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Abstract

:

DNA-immobilized silica gel TLC plate (DNA-TLC plate) by coating a mixture of double-stranded DNA and silica gel on a glass plate was stable in common organic solvents, such as alcohol, acetone, chloroform, and ethyl acetate. DNA-TLC plate showed different Rf values for the L- and D-form acidic amino acids, such as aspartic acid and glutamic acid. The chiral recognition of an acidic amino acid by the DNA-TLC was related to the interaction between the nucleic acid base, particularly guanine (G) and cytosine (C), and the amino acid. Furthermore, the DNA-TLC plate indicated the recognition of a chiral metal complex, such as the tris(1,10-phenanthroline)ruthenium(II) ([Ru(phen)3]2+) salt, which has Λ- and Δ-forms. Therefore, the double-stranded DNA-TLC plate may have the potential to be utilized as a chiral separation material for amino acids, peptides, and a metal complex with a chiral property.
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1. Introduction


Chirality is ubiquitous in nature at the molecular level. Many essential biochemicals, such as the natural amino acids and monosaccharides, are chiral and, significantly, exist in only one enantiomeric form. Proteins or polysaccharides possess helical, sheeted, nematic, or turned structures with chiral properties [1,2,3,4,5]. These biopolymers have played an important role in biological processes. In the material science fields, these biopolymers with a chiral property have been used as a separation material of chiral substances [1], a sensing material of chiral drugs [6], a chiral catalyst for chemical reactions [7], or a nonlinear optical material [8]. Similarly, the double-stranded DNA, one of the most important biopolymers in living things, consists of two antiparallel polynucleotide strands intertwined with one another to form a right-handed double helix [9,10]. Therefore, double-stranded DNA can behave as a chiral polymer. As a result, double-stranded DNAs and these composite materials have been used as a chiral catalyst [11,12], chiral separation membrane [13,14], an affinity column or electrophoresis for chiral separation [15,16,17,18,19], and a nonlinear optical material [20]. We also recently reported the stereo-selective aggregation of an amyloidogenic peptide (AASIKVAVSADR) by the addition of double-stranded DNA [21]. Consequently, double-stranded DNA promoted aggregation of the amyloidogenic peptide, which consisted of only the L-form amino acid, and the amyloidogenic peptide/DNA matrix indicated a strong cell attachment activity [21].



Thin-layer chromatography (TLC) is a technique used to separate non-volatile mixtures [22]. TLC is performed on a glass plate, which is coated with a thin layer of an adsorbent material, such as silica gel or alumina. Generally, since silica gel does not possess a chiral property and cannot recognize a chiral molecule, TLC with a silica gel coating cannot separate chiral substances, such as L- and D-amino acids. On the other hand, silica and DNA show an affinity and form a DNA-silica composite material, such as an organic-inorganic hybrid material, through the sol-gel reaction [23,24]. Therefore, a double-stranded DNA-containing TLC might be used as a novel TLC plate with a chiral recognition property.



In this study, we prepared the DNA-immobilized silica gel TLC plate (DNA-TLC plate) by mixing double-stranded DNA and silica gel for use as a chiral separation material. As a result, the DNA-TLC plate showed different Rf values for an acidic amino acid, such as aspartic acid (Asp) and glutamic acid (Glu). The basic amino acid, such as arginine (Arg) and lysine (Lys), could almost not be separated. Additionally, we demonstrated the separation of a chiral metal complex, such as tris(1,10-phenanthroline)ruthenium(II) [Ru(phen)3]2+ with the Λ- and Δ-forms. Scheme 1 shows the molecular structures of Λ-[Ru(phen)3]2+ and Δ-[Ru(phen)3]2+. These metal complexes showed different Rf values for the Λ- and Δ-forms. These results suggested that these metal complexes stereoselectively interact with the double-stranded DNA. Therefore, the DNA-TLC plate may have the potential to be utilized as a chiral separation material for amino acids, peptides, drug molecules, and metal complexes.




2. Experimental Section


2.1. Materials


Double-stranded DNA (sodium salt from salmon milt, molecular weight; >5 × 106) was obtained from Biochem Ltd. (Saitama, Japan). Wako gel® B-5, silica gel for TLC, was purchases from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). This silica gel was contained the 5–7% CaSO4 in its. L-form amino acids of aspartic acid (Asp), glutamic acid (Glu), alanine (Ala), valine (Val), arginine (Arg), and lysine (Lys) were obtained from Wako Pure Chemical Industries. D-form amino acids of Asp, Glu, Ala, Val, Arg, and Lys were purchased from Peptide Institute, Inc. (Osaka, Japan). 1,10-Phenanthroline monohydrate, ruthenium(III) chloride hydrate, bis[(+)-tartrato]diantimonate(III) dipotassium trihydrate, sodium perchlorate monohydrate, perchloric acid, ninhydrin, and sodium hydrate were obtained from Wako Pure Chemical Industries, Nacalai Tesque, Inc. (Kyoto, Japan), and Kanto Chemical Co., Inc. (Tokyo, Japan). Other amino acids (histidine (His), proline (Pro), leucine (Leu), isoleucine (Ile), methionine (Met), phenylalanine (Phe), tryptophan (Trp), threonine (Thr), tyrosine (Tyr), cysteine (Cys), serine (Ser), asparagine (Asn), and glutamine (Gln)) were obtained from Merck KGaA (Darmstadt, Germany). Solvents were used an analytical grade in all the experiments described. Ultra-pure water (Merck KGaA, Darmstadt, Germany) was used in this experiment.




2.2. Preparation of DNA-TLC Plate


DNA-TLC plate was prepared as follows: Wako gel® B-5 (5 g) was put in mortar, added an aqueous DNA solution (15 mg/mL, 10 mL) in its, and then quickly mixed by pestle. This DNA-silica gel paste was spread uniformly on five glass plates (25.4 × 76.2 mm2, Matsunami Glass Ind., Ltd., Osaka, Japan). This glass plate was dried at room temperature for 1 h to evaporate the water, and heated at 140 °C for 5 h to be solidified. The thickness of silica gel layer in DNA-TLC plate was 0.8–1 mm.




2.3. Synthesis of Tris(1,10-phenanthroline)ruthenium(II)


The synthesis of tris(1,10-phenanthroline)ruthenium(II) dichloride (Ru(phen)3Cl2) was described in a previous report [25,26]. Ruthenium(III) chloride hydrate (1 g, 4 mmol) and 1,10-phenanthroline monohydrate (3.94 g, 20 mmol) were dissolved in ethanol (200 mL) and refluxed for 72 h. The resulting dark brown precipitate was filtered and dried overnight at room temperature. The solid was extracted in benzene to remove the non-reacted 1,10-phenanthroline. This remaining solid was recrystallized from water. The identification of the synthetic [Ru(phen)3]2+ was demonstrated by MALDI-TOF-MS (Autoflex speed, Bruker Corporation, Billerica, MA, USA).



Δ-Ru(phen)3(ClO4)2 was prepared as follows [26]: the synthetic rac-Ru(phen)3Cl2 (0.65 g) was dissolved in 50 mL of water and cooled. The bis[(+)-tartrato]diantimonate(III) dipotassium trihydrate (0.25 g) in 10 mL of water was slowly added to a cold Ru(phen)3Cl2 solution. The voluminous orange-yellow precipitate was washed several times with water and separated into the precipitate and filtrate. The precipitate was dissolved by shaking in an aqueous NaOH solution (50 mM, 37.5 mL). Dilute acetic acid was added until the acid and an orange precipitate were obtained. This precipitate was dried overnight at room temperature. This precipitate was dissolved in an aqueous NaOH solution (50 mM, 25 mL), then the solution was filtered. An aqueous sodium perchlorate solution was slowly added in excess, and the resulting orange-yellow precipitate filtered and washed with cold water contained a small amount of perchloric acid. This solid was twice recrystallized from water containing the perchloric acid. The specific rotation of Δ-Ru(phen)3(ClO4)2 was determined by a DIP-1000 digital polarimeter (Japan Spectroscopic Co., Tokyo, Japan): [α] = 1180°. The specific rotation value was similar to the reported value [26].



Λ-Ru(phen)3(ClO4)2 was prepared as follows [26]: bis[(+)-tartrato]diantimonate(III) dipotassium trihydrate (0.4 g) was added to the filtrate and cooled in ice to remove any traces of the Δ-Ru(phen)3(ClO4)2. After filtration, the solution was treated with a 3 M perchloric acid solution, and the resulting orange-yellow precipitate of the perchlorate was recrystallized twice from warm water containing a trace amount of perchloric acid. The obtained crystals were washed with cold methanol: diethyl ether (9:1, v/v). The specific rotation of Λ-Ru(phen)3(ClO4)2 was determined by the polarimeter: [α] = −1220°. This specific rotation value was similar to the reported value [26].




2.4. Separation of Amino Acid and Metal Complex on DNA-TLC Plate


The L- and D-form amino acids on the DNA-TLC plate were detected as follows: the L- and D-form amino acid solution was spotted on the DNA-TLC plate by a glass capillary, dried at room temperature for 10 min, and then developed for approximately 10 min using various mobile phases. Table 1 shows the various mobile phases. The amino acid spots were visualized by spraying the DNA-TLC plate with an aqueous ninhydrin solution in the presence of 0.2% ethanol, drying, and then heating on a hot plate at 120 °C for 1 min.



The metal complex on the DNA-TLC plate was detected as follows: the aqueous [Ru(phen)3]2+ solution was spotted on the DNA-TLC plate, dried at room temperature for 10 min, and then developed using various mobile phases. The DNA-TLC plate was dried at room temperature for 10 min. The [Ru(phen)3]2+ shows a strong fluorescence during the UV irradiation of 365 nm. Therefore, the spot of [Ru(phen)3]2+ on the DNA-TLC plate was detected by UV irradiation of 365 nm.



The Rf values are defined as the ratio of the distance developed by the eluted spot to that developed by the eluted front. All the Rf values represent the mean of three separate determinations.




2.5. IR Measurements of Amino Acid-Accumulated DNA Film


A water-insoluble UV-irradiated DNA film was prepared by a reported procedure [27]. The UV-irradiated DNA films were stored in ultrapure water for more than 1 day to remove the water-soluble DNA and used for further experiments. The L- and D-form Asp was dissolved in ultrapure water (5 mg/mL). The UV-irradiated DNA film was immersed in each aqueous amino acid solution (3 mL) for 24 h. The amino acid-accumulated DNA film was rinsed with ultrapure water (10 mL × 3 times) and dried overnight. The infrared (IR) absorption spectra of the amino acid-accumulated DNA film were measured by the KBr method using an FT-IR 8400 Fourier transform infrared spectrometer (Shimadzu Corp., Kyoto, Japan). The IR spectrum was measured with the resolution of 4 cm−1.





3. Results and Discussion


3.1. Chiral Recognition of Amino Acid on DNA-TLC Plate


Each of these DNA-TLC plates were immersed in common organic solvents, such as methanol, ethanol, butanol, acetone, chloroform, and ethyl acetate for 30 min, however, these plates did not show any elution of the DNA or silica components. Additionally, under basic conditions, such as entries 8 and 9 in Table 1, the DNA-TLC plate did not show any elution. These results suggested that the DNA-TLC plate is stable in common organic solvents or under basic conditions and can be used as an analytical tool for chromatography. Therefore, we used the DNA-TLC plate for the chiral separation of amino acids which have L- and D-forms. The separation of the amino acid by the DNA-TLC plate was demonstrated under various mobile phases (see Table 1). These amino acids on the DNA-TLC plate were detected by the ninhydrin reaction.



Figure 1 shows the Rf value of the L- and D-form amino acids (Asp, Glu, Ala, Val, Arg, and Lys) for the acidic mobile phase, such as entry 1 in Table 1. Additionally, Figure S1 in the Supplementary Materials shows the photograph of L- and D-form amino acids (Asp, Val, and Arg) on DNA-TLC plate. The Rf value of the L-form acidic and neutral amino acids showed a lower value than that of the D-form acidic and neutral amino acids. Especially, the differential Rf (ΔRf) value between the L- and D-forms of Asp was approximately 0.1. Therefore, we demonstrated the developments under other mobile phases. When the Asp and Glu, such as the acidic amino acids, were developed under the neutral mobile phase, such as 4–7 in Table 1, the ΔRf value became low (data not shown). Similar results were obtained for the neutral amino acids, such as Ala and Val. In contrast, the normal silica-TLC plate without the mixing of the double-stranded DNA did not show a ΔRf value. These results suggested that the chiral separation on the DNA-TLC plate is related to the electrostatic interaction between the double-stranded DNA and amino acid.



Additionally, we demonstrated the developments of other amino acids, such as His, Pro, Leu, Ile, Met, Phe, Trp, Thr, Tyr, Cys, Ser, Asn, and Gln, under similar acidic mobile phases, as shown in entry 1 in Table 1. The Rf values of the other L- and D-form amino acids are shown in Figure S1 in the Supplementary Materials. The ΔRf values were <0.03 and other amino acids did not also show a superior ΔRf value. These results suggested that the DNA-TLC plate possesses the chiral separation property of an acidic amino acid.



On the other hand, the basic amino acids, such as Arg and Lys, were developed under similar acidic mobile phases. However, the basic amino acid did not show a superior ΔRf value on the DNA-TLC plate using the acidic mobile phases (see Figure 1). Generally, under acidic conditions, the electric charge of basic amino acids, such as Arg, Lys, and His, is +2. Therefore, these amino acids strongly interacted with the negatively charged DNA and could not develop on the DNA-TLC plate. In fact, the Rf values of the basic amino acid were lower than that of other amino acids (see Figure 1 and Figure S1 in the Supplementary Materials). Additionally, a similar result has been reported for a DNA/polyvinyl alcohol interpenetrating polymer network coated TLC [28]. Therefore, we demonstrated the development of a basic amino acid using the basic mobile phase. However, the basic amino acids indicated a low Rf value of <0.05 (data not shown). These results suggested that the basic amino acid strongly interacts with not only the DNA, but also the silica gel on the TLC plate. Therefore, it is necessary for the separation of the basic amino acid to composite with a different inorganic components, such as alumina.




3.2. IR Spectrum of Amino Acid-Accumulated DNA Film


The interactions between the double-stranded DNA and amino acid were determined by IR spectrometry. However, the DNA-TLC plate showed a strong absorbance which was attributed to the silica and the absorption bands of the DNA and amino acid that were too weak to determine the molecular structure. Therefore, we used a water-insoluble UV-irradiated DNA film. The water-insoluble UV-irradiated DNA film was prepared by the cross-linking reaction by 254 nm UV irradiation [27].



Figure 2 shows the IR spectra of: (a) UV-irradiated DNA film; (b) L-Asp accumulated DNA film; (c) D-Asp accumulated DNA film; and (d) L-Asp. The D-Asp showed an IR spectrum similar to L-Asp (data not shown). The absorption band at 1228 cm−1, related to the antisymmetric vibration of the phosphate group [29,30,31,32], was shifted to a lower wavenumber with the accumulation of L-Asp and D-Asp (see the dashed line in Figure 2). This is due to the electrostatic interaction between the amino group of Asp and the phosphate group of DNA, and a similar interaction has been reported for the DNA-peptide biomatrix [21] and DNA-poly(allylamine) composite material [33]. Additionally, the absorption band at 1533 cm−1, related to the in-plane vibration of the cytosine (C) base and the stretching vibration of C = N of the guanine (G) base [29,30,31], was shifted to a higher wavenumber when the DNA-film accumulated the L-Asp (see the dashed line in Figure 2). A similar phenomenon, such as the shift to a higher wavenumber, did not occur by the accumulation of D-Asp. This result suggested that, although L-Asp interacts with not only the phosphate group, but also the nucleic acid base, D-Asp does not strongly interact with the nucleic acid base. Therefore, since L-Asp more strongly interacts with the double-stranded DNA than D-Asp, the Rf value of L-Asp on the DNA-TLC plate was lower than that of D-Asp.




3.3. Chiral Recognition of Metal Ion Complex on DNA-TLC Plate


The DNA-TLC plate showed the chiral recognition of the L- and D-amino acids. Therefore, we demonstrated the chiral recognition of a metal ion complex, such as [Ru(phen)3]2+. The [Ru(phen)3]2+ is one of chiral metal ion complexes that possesses the Λ- and Δ-forms (see molecular structures in Scheme 1). The interactions between Λ- and Δ-[Ru(phen)3]2+ and the double-stranded DNA in an aqueous solution were determined by the NMR, fluorescence spectrometry, circular dichroism spectrometry, cyclic voltammetry, and dialysis methods [34,35,36]. However, the interactive estimation between Λ- and Δ-[Ru(phen)3]2+ and the double-stranded DNA by thin layer chromatography has not been reported to the best of our knowledge.



The [Ru(phen)3]2+ was developed under various acidic mobile phases and the fluorescence detected by 365 nm UV irradiation. Figure 3 shows the Rf value of the Δ- and Λ-form [Ru(phen)3]2+ when they were developed under various mobile phases. The [Ru(phen)3]2+ showed a ΔRf value for all the acidic mobile phases. Particularly, for AcOH:HCl:H2O = 5:1:5, the Rf value of Δ-[Ru(phen)3]2+ was higher than that of Λ-[Ru(phen)3]2+ and the ΔRf value was approximately 0.15. These results suggested that the Λ-[Ru(phen)3]2+ more strongly interacts with the double-stranded DNA on the DNA-TLC plate than Δ-[Ru(phen)3]2+. On the other hand, although we demonstrated the development under neutral and basic mobile phase conditions, the DNA-TLC plate did not show a superior ΔRf value (data not shown). Similar results were also obtained using the normal silica-TLC plate without the mixing of the double-stranded DNA. These results suggested that the chiral recognition of Λ-[Ru(phen)3]2+ and Δ-[Ru(phen)3]2+ by the double-stranded DNA on the DNA-TLC plate is due to not only an electrostatic interaction, but also a specific interaction mode, such as intercalation or groove binding.



Generally, the native double-stranded DNA possesses the B-formed structure in an aqueous solution [9]. Therefore, in an aqueous solution, it has been reported that the Δ-[Ru(phen)3]2+ mainly interacts with DNA during intercalation and base stacking, and the Λ-[Ru(phen)3]2+ binds to the surface of the DNA by an electrostatic interaction [34,35,36]. However, since these phenomena, such as the selective recognition of Δ-[Ru(phen)3]2+, occurred under neutral aqueous conditions, they do not correspond with the interaction on the DNA-TLC plate. In fact, we previously reported that the double-stranded DNA in a DNA-inorganic complex, which was prepared by mixing the double-stranded DNA and silane coupling agent, 3-aminopropyltrimethoxysilane, possessed the C-formed DNA, and this C-formed DNA interacted with Λ-[Ru(phen)3]2+ rather than Δ-[Ru(phen)3]2+ [37]. Therefore, we think that similar phenomena occurred on the DNA-TLC plate. As a result, Λ-[Ru(phen)3]2+ interacted with the double-stranded DNA on the DNA-TLC plate and indicated an Rf value lower than that of Δ-[Ru(phen)3]2+.





4. Conclusions


We prepared the DNA-immobilized silica gel TLC plate (DNA-TLC plate) by the coating of a double-stranded DNA and silica gel mixture as a chiral separation material. As a result, the DNA-TLC plate showed different Rf values for acidic amino acids, such as Asp and Glu. The basic amino acids, such as Arg and Lys, were almost not recognized. Additionally, we demonstrated the separation of a chiral metal ion complex, such as [Ru(phen)3]2+, with the Λ- and Δ-forms. As a result, Λ-[Ru(phen)3]2+ more strongly interacted with the double-stranded DNA on the DNA-TLC plate than Δ-[Ru(phen)3]2+. Therefore, the DNA-TLC plate may have the potential to be utilized as a chiral separation material for amino acids, peptides, drug molecules, and metal complexes with a chiral property.
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Scheme 1. Molecular structure of Λ-[Ru(phen)3]2+ and Δ-[Ru(phen)3]2+. 
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Figure 1. Rf values of L- and D-form amino acids on DNA-TLC plate. The mobile phase is entry 1 in Table 1. The amino acid was detected by the ninhydrin reaction. Each of the values represents the mean of three separate determinations. 






Figure 1. Rf values of L- and D-form amino acids on DNA-TLC plate. The mobile phase is entry 1 in Table 1. The amino acid was detected by the ninhydrin reaction. Each of the values represents the mean of three separate determinations.



[image: Separations 05 00003 g001]







[image: Separations 05 00003 g002 550] 





Figure 2. IR spectra of: (a) UV-irradiated DNA film; (b) L-Asp accumulated DNA film; (c) D-Asp accumulated DNA film; and (d) L-Asp. Amino acid-accumulated DNA film was prepared by the immersion of the UV-irradiated DNA into an aqueous amino acid solution. Triplicate experiments gave similar results. 
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Figure 3. Rf values of Λ- and Δ-[Ru(phen)3]2+ on the DNA-TLC plate. Each of the values represents the mean of three separate determinations. 
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Table 1. Various mobile phases which were used for the thin layer chromatography.
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	Entry
	Mobile Phases
	Ratio/v/v





	1
	1-BuOH:AcOH:H2O
	4:4:1



	2
	1-BuOH:AcOH:H2O
	4:2:1



	3
	(CH3)2CO:AcOH:H2O
	70:30:7



	4
	1-BuOH:EtOH:H2O
	5:4:3



	5
	EtOH:H2O
	1:1



	6
	AcOEt:MeOH
	4:1



	7
	MeOH:CHCl3:H2O
	12:5:3



	8
	(CH3)2CO:1-BuOH:NH3(aq):H2O
	65:20:10:5



	9
	NH3(aq):H2O
	17:3











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  separations-05-00003


  
    		
      separations-05-00003
    


  




  





media/file6.jpg
ACOH : HCI: H,0
=5:1:5

HCOOH : HCI H,0
=5:2:3

Acetone : HCI: H,0
=10:1:05

B A{Ruphen);P
A-[Ru(phen)s*

0 01 02 03 04 05 06
R; values






media/file1.png
A-[Ru(phen),J?* A-[Ru(phen),]?*





media/file7.png
AcOH : HCI: H,0O
=5:1:5

HCOOH :HCI:H,0O
=5:2:3

Acetone : HCI: H,0O |
=10:1:0.5

B A-[Ru(phen),]**
A-[Ru(phen),]?*

0 01 02 03 04 05 06
R: values






media/file5.png
(@)

Transmittance / %

. AN
\/ (VIR
e

¥

13

4000

3000

1800 1600 1400 1200 1000 800 600
Wavenumber / cm-!





media/file3.png
Amino acids

B L-form
D-form

0.1 0.2 0.3 0.4
R: values

0.5





media/file4.jpg
Transmittance / %

4000

. m . . . . .
1
3000 1800 1600 1400 1200 1000 800 600
Wavenumber / cm-!





media/file0.jpg
[e3s 205
— P c
Lz 2% )<

£\ =1
Z Z D[u“.
vaV <






media/file2.jpg
Amino acids

Asp 7222,

Glu 77222

Ala
Val

- o>
S &

G A e
o)

GLLLGZA

AL LT T

)

B L-form
D-form

0

0.2 03 0.4
R; values

0.1

0.5





