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Quadruplexes by Optical Spectroscopy Measurements of Their 
Single-Nucleobase Substitution Sequences  

 Ryo Maruyamaa, Kurumi Makinoa, Toru Yoshitomia, Hiroharu Yuib, Hitoshi Furushoc, and Keitaro 
Yoshimotoa, d* 

 

Since much attention has been paid to in vivo biological functions 

of G-quadruplexes, structural analyses of G-quadruplexes are 

essential for understanding their functional mechanisms. Here, we 

established a simple optical-spectroscopy-based method for the 

estimation of G-quartet-forming guanines in parallel-type G-

quadruplexes using measurements of circular dichroism and the 

thermal melting temperature.  

Guanine (G)-rich single-stranded DNA sequences can fold into 

four-stranded structures called G-quadruplexes, where planer 

G-quartets are stabilized by Hoogsteen hydrogen bonds 

between the four Gs and monovalent cations such as potassium 

ions.1–3 Because there is growing evidence for the role of these 

structures in biological processes, such as gene regulation and 

telomere maintenance,4–9 an understanding of their structure 

and function is very important for the development of new 

drugs. There are several experimental methods for estimating 

G-quadruplex formation, which provide structural information 

at different conformational levels.10 Fluorescence spectroscopy 

using G-quadruplex-binding fluorescent dyes has been used to 

confirm G-quadruplex folding. Thioflavin T (ThT) is a fluorescent 

dye that selectively binds to quadruplex forming DNAs and 

RNAs with noncovalent bonds, accompanied by fluorescence.11 

This method has significant advantages: the measurements are 

low cost and do not require complex processing, although 

conformational information beyond the folding structure 

cannot be obtained. Analysis using circular dichroism (CD) 

spectra provides topological information about G-

quadruplexes.12,13 In general, G-quadruplexes are classified into 

three topological structures, parallel, anti-parallel, and hybrid.14 

CD spectroscopy provides this topological information 

regarding G-quadruplex structures and allows us to distinguish 

parallel structures from anti-parallel structures. Thus, analytical 

methods based on optical spectroscopy provide conformational 

information of G-quadruplexes with simple techniques and 

equipment.  

To obtain further structural information about G-quadruplexes 

in addition to the folding and topology, X-ray crystallography 

and NMR spectroscopy have been used.15–21 X-ray 

crystallography can be used to determine the higher order 

structure, although the growth of single crystals often requires 

a long period, and there are many cases where the 

crystallization is unsuccessful because of the large number of 

experimental conditions requiring optimization. NMR 

spectroscopy requires significantly less sample preparation 

time than crystallography. Although NMR spectroscopy is a 

powerful method for the estimation of the higher order 

structure, expertise is required for the use of special pulse 

sequences. In addition, trace nuclear Overhauser enhancement 

with correlation analyses are needed. 

Thus, it would be desirable to develop an analytical method 

that reliably yields information concerning the higher order 

structure using simple techniques and easy operation. 

Analytical methods based on electrophoresis can estimate the 

G-quartet-forming Gs without expertise. For example, dimethyl 

sulfate (DMS) footprinting is used to study G-quartet-forming 

Gs in G-quadruplexes. DMS methylates the N7 position of G, 

which leads to facile depurination. Although the addition of 

piperidine then leads to cleavage at the abasic site, little or no 

cleavage at the Gs is observed when the N7 is protected from 

methylation by hydrogen bonding arising from G-quadruplex 

formation.22 These cleaved fragments can be visualized using 

gel electrophoresis, resulting in the estimation of G-quartet-

forming Gs. However, since generally oligonucleotide samples 

are prepared using radioisotope labeling in DMS footprinting, 

special equipment and facilities are required. No method 

provides the conformational information concerning the G-
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quartet-forming Gs in G-quadruplexes without complicated 

operation and radioisotope labeling.  

In this paper, we propose optical spectroscopy-based 

analytical method that estimates G-quartet-forming Gs in 

parallel-type G-quadruplexes. The method consists of the 

measurement of the CD spectra and the thermal melting 

temperature (Tm) of their single-nucleobase substitution 

sequences. Without radioisotope labeling of nucleotide, the 

proposed method can estimate G-quartet-forming Gs using 

simple techniques and easy operation.  

 In the case of parallel-type G-quadruplexes, the information 

concerning G-quartet-forming Gs can be linked to the 

estimation of their higher order structure. Therefore, in the 

present study, we investigated the G-quartet-forming Gs in 

VEGF_Pu22T12T13 (VPT),21 T95-2T,22 and VEFG-Pu22 (VP),21 

which form three types of three-tetrad parallel-type G-

quadruplexes. The higher order structures of VPT and T95-2T 

have been estimated in previous studies using NMR 

spectroscopy, and the G-quartet-forming Gs of VP have been 

determined using DMS footprinting.23,24 The substitution of G-

quartet-forming Gs with adenine (A) is expected to change the 

structural properties, including topologies and thermal stability, 

of the G-quadruplexes.25 The CD spectra and thermal stabilities 

of their single-nucleobase substituted sequences were 

measured to assess the substitution effects on the G-quartet-

forming Gs. 

As shown in Fig. 1A, VPT is a base substitution sequence of 

VP,21 where G12 and G13 of VP are replaced with thymine (T). 

VPT forms a three-tetrad parallel-type G-quadruplex consisting 

of four G-runs of three and four consecutive Gs, which are 

underlined and denoted the I–IV G-runs in Fig. 1A and colored 

blue in Fig. 1B. Fig. 1C shows the CD spectra of VPT and its single-

nucleobase G-to-A substitution sequence (Table S1). The CD 

spectrum of VPT shows a positive Cotton effect at 260 nm and 

a negative cotton effect at 240 nm, supporting a parallel-type 

G-quadruplex, as reported previously.26 Interestingly, the CD 

spectra of the G-to-A substitution sequences of the G-quartet-

forming Gs from G3 to G5 in run I, G7 to G9 in run II, G14 to G16 

in run III, and G18 to G20 in run IV showed remarkable changes 

compared to that of VPT. Especially, the CD spectrum of the G-

to-A substitution sequences in G19 in run IV shows a positive 

Cotton effect at 290 nm and a negative cotton effect at 265 nm, 

supporting an anti-parallel-type G-quadruplex. 25 

These spectral changes indicate the changes in G-quadruplex 

topologies on the substitution of the G-quartet-forming Gs with 

A. On the other hand, the CD spectra of the G-to-A substitution 

sequences in G2 in run I and G21 in run IV, which are not G-

quartet-forming Gs, showed almost identical spectra to that of 

VPT, indicating no changes to the G-quadruplex topology. These 

results indicate that the G-quartet-forming Gs of VPT, which 

have been previously determined by NMR,21 can be estimated 

using CD spectra measurements of single-nucleobase A 

substitution sequences alone. 

The investigation of the T95-2T sequence was carried out. T95-

2T consists of the high-definition structure of a simple 

monomeric G-quadruplex, which could serve as a reference for 

propeller-type G-quadruplex structures in solution,22 as shown  

Fig. 1 (A) The sequence of VEGF_Pu22T12T13. 

VEGF_Pu22T12T13 is a 22-mer G-rich sequence. The four G-runs 

are underlined and numbered (I–IV). The number above the 

sequence indicates the base number. (B) Three-dimensional 

structure of the parallel-type VEGF_Pu22T12T13 G-quadruplex, 

which is drawn based on PDB ID 2M27 (colors: G-quartet-

forming G, blue; non-G-quartet-forming G, red; cytosine, white; 

T, green). (C) CD spectra of the VEGF_Pu22T12T13T sequence 

and its single-nucleobase G-to-A substitution sequences. Four-

µM ssDNA samples were prepared in 10 mM potassium 

phosphate buffer containing 40 mM KCl (pH 7.2). 

 

in Fig. S1A and S1B, and was drawn based on PDB ID 2LK7. In 

this sequence, all the Gs in the T95-2T sequence are G-quartet-

forming Gs (Fig. S1A, shown underlined). The CD spectra of T95-

2T shown in Fig. S2 support the formation of a parallel-type G-

quadruplex under the experimental conditions. Unlike the VPT 

sequence, almost no significant changes in the CD spectra of its 

single-nucleobase G-to-A substitution sequences were 

observed, indicating no topological change in the G-quadruplex 

after substitution (Fig. S2). Interestingly, the CD spectrum of the 

G-to-A substitution sequences in G11 in run III indicated an anti-

parallel-type G-quadruplex topology. In addition to the CD 

spectra, the thermal melting curves show a melting transition at 

295 nm, which provides evidence concerning the 
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thermodynamic stability of the G-quadruplexes.27 To obtain 

further structural information concerning T95-2T, the Tm of T95-

2T and its single-nucleobase A substitution sequences were 

measured from their melting curves. Significant decreases in Tm 

were observed in all G-quartet-forming Gs (Fig. S3). In contrast, 

the single-nucleobase T-to-A substitution of T95-2T resulted in 

almost no change in Tm (Fig. S3). This result indicates that single-   

Fig. 2 (A) The VEGF_Pu22 sequence. VEGF_Pu22 is a 22-mer G-

rich sequence. The four G-runs are underlined and numbered 

(I–IV). The numbers above the sequence indicate the base 

number. (B) Three-dimensional structure of parallel-type G-

quadruplex in VEGF_Pu22 (color scheme: G-quartet forming G, 

blue; G-quartet no-forming G, red; cytosine, white; T, green). (C) 

Tm values of VEGF_Pu22 sequence and its single-nucleobase G-

to-A substitution sequences were measured by UV melting 

curves at 295 nm. Tm values of VEGF_Pu22 without substitution 

are colored in black, where Tm is 85.5 ± 1.3 °C. The Tm values of 

the G-to-A substitution sequences in G-quartet-forming Gs and 

non-G-quartet-forming Gs are blue and red, respectively. Values 

are means ± standard error (SE); n ≥ 3, *Significant difference 

from VP (Tukey-Kramer, P < 0.01), #Significant difference from 

non-G-quartet-forming Gs (Tukey-Kramer, P < 0.01). Four-µM 

ssDNA samples were prepared in 25 mM potassium phosphate 

buffer containing 70 mM KCl (pH 7.0). 

nucleobase substitution of G-quartet-forming Gs by A induced 

a significant destabilization of the G-quartet structure, 

resulting in a reduction in the thermodynamic stability of the 

G-quadruplex. These results suggest that G-quartet-forming 

Gs can be estimated using the changes in Tm, even when there 

are no topological changes in the G-quadruplex on single-

nucleobase G-to-A substitution. 

As shown in Fig. 2A, the VP sequence is contained in the 

promoter region of VEGF and has been reported to form three-

tetrad parallel-type G-quadruplexes,21 whose G-quartet-

forming Gs have been estimated by DMS footprinting 

previously.21 The three-dimensional structure of the G-

quadruplex is shown schematically in Fig. 2B.  

The VP sequence has four G-runs of three, four, and five 

consecutive Gs, which are underlined and denoted I–IV in Fig. 

2A. As shown in Fig. S4, the CD spectrum of VP showed typical 

parallel-type Cotton effect with negative and positive peaks at 

approximately 240 and 260 nm, respectively. Almost no 

topological changes were observed in the single-nucleobase G-

to-A substitution sequences, except for G19 in run IV (Fig. S4). 

In the previous study, G19 was estimated to be a G-quartet-

forming G by footprinting analysis, which is also supported by 

the CD spectral changes measured here. Tm measurements 

were carried out to investigate other G-quartet-forming Gs. As 

shown in Fig. 2C, the single-nucleobase G-to-A substitution 

sequence of the G-quartet-forming Gs estimated by 

footprinting analysis has a lower Tm than that of the non-G-

quartet-forming Gs. Compared to the Tm values of VP, those of 

single-nucleobase G-to-A substitution sequences, except for 

G19, were decreased significantly for the G-quartet-forming Gs: 

from G3 to G5 in run I, G7 to G9 in run II, G14 to G16 in run III, 

and G18 and G20 in run IV. Among them, the degree of decrease 

in the Tm of the sequence substituted at G-run III is lower than 

those substituted at G-runs I, II, and IV. In G-run III, because 

there are five Gs and they can form three-tetrad G-quartets in 

several patterns, the degree of reduction in the thermal stability 

of substitution sequences at G-run III is lower than those of the 

substitution sequences in the G-runs in other regions. Therefore, 

the results obtained from CD and Tm measurements strongly 

support the estimation of G-quartet-forming Gs by footprinting 

analysis.  

We succeeded in acquiring correlation relationships for G-

quartet-forming Gs from CD spectra and Tm measurements of 

single-nucleobase G-to-A substitution. The data collection used 

in the present study and the analysis process for the estimation 

the G-quartet-forming Gs of three-tetrad parallel-type G-

quadruplexes are shown in Scheme 1.  
First, as shown in step 1 in Scheme 1, CD measurements of 

single-nucleobase G-to-A substitution sequences of G-

quadruplex-forming sequences are carried out to investigate 

the topologies of substitution sequences. Then, destabilization 

of G-quadruplex by single-nucleobase G-to-A substitution 

induces topological changes. The G-quartet-forming Gs are 

estimated from these topological changes. In step 2, Tm 

measurement of the single-nucleobase G-to-A substitution 

sequences of the G-quadruplex-forming sequence is carried out 

to evaluate the thermal stability. Finally, because single-
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nucleobase G-to-A substitution of the G-quartet-forming Gs 

reduces the thermal stability, the G-quartet forming Gs are 

estimated by selection of the lowest three Tm values.  

 

Scheme 1 Scheme showing the steps for the estimation of G-

quartet-forming Gs in G-quadruplexes. 

Conclusions 

In conclusion, three parallel-type G-quadruplexes with 

different lengths of G-runs were analyzed, and the changes in 

their CD spectra and Tm of their single-nucleobase substitutions 

were investigated in detail, resulting in a promising new 

estimation method for G-quartet-forming Gs. The substitution 

of G-quartet-forming Gs with A induced the destabilization of 

the higher order structure of the G-quadruplex and changed the 

CD spectrum and thermal melting temperature. As mentioned 

above, changes in the CD spectra of VPT-G19A and T95-2T-G11A 

are interesting points, indicating that the conformational 

change between parallel-type quadruplexes and anti-parallel-

type quadruplexes can be regulated by single nucleobase 

substitution. Our proposed method for the estimation of G-

quartet-forming Gs does not require specialized equipment or 

analysis, such as NMR and X-ray crystallography, and easily 

identified, using optical spectroscopy, the G-quartet-forming Gs 

without complicated analysis or radioisotope labeling. We 

believe that the proposed method is promising for the 

structural analyses of G-quadruplex at the laboratory level. 
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