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Thermodynamic analyses and molecular dynamics 

calculations demonstrated that i-motifs in a hydrated ionic 

liquid of choline dihydrogen phosphate (choline dhp) were 

more stable than G-quadruplexes due to choline ions binding 

to loop regions in the i-motifs. Interestingly, the i-motifs 

formed even at physiological pH in the choline dhp-

containing solution. 

Nucleic acids are useful in medical applications and in nanodevices 

and nanostructures due to their conformational polymorphism.1-3 A 

DNA duplex can undergo structural transitions to non-canonical 

DNA structures in response to environmental stimuli such as pH, 

ions and cosolutes.4-6 Two well characterized non-canonical 

structures are the G-quadruplex and the i-motif. The G-quadruplex is 

formed by G-rich sequences and the i-motif is adopted under certain 

conditions by C-rich sequences of DNA.6 Researchers have taken 

advantage of these transitions from duplex to these non-canonical 

structures to develop DNA-based materials such as sensors, logic 

devices, circuits and drugs.7-11 For example, G-quadruplexes have 

been used for delivery of drugs that bind specifically to these 

structures.12 Several small molecules have been shown to stabilize 

G-quadruplex DNA or both G-quadruplex and i-motif DNA.13, 14 Qu 

and coworkers reported that single wall carbon nanotubes (SWNTs) 

can drive i-motif formation without effects on G-quadruplex 

stability15 and developed a DNA nanomachine driven by the 

interaction between SWNTs and an i-motif.15 Hurley and coworkers 

showed a small-molecule ligand was able to bind to a C-rich region 

of the BCL2 gene and control transcription by affecting i-motif 

formation.16 Despite these efforts, selective control of G-quadruplex 

and i-motif formation is a bottleneck in progress of DNA 

nanotechnology. Changing cosolute or cosolvent conditions is one of 

the most convenient methods for controlling the thermodynamic and 

kinetic properties of DNA structures.17 Ionic liquids (ILs) have been 

used as solvents in the field of nanotechnology and are a good media 

for development of DNA materials because they provide favourable 

environments for a wide range of chemical reactions and are 

environmentally friendly solvents.18, 19 There have been attempts to 

use the IL as a drug delivery tool,20, 21 and ILs are attractive for use 

as vehicles in chemotherapy and gene therapy.22 A representative 

IL, choline dihydrogen phosphate (choline dhp), dissolved in a small 

amount of water (~20 wt%) ensures long-term stability of 

biomolecules like DNA and proteins.23, 24 Certain ions are known to 

preferentially stabilize certain base pairs,25 and we have recently 

shown that the A-T base pair is more stable than the G-C base pair in 

choline dhp due to specific interactions between choline and bases.26-

28 We hypothesized that the presence of the hydrated IL could 

impact stability of C-C+ base pairs in i-motif tetraplexes. The choline 

(2-hydroxy-N,N,N-trimethylethanaminium) ions and their derivatives 

are in abundant supply in cells and impact metabolism and DNA 

methylation.29-31 As non-canonical DNA structures regulate 

biological reactions such as transcription and translation,32, 33 these 

ions may impact cellular processes involving DNA and RNA 

structural transitions.   

In this study, we evaluated the effect of an IL on i-motif and G-

quadruplex stability. We first investigated stability of DNA 

structures in solutions containing hydrated choline dhp by evaluation 

of ultraviolet (UV) melting curves. A concentration of 4 M (80 wt%) 

choline dhp was selected, because solutions with high concentrations 

of choline dhp (around 4 M) have unique properties such as 

decreased water activity, lower dielectric constant and altered ion 

networks relative to aqueous buffer. We also evaluated the stability 

in a solution containing 100 mM NaCl, 50 mM Tris-HCl (pH 7.0) 

and 1 mM Na2EDTA as this solution is often used as a mimic of 

physiological conditions. Human telomere sequences of 

 

Fig. 1 (a)  Normalized UV melting curves at 295 nm for ODN1 (blue) and 

ODN2 (red) (a) in physiological (100 mM NaCl, pH 7.0) (dashed line) and 

choline dhp solution (solid line). DNA strand concentration was 2 M. The 

experiments were performed in a solution containing 4 M choline dhp and 1 mM 

Na2EDTA without pH control because we wanted to investigate DNA stability in 

a pure hydrated liquid. The original melting curve of ODN2 in physiological 

condition was used due to unclear melting transition. 
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dTAG3(TTAG3)3 [ODN1] and d(C3TAA)3C3TA [ODN2] were 

selected (Table S1) for analysis, because these sequences fold into 

typical antiparallel G-quadruplex or i-motif structures in 100 mM 

NaCl solution.5 Moreover, it was confirmed by CD spectral analysis 

at different temperatures that the ODN1 and ODN2 showed two-

state transitions (Fig. S1). Although ODN1 in both the physiological 

conditions and choline dhp and ODN2 in the choline dhp showed the 

typical G-quadruplex and i-motif spectra, respectively, ODN2 in the 

physiological condition showed dissociated i-motif spectra (See 

supporting information). 

The melting temperature (Tms) of 2 M ODN1 in the 

physiological condition was 55.5 °C (Fig. 1). ODN2 did not show a 

clear melting transition, indicating that ODN2 was not structured 

under these conditions corresponding to CD analysis (Fig. S1). The 

Tm values of ODN1 and ODN2 in choline dhp-containing solution 

were 41.5 and 49.9 °C, respectively (Fig.1). As a result, ODN2 in 

choline dhp was markedly stabilized relative to that in the 

physiological condition, whereas ODN1 was slightly destabilized. 

Moreover, to eliminate the effects of ionic strength and solution pH 

on the i-motif, the UV melting curves in solutions containing 50 mM 

Tris (pH 7.0), 1 mM Na2EDTA with 4 M NaCl or 4 M choline dhp 

were also estimated (Fig. S2). Although the Tm value for ODN2 in 

choline dhp (pH 7.0) was decreased relative to that in choline dhp 

with uncontrolled pH, stable i-motif formation was observed. In 

contrast, an i-motif did not form in 4 M NaCl. To quantify how 

choline dhp altered the stabilities of DNAs, we determined 

thermodynamic parameters for ODN1 and ODN2 (Table 1). The 

∆G˚25 values (free energy changes for DNA structure formation at 

25 °C) of ODN1 in physiological and choline dhp solution were −4.7 

and −2.2 kcal mol−1, respectively. The lower stability of ODN1 in 

choline dhp solution was due to unfavourable enthalpy relative to 

that in the physiological condition. Choline ions preferentially bind 

to G bases in single strands.26 Similarly, the choline ions could 

destabilize the G-quadruplex formation by preferential binding to the 

single strands. Moreover, the ∆G˚25 value of ODN2 in the 4 M 

choline dhp was −5.2 kcal mol−1; the higher stability relative to 

ODN1 in choline dhp was due to a favourable enthalpic contribution. 

A favourable enthalpic contribution to DNA duplex formation in 

choline dhp was previously observed.26 Choline ions may bind 

specifically to the i-motif structure and stabilize it.  

ODN1 with 3’ quencher (ODN3) and ODN2 with 5’ fluorophore 

(ODN4) were designed to compare the stability of i-motif and 

duplex structures (Fig. 2a and Table S1). When ODN3 and ODN4 

form a duplex, the fluorescence intensity of ODN4 decreased 

relative to ODN4 in the absence of ODN3 (Fig. 2a). The ratio of i-

motif to duplex can be estimated from the fluorescence intensity at 

525 nm. Interestingly, in the choline dhp in the presence of ODN3, 

43% of ODN4 was in the i-motif structure (Fig. 2b); only duplex 

was observed in physiological solution (Fig. 2c). Moreover, the i-

motif formation in the choline dhp was confirmed by fluorescence 

melting experiments for i-motif (Fig. S3). To estimate the stability of 

the ODN3/ODN4 duplex, we carried out fluorescence melting 

experiments (Fig. S4). The Tm values of the duplex in choline dhp 

and in physiological solution were 50.8 °C and 68.9 C, respectively. 

Although the duplex with G-C base pairs of Watson-Crick are the 

most stable base pairs in an aqueous solution, the choline dhp 

stabilized the i-motif structures comparable as duplex with the G-C 

base pairs.  

Because the stability of i-motif structure is affected strongly by 

pH, the pH dependence of i-motif formation in choline dhp was 

examined by CD.15 To eliminate the effect of ionic strength on the i-

motif structure, a solution with 4 M NaCl was used. In the NaCl-

containing solution, the i-motif structure of ODN2 was formed at pH 

5.5 and pH 6.0 as demonstrated by the presence of two i-motif-

characteristic CD bands (Fig. S5): a positive band near 288 nm and a 

negative band near 256 nm. The positive and negative CD bands 

were shifted to shorter wavelengths at pH 6.3, pH 6.5 and pH 7.0 

when compared to the spectrum at pH 5.5 consistent with previous 

studies.15, 34 These blue shifts are due to dissociation of the i-motif. 

In the choline dhp-containing solution, the CD bands characteristic 

of the i-motif structure were observed at pH 7.0 (Fig. 3a), although 

the positive CD band was shifted slightly to shorter wavelengths, 

suggesting that the i-motif structure did not dissociate if the cytosine 

base was deprotonated35; the i-motif was still stable at pH 7 in 

choline dhp. The transition between the i-motif and unstructured 

DNA as a function of pH is visible in the plot shown in Fig. 3b. The 

pH of the transition mid-point in the solution containing 4 M choline 

dhp was higher than that in 4 M NaCl solution, suggesting that the 

pKa of the N3 position of cytosine was higher in the solution 

containing 4 M choline dhp. We determined thermodynamic 

parameters for ODN2 at pH 5.5 and pH 6.0, because this 

oligonucleotide adopts the i-motif structure in both NaCl and choline 

dhp solution at these pHs. The i-motif of ODN2 was stabilized by 

 

Fig. 2 (a) Schematic illustration of ODN3 and ODN4 structures. Emission 

spectra recorded at 25 °C for 1 M ODN4 (green), 1 μM ODN3 + 1 μM ODN4 

(red), or 1 μM ODN5 + 1 μM ODN6 (black) in (b) choline dhp (without pH 

control) and (c) physiological  (100 mM NaCl, pH 7.0) solutions.  

Table 1. Thermodynamic parameters for i-motif and G-quadruplex 
formation measured in NaCl or choline dhp                                                   .  

 ∆ H˚ T∆S˚ ∆G˚25 Tm[a] 

 (kcal mol−1) (kcal mol−1)  (kcal mol−1) (˚C) 

100 m M NaCl (pH 7.0) [b] 

ODN1 −50.8 ± 1.1 −46.1 ± 1.0 −4.7 ± 0.1 55.5 

ODN2 [c] - - - - 

4 M Choline dhp (without pH control)[d]   

ODN1 −42.9 ± 5.9 −40.7 ± 1.3 −2.2 ± 0.6 41.5 

ODN2 −68.0 ± 2.1 −62.8 ± 0.6 −5.2 ±0.2 49.9 

[a]Tm values were measured at 2 µM DNA concentration. [b] The 
experiments were carried out in a buffer containing 100 mM NaCl, 50 
mM Tris-HCl (pH 7.0) and 1 mM Na2EDTA. [c] n.d. indicates that the 
thermodynamic parameters could not be determined from the data. 
[d]The experiments were performed in a solution containing 4 M choline 
dhp and 1 mM Na2EDTA without pH control. Thermodynamic 
parameters were evaluated from the average values obtained from 
curve fitting at different DNA concentrations (2 to 20 µM). 
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choline dhp relative to that in NaCl (Table S2), although the pH of 

solution is affect the stability of i-motif (Table S2). The stabilization 

of i-motif in choline dhp was also due to a favourable enthalpic 

contribution. A previous report showed that SWNTs stabilize the 

human telomeric i-motif at acidic and neutral pHs through 

hydrophobic and electrostatic interactions.36 Because the i-motif 

structure was stabilized via a favourable enthalpic contribution at 

various pHs, choline ions may also bind to the i-motif structure.  

To understand how choline ions interact with G-quadruplex and i-

motif structures, we carried out molecular dynamic (MD) 

simulations of the DNA structures with choline and sodium ions (see 

Supporting Information). Structures were constructed from 

coordinates obtained from the Protein Data Bank (see Supporting 

Information). To ensure that i-motif structures were maintained 

during the simulations, N3 atoms of cytosines were protonated. After 

20-ns simulations, we counted the number of cations (N+) and waters 

(Nw) within 3.5 Å of DNA atoms: 30.4 choline ions bound to 

ODN1MD and 27.5 bound to ODN2MD and 15.2 and 15.1 sodium ions 

bound to ODN1MD and ODN2MD, respectively (Table S3). To 

investigate quantitatively how ion binding affected the stability of 

DNA structures, we calculated the energy changes of cation binding 

to DNA structures (ΔG+) using the Molecular Mechanics-

Generalized Born Surface Area (MM-GBSA) module included in 

Amber12. Despite differences in the DNA structures, the values of 

N+ and ΔG+ for ODN1MD and ODN2MD with choline and sodium 

ions were not significantly different (Table S3).  

We next analysed the positions of choline ions from 5000 

snapshots taken from the trajectories during 19–20 ns intervals of the 

MD simulations. It is reported previously that choline ions are buried 

inside minor groove in A-T rich duplex or triplex and enhance the 

stability of DNA structures.27, 28, 37, 38 Choline ions were not localized 

in the grooves of ODN2MD but rather shielded the negatively 

charged backbone. There was no clear preference for binding to a 

particular a base in ODN1MD (Fig. 4a), but in ODN2MD choline ions 

bound preferentially to bases in loops (Fig. 4b, orange bars). To 

explore this loop preference, we evaluated UV melting of the 

intermolecular i-motif formed by dC3TAAC3 [ODN7], which lacks 

one loop region relative to ODN2. Choline dhp stabilized the ODN7 

structure relative to that in aqueous solution, but the degree of 

stabilization was smaller than that for ODN2 (Fig. S6). A choline ion 

has three methyl groups that result in a local hydrophobic 

environment. When the choline ions bind to loop regions, the ions 

might stack on the C-C+ base pair inducing a pKa shift by locally 

decreasing the dielectric constant as seen inside proteins.39 

Alternatively, binding of choline ions may alter solvation, 

dehydrating loop regions and stabilizing the i-motif. Thus, choline 

ion binding to loop regions may stabilize i-motifs relative to aqueous 

solution. 

The extent of DNA structure formation depends on the relative 

stabilities of the single-stranded state and the structured state. It is 

difficult to investigate the ion effect on single-stranded DNA 

experimentally. Thus, we carried out MD simulations of single-

stranded G-rich (ssODN1) and C-rich (ssODN2) oligonucleotides 

(Table S1). Because solvation is critical to stability, the number of 

waters (Nw) located within 3.5 Å of DNA atoms were estimated. 

ssODN1 and ssODN2 in the presence of choline ions bound 189 and 

211 waters, respectively. The values of ∆G+ for ssODN1 and 

ssODN2 with choline ions were −85.6 and −73.1 kcal mol−1, 

respectively (Table S3). In contrast, the Nw values of ssODN1 and 

ssODN2 in the presence of sodium ions were the same. Thus the 

destabilization of structures formed by G-rich DNAs in the presence 

of choline ions is likely due to choline ion binding preferentially to 

single-stranded rather than structured DNA via solvation changes.  

DNA structure formation is accompanied by the formation of a 

hydrogen-bonded network of water surrounding the nucleic acid 

surface, and the formation of the water network is highly sensitive to 

the water activity of the solution.40, 41 For example, DNA structures 

such as i-motifs and G-quadruplexes, which dehydrate during 

structure formation, should stabilize at lower water activity 

solutions.34, 40, 42 Therefore, we measured the water activity of the 

solutions (Table S4). At the same concentration of NaCl and choline 

dhp, water activity in the solution containing the choline dhp was 

lower than that of NaCl solution. For example, the water activitiy of 

a 50 mM MES (pH 6.0), 1 mM Na2EDTA and 4 M NaCl solution 

and that of a 4 M choline dhp solution were 0.868 and 0.861, 

respectively. Ionic liquids decrease water activity owing to an 

interaction network of cations and anions.43 Because a decline in 

water activity is favorable for i-motif and G-quadruplex formation 

accompanied by release of water, the water activity change was not 

the main factor changing DNA stability in choline dhp.  

Control of DNA structure formation is necessary for applications 

of DNA in sensors, logic devices and circuits and as drugs. The data 

reported here suggest DNA structure switches can be controlled by 

use of hydrated ILs as solvent. It is noteworthy that the i-motif was 

also stabilized in a choline chloride solution that was not a hydrated 

IL: the Tm value of 2 M ODN2 in the presence of choline chloride 

was 12.4 °C higher than that in the presence of sodium chloride 

(Table S2 and Fig. S7). Thus, our results may also be relevant to the 

environment in inside cells where DNA is found because choline 

ions or their derivatives are abundant in cells.31, 44 The biological 

role of the telomeric repeat-containing RNAs that are transcription 

 

Fig. 4  Comparison of the number of choline ions located within 3.5 Å of DNA base 

atoms (N+) in (a) ODN1MD and (b) ODN2MD. DNA bases in loop regions are 

highlighted by orange.   

 

 

Fig. 3 (a) CD spectra of 20 µM ODN2 in a buffered solution containing 4 M choline 

dhp at pH 5.5 (black), pH 6.0 (light blue), pH 6.3 (green), pH 6.5 (red), pH 6.7 

(orange), or pH 7.0 (brown) at 25 oC. (b) The plot of pH vs. molar ellipticity at 288 

nm of ODN2 in a solution containing 4 M NaCl (blue) at pH 5.5, 6.0, 6.2, 6.5, or 7.0 

or 4 M choline dhp (red) at pH 5.5, 6.0, 6.3, 6.5, 6.7, or 7.0 at 25 oC. DNA strand 

concentration was 20 µM. The pH was controlled using 50 mM MES (pH 5.0-6.5) 

or 50 mM Tris (pH 7.0). 
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products of the C-rich telomeric DNA strand is unclear.45, 46 

Phosphatidyl choline found in the nuclear membrane has a choline 

head group, and in preliminary experiments the i-motif was 

stabilized at a liposome surface, whereas the G-quadruplex was 

destabilized (data not shown). The structure of telomeric DNA and 

that of the transcription product, localized at the nuclear membrane 

surface, is likely affected by the presence of the choline group. 

Additionally, the incidence of cardiovascular disease and of 

arteriosclerosis disease is correlated with the concentration of 

choline ions and their derivatives.31, 47 Because transcription and 

translation are inhibited by G-quadruplex and i-motif structures,[17a] 

choline ions or their derivatives may control these biological 

reactions. There are many C-rich sites in the human genome 

including several in the E2F1 gene, which is implicated in growth of 

cancer cells.48 

Conclusions 

Our data show that the i-motif structure is stabilized in the 

presence of choline ions; these ions are present in cells and likely 

play an important role in biological reactions involving nucleic acids. 
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