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A B S T R A C T   

Cytosine-rich DNA sequences may fold into a structure known as i-motif, with potential in vivo modulation of 
gene expression. The stability of the i-motif is residual at neutral pH values. To increase it, the addition of 
neighboring moieties, such as Watson-Crick stabilized loops, tetrads, or non-canonical base pairs have been 
proposed. 

Taking a recently described i-motif structure as a model, the relative effect of these structural moieties, as well 
as several DNA ligands, on the stabilization of the i-motif has been studied. To this end, not only the original 
sequence but different mutants were considered. Spectroscopic techniques, PAGE, and multivariate data analysis 
methods have been used to model the folding/unfolding equilibria induced by changes of pH, temperature, and 
the presence of ligands. 

The results have shown that the duplex is the moiety that is responsible of the stabilization of the i-motif 
structure at neutral pH. The T:T base pair, on the contrary, shows little stabilization of the i-motif. From several 
selected DNA-binding ligands, the G-quadruplex ligand BA41 is shown to interact with the duplex moiety, 
whereas non-specific interaction and little stabilization has been observed within the i-motif.   

1. Introduction 

DNA sequences may form characteristic structures apart from the 
well-known B-DNA double helix. Among these, the i-motif structure is 
observed in cytosine-rich DNA sequences. The i-motif is formed by the 
interaction of four cytosine stretches forming two parallel duplexes 
running in an antiparallel way. These stretches may be part of just one or 
more DNA strands. The building block of the i-motif is the C⋅C+ base 
pair, which is stabilized by the formation of three hydrogen bonds. This 
base pair, however, involves the protonation of a cytosine base. Because 
the cytosine has a pKa around 4.5 (at 25 ◦C and 0.1 M ionic strength), the 
i-motif structures is particularly stable at pH values around this pKa, and 
up to 6.5, approximately [1,2]. Important factors, such as the length of 
cytosine tracts and nature of the loops strongly influence on the stability 
of this structure [3,4]. 

In the human extracellular environment (pH 7.4, 37 ◦C and relatively 
high ionic strength), the i-motif is not stable, and it would eventually 
unfold. Because of this, the i-motif structures were largely considered 

only existing in vitro. Recently, however, the presence of i-motif struc-
tures was observed in cell lines [5,6]. This discovery opened the door for 
the search of molecules, such as proteins, ligands or acidic microenvi-
ronments that could promote the formation of these structures. It has 
been suggested that several ligands may interact with i-motif structures 
[7]. However, other studies pointed to the existence of non-specific in-
teractions in the case of these structures [8,9]. Moreover, research is 
being done to determine the role of some DNA moieties, such as duplex, 
junctions and others, on i-motif structure. These hybrid structures are of 
special interest as they seem to coexist several structural domains at 
neutral conditions [10,11]. Apart from the biological aspects of this 
structure, the sharp pH-induced conformational change of the i-motif 
has been shown to be a potential tool in Nanotechnology [12], and as a 
potential pH sensor in chemical analysis [13]. 

In a recent work, Serrano-Chacón et al. determined the three- 
dimensional structure adopted by the IDJ1 cytosine-rich sequence 
[14]. This adopts a characteristic hybrid i-motif/duplex (or junction) 
structure (PDB ID 7O5E), which is very stable in front of temperature 
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changes at neutral pH (Fig. 1). From the study of several IDJ1 mutants 
by NMR and melting experiments, the authors observed that the pres-
ence of the duplex moiety increased dramatically the thermal stability of 
the i-motif at neutral pH. Also, the presence of a G:T:G:T tetrad, and of a 
T:T base pair contributed to increase the thermal stability of the i-motif 
[15]. 

In the present work, we study the influence of these structural motifs 
on the stability of the overall structure in front of temperature and pH 
changes from a thermodynamic perspective, which complement the 
results obtained in the previous structural study. To this end, acid-base 
and melting experiments were done, and the spectra measured along the 
experiments were analyzed by means of multivariate data analysis 
methods. In addition, the potential stabilizing effect of several ligands 
on the resulting structure adopted by IDJ1 was studied (Fig. 1). These 
include five molecules that have been shown to interact with G-quad-
ruplex (curaxin, MK4827, ABT 888, LOM1392, and BA41) ([16] and 
references therein), as well as four polyphenols (synaptic acid, quer-
cetin, (+)-catechin and resveratrol), the palmatine alkaloid [17], and 
the TMPyP4 porphyrin [18,19]. 

The results have shown that the duplex moiety is the most important 
contribution to the thermal stability of i-motif structures at pH 7.4 and 
25 ◦C. The second most important contribution is the G:T:G:T tetrad, and 
residual stabilization is provided by the T:T base pair. Spectroscopically 
monitored acid-base titrations and multivariate analysis allowed a 
detailed description of the pH-induced conformational equilibria in 
these sequences. It was observed that the addition of the duplex moiety 
greatly shifts the pH1/2 of i-motif structure, providing additional sta-
bility at neutral pH. Thermodynamic, as well as structural information 
provided by NMR, indicated that the studied ligands mainly interact 
with the duplex moiety of the structure adopted by IDJ1, without any 
dramatic stabilization of the i-motif. 

2. Experimental section 

2.1. Reagents 

The DNA sequences (Table 1) were synthesized on an Applied Bio-
systems 3400 DNA synthesizer using the 1 μmol scale synthesis cycle. 
Standard phosphoramidites were used. Ammonia deprotection was 
performed overnight at 55 ◦C. The resulting products were purified 

using Glen-Pak Purification Cartridge (Glen Research, USA). DNA strand 
concentration was determined by absorbance measurements (260 nm) 
at 90 ◦C using the extinction coefficients calculated using the nearest- 
neighbor method as implemented on the OligoCalc webpage [20]. 
Before any experiment, DNA solutions were first heated at 95 ◦C for 20 
min and then allowed to reach room temperature overnight. The com-
pounds BA41 and LOM1392 were prepared as reported in the literature 
[21,22]. Curaxin (CBL 0137) was purchased from Carbosynth Limited, 
Compton, UK. Compound ABT888 was purchased from ChemScene LLC, 
Monmouth Junction, NJ, USA. Compound MK4827 was purchased from 
Key Organics, Cornwall, UK. The corresponding hydrochlorides were 
prepared by treatment with 4 M of HCl in dioxane. Polyphenols (syn-
aptic acid, quercetin, (+)-catechin and resveratrol), were kindly pro-
vided by Dr. Óscar Núñez (University of Barcelona, Spain) and 
purchased from Sigma-Aldrich (USA). The palmatine alkaloid was ob-
tained from plant material in the Department of Biochemistry, Masaryk 
University (Brno, Czech Rep.). The mesotetrakis-(N-methyl-4-pyridyl)- 
porphyrin (TMPyP4) was purchased from Porphyrin Systems (Ger-
many). KH2PO4, K2HPO4, HCl and LiOH were purchased from Panreac 
(Spain). MILLIQ water was used in all experiments. 

2.2. Instruments and procedures 

Absorbance spectra were recorded on an Agilent 8453 diode array 
spectrophotometer. The temperature was controlled by means of an 
89090A Agilent Peltier device. Hellma quartz cells (1- or 10-mm path 
length, and 350, 1500 or 3000 μL volume) were used. Circular dichroism 
(CD) spectra were recorded on a Jasco J-815 spectropolarimeter 
equipped with a temperature control unit. Hellma quartz cells (10 mm 
path length, 1400 and 3000 μL volume) were used. Molar ellipticity 
(deg⋅cm2⋅mol− 1) has been calculated according to: [Θ] = Θ/C⋅l, where Θ 
is the measured ellipticity (mdeg), C is the analytical concentration 
(mol⋅L− 1), and l is the optical path (cm). 

Spectroscopically monitored acid-base titrations were monitored by 
CD and/or molecular absorption spectroscopies. In all cases, experi-
mental conditions were 20 ◦C and 20 mM phosphate buffer. Titrations 
were carried out by adjusting the pH of 1.5 mL solutions containing the 
oligonucleotides at 2 μM by addition of concentrated LiOH or HCl so-
lutions. pH was measured using an Orion SA 720 pH/ISE meter and a 
micro-combination pH electrode (Thermo Scientific, USA). Absorbance 

Fig. 1. (a) Structure adopted by IDJ1 sequence, according to Serrano-Chacón et al. (PDB number 7O5E). The nucleotides have been colored according to the 
sequence shown in Table 1: i-motif (grey), duplex (orange), G:T:G:T tetrad (green), and T:T base pair (red). (b) Molecules studied in this work as potential ligands 
of IDJ1. 
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or CD spectra were recorded simultaneously in a pH stepwise fashion by 
using the J-815 spectropolarimeter. Hellma quartz cells (10 mm path 
length, 3 mL volume) were used. 

Melting experiments were monitored either using the Agilent-8453 
spectrophotometer or the Jasco J-815 spectropolarimeter, both equip-
ped with Peltier units for temperature control. The DNA solution was 
transferred to a covered 10-mm-path-length cell and spectra were 
recorded at 2 ◦C intervals with a hold time of 3 min at each temperature, 
which yielded an average heating rate of approximately 0.6 ◦C⋅min− 1. 
Buffer solutions were 20 mM phosphate or acetate. 

Polyacrylamide gel electrophoresis assays were performed in an 8 % 
nondenaturing acrylamide/bisacrylamide 29:1 gel containing 50 mM 
HEPES (pH 7.2), supplemented with 5 % glycerol. Samples were pre-
pared by adding the oligonucleotide and in some cases the ligand in a 1:3 
ratio in 20 mM phosphate buffer, pH 7.4. The final concentration of 
oligonucleotide in the sample was 34 μM. Before loading, the samples 
were incubated at 37 ◦C for 30 min. Then, the gel was run for 6 h at a 
fixed voltage of 140 V (10 ◦C) using a running buffer containing 50 mM 
HEPES (pH 7.2) and 20 mM MgCl2. Finally, the gel was stained using a 
solution of 0.01 % stains-all in formamide/H2O 1:1. 

Molecular fluorescence spectra were measured with a JASCO FP- 
6200 spectrofluorimeter. The fluorescence spectra were monitored by 
using a quartz cuvette with a 10-mm path length, with the excitation and 
emission slits set at 10 nm, the scan speed at 250 nm/min and the 
temperature set at 10 ◦C. The measurements were taken at 365 nm 
excitation wavelength and emission was recorded from 430 to 700 nm. 
The buffer consisted of 20 mM phosphate buffer, pH 7.4. The concen-
tration of the ligand was 3 μM, whereas the concentration of the 
considered DNA sequence was increased. Additionally, the titration of 
DNA sequences was carried out at 2.4 μM with a ligand stock solution 
prepared in the same buffer conditions. 

The NMR samples were prepared at a concentration of 1.6 mM in 0.6 
mL (H2O/D2O 9:1) buffer solution 20 mM potassium phosphate buffer at 
pH 7.4. Oligonucleotide solution was heated to 95 ◦C for 20 min and 
then allowed to reach room temperature overnight. NMR spectra were 
recorded on 600 MHz Bruker Avance spectrometer. Monodimensional 
proton spectra were recorded using pulsed-field gradient for H2O sup-
pression. Stock solution of the BA41 was prepared in DMSO-d6. 1H NMR 
titration was performed at 5 ◦C by adding increasing amounts of ligand 
to the DNA at different ratios: R = [drug]/[DNA]. 

2.3. Data analysis 

2.3.1. Melting experiments 
For melting experiments, absorbance, or CD data as a function of 

temperature at one single wavelength (univariate data) were analyzed 
as described elsewhere [23]. The physico-chemical model is related to 
the thermodynamics of DNA unfolding. Hence, for the unfolding of 
intramolecular structures such as those studied here, the chemical 

equation and the corresponding equilibrium constant may be written as: 

DNA folded+ heat ↔ DNA unfolded Kunfolding

= [DNA unfolded]
/
[DNA folded] (1) 

For melting experiments, the concentration of the folded and 
unfolded forms is temperature dependent. Accordingly, the equilibrium 
constant depends on temperature according to the van't Hoff equation 
[24]: 

ln Kunfolding = − ΔH
/

RT+ΔS
/

R (2) 

It is assumed that ΔH and ΔS will not change throughout the range of 
temperatures studied here. Also, it is assumed that the transition is a 
two-state process, without intermediates. This assumption may be 
checked by means of multivariate analysis methods [25]. 

Additionally, the complete set of CD or absorbance spectra recorded 
along a melting experiment were analyzed by means of a previously 
described multivariate method [26]. Briefly, the spectra were arranged 
in a table or data matrix D, with m rows (spectra recorded) and n col-
umns (wavelengths at which ellipticity or absorption were measured). 
Then, data matrix D was decomposed according to Beer-Lambert-Bouer's 
law in matrix form: 

D = C ST +E (3)  

where C is the matrix containing the concentration profiles of the 
considered species, ST is the matrix containing the spectra correspond-
ing to each one of these species, and E is the matrix of data not explained 
by the proposed model. According to the decomposition of experimental 
data according to Eq. (3), for melting experiments monitored with mo-
lecular absorption spectroscopy the units in C are given as concentration 
(mol⋅L− 1), whereas the units in S are the corresponding molar absorp-
tivity values (L⋅mol− 1). Accordingly, for melting experiments monitored 
with CD spectroscopy, where the experimental data are given as milli-
degrees (mdeg), the units in C are the concentration (mol⋅L− 1), whereas 
the units in S are molar ellipticities (L⋅mol− 1⋅mdeg− 1). The goodness of 
the model is usually evaluated by the lack-of-fit. 

2.3.2. Acid-base titrations 
As in the case of melting experiments, data from acid-base titrations 

were analyzed by means of univariate and multivariate methods. Here, 
CD and molecular absorption spectra recorded along acid-base titrations 
were monitored in a range of wavelengths from 220 to 320 nm. Later, 
they were arranged in a table or data matrix D, with m rows (spectra 
recorded) and n columns (wavelengths at which ellipticity or absorption 
were measured). 

The goal of data analysis was the calculation of distribution diagrams 
and pure (individual) spectra for all nc components considered 
throughout the process. The distribution diagram provides information 
about the stoichiometry and stability of the acid-base components 

Table 1 
DNA sequences studied in this work. Bases participating in duplex, G:T:G:T tetrad, and T:T base pairs are highlighted in orange, 
green, and red, respectively. C bases involved in the i-motif core are underlined. 

DNA Sequence (5’ 3’) Length Epsilon

IDJ1 CCC GTTT CC TCG CGA AGC ATT CGC G CCC GTTT CC T 35 319,400

IDJ1noduplex CCC GTTT CC TC-TTT-CCC GTTT CC T 24 190,800

IDJ1notetrad CCC TT CC TCG CGA AGC ATT CGC G CCC TT CC T 31 259,400

IDJ1noTs CCC GTT CC CG CGA AGC ATT CGC G CCC GTT CC 31 266,100

duplexIDJ1 CGC GAA GCA TTC GCG 15 140,200
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considered. In addition, the shape and intensity of the pure spectra may 
provide qualitative information about the structure of those 
components. 

For acid-base experiments the model will include a set of chemical 
equations describing the formation of the different acid-base compo-
nents from the neutral species, together with approximate values for the 
stability constants, such as the following: 

DNA+ pH+ ↔ DNA⋅Hp Beta1p〓
[
DNA⋅Hp

]/
[DNA] [H+]

p (4) 

In this equation, the parameter p is related to the Hill coefficient and 
describes qualitatively the cooperativity of the equilibrium. Values of p 
>1 indicate the existence of a cooperative process. 

Whenever a physico-chemical model is applied, the distribution di-
agram in C complies with the proposed model. Accordingly, the pro-
posed values for the equilibrium constants and the shape of the pure 
spectra in ST are refined to explain satisfactorily data in D, whereas 
residuals in E are minimized. In this study, hard-modeling analysis of 
acid-base experiments used the EQUISPEC program [27]. This approach 
has been used previously to characterize pH-induced transitions in i- 
motif structures found near the promoter regions of the n-myc [28], and 
SMARCA4 genes [29], among others. 

2.3.3. DNA:ligand titrations 
The determination of the ratio ligand:DNA and the calculation of the 

binding constants were conducted from the fluorescence data recorded 
along titrations of ligands with DNAs by using the Equispec program, as 
described elsewhere [30]. 

3. Results and discussion 

3.1. In silico prediction of folded structures 

All sequences, except IDJ1noduplex, may adopt hairpin structures at 
pH 7.0, 50 mM Na+ and 14 ◦C, according to Nupack calculations [31]. 
The expected hairpins are shown in Fig. S1. More importantly, these 
sequences may form hybrid i-motif/duplex structures. A preliminary 
value of the propensity to the formation of i-motif structures was 
calculated by means of G4Hunter, despite this method being mostly 
parametrized for the prediction of G-quadruplex structures [32]. As 
expected, all these sequences show a tendency to the formation of i- 
motif structures (Fig. S2). 

3.2. Melting experiments 

First, melting experiments were carried out at pH 5.2 and 7.4 to 
characterize the stability of the folded structures. Fig. 2 shows the 
normalized absorbance values measured at 260 nm. Tables 2 and 3 
summarize the thermodynamic parameters calculated from these 
melting traces. The changes in enthalpy and entropy have been 
considered constant within this range of temperatures. 

Meltings done at pH 5.2 showed only one transition around 55–60 ◦C 
(Fig. 2a). The i-motif formed by the IDJ1 sequence unfolded with a Tm 
value equal to 58.9 ± 0.5 ◦C (Table 2). Removal of the duplex or G:T:G:T 
tetrad moieties produced a decrease in the value of Tm. Surprisingly, 
removal of the T⋅T base pair produced a slight increase of the Tm value, 
that could be related to changes in the loops [3]. However, according to 
the cooperativity of the transition, i.e., to the value of Gibbs free energy 
at 37 ◦C, the most stable structure at this temperature is that adopted by 
IDJ1. The changes in enthalpy and entropy associated to the folding of 
the i-motif structures adopted by IDJ1noduplex, IDJ1notetrad, and 
IDJ1noTs were similar (considering the associated uncertainties), but 
smaller than in the case of IDJ1. This fact suggested a lower stability of 
the i-motif at pH 5.2 and 37 ◦C when the duplex, G:T:G:T or T:T moieties 
were removed. 

At pH 7.4, the plot is different from that shown at pH 5.2. For IDJ1, 
two transitions were observed at 260 nm. This observation agrees with 
that previously reported [14], and it was related to the unfolding of the i- 
motif and duplex moieties at 15.9 ± 1.0 and 57.6 ± 0.6 ◦C, respectively. 
Complementary melting experiments with the duplexIDJ1 sequence, 
that only may form duplex structures, showed a Tm value around 64 ◦C 
(data not shown). The lowest value of the Tm value corresponding to the 

Fig. 2. Normalized absorbance values measured at 260 nm, at pH 5.2 (a) and 7.4 (b). The experimental conditions were 20 mM phosphate or acetate buffer, and 2 
micromolar DNA concentration. The graphs show the calculated melting curves from the thermodynamic parameters given in Tables 2 and 3, which in turn 
correspond to the average values of, at least, two independent melting experiments. 

Table 2 
Thermodynamic parameters related to the folding of the i-motif structures at pH 
5.2 (20 mM acetate buffer). A two-state process was considered in the calcula-
tions. Two replicates were done in each case. The values given correspond to the 
average and standard deviation.  

DNA 
sequence 

ΔH 
(kcal⋅mol− 1) 

ΔS 
(cal⋅K− 1⋅mol− 1) 

ΔG37 

(kcal⋅mol− 1) 
Tm (◦C) 

IDJ1 − 92 ± 4 − 276 ± 11 − 6.0 ± 0.4 58.9 ±
0.5 

IDJ1noduplex − 72 ± 16 − 220 ± 49 − 4.1 ± 1.0 
55.8 ±
0.1 

IDJ1notetrad − 72 ± 9 − 219 ± 26 − 4.0 ± 0.3 
55.5 ±
0.9 

IDJ1noTs − 58 ± 4 − 176 ± 13 − 4.3 ± 0.3 61.9 ±
0.2  
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unfolding of the duplex moiety in IDJ1 in relation to that in the duplex 
structure adopted by the duplexIDJ1 sequence was related to the pres-
ence of the long strand resulting from the melting of the i-motif in IDJ1, 
which is not present in duplexIDJ1. 

The melting of the IDJ1noduplex sequence did not show any clear 
transition at 260 nm, which suggests a low stability of the i-motif and 
duplex moieties at this pH value. In other words, the lack of a relatively 
large duplex moiety hinders the formation of a stable i-motif. The 
melting of the IDJ1notetrad sequence shows a clear sigmoidal transition 
at 58.8 ± 0.5 ◦C, which is related to the unfolding of the duplex moiety. 
A transition at lower temperatures, which could be related to the i-motif 
moiety, was not observed clearly. Finally, the melting of the IDJ1noTs 
sequence showed again two transitions at 15.4 ± 1.0 and 58.8 ± 1.3 ◦C, 
which could be related to the unfolding of the i-motif and duplex moi-
eties, respectively. Therefore, the removal of the T:T base pair produced 
a smaller destabilizing effect on the whole structure than the removal of 
the duplex or of the G:T:G:T tetrad moieties. 

Complementary melting experiments monitored with circular di-
chroism spectroscopy were carried out at pH 7.4. At 5 ◦C, the CD 
spectrum of IDJ1noduplex (Fig. 3b) showed a positive signal around 

275 nm, which is compatible with a partially stacked strand. The CD 
spectra of IDJ1notetrad (Fig. 3c) and IDJ1noTs (Fig. 3d) showed a 
negative signal at 250 nm, and positive signals at 220 and 280 nm. These 
spectral features are compatible with a B-DNA conformation. Finally, 
the CD spectrum of IDJ1 shows a negative signal at 250 nm, positive 
signals at 220 and 280 nm, and a shoulder around 290 nm (Fig. 3a). The 
positive contribution around 290 nm in the spectrum of IDJ1 would 
agree with the presence of the i-motif moiety, the CD spectrum of which 
shows a characteristic positive band around 285–288 nm [33]. 

The spectral changes observed along the melting of IDJ1 pointed out 
to the existence of more than one transition (Fig. 3e). This fact agrees 
with the two transitions observed in Fig. 2b. For IDJ1noduplex, a sharp 
transition is observed at very low temperatures, making not possible the 
determination of the melting temperature without a great uncertainty. 
This also agrees with the previous melting experiments monitored with 
absorption spectroscopy. In the case of IDJ1notetrad and IDJnoTs, the 
unfolding of the duplex moiety is clearly observed at high temperatures, 
whereas the unfolding of the i-motif moiety, despite being not as obvious 
as that of the duplex, can be observed at low temperatures. 

Multivariate analysis was applied to analyze the set of CD spectra 

Table 3 
Thermodynamic parameters related to the folding of the folded structures at pH 7.4 (20 mM phosphate buffer). A minimum of three replicates were done in each case. 
The values given correspond to the average and standard deviation.  

DNA sequence First transition Second transition 

ΔH (kcal⋅mol− 1) ΔS (cal⋅K− 1⋅mol− 1) ΔG37 (kcal⋅mol− 1) Tm (◦C) ΔH (kcal⋅mol− 1) ΔS (cal⋅K− 1⋅mol− 1) ΔG37 (kcal⋅mol− 1) Tm (◦C) 

IDJ1 − 63 ± 17 − 217 ± 59 4.6 ± 1.3 15.9 ± 1.0 − 29.6 ± 8.6 − 89.6 ± 26.1 − 1.8 ± 0.5 57.5 ± 0.6 
IDJ1noduplex – – – <10 – – – – 
IDJ1notetrad – – – <10 − 42.7 ± 1.3 − 128.6 ± 3.9 − 2.8 ± 0.1 58.8 ± 0.5 
IDJ1noTs − 44 ± 10 − 151 ± 34 3.4 ± 0.1 15.4 ± 1.0 − 33.0 ± 2.9 − 99.2 ± 8.3 − 2.2 ± 0.3 58.8 ± 1.3 
duplexIDJ1     − 34 ± 2.5 − 100.8 ± 7.6 − 2.7 ± 0.5 64.4 ± 0.5  

Fig. 3. CD spectra measured along the meltings of IDJ1 (a), IDJ1noduplex (b), IDJ1notetrad (c), and IDJ1noTs (d), and ellipticity values recorded at 280 nm (e). The 
experimental conditions were 2 μM DNA concentration, 20 mM phosphate buffer, pH 7.4. 
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shown in Fig. 3a-d. For IDJ1, the analysis demonstrated the presence of 
two transitions [26]. The calculated distribution diagram and pure 
spectra for each one of the three proposed species is given in Fig. 4a and 
e, respectively. The corresponding lack-of-fit is shown in Fig. S3. The 
species depicted in blue corresponds to the initial i-motif/duplex 
structure (Fig. 4a). The resolved pure CD spectrum for this species 
(Fig. 4e, blue) shows a shape that resembles that of a B-DNA structure 
with an additional positive ellipticity around 290 nm that was related to 
the presence of the i-motif moiety. Upon heating, this initial confor-
mation unfolds cooperatively to yield the species colored in red 
(Fig. 4a), which was related to the structure lacking the i-motif moiety. 
The CD spectrum of this species (Fig. 4e, red) is very similar to that of B- 
DNA. Upon heating, a smooth transition is observed to yield the species 
colored in yellow (Fig. 4a), that according to the resolved CD spectrum 
(Fig. 4e, yellow) would correspond to the unfolded strand. 

A similar model of three species was proposed for the unfolding of 
IDJ1noTs (Fig. 4d and h), which agrees with the previous melting ex-
periments monitored with absorption spectroscopy. It must be pointed 
out the difference in the sharpness of the transition from the initial i- 
motif/duplex structure (blue) to the duplex (red) in comparison with 
that observed for IDJ1. This confirms that the T:T base pair play a certain 
role in the stabilization of the i-motif, despite being minor than that of 
the duplex or the G:T:G:T tetrad. 

In the case of IDJ1noduplex, only two species were considered, and a 
smooth transition related to the unfolding of a partially stacked struc-
ture (Fig. 4b and f, green) to yield the unfolded (Fig. 4b and f, yellow) 
was modelled. Finally, the unfolding of IDJ1notetrad was also modelled 
with two components. According to the spectral features of the resolved 
spectrum, the initial species (Fig. 4c and g, red) would correspond to the 
duplex structure lacking the i-motif moiety. Upon heating, a smooth 
transition will yield the unfolded strand (Fig. 4c and g, yellow). How-
ever, the lack-of-fit shows that this model of two species, i.e., only one 
transition, does not explain the subtle variation of ellipticity at 280 nm 
at low temperatures (Fig. S3c). This indicates a minor presence of the i- 
motif/duplex structure at low temperatures. We have tried to fit a three- 
species model, i.e., two transitions (like Fig. 4a and e), to this data set, 
but it was not possible to achieve a reliable mathematical resolution of 
the very minor contribution of the hybrid i-motif/duplex structure at 
5 ◦C. 

3.3. Acid-base titrations 

To have a more detailed description of the major species at neutral 
pH and of their acid-base properties, spectroscopically monitored ti-
trations were carried out. As example, Fig. 5a shows the CD spectra 
recorded along the acid-base titration of IDJ1 at 20 ◦C, whereas Fig. 5b 
shows the ellipticity changes at 280 nm recorded along this titration. In 
this case, at least two pH-induced transitions were observed, at pH 
values around 7.4 and 4.5, which would involve the existence of, at 
least, three different acid-base species. Similar data sets were obtained 
for the other sequences studied in this work. 

For each titration, the set of CD spectra recorded was examined by 
means of a multivariate data analysis method based on the previous 
proposal of a model of acid-base species and pH-induced transitions. 
Previous works have shown the application of this methodology to the 
analysis of acid-base and ligand:DNA interaction equilibria involving 
both i-motif and G-quadruplex structures [30,34]. The model is char-
acterized by the number of acid-base species, the value of the pH1/2 that 
determines the transition between two structures, and a parameter 
related to the cooperativity of the transition. 

The results obtained with this methodology are summarized in 
Table 4. For all titrations, four acid-base species, i.e., three pH-induced 
transitions, were needed to fit the experimental data. However, the 
nature of each one of the acid-base species and the values of pH1/2 at 
which evolve one species into another are different depending on the 
considered sequence. The corresponding lack of fit, i.e., a measure of the 
goodness of the proposed model, is shown in Fig. S4. 

For IDJ1, the calculated concentration profiles for the four species 
considered are shown in Fig. 5c. The first pH-induced transition is 
characterized by a pH1/2 value of 7.51 ± 0.10 (Table 4), which corre-
sponds to the transition from the major species at neutral pH values 
(depicted in blue) to the first protonated species (red). The nature of 
these species may be deduced from the observation of Fig. 5d, and from 
the previous information gained from melting experiments. For IDJ1 
(Fig. 5d, blue line), the calculated spectrum for the neutral species at 
20 ◦C shows a strong positive band at 275 nm, a weak band around 220 
nm, and a negative signal at 250 nm. This signature is mostly compatible 
with a double stranded B-DNA. Hence, it should correspond to the 
partially unfolded structure where the i-motif has been already lost. The 

Fig. 4. Distribution diagram and pure CD spectra calculated with multivariate analysis from the spectra recorded along CD-monitored melting experiments of IDJ1 
(a, and e), IDJ1noduplex (b, and f), IDJ1notetrad (c, and g), and IDJ1noTs (d, and h). The blue, red, green, and yellow colors represent the initial i-motif/duplex 
structure, the duplex structure, the partially stacked strand, and the unfolded strand, respectively. 
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CD spectrum of the second acid-base species (Fig. 5d, red line) shows 
similar trends to those of the neutral species, but the position of the 
bands has been shifted. These signatures are compatible with the 

formation of the hybrid i-motif/duplex structure. 
The pH1/2 value for the second pH-induced transition was 5.26 ±

0.17 (Table 4 and Fig. 5c). It was related to a transition between two 
different i-motif structures (depicted in red and grey, respectively). The 
shape of the resolved CD spectra (Fig. 5d, red and grey lines, respec-
tively) is very similar. 

Finally, the third transition was characterized by a value of pH1/2 
equal to 3.59 ± 0.24 (Table 4 and Fig. 5c). It was related to the transition 
from the second i-motif (grey) to the fully protonated species (yellow). 
This assignment is clear as the calculated spectrum for the fully pro-
tonated species shows the characteristic signature of unfolded DNA se-
quences (Fig. 5d, yellow line). 

As for comparison, the acid-base titration of the duplexIDJ1 
sequence was also carried out (Fig. S5). This sequence only shows the 
duplex-forming moiety, and it is expected not to form any i-motif 
structure. The analysis of CD spectra recorded from pH 7.7 to 3.0 was 
explained with three species. The first one was related to the initial 
duplex structure present at pH 7.7. Two pH1/2 were determined, with 

Fig. 5. Acid-base titration of IDJ1 at 20 ◦C. (a) CD spectra measured along the titration. Numbers at right represent the pH values at which spectra were measured. 
(b) Variation of ellipticity measured at 280 nm vs. pH. The experimental conditions were 2 μM DNA concentration, 20 mM phosphate buffer, pH 7.4. (c) Calculated 
concentration profiles from the multivariate analysis of CD spectra recorded along the acid-base titrations of IDJ1. (d) Calculated pure spectra for each one of the 
acid-base species shown in panel c. 

Table 4 
Parameters characterizing the acid-base distribution diagrams of the studied 
DNAs. The parameters pH1/2 and p explain the midpoint of the corresponding 
transition, and its cooperativity, respectively. Values of p >1 indicate the exis-
tence of a cooperative process. The spectroscopically monitored titrations were 
carried out at 20 ◦C, 20 mM phosphate buffer.  

DNA sequence First transition Second transition Third transition 

pH1/2 p pH1/2 p pH1/2 p 

IDJ1 7.51 ± 0.10 3 5.26 ± 0.17  1 3.59 ± 0.24  2 
IDJ1noduplex 6.62 ± 0.16 3 5.10 ± 0.44  1 3.06 ± 0.43  2 
IDJ1notetrad 6.55 ± 0.10 3 4.76 ± 0.10  1 3.43 ± 0.12  2 
IDJ1noTs 6.75 ± 0.09 3 4.54 ± 0.10  1 2.87 ± 0.30  2 
duplexIDJ1 – – 4.79 ± 0.07  1 3.73 ± 0.10  1  
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values equal to 4.79 ± 0.01 and 3.73 ± 0.10. These values have been 
related to the protonation of cytosine and adenine bases, respectively. 

The titration shown in Fig. 5 was carried out at 20 ◦C. Therefore, a 
different concentration profile would be expected if the titration was 
done 37 ◦C. Fig. S6 shows the CD spectra measured along the titration, as 
well as the results of the multivariate analysis. As expected from the 
melting experiments of the IDJ1 described above, the stability of the 
hybrid i-motif/duplex structure is lower at 37 than at 20 ◦C. This fact is 
reflected in the pH ranges where each species predominates. At 37 ◦C, 
the value of the pH1/2 that determines the formation of the i-motif from 
the neutral species has been shifted from 7.51 ± 0.10 (at 20 ◦C) to 6.59 
± 0.06 (at 37 ◦C). 

The resolved distribution diagrams and pure spectra for the other 
sequences are given in Fig. S7 and S8. In Table 4, it can be observed that 
the value of the p value for the first pH-induced transition is greater (3) 
than for the second and third transitions (1 and 2, respectively). This was 
related to the strong cooperativity of the transition from the major 
species at neutral pH (blue in Fig. 5) to the first i-motif (red in Fig. 5). On 
the other hand, the value of pH1/2 for this first transition is greater for 
IDJ1 than in the other cases. On the contrary, the lower values of pH1/2 
for this first transition were obtained for IDJ1notetrad and IDJ1nodu-
plex. All these observations may be explained by the strong stabilization 
of the i-motif structure when all the considered moieties (duplex, G:T:G: 
T tetrad, and T:T base pair) are present. The removal of T:T base pair 
produces a clear destabilization of the i-motif, but lower than in the 
cases of G:T:G:T tetrad or duplex. 

The value of pH1/2 related to the second transition is near the pKa of 
free cytosine (4.5 at 25 ◦C). Also, the value of the p parameter for this 
second transition reflects its small cooperativity. These observations 
would agree with the protonation of cytosines not participating in the 
core of the i-motif, and with the small conformational changes on the i- 
motif in this pH range, as described previously. 

Finally, the value of pH1/2 related to the third transition is smaller 
than the pKa of free cytosine and slightly higher than the pKa of guanine. 
Also, the value of the p parameter for this third transition reflects a 
certain cooperativity, which agrees with the unfolding of the i-motif 
structure to yield the fully protonated species. Overall, the lowest value 
of the pH1/2 in relation to that of free cytosine and the relatively high 
cooperativity related to this transition may be all explained because they 
reflect the protonation of cytosines involved in the i-motif core, which 
are much more difficult to protonate than other cytosines, and subse-
quent unfolding. The values of pH1/2 are greater for IDJ1 and IDJ1no-
tetrad, and small for IDJ1noduplex and IDJ1noTs. This means that the i- 
motif formed by IDJ1noTs is the most stable upon protonation. 

3.4. Interaction with ligands 

As commented before, searching for selective i-motif binders that 
could enhance its stability at biological conditions of pH and 

temperature has been done extensively [35,36]. In this work, the 
interaction of IDJ1 with several molecules has been studied (Fig. 1). 

The CD spectra in the UV region of the 1:3 (DNA:ligand) mixtures at 
pH 7.4 are shown in Fig. S9. Any structural changes were observed. In 
addition, no induced CD signal was observed in the visible region for any 
of the mixtures. 

Melting experiments were carried out for 1:3 (DNA:ligand) mixtures. 
Table 5 summarizes the values of the determined Tm values. The shift of 
the melting temperature of IDJ1 in presence of the ligands was very 
small or null for all the mixtures. It was observed that some ligands 
stabilized the duplex moiety, whereas little interaction was observed 
with the i-motif part (Fig. 6a). This agrees with previous observations on 
the destabilization of i-motif structures by stablished G-quadruplex li-
gands [37]. Indeed, the stabilization of i-motif structures by proposed 
binders has been put into question recently [9]. 

PAGE experiments were also carried out (Fig. 6b). IDJ1 (lane 2) ran 
slower than IDJ1noduplex (lane 3) in concordance with its higher or-
dered structure. In addition, the staining was different for IDJ1 giving a 
darker band also suggesting that the oligonucleotide was not in a single 
stranded form as for IDJ1noduplex. Previously studies have demon-
strated that stains-all gives a light blue colour when intercalated in 
single-stranded oligonucleotides and a darker one when intercalated in 
double-stranded or more structured motifs [38]. For the mixtures of 
IDJ1 with the different dyes (lane 4 to 10) the apparition or shift of 
different bands was not observed, indicating that the addition of the 
ligands could not trigger any conformational change or formation of 
different structures at these conditions. 

Fluorescence-monitored titrations involving IDJ1, IDJ1noduplex, 
and duplexIDJ1 with BA41 were carried out at 10 ◦C and pH 7.4. BA41 
shows weak green fluorescence when excited at 365 nm. When BA41 
was titrated with IDJ1noduplex, which lacks ordered structure, the 
fluorescence signal did not show any variation at 517 nm (Fig. 7a). On 
the contrary, the titration of BA41 with duplexIDJ1 produced a 75 % of 
reduction of the initial fluorescence. An additional 15 % of reduction 
was observed when BA41 was titrated with IDJ1. These changes suggest 
that the strongest interaction happens with the duplex moiety of IDJ1. 

The spectra measured along the titrations were examined by means 
of the multivariate data analysis method previously described in the 
study of the pH-induced transitions. For the titration of BA41 with 
duplexIDJ1, a 1:2 (DNA:ligand) stoichiometry was proposed (log bind-
ing constant was equal to 12.4 ± 0.2, Fig. S10). A similar approach was 
tried to fit the spectra measured along the titration of BA41 with IDJ1. 
However, in this case it was not possible to determine a definite stoi-
chiometry. The model consisting of a 1:2 stoichiometry did not fit 
satisfactorily the data, probably because of the presence of additional 
non-specific interaction with the i-motif moiety of the structure. Inverse 
titrations where the DNA was titrated with the ligand were also carried 
out (Fig. 7b). In agreement with the direct titrations, addition of BA41 to 
IDJ1noduplex produced a clear increase of the fluorescence related to 

Table 5 
Melting temperatures of 1:3 mixtures of IDJ1 and selected ligands. Meltings were done at pH 7.4 (20 mM phosphate buffer).  

Ligand First transition Second transition 

ΔH (kcal⋅mol− 1) ΔS (cal⋅K− 1⋅mol− 1) ΔG37 (kcal⋅mol− 1) Tm (◦C) ΔH (kcal⋅mol− 1) ΔS (cal⋅K− 1⋅mol− 1) ΔG37 (kcal⋅mol− 1) Tm (◦C) 

IDJ1 – no ligand  − 63  − 217  4.6  15.9  − 29.6  − 89.6  − 1.8  57.5 
MK4827  − 67  − 232  4.9  15.8  − 20.8  − 62.9  − 1.3  57.4 
Curaxin  − 89  − 308  6.5  16.0  − 35.5  − 108.4  − 1.9  54.2 
LOM1392  − 81  − 279  6.1  15.2  − 21.7  − 65.3  − 1.4  59.0 
ABT888  − 85  − 294  6.3  15.8  − 27.3  − 83.2  − 1.5  55.0 
BA41  − 57  − 200  4.3  15.6  − 44.3  − 133.8  − 2.8  57.6 
Quercetin  − 78  − 272  6.2  14.3  − 23.1  − 70.5  − 1.2  54.1 
Resveratrol  − 119  − 415  9.4  14.5  − 20.6  − 61.7  − 1.5  61.0 
TMPyP4  − 80  − 279  6.7  13.1  − 16.1  − 48.5  − 1.0  58.0 
Sinapic acid  − 72  − 251  5.9  13.7  − 20.6  − 62.1  − 1.4  59.0 
(+)-Catechin  − 73  − 256  6.0  13.5  − 29.5  − 89.2  − 1.8  57.3 
Palmatine  − 91  − 315  6.1  17.5  − 18.4  − 56.2  − 1.0  54.6  
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the unbounded ligand, whereas quenching was observed for the other 
two sequences. 

NMR was used to study the interaction of BA41 with IDJ1. The 
oligonucleotide IDJ1 displayed a high-quality 1H NMR spectrum and the 
signals have been attributed following the assignments already reported 
in literature [14]. As reported, narrow and well-resolved imino protons 
are present in the 1H NMR spectrum, which are consistent with the 
identification of the hybrid structure i-motif/duplex. Imino resonances 
corresponding to C:C+ (15–16 ppm), Watson-Crick (12.5–14.0 ppm) 
base –pairs and G:T or T:T mismatches were observed (Fig. 8). 

Following the imino proton signals during the titration experiment 
with BA41 till ratio R = [BA41]/[IDJ1] = 3.0, no significant changes in 
the imino protons corresponding to i-motif were observed. On the con-
trary an important line broadening of the signals attributed to NH imino 
protons corresponding to the residues in the duplex moiety were 
detected. The same behavior could be observed for the residues G4 and 
G29 belonging to the G:T:G:T tetrad and for the T35 of T:T base pairs. 
This suggested that these NH imino protons experienced a different 
molecular environment, most likely due to non-specific ionic in-
teractions with the ligand mainly with the duplex moiety. The junction 

and the G:T:G:T tetrad are also involved in the binding whereas no 
binding is observed for i-motif structure confirming our fluorescence 
and CD results. 

4. Discussion 

There is a growing interest in the study of the regions of the genome 
where it is possible to find nearby secondary structures of a different 
nature (duplex, i-motif, G-quadruplex…) [39]. These regions could 
promote selective binding sites that, upon interaction with the appro-
priate ligand, would modify the stability of these structures [40]. Con-
cerning the i-motif, it is known that its stability at neutral pH and 37 ◦C 
is rather low, and effort is being done in the research of proteins and 
natural or synthetic ligands that could increase it. In this sense, the ex-
istence of these junctions could be a tool to modulate the stability of the 
i-motif structure in vivo. 

In a recent work, the structure adopted by the IDJ1 sequence at pH 7 
was determined [14]. This structure may be viewed as an i-motif sta-
bilized by an internal duplex (i.e., an internal hairpin), a G:T:G:T tetrad, 
and a T:T base pair. Hence, several junctions may be considered within 

Fig. 6. (a) Tm2 vs. Tm1 for DNA:ligand mixtures (1:3). The orange circle represents the values for IDJ1. (b) PAGE. 1: Bromophenol blue/Xylene cyanol, 2: IDJ1, 3: 
IDJ1noduplex, 4: Sinapic acid:IDJ1 (3:1), 5: Quercetin:IDJ1 (3:1), 6: (+)-Catechin:IDJ1 (3:1), 7: Resveratrol:IDJ1 (3:1). 8: TMPyP4:IDJ1 (3:1), 9: Palmatine:IDJ1 
(3:1), 10: Palmatine:IDJ1 (6:1). 

Fig. 7. Interaction of BA41 with several sequences monitored by molecular fluorescence spectroscopy. (a) Titrations of the ligand with DNAs. (b) Titration of DNAs 
with the ligand. The experimental conditions were 2 μM DNA concentration, 20 mM phosphate buffer, 10 ◦C, pH 7.4. 
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this structure. In the present work, the role of each one of these three 
structural motifs on the overall thermodynamic stability of the i-motif 
has been studied at pH 5.2 and 7.4. Spectroscopic and chemometric 
methods have been used with this purpose. 

At neutral pH, it has been shown here that the most important 
element contributing to the thermal stability of the i-motif are the 
duplex and the G:T:G:T tetrad. Without these moieties, the i-motif is only 
formed at pH 7.4 at very low temperatures. Finally, the removal of the T: 
T base pair, whereas affecting to the stability of the i-motif, does not 
prevent its formation. 

To have a more detailed picture of the effect of these structural 
motifs on the acid-base properties of IDJ1, spectroscopically monitored 
acid-base titrations of the mutated sequences were done. The results 
have highlighted again the stabilizing effect of the duplex and of the G:T: 
G:T tetrad on the pH-induced folding of IDJ1. In this sense, the appli-
cation of multivariate analysis has allowed the determination of the 
number of pH-induced transitions, their degree of cooperativity, as well 
as the concentration profiles and pure spectra corresponding to each one 
of the species present in the pH range considered. As example, this 
approach has allowed the resolution of two different i-motif species, as it 
has also been shown recently by Amato et al. for the equilibria involving 
i-motif and hairpin species [41] . The existence of two slightly different 
i-motif structures has been proposed previously for cytosine-rich se-
quences based on the telomeric sequence [19,28,29,42]. In these early 
works, this transition was hypothesized to be related with the additional 
protonation of cytosine bases located at the loops of the i-motif, and 
which did not participate into the core of the i-motif. Very recently, the 
atomistic nature of this transition has been explained for a given 
sequence by using NMR and modeling tools in terms of base pairing and 
specific loop motions near the pKa of cytosine [43,44]. 

As commented above, the interaction with ligands could be a tool to 
increase the stability of i-motif structures. Unfortunately, despite many 
articles claiming the discovery of selective ligands with i-motif struc-
tures [45,46], it is not clear how selective are these. It seems that non- 

selective, electrostatics interaction could be behind the reported in-
teractions of ligands with i-motif structures, as most of these ligands 
hardly affect the Tm values of the considered structures [9]. In this sense, 
the existence of additional structural motifs, such as hairpins, could be a 
way to increase the stability of i-motif structures. In this work, the 
interaction of IDJ1 with several ligands has been studied. 

The results have shown that, despite a certain stabilization of the 
duplex moiety, little stabilizing interaction with the i-motif has been 
observed at pH 7.4 and 25 ◦C. Five ligands that have been reported to 
stabilize G-quadruplex structures were studied, including BA41. The 
NMR study of the interaction of this ligand with IDJ1 revealed that that 
the strongest interaction occurs with the duplex moiety of IDJ1, whereas 
no interaction was observed for the i-motif moiety. Concerning the 
polyphenols considered in this work, the interaction of fisetin, another 
polyphenol, with several i-motif structures has been recently studied 
[47–49]. The fluorescence and CD spectra recorded along the titrations 
of fisetin with the i-motif adopted by the VEGF sequence at pH 5.4 and 
25 ◦C, were explained because of the ligand-induced transition from the 
initial i-motif to a hairpin structure. Surprisingly, other i-motif struc-
tures did not produce spectral changes in a similar way to VEGF. These 
observations pointed out to the role of the bases at the loops on the 
interaction of this ligand with i-motifs. Concomitantly with the previous 
work, the interaction of fisetin and quercetin with an i-motif-forming 
sequence found near the promoter region of the bcl-2 gene has been 
studied by means of mass spectrometry [47]. At pH 7, the proposed 
stoichiometry DNA:ligand was 1:1, and the calculated binding constants 
were around 104 M− 1. This low value of the constant indicates a very 
weak binding of the ligand to the structure adopted by the sequence at 
this pH, presumably a hairpin. 

Previous reports have shown that palmatine, an alkaloid, interacts 
with duplex or G-quadruplex structures, but rather weak with i-motifs 
[17]. In the present work, little interaction has been observed. Also, the 
interaction of TMPyP4 with i-motifs structures has been studied. In a 
pioneer work, Fedoroff et al. proposed that two TMPyP4 molecules stack 

Fig. 8. Imino protons region of 1H NMR spectra acquired at 5 ◦C, (H2O/D2O 9:1) buffer solution 20 mM potassium phosphate buffer, pH 7.4, of IDJ1 in presence of 
BA41 at different ratios R = [drug]/[DNA]. 
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on the terminal C⋅C+ base pairs of a tetramolecular i-motif [46]. 
Recently, Alniss et al. studied the interaction of TMPyP4 with a long G,C- 
rich oligonucleotide, prone to form hairpin structures at neutral pH, by 
means of CD and ITC. The results were explained as a result of the 
interaction of the molecule in a 1:1 (DNA:ligand) or 1:2 stoichiometry, 
depending on the sequence studied [50]. Because no thermal data were 
provided, it is difficult to assess the stabilizing effect of TMPyP4 on i- 
motif structures. In our work, however, we have not observed a clear 
stabilization of the structure adopted by IDJ1 at neutral pH by interac-
tion with TMPyP4. 

5. Conclusions 

In this work, it has been assessed that the duplex moiety is the most 
important contribution to the thermal stability of the i-motif formed by 
IDJ1 at pH 7.4. The second most important contribution is the G:T:G:T 
tetrad, and residual stabilization is provided by the T:T base pair. 
Spectroscopically monitored acid-base titrations and multivariate anal-
ysis allowed a detailed description of the pH-induced conformational 
equilibria in these sequences. It was observed that the addition of the 
duplex moiety greatly shifts the pH1/2 of i-motif structure, providing 
additional stability at neutral pH. Unfortunately, no special stabilization 
of this hybrid i-motif/duplex structure was observed upon interaction 
with the considered ligands. 
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