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Abstract

Double-stranded segments of a genome that can potentially form G-quadruplex (GQ) and/or i-

motif (iM) structures are considered to be important regulatory elements. Hence, the development 

of a common probe that can detect GQ and iM structures and also distinguish them from a duplex 

structure will be highly useful in understanding the propensity of such segments to adopt duplex or 

non-canonical four-stranded structures. Here, we describe the utility of a conformation-sensitive 

fluorescent nucleoside analog, which was originally developed as a GQ sensor, in detecting the iM 

structures of C-rich DNA oligonucleotides (ONs). The analog is based on a 5-(benzofuran-2-

yl)uracil scaffold, which when incorporated into C-rich ONs (e.g., telomeric repeats) fluorescently 

distinguishes an iM from random coil and duplex structures. Steady-state and time-resolved 

fluorescence techniques enabled the determination of transition pH for the transformation of a 

random coil to an iM structure. Furthermore, a qualitative understanding on the relative population 

of duplex and GQ/iM forms under physiological conditions could be gained by correlating the 

fluorescence, CD and thermal melting data. Taken together, this sensor could provide a general 

platform to profile double-stranded promoter regions in terms of their ability to adopt four-

stranded structures, and also could support approaches to discover functional GQ and iM binders.

Introduction

Guanine- and cytosine-rich sequences, which are abundantly found in telomeres, promoter 

DNA regions and untranslated regions of mRNA of several proto-oncogenes, are known to 

form non-canonical four-stranded structures called G-quadruplexes (GQs) and i-motifs 

(iMs), respectively.1,2 The conservation of their position in various eukaryotes and recent 

biochemical investigations indicate that these structural motifs could play important roles in 
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the regulation of essential cellular processes including replication, transcription and 

translation.3 Despite their colocalization in the genome, most studies have focused on 

understanding the structural and functional relevance of GQs, while iMs have received 

relatively less attention. The reason is twofold: (i) stable GQ structures can form under 

physiological conditions and iM structures usually form under mildly acidic conditions by 

the intercalation of hemiprotonated C·CH+ base-paired strands,4 and (ii) GQs have been 

identified in a cellular environment,5 whereas the existence of iMs in a cellular setting is yet 

to be unambiguously established. However, recent studies indicate that molecular crowding, 

negative superhelicity, ligand binding and certain modifications can induce the formation of 

the iM structure at physiological pH.3b,6 Several proteins including transcription factors 

have been identified to bind C-rich DNA sequences.7 For example, a factor named hnRNP 

LL preferentially binds to the BCL2 promoter iM-forming sequence and transcriptionally 

activates BCL2 expression.8 Furthermore, iM’s role as a molecular switch in modulating 

oncogene expression has been demonstrated by using structure-specific small molecule 

binders.3b,9 These findings suggest that the iM structure could complement the GQ 

structure as a potential therapeutic target. In addition to their proposed biological roles, 

programmability and pH-dependent structure, switching properties have made iMs useful 

supramolecular synthons for designing functional nanodevices.10

In terms of structure, like GQs, iMs exhibit different folding topologies and varying stability 

in vitro, which depend on the number of cytosine residues, loop length and pH.4a,11 Hence, 

it is reasonable to say that the formation of GQ and iM structures by G-rich and C-rich 

sequences coexisting in the double-stranded region of telomeres and promoters will depend 

on the relative stability of the duplex and GQ/iM forms.12 Studies also suggest that the 

balance between duplex and GQ/iM forms could be altered in the presence of protein factors 

and small molecule ligands that induce or stabilize GQ/iM structures.

Several biophysical techniques including circular dichroism (CD), fluorescence, NMR and 

X-ray crystallography have provided valuable information on the structure, stability, folding 

dynamics and recognition properties of individual G-rich and C-rich strands.13 Among 

these, fluorescence-based tools, which show changes in fluorescence properties (e.g., 
quantum yield, emission maximum and lifetime) during a conformational change, are 

advantageous as they not only enable the real-time monitoring of the formation of GQ and 

iM structures but also provide platforms to screen small molecule binders.13e,14 In 

particular, fluorescent nucleoside analogs incorporated into ONs offer efficient systems to 

study iM and GQ structures. Fluorescent purine surrogates (e.g., 6-methyl-isoxanthopterin 

and 2-aminopurine) and vinyl-, styryl- and heteroaryl-conjugated nucleoside analogs 

incorporated into G-rich ONs have been utilized in the study of DNA GQs.15 An exciplex 

signaling system made of a pair of pyrene-modified deoxyadenosines (PyA) has been used to 

monitor the pH-dependent structural transition from a random coil to an iM structure.16 In a 

similar strategy, photoinduced electron transfer in the iM structure has been studied by using 

pyrene- and anthraquinone-modified dU as a donor–acceptor pair.17 More recently, a novel 

“push–pull” fluorescent nucleoside analog, derived by fusing dimethylaniline to 

deoxycytidine (DMAC), has enabled the real-time tracking of the exchange of iM to duplex 

DNA.18 While the utility of these probes is undeniable, their implementation in assays to 

evaluate the propensity of double-stranded regions of the human genome to adopt iM/GQ 
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structures and the competition between duplex and iM/GQ structures is a challenge.19 

Therefore, we envisioned that the development of a conformation-sensitive fluorescent 

nucleoside analog, which (i) is structurally minimally perturbing, (ii) serves as both GQ and 

iM sensors, and importantly (iii) shows that the distinct fluorescence properties of GQ, iM 

and duplex forms will be highly useful in not only profiling various double-stranded regions 

of the human genome in terms of their ability to adopt duplex or GQ and iM structures, but 

also could facilitate setting up screening assays to identify efficient binders.

In this context, we recently introduced microenvironment-sensitive fluorescent 2′-

deoxyuridine and uridine nucleoside analogs made of a 5-(benzofuran-2-yl)uracil core.20,21 

These emissive analogs serve as excellent GQ sensors, and enable the photophysical 

discrimination of different GQ structures adopted by H-Telo DNA and RNA repeats. 

Furthermore, we devised a simple fluorescence assay using these probes to quantitatively 

estimate the topology- and nucleic acid-specific binding of ligands to GQ structures.22 

Other groups have also used the conformation sensitivity of our probes to design assays to 

investigate the formation, stability and ligand binding ability of different RNA topologies.23 

Encouraged by these key observations, we sought to evaluate the proficiency of a 

benzofuran-modified fluorescent nucleoside analog in not only detecting the formation of 

iM structures but also in distinguishing iM, GQ and duplex structures. Here, we describe the 

development of a fluorescence-based platform to detect the iM structures of C-rich DNA 

ONs by using the 5-benzofuran-modified 2′-deoxyuridine (1) analog. An emissive 

nucleoside incorporated into C-rich DNA ONs is minimally perturbing and fluorescently 

distinguishes the iM structure from random coil and duplex structures (Fig. 1). The iM probe 

also enabled the determination of transition pH (tpH) for the transformation of a random coil 

to an iM structure by both steady-state and time-resolved fluorescence techniques. 

Furthermore, the conformation-specific fluorescence readout of the nucleoside probe 

complemented by CD and thermal melting experiments provided a qualitative understanding 

of the relative population of duplex, GQ and iM forms in the G-rich–C-rich double-stranded 

region of the human telomeric (H-Telo) DNA ON repeat.

Results and discussion

Synthesis of 5-benzofuran-2′-deoxyuridine-labeled C-rich DNA ONs

We chose to study two C-rich DNA ON sequences, (TCCCCC)4 and H-Telo (CCCTAA)4 

repeats, which are known to adopt iM structures at near physiological pH or at slightly 

acidic pH (Fig. 2).11,13a Fluorescently labeled DNA ONs 2 and 3 were synthesized by 

using the phosphoramidite substrate of nucleoside analog 1. Purposely, we replaced one of 

the loop thymine residues with 1 as we envisioned that modification on cytosine residues 

could affect the efficiency of iM formation. The purity and integrity of the ONs synthesized 

by a solid-phase method were confirmed by HPLC and MALDI-TOF mass analyses (Fig. S1 

and Table S1†).

Fluorescence detection of the DNA iM structure

The ability of the nucleoside probe to report the transition from a random coil to an iM 

structure was first evaluated by monitoring the changes in the fluorescence of a model C-rich 
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ON 2 as a function of pH. Solutions of ON 2 at different pH values (8.2 to 5.0) were 

prepared in phosphate or acetate buffer, which is commonly used to study iM formation at 

different pH values.13c,25 Upon exciting ON 2 at pH 8.2, a strong emission band centered 

at 442 nm was observed (Fig. 3A). As the pH was lowered from 8.2 to 5.0, ON 2 displayed a 

significant pH-dependent fluorescence quenching (~23-fold at saturation) with no apparent 

change in emission maximum. The changes in fluorescence intensity as a function of pH 

followed a sigmoidal curve yielding a tpH of 7.13 ± 0.01, which is consistent with the 

cytosine content of the sequence (Fig. 3B, S2 and Table S2†).11 Furthermore, a discernible 

decrease in the excited-state lifetime of ON 2 was observed as the pH was lowered. A 

sigmoidal lifetime profile yielded a tpH of 6.92 ± 0.02, which is closer to the one obtained 

by steady-state analysis (Fig. 3B, S3, Tables S2 and S3†). To confirm whether the changes in 

fluorescence intensity and lifetime are indeed due to the formation of an iM structure, CD 

and UV-thermal melting profiles of emissive ON 2 and its control unmodified ON sequence 

4 were recorded. At pH, 5.0 ONs 2 and 4 exhibited a characteristic CD profile for the iM 

structure with a strong positive peak at ~285 nm and a negative peak at ~264 nm (Fig. 

S4A†). Thermal melting experiments indicated that both modified and control unmodified 

DNA ONs formed stable iM structures with similar Tm values (Fig. S4C and Table S4†). 

The CD profiles and Tm values are consistent with literature reports.11,26 These results also 

indicate that benzofuran modification has a negligible impact on the iM structure and 

stability. Notably, at pH 7.0, a low fluorescence of ON 2 and the CD pattern largely 

resembling the iM form indicate that this sequence can adopt an iM structure at neutral pH 

(Fig. 3A and S4A†).

Next, we focused our attention on a biologically relevant C-rich H-Telo DNA ON repeat, 

which forms intramolecular iM structures in vitro. The H-Telo DNA ON repeat (C3TAA)4 

under slightly acidic conditions folds into iM structures (5′E and 3′E topologies) in which 

the loop residues TAA show considerable differences in conformation.13c,24 Notably, the 

conformation of T10A11A12 residues, which form the second loop, is same in both the 

topologies (Fig. 1).24 While loop 2 is reasonably rigid with T10 stacked on the iM core and 

A11 stacked above them, loops 1 and 3 are fluxional. For these reasons, we synthesized 

labeled telomeric DNA ON 3 in which the loop residue T10 was replaced with benzofuran-

modified nucleoside analog 1. The formation of the iM structure by C-rich H-Telo DNA ON 

was monitored by recording the changes in fluorescence intensity and lifetime at different 

pH values. As the pH was reduced from 8.2 to 5.0, DNA ON 3 displayed a significant 

reduction in fluorescence intensity and lifetime, which saturated at a pH nearly 5.5 (Fig. 

4A). The tpH for the transition of a random coil to iM determined from steady-state (5.79 

± 0.01) and lifetime (5.80 ± 0.01) analyses is comparable to recent literature reports (tpH = 

6.0–6.3, Fig. 4B. Fig. S5, Tables S2 and S3†).6c,18 CD and Tm analyses using modified (3) 

and control unmodified (5) ONs confirmed the formation of the iM structure at acidic pH 

(Fig. S4B, S4C and Table S4†). Furthermore, a significantly lower Tm exhibited by C-rich 

H-Telo ON 3 compared to C-rich ON 2 is consistent with the cytosine content of the 

sequences. Importantly, the fluorescence of free nucleoside 1 and benzofuran-labeled G-rich 

H-Telo DNA ON 6, which does not fold into the iM structure, was only marginally affected 

by changes in the pH of the medium (Fig. S6†). Collectively, these results confirm that 5-
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benzofuran-2′-deoxyuridine is structurally minimally invasive, and when incorporated into 

C-rich DNA ONs, faithfully reports the formation of iM structures with reliable tpH values.

Benzofuran-modified nucleoside distinguishes iM from random coil and duplex structures

The efficacy of emissive nucleoside 1 to distinguish the iM structure from random coil and 

duplex structures was evaluated by recording the fluorescence profile of single-stranded 

ONs (2 and 3) and corresponding duplexes at a pH above and below their respective tpH 

values. Random coils of ONs 2 and 3 displayed significantly higher fluorescence intensity 

compared to the corresponding duplexes (2·7 and 3·8) at basic pH (Fig. 5 and S7†). 

However, under acidic conditions (pH 5), the iM structures of DNA ONs 2 and 3 exhibited 

significant quenching in fluorescence intensity compared to random coil and duplex 

structures. The quantum yield and lifetime values were also found to be distinct for random 

coil, duplex and iM structures (Table 1).

Significantly lower fluorescence efficiency exhibited by the iM structures of C-rich ONs 

compared to the respective random coil and duplex structures could be due to the following 

reasons. While ONs 2 and 3 can potentially form different iM topologies, we preferred to 

provide a possible reason for the fluorescence outcome by using C-rich H-Telo DNA ON 3 
as an example. The iM structure of native H-Telo DNA ON indicates that the T10 residue 

present in the second loop is nicely stacked between the iM core and adjacent A11 residue 

(Fig. S8A†).24 Hence, the benzofuran-modified nucleoside analog, which is structurally 

minimally perturbing, when placed at the T10 position could potentially experience a similar 

stacking interaction with neighbouring bases, thereby resulting in fluorescence quenching 

(Fig. S8B†). However, the stacking interaction between the emissive nucleoside and 

neighboring bases could be least in the random coil and moderate in the duplex structure. In 

the duplex structure, the base paired 5-benzofuran-modified nucleoside analog will be 

projected in the major groove and is likely to experience a partial stacking interaction, 

whereas in the random coil, the stacking interaction could be least as the analog is not 

restricted by base pairing.

It has been observed that dansyl-modified 2′-deoxycytidine and 5-(1-pyrenyl)-modified 2′-

deoxyuridine exhibit dramatic quenching in the fluorescence intensity as the pH is lowered.

27 The fluorescence quenching has been ascribed to an electron transfer process between the 

protonated pyrimidine moiety and the fluorophore. To test this possibility, a non-iM-forming 

control ON sequence was used, which contains the emissive nucleoside 1 flanked between 

the 2′-deoxycytidine residues (Fig. S9†). From basic pH to pH 6.0, there was no change in 

fluorescence intensity. However, as the pH of the buffer solution was lowered to 5.5 and 5.0, 

a noticeable decrease in fluorescence intensity was observed, which was not as dramatic as 

in the case of iM-forming ON sequences 2 and 3 at pH 5.5 or 5.0 (compared with Fig. 3A 

and 4A). At the nucleoside level, the fluorescence of 1 was not affected by changes in pH 

(pH 8.2–5.0, Fig. S6A†). Taken together, these results indicate that very low fluorescence 

exhibited by benzofuran-labeled iM-forming sequences under acidic conditions could be due 

to a combination of the stacking interaction with adjacent bases and the quenching effect of 

the C·CH+ base pair present in the neighboring environment.27,28
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Duplex versus iM and GQ structures

Experimental setups based on NMR, laser tweezers, high-speed atomic force microscopy 

and SPR have been used to study the formation of tetraplexes in double-stranded DNA.29 

These studies indicate that helical loosening, offset arrangements of G-rich and C-rich 

strands and inherent stability of the structures can influence the relative population of duplex 

and tetraplex forms. In another study, 2-aminopurine has been used to monitor the formation 

of GQ and iM structures in retinoblastoma susceptibility genes.30 While the fluorescence 

intensity of GQ and iM forms was significantly high compared to that of the duplex, the 

fluorescence of GQ and iM structures was similar. Since benzofuran-modified nucleoside 

analog 1 incorporated into G-rich and C-rich ONs shows distinct fluorescence properties for 

GQ, iM and duplex structures, we sought to understand the relative population of these 

structures at physiological and acidic pH.

A solution of 2·7 at physiological pH displayed a strong emission band corresponding to a 

quantum yield of 0.14 (Fig. 5A, Table 1). At pH 5.0, it showed a significantly lower 

fluorescence intensity (Φ = 0.023), which was slightly higher than the iM form of ON 2 (Φ 
= 0.015). The CD profile of 2·7 at pH 7.4 displayed dominant peaks characteristic of a 

duplex structure (positive ~260 nm and negative ~237 nm) along with a shoulder near 285 

nm (Fig. 6). The tpH of ON 2 is ~7.1, and, hence, it is likely that a solution of 2·7 at pH 7.4 

could potentially have a small population of the random coil/iM and GQ structures of 2 and 

7, respectively, which is reflected in the form of a shoulder in the CD profile.29e,31 

However, at pH 5.0, a solution of 2·7 revealed a CD profile mainly emanating from a 

combination of the iM and GQ forms of 2 and 7, respectively. It is important to mention here 

that the GQ structure of ON 7 is not affected by changes in pH (Fig. 6 and Table S5†). 

Hence, at acidic pH, a slightly higher fluorescence exhibited by a solution of 2·7 is due to 

the presence of a very large population of the weakly emissive iM form of ON 2 (along with 

the unmodified GQ of 7) and a small population of a more emissive duplex form. This 

notion is further supported by lifetime studies. A solution of 2·7 at pH 7.4, resembling 

mostly a duplex form, shows a lifetime of 2.88 ns (Table 1). At pH 5.0, it shows a lifetime 

closer to the iM form of 2, suggesting that a solution of 2·7 at acidic pH predominantly 

exists as iM and GQ structures. UV-thermal melting studies also corroborate the above 

results as the duplex structure of 2·7 at pH 7.4 and the iM structure of ON 2 at pH 5.0 

display high and comparable Tm values (Table S4† and S5†). Based on the above 

information, we could make an approximate estimate of the competition between the duplex 

and tetraplex structures. A comparison of the quantum yield of 2·7 at pH 7.4 (predominantly 

duplex form), 2·7 at pH 5.0 (predominantly iM and GQ forms) and 2 at pH 5.0 (completely 

iM form) suggested that an acidic solution of 2·7 is composed of nearly 94% tetraplexes (iM 

and GQ forms) and 6% duplex (Table 1).

A hybrid of benzofuran-labeled C-rich H-Telo and unmodified G-rich H-Telo DNA ONs 3 
and 8, respectively, at pH 7.4 displayed a relatively higher fluorescence intensity (Φ = 0.16) 

compared to that under acidic conditions (Φ = 0.10, Fig. 5B, Table 1). Unlike 3·8, which 

exhibits multiple structures at pH 7.4 (vide supra, duplex form, major), the CD spectrum of a 

solution of 3·8 matched with the duplex structure (positive peak ~265 nm and negative peak 

~240 nm, Fig. 7). This is because the tpH of ON 3 (5.8) is much lower than that of ON 2 
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(~7.1) to facilitate the formation of an iM structure at physiological pH. Hence, the 

fluorescence intensity exhibited by 3·8 at pH 7.4 can be considered solely due to the duplex 

structure. However, the fluorescence of a solution of 3·8 at acidic pH was found to be 

discernibly higher (Φ = 0.10) compared to the iM form of ON 3 (Φ = 0.07, Fig. 5B, Table 

1). The CD spectrum of 3·8 largely resembled a duplex structure along with a visible 

shoulder near 285 nm (Fig. 7). The shoulder band suggests the existence of alternative 

structures, namely iM and GQ forms.29e,31 This notion is supported by the fact that H-Telo 

DNA ON repeats 3 and 8 form stable iM and GQ structures, respectively, at acidic pH (Fig. 

7, Tables S4 and S5†). However, relatively higher stability of duplex over iM and GQ 

structures suggests that the observed fluorescence of 3·8 under acidic conditions is due to a 

combination of duplex form (major) and iM-GQ structures (minor, Tables S4 and S5†). A 

time-resolved experiment using 3·8 at pH 5.0 gave a lifetime, which is closer to that of the 

duplex form, suggesting that this solution at acidic pH is mostly made of the duplex 

structure (Table 1).

Next, a hybrid made of benzofuran-labeled G-rich H-Telo DNA ON 6 and unmodified C-

rich H-Telo DNA ON 5 was subjected to fluorescence, CD and Tm measurements. In our 

earlier study, we have demonstrated that 5-benzofuran-modified nucleoside 1 incorporated 

into the G-rich strand of H-Telo DNA serves as a useful GQ sensor, wherein the GQ 

structure displays significantly higher fluorescence compared to its duplex at neutral pH.22 

In the present study also, the GQ structure of 6 showed significantly higher fluorescence (Φ 
= 0.13) compared to that of duplex 6·5 at pH 7.4 (Φ = 0.003, Table 1, Fig. 8A). Interestingly, 

a solution of 6·5 at acidic pH exhibited a noticeable increase in fluorescence (Φ = 0.010) 

compared to that at pH 7.4. This increase in fluorescence is likely due to the dissociation of 

a small amount of the duplex, which leads to the formation of a highly emissive GQ 

structure of ON 6. The formation of the GQ structure, in a way, is also assisted by the 

formation of a stable iM structure by the complementary ON strand 5 at acidic pH (vide 
supra, Fig. S4†). These observations are supported by CD and Tm studies. CD and Tm 

measurements indicate that 6·5 forms only a duplex structure under physiological conditions 

(Fig. 8B and Table S5†). However, at pH 5.0, an additional shoulder band near 285 nm 

indicates the presence of small amounts of alternative forms, namely GQ and iM structures.

29e,31

Since the duplex form of the telomeric repeats (6·5) is very weakly fluorescent, the observed 

fluorescence of a solution of 6·5 under acidic conditions is more or less due to the free GQ 

form of 6. A comparison of the quantum yield of 6 at pH 5.0 (GQ form), 6·5 at pH 5.0 

(predominantly duplex form + iM-GQ forms) and 6·5 at pH 7.4 (completely duplex form) 

suggests that an acidic solution of 6·5 is composed of nearly 95% duplex form and 5% GQ 

and iM structures (Table 1). These conclusions corroborate with the results obtained using 

benzofuran-labeled C-rich H-Telo DNA ON 3, which further substantiates that at 

physiological pH the double-stranded telomeric region is duplex in nature, whereas under 

acidic conditions along with the duplex form there exists a small population of GQ and iM 

structures.

Based on the fluorescence, CD and thermal melting experiments, we could perform a 

qualitative analysis of the relative population of duplex, iM and GQ forms in G-rich and C-
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rich double-stranded systems at different pH values. The model system 2·7, containing more 

C and G residues, at physiological pH is largely made of the duplex form along with a small 

fraction of iM/random coil and GQ structures. However, under acidic conditions, iM and GQ 

structures dominate the overall population with the duplex form being the minor component. 

In the case of double-stranded telomeric repeats (3·8 or 6·5), only the duplex form exists at 

physiological pH. Albeit in small amounts, the telomeric repeats have the tendency to form 

stable iM and GQ structures at acidic pH.

Conclusions

We have devised a simple fluorescence-based platform to monitor the formation of the iM 

structures of C-rich DNA ONs by using the conformation sensitivity and minimally 

perturbing nature of the benzofuran-modified 2′-deoxyuridine analog. In addition to serving 

as a useful topology-specific GQ sensor, the nucleoside analog, incorporated into C-rich 

DNA ONs, photophysically shows the pH-induced transition of a single-stranded structure 

to an iM structure and provides reliable tpH values. Importantly, this probe exhibits distinct 

fluorescence properties for iM, GQ, random coil and duplex structures. This feature of the 

probe, when combined with CD and thermal melting studies, provided information on the 

propensity of a given G-rich–C-rich double-stranded system to adopt a duplex form or iM 

and GQ forms or a combination of these structures. Our results indicate that the formation of 

iM and GQ structures by G-rich–C-rich double-stranded systems under physiological 

conditions will depend on the relative stability of the duplex, iM and GQ forms. For 

example, the double-stranded region of the human telomere is significantly more stable such 

that the formation of iM and GQ structures seems difficult unless assisted by protein factors 

or small molecule binders, which induce or stabilize such non-canonical structures.3c,32 A 

similar scenario can also be envisioned for double-stranded promoter regions capable of 

supporting GQ/iM structures.33 Taken together, our GQ-iM sensor will be a very important 

addition to the resources and tools available for profiling non-canonical four-stranded 

structures in the genome. It is expected that this nucleoside probe could also be useful in 

setting up discovery approaches to identify efficient GQ and iM binders.

Experimental section

Solid-phase synthesis of 5-benzofuran-modified DNA ONs

Benzofuran-modified DNA ONs 2, 3 and 6 were synthesized by following our earlier 

reports.22 All ONs were purified by polyacrylamide gel electrophoresis (PAGE) and 

analyzed by HPLC (Fig. S1†). The integrity of modified ONs was confirmed by MALDI-

TOF mass analysis. See Table S1† for ε260 and MALDI-TOF mass data of the modified 

ONs.

Photophysical analysis of fluorescently-modified C-rich (2, 3) and G-rich (6) DNA ONs

Steady-state fluorescence analysis—Solutions of emissive ONs 2 and 3 (1 μM) at 

different pH values were prepared in 30 mM phosphate buffer (pH 5.8–8.2) or 30 mM 

acetate buffer (pH 5.0–5.6) containing 100 mM NaCl. Control solutions of free nucleoside 1 
(1 μM) and labeled G-rich H-Telo DNA ON 6 (1 μM), which does not form the iM structure, 
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but folds into the GQ structure were prepared as above. All samples were incubated for 1 h 

at RT and excited at 330 nm. Excitation and emission slit widths are provided in the figure 

caption. All fluorescence experiments were performed in triplicate in a micro fluorescence 

cuvette (Hellma, path length 1.0 cm) on a Fluoromax-4 spectrophotometer (Horiba 

Scientific).

Time-resolved fluorescence analysis—Excited-state decay kinetic measurements 

were carried out on a TCSPC instrument (Horiba Jobin Yvon, Fluorolog-3). ON samples (1 

μM) at different pH values were excited using a 339 nm LED source (IBH, UK, 

NanoLED-339L) and the fluorescence signal collected at emission maximum was analyzed 

using IBH DAS6 analysis software to determine the lifetimes. Lifetime measurements were 

performed in triplicate. The excited-state decay kinetics of ONs was found to be 

biexponential in most cases and in few triexponential with χ2 (goodness of fit) values very 

close to unity.

Determination of transition pH (tpH)—The transition pH of iM formation is 

considered to be a pH at which 50% of the ON is in the folded state i.e., in the iM form. 

Normalized fluorescence intensity or normalized lifetime versus pH plots were fitted using a 

sigmoid function of the Boltzmann type (OriginPro 8.5.1, eqn (1)) to determine the tpH 

values of ONs 2 and 3.34 For all plots, the χ2 (goodness of fit) values were very close to 

unity.

y =
A1 − A2

1 + exp
x − x0

Δ x

+ A2 (1)

where y is the normalized fluorescence intensity or lifetime, x is the pH, x0 is the center of 

the sigmoid (tpH), Δx is the slope factor, A1 is the upper limit of fluorescence intensity or 

lifetime and A2 is the lower limit of fluorescence intensity or lifetime.

Quantum yield determination—The quantum yields of fluorescently-modified DNA 

ONs and their duplexes were determined relative to the quantum yield of nucleoside 1 (0.19) 

by using the following equation:21

Φ x = As/Ax Fx/Fs nx/ns
2 Φ s

where s is the fluorescent nucleoside 1, x are the fluorescently modified DNA ON 

constructs, A is the absorbance at excitation wavelength, F is the area under the emission 

curve, n is the refractive index of the buffer, and Φ is the fluorescence quantum yield.

CD analysis—Samples (5.0 μM) of iM-forming ONs at different pH values were prepared 

by using appropriate buffer solutions as mentioned above. Samples of GQ (5.0 μM) forming 

DNA ONs were prepared by heating the ONs at 90 °C for 3 min in 30 mM phosphate buffer 

containing 100 mM NaCl or 30 mM acetate buffer containing 100 mM NaCl. Samples were 
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then cooled slowly to RT and incubated at RT for 1 h before CD analysis. Hybrids (5.0 μM) 

at different pH values were assembled by heating a 1 : 1 mixture of the respective ONs in 

different buffers at 90 °C for 3 min. The samples were cooled to RT and incubated at RT for 

1 h before CD analysis. CD spectra were collected from 350 to 220 nm on a JASCO J-815 

CD spectrometer using 1 nm bandwidth at 20 °C. Experiments were performed in duplicate 

wherein each spectrum was an average of five scans. The spectrum of buffer was subtracted 

from all sample spectra.

UV-thermal melting analysis—Samples of C-rich DNA ONs 2, 3, 4 and 5 (1.0 μM) 

capable of forming iM structures at acidic pH were prepared in 30 mM acetate buffer (pH 

5.0, 100 mM NaCl) and incubated at RT for 1 h. Samples of G-rich DNA ONs 6, 7 and 8 
were assembled into the GQ structure by heating the ONs at 90 °C for 3 min in 30 mM 

phosphate buffer (pH 7.4) or 30 mM acetate buffer (pH 5.0) containing 100 mM NaCl. 

Samples were then cooled slowly to RT and used for thermal melting analysis. Hybrids of C-

rich and G-rich ONs were prepared at pH 7.4 and 5.0 as mentioned above. Thermal melting 

analysis was performed using a Cary 300Bio UV-Vis spectrophotometer. The temperature 

was increased from 25 °C to 90 °C at 1 °C min−1 and the absorbance was measured every 

1 °C at 260 nm for iM and duplex forms, and 295 nm for GQ. Forward and reverse cycles 

were used to determine the Tm values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic diagram showing the assay design to monitor the pH-induced transition from the 

random coil and duplex to iM structure by using a conformation-sensitive fluorescent 

nucleoside probe 1. The probe is placed in the loop region of C-rich DNA ONs. The iM 

structure of the C-rich H-Telo DNA ON repeat (PDB: 1EL2) is used as an example to 

illustrate the design (site of modification: second loop, T10 residue, cyan color).24 A random 

coil structure of C-rich H-Telo DNA ON shows high fluorescence compared to its perfect 

complementary duplex. Upon reducing the pH to ~5.0, the random coil folds into an iM 

structure and exhibits very low fluorescence. The duplex can dissociate and form iM and GQ 

structures depending on the conditions (e.g., acidic pH) and sequence.
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Fig. 2. 
Sequence of nucleoside analog 1-labeled C-rich DNA ONs 2 and 3, which fold into iM 

structures is shown. ONs 4 and 5 are the respective control unmodified C-rich sequences. 

Nucleoside analog 1-labeled H-Telo DNA ON 6, which folds into a G-quadruplex structure, 

is shown. G-rich ON 7 is complementary to C-rich ONs 2 and 4. G-rich H-Telo DNA ONs 6 
and 8 are complementary to H-Telo C-rich ONs 3 and 5.
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Fig. 3. 
(A) Fluorescence spectra of 5-benzofuran-modified DNA ON 2 (1 μM) at different pH 

values. Samples were excited at 330 nm with excitation and emission slit widths of 3 nm and 

4 nm, respectively. (B) tpH value was determined by fitting the curve obtained by plotting 

normalized fluorescence intensity at emission maximum (black) or lifetime (red) against pH. 

See Fig. S2† for individual curve fits.
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Fig. 4. 
(A) Fluorescence spectra of 5-benzofuran-modified H-Telo DNA ON 3 (1 μM) at different 

pH values. Samples were excited at 330 nm with excitation and emission slit widths of 3 nm 

and 4 nm, respectively. (B) tpH value was determined by fitting the curve obtained by 

plotting normalized fluorescence intensity at emission maximum (black) or lifetime (red) 

against pH. See Fig. S5† for individual curve fits.
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Fig. 5. 
Bar diagram showing the fluorescence intensity (1 μM) at λem of benzofuran-modified C-

rich DNA ON 2 and H-Telo DNA ON 3 and the corresponding hybrids at basic and acidic 

pH. Samples of single stranded ON and the corresponding hybrids were prepared by heating 

the ON or a 1 : 1 mixture of the respective ONs in buffers of different pH values at 90 °C for 

3 min. The samples were cooled to RT slowly and incubated at RT for 1 h before analysis. 

All samples were excited at 330 nm. Excitation and emission slit widths were kept at 3 nm 

and 4 nm, respectively. See Fig. S7† for emission spectra. For λem see Table 1.

Sabale et al. Page 17

Org Biomol Chem. Author manuscript; available in PMC 2018 August 10.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 6. 
CD spectra (5 μM) of C-rich ON 2, complementary G-rich ON 7 and 1 : 1 solution of 2 and 

7 at pH 7.4 and 5.0. ON 2 is a random coil (red) at pH 7.4 and iM (green) at pH 5.0. CD 

profile of ON 7 at both the pH values shows a similar pattern (orange and brown) resembling 

a parallel GQ structure.15e A solution of 2·7 at pH 7.4 displays a typical duplex CD profile 

(blue) along with a shoulder near 285 nm, potentially arising from alternative structures, 

namely iM/random coil and GQ forms. At acidic pH, a CD profile (magenta) mainly 

resembling a combination of the iM and GQ forms of 2 and 7, respectively, is seen.
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Fig. 7. 
CD spectra (5 μM) of H-Telo C-rich ON 3, complementary G-rich ON 8 and 1 : 1 solution 

of 3 and 8 at pH 7.4 and 5.0. ON 3 is a random coil (red) at pH 7.4 and iM (green) at pH 5.0. 

CD profile of ON 8 at both the pH values shows a similar pattern (orange and brown) 

resembling an antiparallel GQ structure.15c,22a A solution of 3·8 at pH 7.4 displays a 

profile corresponding to the duplex structure (blue). However, at acidic pH a duplex CD 

profile along with a shoulder near 285 nm is observed (magenta), potentially arising from 

alternative structures, namely iM and GQ forms.
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Fig. 8. 
(A) Bar diagram showing the fluorescence intensity (1 μM) at λem of benzofuran-modified 

H-Telo G-rich DNA ON 6 and corresponding hybrid with complementary ON 5 at pH 7.4 

and 5.0. Samples were excited at 330 nm, and excitation and emission slit widths were kept 

at 4 nm and 5 nm, respectively. (B) CD spectra (5 μM) of H-Telo G-rich ON 6, 

complementary C-rich ON 5 and 1 : 1 solution of 6 and 5 at pH 7.4 and 5.0. CD profile of 

ON 6 at both the pH values shows a similar pattern (red and green) resembling an 

antiparallel GQ structure.22b ON 5 is a random coil (orange) at pH 7.4 and iM (brown) at 

pH 5.0. A solution of 6·5 at pH 7.4 displays a profile corresponding to a duplex structure 

(blue). However, at acidic pH a duplex CD profile along with a shoulder near 285 nm is 

observed (magenta), potentially arising from alternative structures, namely iM and GQ 

forms.
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Table 1
Quantum yield (Φ) and excited-state lifetime (τave) of modified ONs and their duplexes at 

different pH values

Sample λem (nm) Φ τave (ns) Structural information based on fluorescence, CD and Tm

2 at pH 7.4 442   0.29 ± 0.01 5.32 ± 0.07 Random coil

2 at pH 5.0 442 0.015 ± 0.001 1.49 ± 0.03 iM

2·7 at pH 7.4 436   0.14 ± 0.002 2.88 ± 0.08 Duplex (major) + iM/random coil and GQ (minor)

2·7 at pH 5.0 436 0.023 ± 0.001 1.70 ± 0.02 iM and GQ (major) + duplex (minor)

3 at pH 7.4 442   0.28 ± 0.002 4.70 ± 0.04 Random coil

3 at pH 5.0 442   0.07 ± 0.01 3.55 ± 0.02 iM

3·8 at pH 7.4 434   0.16 ± 0.004 3.03 ± 0.04 Duplex

3·8 at pH 5.0 434   0.10 ± 0.001 2.54 ± 0.04 Duplex (major) + iM and GQ (minor)

6 at pH 7.4 438   0.13 ± 0.002 1.74 ± 0.03 GQ

6 at pH 5.0 438   0.14 ± 0.006 1.91 ± 0.04 GQ

6·5 at pH 7.4 436 0.003 ± 0.001 nd Duplex

6·5 at pH 5.0 436 0.010 ± 0.001 1.57 ± 0.01 Duplex (major) + iM and GQ (minor)

nd = not determined. Excited-state lifetime of the duplex could not be determined as it displayed very low fluorescence.
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