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Abstract: An NMR structural study of the interaction between a small-molecule optical 

probe (DAOTA-M2) and a G-quadruplex from the promoter region of c-myc oncogene 

demonstrates their interaction at 1:2 binding stoichiometry. NMR restrained structural 

calculations show that binding of DAOTA-M2 occurs mainly through the π-π stacking 

between the polyaromatic core of the ligand and guanine residues of the outer G-quartets. 

Interestingly, the binding affinities of DAOTA-M2 to the outer G-quartets of the 

unimolecular parallel G-quadruplex under study differ by a factor of two. Unrestrained MD 

calculations indicate that DAOTA-M2 displays significant dynamic behavior when stacked 

on a G-quartet plane. These studies provide molecular guidelines for design of triangulenium 

derivatives that can be used as optical probes of G-quadruplexes. 
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Guanine-rich oligonucleotides can readily fold into four-stranded helical structures known as 

G-quadruplexes which have received significant attention over the past few years since their 

formation has been associated to a number of essential biological processes such as gene 

expression, replication and telomere biology.
[1]

 While the formation of G-quadruplexes in 

vitro under physiological conditions has been unambiguously demonstrated, their formation 

and functions in vivo have proven more difficult to confirm. Landmark studies using labelled 

antibodies in fixed cells in ciliate macronuclei and more recently in human cells have 

provided the most direct evidence for the existence of G-quadruplexes in vivo.
[2]

 Yet, these 

imaging studies have some limitations such as the lack of dynamic information and the fact 

that fixation artefacts could impair visualization.
[3]

 An alternative approach to G-quadruplex 

imaging are small-molecule optical probes.
[4]

 The majority of G- quadruplex optical probes 

reported to date, rely on changes in their emission intensity upon interaction with DNA.
[5]

 

Recently, we reported a small-molecule optical probe based on trianguleniums (DAOTA-

M2, Figure 1a) that can image its interaction with G-quadruplexes in live cells using 

Fluorescence Lifetime Imaging Microscopy.
[6]

 The key feature of this probe is that it has 

significantly longer fluorescence lifetimes, when bound to G-quadruplex DNA than when it 

binds to other topologies such as duplex or single-stranded DNA.
[7]

 

With the aim of further rationalizing the behavior of DAOTA-M2 and aid us in the 

development of even better and more selective triangulenium-based probes, herein we present 

detailed NMR studies to characterize the interaction between DAOTA-M2 and an 

intramolecular G-quadruplex DNA structure. We focused on a modified 19-nucleotide 

sequence d[TAGGGAGGGTAGGGAGGGT] originating from the NHE III1 region upstream 

of the P1 promoter of the oncogene c-myc whose overexpression has been implicated in a 

wide variety of human cancers.
[8]

 This sequence contains four guanine tracts and has been 

shown to form a well-defined parallel-stranded G-quadruplex (named CMA) under 



physiologically relevant K
+
 ion concentrations (Figure 1b).

[9]
 Initial titration experiments 

suggested that DAOTA-M2 binds to CMA with a 1:2 stoichiometry. 

 

 

Figure 1. Triangulenium based probe DAOTA-M2 and oligonucleotide CMA. a) Chemical structure of DAOTA-
M2 with atom numbering used in this study. b) Sequence and the corresponding CMA G-quadruplex structure in 
KCl solution (pdb id: 2LBY

[9a]
). Guanines (for clarity, those involved in the central G-quartet are not marked) are 

colored in cyan, adenines in red and thymines in blue. 

 

Twelve well-resolved imino proton signals in the 
1
H NMR spectrum of CMA between δ 11.07 and 

12.09 ppm are consistent with the formation of a single G-quadruplex. As DAOTA-M2 was 

titrated into solution of CMA, signals in the 
1
H NMR spectrum became broader and a new set of 

distinct signals appeared in the imino, aromatic and methyl regions upon addition of 0.5 molar 

equivalents of DAOTA-M2 (Figure 2). 



 

Figure 2. Imino, aromatic and methyl regions of 1D 
1
H NMR spectra of CMA as DAOTA-M2 (L) is titrated into 

solution. The molar ratio between CMA and the ligand is indicated on the right hand side of spectra. The 
assignment of H1, H8/H2 and Me protons of free CMA and 1:2 CMA-ligand complex (denoted by the final letter 
's') are shown above the corresponding spectra. The vertical scale of imino region of all spectra was increased 5-
times. NMR spectra were recorded at 0.2 mM of CMA, 100 mM KCl, pH 7.0, 25 °C on 600 MHz NMR 
spectrometer. 

Observation of new signals upfield from signals of CMA indicated formation of CMA-ligand 

complex. The exchange between the two species is slow on the 
1
H NMR chemical shift 

timescale. Upon reaching CMA-ligand ratio of 1:1 the line broadening became severe and the 

intensity of signals of free CMA decreased. At the 1:2 CMA-ligand ratio signals became 

sharp and well-resolved which suggested formation of a well-defined complex. No new 

signals were detected in imino and methyl regions at 1:3 and 1:4 CMA-ligand ratios 

suggesting that there are only two binding sites for DAOTA-M2 on CMA. 

Unambiguous spectral assignment of protons of 1:2 CMA-ligand complex was achieved 

with the use of 
13

C- and 
15

N-edited experiments on residue-specific (8%) 
13

C,
15

N-labelled G8, 

G12, G14 and G18 of CMA (Figure S1). Further assignments were made on the basis of 

exchange cross-peaks in NOESY spectra (Figures S2-S6, Table S1). Similar fingerprint in 

NOESY and CD spectra (Figure S7) of the complex and free CMA suggested that its parallel 

topology remained unchanged upon ligand binding. The largest ∆δ values were observed for 



H1 protons of guanines at the 3’- and 5’-G-quartets (Table S2). Furthermore, the protons of 

T1, A2 and T19 showed much larger ∆δ values than protons of A6, T10, A11 and A15 

suggesting localization of DAOTA-M2 close to the outer G-quartets, while residues in loops 

are not significantly involved in interactions (Figures S8 and S9). 

At a 1:2 CMA-ligand ratio the 
1
H NMR signals of DAOTA-M2 were broader in 

comparison to those of G-quadruplex and could not be unambiguously detected. Reverse 

titration by adding CMA to a solution of DAOTA-M2 at identical salt and pH conditions 

caused signals of ligand to become broader, less intense and slightly shifted to higher fields 

(Figures 3, S10 and S11). 

 

 

Figure 3. 1D 
1
H NMR spectra of DAOTA-M2 alone and in the presence of CMA from 1:50 to 1:10 CMA-ligand 

ratio. NMR spectra were recorded at 1.0 mM of DAOTA-M2, 100 mM KCl, pH 7.0, 25 °C on 600 MHz NMR 
spectrometer. 

Off-diagonal cross-peaks in the imino-imino region of NOESY spectrum at 1:0.5 CMA-

ligand ratio demonstrate that CMA is involved in exchange between free and three different 

ligand-bound states (CMA3, CMA5 and CMAB, Figure 4). The exchange cross-peaks 

between CMA and CMAB as well as between CMA3 and CMA5 were relayed and were 

observed only at mixing times longer than 80 ms (Figure S12). Integration of resolved cross-

peaks of G12 residue showed that the population of CMA3 was nearly twice higher than 



CMA5 at a given concentration of the ligand. Dissociation constants (KD) were in 

micromolar range for formation of CMA3 and CMA5. Once the first ligand molecule is 

bound, CMA’s affinity for the other molecule increases and formation of CMAB from either 

CMA3 or CMA5 is characterized with a KD value of 0.1±0.4 μM (R
2
=0.9928). Different 

binding kinetics at the 3’- and 5’-G-quartets was indicated also by NMR variable temperature 

experiments. Temperature decrease indicated change of exchange regime of DAOTA-M2 at 

the 5’-G-quartet into intermediate timescale, while it remained slow on 
1
H NMR chemical 

shift timescale for the 3’-end G-quartet (Figures S13).  

 

 

Figure 4. Binding of DAOTA-M2 to CMA. a) Imino-imino region of NOESY spectrum of CMA at the 1:0.5 CMA-
ligand ratio. Diagonal cross-peaks corresponding to the free CMA are labelled in black. Cross-peaks arising from 
chemical exchange between free CMA and CMA3, CMA5, CMAB are labelled in red, magenta and blue, and are 
denoted by the final letters ‘a’, ‘b’ and ‘s’, respectively. The spectrum was recorded with mixing time of 80 ms at 
25 °C. b) Fractional population (±3 unit%) of free CMA and its complexes in the presence of DAOTA-M2 obtained 
by integration of NOESY cross-peaks Experimental data were fitted assuming equilibria in panel c with  R

2 
> 0.95 

and reduced Chi-Sqr of 5. c) Schematic presentation of formation of 1:2 CMA-ligand complex. 

High-resolution structures of the 1:2 CMA-ligand complex were calculated by simulated 

annealing protocol based on NOE-derived distance, H-bond and torsion angle restraints 

(Table S3, Figures S14 and S15). Position of the ligand molecules at both outer G-quartets is 

well-defined and supported by 38 intermolecular NOE restraints (Figure 5a). The binding of 



DAOTA-M2 occurs mainly through the π-π stacking between the triangulenium core and 

guanine residues of the 5’- and 3’-G-quartets and possibly by the cation-  and electrostatic 

interactions due to positively charged triangulenium core. At the 5’-end, the ligand stacks 

over the G-quartet with its triangulenium core being in-planar with A2 and further flanked by 

T1 (Figure 5b). Orientation of morpholino moieties is defined with six NOEs to T1, G7 and 

G12 residues. Upon ligand binding, a considerable rearrangement is observed for T1 and A2 

residues. A2 sterically hinders central positioning of the ligand at the 5’-G-quartet and it 

seems that in-planar orientation of A2 with respect to the triangulenium core of the ligand is 

favorable. In full agreement, replacement of A2 with propyl spacer C3 linking T1 and G3 

also reveals that T1 becomes more flexible leading to unfavorable binding of the ligand to 

CMA. However, in both CMA and C3 modified G-quadruplexes the terminal T1 is 

rearranged to stack over triangulenium core (Figure S16). At the 3’-end of CMA G-

quadruplex the triangulenium core of DAOTA-M2 is oriented centrally and covers all four 

guanines (Figure 5c). Upon ligand binding, the flanking T19 residue rearranges its 

conformation to stack over triangulenium core and forms a sandwich like structure. The 

morpholino moieties are interacting with G5, T10, A11 and T19 and may contribute to 

stronger binding affinity at the 3’-end. 

 



 

Figure 5. The structure of 1:2 CMA-ligand complex (pdb id: 5LIG). a) Structure ensemble of 10 lowest energy 
and smallest restraints violations structures. b) Position of the lowest energy structure of the ligand bound at the 
5’- and c) 3’-end. Molecules of DAOTA-M2 are colored in magenta, guanines in cyan, adenines in red and 
thymines in blue. 

Molecular dynamics (MD) simulation of 1:2 CMA-ligand complex showed that ligands display 

significant dynamic behavior when bound to CMA. In spite of this, both ligands remained bound to 

individual G-quartets during three independent 100 ns MD simulations. Structures of DAOTA-M2 

bound to the 5’-end could be grouped into four major clusters, while mainly two clusters were 

established at the 3’-end (Figure 6, Tables S4 and S5). 

 

Figure 6. Representative structures of binding modes of DAOTA-M2 with respective populations at the a) 5’- and 
b) 3’-end of CMA in the four most populated clusters from MD simulation. Molecules of DAOTA-M2 are colored in 
magenta, guanines are cyan, adenines are red and thymines are blue.  



The ligand at the 5’-end exhibits much higher flexibility in comparison to the 3’-end, which 

is in good agreement with NOE data (Figure S17). The two ethylene linkers of DAOTA-M2 

can adopt syn and anti orientations with the latter showing higher population in MD 

simulations of 1:2 CMA-ligand complex (Figure S18). Relative conformation of morpholino 

groups with respect to the triangulenium core of the free and CMA-bound ligand could 

reduce the intramolecular quenching to differed extents and may explain the enhancement in 

fluorescence intensity when DAOTA-M2 is bound to G-quadruplex.
[6]

 

Our current study provides structural rationale for hypothesis
[6, 7]

 that DAOTA-M2 has 

two different excited state lifetimes. Favorable geometric feature of DAOTA-M2 offer 

extensive stacking in comparison to most reported G-quadruplex ligands that cover only one 

or two guanines in G-quartet.
[10]

 The apparent differences in binding affinities and dynamics 

of interaction of DAOTA-M2 could be attributed to factors such as rearrangement of extra-

quartet residues that influence the position of ligand on outer G-quartets. We observe similar 

rearrangement of terminal residues as was reported for acridine BSU6039 and quindoline-G-

quadruplex complexes.
[10f, 10k]

 On the other hand, we did not observe stacking of another 

molecule of DAOTA-M2 and subsequent dimerization as was observed in daunomycin 

complex
[11]

, most probably due to positive charge of the triangulenium core. Our studies 

show that the local base composition affects affinity and could therefore be used to tailor 

structure specificity. This may improve fluorescence selectivity of new triangulenium 

derivatives by eliminating weaker binding sites and/or binding modes that are not G-

quadruplex specific. Thus, modifications of DAOTA-M2 can be rationally suggested based 

on these structural details. Extension of the ethylene linker by 1 to 3 atoms could reduce 

conformational flexibility of morpholino groups by specific interactions with grooves.
[12]

 

Substitution of morpholino moiety with more basic group such as piperazine ring could also 

improve interactions with electronegative areas on surface of G-quadruplex (Figure S19), 



although caution should be exercised since the morpholino groups play an important role in 

defining the unique optical properties of DAOTA-M2. In summary, the studies herein 

presented provide important insight into the binding mode of DAOTA-M2 and therefore 

should aid in the further development of probes with improved selectivity, affinity and 

fluorescence response for recognition and imagining of G-quadruplexes in vitro and in vivo. 
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