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Macrocyclic hexaoxazoles (6OTDs) are G-quadruplex (G4) ligands, 

and some derivatives, such as L2H2-6OTD (1a) bearing two 

aminobutyl side chains, show cytotoxicity towards cancer cells.  To 

identify the cellular target of 1a, we employed a post-target-

binding strategy utilizing click reaction (Huisgen cyclization) 

between the azide-conjugated ligand L2H2-6OTD-Az (1b) and the 

cell-permeable dye CO-1 bearing a strained alkyne moiety and the 

BODPY fluorophore under Cu-free conditions.  We confirmed that 

introduction of the small azide group did not alter the physical or 

biological properties, including anti-cancer activity, of 1a, and we 

also demonstrated bias-free localization of CO-1. The post-binding 

visualization strategy suggested that L2H2-6OTD (1a) colocalized 

with RNA G4 in living cells. 

G-Quadruplexes (G4s) are stable, biologically important nucleic 

acid structures formed in consecutive guanine-rich sequences 

of gene promoter regions
1
 and telomeres

2
 in DNA, and in 3’- 

and 5’-untranslated regions in RNA.
1d,3

  G4s in genomic DNA 

regulate basic biological events such as transcription,
4 

replication,
5
 and cellular senescence

6
 with appropriate 

timings.
1e,7

  On the other hand, G4s in RNA control translation 

in both untranslated
3c

 and coding regions.
8
  The RNA G4s are 

preferentially formed in single-stranded sequences,
9
 when 

neither a complementary sequence competing with G4 nor a 

relevant chromatin structure is available. RNA G4s are 

thermodynamically more stable than DNA G4s,
10

 and might 

therefore have a longer-lasting impact on cellular events than 

DNA G4s. 

Numerous efforts have been made to develop G4 ligands 

as anti-cancer drug candidates.
7,11

  For example, Neidle and co-

workers have developed a series of naphthalene diimides as 

G4 ligands, and among them, CM03
11d

 showed potent activity 

against several cancer cell lines in vitro and in vivo.  CX-3543 

developed by Hurley and co-workers exhibits anti-cancer 

activity by stabilizing G4 in rDNA, and was in a phase II clinical 

trial.
11a

  However, high-throughput whole-genome sequencing 

indicates that at least 700,000 nucleic acid sequences can form 

G4 structure,
1b

 and over 66,000 RNA G4s are predicted by 

calculation algorithms.
1d

  Therefore, identification of the target 

G4s of G4 ligands in living cell, even to determine whether the 

target is DNA or RNA G4, is extremely challenging. 

Some target identification studies have used fluorophore-

conjugated derivatives of G4 ligands,
12,13

 and the targets of 

carboxypyridostatin, QUMA-1 and ISCH-oa1, which show 

potent antiproliferative activity, were identified as RNA G4s. 

However, introducing a fluorophore into a small-molecular 

compound often drastically alters its biological and physical 

properties.
14

 One approach to avoid this problem is a post 

target-binding visualization strategy, i.e., the introduction of a 

fluorophore into the compound of interest (COI) by means of a 

bioorthogonal reaction after the incubation of the COI into the 

cell.  In this case, the physical and biological properties of COI 

should not be altered by its functionalization.  For this 

purpose, Huisgen cycloaddition chemistry (click reaction), 

which involves reaction between azide and alkyne groups, has 

emerged as a promising strategy.
12c,15

  In 2017, Teulade-Fichou 

and co-workers reported a pioneering study for the 

identification of the target of the G4 ligand Phen-DC3.
12c

  They 

carried out the Huisgen cycloaddition reaction of alkyne-

tagged Cy5 fluorophore with azido-modified Phen-DC3 under 

Cu-catalyzed and Cu-free conditions.  However, different 

localization phenomena were observed depending on the 

presence or absence of copper; in particular, Cu-alkyne 

complex formation was associated with nucleolar localization 

of Phen-DC3.  Thus, although they succeeded in visualizing 

intracellular Phen-DC3, there are still some questions 
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regarding the difference in physical and biological properties 

between the COI and its azide-modified derivative, and the 

effects of using copper in the click reaction. 

Here, we focused on Cu-free click reaction and selected a 

fluorescent dye exhibiting unbiased localization.  We selected 

the azide group, one of the smallest bioorthogonal functional 

groups, for introduction into the G4 ligand to minimize the 

effect on its functional properties, and we chose CO-1 dye,
16

 

which is equipped with a strained alkyne moiety and the 

BODIPY fluorophore, as the reaction partner. Since CO-1 

exhibits i) cellular permeability, ii) washability and iii) unbiased 

localization, it is expected to be suitable for in situ post-target-

binding visualization with a low background in living cells.  This 

strategy of using in situ click reaction chemistry between 

azide-modified G4 ligand 1a (L2H2-6OTD-Az; 1b) and 

fluorescent dye CO-1 for post-target-binding visualization 

enabled us to successfully identify the target molecule of 1a in 

living cells (Figure 1). 

 
Figure 1. Structures of L2H2-6OTD (1a), L2H2-6OTD-Az (1b) and CO-1 

We have developed a series of macrocyclic polyoxazole 

compounds as G4 ligands.  Among them, heptaoxazole 

macrocycles (7OTDs) are efficient G4-specific probes in vitro, 

and have enabled the identification of thousands of G4s 

through either fluorescent polarization
17

 or DNA microarray 

studies.
18

  But, although our strategy with 7OTDs has been 

successful under cell-free conditions, it has some limitations 

for cellular imaging, mostly arising from the poor solubility of 

the structurally rigid 7OTDs under cell-compatible buffer 

conditions.
17

  In contrast, in hexaoxazole compounds (6OTDs), 

the macrocyclic structure is more flexible, and modification of 

the two side chains in 6OTDs enables effective tuning of the 

solubility and physical properties.  In particular, L2H2-6OTD 

(1a), which bears two aminobutyl side chains, has favorable 

physical properties, including solubility under conditions 

compatible with cell culture.  In addition, the amino group in 

the side chain efficiently participates in the interaction with G4 

through the cation-anion interaction with the phosphate 

backbone in the target G4, affording thermodynamically stable 

G4-L2H2-6OTD (1a) complex.
19

  With this background in mind, 

we designed an azide-modified 6OTD ligand designated L2H2-

6OTD-Az (1b).
20

  The azide group is expected to undergo 

bioorthogonal click reaction with the strained alkyne group in 

CO-1, allowing the target to be fluorescently labelled in living 

cells. 

At the outset, we examined the G4-stabilizing activity and 

biological properties of L2H2-6OTD (1a) and L2H2-6OTD-Az 

(1b) in both cell-free and cellular systems to assess whether or 

not introduction of the azide moiety affected the properties of 

1a.  We examined the G4-stabilizing ability of 1a and 1b with 

G4-forming DNA (telo21), G4-forming RNA (TERRA), and 

double-stranded DNA (dsDNA, a negative control) by means of 

FRET melting analysis (Table 1).
21

  While similar Tm values of 

20.0 ± 0.3 and 15.0 ± 0.1 against telo21, and 19.1 ± 0.2 and 

17.3 ± 0.1 against TERRA were obtained for 1a and 1b, 

respectively, no Tm change was observed with double-

stranded DNA for either ligand (Figure S1).  The G4-selective 

stabilization by 1a and 1b was maintained even in the 

presence of 100-fold excess of dsDNA as a competitor (Figure 

S1).  Next, in the thiazole orange (TO) displacement assay with 

DNA G4,
22

 displacement concentration values (DC50) of 1.43 

and 1.30 µM were obtained with 1a and 1b, respectively, 

indicating that both ligands bind at the G-quartet (Figure S2).  

RNA G4 displacement efficacy was also tested with ThT
23

 in the 

presence of TERRA and the DC50 were measured as 297 and 

213 nM for 1a and 1b (Figure S2). Thus, 1a and 1b show 

similar G4-stabilizing activity and binding mode, suggesting 

that introduction of the azide moiety has little effect on the 

properties of 1a. 

Table 1. Tm values of DNA or RNA telomeric G4 and double-stranded DNA in the 

presence of 1a and 1b. 

We next examined the cytotoxicity of L2H2-6OTD-Az (1b) 

towards a panel of 16 cancer cell lines, including breast, CNS, 

colon, lung, melanoma, and stomach cells, in order to 

investigate the impact of its substituent group (azidoethyl 

group) on the biological activities.
24

  After incubation with 1a 

or 1b for 48 h, the cell number was measured in terms of the 

total cell proteins (Figure 2).  Compounds 1a and 1b showed 

very similar growth-inhibitory values (GI50) in all of the cell 

lines examined.  Furthermore, a plot of log GI50 of 1a and 1b 

showed a high correlation with an R
2
 value of 0.96 and a slope 

of 0.99 (Figure S4).  These results confirm that introduction of 

the azide propyl group has no significant effect on the 

properties of 1a. 

 
Figure 2. Growth-inhibitory activities of 6OTDs toward cancer cells.  Growth-
inhibitory effect of 6OTDs on a panel of 16 human cancer cell lines.  Bars 
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represent log GI50 values for each cell line with 1a (grey) and 1b (black) after 48 
h incubation. 

Then, we attempted to identify the cellular target molecule 

of 1a in fixed cells by utilizing the azide-modified probe 1b and 

CO-1.
25

 The cells were fixed with MeOH, and then treated with 

1b (10 μM) for 1 h, followed by addition of CO-1 (1 μM).  After 

1 h, nuclei were stained with DAPI and the fluorescence 

originating from CO-1 that had reacted with 1b was measured.  

Fluorescence signals derived from CO-1 were detected in the 

cytoplasmic and nucleolar compartments.  To obtain more 

insight into the nature of the target of 1b in the cells, 

treatment with DNase or RNase was carried out before 

incubation of 1b and CO-1 with U2OS cells.  DNase treatment 

caused little change of the signals, whereas a significant 

reduction was observed after RNA digestion (Figure 3).  This 

suggests that the target of 1a is RNA, though this experiment 

did not establish whether 1b was co-localized at RNA G4. 

 
Figure 3. The click reaction of 1b and CO-1 with fixed cells in the presence or 
absence of nuclease (DNase or RNase), and detection of fluorescence derived 
from CO-1. 

To address this question, we conducted competitive 

binding experiments of 1b with Phen-DC3, which is well 

known to bind to G4 specifically.
26

  Thus, cells were pre-

treated with Phen-DC3 to cover the G-quartet plane in G4, and 

then the same procedure for click reaction with 1b and CO-1 

was followed, as described above.  Under these conditions, the 

fluorescence derived from CO-1 was concentration-

dependently decreased by Phen-DC3, and it disappeared in the 

presence of 10 equivalents of Phen-DC3 with respect to 1b 

(Figure S6).  Moreover, the labelling efficacy of the target with 

1b and CO-1 was also decreased by post-treatment with Phen-

DC3 (Figure S7).  Overall, the results strongly imply that the 

target of 1b is G4 contained in RNA. 

Finally, we performed direct G4 staining with 1b in living 

cells without any treatment (neither fixation nor 

permeabilization).  Thus, U2OS cells were treated with 1b (10 

μM) for 24 h, in which no cytotoxicity was observed (Figure 

S5), washed with the medium, and then treated with CO-1 

(300 nM) for 1 h to conduct the click reaction.  The nuclei were 

stained with Hoechst33342.  These cells contained fluorescent 

puncta, which were displaced by Phen-DC3 (Figure S8), 

suggesting the presence of RNA G4 targeted by 1b in the 

cytoplasm (Figure 4). 

 
Figure 4. Fluorescence observed following the click chemistry between 1b and 
CO-1 in the living U2OS cells. 

Under these experimental conditions, only cytoplasmic but 

not nuclear foci were observed, suggesting that 1b is readily 

incorporated into the cells across the plasma membrane, but 

remains in the cytoplasm.  The observed foci were far too large 

to be single RNA molecules, and they may represent molecular 

complexes formed via co-assembly or condensation of RNAs 

(probably with RNA-binding proteins). One possibility might be 

stress granules, which are membrane-less organelles with high 

RNA contents, where G4 formation can potentially stall mRNA 

translation.
8b,27

 Another possibility might be processing bodies 

(P-bodies), which contain rRNA.
28 

Conclusions 

The target of the G4 ligand L2H2-6OTD (1a) was suggested to 

be RNA G4s in living cells by using a post-target-binding 

visualization strategy together with both in-cell Phen-DC3 

displacement analyses and nuclease digestion assays. We 

confirmed that introduction of the azide moiety had little 

effect on the physical and biological properties of 1a.  The 

cellular permeability, washability, and bias-free localization of 

CO-1 make it an efficient tool for post-target-binding 

visualization of target molecules in living cells. 
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