-G15-G16, G20, and G22
(Figure 2a). Due to signal overlap in the aromatic region of

Figure 2. Chemical shift perturbation (CSP) as function of [ligand]:[DNA] molar ratio. (a) CSP of imino protons versus [L1]:[DNA]. (b) CSP of
imino protons versus [L2]:[DNA]. (c) CSP of aromatic protons versus [L1]:[DNA]. (d) CSP of aromatic protons versus [L2]:[DNA]. (a, c)
Titration of L1 up to a [L1]:[DNA] molar ratio equal to 0.6 because the most significant CSP were observed in this range of [L1]:[DNA].
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proton spectrum, not all of the aromatic proton chemical shifts
could be followed during the titration. G20 (H8) and T5 (H6)
are significantly perturbed as well (Figure 2c).
For L2, the most perturbed imino protons belong to the

groove defined by the adjacent G14-G15-G16 and G20-G21-
G22 stretches, suggesting that this side of Tel22 G-quadruplex
should be the one mainly involved in the interaction with L2
(Figure 2b). Among the monitored aromatic protons, A7 (H2,
H8) displays a continuous significant resonance shift, up to a
saturation level around a molar ratio [L2]:[Tel22] = 1.5; G16
(H8), T18 (H6), and G20 (H8) show relevant induced
chemical shifts as well (Figure 2d). For both ligands, an intense
broadening of A19 H2 signal can be observed during the
titration.
It is noteworthy that the range of chemical shift (cs) variation

due to addition of L1 is much larger than that observed upon
addition of L2. For example, imino proton of G20 at a ratio
ligand:DNA = 3:1 gives rise to a Δcs ≈ 15−20 Hz in presence
of L2, whereas in presence of L1 the same proton, under the
same conditions, is characterized by a Δcs ≈ 75 Hz. The extent
of the CSP may stem from different effects, such as the different
degree of aromaticity of the ligands and thus differences in the
induced aromatic ring shifts.
Figure 3 summarizes the chemical shift perturbation data

obtained by NMR titrations. On the basis of the 1H CSPs

mapping, the topology of the binding sites is similar for both
ligands.
In order to obtain further information concerning the

location of the binding sites, proton-decoupled 1D 31P NMR
spectra of Tel22 and the Tel22−ligand complexes were
recorded. 31P CSPs between the complex and DNA are
displayed in Figure 4a. Among the residues that could
unambiguously be monitored, phosphates 5 and 17 seem to
be most perturbed by L1, whereas in the Tel22:L2 complex,
residues 9 and 20 revealed the largest ligand-induced chemical
shift perturbation, in accordance with binding regions as
indicated by the 1H CSPs.

1H,1H-NOESY and 1H,13C-HSQC spectra were recorded on
the Tel22:L2 complex since its higher stability (compared to
the Tel22:L1) allowed for longer measurements needed to
obtain high quality 2D NMR spectra. 1H,1H-NOESY spectra of
the Tel22:L2 complex (Figure 4b) were recorded using
different mixing times (100, 300, and 500 ms). The region
connecting base aromatic protons with sugar H1′ protons
shows that the most shifting peaks involve residues A7, T18,
and G20, as already evidenced by NMR titration experiments.

Under the applied experimental conditions, no NOE cross
peaks between ligand and DNA were observed.
The overlay of the natural abundance 2D 1H,13C-HSQC

spectra of free Tel22 with Tel22:L2 complex (Figure 4 c)
revealed that the largest chemical shift involves H8−C8 of
adenine A1. Furthermore, no signal of the free ligand is
detected under the applied experimental conditions. Thus, in
order to determine chemical shift perturbations of the ligand
and which ligand atoms are mainly involved in the interaction
with the G-quadruplex, a titration of L2 upon addition of DNA
was performed (Figure 4d). Ligand signals become broader and
disappear already at [L2]:[Tel22] ratio of around 30.
Precipitation as a potential source for the disappearance of
ligand signals was not observed, even after weeks.

Molecular Modeling. Two different modeling approaches
were used in this work, a NMR-driven and an unrestrained
docking approach. Modeling of the adducts between the ligands
and the telomeric DNA in basket-type and hybrid-type
conformation was performed using unrestrained docking and
validated by NMR-driven docking of L1 and L2 with basket-
type DNA. This strategy was chosen because NMR titrations
provided unambiguous information only for the quadruplex in
basket-type conformation.

Unrestrained Docking: Basket Structure. For the basket-
type DNA, the unrestrained docking procedure pointed out
three and four interaction sites for L1 and L2, respectively
(Figure 5a and b). It is worth noting that two of these binding
sites coincide with those observed by NMR-driven docking
(orange and yellow color codes in Figure 5). In addition, the
A7 adenine residue moves from the original position occupied
in the unbound DNA structure and associates via H-bond with
A19, forming an additional platform available for CH...

π or π−π
interactions in the case of L1 and L2, respectively
(Supplementary Figure 13). The area of the basket-type
diagonal loop hosts another interaction site: L1 mainly interacts
with the A13 and additionally with G22 via CH...

π, while L2 is
involved in CH...

π interaction with A1 (blue molecules in Figure
5a and b. The results obtained for L2 are in agreement with the
2D 1H,13C-HSQC spectral data reported in Figure 4c. In the
case of L2, which features a higher stoichiometry ratio than L1,
a further localized binding site involves the G8-G9-G19 and
G2-G3-G4 stretches (green molecule in Figure 5b).

Unrestrained Docking: Hybrid Structure. An unrestrained
docking procedure was used to explore the behavior of both
ligands with hybrid-type DNA structures. The lowest energy
predicted structures for the ligand−DNA hybrid folding
adducts are shown in Figure 5c and d. In the case of L1, the
blue ligand is stacked on the 5′-end G-tetrad, interacting via
π−π stacking with the G10 and via CH...

π with G4 residues
(Supplementary Figure 14). This binding mode is in agreement
with the modeling simulation previously reported by Arora et
al.9 for the L1:G-quadruplex adduct in K+-containing solution
showing the L1 molecule stacked on an external G-quartet.
Furthermore, L1 can additionally achieve good π-stacking with
the G6 residues from the 3′-end G-tetrad and with A26 (orange
molecule in Figure 5c; also Supplementary Figure 14).
Moreover, a CH...

π interaction is observed with the methyl
group of the T7 residue. The results obtained in the case of the
complex formed between L2 and the hybrid-type structure are
shown in Figure 5d. As observed for the model of L1:DNA
hybrid conformation, two poses were found characterized by
about 15 kcal/mol energy gap, and in one of them L2 interacts
with the 5′-end G-tetrad of the hybrid G-quadruplex (orange

Figure 3. Ligands effect on Tel22 imino and aromatic proton chemical
shift derived from NMR titrations in Na+-containing solution.
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ligand in Figure 5d; also Supplementary Figure 15) and in the

other inserts in one lateral groove (yellow ligand in Figure 5d).

It is to be noted that the most stable calculated pose for this

adduct is the one placed in the groove (yellow molecule, Figure

5d), whereas the other, most likely due to the steric hindrance

of the N−CH3 group, mainly interacts with only one guanine

residue of the G-tetrad (orange molecule in Figure 5d).

NMR-Driven Docking. Restrained docking based on NMR
data of ligand molecules onto the basket-type G-quadruplex
DNA structure clearly indicates the presence of different
possible binding sites, in accordance with the hypothesis of
multiple binding sites having similar energy derived by
spectroscopic titrations. Since NMR titrations did not provide
atom specific ligand restraints (since the signals of the ligand
are directly lost at the beginning of the titration) and

Figure 4. (a) Top: 1D 1H-decoupled 31P NMR spectrum of Tel22:L1 = 1:1.5 complex 200 μM DNA in Na+-containing buffer, 90% H2O/10% D2O,
25 °C, 300 MHz (green) and 1D 1H-decoupled 31P NMR spectrum of Tel22:L2 = 1:2 complex 200 μM DNA in Na+-containing buffer, 90%H2O/
10% D2O, 25 °C, 300 MHz (red) overlaid with 1D

1H-decoupled 31P NMR spectrum of Tel22 370 μM in Na+-containing buffer, 100% D2O, 25 °C,
300 MHz (blue). Bottom: 31P CSPs due to the ligands are plotted as a function of the residue number N. (b) Overlay of 1H,1H-NOESY of the
complex (red, Tel22:L2 = 1:2, Tel22 1 mM, 25 °C, 950 MHz) with the DNA alone (blue, Tel22 370 μM, 25 °C, 600 MHz) in Na+-containing
buffer, 100% D2O. (c) Overlay of the

1H,13C-HSQC of the complex (red, Tel22:L2 = 1:2, Tel22 300 μM, 25 °C, 700 MHz) with the DNA alone
(blue, Tel22 1 mM, 25 °C, 700 MHz) in Na+-containing buffer, 10% D2O/90% H2O. (d) Titration of 200 μM L2 with Tel22 in Na+-containing
buffer 100% D2O, 37 °C, 700 MHz.
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consequently the docking calculations could not produce
structures with a unique ligand orientation, only the centroid
of each ligand molecule is displayed in Figure 5e and f. The
three observed binding sites are similar for both ligands: one
binding site is located close to residue A7 (orange centroids in
Figure 5e and f), another interaction site is located in the
groove defined by G14-G15-G16 and G20-G21-G22 stretches
(yellow centroids in Figure 5e and f), and the third binding site
(red centroids in Figure 5e and f) is situated either close to the
handles of the basket (residues G16-T17 and G4-G3) or
toward the G2-G3-G4/G14-G15-G16 groove residues, respec-
tively, for L1 and L2. Two binding sites predicted by
unrestrained docking are observed also by NMR-driven
docking (orange and yellow color codes in Figure 5).
Nevertheless, based on our spectroscopic studies, a higher
binding stoichoimetry in the formation of these adducts has to

be considered, which may not clearly be monitored by the
NMR titrations and which becomes far too ambiguous for
NMR-based multiple-ligand docking calculations. The ambi-
guity raises dramatically as either more binding sites or multiple
stacking of ligand molecules in one binding site would be
possible.

■ DISCUSSION

From spectroscopic titrations there is evidence for higher than
1:1 stoichiometry: up to 6 ligand molecules (n) bind to one
DNA molecule, depending on the experimental conditions. A
different behavior for the two investigated ligands was recently
reported that might likely be due to the use of different buffer
conditions.11 Fluorescence data revealed a higher stoichiometry
for the basket-type than for the hybrid-type folds (determined
in Na+- or K+-containing buffer, respectively). We propose that
the number of bound molecules determined by fluorescence
titration arises from the sum of different energetically similar
binding events. Under almost all tested conditions, the complex
stoichiometry did not correspond to a simple interaction mode
via π-stacking with the external G-tetrad, which would most
likely involve two ligand molecules per intramolecular telomeric
quadruplex. This is remarkably pronounced in the presence of
Na+ where experimental data can be satisfactorily fitted only
taking into account a large number of ligands per G-quadruplex
unit. A possible explanation might be the formation of
unselective interactions corresponding to an external drug
binding mode promoted by charge interaction. However, the
NMR titration results obtained in Na+-containing buffer
indicate a number of specific binding sites. The overall shape
of the 1D 31P NMR spectrum is maintained after adding ligand,
and only a limited set of residues is characterized by CSP in the
1D 1H spectrum, while the others remain clearly unperturbed.
In order to reconcile the experimental findings, we propose

the following hypothesis. The binding stoichiomtetry is the
result of two different concurring interaction processes: the first
involves a number of molecules (n) at least equal to the
number of binding sites (m) that specifically interact with the
G-quadruplex structure; the latter is the self-association of
ligand induced by DNA quadruplex binding and accounts for
the remaining interacting molecules (n − m).
Self-association of ligand induced by DNA binding is

supported by the fact that no signals of free/bound ligand in
complex were detected by NMR. In addition, during NMR
titration of L2 with Tel22 quadruplex, broadening of ligand
signals already occurs at a [ligand]:[DNA] ratio of 100:1
(Figure 4d).
It is noteworthy that a high binding stoichiometry to G-

quadruplex structures was previously also observed for
porphyrines and was attributed to self-association of the ligand,
after binding to G-quadruplex DNA.29 Most of the small
molecules that bind to DNA are planar aromatic compounds of
considerable hydrophobic character. Compounds with these
properties turn out to be good intercalators and/or minor
groove binders but also favor self-association in aqueous
solution.30 The extent of self-association is influenced in
particular by the ligand and DNA concentration and by several
other factors, such as buffer ionic strength and pH. Therefore
this phenomenon cannot be ignored especially when the
experimental technique (such as NMR) requires a relatively
high concentration.
The binding stoichiometry analysis revealed that the DNA-

promoted self-association of L2 is much lower in K+-containing

Figure 5. Docking results. Unrestrained-docking poses within 15 kcal/
mol from the lowest in energy, obtained for the adducts between L1
and basket-type G-quadruplex DNA (a) and L2 and basket-type G-
quadruplex DNA (b). Unrestrained-docking poses within 15 kcal/mol
from the lowest in energy, obtained for the adducts between L1 and
hybrid-1 type DNA (c) and L2 and hybrid-1 type DNA (d). Overlay of
the 50 low-energy representative NMR-driven docking models
obtained for the basket-type G-quadruplex DNA with three ligand
molecules of the Tel22:L1 complex (e) and the Tel22:L2 complex (f).
The ligands are represented as their centroid.
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buffer (hybrid-type G-quadruplex) than in Na+-containing
buffer (basket-type G-quadruplex). This fact could be explained
considering the ligand surface accessibility in the bound state:
in the basket-type at least one ligand is observed in an external
binding site (orange molecules nearby A7, Figure 5a and 5b),
whereas in the case of the complexes with hybrid-type, the
ligand surface is less available for further stacking.
The little structural data available frequently refer to a human

telomeric quadruplex in propeller-type conformation and
present the ligand stacking directly onto the external G-
quartets.31−33 According to our NMR data, we do not find
evidence that L1 and L2 stack directly onto the external G-
quartets of the basket-type G-quadruplex (Figure 5a and b).
The external G-tetrads in the Tel22 basket-type fold are

much more hidden when compared to propeller-type
conformation and therefore not so easily accessible for the
ligand molecules. Our model suggests that, for the basket-type
G-quadruplex fold, the loops and grooves play an important
role in ligand recognition.
For both ligands, a higher increase of the melting

temperature was observed for the hybrid-type (in K+-containg
buffer) than for the basket-type (in Na+-containing buffer) fold.
Beside the direct metal ion effect on DNA stability, this
behavior could reflect a preferred interaction. Ligand L2
appears to be more efficient and L1 more specific in
recognizing the different G-quadruplex structure folds. On the
basis of our structural results, we can hypothesize that the larger
effect on the quadruplex thermal stability observed in K+-
containing solution might be due to the different nature of the
binding interactions between ligand and different quadruplex
folds. Both L1 and L2 are able to externally stack onto the G-
tetrads only when complexed with hybrid-type G-quadruplex
structures, whereas for the basket-type structure they can only
interact with grooves and loops, mostly via π-stacking with the
aromatic moiety of a single base.
In summary, our detailed spectroscopic investigations

revealed high stoichiometry specific binding modes and
additional self-association for the interactions of the natural
alkaloids berberine and sanguinarine toward basket-type and
hybrid-type human telomeric G-quadruplex DNA. Binding
interactions are found to be influenced by several conditions.
The multivalent binding and the DNA-induced ligand self-
aggregation were not previously described for these ligands and
could be used in advanced pharmaceutical anticancer drug
research to design analogues with improved specificity to refine
the inhibition of the activity of the telomerase enzyme.

■ METHODS

Material. Berberine and sanguinarine, indicated as L1 and L2,
respectively, were purchased from Sigma-Aldrich Co. Ltd. (USA) and
used without further purification.
NMR experiments were performed using intramolecular G-

quadruplex formed by d[AG3(T2AG3)3] (Tel22), d[AAAGGG-
(TTAGGG)3AA] (Tel26), and d[TTAGGG(TTAGGG)3TT]
(wtTel26), which were purchased by Eurofins MWG Operon
(Ebersberg, Germany) as HPSF (High Purity Salt Free) purified
oligos and further purified via HPLC.
DNA thermal stability was measured by using the sequence 5′

Dabcyl-AG3(T2AG3)3T-FAM 3′ synthesized and purified by ATDBIO
(Southampton, U.K.) (4GGG) and the double-stranded fragment
(dsDNA) derived from the annealing of the 5′ FAM-GTGAGA-
TACCGACAGAAG and CTTCTGTCGGTATCTCAC- Dabcyl 3′

sequences purchased from Eurogentec (Belgium).

Calf thymus DNA (ctDNA) was purchased by Sigma-Aldrich
(USA) and used with no further purification.
For fluorescence melting experiments, fluorescence titrations and

CD measurements, DNA solutions in the required buffer were heated
at 95 °C for 5 min and left to cool at RT overnight. DNA samples used
for NMR measurements were prepared using a snap cool annealing
procedure in order to avoid the formation of multimers.

Fluorescence Quenching Assays. Fluorescence melting experi-
ments were performed in a Roche LightCycler, using an excitation
source at 488 nm. The changes in fluorescence emission were recorded
at 520 nm. Melting experiments were performed in a total volume of
20 μL containing 0.25 μM DNA and variable concentrations of tested
derivatives in 10 mM LiOH, pH 7.4 with H3PO4, and 50 mM KCl or
NaCl. Recordings were taken during a heating step from 30 to 95 °C
at 1 °C/min.

Tm values were determined from the first derivatives of the melting
profiles using the Roche LightCycler software. Each curve was
repeated at least three times, and errors were ±0.4 °C.

CD Measurements. Circular dichroism spectra from 200 to 350
nm were recorded at 25 °C using 1 cm path length quartz cells on a
Jasco J 810 spectropolarimeter equipped with a NESLAB temperature
controller.
CD spectra were recorded on samples containing 4 μM Tel22 and

increasing ligands concentrations in 10 mM Tris-HCl, 50 mM KCl or
50 mM NaCl, pH 7.5. The reported spectrum of each sample
represents the average of 3 scans. Observed ellipticities were converted
to mean residue ellipticity [θ] = deg × cm2

× dmol−1 (Mol. Ellip.).
Spectrofluorimetric Titration Experiments. Fluorometric titra-

tions were performed at 25 °C in 10 mM Tris-HCl, 50 mM KCl or
NaCl, pH 8, with a Perkin-Elmer LS30 fluorometer, equipped with a
Haake F3-C thermostat. Binding was followed by addition of
increasing amounts of DNA to a freshly prepared drug solution. To
avoid large systematic inaccuracies due to experimental errors, the
range of bound drug fractions utilized for calculations was 0.15−0.85.
All data were analyzed according to Scatchard equation. For ctDNA,
data were evaluated according to the equation of McGhee and Von
Hippel for non-cooperative ligand−lattice interactions:
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− −
−
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where r is the molar ratio of bound ligand to DNA, m is the free ligand
concentration, Kb is the intrinsic binding constant, and n is the
exclusion parameter.34

NMR Measurements. All NMR samples were referenced with 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) and prepared either in 25
mM Na-phosphate buffer containing 70 mM NaCl (pH = 7.0) or 25
mM K-phosphate buffer containing 70 mM KCl (pH = 7.0). All
samples were dissolved in either 90% H2O/10% D2O or 100% D2O.
D2O NMR samples were prepared by repeated freeze-drying and
dissolving in D2O (99.98% D).
The final NMR samples contained 0.015−1 mM DNA or 0.2−0.8

mM ligand in NMR buffer.
NMR spectra of ligands were recorded on Bruker 400 MHz

spectrometer at 25 °C. 1D 1H NMR employed water suppression
schemes using excitation sculpting with gradients,35 and 1H,1H-
ROESY36 (200 ms mixing time) and 1H,13C-HSQC37−39 experiments
were performed for the resonance assignment of the NMR signals of
L1 and L2.
NMR spectra of Tel22, Tel22:ligand complexes and NMR titrations

were recorded at 25 °C on Bruker 600, 700, 800, 900, and 950 MHz
spectrometers.

1H NMR spectra were recorded on DNA and DNA:ligand
complexes with gradient-assisted excitation sculpting for water
suppression35 or jump-return-Echo.40 1H,13C-HSQC37−39 and 2D
1H,1H-NOESY spectra with different water suppression schemes
(Watergate41,42 and excitation sculpting with gradients35) and different
mixing times (100, 300, and 500 ms) were recorded.
DNA was titrated at 25 °C with ligands up to an excess ratio equal

to 3.0 (DNA:ligand). Titration experiments were monitored by 1D 1H
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NMR spectra. 1D 31P NMR spectra were recorded at RT both on
Tel22 and Tel22:ligand complex samples on a Bruker 300 MHz
spectrometer.
All NMR data were collected, processed, and analyzed using the

software TopSpin 2.1 (Bruker) and Sparky 3.43 The NMR titration
curves were made using the software SigmaPlot 11.0.
Molecular Modeling. Unrestrained Docking. The binding

ability of L1 and L2 (iminium form) has been investigated
toward Tel22 basket-type (PDB code: 143D),20 Tel26 hybrid-1
(PDB code: 2HY9),21 and wtTel26 hybrid-2 (PDB code:
2JPZ),22 telomeric G-quadruplex structures. Both ligand
molecules have been built by the Build module of Maestro v.
8.5.44 Docking calculations were performed using Glide v.4.545

with the DNA structures kept fixed in their original
conformations throughout the docking procedures. Selected
poses of the ligand/target (both basket or hybrid fold
topologies) complexes were submitted to molecular dynamics
simulation for 10 ns in explicit solvent and the root-mean-
square deviation (rmsd) of the complexes was monitored versus
simulation time; 500 cycles of minimization in water implicit
solvent treatment (GB/SA) were then applied to all the stable
poses (MacroModel, OPLS2005).46

The atomic electrostatic charges of the ligands were calculated by
means of the RESP procedure,47 that is, fitting them to an electrostatic
potential calculated at the HF/6-31G* level of theory using the
Gaussian09 software.48 Then, general amber force fields (GAFF)
parameters were assigned to the ligands by the antechamber module
implemented in AMBER9 suite.49 Each complex was immersed in a
truncated octahedral box, whose edges were located 10 Å apart from
the closest atom of the DNA fragments and contained about 3500
water molecules. To maintain neutrality of the system, 18 Na+ and 22
K+ counterions were added to the solvent bulk of the basket-type and
of the hybrid-type G-quadruplex−water complexes, respectively. In the
case of the basket-type structure, two Na+ ions were placed along the
axis within the central core of the complex, whereas in the case of the
hybrid-type structures two K+ ions were placed along the axis within
the central core of the complex, midway between each G-tetrad. Before
starting the MD simulations, a minimization of the complexes was
performed by setting a convergence criterion on the gradient of 0.01
kcal mol−1 Å−1. Then, water shells and counterions were equilibrated
for 40 ps at 27 °C, and subsequently, 10 ns of MD simulations in
isothermal−isobaric ensemble were performed without any restraint
on each complex. The ff03 version of the AMBER force field was used
for the DNA fragments and the counterions,50 whereas the TIP3P
model51 was employed to explicitly represent water molecules. In the
production runs, the ligand−DNA fragments systems were simulated
under periodic boundary conditions. van der Waals and short-range
electrostatic interactions were estimated within a 10 Å cutoff, whereas
the long-range electrostatic interactions were assessed by using the
particle mesh Ewald method,52 with 1 Å charge grid spacing
interpolated by fourth-order B-spline and by setting the direct sum
tolerance to 10−5. Bonds involving hydrogen atoms were constrained
by using the SHAKE algorithm53 with a relative geometric tolerance
for coordinate resetting of 0.00001 Å. Berendsen’s coupling
algorithms54 were used to maintain constant temperature and pressure
with the same scaling factor for both solvent and solutes and with the
time constant for heat bath coupling maintained at 1.5 ps. The
pressure for the isothermal−isobaric ensemble was regulated by using
a pressure relaxation time of 1 ps in the Berendsen’s algorithm. The
simulations of the solvated complexes were performed using a
constant pressure of 1 atm and a constant temperature of 27 °C. A
time step of 2 fs was used in the simulations, which were carried out
with the AMBER9 program suite.49

NMR-Driven Docking. Modeling of the Tel22 basket in complex
with the ligands L1 or L2 was achieved using a high ambiguity driven
docking approach with the program HADDOCK 2.1.55,56 The
ambiguous interaction restraints (AIRs) were defined from NMR
titration experiments for the nucleotides that exhibited significant
chemical shift changes upon interaction with the ligand (see
Supplementary Tables 4 and 5).

Proton signals that show strong, medium, and weak chemical shift
perturbations were restrained to be within a distance of 4.0, 5.0, and
6.0 Å from the ligand(s), respectively. The docking calculations were
performed using the coordinates from the NMR structure bundle of
the free form DNA quadruplex (PDB code: 143D).20

The topology and parameter files for the ligand were manually
generated using initial suggestions from the PRODRG server.57

Furthermore, hydrogen bond restraints have been added (for all except
the ones between nucleotides A7-A19, G15-G21, G8-G20 and G20-
G16) to keep the secondary structure of the DNA intact during the
water refinement. Previous to the docking, arbitrary starting structures
were generated from the bundle of 6 DNA structures with up to 4
ligand molecules. In the first iteration, a rigid body docking was
performed (7680 structures) starting at 2000 K (500 steps) and
cooling down to 500 K (500 steps). Then, semiflexible docking
annealing stages were performed in which the semiflexible segments
were automatically defined by HADDOCK from 1000 to 50 K (1000
steps) with flexible side-chains at the interface followed by a final
annealing stage from 500 to 50 K (1000 steps) with a fully flexible
interface. The final lowest energy structures were further refined in
explicit water58 using the nucleic acid forcefield with OPLS charges
and Lennard-Jones nonbonded parameters.59−61 Initial results
obtained from docking of 1 and 2 ligand molecules were used to
fairly define the binding sites for docking with 3 ligand molecules. The
200 final water-refined docking results were analyzed and clustered
(the 3-ligand dockings of berberine and sanguinarine clustered well
within a treshold of 5.0 Å and 5.2 Å rmsd, repectively). The top-
ranked ensemble, according to the average interaction energy and
buried surface area, was accepted as the best representative of the
complex.
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6.2 Research article: A nucleus-imaging probe that 

selectively stabilizes a minor conformation of c-MYC

G-quadruplex and down-regulates c-MYC

transcription in human cancer cells 

Panda D., Debnath M., Mandal S., Bessi I., Schwalbe H., Dash J. 

Scientific Reports, 2015, 19; 5: 13183. 

    The effects of a fluorescent bis-triazolylcarbazole derivative (BTC-f) on the c-MYC expression 

and its potential application as nucleus imaging probe for G-quadruplexes are discussed in this 

article.  

    A series of bis-triazolylcarbazole derivatives (BTC) was prepared using a modular synthesis 

approach. The derivative BTC-f was found to bind to different promoter quadruplexes, with highest 

affinity for c-MYC and selectivity over duplex DNA. NMR titration of the c-MYC quadruplex with 

BTC-f revealed that the ligand is able to bind and stabilize a minor populated conformer via

conformational selection. The fluorescence enhancement detected upon binding to the promoter 

G-quadruplexes allowes BTC-f to be used as a selective "turn-on" probe for detection of 

quadruplex over duplex DNA in living cells. The ligand BTC-f was able to down-regulate the 

c-MYC expression and to induce apoptosis in cancer cells, possibly by stabilization of the c-MYC

G-quadruplex.   

    The design and the synthesis of the bis-triazolylcarbazole ligands, the FRET studies as well as 

all the biological essays were carried out in the group of Prof. Dash (IISER Kolkata, India). The 

author of this thesis performed the NMR titration experiments, analysed the data, contributed to 

elucidate the interaction mode of c-MYC quadruplex with BTC and wrote the corresponding 

paragraph in the article. 
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A Nucleus-Imaging Probe 

That Selectively Stabilizes a 

Minor Conformation of c-MYC 

G-quadruplex and Down-regulates 

c-MYC Transcription in Human 

Cancer Cells
Deepanjan Panda1, Manish Debnath1, Samir Mandal1, Irene Bessi2, Harald Schwalbe2 & 

Jyotirmayee Dash1

The c-MYC proto-oncogene is a regulator of fundamental cellular processes such as cell cycle 

progression and apoptosis. The development of novel c-MYC inhibitors that can act by targeting the 

c-MYC DNA G-quadruplex at the level of transcription would provide potential insight into structure-

based design of small molecules and lead to a promising arena for cancer therapy. Herein we 

c-MYC transcription, 

possibly by stabilizing the c-MYC G-quadruplex. These compounds are prepared using a facile and 

modular approach based on Cu(I) catalysed azide and alkyne cycloaddition. A carbazole ligand with 

carboxamide side chains is found to be microenvironment-sensitive and highly selective for “turn-on” 

detection of c-MYC

cellular nucleus in living cells. Interestingly, the ligand binds to c-MYC in an asymmetric fashion and 

selects the minor-populated conformer via conformational selection.

�e c-MYC oncogene is overexpressed in a broad spectrum of human malignancies and emerged as a 
potential therapeutic target for cancer treatment1. �e overexpression of c-MYC in hepatic cells is fre-
quently associated with the development of hepatocellular carcinoma2. Small molecule mediated inhibi-
tion of c-MYC imparts growth arrest in liver cancer cells and even down-regulates the human telomerase 
reverse transcriptase (hTERT) activity3,4. �erefore c-MYC is an attractive target in developing new thera-
pies for hepatocellular carcinoma. Transcription of c-MYC is primarily regulated by a 27 base guanine-rich 
sequence present within the nuclease hypersensitivity element III1 (NHE III1)5. �is sequence, located 
‒142 to ‒115 bp upstream of the P1 promoter of c-MYC oncogene, exists in equilibrium between tran-
scriptionally active forms (double helical and single stranded) and a silenced form, which is able to fold 
into a G-quadruplex structure6. �e 27-mer sequence responsible of c-MYC regulation contains "ve 
guanine runs and it has been shown that in K+-containing solution only the four consecutive 3′  G-runs 
are involved in the formation of the major G-quadruplex structure which causes the gene transcriptional 
silencing7–8. However, the major G-quadruplex formed under superhelicity conditions involves the four 
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consecutive 5′  G-runs9,10. Various G-quadruplex structures derived from di!erent G-rich tracts of the 
c-MYC regulatory element NHE III1 have been reported11–13. "e pioneering work of Siddiqui-Jain et 
al. showed that small molecules stabilizing the c-MYC G-quadruplex can reduce c-MYC transcription in 
cancer cells14. Since then, several classes of small molecules, which can bind and stabilize c-MYC quad-
ruplex have been developed15–27 and few of them have been structurally characterized in complex with 
c-MYC G-quadruplex by NMR12,24. However, only a few molecules, for example, cationic porphyrins20, 
quindolines21 and metal complexes25 have been taken forward to cellular system to exert their desired 
biological e!ect15. In most cases, either the ligand has been prepared using multistep syntheses with low 
overall yields making it not readily accessible or the mode of binding to the c-MYC quadruplex remain 
unknown. "erefore, it is important to devise easily synthesizable and cost-e!ective c-MYC stabilizers 
which can exhibit tailored antiproliferative activities in cancer cells.

Carbazole derivatives exhibit a wide range of pharamacological activities. A few carbazole derivatives 
have been reported to bind to h-TELO G-quadruplex27–28. Herein, we delineate a modular synthetic 
access to novel bis-triazolyl carbazole derivatives29 as potent “turn on” G-quadruplex probes, which bind 
to c-MYC quadruplex via conformational selection with the potential to down-regulate c-MYC transcrip-
tion in hepatocellular carcinoma cells.

Results
Modular synthesis of bis-triazolyl carbazole ligands. For the synthesis, we prepared a carbazole 
dialkyne 5 from the commercially available carbazole 1. "e iodination30 of 1 followed by N-alkylation 
with 3-dimethylaminopropylchloride (2) a!orded the diiodo compound 3. Sonogashira coupling of 3 
with 3-methyl butynol 4 followed by removal of the acetone group a!orded the dialkyne 5 in 90% over-
all yield for the two steps. Carbazole dialkyne 5 was treated with the azides 6a–g (see Supplementary 
Information) using catalytic CuSO4, sodium ascorbate in t-BuOH/H2O (3:1)31 under microwave condi-
tions at 70 °C for 4 h to give the corresponding bis-triazolylcarbazole derivatives BTC a-g in high yields 
(Fig. 1 and Supplementary Chart S1).

Bis-triazolylcarbazoles selectively stabilize G-quadruplex over duplex DNA. Förster Reson 
ance Energy Transfer (FRET) melting analysis32,33 was employed to determine the stabilization induced 
by carbazole derivatives (5 and BTC a–g) by measuring the change in melting temperature (∆ Tm) of 
the dual labeled (5′ -FAM and 3′ -TAMRA) G-rich oncogenic promoter sequences (c-MYC, c-KIT1 and 
c-KIT2) and a control ds DNA. Ligand BTC f containing the three terminal–NMe2 groups exhibited max-
imum stabilization for quadruplexes at a ligand concentration of 1 μM. However, the starting dialkyne-
carbazole 5 hardly altered the Tm values of the quadruplexes. Ligands BTC a-c lacked the two cationic 
side chains and displayed moderate G-quadruplex stabilization. When the two cationic side chains of 
the carbazole were substituted by two anionic –COOH groups (ligand BTC e), a diminished stabilization 
for the quadruplex sequences was observed. "ese observations collectively suggest that changing the 
end substituents of the carbazole ligands has a profound impact on G-quadruplex stabilization (Fig. 2a 
and Supplementary Table S1). FRET competitive experiments were performed to evaluate the selectivity 
of BTC f for G-quadruplex over duplex DNA (Fig. 2b). FRET melting of 200 nM dual labeled c-MYC, 
c-KIT1 and c-KIT2 quadruplexes were performed with 1 μM BTC f in the presence of di!erent concen-
trations of competitor ds DNA (0, 0.2, 1.0, 2.0, 20 μM). BTC f appeared to be highly selective towards the 
quadruplexes by maintaining high ∆ Tm values for the quadruplexes even in the presence of 10 mol equiv-
alent excess of ds DNA. At 100 mol equivalent excess of ds DNA, only a small change in ∆ Tm values for 
the quadruplexes was observed. "ese results indicate that ds DNA does not signi*cantly interfere with 
the binding of BTC f to the quadruplexes. Next, concentration-dependent FRET melting experiments of 
the promoter quadruplexes and ds DNA were performed. "e melting pro*les at various concentrations 
of BTC f demonstrate a dose-dependent increase in the values of ∆ Tm for the quadruplexes (Fig. 2c and 
Supplementary Table S2). Ligand BTC f showed the highest ∆ Tm for promoter gene quadruplexes that 
can be measured by this method. It showed a ∆ Tm value of 22.7 ±  1.4 K (i.e. a Tm of 93 °C) for c-MYC 
at 100 nM, 39.4 ±  2.5 K (i.e. a Tm of 93 °C) for c-KIT1 at 750 nM and 23.2 ±  1.6 K (i.e. a Tm of 93 °C) 
for c-KIT2 at 500 nM ligand concentrations. "ese results revealed that 5–7 fold higher concentrations 
of BTC f are required for the c-KIT1 and c-KIT2 to achieve maximum stabilization potential (∆ Tm) 
compared to the c-MYC quadruplex. To investigate whether BTC f could induce the formation of the 
G-quadruplex, FRET melting assay was performed in the absence of K+ ion. Interestingly, BTC f could 
stabilize G-quadruplex formation in the absence of any added K+ ion, pH 7.4 (Supplementary Fig. S1). 
Similar to the results of FRET melting in the presence of K+, lower concentrations (250 nM) of BTC f 
were required to obtain the highest ∆ Tm for c-MYC in the absence of K+. Higher concentrations of BTC 
f are required for achieving maximum ∆ Tm for the c-KIT1 (1 μM) and c-KIT2 (750 nM) quadruplexes. 
BTC f did not signi*cantly change the melting temperature of ds DNA even at higher concentrations.

BTC f as an environmentally sensitive “turn-on” probe for c-MYC G-quadruplex. "e binding 
characteristics of BTC f with the G-quadruplex forming sequences (c-MYC, c-KIT1 and c-KIT2) and 
duplex DNA (ds DNA) were investigated using +uorescence spectroscopy (Fig.  3 and Supplementary 
Fig. S2). "e emission spectra of BTC f displayed a maxima at 522 nm (quantum yield, Φ  =  0.054, abs, 
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λ max =
KCl. Upon titration with the promoter quadruplexes (0–6 equiv.), BTC f (1.0 μM) showed an increase 
in "uorescence (2–3.3 fold) along with a blue shi# (14–20 nm). $e degree of "uorescence enhancement 
was the highest for c-MYC (3.3 fold) compared to the c-KIT1 (2.0 fold) and c-KIT2 (2.0 fold) quadru-
plexes. $e blue shi# was the largest for the c-MYC (20 nm) compared to the c-KIT1 (15 nm) and c-KIT2 
(14 nm). Almost negligible "uorescence enhancement was observed (Fig. 3c) when BTC f was titrated 
with the ds DNA (0–6 equiv.). $e dissociation constants (KD) calculated from the "uorescence spectra 
were found to be in the low micromolar range (0.3–1.38 μM). Ligand BTC f shows a 5-fold selectiv-
ity for c-MYC with a KD value of (KD =  300 ±  15 nM), over c-KIT1 (KD =  1.38 ±  0.07 μM) and c-KIT2 
(KD =  1.37 ±  0.06 μM) quadruplexes. $ese results are consistent with the FRET melting data that BTC 
f shows selectivity for the c-MYC compared to the c-KIT1 and c-KIT2 quadruplexes. It is worth men-
tioning that BTC f exhibited a strong blue shi# of 25 nm with a 5.5 fold increase in "uorescence upon 
titration with the c-MYC in the absence of K+ (Fig. 3b).

Next, the binding behaviour of BTC c with the c-MYC quadruplex was investigated (Supplementary 
Fig. S3a-b). $e emission spectra of BTC c showed an emission maximum at 402 nm with a comparatively 
lower quantum yield (quantum yield, Φ  =  0.044, abs, λ max =  256, 342 nm) along with two weak shoulders, 

Figure 1. Modular synthesis of bis-triazolylcarbazole ligands (BTC).
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titration of BTC c (1 μM) was carried out with increasing concentration of the c-MYC (0–6equiv.), only a 
slight increase in "uorescence intensity was observed. #e di$erence in the "uorescence spectra between 
BTC c and BTC f may be attributed to the presence of an extended π -electron delocalization between the 
lone pair of electrons on triazole nitrogen atom of the donor and the acceptor carbonyl group in BTC 
f. #ese results indicate that BTC f is an e$ective light-up probe for the c-MYC quadruplex. In good 
agreement with the FRET melting results, BTC f that exhibited a higher stabilization potential showed 
several fold higher binding a%nity for the c-MYC (KD =  300 ±  15 nM) compared to BTC c (KD >  20 µ M).

In order to understand the observed blue shi& upon interaction of BTC f with quadruplexes, the e$ect 
of environment polarity was analysed by recording the emission spectra of BTC f in various solvent 
environments such as ethyl acetate, DMF, DMSO, ethanol, methanol and water (Supplementary Fig. S4a). 
#e observed emissions (λmax

em ) were plotted against Reichardt’s ET(30) polarity parameter34 (Supplementary 
Fig. S4b) to give a linear correlation (y =  4.03x +  267.3, r2 =  0.9292) over the range of the solvents. #e 
Stokes shi& (S) was calculated from the maximum wavelength (λ max) value of the excitation and emission 
spectra (Supplementary Table S4). Both λmax

em  and S values showed their strong dependence on the polar-
ity of the medium. We observed that the emission maximum of BTC f is blue-shi&ed from 522 to 410 nm 
and the "uorescence intensity is simultaneously enhanced as the solvent polarity decreases from water 
to ethylacetate. #ese observations suggest that the enhancement in the "uorescence intensity along with 

Figure 2. (a) FRET stabilization potential of carbazole derivatives 5 and BTC a-g (1.0 µ M) upon binding 

to c-MYC, c-KIT1 and c-KIT2 quadruplex, Tm (°C) for c-MYC =  (70.9 ±  1.2), c-KIT1 =  (53.0 ±  1.7), 

c-KIT2 =  (70.0 ±  1.4), ds DNA =  (61.2 ±  2.1). (b) FRET competition assay of BTC f (1.0 μM) for 

G-quadruplexes (200 nM) in the presence of duplex DNA (200 nM, 1.0 μM, 2.0 μM and 20.0 μM).  

(c) #ermal shi& pro+les for BTC f upon stabilizing to quadruplexes and duplex DNA; bu$er: 50 mM 

potassium cacodylate, pH 7.4.
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the blue-shi� in the emission spectra of the BTC f with the quadruplexes is a consequence of the prox-
imity of BTC f to the non-polar hydrophobic regions35 of the G-quadruplexes thereby manifesting the 
high a!nity of BTC f towards the G-quadruplex structures.

BTC acquires an induced CD signal upon interaction with c-MYC G-quadruplex. "e circular 
dichroism (CD) spectrum of c-MYC quadruplex sequence showed a positive peak at 260 nm and a neg-
ative peak around 240 nm, in the absence of K+, which is characteristic of a parallel conformation36–38 
(Supplementary Fig. S5). As potassium stabilizes G-quadruplex structure, the molar ellipticity of both 
positive and negative peaks of c-MYC was enhanced in K+ containing bu#er (Supplementary Fig. S5). 
"e incremental addition of BTC f to the c-MYC resulted in a slight decrease in the positive band at 
260 nm in the presence and absence of K+. "is suggests that BTC f binds to the parallel quadruplex 
structure of c-MYC and does not disrupt the structure. In addition, BTC f exhibited a positive induced 
circular dichroism (ICD) in the absorbing 290–350 nm range (centered at 322 nm) in the presence and 
absence of K+. It is worth mentioning that, no such ICD signal was detected upon binding of BTC f to 
c-KIT 1 and c-KIT 2 quadruplexes (Supplementary Fig. S5c-d), which indicates that BTC f can discrim-
inate between the promoter quadruplexes.

UV/Vis spectroscopy indicated that BTC f exhibits hypochromism upon addition of the c-MYC (0–0.4 
equiv.) and the peaks at 260–290 nm overlap with the c-MYC at higher concentration (Supplementary 
Fig. S6). "e observed hypochromism in UV spectra suggests strong stacking interaction between aro-
matic chromophores of BTC f with the G-quadruplex base pairs and indicates possible binding of these 
ligands into the nonpolar site of the c-MYC quadruplex. "e red shi�ed ICD band at 322 nm in CD spec-
tra may arise due to the binding of the optically inactive BTC f inside the asymmetric microenvironment 
of the c-MYC quadruplex39. CD spectroscopic analysis further reveals that BTC f bound c-MYC structure 
is similar in the presence and absence of K+.

Bis-triazolylcarbazoles selectively bind to a minor conformation of c-MYC quadruplex. NMR 
titrations show that the ligand BTC f is strongly interacting with the c-MYC sequence, as suggested 

Figure 3. Fluorimetric titration spectra of BTC f (1.0 μM) with (0–6 eq) of (a) c-MYC

bu#er at pH 7.4 containing 100 mM KCl, (b) c-MYC

additional KCl and (c) ds DNA  

(d) Fluorescence intensity pro%les of BTC f (1.0 µ M) upon step-wise addition of quadruplex sequences  
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by the signi�cant changes of the imino pattern pro�le upon addition of the ligand (Fig.  4). Figure  4a 
shows that upon addition of BTC f, a set of minor peaks (already observable in the DNA free form and 
indicated with arrows) becomes more intense, while the chemical shi! and the line width of the imino 
protons of the major conformation are not perturbed. At a [ligand]:[DNA] molar ratio of 2, the inten-
sity of the peaks of the major conformation is reduced, compared to the intensity of the peaks of the 
ligand-bound conformation. We propose that BTC f binds to the c-MYC via conformational selection: 
out of an ensemble of DNA conformers in equilibrium with each other (major conformation-Fig. 4d and 
one or several minor conformations), the ligand selects the minor-populated conformer and binds to it 
in a speci�c manner. Interestingly, BTC f binds to the minor conformer, most likely a parallel stranded 
structure with di"erent capping structures13, and upon ligand binding, the equilibrium of the free form 
DNAmajor/DNAminor conformational equilibrium is accordingly shi!ed. Moreover, upon ligand addition 
we also observe the appearance of new signals in the imino region (e.g., at 10.5 ppm) suggesting that 
the ligand BTC f can induce conformational changes in the structure of the binding-competent minor 
conformation. #e proposed binding mechanism is summarized in Fig. 4c. #e major conformation (M) 
is not binding-competent and the binding-competent minor conformation (m) undergoes small confor-
mational changes upon ligand binding (m*Ligand). NMR titration of BTC f in the absence of KCl (Fig. 4b) 
shows that the ligand bound conformation of c-MYC resembles the one observed in the presence of 
100 mM KCl. #ese results support FRET melting, $uorescence and CD studies that BTC f can stabilize 
the c-MYC quadruplex in the absence and presence of potassium. NMR titration of c-MYC with ligand 
BTC c, which lacks the two cationic side chains showed line broadening with no signi�cant chemical 
shi! perturbation of the imino proton signals of the DNA major conformation (Supplementary Fig. S7a). 
Similar to the [BTC f]:[c-MYC] complex, upon addition of BTC c, a new set of peaks was observed, 
which corresponds to one or more minor conformers of the c-MYC quadruplex. #e NMR data suggest 
that these ligands interact with and stabilize a minor conformation of c-MYC quadruplex.

Bis-triazolyl carbazoles inhibit the growth of cancer cells. To characterize the activity in bio-
logical systems, the antiproliferative activities of this class of compounds BTC a–g were determined in 
human hepatocellular liver carcinoma HepG2 cells using MTT assays40 (Supplementary Fig. S8 and Table 
S5). #e results indicated that BTC f potently inhibits the growth of cancer cells at low micromolar con-
centrations with an IC50 value of ∼ 4.3 ±  0.69 μM. BTC c (IC50 =  11.38 ±  1.54 μM) displays a somewhat 
lower antiproliferative activity than BTC f. However, BTC d-e and BTC g do not show strong activity 
against HepG2 cells (Supplementary Table S5). We then evaluated the growth inhibitory activity of BTC 
f in two other human cancer cell lines such as breast carcinoma (MCF-7) and colon carcinoma (HCT 

Figure 4. Imino region of 100 μM c-MYC in the presence of BTC f at di"erent [ligand]:[DNA] molar ratio, 

(a) in 25 mM Tris·HCl bu"er at pH 7.4 containing 100 mM KCl, 90% H2O/10% D2O (b) in 25 mM Tris·HCl 

bu"er at pH 7.4 without additional KCl, 90% H2O/10% D2O. Titrations were performed at 298 K, 600 MHz. 

Signals from the major conformation of c-MYC are labeled according to the numbering shown in panel (e), 

while signals from the binding-competent minor conformation are marked with arrows.  

(c) Scheme of the proposed binding mechanism with estimated population of each state. Major 

conformation, minor conformation in the free-form and minor conformation in the ligand-bound form 

are indicated with M, m and m*Ligand, respectively. Population of the states in the absence of the ligand was 

estimated from the ratio of the integrals of signals marked in the spectrum with #, while population of 

the states in presence of ligand was estimated at a [ligand]:[DNA] molar ratio of 1, from the ratio of the 

integrals of signals marked in the spectrum with #. (d) Folding of the major conformation (M) of c-MYC 

determined by Ambrus et al.[PDB code: 1XAV]13. (e) c-MYC sequence used for NMR binding titration.
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116), and a normal cell line (C2C12, mouse myoblast). BTC f exerts growth inhibition against human 
cancer cells, with IC50values of 6.8 ±  0.84 μM and 8.2 ±  1.2 μM for MCF 7 and HCT 116 cells respectively 
(Supplementary Fig. S8), but importantly it is less toxic to the model normal cell line (IC50 >  45 µ M for 
C2C12, data not shown). It is worth noting that the main core carbazoledialkyne 5 does not show cyto-
toxicity towards normal as well as cancer cells (data not shown). "ese results indicate that the triazole 
ring and the side chains contribute towards the antiproliferative activities of the carbazole derivatives 
in cancer cells. Among the cancers cells (HepG2, MCF-7 and HCT 116), BTC f is the most potent in 
HepG2 cells. It has been reported that the expression c-MYC gene is elevated in liver carcinoma HepG2 
cells compared to the normal human liver cells2. Biophysical analysis suggested that BTC f shows high 
speci#city for the c-MYC G-quadruplex over duplex DNA. "is encouraged us to evaluate the molecular 
mechanism underlying the anti-proliferative e$ect of BTC f in HepG2 cells. For a comparison, the e$ect 
of the less potent c-MYC quadruplex binding ligand BTC c with a reduced antiproliferative activity 
towards HepG2 cells was also investigated.

Bis-triazolylcarbazoles down-regulate c-MYC expression. Ligands BTC c and BTC f were eval-
uated for their e$ect on transcriptional regulation of c-MYC in HepG2 cells (Fig. 5a). Total mRNA was 
isolated from HepG2 cells a&er treatment with varying concentrations (1.0, 2.5 and 5.0 μM) of BTC c 
and BTC f for 24 h. "e level of c-MYC mRNA was quanti#ed using quantitative real-time polymerase 
chain reaction (qRT-PCR) and the gene expression was normalized relative to the expression of a con-
stitutively expressed house-keeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
Analysis of the qRT-PCR data revealed that both BTC c and BTC f are able to reduce the level of c-MYC 
mRNA in a dose dependent manner (Fig.  5b). At 5.0 µ M concentration, BTC f reduces the level of 
c-MYC mRNA by 75 ±  3% relative to the control. Compared to that, BTC c at 5.0 μM leads to a suppres-
sion of c-MYC mRNA level by 48 ±  3% of the control suggesting its relatively lower e*cacy than BTC f. 
"e GAPDH mRNA is equally expressed in control, BTC c and BTC f treated HepG2 cells, which con-
#rms that the reduction of mRNA level due to BTC c and BTC f is c-MYC gene-speci#c. To investigate 
that the observed reduction in c-MYC mRNA levels leads to an inhibition of MYC protein, we have 
employed western blotting using anti-MYC antibody (Fig.  5c,d). Protein levels were measured for the 
c-MYC and the housekeeping gene GAPDH in HepG2 cells a&er treatment with BTC c and BTC f for 
24 h at #nal concentrations of 1.0, 2.5 and 5.0 µ M. Both BTC c and BTC f exhibit reduced expression of 
MYC protein in a dose dependent manner compared to the untreated HepG2 cells (Fig. 5c,d), which is 
in good agreement with the qRT-PCR analysis data. "e densitometric analysis of the blots revealed that 
the decrease of MYC expression in cancer cells is in the range of 85 ±  3% and 52 ±  2% at 5.0 μM 

Figure 5. E!ect of BTC c and f on the expression of c-MYC protein in human cancer cells: (a) Schematic 

representation of ligand induced transcriptional down-regulation of c-MYC gene. (b) Determination of 

transcriptional regulation of c-MYC mRNA in the presence of increasing concentration of BTC c or BTC f  

in cancer cells by qRT-PCR. qRT-PCR was performed and quanti#ed by comparative threshold method 

using GAPDH as housekeeping gene. (c) Immunoreactive bands of MYC protein were analyzed by Western 

blot. (d) Densitometric analyses of immunoblots showing concentration dependent reduced level of MYC 

protein. Results are representative of #ve independent experiments with two replicates. "e data are shown 

as mean ±  SD. *P <  0.05, #P <  0.01, versus untreated cancer cells.
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concentration of BTC f and BTC c, respectively. !e concentration required for 50% inhibition in c-MYC 
expression ( )IC50

MYC  is approximately 2 μM for BTC f and 4.6 μM for BTC c. Almost negligible reduction 
in GAPDH expression was observed in both treated and untreated cells. Together these results suggest 
that the BTC ligands can reduce the expression of MYC protein in HepG2 cancer cells at mRNA and 
protein levels (Fig. 5a).

BTC f inhibits cell cycle progression and induces apoptosis. To determine whether BTC f 
mediated inhibition of HepG2 cell proliferation was associated with cell cycle arrest, we performed cell 
cycle analysis by propidiumiodide (PI) staining using $ow cytometer. Flow cytometry analysis of BTC f 
(1.0–5.0 μM) treated HepG2 cells showed an increase in the SubG1 population (2.7% to 32.7%) with 
the increasing concentration of BTC f (Fig. 6a). Interestingly, at lower concentrations of BTC f, the cell 
population in G2 phase was increased (18.2% to 24.8%), and as the concentration of BTC f is increased, 
both S and G2 phase populations were decreased (7.3% to 3.9% and 18.2% to 14.8%, respectively) with 
a subsequent increase in the population of SubG1 phase.

To gain insight into the mechanism by which BTC f induced cell death of HepG2 cells, $ow cytometry 
was employed to investigate the mode of cell death using Annexin-V and PI dual staining assay (Fig. 6b). 
HepG2 cells were incubated with BTC f (1.0–5.0 μM) for 24 h and the untreated cells were used as con-
trol. !e $ow cytometry analysis revealed that the apoptotic cell population was increased signi&cantly 
(0.2% to 59.9%) in a dose-dependent manner. However, the extent of necrotic death was only 1.9% 
under the experimental conditions. !is is in well agreement with the reduced activity of c-MYC in liver 
carcinoma cells a'er treatment with BTC f.

Figure 6. (a) Flow cytometric analysis of cell cycle parameters a'er incubation of BTC f (1.0–5.0 μM) in 

HepG2 cancer cells. P1, P2, P3 and P4 represent cell population at Sub G1, G0/G1, S and G2/M respectively. 

(b) Flow cytometric analysis of the mode of cancer cell death a'er treatment with BTC f (1.0–5.0 μM) in 

HepG2 cancer cells; Lower le' (Q3), lower right (Q4), upper right (Q2) and upper le' (Q1) quadrants 

indicate healthy cells, early, late apoptotic and necrotic cells, respectively. (c) Schematic representation of 

cell cycle arrest at Sub G1 phase by BTC f. (d) Confocal Microscope images (400 X magni&cation) showing 

localization of BTC f. All results are representative of three independent experiments with similar results.
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Confocal laser scanning microscopy 
(CLSM) was employed to examine the cellular localization of BTC f in living cells. HepG2 cells were 
treated with BTC f (5.0 μM) for 4 h and the CLSM images were taken, which clearly showed that the BTC 
f selectively stains the nucleus compared to the cytoplasm. "e merged image (Fig. 6d) establishes the 
localization of BTC f within the nucleus. "ese data suggest that BTC f is cell-permeable and binds to 
the cellular DNA. As BTC f shows higher a$nity towards the G-quadruplex over duplex DNA, its local-
ization in the nucleus area indicates that BTC f may induce apoptosis by stabilizing the G-quadruplex 
in HepG2 cells.

Discussion
A modular access to bis-triazolyl carbazole derivatives has been devised, where a simple carbazole 
dialkyne precursor 5 was prepared from the commercially available carbazole. "e carbazole dialkyne 5 
was treated with a variety of azides 6a-g using Cu(I) catalyzed azide-alkyne cycloaddition to preapre the 
corresponding bis-triazoloylcarbazole derivatives BTC a-g in high yields (Fig. 1). FRET melting analy-
sis (Fig. 2) revealed that the carbzoledialkyne 5 does not change the melting temperature of any of the 
three investigated promoter quadruplexes (c-MYC, c-KIT1 and c-KIT2) or the duplex DNA, while the 
bis-triazoloyl carbazole derivative BTC f with two carboxamide side chains exhibits high stabilization 
potential for the quadruplexes over the duplex DNA (Fig. 2 and Fig. 7). "e diamino bis-triazolylcarbazole 
BTC c displayed moderate stabilization for the G-quadruplex sequences. Competitive FRET-melting 
experiments (Fig. 2b) clearly showed that the presence of 100 mol equivalent excess ds DNA did not sig-
ni%cantly interfere with the stabilization of quadruplexes induced by the ligand BTC f, indicating its high 
selectivity for the quadruplexes over duplex DNA. FRET melting experiments at various concentrations 
of BTC f revealed that higher concentrations (5–7 fold) of BTC f are required to achieve the maximum 
stabilization potential (∆ Tm) for c-KIT1 and c-KIT2 quadruplexes compared to the c-MYC quadruplex. 
"ese results indicated that BTC f shows a preference for the c-MYC over the c-KIT1 and c-KIT2 quad-
ruplexes. BTC f can also stabilize the quadruplexes to attain the maximum stabilization potential in the 
absence of K+ ion. Despite showing high stabilization potential for the quadruplexes, BTC f did not 
exhibit any detectable stabilisation for the ds DNA.

Fluorescence studies showed that BTC f is a microenvironment-sensitive &uorescence “turn-on” sen-
sor that selectively detects the c-MYC quadruplex over the duplex DNA with an enhancement in the &u-
orescence intensity with a blue shi' (Fig. 3). However, the carbazole derivative BTC c in the presence of 
c-MYC neither triggered a signi%cant &uorescence “turn-on” response nor a blue shi'. "e di*erence in 
&uorescence properties between BTC c and BTC f may be attributed to the lack of extended π -electron 
delocalization in BTC c. In agreement with the FRET melting results, the &uorescence spectroscopy 
studies showed high speci%city of BTC f for the quadruplexes over duplex DNA, and in particular, BTC f 
showed a 5-fold preference for c-MYC (KD =  300 nM) over c-KIT1 and c-KIT2 promoter quadruplexes. 
Moreover, the confocal laser scanning microscopy (CLSM) shows that BTC f can be successfully applied 
to visualize the live-cell nucleus of HepG2 cells with high selectivity (Fig. 6).

Figure 7. Bis-triazolylcarbazole derivatives stabilize c-MYC G-quadruplex and inhibit c-MYC 

transcription.
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NMR and Circular Dichroism (CD) spectroscopic analyses were employed to gain insight into the 
structural basis for the recognition of BTC c and BTC f to c-MYC quadruplex. CD binding titrations 
revealed that the binding of BTC f to c-MYC gives rise to a CD signal (ICD peak) from the bound 
ligand (Supplementary Fig. S5a-b). No such ICD bands are observed upon interaction of BTC f with 
the c-KIT1 and c-KIT2 quadruplexes, which indicates that BTC f binds to the c-MYC in an asymmetric 
fashion. It has been reported that multiple conformations of 3′ - and 5′ -!anking capping structures of 
c-MYC quadruplex co-exist at equilibrium13. NMR analyses (Fig.  4) suggested that BTC f selects and 
binds speci#cally to one of these minor conformations of the c-MYC via conformational selection. $e  
[BTC f]:[c-MYC] interaction process is similar with or without K+. $e binding of BTC f could also 
induce a conformational change in the binding-competent minor conformation of the c-MYC, which 
may be useful to speci#cally alter the biological function of the c-MYC.

Among the synthesized carbazole analogues, compound BTC f was found to be the most potent 
molecule that inhibited the growth of human hepatocellular liver carcinoma HepG2 cells (which highly 
expresses MYC) at a low micromolar concentration (IC50 =  4.3 ±  0.69 µ M) without a%ecting the normal 
mouse myoblast C2C12 cells. $e less potent quadruplex stabilizer BTC c also showed good antipro-
liferative activity with an IC50 value of 11.38 ±  1.54 µ M in HepG2 cells. It is worth mentioning that the 
starting carbazoledialkyne 5 neither stabilized the G-quadruplex DNA (FRET melting data) nor e%ec-
tively inhibited the growth of cancer cells (Fig. 7). Since BTC f exhibits high speci#city for the c-MYC 
quadruplex and the c-MYC gene is overexpressed in liver carcinoma HepG2 cells, the e%ect of BTC f 
and the less potent BTC c on transcriptional regulation c-MYC gene was studied in HepG2 cells (Fig. 5). 
BTC f was able to inhibit c-MYC expression in both transcriptional and translational level as suggested 
by qRT-PCR and Western blotting analysis (Fig.  5). Analysis of the cell cycle data revealed that cells 
were unable to transit from G1 phase to S phase with increasing concentration of BTC f. $e increase 
in concentration of BTC f triggered cell cycle arrest in SubG1 phase and subsequent apoptosis in cancer 
cells, probably by down-regulating c-MYC gene expression41–43 as suggested by qRT-PCR and Western 
blot analysis (Figs  5 and 6). Our results collectively suggest that the reduction in c-MYC expression is 
probably due to the binding of BTC f to the c-MYC promoter-quadruplex. However, the exact molecular 
mechanism of BTC f mediated c-MYC down-regulation44 is currently under investigation.

$is work highlights that a simple synthetic protocol can be devised to synthesize !uorescent 
bis-triazolylcarbazole derivatives, which can e%ectively inhibit c-MYC transcriptional activity (Fig.  7). 
$e carbazole derivative with carboxamide side chains shows pronounced environment-sensitive !uores-
cence and selectively detects the c-MYC G-quadruplex over the duplex DNA via “turn-on” !uorescence. 
$e ligand binds to the c-MYC with nM binding a&nity and shows a #ve-fold preference for the c-MYC 
over the c-KIT promoter quadruplexes. $e ligand can bind and stabilize the c-MYC quadruplex in the 
presence and absence of added K+. It is intriguing that the ligand can be used to ‘programme’ the c-MYC 
to adopt a speci#c conformation, which is stable with or without K+. $e speci#c nucleic acid structure 
may #nd applications in the #elds of nanobiotechnology and biomedical technology. $is small molecule 
probe is an attractive probe for bio-imaging as it can rapidly and selectively stain the nucleus in living 
cells. Further this small molecule can induce cell cycle arrest and promote cancer cell death by apoptosis. 
$ese results collectively suggest that the carbazole derivative is a potent anticancer agent and a viable 
lead for further development of anticancer drugs.

Synthetic Protocols. Synthesis of 3-(3,6-diiodo-9H-carbazol-9-yl)-N,N-dimethylpropan-1-amine 3.  
A mixture of carbazole 1 (15.0 g, 89.82 mmol), KI (19.36 g, 116.62 mmol), KIO3 (19.20 g, 89.82 mmol) 
in acetic acid (100 mL) and deionized water (10 mL) was stirred at 80 °C for 48 h under N2 atmosphere. 
A+er cooling to room temperature, the mixture was #ltered, washed with deionized water and saturated 
Na2CO3 solution to a%ord 3, 6-diiodocarbazole as a colorless solid (24.4 g, 65%). 1H NMR (500 MHz, 
CDCl3): 8.32 (s, 2H), 8.09 (sbr, 1H), 7.68 (d, 2H, J =  8.4 Hz), 7.21 (d, 2H, J =  8.4 Hz); 13C NMR (100 MHz, 
CDCl3): 138.5, 134.8, 129.4, 124.6, 112.7, 82.4.

A mixture of 3, 6-diiodocarbazole (500 mg, 1.193 mmol) and NaH (114.24 mg, 4.77 mmol) in 20 mL THF 
was stirred at room temperature for 2 h under nitrogen atmosphere. In another !ask, 3-dimethylaminopropyl 
chloride hydrochloride 2 (435.33 mg, 3.58 mmol) and NaOH (1.0 g) were diluted in 5 mL water and cooled 
to room temperature, then the upper layer of this solution was added drop-wise to the above mixture. $e 
reaction mixture was re!uxed for an additional 24 h. A+er the removal of the solvent under reduced 
pressure, the residue was puri#ed by column chromatography on silica gel using DCM/methanol (20:1) 
as eluent. Re-crystallization from ethanol gave the compound 3 (529 mg, 88%) as a colorless solid, mp 
129–131 °C. 1H NMR (500 MHz, CDCl3): 8.32 (s, 2H), 7.70 (d, 2H, J =  8.4 Hz), 7.25 (d, 2H, J =  9.2 Hz), 
4.32 (t, 2H, J =  6.7 Hz), 2.20 (s, 8H), 1.96 (t, 2H, J =  6.7 Hz); 13C NMR (100 MHz, CDCl3): 139.6, 134.5, 
129.3, 124.0, 111.0, 81.8, 56.1, 45.2, 40.6, 26.5. HRMS (ESI) calculated for [C17H18I2N2]: 504.9632, Found 
504.9635.

Synthesis of 3-(3,6-diethynyl-9H-carbazol-9-yl)-N,-N-dimethylpropan-1-amine 5. To a solution of 2 
(300 mg, 0.595 mmol) in Et3N (5 mL) added PdCl2(PPh3)2 (35.1 mg, 0.05 mmol) and CuI (19.04 mg, 
0.1 mmol) at room temperature. $e mixture was stirred for 30 min and then 2-methylbut-3-yn-2-ol 
4 (0.182 mL, 1.785 mmol) was added drop-wise. $e resulting mixture was stirred under an argon 
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atmosphere for 12 h, concentrated, washed with brine and dried over anhydrous Na2SO4. �e crude 
product was puri�ed by column chromatography. �en the resulting crude alcohol was re�uxed with 
5 equiv. KOH in toluene under an argon atmosphere for 12 h. �e reaction mixture was concentrated, 
washed with brine and dried over anhydrous Na2SO4. �e crude product was puri�ed by column chroma-
tography to give the dialkyne 5 (161 mg, 90% yield) as a yellow liquid. 1H NMR (500 MHz, CDCl3): 8.22  
(s, 2H), 7.60 (d, 2H, J =  8.4 Hz), 7.41 (d, 2H, J =  9.3 Hz), 4.38 (t, 2H, J =  6.7 Hz), 3.08 (s, 2H), 2.22 (s, 8H), 
1.99 (t, 2H, J =  6.7 Hz); 13C NMR (100 MHz, CDCl3): 141.0, 130.4, 124.9, 122.5, 113.0, 109.4, 85.0, 75.7, 
56.4, 45.6, 41.0, 27.0; IR (KBr, cm−1): 3284, 3269, 2925, 2817, 2767, 2100, 1627, 1595, 1481, 1344, 1286, 
1249, 1211, 1134; HRMS (ESI) calculated for [C21H21N2]: 301.1699, Found 301.1696.

General procedure for the synthesis of bis-triazole derivatives BTC a-g using click chemistry (GP1). Dialkyne 
5 (50 mg, 0.166 mmol) was dissolved in a 1:2 mixture of t-BuOH/H2O (4 mL). Copper(II) sulphate pen-
tahydrate (4.14 mg, 0.0166 mmol) and sodium ascorbate (3.2 mg, 0.0166 mmol) were added and the 
solution was stirred for 10 min. �e corresponding azide 6 (2.5 ×  0.166 mol equiv.) was added and the 
mixture was then heated for 4 h at 70 °C under microwave irradiation. A"er cooling to room tempera-
ture, the reaction mixture was concentrated. �e crude product was puri�ed by �ash column chroma-
tography (from CH2Cl2 (100%) to CH2Cl2/MeOH (10:1) to CH2Cl2/MeOH/NH4OH (10:1:0.5) to give the 
corresponding bis-traizole derivatives BTC a-g.

Synthesis of BTC a. Following the GP-1, the reaction of the dialkyne 5 with azide 6a (49 mg) a#orded 
BTC a (55 mg, 61%) as a yellow viscous liquid. 1H NMR (500 MHz, DMSO-d6): 9.35 (s, 2H), 8.84 (s, 2H), 
8.10 (d, 2H, J =  8.8 Hz), 8.00 (d, 4H, J =  7.8 Hz), 7.78 (d, 2H, J =  8.8 Hz), 7.66 (t, 4H, J =  6.4 Hz), 7.53  
(t, 2H, J =  6.8 Hz), 4.50 (t, 2H, J =  7.3 Hz), 2.26 (t, 2H, J =  5.8 Hz), 2.17 (s, 6H), 1.98 (t, 2H, J =  6.8 Hz); 
13C NMR: (125 MHz, DMSO-d6): 148.3, 140.4, 136.8, 129.9, 128.5, 123.8, 122.4, 121.5, 119.8, 118.6, 117.3, 
110.0, 55.8, 44.9, 40.2 (merged with DMSO-d6), 22.0; IR (KBr, cm−1): 3342, 3303, 2960, 2852, 1641, 1629, 
1591, 1514, 1481, 1197, 1033, 1001; HRMS (ESI) calculated for [C33H31N8]: 539.2672, Found 539.2664.

Synthesis of BTC b. Following the GP-1, the reaction of the dialkyne 5 with azide 6b (56 mg) a#orded 
BTC b (70 mg, 74%) as a deep brown solid, mp >  220 °C; 1H NMR (500 MHz, DMSO-d6): 10.02 (s, 2H), 
9.16 (s, 2H), 8.81 (s, 2H), 8.07 (d, 2H, J =  8.4 Hz), 7.74-7.77 (m, 6H), 7.00 (d, 4H, J =  8.4 Hz), 4.49 (t, 2H, 
J =  6.7 Hz), 2.32 (t, 2H, J =  6.7 Hz), 2.20 (s, 6H), 1.99 (t, 2H, J =  6.7 Hz); 13C NMR: (125 MHz, DMSO-d6): 
157.7, 148.0, 140.3, 128.9, 123.7, 122.4, 121.7, 118.5, 117.2, 116.1, 109.9, 55.8, 44.7, 40.8 (merged with 
DMSO-d6), 26.2; IR(KBr, cm−1): 3126, 3026, 2952, 2831, 2790, 1604, 1521, 1481, 1465, 1452, 1282, 1220, 
1164, 1058, 995; HRMS (ESI) calculated for [C33H31N8O2

+]: 571.2564, Found 571.2567.

Synthesis of BTC c. Following the GP-1, the reaction of the dialkyne 5 with azide 6c (56 mg) a#orded 
BTC c (65 mg, 68.5%), a deep yellow solid, mp 110-112 °C; 1H NMR (500 MHz, DMSO-d6): 9.04  
(s, 2H), 8.79 (s, 2H), 8.06 (dd, 2H, J =  8.5, 1.2 Hz), 7.73 (d, 2H, J =  8.2 Hz), 7.58 (d, 4H, J =  8.8 Hz), 6.74 
(d, 4H, J =  8.8 Hz), 5.52 (s, 4H), 4.48 (t, 2H, J =  6.3 Hz), 2.22 (t, 2H, J =  6.9 Hz), 2.14 (s, 6H), 1.96 (t, 2H, 
J =  6.9 Hz); 13C NMR: (125 MHz, DMSO-d6): 149.3, 147.8, 140.3, 126.2, 123.7, 122.5, 121.9, 121.4, 118.2, 
117.2, 113.9, 109.9, 55.9, 44.8, 40.8 (merged with DMSO-d6) 26.4; IR (KBr, cm−1): 3338, 3134, 2702, 
2441, 1623, 1521, 1477, 1220, 1043; HRMS (ESI) calculated for [C33H32N10]: 569.2884, Found 569.2886.

Synthesis of BTC d. Following the GP-1, the reaction of the dialkyne 5 with azide 6d (61 mg) a#orded 
BTC d (65 mg, 66%) as an orange solid, mp >  220 °C; 1H NMR (500 MHz, DMSO-d6): 10.10 (s, 2H), 
9.52 (s, 2H), 8.85 (s, 2H), 8.26 (d, 4H, J =  8.5 Hz), 8.19 (d, 4H, J =  8.6 Hz), 8.10 (d, 2H, J =  8.6 Hz), 7.80 
(d, 2H, J =  8.6 Hz), 4.51 (t, 2H, J =  6.1 Hz), 2.36 (s, 2H), 2.23 (s, 6H), 2.01 (t, 2H, J =  6.1 Hz); 13C NMR: 
(125 MHz, DMSO-d6): 192.1, 148.7, 140.6, 135.6, 131.3, 123.9, 122.5, 121.2, 119.9, 118.7, 117.4, 112.9, 
110.1, 55.7, 43.6, 40.8 (merged with DMSO-d6), 26.1; IR (KBr, cm−1): 2954, 2852, 1697, 1602, 1481, 1406, 
1307, 1209, 1163, 1033; HRMS (ESI) calculated for [C35H31N8O2]: 595.2564, Found 595.3433.

Synthesis of BTC e. Following the GP-1, the reaction of the dialkyne 5 with azide 6e (68 mg) a#orded 
BTC e (70 mg, 67%) as a light yellow solid, mp >  220 °C; 1H NMR (500 MHz, DMSO-d6): 10.71 (s, 2H), 
9.49 (s, 2H), 8.85 (s, 2H), 8.21–8.10 (m, 10H), 7.86 (d, 2H, J =  8.4 Hz), 4.59 (s, 2H), 3.20 (s, 2H), 2.73 
(s, 6H), 2.50 (s, 2H); 13C NMR: (125 MHz, DMSO-d6): 166.4, 148.6, 140.3, 139.6, 131.1, 130.5, 123.9, 
122.6, 121.6, 119.5, 118.7, 117.4, 110.2, 54.2, 48.5, 39.7 (merged with DMSO-d6), 23.7; IR (KBr, cm−1): 
3406, 3126, 2628, 2113, 1703, 1606, 1481, 1382, 1224, 1039; HRMS (ESI) calculated for [C35H31N8O4]: 
627.2463, Found 627.2465.

Synthesis of BTC f. Following the GP-1, the reaction of the dialkyne 5 with azide 6f (102 mg) a#orded 
BTC f (96 mg, 73%) as a yellow solid, mp 69-71 °C; 1H NMR (500 MHz, DMSO-d6): 9.43 (s, 2H), 8.85  
(s, 2H), 8.70 (t, 2H, J =  5.9 Hz), 8.11 (s, 8H), 8.10 (s, 2H), 7.79 (d, 2H, J =  8.4 Hz), 4.51 (t, 2H, J =  5.9 Hz), 
3.32 (4H, merged with water peak), 2.29 (t, 4H, J =  6.7 Hz), 2.22 (t, 2H, J =  6.7 Hz), 2.16 (s, 18H), 1.98 
(t, 2H, J =  6.7 Hz), 1.67–1.72 (m, 4H); 13C NMR: (125 MHz, DMSO-d6): 165.1, 148.6, 140.6, 138.4, 134.4, 
129.0, 122.5, 121.4, 119.4, 118.6, 117.4, 110.1, 56.9, 56.0, 43.6, 40.9 (merged with DMSO-d6), 38.9, 27.0, 
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26.5; IR (KBr, cm−1): 3380, 3062, 2657, 2432, 1645, 1608, 1548, 1508, 1481, 1296, 1224, 1037; HRMS 
(ESI) calculated for [C45H55N12O2]: 795.4565, Found 795.4778.

Synthesis of BTC g. Following the GP-1, the reaction of dialkyne 5 with azide 6g (36 mg) a!orded BTC 
g (60 mg, 76%) as a brown liquid; 1H NMR (500 MHz, DMSO-d6): 8.72 (s, 2H), 8.56 (s, 2H), 7.98 (dd, 2H, 
J =  8.5, 1.5 Hz), 7.68 (d, 2H, J =  8.5 Hz), 5.16 (s, 2H), 4.49–4.43 (m, 6H), 3.87 (t, 4H, J =  4.9 Hz), 2.20–
2.10 (m, 8H), 1.94 (t, 2H, J =  6.7 Hz); 13C NMR: (125 MHz, DMSO-d6): 147.1, 140.1, 123.5, 122.4, 122.2, 
120.9, 117.1, 109.8, 59.9, 55.9, 52.4, 45.1, 40.8 (merged with DMSO-d6), 27.8; IR (KBr, cm−1): 3271, 2667, 
1600, 1481, 1465, 1244, 1135, 887; HRMS (ESI) calculated for [C25H31N8O2]: 475.2564, Found 475.2576.

Online Methods. FRET melting experiments. Stock solutions having 1 μM concentration of each car-
bazole compound was prepared in MQ water (BTC f) and DMSO (compound 5, BTC a–e and BTC g). 
Four dual #uorescently labeled DNA oligonucleotide sequences were diluted in 50 mM potassium caco-
dylate bu!er, pH 7.4.

c-MYC: 5′ -FAM-d(TGAG3TG3TAG3TG3TA2)-TAMRA-3′ 
c-KIT1: 5′ -FAM-d(GGGAGGGCGCTGGGAGGGAGGG)-TAMRA-3′ ,
c-KIT2: 5′ -FAM-d(GGGCGGGCGCGAGGGAGGGG)-TAMRA-3′  and
ds DNA: 5′ -FAM-d(CCAGTTCGTAGTAACCC)-3′ /3′ -TAMRA (GGTCAAGCATCATTGGG)-5′ 
$e donor #uorophore was 6-carboxy#uorescein, FAM, and the acceptor #uorophore was 6-carboxy 

tetramethylrhodamine, TAMRA. Dual-labeled DNA was annealed at a concentration of 200 nM by heat-
ing at 95 °C for 5 min followed by cooling to room temperature. $e 96-well plates were prepared by 
aliquoting 50 µL of the annealed DNA into each well, followed by 50 µL of the carbazole compounds.

For competition experiments, duplex competitors were added to 200 nM quadruplex sequences at 
'nal concentration of 200 nM, 1.0 µM, 2.0 µM and 20 µM. $e concentration of BTC f was kept at 
1.0 µM. For FRET titration experiments di!erent concentration of BTC f (0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 
1.0 µM) were added to 100 nM of all four DNA sequences. Measurements were made in triplicate with 
an excitation wavelength of 483 nm and a detection wavelength of 533 nm using a LightCycler®  480-II 
System RT-PCR machine (Roche). Final analysis of the data was carried out using Origin Pro 8 data 
analysis.

Fluorimetric titration. Fluorescence emission spectra were recorded with successive addition of the 
quadruplex solution into the ligand solution. $e #uorescence spectra were recorded on a Horiba 
JobinYvonFluoromax 3 instrument at 25 °C in a thermostated cell holder using quartz cuvette with a 
1 cm path-length. $e spectra were taken using 'ltered and degassed bu!er (100 mM Tris-HCl contain-
ing 100 mM KCl) and other solvents like ethyl acetate, DMF, DMSO, ethanol, methanol and water. In this 
experiment, 1.0 μM BTC f was titrated with aliquots of di!erent preannealed DNA sequences:

c-MYC: 5′ -d(TGAG3TG3TAG3TG3TA2)-3′ 
c-KIT1: 5′ -d(GGGAGGGCGCTGGGAGGGAGGG)-3′ ,
c-KIT2: 5′ -d(GGGCGGGCGCGAGGGAGGGG)-3′  and
ds DNA: 5′ -d(CCAGTTCGTAGTAACCC)-3′ /3′ -(GGTCAAGCATCATTGGG)-5′ 
$e recorded spectral data was used to determine the dissociation constant of the ligands for quad-

ruplexes using the Hill-1 formula (eqn. 1):

= +
( − )

+ ( )
F F

F F DNA

K DNA

[ ]

[ ] 1

max

D
0

0

F is the #uorescence intensity, Fmax is the maximum #uorescence intensity, F0 is the #uorescence intensity 
in the absence of DNA and KD is the dissociation constant.

CD spectroscopy. CD spectra were recorded on a JASCO J-815 spectrophotometer by using a 1 mm  
path length quartz cuvette. Aliquots of BTC f were added stepwise to pre-annealed c-MYC (TGAG3 
TG3TAG3TG3TA2), c-KIT1 (GGGAGGGCGCTGGGAGGGAGGG) and c-KIT2 (GGGCGGGCGCGAGGG 

CD spectra were also recorded upon incremental addition of BTC f to the c-MYC quadruplex sequence 

$e CD spectra represent an average of three scans and were smoothed and zero corrected. Final analysis 
and manipulation of the data was carried out by using Origin 8.0.

NMR spectroscopy. NMR experiments were performed using intramolecular G-quadruplex formed by 
c-MYC purchased by Euro'ns MWG Operon (Ebersberg, Germany) as HPSF® (High Purity Salt Free) 
puri'ed oligos and further puri'ed via HPLC. Sequence and numbering of the oligonucleotide used for 
NMR studies is reported in Fig. 4e, while folding topology of the major conformation of c-MYC deter-
mined by NMR by Ambrus et al. is shown in Fig. 4d)13. $e proton resonance assignment of the c-MYC 
DNA in 90% H2O/10% D2O was performed on the basis of the assignment reported in literature.13NMR 
samples were referenced with 2,2-dimethyl-2-silapentane-5-sulphonate (DSS) and prepared in bu!er 
containing 25 mM tris·HCl at pH 7.4 with or without additional 100 mM KCl, in 90%H2O/10% D2O. 
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1H NMR spectra were recorded on DNA and DNA-ligand complexes with gradient-assisted excitation 
sculpting45 or jump-return-Echo46 for water suppression.

Cell viability analysis using MTT assay. !e human hepatocellular carcinoma cells (HepG2), human 
breast cancer cells (MCF 7), human colon carcinoma cells (HCT 116) and mouse normal myoblast cells 
(C2C12) were cultured in DMEM containing high glucose (5.5 mM) supplemented with 10% FBS at 
pH 7.4. Cells were maintained in tissue culture plates containing 4 ×  105 cells/well at 37 °C in an atmos-
phere of 5% carbon dioxide (CO2)/95% air. !e MTT cell proliferation assay determines the ability of 
living cells to reduce the yellow tetrazole, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) to purple formazan crystals by mitochondrial enzymes. For the MTT assay, HepG2 cancer cells 
were treated with various concentrations of carbazole derivatives 5 and BTC a–g for 24 h. Following 
incubation with each compound for 24 h, 20 µL of MTT was added (at a concentration of solution 5 mg/
mL in phosphate-bu#ered saline, pH 7.4.) to each well. A$er incubation for 4 h at 37 °C, the culture 
medium was removed, and the formazan crystals were dissolved in 200 µ L DMSO. Absorbance (A) 
of formazan dye was measured at 570 nm using a micro plate reader. !e background absorbance was 
determined at 690 nm and subtracted from the 570 nm measurement. !e percentage of viable cells was 
determined by the equation (2):

(%) = ×
( )

Viable cells
A of treated cells

A of untreated cells
100

2

Following the similar protocol, MCF 7, HCT 116 and C2C12 were treated with various concentrations 
of BTC f and the percentage of viable cells was determined.

qRT-PCR analysis. To evaluate the role of BTC at the transcriptional level of c-MYC, qRT-PCR was per-
formed. Cancer cells were incubated with various concentrations (1.0, 2.5 and 5.0 μM) of BTC c and BTC 
f for 24 h at 37 °C in humidi*ed 5% CO2 incubator. Total RNA was prepared from compound treated 
and untreated HepG2 cells using the Trizol kit according to the manufacturer’s protocol (Invitrogen 
Corporation). cDNA library was prepared by High Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems). Master mix (2X) was prepared by 2 µL 10X RT bu#er, 0.8 µL 25 ×  100 mM dNTP mix, 
2 µL 10X RT random primer, 1 µLof reverse transcriptase, 1 µL of RNase inhibitor and 3.2 µL nuclease 
free water. 10 µL 2X master mix was added to 10  µL sample and sealed in 96 well plates. Reverse 
transcriptase reaction was performed on a Light Cycler 480 II (Roche). !e thermal cycling condition 
was programmed as 10 min at 25 °C, 120 min at 37 °C and 5 min at 85 °C for one single cycle. qRT-PCR 
was performed on a Light Cycler 480 II (Roche) with SYBR green JumpStart Taq ReadyMix (Sigma, Saint 
Louris, USA) reagent using the cDNA library as template. !e primers used for the qRT-PCR analyses 
had the following sequences47,48:

c-MYC (forward): 5′ -CTGCGACGAGGAGGAGGACT-3′ 
c-MYC (reverse): 5′ - GGCAGCAGCTCGAATTTCTT-3′ 
GAPDH (forward): 5′ -GACGGCCGCATCTTCTTGT-3′ 
GAPDH (reverse): 5′ -CACACCGACCTTCACCATTTT-3′ 
!e PCR mixture (25 µL) contained 15 pmol of each primer, 7 µL of water, 5 µ L of cDNA, 12.5 µL 

2X JumpStart Taq ReadyMix. !e samples were placed in 96-well plates (Roche), and PCR ampli*cation 
was performed using Light Cycler 480 II real-time PCR detection system (Roche). !e thermal cycling 
conditions were 2 min at 94 °C and then 40 cycles of 15 s at 94 °C, followed 60 s at 60 °C. We used the 
comparative cycle threshold method (CT method) for relative quanti*cation of gene expression49. !e 
CT for the target and the CT for the internal control (GAPDH) were determined for BTC c or BTC f or 
untreated (control) samples. Finally, the arithmetic calibrator (2−∆∆CT) was used to calculate the relative 
mRNA level expression of c-MYC. Di#erence in c-MYC expression was expressed as fold changes.

Western blot analysis. Hepatocellular carcinoma HepG2 cells were treated with di#erent concentration 
(1.0, 2.5 and 5.0 μM) of BTC c and BTC f for 24 h at 37 °C in humidi*ed CO2 incubator. A$er the incu-
bation period, cells were washed once with PBS (pH 7.4) and lysed with cold cell lysis bu#er (20 mM 
Tris, 100 mM NaCl, 1 mM EDTA in 0.5% Triton X-100). Cell lysate were collected from the treated 
and untreated cells, and the total protein content was estimated by Lowry method50. Equal amount of 
proteins (60 µg) from the cell lysate were separated by 10% SDS–PAGE and transferred to nitrocellulose 
membranes. !e membranes were blocked, washed and probed using antibodies directed against c-MYC 
and GAPDH (as loading control) for overnight at room temperature. !e blots were washed and immu-
noreactive bands were incubated with a 1:2000 dilution of ALKP conjugated secondary antibody for 2 h 
at room temperature. Binding signals were visualized with NBD/BCIP substrate. Relative band intensities 
were determined by using ImageJ so$ware.

Flow cytometric determination of the cell cycle histogram by PI staining. Cell cycle histogram was ana-
lysed using propidium iodide (PI) staining by Flowcytometry. HepG2 cells (1 ×  106) per 60 mm petridish 
(~80% con;uence) were treated with various concentration of BTC f (1.0, 2.5, 5.0 μM) for 24 h in fresh 
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growth medium. Cells were harvested by trypsinization, resuspended in PBS and �xed with 2 mL of 
ice-cold 70% ethanol for overnight at 4 °C. �e pellets were collected by centrifugation and resuspended 
in PBS solution, containing 10 µg/mL PI (Sigma) and 10 µg/mL RNaseA (Sigma). A!er incubation for 
30 minutes in the dark at 37 °C, cells were analyzed for DNA content using a FACS #ow cytometer (BD 
Biosciences). Cell distribution among cell cycle phases and the percentage of apoptotic cells were evalu-
ated using Cell-Quest Pro so!ware (BD).

Flowcytometric assay of apoptosis. Annexin V–FITC and propidium iodide (PI) stains were used to 
determine the percentage of cells undergoing apoptosis and necrosis. An apoptosis assay was conducted 
using the protocol supplied by the manufacturer. Brie#y, 1 ×  106 HepG2 cells per 60 mm petridish (~90% 
con#uence) were treated with di$erent concentration of BTC f (1.0, 2.5, 5.0 µ M) for 24 h in fresh growth 
medium. Cells were then harvested with trypsinization. A!er centrifugation at 700 rpm for 5 min at 4 °C, 
cell pellet was suspended in 500 µ L 1 ×  binding bu$er and then treated with 5 µ L Annexin V–FITC and 
5 µ L PI. A!er incubation for 5 min on ice, each sample was analysed immediately using #uorescence–
activated cell sorting (FACS) analysis (BD Biosciences, Mountain View, CA, USA). Approximately 10,000 
HepG2 cells were detected for each sample. Cytogram analysis was done using the Cell Quest so!ware.

Confocal microscopy. Cellular localization of BTC f was monitored by live cell imaging. HepG2 cells 
(1 ×  103) were cultured on 35 mm diameter glass-bottomed cover slips for 24 h followed by incubation 
with BTC f (5.0 µ M) for 4 h inside CO2 (5%) incubator at 37 °C. A!er incubation, cells were washed with 
PBS three times to remove the excess ligand and bathed in DMEM (2 mL) before imaging. Localization 
of BTC f was viewed under confocal microscope (Zeiss LSM 510 laser scanning microscope, Standort 
Göttingen, Germany). At least 5 'elds per slide and three independent sets were examined.

Statistical analysis. All data were given as mean ±  S.D. Di$erences between two groups were com-
pared by unpaired Student’s t-test. For multi-group comparisons, analysis of variance was determined by 
ANOVA. A value of P <  0.05 was considered statistically signi'cant. +e statistical analysis was done by 
using GraphPad Instant So!ware (Graph-Pad, La Jolla, CA, USA).
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6.3 Research article: A fluorescent guanosine 

dinucleoside as a selective switch-on sensor for 

c-myc G-quadruplex DNA with potent anticancer 

activities  

Kumar Y. P., Bhowmik S., Das R. N., Bessi I., Paladhi S., Ghosh R., Schwalbe H., Dash J. 

Chemistry, 2013, 26; 19(35): 11502-6. 

    This article explores the potential applications of a novel fluorescent diguanosine dansyl 

derivative (DDG) as G-quadruplex ligand.  

    DDG revealed to be highly selective for the c-MYC G-quadruplex. Binding to c-MYC resulted in 

a remarkable enhancement of fluorescence emission compared to other promoter G-quadruplexes 

and duplex DNA. The ligand binding mode to c-MYC was investigated by NMR and the chemical 

shift perturbations produced by the ligand were mapped on the c-MYC structure. Fluorescence 

microscopy revealed that DDG is cell-permeable and binds preferentially to the nucleus. 

Furthermore, the ligand is able to arrest the cell cycle at the G2/M phase and to inhibit cell growth 

and induce apoptosis in A375 cancer cells with selectivity over normal cells. 

    The design and the synthesis of the ligand DDG, the fluorescence studies as well as all the 

biological essays were carried out in the group of Prof. Dash (IISER Kolkata, India). The author of 

this thesis performed the NMR experiments on the interaction of the c-MYC quadruplex with DDG, 

analysed the NMR data and wrote the corresponding paragraph in the article. 
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A Fluorescent Guanosine Dinucleoside as a Selective Switch-On Sensor
for c-myc G-Quadruplex DNA with Potent Anticancer Activities

Y. Pavan Kumar,[a] Sudipta Bhowmik,[a] Rabindra Nath Das,[b] Irene Bessi,[c]

Sushovan Paladhi,[a] Rita Ghosh,[d] Harald Schwalbe,[c] and Jyotirmayee Dash*[a, b]

Dedicated to Professor Krishna N. Ganesh on the ocasion of his 60th birthday

Development of fluorescent chemical probes that can rec-

ognize biomacromolecules with high specificity and interfere

with cellular processes is an emerging trend in chemical bi-

ology.[1,2] Within this context, G-quadruplex DNA has re-

ceived considerable attention as a prospective target for de-

signing anticancer drugs.[3–4] G-Quadruplex structures are

widespread in the genome, found at the end of telomeres, in

the promoter regions proto-oncogenes, and in the untrans-

lated regions of mRNAs. These structures are believed to

play key roles in the human genome, such as telomere main-

tenance and gene regulation.[4] While several classes of mol-

ecules have been reported for stabilization of G-quadruplex

DNA, only a few fluorescent chemosensors for the selective

detection of G-quadruplex motifs have been developed.[5,6]

In addition, there is current interest in developing fluores-

cent probes with multiple signals that can find applications

in analytical and computational devices.[1–2,7] Recently we

have shown that it is possible to create biomolecular logic-

gate systems based on the interaction of fluorescent molecu-

lar probes with the G-quadruplex DNA.[5f]

Monchaud and co-workers have reported the design and

synthesis of two molecules containing guanine bases and

their possible self-assembly to form artificial G-quartets as a

nature-inspired strategy to interact with the G-quadruplex.[8]

These ligands show selectivity for qudruplexes over duplex

DNA. However, the G-quartets (self-assembled Hoogsteen-

type hydrogen-bonded macrocycles of four guanine bases)

are common to all quadruplexes, making discrimination be-

tween the quadruplexes challenging.

Previously we have reported synthesis of G-quadruplex

binding ligand[9] using “click-chemistry”[9c] and fabrication of

complex nanoarchitectures using supramolecular self-assem-

bly of guanosine derivatives.[10] Among the five natural nu-

cleobases, guanine and its derivatives have received consid-

erable interest in supramolecular chemistry and nanotech-

nology.[11] Taking inspiration from the natural self-organiza-

tion of nucleosides, we envisioned designing a flexible

ligand by linking a biocompatible fluorescent tag between

two guanosine units using CuI-catalyzed 1,3-dipolar azide–

alkyne cycloaddition.[12, 13] We hypothesized that the guano-

sine units can interact with the G-quartet of the quadruplex

by means of hydrogen bonding and the flexible linker can

tether in the groove region of quadruplex sequences. Since

quadruplex sequences vary in the groove and loop regions,

the ligand may show selectivity for a particular quadruplex

sequence, for which the groove region would be maximally

occupied. Further the ligand based on a guanosine nucleo-

side can be incorporated into DNA and the attached fluoro-

phore would enable visualization of the nucleus in living

cells.[14]

Based on our design principle, we have synthesized a gua-

nosine azide 1 from the natural nucleoside guanosine in

three steps and a biocompartible fluorescent dansyl probe 2

(Scheme 1 and Scheme S1 in the Supporting Information).

The C2-symmetric dinucleoside 3 (DDG) was prepared in

high yields by employing a double click reaction of 1 with

the dansyl dialkyne 2 in the presence of Na ascorbate and

CuSO4·5H2O in tBuOH/H2O (1:1).

The ability of DDG to discriminate nucleic acid sequen-

ces was investigated using fluorescence spectroscopy

(Figure 1). The emission spectra of the guanosine–dansyl

conjugate DDG was characterized by a twofold intense

peak at 430 nm and a minor peak at 553 nm, when excited

at 350 nm (quantum yield, F=0.25). Guanosine azide 1 is

essentially non-fluorescent; however, the emission bands of

DDG at 430 and 553 nm were assigned to the guanosine

and the dansyl group, respectively, owing to the excitation

energy transfer from the guanosine to the dansyl chromo-
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phore.[15,16] This indicates that DDG, which contains biologi-

cally active non-natural and natural components, such as

dansyl sulphonamide, triazole and guanosine, exhibits dis-

tinct optical properties and may lead to enhance biological

activities.

When the fluorimetric titration of DDG (500 nm) was car-

ried out at pH 7.4 with increasing concentration of quadru-

plex sequences (0–500 nm), the fluorescence intensity of

both dansyl and guanosine band was enhanced in a dose-de-

pendent manner from which the dissociation binding con-

stants (Kd) were calculated (Figure 1 and Figures S2 and S3

and Table S1 in the Supporting Information).[17] In the emis-

sion spectra, the addition of c-myc resulted higher selectivi-

ty, with a 6-fold enhancement of guanosine band and 2.5-

fold enhancement for the dansyl band. It shows high selec-

tivity for c-myc over c-kit2 and c-kit1 quadruplexes and

duplex DNA (Figure 1d). A

negligible fluorescence en-

hancement of DDG was ob-

served for duplex DNA at both

the guanosine and dansyl

bands. By comparing the

change in ratio of the fold in-

crease between guanosine and

dansyl emission of DDG upon

titration with DNA sequences,

it was observed that in all cases

the guanosine band was in-

creased from one- to fourfold

compared to the dansyl band.

The ratiometric variation of

DDG was dependent upon the

nucleic acid sequences and rec-

ognition occurred at very low

concentration of DNA. Inter-

estingly, even in the presence of

100 nm c-myc, the emission in-

tensity of DDG was increased

fivefold at 430 nm (Figure 1d).

It is important to point out that

such nanomolar sensitivity is

highly impressive for the devel-

opment of biomarker for the

quadruplex DNA. To the best

of our knowledge, none of the previously reported probes

can detect nanomolar DNA with high selectivity.[5] DDG

showed both excellent affinity for c-myc quadruplex (Kd=

20.8 nm) as well as substantial specificity (44.5-fold) over

duplex DNA (Kd=925.7 nm) at 430 nm. DDG also exhibited

3.8-fold selectivity for c-myc over c-kit2 (Kd=79.4 nm) and

7.6-fold selectivity for c-myc over c-kit1 (Kd=158.8 nm).

Based on the high specificity of the guansoine–dansyl con-

jugate for c-myc quadruplex DNA, we performed excited-

state lifetime measurements[18] of DDG in the absence and

presence of c-myc quadruplex DNA (Figure 2). The results

reveal that DDG has two forms in the excited state, a major

component (95.5%) with a lifetime of 454 ps and a minor

form with a higher lifetime (1.7 ns). Upon addition of

1.0 equivalents of c-myc quadruplex, an enhancement in the

excited state lifetime of both the species was observed.

Scheme 1. Modular synthesis of a fluorescent guanosine dinucleoside 3 (DDG).

Figure 1. Fluorimetric titration spectra of DDG (500 nm) with a) c-myc quadruplex DNA (0–500 nm) and b)

with duplex DNA (0–1500 nm). c) Fluorescence intensity profiles of DDG (500 nm) with quadruplex sequences

(0–500 nm) at 430 nm (&=c-myc, *=c-kit1, ~=c-kit2). d) Fold increase of fluorescence intensity for DDG

(500 nm) upon titration with DNA sequences (100 nm).
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However, the decay profiles show that the minor form be-

comes the major component (75%) with a higher lifetime of

6.4 ns (Table S2, in the Supporting Information). These re-

sults indicate that DDG binds to c-myc G-quadruplex DNA

and forms a stable complex with higher fluorescence as well

as higher lifetime.

The interaction of DDG with G-quadruplex DNA was

further evaluated by Fçrster resonance energy transfer

(FRET) melting analysis[19] using dual-labeled DNA sequen-

ces (Figure S4 in the Supporting Information). FRET melt-

ing analysis has been used to determine the G-quadruplex

stabilization and selectivity of a ligand towards a particular

G-quadruplex target. We have evaluated the melting of four

DNA sequences with G-rich DNA sequences found in the

promoter of c-myc, two G-quadruplexes found in the pro-

moter of c-kit (c-kit1 and c-kit2), and a self-complementary

duplex DNA sequence. FRET melting studies showed good

agreement with the fluorescence binding titrations (Table S3

in the Supporting Information). The stabilization potential

for c-myc saturates at 1 mm concentration of DDG (DTm=

12.6 K at 1 mm, that is, a Tm of 93 8C). DDG also showed

good stabilization for c-kit quadruplex sequences with a

DTm of 17.5 K for c-kit1 and DTm of 7.4 K for c-kit2 at a

DDG concentration of 1 mm, whereas no detectable duplex

stabilization (DTm=0.5 8C) was observed for the DDG at

this concentration.

To shed light on the binding mode, the titration of DDG

with c-myc DNA was monitored by 1D 1H NMR spectra

(Figure 3). In the region of imino proton signals, NMR reso-

nances from G13, G14/G4 (overlapped signals) residues re-

vealed significant line broadening. Also in the aromatic

region, changes in chemical shifts could not be quantified

for all residues due to signal overlap. Among the monitored

aromatic protons, residues G2, A12, G13, and A22 showed

the most pronounced chemical-shift perturbations. Further,

in the 1H, 1H-NOESY spectrum (Figure 3c), the cross-peak

of imino signal of G6 to G5 and of G6* to G5* in the

second minor conformation of c-myc[20] is shifted, suggesting

that G6 is interacting with the ligand. Furthermore, the

cross-peaks of imino signal of G13 to G8, G9 and G14 are

much weaker in the presence of the ligand than in the free

from, confirming that G13 must be involved in the interac-

tion with DDG, in line with the NMR data from titration

experiments. Our initial NMR analysis therefore shows that

DDG interacts with both the external G-quartets and with

the groove defined by G8-G9-G10 and G13-G14-G15 (Fig-

ure 3d).

Human malignant melanoma A375 cells were used as a

model to investigate the cell membrane permeability of

DDG (Figure 4). The cells were incubated with DDG

(2.5 mm) for 30 min at 37 8C and examined by fluorescence

microscopy. It was found that DDG, which contains the gua-

nosine nucleoside unit and hydrophobic heteroaromatic

core, is cell-membrane permeable and displays blue fluores-

cence (Figure 4b). The images indicated that DDG binds to

the nucleus preferentially, but it also stains other parts of

the cell. This result was further confirmed by co-staining

DDG with the nucleus marker propidium iodide (PI; Fig-

ure 4c).

The antiproliferative activities of the dansyl–guanosine

conjugate DDG was then determined on the A375 cell line.

Figure 2. Fluorescence decay profiles (lex=340 nm) of a) the excitation

lamp profile, b) DDG (500 nm), and c) DDG and c-myc (500 nm).

Figure 3. NMR spectra (600 MHz) of a) the imino region and b) the aro-

matic region of 200 mm c-myc in the presence of DDG at different

DDG:c-myc DNA molar ratio. c) Overlay of imino region of 1H, 1H-

NOESY of the complex (grey: c-myc :DDG=1:2, 300 mm c-myc,

800 MHz) with the DNA alone (black: 1 mm c-myc, 950 MHz); Titration

was performed at 298 K, in buffer containing 25 mm tris·HCl at pH 7.4

and 100 mm KCl, H2O/[D6]DMSO 80:20. d) Map of chemical shift pertur-

bations detected by NMR spectrosopcy on the c-myc model (PDB:

1XAV); adenosine and guanosine perturbed residues in black.

www.chemeurj.org � 2013 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2013, 19, 11502 – 1150611504
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The cytotoxic effect of DDG on A375 cells was determined

with varying concentrations (0, 0.5, 1, 10, 25, 50 mm) for 24 h

by MTT assay (MTT=3-(4,5-dimethylthiazol-2-yl)-2,5-di-

phenyltetrazolium bromide).[21] The IC50 value of DDG was

found to be 5 mm (Figure S5 in the Supporting Information).

Despite this potency, DDG exhibited lower cytotoxicity to-

wards human normal keratinocyte (HaCaT) cells with an

IC50 value at 69 mm. These results suggest that DDG possess

significant selectivity for cancer cells over normal cells. Next

we have investigated the ability of DDG to arrest the cell

cycle and induce apoptosis using A375 cells by fluorescence-

activated cell sorting (FACS).[22–24] The cell cycle analysis re-

vealed that DDG can disturb the cell cycle of the A375 cell

line after exposure for only 12 h, which is shown with the

decreased G0–G1 phase and an increased G2/M phase in a

dose-dependent manner (Figure S6 in the Supporting Infor-

mation). The treatment of DDG caused cell cycle arrest in

G2/M phase,[25] possibly due to repair of damaged DNA

phase.

To determine whether the observed cell death induced by

DDG was due to apoptosis, a biochemical marker of apop-

tosis, for example, mitochondrial membrane depolarization

(Ym), was monitored by flow cytometry after JC-1 stain-

ing.[22–24] As shown in Figure 5, untreated cells have intact

mitochondria and normal DYm ; however, the loss of DYm

exhibits a dose-dependent increase after the cells were treat-

ed with DDG, as evidenced by the shift of fluorescence of

the JC-1 dye from red to green. DDG at the concentrations

of 1, 2.5 and 5 mm for 24 h increased DYm of cells from 8.36

to 39.06, 46.27, and 50.27%, respectively. These experiments

indicated that cancer cells treated by DDG lose DYm and

induce apoptosis in A375 cells through mitochondria-medi-

ated pathways. The viability of A375 cells treated with

DDG was further investigated by PI-flow cytometric analy-

sis.[24] The in vitro apoptosis analysis indicated that exposure

of A375 cells to different concentrations of DDG for 24 h

resulted in a dose-dependent increase in the proportion of

apoptotic cells (16.06 to 36.11%, Figure S7 in the Support-

ing Information).

We have shown here the first example of a synthetic gua-

nosine-based novel fluorescent biosensor that shows rapid,

selective, and sensitive turn-on responses to nucleic acid se-

quences. The fluorescence enhancement of the dansyl gua-

nosine derivative in the presence of c-myc DNA occurs in

real time, which could potentially be developed as a bio-

marker for the quadruplex in the nanomolar concentration

range. Dinucleoside DDG induces cell cycle arrest at G2/M

phase, exhibits specific cytotoxicity to the human melanoma

A375 cells over normal human keratinocyte cells, and pro-

motes cell death by apoptosis.
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Waller, G. D. Pantoş, S. Balasubramanian, Chem. Eur. J. 2011, 17,

4571–4581; d) J. Dash, R. N. Das, N. Hegde, G. D. Pantoş, P. S. Shir-
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7 Insight into G-quadruplex folding kinetics by 

real-time NMR 

Figure 44 Sketch of a possible energy landscape for the human telomeric G-quadruplex, inspired from 
reference [398]. The structures that have been experimentally characterized and described in Chapter 2.4 
occupy the deepest basins, while the proposed intermediate states (triplex, two-tetrad quadruplex and 
hairpin) may be local minima with overall higher energy and more or less shallow surroundings. Anti and syn
guanine residues are represented in gray and magenta, respectively. The possible folding pathways are 
indicated with cyan arrows, while the forbidden ones are in depicted in red. The proposed folding pathway of 
Tel24 (see Chapter 7.1 for discussion) is indicated with full line.  

    The energy landscape of the human telomeric G-quadruplex is most likely very rugged and 

features many competing basins of attraction. The relative levels of the energy minima can be 

adjusted by fine tuning the experimental conditions (cation nature and concentration, temperature, 

flanking nucleotides).  

Figure 44 depicts as example an arbitrary scenario for the human telomeric G-quadruplex energy 

landscape. 
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    Investigation of the folding kinetics of G-quadruplex structures is essential to understand the 

interaction between telomere-binding proteins (see also Chapter 3.1) and the 3’-overhang of 

telomeres. Using the knowledge on the folding pathways, G-quadruplex ligands, able to bind 

selectively to the conformations that are actually present on a relevant biological time scale, can 

be developed. 

    While the diverse telomeric G-quadruplexes have been rather well characterized from a 

structural point of view (see Chapter 2.4), much less is known about their folding kinetics.  

    In the scientific community there is no general agreement on the folding pathway of 

monomolecular G-quadruplexes, regarding for example the timescale of the process as well as the 

number and the structural nature of the species involved in the folding. The discrepancies are 

usually remarkable when the kinetic data extracted from different experimental techniques are 

compared. For example, the kinetic of folding of the telomeric sequence Tel22 

d[AGGG(TTAGGG)3] has extensively been investigated in Chaires’ group using the stopped-flow 

rapid mixing technique. In early studies, the progress of the folding was monitored by UV 

absorbance and it was suggested that the K+-induced folding of human telomeric quadruplex was 

completed within 10 ms after mixing.[399] However, the same process monitored by 2-aminopurine 

(2AP) fluorescence exhibited relaxation constants in the range 40-900 s.[78] In 2014, still in Chaires’ 

group, analysis of the folding monitored via CD provided relaxation times in the order of 104 s,[400]

suggesting that the folding of telomeric quadruplex can be very slow, in line with what we observed 

by real-time NMR (see Chapter 7.1). These striking differences may be ascribed to the insensitivity 

of UV and CD spectroscopy to monitor the structural features of the populations of the different 

states during the folding. For example, the observed CD signal is intrinsically ambiguous due to 

the fact that different conformations can contribute to the ellipticity at the wavelength selected for 

the kinetic data analysis. Structures with different loops arrangement, but same relative orientation 

of the G-stretches (e.g., hybrid-1 and hybrid-2) produce similar CD spectra.[401] On the other side, 

similar G-quadruplex topologies can be featured by significantly different CD signature.[82] In fact, 

atomic-resolution techniques such as NMR are necessary to unravel the variety of structures that 

can be populated along the G-quadruplex folding pathway and to provide more correct and 

complete kinetic data. Not only the method chosen for the kinetic investigation, but also the 

experimental conditions play a major role in the differences reported in the various kinetic studies. 

In particular, the molar ratio of K+/DNA, the presence of flanking nucleotides and the annealing 

method can largely affect the ruggedness of the energy surface and the distribution of the energy 

minima.   

    Irrespective of these discrepancies, all the studies reported until now suggest that the folding of 

telomeric G-quadruplex is multiphasic and involves intermediates. 

The folding pathway of the human telomeric G-quadruplex may be described by the kinetic 

partitioning mechanism as proposed for protein and, more recently, for RNA.[402] While a fraction of 

the molecules is able to reach directly the native conformation, the rest can be kinetically trapped 

in other non-native basins of the energy landscape. The recent finding that G-quadruplex folding is 

very slow is in fact supporting the idea of a very rugged energy surface, with deep competing 
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energy minima corresponding to metastable conformations that can be populated during the 

folding. Interestingly, Bevilacqua and co-workers proposed that an increase in the length of the 

G-stretches can be used to deliberately populate more intermediate states and reduce the 

cooperativity of the folding.[403]

    A variety of intermediates has been proposed over the years on the basis of different 

experimental techniques: two-tetrads quadruplexes, triplexes and hairpins. None of these 

structures has been supported by clear experimental evidence. As already mentioned, CD 

signatures and UV absorbance are not sensitive to the specific quadruplex conformation and any 

intermediate structure proposed on the basis of CD and UV data is purely speculative. 

Nevertheless, there are recent reports where spectra of rapidly formed intermediate species have 

been calculated by singular value decomposition (SVD) of CD stopped flow data and assigned to 

specific structures.[400]  

    Real-time NMR is a valuable tool to identify the species involved in the folding pathway at 

atomic resolution. Even though the folding pathway may be simplified because of the 

time-resolution, we have used real-time NMR to investigate the folding of telomeric G-quadruplex 

and the results of these studies are presented in the next Chapter.  

It is clear however that, due to the time resolution, real-time NMR alone cannot provide a complete 

description of the folding and other atomic-resolution techniques have to be used in addition to 

obtain complementary information on the early stages of the folding.  

Šponer and co-workers have recently performed a series of molecular dynamics (MD) simulations  

probing the stability of various possible intermediates on a  microsecond time scale and providing 

an atomic-detailed insight into the early stage of the folding.[404–407]  These studies suggest that the 

distribution of syn/anti glycosidic angles in the final structure determines the relative movements 

allowed between the strands during the refolding process. In particular, a 2-tetrads quadruplex, 

proposed as possible intermediate on the basis of NMR data by Zhang et al.,[119] can lead to the 

formation of a 3-tetrad quadruplex by slippage of one strand only in an all-anti conformation, while 

a strand-slippage with syn/anti glycosidic angles is not favorable as it may lead to steric clashes 

(Figure 44). As an intermediate in the G-quadruplex folding pathway, a G-triplex could potentially 

be formed by binding/unbinding of one strand. MD simulations show, however, that a G-triplex with 

all-parallel strands and all-anti guanine residues is not stable on a microsecond time-scale (Figure 

44). The existence of the G-triplex has been a matter of some debate. Stand-alone G-triplex has 

not been observed until now for three G-stretches sequences derived from human telomeric DNA, 

nevertheless optical tweezers studies, MD and CD investigations suggested the G-triplex structure 

as a plausible intermediate.[400,405,408] However, it is still not clear if these structures exist, if they 

are sufficiently stable to be considered as an intermediate and what is their exact structure. 

On the other hand, the G-hairpin has been also indicated as potential intermediate on the 

G-quadruplex folding pathway. Mashimo et al. showed with molecular orbital (MO) calculation that 

the GG Hoogsteen base pair has a stability comparable to the one of AT Watson-Crick base pair 

and proposed the hairpin formation as first intermediate to the formation of G-quadruplex 

structures.[409] Images of G-hairpins and G-triplexes in DNA origami frames have been captured in 
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2014 by Rajendran et al. using high-speed atomic force microscopy (HS-AFM).[410] The formation 

of an hairpin as a possible intermediate is also supported by a recent NMR study from Plavec 

group. The NMR investigation on the folding pathway of the bimolecular quadruplex formed by 

Oxytricha nova telomeric DNA (G4T4G4) suggested the presence of symmetric bimolecular 

intermediates where all the guanines are involved in GG N1-carboyl symmetric base pairs.[411]

    It has to be noted that while the structural features of the various species involved in the folding 

can be unambiguously assigned only using atomic-resolution methods, the number of species 

involved in the folding and their distribution of population can be assessed by single-molecule 

Förster resonance energy transfer (smFRET).[412,413]  

    Other interesting details on the dynamic of the folding can be provided by MD simulations.[407]

For example, MD reveals that the propeller loops are in general very strained and their formation 

constitutes a peculiar aspect of the folding pathway, in agreement with our hypothesis discussed in 

Chapter 7.1. Moreover, MD allows to identify external, non-channel cation binding sites with high 

degree of cation delocalization which cannot be detected by X-ray and may be useful to promote 

the folding (i.e., narrow edgewise loops have been shown to potentially coordinate a K+ cation).[117]

    A combined NMR/MD approach could possibly be used in the future to probe the folding on 

different time-scales. 
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7.1 Research article: Involvment of long-lived 

intermediate states in the complex folding pathway of 

the human telomeric G-quadruplex 

Bessi I., Jonker H. R. A., Richter C., Schwalbe H. 

Angewandte Chemie International Edition, 2015, 13; 54(29): 8444-8. 

    In this article, the K+-induced folding kinetic of the human telomeric sequence 

d[TTGGG(TTAGGG)3A] (Tel24) was investigated using real-time NMR. Analysis of the 

NMR-derived kinetic traces provided atomistic insight into the folding mechanism of telomeric 

G-quadruplex.  

    After injection of K+, two distinct folded states were detected: a major conformation (hybrid-1) 

and a previously not characterized minor conformation (hybrid-2), which is formed faster than the 

more stable hybrid-1. Interestingly, a partially unfolded state was also populated during the folding. 

We propose that the thermodynamic (hybrid-1) and kinetic (hybrid-2) conformations equilibrate 

slowly via the partially unfolded intermediate state, which can be described as an ensemble of 

hairpin-like structures. 

    All the results presented in this work were collected and analysed by the author of this thesis. 
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Involvement of Long-Lived Intermediate States in the Complex
Folding Pathway of the Human Telomeric G-Quadruplex**

Irene Bessi, Hendrik R. A. Jonker, Christian Richter, and Harald Schwalbe*

Abstract: The energy landscapes of human telomeric G-

quadruplexes are complex, and their folding pathways have

remained largely unexplored. By using real-time NMR spec-

troscopy, we investigated the K+-induced folding of the human

telomeric DNA sequence 5’-TTGGG(TTAGGG)3A-3’. Three

long-lived states were detected during folding: a major con-

formation (hybrid-1), a previously structurally uncharacter-

ized minor conformation (hybrid-2), and a partially unfolded

state. The minor hybrid-2 conformation is formed faster than

the more stable hybrid-1 conformation. Equilibration of the

two states is slow and proceeds via a partially unfolded

intermediate state, which can be described as an ensemble of

hairpin-like structures.

In the presence of monovalent cations, such as K+ or Na+, G-

rich DNA sequences can form a G-quadruplex structure by

the stacking of multiple G-quartets, each composed of four

guanine residues arranged cyclically and stabilized by Hoog-

steen hydrogen bonds (Figure 1a).[1,2] G-quadruplexes are

important in biology[3] but also utilized in various nano-

technological applications.[4] An overwhelming wealth of data

show human telomeric DNA polymorphism (Figure 1b,c).

The dominant conformation is determined mainly by the

presence of flanking nucleotides and the nature of the

stabilizing cation, but also by molecular crowding.[5] Owing

to their appearance at the ends of telomeres, G-quadruplexes

are proposed targets for pharmacological intervention.[6,7]

Moreover, their ability to adopt substantially different con-

formations challenges our understanding of protein–quadru-

plex interactions and their inhibition by drugs.[8]

We herein describe the application of time-resolved NMR

spectroscopy to investigate the K+-induced folding of the

human telomeric sequence Tel24, a well-studied system that

adopts the hybrid-1 conformation (Figure 1d, left).[9] We

show that after the injection of K+ ions, the folding of Tel24

Figure 1. a) General structure of a G-quartet. b) The 3’ single-stranded

overhang of human telomeric DNA adopts a G-quadruplex fold.

c) Polymorphism of human telomeric DNA: hybrid-1,[9–11] hybrid-2,[11,12]

two-tetrad basket,[13, 14] propeller,[15, 16] three-tetrad basket,[17] chair.[18]

d) Sequence and numbering of Tel24 DNA. Left: Folding topology of

the major conformation of Tel24 (hybrid-1) as determined by NMR

spectroscopy by Luu et al.[9] Right: Folding topology of the kinetically

favored conformation of Tel24 (hybrid-2) as determined in this study,

with proposed capping structures indicated by gray dashed lines.

Guanine residues with an anti orientation are colored light gray,

whereas syn-oriented guanine residues are colored dark gray. e) 1D
1H NMR spectra of Tel24 at different stages of folding induced by the

addition of K+ ions. Experimental conditions: 0.2 mm DNA, 25 mm

Bis-Tris buffer, pH 7.0, 10% D2O/90% H2O, 298 K, 600 MHz.
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undergoes kinetic partition-

ing, and three conforma-

tions are populated:

hybrid-1 (H1), hybrid-2

(H2), and an unfolded con-

formation (U) that is not

stabilized by hydrogen

bonds. The formation of

the less stable conformation

H2 is kinetically favored.

Refolding of the H2 confor-

mation involves extensive

reorganization of the G-

quadruplex to the more

stable H1 conformation via

partially structured states

and proceeds on a very

slow time scale.

The K+-induced folding

and subsequent refolding of

the Tel24 G-quadruplex

requires several hours at

298 K. Two distinct G-quad-

ruplex conformations were

detected 1.5 h after the

injection of K+ ions (Fig-

ure 1e). Whereas the major

conformation adopts the H1

fold, we characterized the

folding topology of its minor

conformation, H2, which is

formed more rapidly. The

imino and aromatic guanine

hydrogen-atom resonances

of both conformations were

assigned (Figure 2; see also

Figure S5 in the Supporting

Information), and the intra-

tetrad 1H1–1H8 connectivi-

ties were derived (see Fig-

ure S7b for atomic number-

ing). H–D exchange experi-

ments showed that the

imino hydrogen atoms of

the inner G-quartet exchange much slower than those on

the external quartets.[19] After solvent exchange, the imino

hydrogen-atom signals of the inner quartet (residues G22,

G16, G10, and G4) and of residue G15 in the H2 conforma-

tion were still visible (see Figure S6), and the signal from

residue G15, which defines an outer quartet, disappeared

more quickly than the others.

At room temperature, the population of the minor

conformation H2 is not sufficiently long-lived to be charac-

terized by NMR spectroscopy. NMR spectroscopic refolding

experiments (see Figures S7–10 for the results of 1H,1H

NOESY and 1H,13C HSQC experiments) were therefore

conducted at 288 K with a DNA concentration of less than

1 mm to avoid aggregation. Assignment of the major con-

formation H1 was performed on the basis of previously

reported data.[9] With the unambiguous assignment of

exchangeable and non-exchangeable guanine hydrogen

atoms of the minor conformation by the use of selectively

labeled samples (Figure 2), we could assign the 1H1–1H8

region of the NOESY spectrum and determine the quartet

arrangement typical of the H2 conformation (Figure 1d,

right; see also Figure S7).[11, 12] All folding and refolding

kinetics were determined at 298 K in real-time NMR

spectroscopic experiments (see the Supporting Information

for experimental details). KCl was manually injected at 298 K

into the NMR tube to give a [K+]/[DNA] ratio of 140:1.

Kinetic traces for different residues were extracted from the

same experiment on a sample at natural abundance. Only

well-resolved imino peaks (see Figure S12) were chosen for

the kinetic analysis, which excluded the analysis of signals

Figure 2. a) NMR spectroscopic assignment of guanine imino hydrogen atoms in the major (H1) and minor

(H2) conformation of Tel24 by the use of 1D 1H,15N-filtered experiments on site-specifically labeled samples.

The reference spectrum at the top is annotated with the complete signal assignment. b) NMR spectroscopic

assignment of aromatic guanine hydrogen atoms by the use of 2D 1H,13C HSQC experiments on site-

specifically labeled samples. Label color code: black for the hybrid-1 conformation (H1), red for the hybrid-2

conformation (H2), and cyan for the unfolded state (U). Additional signals arising from unassigned minor

species are framed with gray boxes. NMR spectra were recorded after the induction of folding ([KCl]:-

[DNA]=140:1) at room temperature and cooling down to 288 K of samples with uniformly 13C and 15N site-

specifically labeled oligonucleotides at the indicated position. Experimental conditions: 100–250 mm DNA,

25 mm Bis-Tris buffer, pH 7.0, 10% D2O/90% H2O, 288 K, 600 MHz. *The DNA labeled at G22 contained

impurities.
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originating from either aromatic sites or thymine methyl

groups.

Kinetic plots of the G17 imino hydrogen-atom signal

intensities for the H1 (black) and the H2 (red) conformations

are shown as an example in Figure 3a. 1H,13C HSQC spectra

of several site specifically labeled samples revealed the

presence of a residual amount of an unfolded state (Fig-

ure 3b), which remained even months after the induction of

folding and storage of the samples at room temperature. The

signal of the unfolded state could be detected even at higher

K+ concentrations (see Figure S11).

From the analysis of folding rates (see Table S1 in the

Supporting Information), we propose a folding model for

Tel24 (Figure 3c) that involves three states: H1 (black), H2

(red), and an unfolded state U (cyan). At T= 298 K, the H1

and H2 conformations are formed with average rate constants

k1 and k2 equal to (1.02� 0.02) and (1.18� 0.03) hÿ1, respec-

tively. The re-equilibration of the two conformers is slow and

proceeds through the formation of a state U without

detectable hydrogen bonds, at least at neutral pH. The

unfolding of the minor conformation H2 is one order of

magnitude faster than the unfolding of H1 (k1r= (0.049�

0.001) hÿ1 and k2r= (0.293� 0.006) hÿ1). Whereas in the initial

folding phase at room temperature both folded conforma-

tions are populated to a comparable extent, at higher

temperatures the H2 population is larger than that of H1

(see Figure S13b). At 310 K, 6 min after the injection of KCl,

the population of H2 was approximately twice as large as the

population of H1.

The effect of temperature on the rate constants was

investigated in the range from 298 to 316 K, in which the

kinetic traces showed a biphasic behavior. Kinetic traces of

the imino hydrogen atom belonging to residue G5 were fitted

with the mechanism shown in Figure 3c (see Table S2), and

activation parameters shown in Table 1 were derived from

Eyring analysis (see Figure S13) of the rate constants.

ln
k

T
¼ ln

kB

h
þ
DSz

R
ÿ
DHz

RT
ð1Þ

The conformation of the two folded states can clearly be

assigned to hybrid structures with a very distinct overall

topology; the conformation of the unfolded state, however, is

less clear. We tentatively describe this state as an ensemble of

prefolded hairpin structures in which the inner G-stretches

are partially formed and the 3’ and 5’ ends are unfolded

Figure 3. a) Kinetic traces describing the intensity of the imino peaks of residue G17 as a function of time at 298 K. Imino signals of G17 in the

hybrid-1 (H1, black) and hybrid-2 conformation (H2, red) are marked on the 1D 1H spectrum recorded 2.5 h after inducing folding at 298 K.

b) Aromatic region of the 1H,13C HSQC spectrum of the sample selectively labeled at G17 before the induction of folding (cyan) and 3 days after

folding induction (black) at 298 K. Label color code: black for the H1 conformation,[9] red for the H2 conformation, and cyan for the unfolded

state (U). c) Kinetic model proposed to fit the data. Average rate constants obtained from the global fitting of well-resolved imino peaks (see

Figure S12 and Table S1) are shown. Fitting curves are displayed in (a) as solid lines and result from the global fitting of the kinetic traces with

the proposed mechanism (see the Supporting Information for details). d) Folding topologies involved in the proposed folding mechanism for

Tel24. Proposed capping structures for H2 are in gray.
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(Figure 3d). In support of this hypothesis, we detected very

broad signal(s) between 10.5 and 11.0 ppm at pH 7 and 298 K

(see Figure S2b). According to Čeru et al., these signals could

be due to the presence of preorganized structures with GG

N1-carbonyl symmetric base pairs.[20] However, even in 100%

H2O (and with an insert filled with D2O to obtain an NMR

lock signal), 1D 1H,15N-edited NMR spectra recorded on
13C,15N site specifically labeled Tel24 at pH 7.0 did not show

any clear signal at around 11 ppm, in which region the imino

resonances of the GG N1-carbonyl symmetric base pairs are

expected.[20] We did not conduct experiments at more acidic

pH values.

The conformational switch of different unfolded hairpin

conformations that leads to the formation of either the H1 or

H2 folded state requires a coordinated swap of the nucleo-

bases belonging to the inner G-stretches, together with an syn/

anti transition of G10–G16 (Figure 3d). Since Mg2+ was

reported to have a stabilizing effect on hairpin structures,[21,22]

we tested whether the addition of Mg2+ to a K+-free solution

of 0.3 mm Tel24 in Bis-Tris buffer at pH 7.0 stabilized

prefolded hairpin-like structures (see Figures S3 and S4);

however, at concentrations up to 4 mm Mg2+, we did not

observe any signals that would indicate stable-hairpin for-

mation.

Over the years, different hypotheses on the conformation

of species involved in the folding process of telomeric G-

quadruplexes have been suggested. On the basis of circular

dichroism (CD), intrinsic 2-aminopurine fluorescence, and

fluorescence resonance energy transfer (FRET), Gray et al.

proposed that G-quadruplex folding is multiphasic, with three

different intermediates formed sequentially along the folding

pathway.[8] According to their analysis, after the addition of

K+ cations, prefolded hairpins rapidly collapse into an

antiparallel quadruplex (e.g. a chair), which in turn evolves

into a third intermediate (hypothesized to be a triplex), and

finally forms the hybrid structure. However, the nature of

these partially unfolded species and short-lived folding

intermediates has remained controversial, especially because

the disentanglement of fluorescence and CD signatures (see

Figure S1) due to various quadruplex conformations is

difficult. The existence of G-triplexes along the folding

pathway of the telomeric G-quadruplex has been an object

of debate in recent years.[8, 23–26] The G-hairpin has also been

indicated as a potential intermediate on the G-quadruplex

folding pathway.[18, 22,27] Moreover, NMR spectroscopic inves-

tigation of the folding pathway of the bimolecular quadruplex

formed by Oxytricha nova telomeric DNA (G4T4G4) sug-

gested the presence of symmetrical bimolecular intermediates

in which all guanine residues are involved in GG N1-carbonyl

symmetric base pairs.[20]

Our data indicate that neither a chair nor a triplex is

a long-lived intermediate. Furthermore, previous kinetic

studies have failed to delineate the parallel folding pathway

and the coexistence of two hybrid conformations together

with residual unfolded species, presumably owing to the

insensitivity of the spectroscopic probes used. We observed

only two long-lived species with imino hydrogen atoms

protected from exchange with water: H1 and H2. Although

there might be other transient species involved in the

formation of the H1 conformation, they are neither suffi-

ciently long-lived nor sufficiently populated to be character-

ized by NMR spectroscopy. A more appropriate method to

investigate these short-lived marginally stable intermediates

could be molecular-dynamics (MD) simulations.[28]

Analysis of the spectra of site specifically labeled samples

(Figure 2A; see also Figure S5) indeed reveals the presence

of more than two imino signals for most of the residues in the

early stage of folding. The population of these species is less

than 5% and is further reduced beyond detection few hours

after the induction of folding. These additional species could

be either on-pathway or off-pathway intermediates. Accord-

ing to the number of imino signals observed in the 2D 1H,15N

SOFAST-HMQC spectrum, the residues belonging to the

inner quartet (G22, G10, G16, and G4) are less affected by

structural heterogeneity than the guanine residues defining

the external tetrads. Therefore, we speculate that these

additional short-lived intermediates conserve the general

hybrid scaffold but present different or partially formed

capping structures. This interpretation is in line with the

observation that AT base pairs and triplets within the loops

play a crucial role in G-quadruplex stabilization. In fact, Dai

and co-workers suggested previously on the basis of the

comparison of 1D 1H imino patterns that sequences derived

from human telomeric DNA are always in equilibrium

between the two forms H1 and H2, whereby the population

ratio is determined by the nature of the 3’ and 5’ flanking

nucleotides.[5, 12,14] Our 2D spectroscopic data, however,

unambiguously demonstrate that the minor conformation is

the H2 fold, and that it is populated during the K+-induced

folding of H1. Furthermore, we could show that the formation

of H2 is kinetically favored and that the interconversion of the

two hybrid forms proceeds via an unfolded state, whose

substantial importance was previously remarked on only by

Lee et al.[29]

It is interesting to note that the kinetics of i-motif

formation of the C-rich complementary sequence of human

telomeric G-quadruplex also follows kinetic partitioning.[30]

Still, the question of why the H2 (minor) conformation is

formed faster than the H1 (major) conformation remains to

be discussed. NOESY spectra indicate that the stabilizing

structures of H2 (Figure 3d; see also Figure S10) can be

formed from the hairpin ensemble by swinging back of the 5’-

end G-stretch. On the other hand, the stabilizing caps of H1

Table 1: Activation parameters resulting from the linear regression of the

kinetic rates to Equation (1).[a] Errors result from the fitting.

k1 k2 k1r k2r

DH°

[kJmolÿ1]

191.7�3% 226.4�6% 131.1�10% 135.8�10%

DS°

[JKÿ1molÿ1]

397.3�3% 514.8�6% 170.3�10% 201.4�10%

Ea (at 298 K)

[kJmolÿ1]

194.2�3% 228.9�6% 133.6�10% 138.2�10%

[a] In Equation (1), kB is the Boltzmann constant, h is the Planck

constant, and R is the gas constant (see the Supporting Information for

values).
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(A24:T13 and T1:A20 base pairs) can be formed from the

hairpin ensemble only after formation of the T18–T19–A20

edgewise loop and of the T6–T7–A8 propeller loop, which

requires not only that the 3’ end swings back from the hairpin,

but also the inversion of strand orientation. This extensive

reorganization might slow down the formation of H1. The

equilibrium population ratio of the two conformers can be

explained in terms of the possibility of forming specific

stabilizing capping structures at the 3’ and 5’ ends. As reported

previously, the H2 structure is stabilized by a specific T:A:T

cap at the 3’ end in different G-quadruplexes, which cannot be

formed by Tel24.[11, 12] This hypothesis was tested by replacing

residue 24 A for T. This exchange indeed resulted in

a significant increase in the population of the minor con-

formation (see Figures S14 and S16).

Analysis of the kinetic traces of other sequences derived

from human telomeric DNA (see Figures S14 and S15)

reveals that, irrespective of the sequence of the flanking

nucleotides, the folding process is biphasic and proceeds

through the initial formation of a kinetic product that slowly

equilibrates with a thermodynamic product. This finding

suggests that kinetic partitioning might be a common prop-

erty of G-quadruplexes, and presumably linked to their

polymorphism.

In conclusion, we propose for Tel24 a folding and

refolding mechanism in which the conformational equilibra-

tion between the two hybrid forms is slow and proceeds via an

“unfolded” state. Although we are aware that the elongated

telomeric sequence might behave differently in vivo,[31] this

study contributes to efforts to elucidate the complex energy

landscape of G-quadruplex folding. For the first time it

provides an atomistic description of the species involved in

the process of folding and refolding of the human telomeric

G-quadruplex. This study points out that the presence of

partially unfolded regions might be an intrinsic property of

human telomeric DNA and necessary to modulate the

binding of telomere-binding proteins, such as POT1 and

telomerase enzyme, to the single-stranded telomeric over-

hang. The elongation rate reported for human telomerase

enzyme is 1 nt sÿ1;[32] therefore, on a biological time scale

kinetic and thermodynamic conformers are both present and

coexist with partially unfolded regions. The human telomeric

G-quadruplex, with its diversity of structures, is a challenging

target for medicinal chemistry, and the development of small

molecules that act as selective stabilizers for the thermody-

namic conformation might not be the most effective ther-

apeutic strategy, given that the kinetically favored conforma-

tion is long-lived, as shown herein. The findings will therefore

impact the development of drugs that bind to telomeric DNA

and the use of G-quadruplexes in nanobiotechnology.

Keywords: conformation analysis · DNA structures ·

folding kinetics · G-quadruplexes · real-time NMR spectroscopy
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8 G-quadruplex in nanotechnology 

    Beyond encoding the genetic information and directing the replication of the genetic material, 

DNA self-assembly can be used to control the structure of matter and build nanodevices.[414–416]

Due to its intrinsic nano dimensions and to its self-assembly properties, DNA is an attractive tool 

for structural nanotechnology to “put what you want where you want it in three dimensions (3D), 

when you want it there”.[415]

    Around 1996, two different approaches were developed to obtain DNA-based rigid building 

blocks for programmable nanomaterials. The first approach, used in the labs of Seeman, was 

based on the careful design of branched tiles resulting from hybridization and intertwining of DNA 

strands. These tiles were then used to build 2D and 3D nano arrays. The so-called DNA origami 

approach is also based on hybridization and intertwining of strands, but uses a plasmid DNA 

scaffold, which is folded in single nanostructures with the help of staple oligonucleotides. The 

second method, introduced in Mirkin’s lab, relies on the functionalization of a rigid core (usually a 

gold nanoparticle), with single stranded DNA that can template the particle-particle assembly to 

form long-range ordered 3D lattices and even single crystals.[417]     

    Although the classic duplex B-conformation based on the Watson-Crick interaction scheme has 

by far been the most commonly used “tool” in DNA-based nanotechnology, non-canonical base 

pairing schemes and alternative DNA structures offer additional possibilities for building 

DNA-based nanomaterials. As shown in Chapter 1, DNA molecules can self-assemble via many 

different base-pairing schemes and assume a variety of conformations having some advantages 

over the classical B-DNA duplex, namely the capability to respond to chemical stimuli (H+, metal 

cations) and enhanced thermal stability.[6] Furthermore, the possibility of different 

hydrogen-bonding patterns results in an extensive polymorphism: the conformational transition 

between different structures (such as duplex/quadruplex, B/Z, i-motif/single strand) can be 

triggered with various external stimuli and used as engine to drive switchable nanomachines.  

    The sketch depicted in Figure 45 summarizes a number of possible G-quadruplex-based 

applications in the different branches of nanotechnology.  

    In the field of DNA-based nanoarchitectures, G-quadruplex structures have been used one 

decade ago as “molecular glue” to control the self-assembly of Au nanoparticles via cations.[418]

Heckel and co-workers showed that G-quadruplex can also be used to glue DNA mini-circles 

(Figure 45a), and in principle larger DNA objects that can be monitored by atomic force 

microscopy (AFM).[419] In the group of Sugiyama, two DNA sequences able to form inter-molecular 

G-quadruplexes have been embedded in a DNA origami frame and the formation of the 

G-quadruplex has been visualized by AFM  (Figure 45b). The same technique has been used to 

characterize G-hairpin and G-triplex structures which are possibly formed during the G-quadruplex 

folding (see Chapter 7 for more details).[410]  

    There are also reports on applications where G-quadruplexes have been used to control and 

modify surface properties. For example, nano-pores containing guest molecules were 
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functionalized with C-rich oligonucleotides and blocked with Au nanoparticles linked to G-rich 

oligonucleotides able to hybridize with the C-rich counterpart. Addition of K+ cations triggers the 

formation of G-quadruplexes and the release of the guest molecules  (Figure 45c).[420]

Furthermore, the thrombin binding aptamer (TBA) G-quadruplex, able to bind with high affinity and 

specificity to the human blood clotting factor α-thrombin and acting therefore as anti-coagulant, 

has been encoded into DNA tiles forming a 2D-lattice (Figure 45d). The result is a regular spatial 

distribution of TBA aptamers, which can be used as a sensing array with TBA acting as anchor 

able to bind a specific probe (thrombin).   

    G-quadruplexes in combination with i-motif structures have been exploited as functional material 

for computing. Using pH and cations as input, these systems have been shown to behave as logic 

gates with potential applications in DNA computing (Figure 45e).[421]   

Willner’s group has developed a variety of supramolecular architectures able to sense analytes 

and induce the formation of the G-quadruplex Horseradish Peroxidase (HRP) mimicking DNAzyme 

as catalytic label (Figure 45f). Binding of the G-quadruplex DNAzyme to hemin catalyses the 

reduction of H2O2 and the oxidation of a target molecule that can be detected with 

chemiluminescent or colorimetric methods. Careful design of the multicomponent supramolecular 

assembly containing the G-quadruplex DNAzyme allows to detect different analytes (metal ions, 

cocaine, ATP, thrombin, target DNA).[422]  

    Another growing field of the DNA-based nanotechnology is the development of nanomaterials 

able to respond to external stimuli in a dynamic way: the cyclic alternation between two different 

DNA conformations is the basic idea of many nano-switches. A DNA switch must be triggered by 

an appropriate “fuel” and must be reconfigurable in the initial state.  

    Nanomotors based on a G-quadruplex/duplex equilibrium use a DNA strand replacement 

mechanism to trigger the conformational switch. The G-quadruplex is disrupted by hybridization 

with the complementary C-strand (fuel). Using a third strand (anti-fuel) with appropriate 

sticky-ends, the G-quadruplex is regenerated via displacement of the C-rich strand and production 

of a “waste” duplex. The TBA G-quadruplex has also been embedded in such a molecular motor to 

control the release of thrombin (Figure 45g).[6] Cations have also been used as chemical triggers.   

For example, a partially complementary duplex containing a G-rich internal loop was labeled with a 

ferrocene and deposited on a gold electrode. Upon addition of K+ (fuel), the G-rich loops can fold 

into a G-quadruplex structure and the duplex can be regenerated by addition of a crown ether able 

to sequester the K+ cation  (Figure 45h). The cyclic switch between the two different 

conformations produces a substantial variation in the ferrocene-gold electrode distance that can be 

monitored by voltammetry (see reference [423] and references given therein).  

    Instead of a chemical stimulus, light can also be used as triggering input. Light allows a very 

precise temporal and spatial control on the nanoswitch and does not produce any “waste” (e.g., a 

fuel/anti-fuel duplex DNA). The ideal switch upon irradiation should produce with high yield a 

long-lived state with a change in end-to-end distance, sufficient to trigger the self-assembly of 

nanomaterials or affect the biological activity of the target. For in vivo biological applications it 

should be non-toxic, stable and able to switch at a wavelength long enough to be not harmful for 
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cell and tissues. Stilbenes, spiropyranes and diarylethenes have been used to control the switch of 

nucleic acids, however the azobenzene group (Az) is by far the most popular photoswitch element 

used because of the high efficiency and robustness of its E/Z photoisomerization.[424–426] Woolley 

and co-workers have recently investigated how to tune the photochemical properties of 

azobenzene derivatives to make them compatible with biological applications.[427] As discussed in 

Chapter 4, G-quadruplexes are involved in regulation of biological processes and the inclusion of 

an appropriate photoswitch could be used to reversibly photo-control gene expression in cell.  

The photocontrol of G-quadruplexes with Az (red color code in Figure 45i-k) has been achieved 1) 

using Az as photoswitchable ligand or 2) incorporating Az directly in the oligonucleotide by solid 

phase synthesis.  

Zhou has used strategy 1) to prepare an Az derivative that in E-conformation is able to template 

the formation of G-quadruplex in absence of cations, while in Z-conformation induces the 

dissociation of the quadruplex  (Figure 45i). Tan and co-workers adopted approach 2) to 

photo-control blood clotting. The TBA regulatory domain was connected via a linker to an inhibitory 

domain composed of the TBA complementary sequence functionalized with Az groups. Each Az 

group was tethered to an acyclic, non-ribose linker inserted in the phosphate backbone. The TBA 

aptamer is free to interact with the thrombin and to inhibit coagulation with the Az groups in the 

E-state, while upon irradiation with visible light, the regulatory domain hybridizes to the inhibitory 

domain forming a duplex stabilized by Az intercalating between the Watson-Crick base pairs 

(Figure 45j).  

    Following the strategy reported by Wu et al. for the development of an Az-capped DNA 

hairpin,[428] Heckel and co-workers have inserted an Az unit directly in the phosphate backbone 

between two G-rich strands, replacing ideally a possible loop in a bimolecular G-quadruplex. The 

Az-derivative is able to form a well-defined intermolecular G-quadruplex structure, whose structural 

characteristics and photoswitching behavior will be described in the next Chapter. Such 

G-quadruplex-based nanoswitches might find applications as smart-glue in the field of DNA 

nanoarchitectures to direct the self-assembly of DNA building blocks (Figure 45k), as well as in 

medicinal chemistry, as smart gates to control the release of drugs from mesoporous silica 

nanoparticles.[429] The possibility to implement such a stimuli-responsive unit in an AFM as 

optomechanical molecular motor to extract net work can also be envisioned.[430]    
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Figure 45 Possible applications of G-quadruplex structures in nanotechnology.  
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8.1 Research article: Photoresponsive Formation of an 

Intermolecular Minimal G-Quadruplex Motif 

Julie Thevarpadam#, Irene Bessi#, Oliver Binas#, Diana P. N. Gon�alves, Chavdar Slavov, Hendrik 

R. A. Jonker, Christian Richter, Josef Wachtveitl, Harald Schwalbe, Alexander Heckel. 

In press. 

# These authors contributed equally.

    This article describes the structural and photoswitching properties of a novel intermolecular 

G-quadruplex containing azobenzene units, with potential applications in the field of 

nanotechnology. 

   Various bifunctional azobenzene linkers (Az1, Az2 and Az3) were flanked by 1-3 guanine 

nucleotides at either side and their ability to form intermolecular G-quadruplex structures was 

investigated. The GG-Az1-GG derivative revealed to be the most promising candidate, able to 

form a well-defined, structurally homogeneous G-quadruplex and to disrupt it under photocontrol. 

The structure of the GG-Az1-GG G-quadruplex was determined by NMR and its photoswitching 

behaviour was characterized by CD, NMR and ultrafast UV-pump/mid-IR-probe spectroscopy. 

    All the Az derivatives were synthetized and characterized by CD in the group of Prof. Heckel 

(Goethe University, Frankfurt). The NMR measurements, the NMR data analysis as well as the 

NMR-based structure calculation were performed in the group of Prof. Schwalbe. The assignment 

of the GG-Az1-GG derivative was performed by Mr. Binas and the structure calculation by Dr. 

Jonker. The author of this thesis performed the preliminary screening of the various derivatives 

and contributed to NMR data analysis, performing the experiments and to all the aspects of writing 

the manuscript. The ultrafast UV-pump/mid-IR-probe experiments were performed and analyzed in 

the group of Prof. Wachtveitl (Goethe University, Frankfurt).  
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Photoresponsive Formation of an Intermolecular Minimal

G-Quadruplex Motif

Julie Thevarpadam+, Irene Bessi+, Oliver Binas+, Diana P. N. GonÅalves, Chavdar Slavov,

Hendrik R. A. Jonker, Christian Richter, Josef Wachtveitl, Harald Schwalbe,* and

Alexander Heckel*

In memory of Gerhard Quinkert

Abstract: The ability of three different bifunctional azoben-

zene linkers to enable the photoreversible formation of

a defined intermolecular two-tetrad G-quadruplex upon UV/

Vis irradiation was investigated. Circular dichroism and NMR

spectroscopic data showed the formation of G-quadruplexes

with K+ ions at room temperature in all three cases with the

corresponding azobenzene linker in an E conformation.

However, only the para–para-substituted azobenzene deriva-

tive enables photoswitching between a nonpolymorphic,

stacked, tetramolecular G-quadruplex and an unstructured

state after E–Z isomerization.

G-Quadruplexes are important DNA secondary structures.
The structures form in an intramolecular manner or by
association of multiple strands and can exist in many
polymorphic forms.[1–4] G-Quadruplexes are important regu-
latory elements in the genome[5, 6] but they are also selected in
SELEX procedures as versatile aptamers (SELEX= system-
atic enrichment of ligands by exponential amplification).[7]

For example a simple G-rich DNA 15mer can inhibit blood
clotting.[8] In DNA nanoarchitectures, G-quadruplexes can
act as interesting structural scaffolds.[9–14]

Light is an ideal external trigger signal that can be highly
selective and superior to changes in temperature and
pH value. Localized irradiation, for example in laser scanning

microscopes, allows for very precise spatiotemporal and dose
control,[15–18] far beyond the precision of the injection of
trigger compounds, as recently shown for blood clotting and
miRNA.[19, 20]

The ability to control a process by light can be introduced
either by using photolabile groups or photoswitches such as
azobenzene.[24, 25] The use of photolabile groups has been
applied to G-quadruplexes which were either formed or
destroyed irreversibly upon light irradiation.[21–23]

In the G-quadruplex field, Ogasawara and Maeda have
used stilbene-type substituents to control the formation of G-
quadruplexes by light-induced E–Z isomerization.[26] Spada
et al. controlled the self-assembly of guanosine monomers in
a similar fashion.[27] The formation of G-quadruplexes can
also be induced by small molecules that act as molecular
chaperons in the absence of cations.[28–30] Zhou et al. devel-
oped azobenzene-containing small-molecule chaperones to
regulate G-quadruplex formation.[31] Tan et al. synthesized an
azobenzene-modified antisense DNA linked to a thrombin-
binding aptamer to regulate G-quadruplex formation.[32]

Herein, we present a minimal light-switchable DNA
module enabling the formation of an intermolecular and
conformationally well-defined G-quadruplex structure with
a photoswitchable azobenzene residue as part of the back-
bone structure (Figure 1).

Azobenzene derivatives Az1, Az2, and Az3 (Figure 2a)
were employed as photoswitchable linkers between two sets
of two consecutive guanosine moieties and were introduced
using DNA solid-phase synthesis. The size and substitution
patterns on the azo linkers were chosen to offer a suitable
balance between the rigidity and flexibility of the overall
structure, such that the photoswitch in the E conformation
should permit the formation of a G-quadruplex, whereas in
the Z conformation no such G-quadruplex formation should
be possible. Simple predictions suggested thatAz1 can bridge
a distance of 13.2–13.6 � in the E conformation and 7.7–

Figure 1. Sequence and numbering of the azobenzene derivative used
and characterized in this study, with the azo unit (Az1) shown in gray.
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11.5 � in the Z conformation between the two oxygen atoms
adjacent to the azobenzene core. Going from a para–para to
a para–meta substitution pattern in Az2, these values change
to 11.1–13.6 � and 9.0–11.9 �, respectively. The OÿO dis-
tance at equivalent positions in the narrow grooves in G-
quadruplex structures can reach 11–12 � (see for example
PDB 2GKU). We also included the double homologue Az3

(8.8–14 � in the E conformation and 7.3–12.4 � in the
Z conformation). Clearly, minor changes in the structure of
the azo linker result in significant changes of the “hinge
qualities” of the photoswitch linkers. All of these consider-
ations should be considered with reservation given the highly
polymorphic nature of G-quadruplex structures and their
respective structural flexibility. We specifically refrained from
using longer homologues so as not to dissipate the perturba-
tion induced by the E–Z transition into too many internal
degrees of freedom.

Initial 1H NMR (100 mmK+) characterization of the short
azobenzene-linked sequences chosen for this investigation
showed signals in the imino region of the spectrum, typical for
Hoogsteen-type hydrogen bonds (Figure 2b), suggesting the
formation of G-quadruplex structures. Circular dichroism
(CD) studies were performed to assess the conformational
properties of the modified G-rich sequences. After the
addition of 25 mm of K+ ions, a positive signal around l=

295 nm and a negative signal near l= 260 nm were detected
for all three systems, indicating formation of antiparallel G-
quadruplex structures (see Figure 3a for GG-Az1-GG and
the Supporting Information for GG-Az2-GG and GG-Az3-
GG).[33, 34] Interestingly, 1H NMR analysis of the different
derivatives revealed structural polymorphism for GG-Az2-
GG and GG-Az3-GG which was not detectable by CD. In all
three cases, no formation of higher order aggregates was
detected (see Figure S58 in the Supporting Information). For
details on the thermal stability of the structures formed by the
three sequences, please see Figure S5.

Only four 1H NMR signals for imino groups, indicating
a highly symmetric G-quadruplex structure, were detected
after addition of K+ to GG-Az1-GG. The 1H NMR spectra of
GG-Az1-GG also showed that at a K+ ion concentration of
25 mm, the intensity of the set of imino signals was already

65% of its maximum value, whereas at a 5 mm K+ ion
concentration, the signal intensity was at 10% of its maximum
(Figure 3b). In absence of K+ ions there is no detectable
interaction between the nucleobases, indicating that neither
G-quadruplexes nor any other aggregates of the oligonucleo-
tide strands are formed. Additionally, at Na+ concentrations
of up to 500 mm, we did not detect the formation of any
secondary structure (Figures 3c and 3d). In this case, G-
quadruplex formation was induced only after adding an
additional 100 mm of K+ ions (Figure 3d; Figure S39).

For another recent example of ion selectivity in G-
quadruplexes and possible application in nanotechnology, see
also Ref. [36]. Cation selectivity has also been reported for the
thrombin-binding aptamer G-quadruplex,[37] whose G-tetrad
core adopts the same folding topology as we have determined
for GG-Az1-GG (see Figure 4 and the corresponding dis-
cussion). We propose that the smaller size of the Na+ ion is
not optimal to coordinate all eight O6 atoms in the two-tetrad
cavity, which is necessary to keep the GG-Az1-GG in a stable
quadruplex structure. Furthermore, the azobenzene linkers
may introduce additional strain to the ionic channel, leading
to the observed ion selectivity.

We investigated structural changes upon photoswitching
of the azobenzene units. Two distinguishable sets of CD
spectra could be obtained upon irradiation with either UVor
visible light (Figure 3e). After an initial irradiation with
UV light for 5 min, the CD signal at l= 295 nm disappeared
completely. Over the course of 30 min, the system reached
thermal equilibrium (red data points in Figures 3e–g).
Whereas the thermal Z–E isomerization occurs over the
course of several days (Figure S42), irradiation with visible
light for a short period of time (2 min) led to the almost
complete recovery of the initial CD signal after 15 min of
equilibration (Figure 3 f) which could also be paralleled with
corresponding NMR experiments (Figure 3h; Figure S60a).
1H NMR spectroscopy showed the complete disappearance of
signals for the imino protons upon irradiation with UV light
and their almost complete recovery after irradiation with
visible light (Figure 3 i, 100 mm of K+). We found that the
degree of recovery after irradiation with visible light is
a function of the DNA concentration: although at 50 mm the
recovery of signals attributable to a G-quadruplex structure
after irradiation with visible light is basically complete,
a sample containing 125 mm DNA shows 75% recovery of
resonance signals for the G-quadruplex 15 min after irradi-
ation. However, the recovery of the G-quadruplex structure is
complete after thermal equilibration (Figure S60a).

We speculate that at DNA concentrations concentrations
greater than 50 mm, after UV illumination unspecific aggre-
gates are formed (indicated by a broad signal in the aromatic
region of the 1H NMR spectrum) that slowly convert into the
quadruplex folded state and/or to the completely unfolded
state.

No effects of UV degradation (such as the photo-
oxidation of guanine) were detected in the aromatic region
of the 1D 1H NMR spectra after repetitive UV/visible-light
irradiation cycles (Figure S60b). Additionally, UV/Vis differ-
ence spectra (Figure S6) showed the differential absorption
signature typical for G-quadruplexes.[38]

Figure 2. a) The structures of the azo units employed in this study.
b) Imino regions of the 1D 1H NMR spectra of GG-Az1-GG, GG-Az2-
GG, and GG-Az3-GG in the presence of KCl (100 mm). Experimental
conditions: DNA (50 mm), Tris-HCl buffer (50 mm ; pH 7.4), 298 K,
600 MHz.
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Photoswitching of GG-Az1-GG was also evident in the
FTIR difference spectra (Figure 3 j, bottom; Figure S53). The
azobenzene isomerization and the subsequent disruption of
the G-quadruplex structure led to a bathochromic shift
(1675 cmÿ1

!1667 cmÿ1) of the C=O stretching band[39–41]

and to batho- and hypsochromic shifts of the bands associated
with the C=C and C=N purine ring vibrations (1550–
1590 cmÿ1 range),[39, 41] features reported in the literature to
be characteristic of G-quadruplex melting.[39, 41] Ultrafast UV-
pump/mid-IR-probe experiments[42] in the carbonyl stretching
vibration range (Figure 3 j, top left; Figure S54–55) were
performed to investigate the dynamics of the G-quadruplex
after E azobenzene excitation (l= 335 nm). In the first
picoseconds after laser excitation, the transient absorption
data are dominated by the cooling dynamics of the C=O
stretching band (1645–1680 cmÿ1) with a lifetime of circa
11 ps. The absorption and bleach bands for the product state
become visible after circa 10 ps (see the infinity spectrum in
Figure 3 j, top right). The last spectrum in the transient
absorption data is essentially a Z–E IR spectrum of GG-Az1-
GG at about 1800 ns. Evidently, this spectrum does not fully
match the corresponding FTIR difference spectrum (Fig-
ure 3 j, bottom), which indicates that despite the nearly
instantaneous disruption of the FTIR features of a G-quad-

ruplex, residual conformational dynamics occur on longer
time scales.

For studies of GG-Az1-GG derivatives elongated or
shortened at the 3’- and 5’-end and for the results obtained
with the sequence GGG-Az1-GGG, please see Figures S40/
S41 and S57, respectively.

To elucidate the molecular structure of the homogene-
ously folded GG-Az1-GG, 2D NMR experiments (2D
1H–1H NOESY, 1H–13C HSQC, and 1H–13C HMBC) were
conducted to obtain the complete proton chemical shift
assignment. Distance restraints were derived from NOE data
and additional angular restraints were obtained from high-
resolution 1H–13C HSQC, 2D 1H–1H P.E.COSY, and 1H–
31P TOCSY experiments.[43] Assignment and J-coupling anal-
ysis are reported in the Supporting Information.

The folding topology of GG-Az1-GG was determined on
the basis of NOESY data. As indicated by intra-tetrad H1–H8
connectivities (Figures S44), GG-Az1-GG adopts a symmet-
ric, antiparallel G-quadruplex structure with tetrads com-
posed as shown in Figure 4a,b. The edgewise loops containing
the azobenzene moieties are located above the G2–G4 tetrad.
The anomeric-aromatic region of the NOESY spectrum
(Figure S45) indicated a syn conformation for the glycosidic
bond of residues G1 and G4 and an anti conformation for
residues G2 and G5.

Figure 3. Spectroscopic characterization of the GG-Az1-GG sequence. a) CD spectra recorded with increasing K+ concentrations (0, 5, 25, 50,
100 mm). b) 1D 1H NMR spectra showing the imino region recorded in the presence of different KCl concentrations. c) CD spectra with
increasing concentrations (0, 50, 100, 200, 300, 400, 500 mm) of Na+. d) Imino region of the 1D 1H NMR spectra in the presence of increasing
amounts of NaCl and KCl. e) CD spectra of GG-Az1-GG with photoirradiation (5 min UV, 2 min visible light) and f) corresponding time course of
the signal at l=295 nm under the indicated treatment. Cycling of the photoresponsive structural conversion of GG-Az1-GG by alternate
irradiation with UV (15 min) and visible (4 min) light as monitored g) by CD at l=295 nm and h) by 1H NMR ([DNA]=125 mm, [KCl]=100 mm)
at d=11.55 ppm (green line; monitoring the intensity of the signal for the imino proton of residue G5 in the E conformation) and at 6.64 ppm
(red line; monitoring the intensity of the signal for the aromatic proton from the azobenzene moiety in the Z conformation). Absolute NMR peak
intensities are referenced to an internal standard. i) Imino region of the 1D 1H NMR spectra ([DNA]=50 mm, [KCl]=100 mm) showing spectral
changes with photoirradiation (30 min UV, 2 min visible light). j) IR difference spectra (bottom); IR transient absorption data recorded from GG-
Az1-GG after excitation of the azobenzene moiety at l=335 nm (top left); decay-associated spectra from the global lifetime analysis[35] of the
transient absorption data (top right).
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Intriguingly, the structure of GG-Az1-GG resembles very
much the ones of the G-quadruplex formed by the thrombin-
binding aptamer (PDB: 148D, NMR; and PDB: 4DII, X-
ray)[37,44] and in the promoter region of the B-raf gene
(PDB: 4H29; see Figure S59 for an overlay).[45]

Hydrogen–deuterium exchange experiments (Figure S46)
revealed that imino protons belonging to residues G1 and G5
are protected from solvent exchange. This result suggests
a tetrameric G-quadruplex consisting of two dimeric units
with the previously defined topology, in which the G1–G5
tetrads of both dimers face each other (Figure 4c). The
stacking of two dimeric G-quadruplex units is supported by
DOSY data (Figure S47). The structure of the tetramer
(Figure 4d) was calculated using ARIA (details in the
Supporting Information). The tetrameric arrangement was
further supported by the fact that structure calculations as
either monomer or dimer led to NOE violations. A significant
number of NOEs are unambiguously assigned for the dimer
and tetramer (Table 1). The prevalent conformation of the
sugar moieties of G1, G2, and G4 is C2’-endo (confirmed by
typical strong NOE cross-peaks and 3J coupling constants).
Only the 3’-terminal G5 sugar moiety is less well-defined, in
part caused by resonance overlap, but manual inspection of
the NOE cross-peaks (which are weaker than for the others)
also suggest that this sugar possibly interconverts between the
C3’-endo and C2’-endo conformations. Therefore no addi-
tional torsion angle restraints were included for the G5
nucleoside. The final bundle of structures was refined in
explicit water, including three coordinated potassium ions
within the tetrads. The structure is well-defined with an
average root-mean-square deviation (RMSD) to mean for all
atoms of 0.60 �.

In summary, we have developed a photoswitchable G-
quadruplex module and have characterized its photochemical
behavior and its 3D conformation. Out of three investigated

photoswitchable linkers in a number of sequence contexts,
only GG-Az1-GG showed a defined and robust structural
behavior. The system shows excellent photocontrol by UV/

Figure 4. a) The G2–G4 tetrad and b) the G1–G5 tetrad with color coding corresponding both to the structure shown in (c) and to residue
numbering given in Figure 1. c) Representation of the structure of the tetramer, with each monomer displayed in a different color. Conformations
of the bases (syn or anti) are indicated. d) NMR solution structure of the G-quadruplex, showing the best representative of the bundle (indicated
faintly in the background). K+ ions are shown as gray spheres. PDB-code: 2N9Q; BMRB-code: 25915.

Table 1: Statistics of the structure calculation.[a]

NOE distance restraints 193

Unambiguous NOEs: 146
intra-residue 87
sequential 42
long-range 1
dimer 4
tetramer 12

Ambiguous NOEs: 47
intra-residue 5
intra-monomer 22
monomer or dimer 7
monomer or tetramer 3
dimer or tetramer 8
mono-, di-, or tetramer 2

Distance restraints 14

intra-monomer hydrogen bonds 4
inter-monomer hydrogen bonds 4
potassium site coordination 6

Base planarity 4

intra-monomer 2
inter-monomer 2

Torsion angles 35

backbone 13
b (from 3J(H5’1,2,P)) 3
glycosidic (c) 4
sugar pucker 15

Violations 0

distances (>0.3 �) 0
dihedral angles (>5 8) 0

RMSD (average to mean)

monomer (all atom) 0.55 �
tetramer (all atom) 0.60 �

[a] Statistics per monomer.
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Vis irradiation, qualifying it as the smallest photocontrollable
DNA switch reported to date. Irradiation with UV light of
wavelength l= 365 nm and with visible light is known not to
be harmful to DNA or to cells and tissues.[17]

Numerous applications for such a photoswitchable G-
quadruplex can be envisioned. The structure may, for
example, find application as the glue for photocontrolled
(dis)assembly of new fine-tunable nanoarchitectures or as an
optomechanical molecular motor.[46]
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G-Quadruplexes
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Photoresponsive Formation of an
Intermolecular MinimalG-Quadruplex
Motif

Switch and self-assemble : Three different
azobenzene-containing bifunctional gua-
nosine sequences were employed for the
construction, upon UV/Vis irradiation, of
a defined intermolecular two-tetradG-
quadruplex. The use of one azobenzene
derivative enables photoswitching
between a stacked, tetramolecularG-
quadruplex and an unstructured state
after E–Z isomerization.
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German summary 

    Diese Doktorarbeit beschäftigt sich mit der NMR-Charakterisierung der Struktur und der 

Faltungsdynamik von DNA-G-Quadruplexen als mögliches therapeutisches Ziel in der 

Krebstherapie und Baustein für die DNA-basierte Nanotechnologie. 

 

    In Gegenwart stabilisierender Kationen wie Na+ oder K+, können G-reiche Sequenzen 

G-Quadruplexstrukturen durch Stapeln mehrerer G-Tetraden ausbilden. Dabei besteht jede 

G-Tetrade aus der zyklischen Anordnung von vier Guaninbasen, die durch Hoogsteen-

Wasserstoffbrücken stabilisiert wird.  Die kanonische B-DNA wurde für lange Zeit als einzige 

physiologisch relevante DNA-Konformation angesehen; allerdings wurde kürzlich die Rolle der G-

Quadruplexstrukturen als regulatorisches Element in vielen biologischen Prozessen erkannt. 

 

    Telomer-DNA wird durch die Wiederholung eines G-reichen Motivs gebildet und ihr 

einzelsträngiger 3'-Überhang ist das Substrat der Telomerase, die in 85-90% aller menschlichen 

Krebsarten hochreguliert ist. Die Bildung von G-Quadruplexen am 3'-Ende der menschlichen 

Telomer-DNA wurde nachgeweisen. Die Bildung von G-Quadruplexstrukturen kann die 

Rekritierung von Telomerase und Telomer-assoziierten Proteinen, die für das „Capping“ und die 

Integrität der Chromosomenenden erforderlich sind, beeinflussen. Daher richteten sich die 

Forschungsbemühungen in letzter Zeit auf kleine Moleküle, die aufgrund ihrer Fähigkeit sich an 

G-Quadruplexstrukturen zu binden und diese zu stabilisieren, potentielle Krebsmedikamente 

darstellen. 

Jedoch ist aufgrund des hohen Polymorphismus der menschlichen Telomer-DNA die bisher 

bekannte Strukturinformation für G-Quadruplex-Ligand-Komplexe nur spärlich. Um die 

Bindungsmechanismen zwischen der G-Quadruplexstruktur und den wechselwirkenden Liganden 

besser zu verstehen und zu interpretieren, sind weitere Informationen über den Aufbau und die 

Dynamik der menschlichen Telomer-DNA erforderlich. Außerdem ist ein tieferes Verständnis der 

Faltungsmechanismen telomerer G-Quadruplexe notwendig, um die Wechselwirkung des 3'-

Überhangs der Telomere mit Liganden und Telomer-bindenden Proteinen aufzuklären. 

    Bioinformatische Vorhersagen ergaben auch in anderen Regionen des Genoms die potentielle 

Bildung von G-Quadruplexstrukturen, was auf deren mögliche Rolle in der Transkriptionsregulation 

hindeutet. Insbesondere sind potentielle G-Quadruplex-bildende Sequenzen in Promotorregionen 

mehrerer Onkogene, im Vergleich zu Tumorsuppressorgenen und Haushaltsgenen, angereichert. 

Die Effekte der G-Quadruplexbildung und deren Stabilisierung durch kleine Moleküle sind am 

besten für die Transkription des c-MYC-Onkogens untersucht, dessen Expression in einer Reihe 

von malignen Erkrankungen dereguliert ist. Es wurde gezeigt, dass die Bindung von kleinen 

Molekülen an die G-Quadruplexstrukturen, die in der G-reichen Sequenz oberhalb der c-MYC-

Promotorregion gebildet werden, eine Herabregulation der c-MYC-Epression zur Folge hat. Die 
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Entwicklung von kleinen Liganden, die in der Lage sind, die c-MYC-Expression zu unterdrücken, 

wird als attraktive Strategie für die Krebstherapie angesehen. 

    Abgesehen von dieser wichtigen Rolle in der Genom-Erhaltung und der Genregulation 

biologischer Prozesse werden G-Quadruplexstrukturen auch in der Nanotechnologie verwendet, 

um die Selbstanordnung von Nanoarchitekturen zu lenken und um Nanomaschinen herzustellen. 

     

    Der erste Teil der Arbeit (Kapitel 1-5) führt den Leser in die Welt der G-Quadruplexe ein. 

    Die wichtigsten Merkmale der klassischen Watson-Crick-Doppelhelix und alternativer nicht-B-

DNA-Strukturen sind in Kapitel 1 dargestellt. Viele verschiedene Basenpaarungssysteme sind 

neben dem kanonischen Watson-Crick-Motiv möglich, wodurch die strukturelle Komplexität der 

DNA erweitert wird. Nicht kanonische Basenpaarungen, wie die Hoogsteen-

Wasserstoffbrückenbindung, ermöglichen die Ausbildung von Tripletts und Quartetts, die die 

Bausteine der Triplex- bzw. Quadruplex-Strukturen sind. 

    Die strukturellen Eigenschaften von DNA G-Quadruplexen sind ausführlich in Kapitel 2 

dargestellt. 

G-Quadruplexstrukturen sind extrem polymorph, in Bezug auf die Strangorientierung, 

Schlaufengeometrie, Breite der Furchen und Anordnung der glycosidischen Torsionswinkel. Die 

verschiedenen Strukturelemente als auch die Koordinationsgeometrien verschiedener Kationen 

werden hier vorgestellt. Ein besonderer Schwerpunkt liegt auf der Vielfalt der Konformationen, die 

für die Telomer-DNA-G-Quadruplexe beschrieben worden sind. 

   Kapitel 3 beschreibt die biologische Rolle von G-Quadruplexstrukturen im Genom. Nach einer 

Einführung in die Architektur der Telomer-DNA und der mit dieser interagierenden Proteine wird 

der Mechanismus der Telomerverlängerung, der durch die Telomerase katalysiert wird, und seine 

Auswirkungen auf Krebs diskutiert. Das Auftreten von G-Quadruplexstrukturen in funktionellen 

Regionen des Genoms, wie zum Beispiel in Promotorregionen von Onkogenen, und ihre mögliche 

Rolle bei der Regulation der Gentranskription werden dann in dem zweiten Teil des Kapitels 

beschrieben. 

    Das Potential des G-Quadruplexes als neuartiger Rezeptor für Krebsmedikamente wird in 

Kapitel 4 untersucht und die vorgeschlagenen Anti-Krebs-Mechanismen Wirkungsweisen für 

G-Quadruplexstrukturen-stabilisierende Liganden werden diskutiert. RNA-G-Quadruplexe und ihre 

mutmaßliche Rolle bei der Genregulation auf der Ebene der Translation werden am Ende des 

Kapitels kurz dargestellt. 

    Eine allgemeine Übersicht über die NMR-Methoden, mit denen G-Quadruplexstrukturen 

untersucht werden können, wird in Kapitel 5 präsentiert. Ebenso ist hier der Versuchsaufbau für 

die Echtzeit-NMR-Untersuchungen der G-Quadruplex-Faltung beschrieben. 

     

    Der zweite Teil der Arbeit (Kapitel 6-8), der kumulative Teil, umfasst die Originalpublikationen in 

drei Kapiteln, thematisch gegliedert: 

- mit G-Quadruplexen wechselwirkende Liganden (Kapitel 6), 

- Faltungskinetiken von G-Quadruplexen (Kapitel 7), 
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- G-Quadruplexe in der Nanotechnologie (Kapitel 8). 

Eine kurze Einführung in das Thema zeigt den Rahmen für die darauf folgenden Publikationen in 

jedem Kapitel auf. Der persönliche Beitrag des Autors dieser Arbeit zu jeder Publikation ist in der 

Einleitung zum jeweiligen Artikel angegeben. 

     

    Der aktuelle Stand der Forschung für an G-Quadruplexstrukturen gebundene kleine Moleküle 

wird zu Beginn von Kapitel 6 beschreiben, einschließlich einer Zusammenfassung der bisher zur 

Verfügung stehenden Strukturen von G-Quadruplex-Ligand-Komplexen.  

    Die in den Kapiteln 6.1-6.3 vorgestellten Publikationen befassen sich mit der Aufklärung von 

Interaktionsformen der DNA-G-Quadruplexe und ausgewählten Liganden mit potentiellen 

therapeutischen Anwendungen. Das Bindungsverhalten von zwei natürlichen Alkaloiden (Berberin 

und Sanguinarin) an Telomer-G-Quadruplexe wird in Kapitel 6.1 untersucht. Die Fähigkeit von 

Carbazol- bzw. Diguanosin-Derivaten (in der Gruppe von Prof. Dash, IISER , Kolkata synthetisiert) 

mit dem c-MYC-G-Quadruplex zu interagieren und die c-MYC-Expression herabzuregulieren, wird 

in Kapitel 6.2 bzw. Kapitel 6.3 untersucht. 

 

Ergebnisse: 

- Identifikation einer hoch-stöchiometrischen  

  Bindung mit Selbstassoziation des Liganden 

  induziert durch die DNA-Bindung  

- Abbildung der Bindungsstellen mittels NMR-

gesteuertem 

  Docking 

 

 

 

Ergebnisse: 

- Vorschlag eines Interaktionsmodells 

 (konformationelle Auswahl) auf der Grundlage 

von 

 1D-1H-NMR-Titrationsdaten 

   

 

Ergebnisse: 

- Abbildung der Interaktionsschnittstelle 

  zwischen dem Liganden und dem c-MYC-G-

Quadruplex         

 mittels 1H-chemical-shift-perturbation (CSP). 
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    Die Energielandschaft der menschlichen Telomer-G-Quadruplex-Strukturen in Bezug auf die 

bisher publizierten Ergebnisse kinetischer Experimente und Moleküldynamiksimulationen wird in 

Kapitel 7 diskutiert. Bis heute gibt es keinen allgemeinen Konsens über den Faltungsweg eines 

unimolekularen, menschlichen Telomer-G-Quadruplexes, insbesondere aufgrund des Fehlens von 

Daten über die an der Faltung beteiligten Spezies mit atomarer Auflösung. Kapitel 7.1 präsentiert 

die erste Echtzeit-NMR-Untersuchung der Faltungskinetiken eines menschlichen Telomer-G-

Quadruplexes. 

 

Ergebnisse: 

- Anwendung von Echtzeit-NMR um einen Einblick in die Faltungswege eines menschlichen 

Telomer-G-Quadruplexes unter atomarer Auflösung zu erhalten 

- Vorschlag eines Faltungsmechanismus (kinetische Partitionierung) unter Einbeziehung 

langlebiger Zwischenzustände 

- Charakterisierung der Faltungstopologie von den an der Faltung beteiligten Spezies 

 

 

 

 

    Das letzte Kapitel dieser Arbeit (Kapitel 8) beschreibt das Potenzial der G-Quadruplexstrukturen 

als Bausteine in der Nanotechnologie. Nach einer kurzen Darstellung der zusätzlichen 

Möglichkeiten, die alternative nicht-B-DNA-Strukturen zur Programmierung von Nanomaterialien 

haben, wird eine Reihe von Anwendungen der G-Quadruplexstrukturen in verschiedenen 

Bereichen der Nanotechnologie beschrieben. 

    Der in Kapitel 8.1 vorgestellte Artikel untersucht die strukturellen und fotoschaltbaren 

Eigenschaften eines neuartigen intermolekularen Azobenzol-enthaltenden G-Quadruplexes, der in 

der Gruppe von Prof. Heckel (Goethe-Universität Frankfurt) synthetisiert wurde. 
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Ergebnisse: 

- Identifizierung eines Azobenzolderivats, welches eine homogene intermolekulare G-

Quadruplexstruktur bildet, 

- Charakterisierung seines fotoschaltbaren Verhaltens 

- Bestimmung der NMR-Struktur des G-Quadruplexes 
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