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Abstract
The interaction of tetrabutylammonium bromide (TBABr)-based deep eutectic solvents (DESs) with calf thymus DNA (ct-DNA) was investigated by fluorescence and circular dichroism (CD) spectroscopy. The influences of hydrogen bond donors (HBDs), with respect to chain lengths and the presence of OH group were determined through ethidium bromide (EB) fluorescence quenching. Based on the quenching process, it was concluded that hydrophobic interactions were responsible for the DES ability to quench EB from EB-bound DNA. The strong electrostatic attraction between TBA+ cation on DES and negative charge phosphate DNA was proved from fluorescence and CD spectroscopy. DNA was able to maintain its double helical structure at 25 °C with a concentration of 25% DES. 
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Abstrak
Ikatan antara pelarut eutektik berasaskan tetrabutilammonium bromida (TBABr) dengan ‘calf thymus’ DNA (ct-DNA) telah diuji dengan spektroskopi fluoresensi dan edaran dichroism (CD). Pengaruh penderma ikatan hidrogen (HBDs) berdasarkan panjang rantai dan kehadiran kumpulan OH telah ditentukan melalui fluoresensi penyingkiran etidium bromida (EB). Berdasarkan proses penyingkiran, dapat dirumuskan bahawa ikatan hidrofobik berperanan dalam menentukan keupayaan DES untuk menyingkirkan EB daripada EB-terikat DNA. Tarikan elektrostatik yang kuat antara kation TBA+ pada DES dengan cas negatif fosfat DNA telah dibuktikan daripada kedua – dua spektroskopi fluoresensi dan CD. DNA berupaya mengekalkan struktur heliks berganda pada suhu 25 °C dan kepekatan DES pada 25%.
Katakunci: ikatan, pelarut eutektik, tetrabutilammonium bromida, fluoresensi penyingkiran, spektroskopi edaran dikroisme
Introduction
DNA is a biomacromolecule that plays an important role in the living organism because it stores the genetic information for cell replication and transcription. The potentials of DNA were increasingly recognized especially in the applications of biosensors, catalytic membranes, absorbing membranes and support for catalysts [1,2]. However, DNA is unstable in aqueous solution, resulting in denaturation of nucleic acid structure after 1 month of storage at ambient temperature [3]. Over the past few years, new solvents that can retain the DNA helical  structure has been researched. Mamajanov et al. were among the first to propose deep eutectic solvent (DES) as an alternative solvent to maintain DNA helical structure and it was found that choline chloride: urea can maintain the DNA native structure [4]. However, the stability of DNA in the DES depends on the ability of DNA to maintain its helical structure, that could change during the interaction of DNA with other molecules. Recently, Sharma et al. found that hydrogen bonding and electrostatic interactions between bio-ionic liquids and DNA were found to be responsible for the long-term stability of DNA [5]. This finding enhanced the importance of studying the mode of interaction between DNA-DES to provide a stable medium for DNA.
Herein, the study of binding between tetrabutylammonium bromide (TBABr)-based DES and DNA by fluorescence quenching and CD spectroscopy was reported. The capability of DESs to quench EB from EB-bound DNA was explored using different HBDs with varying chain lengths and the number of OH group. In previous literature, it was reported that increasing the alkyl chain length of the cation in ionic liquid (IL) aided the quenching process [6]. In this study, the effect of HBDs chain length in DES on the quenching process was studied. The mode of interactions as well as stability of DESs in DNA were investigated.
Materials and Methods
Materials 
Tetrabutylammonium bromide (TBABr), 1,3-propanediol and 1,5-pentanediol were supplied by Fluka Chemical (Reidstr, Steinheim, Germany) with 98% purity. Ethylene glycol was purchased from R&M (Essex, UK) and glycerol was from J.T. Baker (Phillipsburg, NJ, USA). All chemicals were used without further purification. Deoxyribonucleic acid extracted from calf-thymus in the sodium salt form was purchased from CalBioChem. Ethidium bromide (EB) was purchased from Sigma-Aldrich (USA). Deionized water type III was used throughout the experiments. 

Synthesis of deep eutectic solvent (DES)
TBABr salt was mixed with four different hydrogen bond donors (HBDs);  ethylene glycol, 1,3-propanediol, 1,5-pentanediol and glycerol. The formation of DES mixture between TBABr and HBDs were done at molar ratio of 1:3. The mixtures were heated at 60 °C and stirred at 250 rpm until colourless solution was observed. The mixtures were cooled to room temperature and sealed tightly in vials. DES mixtures were prepared accordingly to the method reported by [7]Yusof et al. 
.
Preparation of reagent solution
Ethidium bromide (EB) stock solution (1.27 × 10-3 mol L-1) was prepared by dissolving 0.01 g of EB in 20 mL volumetric flask and stored in a cool and dark place. The dilution of EB stock solution was done for fresh preparation of 0.5 µM EB.
Preparation of DNA stock solution
A stock solution of DNA was prepared by dissolving an appropriate amount (how much) of the solid DNA in deionized water type III and stored at 4 °C for about 24 hours. The solution was stirred until homogeneous DNA solution was produced. The solution was sonicated at a 40% amplitude, with setting of 30s on and 50s off for 20 minutes by the Digital Sonifier (Branson). 

The final concentration and purity of the DNA stock solution was measured using UV–vis spectrophotometer (AV-650). Diluted DNA stock solution (3 mL) in 1 cm pathlength cuvette was placed in the instrument. The absorbance at 260 nm was measured and corrected with the corresponding deionized water as a blank. The absorbance of the DNA was measured three times to obtain the average
absorbance. The sample was scanned from 1000 nm to 290 nm. The concentration of DNA stock solution was calculated from Beer’s Law equation 1:
A = (cl










   (1)

Where A is the absorbance value, ( is an extinction coefficient constant (6600 M-1·cm-1 at 260 nm expressed in terms of base molarity), c is the concentration of solution (M) and l is a light path length (cm). 
The purity of DNA solution was determined by measuring the ratio of the absorbance of the DNA stock solution (at 260 nm) to that of the absorbance of protein (at 280 nm)[6]. The DNA solution was considered pure if the ration of A260/A280 was above 1.8. 

Fluorescence measurements

Fluorescence emission of the solution was measured by using Cary Eclipse fluorescence spectrophotometer. In this study, EB was used as an intercalator. About 3 mL of 0.5 μM EB was placed into 1 cm cuvette. The fluorescence spectra of the mixtures were recorded in the wavelength range of 550 to 750 nm with excitation wavelength at 510 nm. Both the excitation and emission slits were set at a diameter of 5 nm. A solution of DNA (0.83 μM) was titrated into the cuvette, and allowed to reach equilibrium for 3 minutes. The emission spectrum was recorded. The DNA was titrated continuously into EB by increasing the DNA concentration from 0.83 μM to 12.5 μM, while the concentration of EB was at 0.5 μM. 

The prepared solution of DNA-bound EB was titrated with DES. The titration was done by increasing the concentration of the DES: 0.025, 0.075, 0.175, 0.30, 0.45, 0.63, 0.83, 1.08, 1.38 and 1.73 M into the same cuvette, while maintaining the concentration of DNA-bound EB. The solution was incubated for 3 minutes before the emission spectra were measured. The fluorescence emission spectra were recorded after each addition of the DES solution into the EB-bound DNA. This procedure was repeated for all the newly synthesized DES; TBABr:EG, TBABr:1,3-PD, TBABr:1,5-PD and TBABr:Gly.
Circular dichroism measurements

Circular dichroism spectroscopic measurements were performed by JASCO J-810 spectrophotometer equipped with a Peltier temperature controller (PTC-423s) and a water circulation unit. A fixed amount of DNA (300 (M) was solubilized in 25% hydrated DESs at room temperature, 25 °C. A quartz cuvette with a pathlength of 1.0 cm was used with a bandwidth at 1.0 nm and set at standard sensitivity. The measurements were taken at 320 to 200 nm wavelengths. Three scans were collected for each sample with a scan speed of 50 nm/min and the average value taken. A spectrum of blank solution was recorded and subtracted from the spectra of DES and DNA complexes. 
Results and Discussion
The synthesis of DES

TBABr salt was mixed with different HBDs; ethylene glycol (EG), 1,3-propanediol (1,3-PD), 1,5-pentanediol (1,5-PD) and glycerol (Gly) at 60°C with a molar ratio of 1:3. A clear homogenous liquid was observed after 2 to 3 hours of heating. Figure 1 shows the structures of the newly synthesized TBABr-based DES. 
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Figure 1. The newly synthesized TBABr-based DES
The concentration and purity of DNA stock solution

Figure 2 shows a broad absorption spectrum of DNA at 210 to 310 nm in the UV region with a maximum absorption at 260 nm. The final concentration of DNA stock solution was estimated to be 0.0133M with the calculated A260/A280 as 1.8. This high ratio ensures a purity of DNA used for the experiments, as it was sufficiently free from protein contamination. The maximum absorption at 260 nm is an indicator of the chromophoric groups present in purine (adenine and guanine) and pyrimidine (cytosine and thymine) moieties that is responsible for the electronic transitions [8].
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Figure 2. Absorbance spectrum of DNA in the UV region with a maximum absorption at 260 nm
Fluorescence quenching measurements

Fluorescence spectroscopy is one of the most common methods used to study DNA binding. The high sensitivity of fluorescence able to detect the polarity changes causes spectral shifts in both the excitation and emission spectra of molecules [8]. In this work, a known intercalator, ethidium bromide (EB) was used as a fluorescence probe to intercalate the double helix
of DNA. EB can be easily intercalated into the adjacent base pairs and stretch the double helix structures of DNA as it is made up of polycyclic, aromatic and planar structure [6, 8, 9]. Through intercalation, the DNA has to unwind in order to let the intercalator fit between the two base pairs. This process causes the DNA helix lengthening by 3.4 Å as the bases are pushed apart hence resulting in conformational changes of the sugar group [10].
Figure 3 shows the emission intensity of free EB at 610 nm when excited at 510 nm. The addition of DNA into free EB has increased the emission intensity with the peak shifted to a shorter wavelength (595 nm). The planar hydrophobic EB was shielded from the aqueous bulk solvent upon intercalation, which resulted in the increase of emission intensity.
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Figure 3. Emission intensity of free EB (610 nm) and EB-bound DNA (595 nm)
The effect of increasing DNA concentration towards the emission intensity was plotted in figure 4. The emission intensity rapidly increased with the addition of 0.83 μM to 9.17 μM DNA. The intercalation of EB into empty space between the base pairs of DNA happens at this point. The emission intensity increased very slowly during the addition of 11.6 μM up to 12.5 μM DNA, hence suggesting that the base pair on DNA was fully packed with EB at 11.6 μM DNA. The numbers of empty spaces were reduced and the intercalation of EB into DNA base pair was almost saturated. 
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Figure 4. Emission intensity of free EB (0.5 μM EB) with addition of 0.83 μM to 12.5 μM DNA
The strength of newly synthesized DESs to quench EB-bound DNA was determined. DES was titrated into saturated EB-bound DNA in increasing DES concentration; 0.025, 0.075, 0.175, 0.300, 0.450, 0.630, 0.830, 1.08, 1.38 and 1.73 M. Figure 5 shows that the emission intensities steadily decreased with the addition of four different DESs from 0.025M to 0.830 M. During titration, TBA+ from DES, condensed the DNA and formed compact molecular structures through electrostatic interaction between TBA+ and the negative charge of phosphate on DNA [11]. DES acts as a competing molecule that inhibits the intercalation of EB. This process caused the EB to dissociate from DNA and move into the aqueous solvent, resulting in the decrease of emission intensity. Then, the continuous addition of DES from 1.08 to 1.73 M into EB-bound DNA resulted in no observable change of the emission intensity, indicating the complete removal of EB from DNA base pairs. 
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Figure 5. The quenching of EB-bound DNA by addition of different DESs (0.025 to 1.73M)
All synthesized DESs are sufficiently strong to quench the intercalation of EB from EB-bound DNA. From this study, the effect of HBD in quenching was observed, in terms of chain length and presence of OH group. The highest quenching efficiency of DES was shown in order of TBABr:1,5-PD, followed by TBABr:1,3-PD, TBABr:EG to TBABr:Gly. TBABr:1,5-PD has the longest chain length of HBD contributing to the largest hydrophobic effect. The quenching process was caused by the hydrophobic interactions between hydrophobic part of DNA bases and hydrocarbon chain of DES [6]. TBABr:1,5-PD contains five –CH2 groups on 1,5-pentanediol compared to the TBABr:1,3-PD and TBABr:EG which contain of three and two –CH2 groups, respectively. The less number of –CH2 groups reduces the hydrophobic effect, hence decreasing the ability to quench EB. This quenching study suggested that length of HBD has affects the ability of DES to quench EB from EB-bound DNA. This trend is in agreement with the previous reported literature on the binding studies of ILs and DNA, which claimed the quenching efficiency increased with longer alkyl chain lengths of cation in IL[11]. The presence of OH group on DES also plays an important role in the quenching process. Both TBABr:1,3-PD and TBABr:Gly have a similar number of –CH2 groups on HBD. However, TBABr:Gly shows a weaker ability to quench EB from DNA when compared to TBABr:1,3-PD. The presence of three OH groups on glycerol compared to the two OH groups on 1,3-propanediol reduces the hydrophobic effect on DES, in turn decreasing the ability of the TBABr:Gly to remove EB from EB-bound DNA. These results confirmed the importance of hydrophobic effect of DES in destabilizing the DNA-bound EB complex. 
Circular dichroism spectroscopy
Circular dichroism (CD) spectroscopy is an optical technique that is usually used to analyze the conformational structures of macromolecules, such as DNA. DNA normally exists as double stranded with two polynucleotide chains in opposite directions to form a double helical structure of Watson-Crick base pairs. DNA can exist in many different conformations; right-handed double helical structure of A- and B-conformation of DNA as well as left-handed of Z-conformation of DNA. However, the most common and stable DNA structure in solution is the B-conformation of DNA. In order to study the conformation of DNA in DES, the secondary structure on one of the synthesized DES; TBABr:1,5-PD was analyzed by CD. The DES was diluted in aqueous system at fixed concentration of 25%.  The effect of DESs concentration to DNA will be studied in the next publication. The study of DNA stability in DES was carried out as DNA is very sensitive towards any changes in its environment such as pH, temperature or concentration [12].
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Figure 6. (a) CD spectra (b) absorbance spectra of DNA in 25% hydrated TBABr:1,5-PD as compare to the control at 25 °C. The control was DNA in aqueous solution.
Figure 6 shows the secondary structure of DNA at 25 °C in 25% hydrated TBABr:1,5-PD and its control, DNA in aqueous solution at 25 °C. The positive band at 275 nm and the negative band at 245 nm are due to the π- π base stacking and the helicity of DNA, respectively, indicating the characteristics of B-conformation DNA [3]. When DNA was added into 25% of TBABr:1,5-PD, the magnitude of positive and negative bands increased and decreased respectively. The shift at both the positive and negative bands indicates an electrostatic mode of interaction between the cationic TBA+ in DES and anionic phosphate charge of DNA [11]. This observation agreed with the flouorescence results and concluded that DNA in 25% of TBABr:1,5-PD maintained its B-conformation as both positive and negative bands were observed at the same wavelength. This hypothesis was supported by the UV-vis absorbance graph as shown in Figure 6(b), where the curves of DNA in DESs are similar to the control. 
Conclusion
All synthesized DESs; TBABr:EG, TBABr:1,3-PD, TBABr:1,5-PD and TBABr:Gly were strong enough to displace the intercalation of EB from DNA. The strongest DES that quenched EB from DNA was the one that was most hydrophobic with the longest HBD and the least OH group, TBABr:1,5-PD. Hydrophobic interactions contributes to the ability of DESs to quench DNA from EB. The affinity of DESs toward DNA was due to the electrostatic interactions between the TBA+ cation of DES and phosphate backbone of DNA. These hypotheses were confirmed by fluorescence and CD spectroscopy. DNA was able to maintain its B-conformation in TBABr:1,5-PD at 25 °C with 25% concentration.
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