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Probing the binding and antiparasitic efficacy of azobenzene G-
quadruplex ligands to investigate G4 ligand design 
Javier Ramos-Soriano1,2*, Maisie Holbrow-Wilshaw1, Eliza Hunt1, Y. Jennifer Jiang1, Pablo 
Peñalver3, Juan C. Morales3*, M. Carmen Galan1*

Novel strategies against parasitic infections are of great 
importance. Here we describe a G4 DNA ligand with subnanomolar 
antiparasitic activity against T. brucei and a remarkable selectivity 
index (IC50 MRC-5/T. brucei) of 2285-fold. We also correlate the 
impact of small structural changes to G4 binding activity and 
antiparasitic activity. 

G-quadruplexes (G4s) are nucleic acid secondary structures that 
form in guanine-rich regions of DNA and RNA in eukaryotes and 
prokaryotes.1, 2 G4-sequences have been identified as a 
potential therapeutic target due to the wide prevalence of 
quadruplex-forming sequences in human and other genomes 
(e.g. plants, fungi, protozoa, bacteria and viruses), and their 
involvement in gene regulation and expression.3-5

Compared to mammalian systems, studies on protozoan G4s 
are limited. Early studies reported the presence human 
telomeric sequence in addition to several further unique G4s in 
the genome of protazoan parasites Trypanosoma brucei and 
Leishmania major.6 More recently, G4-forming sequences have 
been identified in their genomes e.g. EBR1,7 which represent a 
potential new antiparasitic drug target.7

African sleeping sickness is a potentially deadly illness 
caused by the parasite T. brucei.8 The disease is treatable, but 
many of the current treatments are old, cause severe side 
effects9 and are becoming increasingly ineffective due to the 
emergence of drug resistance10 and thus there is a need for 
improved treatments.11 

Whilst more G4 ligands have been studied as the basis of 
anticancer and antiviral therapeutics,5, 12-14 examples of ligands 
as potential antiparasitic agents have started to emerge.6, 15, 16 

Our group and others have identified in recent years G4 ligands 
based on different scaffolds such as stiff stilbene,17  

naphthalene diimide,7, 15, 18-20 perylene diimide,21 
phenanthroline,22 quinoxaline23 and quinoline cores24 and more 
recently the G4-interacting drug quarfloxin (CX-5461)25 and 
dithienylethenes26 with antiplasmodial and antitrypanosomal 
activity. However, few structure-activity studies on G4-ligands 
have prompted the design of G4-targeted small molecules for 
antiparasitic drug development.27 The work herein probes the 
role of the side chain and the importance of molecular shape, 
structure and electronics in facilitating G4 binding, and 
examines whether ligand G4 stabilisation is correlated with 
antiparasitic activity in vitro.

Figure 1. Azobenzene ligands 1-3

During the course of our studies on the development of 
novel G-quadruplex ligands to study the role and function of G4 
DNA in biology,12, 18 we became interested in the potential of 
the azobenzene scaffold to target protozoan G4 DNA. 
Azobenzene-based ligands have shown favourable G4-binding 
properties against human telomeric G4 DNA28-30 and more 
recently bacterial G4s.31 Additionally, their ease of chemical 
functionalization makes them ideal candidates for structural 
tailoring.32 To evaluate the effect of the spatial distribution 
between the aromatic core and the cationic motif towards G4 
binding and ultimately antiparasitic activity, three azobenzene 
scaffolds (1-3, Figure 1) were examined that had a pyridinium 
motif with a distinct substitution pattern (2-, 3- or 4-). 
Pyridinium motifs were chosen as side chains on the basis of our 
previous results whereby these cationic moieties conferred 
good G4 affinity.33, 34 

We previously disclosed the synthesis of 4-methyl 
pyridinium azobenzene 1.31 Following a similar synthetic 
strategy, 3-methyl pyridinium azobenzene derivative 2 was 
prepared as the bis-iodo salt through a straightforward 2-step 
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procedure (Scheme 1). First, Suzuki coupling of 3-
pyridinylboronic acid with 1,2-bis(4-bromophenyl)-diazene 431 
afforded compound 6 in 81% yield. Next, alkylation with 
iodomethane provided compound 2 in 97% yield. The synthesis 
of 2-methyl pyridinium azobenzene 3 (Scheme 1) was more 
troublesome requiring harsher conditions. As before, it involved 
the conversion of 2-bromopyridine into the corresponding 
boronic ester, which was reacted directly with 2-bis(4-
bromophenyl)-diazene 431 to give 7 in moderate yield. Similarly, 
alkylation with iodomethane provided 3 in 32% yield, which 
could be attributed to the low solubility of 7 and steric 
hindrance. Full synthetic procedures and characterization of the 
compounds is provided in the SI.

Scheme 1. Synthesis of azobenzenes 1-3.

To assess the ligand selectivity for G4 DNA, Förster 
resonance energy transfer (FRET) melting assays,35 which 
measures ligand-induced stabilisation of the secondary DNA 
structure as observed by the change in apparent melting 
temperature (ΔTm) of the folded species, were conducted at a 
range of concentrations (1-10 µM) against fluorophore-labelled 
G4 sequences at 200 nM: polymorphic G4 found in T. brucei 
(Febr1T-K+, a mixed G4 topology)7, human telomeric G4 in 
potassium buffer (FhtelT-K+, mixed parallel/hybrid G4)36 and 
sodium buffer (FhtelT-Na+, antiparallel G4),37 the c-Myc 
promoter G-quadruplex (FmycT-K+, parallel G4)38 and a hairpin 
duplex DNA sequence (F10T-K+) (see ESI for full details). Our 
results show 4-Py 1 exhibited higher binding affinity towards G4 
sequences when compared to 3-Py 2 and 2-Py 3 (ΔTm for 1 was 
higher by 4 °C and 12 °C than those for compounds 2 and 3, 
respectively at 10 µM, Figure 2 and Table S2), with 3 showing 
minimal stabilization to all DNA sequences. No clear preference 
towards stabilization of a specific G4 topology was observed for 
1 and 2, but with a notable selectivity with respect to duplex 
DNA since a negligible stabilisation on the duplex DNA model 
F10T is seen for all compounds at all concentrations tested. 

Having established G4 selectivity for our azobenzene 
ligands, we then further examined the binding affinity and 
binding mode under physiologically-relevant conditions of 

Figure 2. Dependence of ΔTm of Febr1T and F10T on the concentration of each ligand.

ligands 1-3 with the unlabelled polymorphic EBR1 G4 specific to 
T. brucei in K+ buffer, using a combined approach involving 
ultraviolet-visible absorbance (UV/Vis) and circular dichroism 
(CD) spectroscopy titration studies.39 UV/Vis observed binding 
isotherms were fitted to an independent-and-equivalent-sites 
binding model, and binding constants (Ka) and stoichiometries 
were determined. Results from the titration of EBR1-K+ revealed 
hypochromicity, and a striking bathochromic shift for 1 and 2 
(ca. >15 nm) in comparison with the lower red-shift in the 
absorbance for 3 (ca. <10 nm) (Figure 3A). This effect is 
indicative of end-stacking ligand binding modes, where the 
energy of the π-π* transition responsible for the Soret band is 
lowered by the interactions of the ligand chromophores with 
the G-tetrad.40 The titration with EBR1-K+ yielded Ka values of 
0.7 ± 0.05, 0.4 ± 0.04 and 0.02 ± 0.002 x 106 M-1 for 1, 2 and 3, 
respectively (Figure 3B), whereby 1 shows ≈2- and 35-fold 
selectivity over ligands 2 and 3. The observed binding isotherms 
were successfully fitted to a 2:1 binding model, which is also in 
agreement with potential end-stacking of the ligand on terminal 
G-tetrads. 2-Py azobenzene 3, which displayed negligible 
stabilization of EBR1 on FRET, exhibited only subtle 
perturbations (Figure 3B), indicative of a weak interaction. 
Notably, these observed affinities mirror the trends observed in 
the thermal melting assay, with 4-Py azobenzene 1 emerging as 
the most potent G4 ligand of the series.

These results suggest that the spatial positioning of the 
pyridinium N is key for the inherent selectivity observed 
towards four-stranded structures over duplex sequences and it 
is also crucial for optimal binding with 4-Py 1 and 3-Py 2 
exhibiting micromolar G4 affinity, whilst 2-Py displays affinity 1 
order of magnitude lower. The lack of G4 stabilization by 3 
might be attributed to the shorter distance between the N 
atoms of both pyridinium rings, which do not facilitate the 
correct orientation for G4 groove binding. 

To further probe the different G4 stabilization mode and 
potential topology changes induced by 1-3, circular dichroism 
(CD) experiments were also conducted on EBR1-K+. The CD 
spectrum of EBR1 is characterized by two positive bands at 260 
and 295 nm and a negative band at 240 nm indicative of a 
predominant parallel G-quadruplex topology.7 Although no 
conformational change was observed in K+ conditions (Figure 
3C), binding of all ligands with EBR1 sequence is evidenced by 
perturbation of the positive (260 nm) and negative (240 nm) 
bands. The effect is most striking for azobenzene 1, which is 
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consistent with this compound being the more potent of the 
three pyridinium ligands investigated in the current study. 
Indeed, 1 induces hypochromicity in the positive band at 260 
nm and the negative band at 240 nm. These effects suggest that 
the ligand induces a disruption of the folded topology, possibly 
arising from an intercalative binding mechanism at higher 
concentration. Lesser spectral perturbations were observed for 
azobenzene 3, corroborating the results from the FRET and UV-
Vis assays, where weaker stabilization of G4 were observed over 
the range of concentrations studied.

Table 1. IC50 values in M measured for MRC-5 and T. brucei, together with the control 
drug Suramin. Data in bold corresponds to the best antiparasitic activity. 

Ligand MRC5 L. major T. brucei

SI

MRC5/L. 

major

SI

MRC5/T. 

brucei

1 1.6 ± 0.5 0.7 ± 0.2 0.0007 ± 

0.00008
2.3 2285.7

2 > 100 10.5 ± 1 0.37 ± 0.10 > 9.5 > 270

3
30.5 ± 

9.8

53.7 ± 
4.7 18.8 ± 0.47 ˂1 1.6

Suramin 350 --
0.038 ± 

0.003
-- 9210

Next, we examined the cytotoxicity and antiparasitic activity 
of ligands 1-3 against T. brucei and L. major strains and MRC5 
fibroblast cells as healthy control. Interestingly, 4-Py 
azobenzene 1 shows submicromolar efficiency against L. major 
and subnanomolar efficiency against T. brucei. In fact, the 
antitrypanosonal activity observed within the series follows the 
same tendency observed in binding to quadruplexes, with 1 
being the most efficient, then 2 and finally 3 with the lowest 
activity. Remarkably, the selectivity index (IC50 MRC-5 /IC50 T. 
brucei) was 2285 fold in the range of that obtained for suramin. 

In conclusion, we describe three G-quadruplex ligands 
based on an azobenzene scaffold featuring methyl pyridinium 
side chains with 2-, 3- or 4-substitution pattern with regards to 
the azobenzene core, which varies the overall spatial 
presentation of the cationic head. Our study reveals that 
although the structural changes are relatively small, a significant 
effect is seen on G4 binding affinity as demonstrated by FRET, 
UV-Vis and CD experiments. We found that 4-Py 1 exhibited 
higher binding affinity and selectivity towards G4 sequences of 
mixed topology (e.g. FEBR1T-K+ and F21T-K+) when compared to 
3-Py 2 and 2-Py 3, with 3, which features the N-methyl group 
closer to the azobeneze core, showing minimal stabilization of 
all DNA sequences. These results suggests that the position of 
the positively charged N in the pyridinium ring is a key driving 
force for G4 stabilization and selectivity, and should be 
considered as an important factor when designing or tuning G4 
interactive compounds. Furthermore, we were able to correlate 
G4 binding affinity with antiparasitic activity and found 4-Py 
azobenzene 1 exhibited submicromolar efficiency against L. 
major and subnanomolar efficiency against T. brucei and a 
superb selectivity index against MRC5 fibroblast cells. Although 
there is no preference for specific G4 topologies when
we compare all the topologies screened, the ligand is very 
selective towards G4 over duplex DNA. The observed 
antiparasitic activity and selectivity index may come from a 
variety of reasons such as differences on cellular uptake 
between the parasites and mammaliancells, differences in cell 
cycle rate (human typical cell cycle is24h, whereas the T. brucei 
divides every 2h) or differential nucleus entry due to the 
dissimilar nuclear membrane composition.41 Our study provide 
insights into key structural features required for G4 binding and 
target selectivity and paves the way for the development of 
novel antiparasitic stragies.
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Figure 3. A)UV-Vis spectra of ligands 1-3 titrated with EBR1-K+. B) UV-Vis binding isotherm for the association between ligands 1, 2 and 3 with EBR1, following the change 
in ligand absorbance at 420, 405 and 390 nm, respectively. Binding constants fitted using an independent-and-equivalent-sites binding model, with 2:1 ligand:DNA 

stoichiometry. Ligand concentration was 10 µM, with oligonucleotide concentration varied up to 30 µM. C) CD spectra of ligands 1-3 titrated with EBR1-K+. Oligonucleotide 
concentration was 5 µM, with ligand concentration varied up to 10 equivalents (50 µM). No CD were observed for the free ligands in the absence of G4 sequence (data not shown).
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All the underlying data to support the report findings is included within the manuscript 
and supporting information. The data includes synthetic protocols and 
characterization data for all compounds, all biophysical characterization using FRET, 
CD and UV-Vis and details on antiparasitic assays.
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