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Abstract: Small molecules targeting telomeric DNA or its interactions with telomerase have been an active area of cancer
research. In the present study, we investigated the interactions of six benzimidazole compounds, called azacyanines,
differing from each other in alkyl chain length and branching in the benzimidazole ring (azamethyl, azaethyl, azapropyl,
azaisopropyl, azabutyl, and azaisobutyl) with human telomeric DNA (tel24) in 1:1 and 1:6 ratio (tel24:azacyanine)
using UV-Vis, circular dichroism (CD), and fluorescence spectroscopy. All the compounds were binding to tel24 as
indicated by the formation of the weak induced CD band between 320 nm and 360 nm. A substantial red shift and
hypochromic effect were observed in the UV-Vis spectrum of azamethyl or azabutyl upon binding to tel24. No red
shift or hypochromic effect was observed in the spectrum of azaisopropyl. The denaturation temperature (Tm) of tel24
increased the most, from 65 ◦ C to 78 ◦ C, in the presence of azabutyl in 1:6 ratio. Azaisopropyl stabilized tel24 the
least under the same conditions. The highest (7.84 × 105 ± 3.44 × 104 M−1) and the lowest (2.04 × 105± 5.38 ×

104 M−1) association constants were obtained for azabutyl and azaisopropyl, respectively, by fluorescence spectroscopy.
Overall, the benzimidazole scaffold, the one-pot synthesis, and the stabilization ability of azacyanines to tel24 make them
plausible drug candidate molecules in targeting G-quadruplexes.
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1. Introduction
Genome-wide analyses have revealed that guanine-rich sequences are present in the human genome, particularly
at the end of the chromosomes and telomeres, and in promoter regions such as those seen in the c-myc gene [1–6].
Human telomeres, essential for the integrity of the chromosomes, are composed of thousands of double-stranded
tandem repeats of d(TTAGGG) and a single stranded G rich 3 ′ overhang of about 100–200 nucleotides [1–6].
Targeting telomeres via small molecules has been one of the active areas of research in cancer therapy in the
last two decades. Due to the end-replication problem, telomeres in our somatic cells are shortened in each cell
division where a critical telomere length signals the cell cycle arrest. However, in 80%–85% of cancer cells, the
end-replication problem is found to be solved with the help of an active telomerase enzyme. Telomerase that is
kept inactive in somatic cells has been found to maintain the telomere length in cancer cells and consequently
delay cell cycle arrest [7–13].

One of the approaches commonly exploited in drug design for stimulating cell cycle arrest in cancer
cells is to alter or abolish telomere–telomerase interactions by stabilizing G-quadruplex structures using small
molecules. G-quadruplex structures are formed within the guanine-rich sequences via stacking of two or more
G-quartets, where G-quartets are formed from four guanine bases. Several small molecules stabilizing G-
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quadruplex structures have been discovered and even included in clinical trials in the last decade. CX-5461,
telomestatin, Braco-19, RHPS4, and 307A are such small molecules [9,14–18]. Most of these ligands are
positively charged extended aromatic systems that interact with the negatively charged DNA backbone and
can stack with G-quartets at the same time. In our previous efforts to identify such G-quadruplex stabilizing
small molecules, we realized that the benzimidazole and benzothiazole derivative azacyanines were stabilizing
human telomeric sequences tel24 and tel26 [11–13,19]. More importantly, azacyanines were selective against
quadruplex structures, which is a desirable attribute in drug design. We revealed that azacyanine 3 (named
azamethyl here) was binding to a quadruplex, forming a tel24 ([d(TTGGG(TTAGGG)3A)]) sequence almost
200 times more selective than the duplex forming dd1 sequence ([d(GCGCATATATGCGC)]). NMR studies
indicated that azamethyl was binding in between the top G-quartet and A-T base pair found in the loop region
of tel24 with a dissociation constant in the low micromolar region in 1:1 ratio [19].

Benzimidazole is considered an important scaffold in the design and synthesis of pharmacophores and
thus is commonly exploited [20–23]. Several studies investigating the effect of the benzimidazole scaffold on
telomeric DNA and oncogene promoters such as KRAS and VEGFR that are known to fold into quadruplex
structures were recently reported [24–30]. In addition, several reports investigating the effect of such small
molecules on different cancer lines and promoting G-quadruplexes as plausible targets in cancer therapy were
also published [31–36]. Based on all these reported studies and our knowledge on azamethyl, we were inspired
to explore a series of azacyanine compounds as potential G-quadruplex stabilizing compounds with the hope
of finding a better candidate than azamethyl and understanding the effect of molecular structure on molecular
recognition. In the present study, we evaluated the interactions of benzimidazole derivatives, differing from
azamethyl in alkyl chain length and branching, with tel24 using UV-Vis, fluorescence, and CD spectroscopy
and tried to reveal the effect of molecular structure on G-quadruplex binding [37]. To the best of our knowledge,
this is a unique study revealing the effect of chain length and branching on G-quadruplex recognition.

2. Results and discussion
2.1. Determination of binding using UV-Vis and CD spectroscopy

The interactions of azacyanines with tel24 were first investigated using UV-Vis and circular dichroism (CD)
spectroscopy in order to quickly survey and confirm the presence of interactions between the azacyanines and
tel24. Such a survey also reveals changes in the secondary structure of tel24 upon azacyanine binding and the
effect of azacyanine structure on tel24 binding [25,28–37]. Our previous structural studies using NMR have
shown that one azamethyl was binding to one tel24 G-quadruplex structure between the top quartet and the
A-T base pairing in the loop region. A second binding site was observed at the bottom of the quartet. However,
binding to that site was very weak as it was not observed in fluorescence or surface plasmon resonance (SPR)
spectroscopy. Only one binding site was determined via fluorescence titrations and SPR measurements [19].
Therefore, in our current study we first investigated 1:1 tel24:azacyanine complexes.

The CD spectra of tel24:azacyanine 1:1 complexes revealed that all the azacyanines were interacting with
tel24, as a very weak CD band, induced by tel24, between 320 nm and 360 nm is observed in the presence of
tel24 in all azacyanines’ spectra (Figure 1). DNA bases do not absorb light above 300 nm, and therefore as
expected tel24 by itself did not give rise to any CD signal above 300 nm (Figure 1, dotted black line). On the
other hand, azacyanines did not give rise to the formation of any CD signal by themselves since they are achiral
molecules (Figure 1, dotted red line). However, the binding of an azacyanine to the chiral environment of tel24
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gave rise to the formation of the CD band between 320 nm and 360 nm. Therefore, this band, also referred as
the “induced CD band”, confirms the interactions between tel24 and azacyanines. The shapes of the induced
CD bands were similar in all azacyanines with two absorbance maximums at around 330 nm and 342 nm. The
intensity of the induced CD band showed slight variation between azacyanines.

Figure 1. CD spectra of tel24 (25 µM in strand) in the absence and presence of 25 µM azacyanines (1:1) at 5 ◦ C.
Inset shows the induced CD band region; all azacyanines gave no CD signal in the absence of DNA. Only azamethyl was
shown here for simplicity.

Next, thermal denaturation studies were performed in order to reveal the effect of azacyanines on tel24’s
stability. Thermal denaturation studies of tel24 in the presence of azacyanines revealed that all the azacyanines
except azaisopropyl were stabilizing the structure slightly in 1:1 tel24:azacyanine (2.5 µM tel24 in strand:2.5
µM azacyanine) complexes (Table 1).

The thermal denaturation temperature (Tm) of tel24 by itself was 65 ◦C. Tel24 was stabilized by
azamethyl and azabutyl the most, where Tm was increased to 68 ◦C. We wondered whether increasing the
azacyanine concentration would stabilize the tel24 structure further and lead to a discrimination between the
azacyanine molecules in terms of their tel24 stabilization ability. Therefore, we investigated the thermal
denaturation behavior of tel24 under increased concentrations of small molecules according to the nearest
neighbor exclusion principle. The samples studied were 25 µM in strand (60 µM in base) tel24 and 150 µM
small molecule (denoted as 1:6 ratio). UV-Vis thermal denaturation studies revealed that the stability of tel24
was increasing in the presence of increased azacyanine concentrations. The azaisopropyl had the least effect
again on stability, increasing the Tm of tel24 only by 3 ◦C. On the other hand, azabutyl had the most dramatic
effect, followed by azaisobutyl. Azabutyl increased the Tm of tel24 to 78 ◦C and azaisobutyl increased Tm to
77 ◦C compared to 75 ◦C by azamethyl (Table 1).

In our previous efforts, we observed a hypochromic effect and a red shift in azamethyl’s UV-Vis bands
between 305 nm and 360 nm. These changes in the UV-Vis spectra are generally associated with intercalation
as the mode of binding and we verified the mode of binding as intercalation via 2D NMR studies in azamethyl
binding to tel24 [19,38–40]. Here, we also compared the spectrum of 1:1 tel24:azacyanine complexes at 20 ◦C
and 95 ◦C as representatives of the bound and the unbound state of the corresponding azacyanine, respectively.
As mentioned above, by itself tel24 has a Tm of 65 ◦C and this Tm value was increased to higher values
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Table 1. UV-Vis thermal denaturation temperatures obtained from the first heating scans of tel24 in the absence and
presence of azacyanines.

Compounds Tm (◦C), tel24:azacyanine (1:1) Tm (◦C), tel24:azacyanine (1:6)
Tel24 65 65
azamethyl 68 75
azaethyl 66 72
azapropyl 66 73
azaisopropyl 65 68
azabutyl 68 78
azaisobutyl 66 77

due to binding of azacyanines. Consequently, at 20 ◦C azacyanines are expected to be found bound to the
folded tel24 G-quadruplex structure. On the other hand, at 95 ◦C, a temperature higher than the Tm of
tel24, the G-quadruplex is denatured and all the azacyanines are expected to dissociate from the G-quadruplex
structure. When we compared the UV-Vis spectra of all the 1:1 tel24:azacyanine complexes at 20 ◦C and
95 ◦C as representatives of the bound and the unbound state of the corresponding azacyanine, respectively,
a hypochromic effect similar to azamethyl’s was observed only in azabutyl’s and azaisobutyl’s UV-Vis spectra
(Figure 2). The hypochromic effect observed in azabutyl’s was higher, which actually correlates with tighter
binding. Furthermore, the red shift observed was the most obvious in azabutyl’s spectrum. We did not observe
any hypochromic effect in azaisopropyl’s spectrum upon binding. Again, this correlates with the lowest increase
in Tm of tel24 upon azaisopropyl’s binding. When comparing the spectra of all the azacyanines, one thing
that was noted was the similarity between the spectra of all azacyanines at 95 ◦C. They all had the same
characteristic features. On the other hand, the UV-Vis spectrum of azamethyl at 20 ◦C was distinctly different
from the other azacyanines’ spectra.

When we compared the UV-Vis spectra of 1:6 tel24:azacyanine complexes, we observed a hypochromic
effect and a very slight red shift only in the UV-Vis spectrum of tel24:azamethyl. We think the stacking of
small molecules on the sides of the G-quadruplex dominates the intercalative mode of binding and causes the
disappearance of the red shift at high azacyanine concentrations in 1:6 complexes (Figure 3).

We also investigated the 1:6 tel24:azacyanine complexes via CD spectroscopy (Figure 4). Compared to
1:1 samples, a weak induced CD band was also observed for 1:6 samples. However, the induced CD bands had
only one maximum absorbance that is red shifted compared to 1:1 samples. The change in the shape of the
CD bands also indicates the change in the binding mode of the azacyanines when present at relatively high
concentrations compared to tel24. A second binding site was observed previously for the binding of azamethyl
to tel24 via NMR studies where the concentration of tel24 and azamethyl were relatively high compared to the
samples used in spectroscopic analysis [19,38–40]. We think in a similar way that the intercalative mode of
binding might be dominated by a second or a third kind of binding mode such as the stacking of azacyanines
on the bottom and/or the sides of the G-quadruplex structure when present at relatively high concentrations.

2.2. Determination of association constants using fluorescence spectroscopy

Finally, the association constants of azacyanines with tel24 were determined using fluorescence spectroscopy in
order to reveal the effect of molecular structure on the binding strength. The fluorescence spectra were obtained
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Figure 2. UV-Vis absorbance of 1:1 tel24�azacyanine (2.5 µM tel24 in strand:2.5 µM small molecule) complexes at
20 ◦ C and 95 ◦ C.

by tracing the decrease in the fluorescence intensity of azacyanines while titrating the 1 µM azacyanine solution
with 50 µM in strand–1 µM tel24–azacyanine solution, until the fluorescence intensity remained constant. The
binding constants were obtained by fitting the integrated fluorescence intensity data as a function of DNA
concentration. The experimental details are given in the Materials and methods section [41,42]. We observed
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Figure 3. UV-Vis absorbance of 1:6 tel24–azacyanine (2.5 µM tel 24 in strand:15 µM small molecule) complexes at
20 ◦ C and 95 ◦ C.

one tight binding site in fluorescence titrations. Our fluorescence titrations confirmed the results of thermal
denaturation experiments. Tel24:azabutyl had the highest association constant, 7.84 × 105 ± (3.44 × 104)

M−1 and tel24:azaisopropyl had the lowest association constant, 2.04× 105± (5.38× 104 ) M �1 . In agreement
with thermal denaturation studies, tel24:azamethyl had the second highest association constant, 6.61× 105 ±
(3.74× 104 ) M−1 (Table 2).
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Figure 4. CD spectra of tel24 (25 µM in strand) in the absence and presence of 150 µM azacyanines (1:6) at 5 ◦ C.
Insert shows the induced band region; all azacyanines gave no CD signal in the absence of DNA. Only azamethyl was
shown here for simplicity.

Table 2. Association constants determined by fluorescence spectroscopy for azacyanines with tel24.

Compounds Association constant (M−1)

Azamethyl 6.61 × 105 ± (3.74 × 104)
Azaethyl 2.57 × 105 ± (5.40 × 104)
Azapropyl 3.63 × 105 ± (4.06 × 104)
Azaisopropyl 2.04 × 105 ± (5.38 × 104)
Azabutyl 7.84 × 105 ± (3.44 × 104)
Azaisobutyl 4.55 × 105 ± (1.23 × 104)

In conclusion, herein we investigated the interactions of azamethyl, azaethyl, azapropyl, azaisopropyl,
azabutyl, and azaisobutyl with G-quadruplex forming human telomeric DNA, tel24. We found that all the
azacyanines were interacting with tel24 and stabilizing the G-quadruplex structure as evident by CD, UV-Vis,
and florescence spectroscopy. The stabilization degree was not directly related to the alkyl chain length or
the branching on the benzimidazole ring. Azabutyl was stabilizing the tel24 structure the most, followed by
azamethyl and azaisobutyl groups. Azaisopropyl was the least stabilizing molecule as evident both from the
UV-Vis thermal denaturation experiments and fluorescence titrations. Previously, azamethyl was found to be
intercalating between the top G-quartet and A-T base pairing in the loop region. We suspect that the short
bulky isopropyl group might be preventing the slide of the azacyanine as an intercalator in between the base
pairs. On the other hand, having a longer alkyl chain on the benzimidazole ring might also be interfering
with intercalation since azaethyl and azapropyl were stabilizing the G-quadruplex structure less compared to
azamethyl. However, once the length of the alkyl chain is long and flexible enough as in the case of azabutyl,
the long chain can still be interfering with the intercalation but the increased hydrophobic interactions between
the butyl chain and the quadruplex structure might be compensating for that. Our studies also demonstrated
that while the degree of red shift and the hypochromic effect are an indication of tighter binding in the same
class of small molecules binding to nucleic acids, the intensity of the induced CD band was not.
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The benzimidazole scaffold, the one-pot synthesis, and the ease of purification of azacyanines make them
plausible candidates in the development of new G-quadruplex binding small molecules. Here we found that
azabutyl was binding to tel24 more tightly compared to azamethyl. Our efforts will continue with decorating
the azabutyl chain and/or the benzimidazole ring with additional H-bonding donor and acceptor functional
groups to increase binding affinity towards G-quadruplex structures.

3. Materials and methods
3.1. Materials
The oligonucleotide used in the experiments, tel24 ([d(TTGGG(TTAGGG)3A)]), was purchased from Inte-
grated DNA Technologies (Europe). Stock concentrations were calculated by using the extinction coefficients
provided by the supplier. 2-Amino-1-methyl-benzimidazole, 1-ethyl-1H-benzimidazole-2-ylamine, 1-isopropyl-
1H-benzimidazole-2-ylamine, 1-butyl-1H-benzimidazole-2-ylamine, and 1-isobutyl-1H-benzimidazole-2-ylamine
were purchased from either Sigma Aldrich (Europe) or abcr (Germany). 1-Propyl-1H-benzimidazole-2-ylamine
was purchased from Ark Pharm (USA). Diiodomethane was purchased from Sigma Aldrich (Europe) or TCI
Chemicals (Europe). All the other solvents were purchased from Sigma Aldrich (Europe). All samples were
prepared in 25 mM potassium phosphate buffer (pH 7.0) and 70 mM KCl, unless otherwise stated. Samples
were annealed by heating to 95 ◦C for 5 min in a water bath and then cooling overnight to room temperature
prior to each experiment (19, 25, 33).

3.2. Synthesis of benzimidazole derivatives
All benzimidazole derivatives were synthesized and characterized according to the previously reported methods
(Figure 5) [19,31,43,44]. The stock concentrations were determined using the previously reported extinction co-
efficients of the compounds in DMSO using UV-Vis spectroscopy. The final DMSO concentration was less than
1% in our samples, containing small molecules, used in the fluorescence and UV-Vis thermal denaturation exper-
iments (1:1 tel24:azacyanine samples). The final DMSO concentration was less than 5% in 1:6 tel24:azacyanine
samples used in the UV-Vis thermal denaturation experiments and 1:1 tel24:azacyanine samples used in the
CD. The final DMSO concentration was less than 10% in 1:6 tel24:azacyanine samples used in the CD.

Figure 5. The synthesis of benzimidazole derivatives. R is the alkyl group: methyl, ethyl, propyl, isopropyl, butyl, or
isobutyl.

3.3. UV-Vis thermal denaturation experiments
An Agilent HP 8454 UV-Vis diode array spectrophotometer equipped with an Agilent 89090A Peltier temper-
ature control unit was used in the UV-Vis and thermal denaturation studies. The samples were heated from
20 ◦C to 95 ◦C with a 1 ◦C/min heating rate and the UV-Vis spectrum was collected at each 1 ◦C step
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between 190 nm and 1100 nm. For the baseline correction 25 mM potassium phosphate buffer (pH 7.00) with
70 mM potassium chloride was used as blank.

3.4. Circular dichroism (CD) spectroscopy

CD spectra were acquired on a JASCO J-815 CD spectropolarimeter equipped with a Peltier temperature
control unit. The CD spectra were collected from 240 nm to 400 nm at 5 ◦C at 200 nm/min scanning speed
with 1 nm band width. Moreover, 25 mM potassium phosphate buffer (pH 7.00) with 70 mM potassium chloride
was used as blank and all the CD spectra were baseline corrected.

3.5. Fluorescence titrations
Binding constants of all azacyanines with tel24 were determined using a Cary Eclipse fluorescence spectropho-
tometer as previously described [19,41,42]. Fluorescence titrations were performed by making incremental
additions of 50 µM tel24 stock solution containing 1.0 µM azacyanine into the sample containing only 1.0 µM
azacyanine. Excitation wavelength of 324 nm was used, and the emission spectra were collected from 325 to
675 nm. The excitation slit was set to 2.5 nm and the emission slit was set to 5.0 nm. Binding constants were
obtained by fitting the integrated fluorescence intensity data between 335 nm and 600 nm as a function of DNA
concentration using the least squares equations:

KC2
b − Cb(KS0 +KD0 + 1) +KS0D0 = 0

F = F0(Ct − Cb) + FbCb,

where K is the association constant (in M−1 ), Cb is the concentration of bound ligand, S0 is the total binding
site concentration, Ct is the total concentration of small molecule, D0 is the total ligand concentration, F is
observed fluorescence at each titration point, F0 is fluorescence intensity of the free small molecule, and Fb is
the fluorescence of the bound species [42]. Igor Pro software (Wavemetrics Inc, USA) was used in all of our
data analysis. Data were obtained as an average of three replicates for each tel24:azacyanine titration.
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