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Abstract:



To expand the chemical functionality of DNAzymes and aptamers, several new modified deoxyuridine triphosphates have been synthesized. An important precursor that enables this aim is 5-aminomethyl dUTP, whereby the pendent amine serves as a handle for further synthetic functionalization. Five functional groups were conjugated to 5-aminomethyl dUTP. Incorporation assays were performed on several templates that demand 2–5 sequential incorporation events using several commercially available DNA polymerases. It was found that Vent (exo-) DNA polymerase efficiently incorporates all five modified dUTPs. In addition, all nucleoside triphosphates were capable of supporting a double-stranded exponential PCR amplification. Modified PCR amplicons were PCR amplified into unmodified DNA and sequenced to verify that genetic information was conserved through incorporation, amplification, and reamplification. Overall these modified dUTPs represent new candidate substrates for use in selections using modified nucleotide libraries.
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1. Introduction


Systematic Evolution of Ligands by Exponential Enrichment (SELEX) was developed as a powerful methodology to select highly active nucleic acid ligands from an exceedingly large random library [1,2]. Over the past two decades, numerous aptamers have been selected to targets both large and small. Whereas SELEX has traditionally provided aptamers that bind ground states, similar combinatorial methods can be applied to select catalysts. As such, numerous DNAzymes have been selected for various reactions, most notably RNA cleavage [3,4,5], nucleopeptide bond formation [6], and DNA cleavage [7]. Compared to antibodies and enzymes, most aptamers and DNAzymes are functionality-poor, which may partially explain why, in general, nucleic acids have limited scope in terms of molecular recognition and catalysis [6,7,8]. While the major difference between aptamers and nucleic acid catalysts lies in the fact that the former bind ground states while the latter bind transition states, both will recognize targets with an ensemble of interactions that are characteristic of nucleic acids and not those seen in antibodies and catalysts. Nevertheless, the potential advantages of increasing the chemical diversity in one class of nucleic acid structure readily should apply to the other, despite some of the challenges involved in developing either aptamers or DNAyzmes as previously reviewed [9,10].



Starting over 15 years ago, we and many others have reported on the enzymatic incorporation of modified nucleoside triphosphates to produce modified DNA with additional functionalities. In many examples only one modified dXTP is incorporated [11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34], while in other cases two [35,36] and three modified nucleosides have been incorporated simultaneously in lieu of their unmodified counterparts [37,38,39,40]. In order to increase the chemical functionality of aptamers and DNAzymes, various nucleoside triphosphates must be first tested as substrates for various DNA polymerases. In addition, a DNA polymerase that can recopy modified DNA into unmodified DNA must be identified. In several cases, direct exponential amplification (PCR) of unmodified templates into detectable quantities of double-stranded modified DNA by high temperature polymerases has been shown [32,33]. While direct PCR of unmodified DNA into double stranded modified DNA is not essential for selection [35,36], the ability to perform PCR with modified dNTPs represents an added advantage as a single polymerase can be used for both steps that are required for selection and that the modified dNTP substrate is also capable of functioning during selection.



Despite the proliferation of reports on modified nucleosides that could be used for SELEX and related methods for catalyst selection, only a few publications have demonstrated successful combinatorial selection with modified dNTPs that results in a quantitative gain-of-function compared to unmodified aptamers and catalysts [41,42,43]. Nevertheless, key studies have demonstrated that functionalized nucleic acids indeed provide both quantitative and qualitative gains in function. For example, modified dUs were used to select against several protein targets against which high affinity unmodified aptamers could not be selected suggesting both quantitative and qualitative improvements in functional selection [31]. Similarly, several modified DNAzymes were selected using two or even three different modified nucleoside triphosphates for efficient M2+-independent RNA cleavage, a reaction that is notoriously difficult to catalyze with unmodified DNAzymes [22,35,36,38,39,44,45]. Taken together, these works highlight an enduring interest in generating new DNA-based polymers with added functionalities that are incorporated using polymerases and modified nucleoside triphosphates.



In an ongoing program in our lab to further expand the chemical functionality of in vitro selected DNA, here we report the synthesis of several modified nucleoside triphosphates (Figure 1). The design principle was based on a facile construction of 5-aminomethyl-dUTP that could be readily acylated with an NHS ester of a corresponding carboxylic acid. Compounds 1A and 1D represent hydrophobic/aromatic groups whereas compounds 1B and 1E are intended to mimic tryptophan. Compound 1C contains a carboxylate group that would be expected to be a good chelator of various divalent metal ions such as Ca2+, Mg2+ and Zn2+. Following synthesis and purification, enzymatic incorporation of these modified nucleoside triphosphates were investigated with several polymerases on defined templates.


Figure 1. Modified dUTPs.
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2. Results and Discussion


2.1 Primer Extension Assays


Two templates were chosen to investigate incorporation: template T1, contains five consecutive adenines, which requires the polymerase to incorporate five modified dUTPs in a row, making this a very challenging sequence; template T2 demands the incorporatation of eight modified nucleotide triphosphates in the full length product, yet there are at most only two consecutive modifications (Table 1). The primers and T3 were employed to investigate an exponential PCR that ultimately uses templates containing modified nucleotides. T3 contains eleven As in the template against which eleven modified dUTPs must be introduced to give a full length product. Therefore, T3 is an equally challenging template compared to T2.



Table 1. Sequences of the primer and templates used in the primer extension assays. Red colored As indicate the position at which the polymerase must incorporate a modified dUTP.







	

	
Sequences Used for Primer Extension or PCR Amplification






	
P1

	
5ʹ-TAATCGGGAAGGTCAGGGGGGAAAAGAAAA-3ʹ




	
T1

	
3ʹ-TTAGCCCTTCCAGTCCCCCCTTTTCTTTT[image: ]GTAACTAAGATGGACAGCTCC-5ʹ




	
T2

	
3ʹ-TTAGCCCTTCCAGTCCCCCCTTTTCTTTTGGCC[image: ]GT[image: ]CT[image: ]G[image: ]TCT[image: ]C[image: ]GCTCC-5ʹ




	
Primers

	
5ʹ-GCGCTCGCGCGCCGCG-3ʹ     3ʹ-CGGGGAGGCGTCCGGCTGCG-5ʹ




	
T3

	
5ʹ-GCGCTCGCGCGCCGCG[image: ]CG[image: ]CG[image: ]CGCC[image: ]C[image: ]CC[image: ]G[image: ]CT[image: ]C[image: ]GGC[image: ]GCCCCTCCGCAGGCCGACGC-3ʹ












The single nucleotide incorporation study was first conducted with the Sequenase v.2.0 DNA polymerase as it is one of the few DNA polymerases capable of incorporating 8-histaminyl-dA. All the five modified dUTPs were tested as substrates for Sequenase v.2.0 with both ddTTP and dTTP control lanes to provide defined products with several modified nucleotides including two instances where two modified dUs would be incorporated (T2) and one that would demand incorporation of five modified dUs in a row (T1).



In the single nucleotide incorporation experiment, all five modified nucleoside triphosphates were incorporated with primer and T1 in the presence of Sequenase v.2.0 (Supplementary Information). The results indicated that Sequenase v.2.0 is only able to elongate one or two modified nucleotides, before stalling, irrespective of which modified dUTP was used. To improve the incorporation of the modified dUTPs, alternative polymerases were sought as a remedy. Ideally a polymerase would produce minimal truncation during incorporation. Because the worst incorporation was observed with the napthyl-modified dUTPs (in particular compound 1A), a screening for polymerases using compound 1A was commenced. The results are outlined in Figure 2, and indicate that, similar to Sequenase v.2.0 (lane 11 in Figure 2), most of the polymerases screened in this study only incorporated one modification (lanes 4–6 and 10). Most notably, Therminator DNA polymerase, known for its broad substrate scope, incorporated up to five modified nucleotides (lane 8) and even “overshot” its incorporation either due to its lower fidelity or more likely, the possibility of slippage at AT-rich regions. Similarly, Vent (exo-) DNA polymerase elongated five consecutive modified nucleotides (lane 7) while KOD DASH (lane 9) incorporated two to three modifications.


Figure 2. Screening various DNA polymerases with compound 1A and T1. Lane 1, primer only; lane 2, ddTTP (control); lane 3, dTTP (control); lane 4, Tth; lane 5, Tfl; lane 6, Thermosequenase; lane 7, Vent(exo-); lane 8, Therminator; lane 9, KOD DASH; lane 10, Klenow; lane 11, Sequenase v.2.0.
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In light of these results, full length elongation with Vent(exo-) DNA polymerase was conducted. From Figure 2, it was known that Vent (exo-) DNA polymerase incorporates naphthyl compound 1A well (Figure 2, lane 7). Unsurprisingly, full length product was observed for this incorporation (lane 3, Figure 3), with no truncation at all. Similar results were found for compounds 1C and 1D (lanes 5 and 6, Figure 3) wherein no truncation was found. Although compounds 1B and 1E produced full length product, some minor truncations were observed (lanes 4 and 7, Figure 3). In summary, Vent (exo-) DNA polymerase was found to be a good polymerase for the modified dUTPs synthesized in this project.


Figure 3. Full length incorporation with T2 and Vent(exo-) DNA polymerase. Lane 1: primer only; lane 2: dATP, dGTP, dCTP + dTTP; lane 3: dATP, dGTP, dCTP + compound 1A; lane 4: dATP, dGTP, dCTP + compound 1B; lane 5: dATP, dGTP, dCTP + compound 1C; lane 6: dATP, dGTP, dCTP + compound 1D; lane 7: dATP, dGTP, dCTP + compound 1E.
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Following successful incorporation using Vent (exo-) DNA polymerase under primer extension conditions, an exponential PCR was attempted using unmodified templates. PCR experiments with modified nucleotides are much often more difficult than the primer extensions of the same substrates because a modified template must serve to direct the template incorporation of modified substrates. If the modified DNA strands are poor templates for polymerization, very little product will be produced.





Figure 4 shows the PCR of a 67 nucleotide template (T3) using Vent (exo-) on an agarose gel. Compared to the lane 3 control, the modified product did not display any appreciable gel retardation on the agarose gel.


Figure 4. Agarose gel analysis of PCR products obtained with Vent (exo-). Total reaction mixture (20 μL) consisted of 1 pmole T3, 150 pmole of each primer, 0.2 mM of each dNTP and 2 unit of enzyme. Reactions were performed at 1X commercial thermopol buffer with a final Mg+2 concentration of 7 mM. Lane 1: 67mer DNA template; lane 2: no dNTP’s; lane 3: dATP, dGTP, dCTP + dTTP; lane 4: dATP, dGTP, dCTP + compound 1A; lane 5: dATP, dGTP, dCTP + compound 1B; lane 6: dATP, dGTP, dCTP + compound 1C; lane 7: dATP, dGTP, dCTP + compound 1D; lane 8: dATP, dGTP, dCTP + compound 1E.
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Although the PCR of all five modified dUTPs was not as good as that of natural dTTP, the results show generally satisfactory amplification in the presence of the modified dUTP. Based on the results in Figure 4, the modified DNAs serve as competent templates for the production of modified DNA.





To verify that each dUTP is correctly incorporated in keeping with Watson-Crick base-pairing rules, particularly over several cycles of PCR, 2% of the modified DNA from the PCR was isolated and reamplified into unmodified DNA to provide amplicons that were cloned, and sequenced. In each case, sequencing data matched that of the original template, which demonstrates that each dUTP can be incorporated faithfully and that the modified template can be recopied faithfully as well (see Supplementary Information).



The templated incorporation of modified dUTPs was initially investigated with Sequenase v.2.0 DNA polymerase. Since we had previously demonstrated that 5-(parahydroxybenzamidomethyl)-dUTP was a mediocre substrate for Sequenase v.2.0 [22], it was not unexpected that similar results would be obtained with these nucleosides. We attempted to optimize the incorporation using Sequenase v.2.0 in terms of temperature, substrate concentration, enzyme concentration and pH, yet no significant improvement was achieved (data not shown). While Sequenase-catalyzed incorporation was faltering, it is nonetheless possible to produce products of primer extension with several dUTPs incorporated. At the outset of this work, we chose Sequenase v.2.0 because it is one of the few DNA polymerases that can also accept the 8-histaminyl-dATP, a nucleoside that has provided several modified DNAzymes. Interestingly, Therminator and Vent (exo-) catalyzed good incorporation of all modified dUTPs, however of note, these high temperature polymerases are incapable of incorporating 8-histaminyl-dATP. Using these modified dUTPs, along with 8-histaminyl-dA may be possible with only with Sequenase v.2.0 yet not with either Therminator or Vent (exo-). Nevertheless if a selection that employs one modified dUTP is desired, Therminator or Vent (exo-) maybe the enzyme of choice.



A final note of caution is worthy of discussion: polymerases can be especially sensitive to both the modified nucleoside as well as nearest neighbor effects that can greatly affect the incorporation rate and efficiency. In the context of both 5-aminoallyl-dUTP and 8-histaminyl-dATP, we observed considerable variation in efficiency of incorporation of a modified dXTP based on the preceding sequence that may or may not contain modifications [35]. Despite generally poor incorporation efficiency, as well as considerable variability in terms of efficiency, both nucleosides were used successfully in a combinatorial selection [46]. When a different dUTP and dATP, which presented an imidazole and an amino group respectively, and which were incorporated with much greater efficiency [32,33], were used in selection, no greater catalytic activity was identified [44]. Hence, nucleoside triphosphates that are poorly incorporated may still give rise to robust catalytic activity [47]. By the same token, similarly modified nucleoside triphosphates that are more readily incorporated by PCR may result in catalytic activity that is less robust. While the trade-off between incorporation efficiency and selection outcome has been discussed at length elsewhere [48], to date, it is unclear how directly incorporation efficiency is correlated with robust selection outcomes.





3. Experimental Section


3.1. General Information


All starting materials were purchased from Sigma-Aldrich (St. Louis, MO, USA), Alfa Aesar (Ward Hill, MA, USA) and Fisher Scientific (Fisher Scientific, Pittsburgh, PA, USA), and used without further purification, unless noted. NMR spectra were recorded on a Bruker Avance 300 Spectrometer, ESI mass spectra were recorded on Bruker Esquire-LC, and HPLC was performed on an Agilent 1100 series instrument (Agilent, Santa Clara, CA, USA). UV spectra were recorded on a Beckmann DU 800 spectrophotometer. All incorporations were performed using autoclaved materials. Water was treated with diethyl pyrocarbonate (1 μL/10 mL) prior to autoclaving. Natural dNTPs and Klenow were purchased from Fermentas. 6X loading buffer, T4 polynucleotide kinase, Vent (exo–), Therminator and Taq DNA polymerase were purchased from New England Biolabs (Ipswich, MA, USA). Sequenase v.2.0 and Thermosequenase DNA polymerase were purchased from Affymetrix (Santa Clara, CA, USA). KOD-DASH DNA polymerase was purchased from EMD Millipore (Billerica, MA, USA). Tfl and Tth DNA polymerase were purchased from Promega (Madison, WI, USA). 32P-γ-ATP was purchased from Perkin Elmer (Waltham, MA, USA). Radioactivity was visualized using a Typhoon 9200 variable mode imager from GE Healthcare (Velizy-Villacoublay, France). All DNA oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA, USA).




3.2. Synthesis


The compound 2 was synthesized by following a previous report [22]. Then compound 2 was mixed with the NHS ester of five functional groups in the presence of sodium bicarbonate to give the desired products (Scheme 1).
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Scheme 1. Synthesis of modified dUTPs. 






Scheme 1. Synthesis of modified dUTPs.
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Compound 1A: 2-napthylacetic acid (0.382 g; 2 mmol), N-hydroxysuccinimide (0.253 g; 2.2 mmol) and EDC·HCl (0.421 g; 2.2 mmol) were added to a 25 mL RB flask, followed by the addition of DCM (15 mL). The reaction was stirred at room temperature overnight, after which TLC (EtOAc:hexane = 1:1) analysis indicated completion. Further DCM (15 mL) was added, and the reaction mixture was washed with saturated NaHCO3 (3 × 20 mL), 1M HCl (3 × 20 mL), dried over MgSO4, filtered, and evaporated to dryness in vacuo. TLC analysis showed only one spot, MS (ESI+): 306.6 (M + Na). The NHS ester (2.5 µmol) was added to DMF (5 µL), compound 2 (250 nmol) in H2O (10 µL), and 0.8 M NaHCO3 (10 µL). A mixture of the three solutions was stirred for 2 h, after which TLC analysis (dioxane:H2O:NH3·H2O = 6:4:1) indicated completion, The reaction mixture was purified on preparative TLC (dioxane:H2O:NH3·H2O = 6:4:1; Rf = 0.18). Then HPLC purification was carried out with a protocol described previously.[21] The synthesis and purification gave rise to 22 nmol (9%). Compound 1A was quantified by the extinction coefficient of 21,000 cm−1·M−1 at 280 nm. MS (ESI+): m/z = 732.1 (M + 3Na − 2H), 754.0 (M + 4Na − 3H).



Compound 1B: Compound 1B was synthesized in the similar manner to compound 1A. The synthesis and purification gave rise to 25 nmol (10% yield). Compound 1B was quantified by the extinction coefficient of 14,300 cm−1·M−1 at 279 nm. MS (ESI+): m/z = 721.1 (M + 3Na − 2H), 743.0 (M + 4Na − 3H).



Compound 1C: Compound 1C was synthesized in the similar manner to compound 1A. The synthesis and purification gave rise to 19 nmol (8% yield). Compound 1C was quantified by the extinction coefficient of 17,500 cm−1·M−1 at 260 nm. MS (ESI+): m/z = 652.1 (M + Li), 674.1 (M + Na + Li).



Compound 1D: Compound 1D was synthesized in the similar manner to compound 1A. The synthesis and purification gave rise to 28 nmol (11% yield). Compound 1D was quantified by the extinction coefficient of 20,700 cm−1·M−1 at 280 nm. MS (ESI−): m/z = 663.9 (M − H), 685.9 (M + Na − 2H).



Compound 1E: Compound 1E was synthesized in a similar manner to Compound 1A. The synthesis and purification gave rise to 25 nmol (10% yield). Compound 1E was quantified by the extinction coefficient of 14,300 cm−1·M−1 at 279 nm. MS (ESI−): m/z = 667.1 (M − 1H), 689.1 (M + Na − 2H).




3.3. Enzymatic Incorporation


DNA Templates


(5ʹ to 3ʹ) P1 TAATCGGGAAGGTCAGGGGGGAAAAGAAAA. T1 CCTCGACAGGTAGAATCA ATGAAAAATTTTCTTTTCCCCCCTGACCTTCCCGATT. T2 CCTCGACATCTAGAATCAATG ACCGGTTTTCTTTTCCCCCCTGACCTTCCCGATT. Two PCR primers GCGCTCGCGCGCCGCG and CGGGGAGGCGTCCGGCTGCG. T3 GCCGCGACCACGCAACACCCACCTCGCCTACAAG CCCCTCCGCAGGCCGACGC



Primer extensions were conducted by following previous reports [21]. Reactions were prepared in a final incorporation volume of 10 μL reaction mixture consisting of 3 pmole 5ʹ-32P-labelled Primer, 3 pmole T1/T2. 0.02 unit pyrophosphatase, 50 µM of each dNTP and 1–6 units of DNA polymerase. Reaction mixture was incubated for 2 h at different temperature for different DNA polymerase. After the incubation, loading solution (20 μL) was added to each reaction and partial sample was loaded on denaturing PAGE (13%) and was visualized using a Phosphorimager (Molecular Dynamics–USA).



PCR reactions were conducted in a final volume of 20 μL reaction mixture consisted of 1 pmole T3, 150 pmole of each primer, 0.2 mM of each dNTP and 2 unit of enzyme. Reactions were performed at 1× thermopol buffer with a final Mg2+ concentration of 7 mM. The reaction was thermocycled for 30 cycles (15 s at 95 °C, 15 s at 58 °C and 40 s at 75 °C). A volume of 1 μL from each reaction was added to 4 μL water and 1 μL 6× DNA loading dye. Then the sample was loaded on 2% agarose gel containing 1% ethidium bromide and was visualized using a Phosphorimager.





3.4. Sequencing of the Modified DNA from PCR Amplification


All the five PCR reactions in the presence of the modified dUTPs were extracted with phenol/chloroform, 1/50 of the reaction was added to a new PCR reaction mixture consisting of 150 pmol of each primer (with overhanging 3ʹ-dAʹs), 0.2 mM of each dNTP and 2 unit of Taq DNA polymerase. The modified DNA as template was PCR amplified into natural DNA. The DNA was purified by 2% agarose gel electrophoresis. The collected DNA was inserted into pGEM-T-Easy Vector and standard TOPO cloning was performed with E. coli competent cells, and the cells were streaked onto lysogeny broth (LB) agar containing ampicillin (100 mg/L). Individual white colonies were picked and used to inoculate 1.5 mL SOC medium solution. The samples were cultured at 37 °C for 16 h. Plasmids were isolated by standard methods using a plasmid miniprep kit and bench-top centrifuge. The plasmid concentrations were quantified with a NanoDrop instrument and were restriction digested in the presence of EcoRI to screen for appropriately sized inserts. Afterwards, plasmids were submitted to the UBC NAPS Unit for sequencing.





4. Conclusions


In summary we have synthesized five modified nucleoside triphosphate analogues containing amino acid-like functional groups that may be important in aptamers and DNAzymes selections. We have explored this because the synthesis of the parent 5ʹ-amino-dUTP is especially robust and facile and thereby provides an accessible synthon for grafting various functionalities to give new dUTPs capable of functioning in a selection. These modified nucleoside triphosphates can be incorporated by Vent (exo-) DNA polymerase both in primer-extension reactions and PCR. This work demonstrates that all modified nucleoside triphosphates herein may find use in selections of modified aptamers and DNAzymes.
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Acknowledgments


This work was supported by grants from NSERC.




Author Contributions


Erkai Liu and Curtis H. Lam synthesized the modified dUTPs, Erkai Liu conducted all the incorporation tests and PCRs, and co-wrote the paper with David M. Perrin.




Conflicts of Interest


The authors declare no conflict of interest in this work.




References


	1. 
Ellington, A.D.; Szostak, J.W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990, 346, 818–822. [Google Scholar] [CrossRef] [PubMed]

	2. 
Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential enrichment-RNA ligands to bacteriophage-T4 DNA-polymerase. Science 1990, 249, 505–510. [Google Scholar] [CrossRef] [PubMed]

	3. 
Breaker, R.R.; Joyce, G.F. A DNA enzyme that cleaves RNA. Chem. Biol. 1994, 1, 223–229. [Google Scholar] [CrossRef]

	4. 
Santoro, S.W.; Joyce, G.F. A general purpose RNA-cleaving DNA enzyme. Proc. Natl. Acad. Sci. USA 1997, 94, 4262–4266. [Google Scholar] [CrossRef] [PubMed]

	5. 
Geyer, C.R.; Sen, D. Evidence for the metal-cofactor independence of an RNA phosphodiester-cleaving DNA enzyme. Chem. Biol. 1997, 4, 579–593. [Google Scholar] [CrossRef]

	6. 
Pradeepkumar, P.I.; Höbartner, C.; Baum, D.A.; Silverman, S.K. DNA-catalyzed formation of nucleopeptide linkages. Angew. Chem. Int. Ed. 2008, 47, 1753–1757. [Google Scholar] [CrossRef] [PubMed]

	7. 
Chandra, M.; Sachdeva, A.; Silverman, S.K. DNA-catalyzed sequence-specific hydrolysis of DNA. Nat. Chem. Biol. 2009, 5, 718–720. [Google Scholar] [CrossRef] [PubMed]

	8. 
Narlikar, G.J.; Herschlag, D. Mechanistic aspects of enzymatic catalysis: Lessons from comparison of RNA and protein enzymes. Annu. Rev. Biochem. 1997, 66, 19–59. [Google Scholar] [CrossRef] [PubMed]

	9. 
McKeague, M.; Derosa, M.C. Challenges and opportunities for small molecule aptamer development. J. Nucleic Acids 2012, 2012. [Google Scholar] [CrossRef] [PubMed]

	10. 
Chan, C.W.S.; Khachigian, L.M. DNAzyme Delivery Approaches in Biological Settings. Curr. Med. Chem. 2013, 20, 3448–3455. [Google Scholar] [CrossRef] [PubMed]

	11. 
Sawai, H.; Ozaki, A.N.; Satoh, F.; Ohbayashi, T.; Masud, M.M.; Ozaki, H. Expansion of structural and functional diversities of DNA using new 5-substituted deoxyuridine derivatives by PCR with superthermophilic KOD Dash DNA polymerase. Chem. Commun. 2001, 24, 2604–2605. [Google Scholar] [CrossRef]

	12. 
Kuwahara, M.; Ohbayashi, T.; Hanawa, K.; Shoji, A.; Ozaki, A.N.; Ozaki, H.; Sawai, H. Enzymatic incorporation of chemically-modified nucleotides into DNAs. Nucleic Acids Res. Suppl. 2002, 2, 83–84. [Google Scholar] [CrossRef] [PubMed]

	13. 
Kuwahara, M.; Takahata, Y.; Shoji, A.; Ozaki, A.N.; Ozaki, H.; Sawai, H. Substrate properties of C5-substituted pyrimidine 2ʹ-deoxynucleoside 5ʹ-triphosphates for thermostable DNA polymerases during PCR. Bioorg. Med. Chem. Lett. 2003, 13, 3735–3738. [Google Scholar] [CrossRef] [PubMed]

	14. 
Mehedi Masud, M.; Ozaki-Nakamura, A.; Kuwahara, M.; Ozaki, H.; Sawai, H. Modified DNA bearing 5(methoxycarbonylmethyl)-2ʹ-deoxyuridine: Preparation by PCR with thermophilic DNA polymerase and postsynthetic derivatization. Chem. Biol. Chem. 2003, 4, 584–588. [Google Scholar] [CrossRef] [PubMed]

	15. 
Sawai, H.; Nagashima, J.; Kuwahara, M.; Kitagata, R.; Tamura, T.; Matsui, I. Differences in substrate specificity of C(5)-substituted or C(5)unsubstituted pyrimidine nucleotides by DNA Polymerases from thermophilic bacteria, archaea, and phages. Chem. Biodivers. 2007, 4, 1979–1995. [Google Scholar] [CrossRef] [PubMed]

	16. 
Kuwahara, M.; Tamura, T.; Kitagata, R.; Sawai, H.; Ozaki, H. Comparison study on PCR amplification of modified DNA by using various kinds of polymerase and modified nucleoside triphosphates. Nucleic Acids Symp. Ser. 2005, 49, 275–276. [Google Scholar] [CrossRef] [PubMed]

	17. 
Ohbayashi, T.; Kuwahara, M.; Hasegawa, M.; Kasamatsu, T.; Tamura, T.; Sawai, H. Expansion of repertoire of modified DNAs prepared by PCR using KOD dash DNA polymerase. Org. Biomol. Chem. 2005, 3, 2463–2468. [Google Scholar] [CrossRef] [PubMed]

	18. 
Ohmichi, T.; Kuwahara, M.; Sasaki, N.; Hasegawa, M.; Nishikata, T.; Sawai, H.; Sugimoto, N. Nucleic Acid with Guanidinium Modification Exhibits Efficient Cellular Uptake. Angew. Chem. Int. Ed. 2005, 44, 6682–6685. [Google Scholar] [CrossRef] [PubMed]

	19. 
Kuwahara, M.; Hanawa, K.; Ohsawa, K.; Kitagata, R.; Ozaki, H.; Sawai, H. Direct PCR amplification of various modified DNAs having amino acids: Convenient preparation of DNA libraries with high-potential activities for in vitro selection. Bioorg. Med. Chem. 2006, 14, 2518–2526. [Google Scholar] [CrossRef] [PubMed]

	20. 
Kuwahara, M.; Nagashima, J.; Hasegawa, M.; Tamura, T.; Kitagata, R.; Hanawa, K.; Hososhima, S.; Kasamatsu, T.; Ozaki, H.; Sawai, H. Systematic characterization of 2ʹ-deoxynucleoside-5ʹ-triphosphate analogs as substrates for DNA polymerases by polymerase chain reaction and kinetic studies on enzymatic production of modified DNA. Nucleic Acids Res. 2006, 34, 5383–5394. [Google Scholar] [CrossRef] [PubMed]

	21. 
Lam, C.; Hipolito, C.; Perrin, D.M. Synthesis and Enzymatic Incorporation of Modified Deoxyadenosine Triphosphates. Eur. J. Org. Chem. 2008, 2008, 4915–4923. [Google Scholar] [CrossRef]

	22. 
Lam, C.H.; Hipolito, C.J.; Hollenstein, M.; Perrin, D.M. A divalent metal-dependent self-cleaving DNAzyme with a tyrosine side chain. Org. Biomol. Chem. 2011, 9, 6949–6954. [Google Scholar] [CrossRef] [PubMed]

	23. 
Sakthivel, K.; Barbas, C.F. Expanding the potential of DNA for binding and catalysis: Highly functionalized dUTP derivatives that are substrates for thermostable DNA polymerases. Angew. Chem. Int. Ed. 1998, 37, 2872–2875. [Google Scholar] [CrossRef]

	24. 
Jäger, S.; Rasched, G.; Kornreich-Leshem, H.; Engeser, M.; Thum, O.; Famulok, M. A versatile toolbox for variable DNA functionalization at high density. J. Am. Chem. Soc. 2005, 127, 15071–15082. [Google Scholar] [CrossRef] [PubMed]

	25. 
Baccaro, A.; Weisbrod, S.H.; Marx, A. DNA conjugation by the Staudinger ligation: New thymidine analogues. Synthesis-Stuttgart 2007, 13, 1949–1954. [Google Scholar]

	26. 
Macickova-Cahova, H.; Hocek, M. Cleavage of adenine-modified functionalized DNA by type II restriction endonucleases. Nucleic Acids Res. 2009, 37, 7612–7622. [Google Scholar] [CrossRef] [PubMed]

	27. 
Raindlova, V.; Pohl, R.; Sanda, M.; Hocek, M. Direct Polymerase Synthesis of Reactive Aldehyde-Functionalized DNA and Its Conjugation and Staining with Hydrazines. Angew. Chem. Int. Ed. 2010, 49, 1064–1066. [Google Scholar] [CrossRef] [PubMed]

	28. 
Raindlova, V.; Pohl, R.; Klepetarova, B.; Havran, L.; Simkova, E.; Horakova, P.; Pivonkova, H.; Fojta, M.; Hocek, M. Synthesis of Hydrazone-Modified Nucleotides and Their Polymerase Incorporation onto DNA for Redox Labeling. Chempluschem 2012, 77, 652–662. [Google Scholar] [CrossRef]

	29. 
Hollenstein, M. Nucleoside Triphosphates-Building Blocks for the Modification of Nucleic Acids. Molecules 2012, 17, 13569–13591. [Google Scholar] [CrossRef] [PubMed]

	30. 
Yu, H.Y.; Zhang, S.; Chaput, J.C. Darwinian evolution of an alternative genetic system provides support for TNA as an RNA progenitor. Nat. Chem. 2012, 4, 183–187. [Google Scholar] [CrossRef] [PubMed]

	31. 
Vaught, J.D.; Bock, C.; Carter, J.; Fitzwater, T.; Otis, M.; Schneider, D.; Rolando, J.; Waugh, S.; Wilcox, S.K.; Eaton, B.E. Expanding the Chemistry of DNA for in Vitro Selection. J. Am. Chem. Soc. 2010, 132, 4141–4151. [Google Scholar] [CrossRef] [PubMed]

	32. 
Lee, S.E.; Sidorov, A.; Gourlain, T.; Mignet, N.; Thorpe, S.J.; Brazier, J.A.; Dickman, M.J.; Hornby, D.P.; Grasby, J.A.; Williams, D.M. Enhancing the catalytic repertoire of nucleic acids: A systematic study of linker length and rigidity. Nucleic Acids Res. 2001, 29, 1565–1573. [Google Scholar] [CrossRef] [PubMed]

	33. 
Gourlain, T.; Sidorov, A.; Mignet, N.; Thorpe, S.J.; Lee, S.E.; Grasby, J.A.; Williams, D.M. Enhancing the catalytic repertoire of nucleic acids. II. Simultaneous incorporation of amino and imidazolyl functionalities by two modified triphosphates during PCR. Nucleic Acids Res. 2001, 29, 1898–1905. [Google Scholar] [CrossRef] [PubMed]

	34. 
Hollenstein, M. Synthesis of Deoxynucleoside Triphosphates that Include Proline, Urea, or Sulfonamide Groups and Their Polymerase Incorporation into DNA. Chem. Eur. J. 2012, 18, 13320–13330. [Google Scholar] [CrossRef] [PubMed]

	35. 
Perrin, D.M.; Garestier, T.; Hélène, C. Expanding the catalytic repertoire of nucleic acid catalysts: Simultaneous incorporation of two modified deoxyribonucleoside triphosphates bearing ammonium and imidazolyl functionalities. Nucleosides 1999, 18, 377–391. [Google Scholar] [CrossRef]

	36. 
Perrin, D.M.; Garestier, T.; Hélène, C. Bridging the gap between proteins and nucleic acids: A metal-independent RNAseA mimic with two protein-like functionalities. J. Am. Chem. Soc. 2001, 123, 1556–1563. [Google Scholar] [CrossRef] [PubMed]

	37. 
Kuwahara, M.; Hososhima, S.-i.; Takahata, Y.; Kitagata, R.; Shoji, A.; Hanawa, K.; Ozaki, A.N.; Ozaki, H.; Sawai, H. Simultaneous incorporation of three different modified nucleotides during PCR. Nucleic Acids Res. Suppl. 2003, 3, 37–38. [Google Scholar] [CrossRef] [PubMed]

	38. 
Hollenstein, M.; Hipolito, C.; Lam, C.; Perrin, D.M. A self-cleaving DNA enzyme modified with amines, guanidines and imidazoles operates independently of divalent metal cations (M2+). Nucleic Acids Res. 2009, 37, 1638–1649. [Google Scholar] [CrossRef] [PubMed]

	39. 
Hollenstein, M.; Hipolito, C.J.; Lam, C.H.; Perrin, D.M. A DNAzyme with Three Protein-Like Functional Groups: Enhancing Catalytic Efficiency of M2+-Independent RNA Cleavage. Chem. Biol. Chem. 2009, 10, 1988–1992. [Google Scholar] [CrossRef] [PubMed]

	40. 
Hipolito, C.J.; Hollenstein, M.; Lam, C.H.; Perrin, D.M. Protein-inspired modified DNAzymes: Dramatic effects of shortening side-chain length of 8-imidazolyl modified deoxyadenosines in selecting RNaseA mimicking DNAzymes. Org. Biomol. Chem. 2011, 9, 2266–2273. [Google Scholar] [CrossRef] [PubMed]

	41. 
Kuwahara, M.; Ohsawa, K.; Kasamatsu, T.; Shoji, A.; Sawai, H.; Ozaki, H. Screening of a glutamic acid-binding aptamer from arginine-modified DNA library. Nucleic Acids Symp. Ser. (Oxf.) 2005, 49, 81–82. [Google Scholar] [CrossRef] [PubMed]

	42. 
Shoji, A.; Kuwahara, M.; Ozaki, H.; Sawai, H. Modified DNA aptamer that binds the (R)-Isomer of a thalidomide derivative with high enantioselectivity. J. Am. Chem. Soc. 2007, 129, 1456–1464. [Google Scholar] [CrossRef] [PubMed]

	43. 
Ohsawa, K.; Kasamatsu, T.; Nagashima, J.I.; Hanawa, K.; Kuwahara, M.; Ozaki, H.; Sawai, H. Arginine-modified DNA aptamers that show enantioselective recognition of the dicarboxylic acid moiety of glutamic acid. Anal. Sci. 2008, 24, 167–172. [Google Scholar] [CrossRef] [PubMed]

	44. 
Sidorov, A.V.; Grasby, J.A.; Williams, D.M. Sequence-specific cleavage of RNA in the absence of divalent metal ions by a DNAzyme incorporating imidazolyl and amino functionalities. Nucleic Acids Res. 2004, 32, 1591–601. [Google Scholar] [CrossRef] [PubMed]

	45. 
Hollenstein, M.; Hipolito, C.J.; Lam, C.H.; Perrin, D.M. Toward the Combinatorial Selection of Chemically Modified DNAzyme RNase A Mimics Active Against all-RNA Substrates. Acs Comb. Sci. 2013, 15, 174–182. [Google Scholar] [CrossRef] [PubMed]

	46. 
Hollenstein, M.; Hipolito, C.; Lam, C.; Dietrich, D.; Perrin, D.M. A highly selective DNAzyme sensor for mercuric ions. Angew. Chem. Int. Ed. 2008, 47, 4346–4350. [Google Scholar] [CrossRef] [PubMed]

	47. 
Ting, R.; Thomas, J.M.; Lermer, L.; Perrin, D.M. Substrate specificity and kinetic framework of a DNAzyme with an expanded chemical repertoire: A putative RNaseA mimic that catalyzes RNA hydrolysis independent of a divalent metal cation. Nucleic Acids Res. 2004, 32, 6660–6672. [Google Scholar] [CrossRef] [PubMed]

	48. 
Perrin, D.M. Lifelike but Not Living: Selection of Synthetically Modified Bioinspired Nucleic Acids for Binding and Catalysis. Polym. Sci. 2012, 9, 3–33. [Google Scholar]






	
Sample Availability: Samples of the compounds are not available.







© 2015 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 license ( http://creativecommons.org/licenses/by/4.0/).







media/file4.png
7 8 9 10 11
.
ity —
—_———
e —

- N LW U O\ &L

Us





nav.xhtml


  molecules-20-13591


  
    		
      molecules-20-13591
    


  




  





media/file1.png
or .
Z1
?O . N
I
O T
et Silel
/NH
N i
N - Y,
o
O
I
24
O prd
OH
Z 1 O
OHA
'

H4OgP30





media/file2.png





media/file5.jpg
. <—Full length

-~ :
iz, Truncation Products





media/file3.jpg
9

10 11





media/file7.jpg
Product (duplex)

67mer —> Piiicis






media/file10.png
H,04P;0

O

@) }:}
R)J\O’N
O

0.8 M NaHCO;
H,O/DMF

Compound 1(ABCDE)





media/file9.jpg
o

N

0.8 MNallCO, Compound 1(ABCDE)

H,05:0.
o. H,O/DMF

OH





media/file8.png
Product (duplex)

67mer —» :
Primers






media/file6.png
Truncation Products

Full length

R AT L

e e o T e R e S ey ¥ wjﬂ

B e SRR S N Y

SRR UL - R o NS e RO

S W i DA AG S3  TI A et

I e S DNy KAV, 1 Y g A GO T






media/file0.jpg





