
Japan Advanced Institute of Science and Technology

JAIST Repository
https://dspace.jaist.ac.jp/

Title
核酸編集に向けた超高速光架橋を用いたDNAおよび

RNA操作法の開発

Author(s) 渡部, 康羽

Citation

Issue Date 2022-03

Type Thesis or Dissertation

Text version ETD

URL http://hdl.handle.net/10119/17774

Rights

Description Supervisor:藤本　健造, 先端科学技術研究科, 博士



博士論文 

 

Development of DNA and RNA manipulation using 

ultrafast photo-cross-linking toward for nucleic acid 

editing 

 

 

 

渡部 康羽 

 

 

主指導教員 藤本 健造 

 

 

北陸先端科学技術大学院大学 

先端科学技術研究科 [マテリアルサイエンス] 

 

令和 4 年 3 月 

 

 



   

 

 2 

Table of Contents 

[Chapter 1] General Introduction・・・・・・・・・・・・・・・・・・・・・・・・・5 

1.1 Structure and biological role of nucleic acids (DNA, RNA) 

1.1.1 Nucleic Acid-Based Drugs・・・・・・・・・・・・・・・・・・・・・・・ 6 

1.1.2 DNA and RNA structure ・・・・・・・・・・・・・・・・・・・・・・・・9 

1.1.3 Central dogma・・・・・・・・・・・・・・・・・・・・・・・・・・・・9 

  1.1.4 Transcription, Translation ・・・・・・・・・・・・・・・・・・・・・・・10 

  1.1.5 Oligodeoxynucleotide synthesis ・・・・・・・・・・・・・・・・・・・・ 15 

1.2. Antisense・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 27 

1.3  siRNA method ・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 18 

1.4 Ribozyme ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・19 

 1.5 DNAzyme ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・20 

1.6 Antigene method・・・・・・・・・・・・・・・・・・・・・・・・・・・・・21 

1.7 Restriction enzyme  ・・・・・・・・・・・・・・・・・・・・・・・・・・・・21 

1.8 Artificial restriction enzymes  ・・・・・・・・・・・・・・・・・・・・・・・・22 

    1.8.1 TALEN, ZNF・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・22 

 1.8.2 CRISPR-Cas9・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 23 

  1.8.3 Peptide nucleic acids (PNA) ・・・・・・・・・・・・・・・・・・・・・26 

   1.8.4 Locked Nucleic Acid (LNA)  ・・・・・・・・・・・・・・・・・・・・・・28 

1.9 3-cyanovinuylcarbazole (
CNV

K) ・・・・・・・・・・・・・・・・・・・・・・29 

1.9.1 DNA strand displacement reaction ・・・・・・・・・・・・・・・・・・・30 

1.10 Spatial and temporal control     ・・・・・・・・・・・・・・・・・・・・・・・32 

1.11 Objective of this study ・・・・・・・・・・・・・・・・・・・ ・・・・・・・33 

References・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・35 

 

 

[Chapter 2] Control of DNAzyme activity using photo-cross-linkable artificial nucleic acid 

・・・・・・・・・・・42 

2.1 Introduction  ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 43 

2.2 Material method 

2.2.1. Synthesis of 
CNV

K amidite・・・・・・・・・・・・・・・・・・・・・・・・44 



   

 

 3 

2.2.2. Synthesis and purification of Modified Oligonucleotide ・・・・・・・・・・45 

2.2.3. Denaturing PAGE Analysis  ・・・・・・・・・・・・・・・・・・・・・・50 

2.2.3. Denatured PAGE purification of pclDNAzyme・・・・・・・・・・・・・・・51 

2.2.4. DNAzyme cleavage activity evaluation ・・・・・・・・・・・・・・・・51 

2.2.5. Tm value measurement ・・・・・・・・・・・・・・・・・・・・・・・51 

2.2.6. T5 exsonuclease resistance of pclDNAzyme ・・・・・・・・・・・・51 

2.3 Results 

2.3.1. Denatured PAGE purification of photo-cross-linked DNAzyme (pclDNAzyme)52 

2.3.2 Complete inhibition of DNAzyme activity by photo-cross-linking  ・・・・・53 

2.3.3 Switching from photo-cross-linked DNAzyme to photo-splitted DNAzyme ・55 

2.3.4 Effect of cleavage activity by CNVK introduction position ・・・・・・・・・56 

2.3.5 Effect of toehold (TH) length on cleavage activity ・・・・・・・・・・・・ 59 

2.3.6 Relationship between psDNAzyme cleavage activity and Tm value  ・・・・・59 

2.3.7 Enzymatic degradation resistance of photo-cross-linked DNAzyme ・・・・ 61 

2.3.8 Sequence selectivity of psDNAzyme ・・・・・・・・・・・・・・・・・・ 62  

2.4 Consideration・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 64 

2.5 References・ ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・65 

 

 

[Chapter 3] Development of duplex invasion antigene method via photo-cross-linking 

reaction  ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・67 

3.1 Introduction・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・68 

3.2 Material methods 

3.2.1 Synthesis of 
TF
T amidite ・・・・・・・・・・・・・・・・・・・・・・・・72 

3.2.2. Oligonucleotide synthesis   ・・・・・・・・・・・・・・・・・・・・・・73 

3.2.3. Evaluation of DDI efficiency depending on various kinds of probes (DDI assay)  

・・・・・・・・・・・・・74 

3.2.3. Evaluation of the thermodynamics parameters depending on kinds of photo- 

cross-linking-inhibitor・・・・・・・・・・・・・・・・・・・・・・・・・・・74 

3.2.4. Tm value measurement ・・・・・・・・・・・・・・・・・・・・・・・・75 

3.3 Results and discussion 



   

 

 4 

3.3.1 Examination of inhibitors for improving self-photo-cross-linking inhibition・75 

3.3.2 DDI photo-cross-linking   ・・・・・・・・・・・・・・・・・・・・・・・76 

3.3.3 Thermodynamic parameters between probes  ・・・・・・・・・・・・・・78 

3.3.4 DDI efficiency by improving Tm value of Probe/Template ・・・・・・・・・81 

3.3.5 DDI efficiency with probes with all thymines replaced by 
CN

U   ・・・・・・・83 

3.4 Conclusion  ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・85 

3.5 References  ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・86 

 

[Chapter 4] Double duplex invasion to 400 mer double strand oligodeoxynucleotide using 

ultrafast DNA photo-cross-linking   ・・・・・・・・・・・・・・・・・・・・・・・89 

4.1 Introduction・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・90 

4.2 Material methods 

4.2.1. .2.1. Oligodeoxynucleotide synthesis・・・・・・・・・・・・・・・・・・ 91 

4.2.2. Photo-cross-linking between DDI probe and target DNA and its evaluation・92 

4.3 Results and discussion 

4.3.1 DDI photo-cross-linking to 400 mer DNA  ・・・・・・・・・・・・・・・92 

4.3.2 Identification of band shift by photo-cross-linked DNA ・・・・・・・・・・94 

4.3.3 Examination of reaction conditions for photo-cross-linking・・・・・・・・95 

4.4 Conclusion   ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・100  

4.5 References    ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 101 

 

 

[Chapter 5] General conclusion  ・・・・・・・・・・・・・・・・・・・・・・・・103 

 

Achievement   ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・108 

 

Acknowledgement・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・112 

 

 

 

 



   

 

 5 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1: General Introduction 

 

 

 

 

 

 

 

 

 

 

 



   

 

 6 

 

1.1.1 Nucleic Acid-Based Drugs 

 Recently, the mainstream disease treatment is antibody drugs. However, when the Human 

Genome Project was completed in 2003, genetic engineering developed and nucleic acid 

medicine attracted attention. The characteristic of nucleic acid medicine is to treat the disease 

at the genetic level, and it is expected to be applied to genetic diseases such as familial 

Alzheimer's disease. Nucleic acid drugs are classified into 4 methods. (1) 

Oligodeoxynucleotide (ODN) antisense method that binds to DNA and inhibits RNA 

transcription[1], (2) antisense method that binds to mRNA and inhibits protein translation 

[2], (3) RNAi method that interferes with DNA-RNA double strand and cleaves RNA[3], ④ 

aptamer method that binds to a specific nucleic acid or peptide[4]. Nucleic acid drugs are 

marketed mainly in the United States and Europe using the antisense method, RNAi method, 

and aptamer method. Nucleic acid drugs on the market have high immediate effects targeting 

mRNA and proteins. However, mRNA and protein are molecules that are constantly being 

produced  in the body, and only temporary effects can be obtained. In other words, in order 

to treat a fundamental genetic disease, it is necessary to inhibit the process of transcription of 

mRNA from DNA. 

Restriction enzymes are well-known as a tool for cleaving target DNA in genetic 

engineering. Restriction enzymes, however, can only recognize 6-8 bases of DNA and cannot 

cut genomic DNA in a precise position. The CRISPR-Cas9 [5] artificial restriction enzyme 

was developed in response to such conditions, making it possible to modify genomic DNA in 

a specific location. CRISPR-Cas9 uses a 20-mer sgRNA that can recognize genomic DNA in 

a specific spot and is characterized by the ease with which sgRNA may be artificially modified. 

Experimental procedures are simpler and less expensive than those used with artificial 

restriction enzymes (ZFN [6], TALEN [7]), and fluorescent dye labeling is also conceivable. 

It does, however, have issues with off-target effects and Cas9 delivery to the afflicted area. 

As CRISPR technology improves, so does the development of genome editing approaches 

based on synthetic nucleic acids. PNA and LNA, for example, create a strong hybridization 

with DNA in a usual approach. Due to its remarkably rapid action, the antigene technique 

employing artificial nucleic acids has a smaller molecule than protein enzymes and is 

relatively straightforward to deliver into the afflicted area. It is projected to be used as a 
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nucleic acid medicine. Furthermore, the interaction of the synthetic nucleic acid with genomic 

DNA can result in the formation of a single-stranded structure. It is possible to cleave and 

alter single-stranded genomic DNA by combining nucleases and small compounds (Ce/ EDTA) 

that act particularly on single-stranded genomic DNA. 

However, PNA and LNA methods have low reactivity and are difficult to use for genome 

manipulation. Therefore, DNA-targeted nucleic acid drugs have not yet been commercialized. 

 

 

Figure 1.1. Approved Nucleic Acid Drug (May 2021) 

 

1.1.2 DNA and RNA structure 

DNA (deoxyribonucleic acid) and RNA (ribonucleic acid) are genetic information of living 

organisms and are widely known as blueprint for forming biological structures. This section 

describes the history and structure of DNA. Nucleic acid chemistry begins with Johannes 

Friedrich Miescher extracting nucleic acid from the cell nucleus in 1869[8]. Nucleic acids are 

separated into DNA and RNA and are made up of three domains: acid-base, sugar, and 

phosphate, according to Phoebus Levene, who discovered them in 1929. Adenine, cytosine, 

thymine, and guanine are 4 types of bases found in DNA, thymine is replaced by uracil in 

RNA [9]. Deoxyribose and ribose, respectively, are sugars found in DNA and RNA. RNA is 

extremely reactive and less stable than DNA because it possesses a hydroxy group as a 
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substituent at the 2'position of the sugar [10]. The tetranucleotide hypothesis [11] proposing 

a model in which four bases were combined into a single molecule was accepted at the time 

of nucleic acid discovery. According to the tetranucleotide hypothesis, the molar ratios of all 

four bases are equivalent. Erwin Chargaff later discovered that the base abundance ratio was 

A = T, G = C (Chargaff's rule) [12]. A double helix structure of DNA was reported in 1953 

by James Dewey Watson and Francis Harry Compton Crick, proposing that DNA is genetic 

information [13]. The double helix of DNA has a number of properties. 1. Each 

polynucleotide chain in the double helix is made up of two polynucleotide chains. 2. The two 

polynucleotides have the same direction of travel (antiparallel). 3. The double helix has a 

right-handed orientation. 4. The backbone containing the phosphate group is orientated 

outwards, whereas the base is oriented inside the double helix. 5. The bases are joined by 

hydrogen bonds and are complimentary. 6. At around 10 base pairs, the double helix rotates 

once. 7. There are two grooves in the double helix: a major groove and a minor groove. A and 

T, as well as G and C, are hydrogen-bonded Watson-Crick base pairs (Fig.1.3). Hoogsteen 

base pairs creating triple and quadruple chains, on the other hand, have been identified. When 

the target sequence is a homopurine sequence, the triple chain is formed, and the quadruple 

chain is formed by arranging four guanines in a plane. Compared to Watson-Crick base pairs, 

Hoogsteen base pairs are rare, but their distinctive structure is likely to be useful in sectors 

like nucleic acid therapeutics and aptamers. 
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Figure 1.2. Nucleic acid structure 

   

Figure 1.3. DNA double helix structure, Watson click base pair 

 

1.1.3 Central dogma 

 Proteins were thought to constitute genetic information before DNA was discovered to be 

genetic information. Meanwhile, Torbjörn Oskar Caspersson of Sweden and Jean Louis 

Auguste Bracht of France stated in the early 1940s that intermediates were involved in DNA 

and proteins [14, 15]. Protein synthesis is now known to occur outside of the nucleus on a 

structure called the ribosome, which is made up of RNA and proteins [16]. In some viruses, 

RNA appears to carry genetic information in place of DNA, and there appears to be a strong 

link between DNA and RNA in the transmission of genetic information. 

 Based on these observations, Crick suggested the Central Dogma in 1958[17], which went 
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further than the adaptor molecule prediction. The genetic information is saved in DNA, which 

is copied into RNA, which is then translated into an amino acid sequence by some method to 

generate a protein. Each amino acid has been linked to an RNA [18], and transfer RNA 

(tRNA), which transports amino acids during protein synthesis, has also been discovered [19]. 

This information, however, was insufficient to explain the substance that transports DNA 

information from the nucleus to the ribosome. Elliot Volkin and Lazarus Astrachan infected 

E. coli with T2 phage and gave it radioactive phosphorus (32P) to analyze the base chemically. 

They discovered that they could make short-lived RNA (DNA-like-RNA) that looked more 

like T2 phage DNA than E. coli DNA [20]. Based on their study on the enzyme -galactosidase 

in E. coli, Francois Jacob and Jacques Monod hypothesized that when an enzyme protein was 

generated from a gene, the presence of an unstable molecule X was required [21]. It was 

further clarified that the unstable molecule is a DNA-like-RNA found by Volkin and 

Astrakhan, and it is responsible for copying nuclear DNA's genetic information and 

transmitting it to the ribosome [22]. As a result, the intermediate material X was given the 

name messenger RNA (mRNA) since it communicates genetic information. 

 The core idea depicted in the picture is now generally known as a result of these research. 

Retroviruses have been found to replicate DNA by utilizing reverse transcriptase and using 

RNA as a template, with certain exceptions. [23] Howard M. Temin anticipated that there 

would be a reverse transcription phenomenon. 

 

Figure 1.4. Centraldogma 

 

1.1.4 Transcription, Translation 

The following is how mRNA transcription works. 1. Transcription factors bind to the 

promoter region on the DNA strand. 2. The DNA double helix dissociates locally as RNA 

polymerase attaches to transcription factors. 3. RNA polymerase moves in the 3' 5' direction 
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and operates on her single strand of them. 4. RNA is produced by utilizing ribonucleotide 

triphosphate as a substrate at the same time. 5. The DNA bases C, T, G, and A are replicated 

into RNA as G, A, C, and U, which are complementary to each other. 6. From the 5'end to the 

3'end, the RNA strand stretches. 7. During stretching, ribonucleotide triphosphate is added 

to her 3'end, and two phosphate groups are removed. A portion of RNA produced from DNA 

is connected to protein design (exon) and a portion is not related to protein design (intron). 

Splicing is the process of eliminating introns from RNA and connecting exons together [24]. 

Furthermore, the attachment of a methylation GTP termed 5'-Cap to the 5' end of mRNA 

enhances ribosome interaction and prevents ribonuclease destruction. The 5' end of mRNA 

contains a cap structure, whereas the 3' end has a poly A chain. The translation initiation 

factor eIF4E attaches to the 5'end cap structure as well as the 3'end poly A-binding protein, 

and the two form a complex through the translation initiation factor eIF4G, which is a scaffold 

protein, resulting in a cyclic structure for the mRNA [25]. Furthermore, the translation 

terminator eRF3 binds to PABP-eIF4G and loops out the 3'UTR [26]. Some mRNA bases are 

changed in the nucleus and directed out of the nucleus through nuclear pores by RNA-binding 

proteins. The 5'end cap structure and the 3'end poly A chain not only boost the efficiency of 

such translation, but they also stabilize the mRNA by blocking exonuclease degradation from 

the end, which improves translation efficiency. It plays an important role in the regulation of 

gene expression following transcription in both mRNA stabilization processes. 

 

 

Figure 1.5. Pre-mRNA transcription by RNA polymerase 
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Figure 1.6. Process from transcription to splicing 
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To manufacture proteins, mRNA is transferred from the nucleus to the cytoplasm and binds 

to ribosomes, which are made up of two subunits, the large and the small subunits 

(translation). Ribosomes are large protein-RNA complexes, and ribosomal RNA (rRNA) is 

the RNA that makes up the ribosome [27]. The large subunit binds after the mRNA binds to 

the small subunit, and the large and small subunits travel along the mRNA toward the 3' end 

while binding amino acids. The amino acids corresponding to the base sequence are 

transported to the ribosome by transfer RNA (tRNA) [28]. The anticodon of tRNA is a triad 

base sequence that matches to the codon of mRNA. The aminoacyl-tRNA synthetase links the 

tRNA to the amino acid that corresponds to each anticodon. Aminoacyl-tRNA synthetases 

come in 20 different varieties, each with sites that recognize three different sorts of molecules: 

amino acids, tRNA, and ATP. Ribosomes have tRNA binding sites named A, P, and E, which 

are mostly made up of rRNA, and the catalytic site for peptide binding is a big subunit of 

rRNA rather than a protein. The tRNA separates from the ribosome when one amino acid is 

attached to the next amino acid. Peptide bonds join amino acids, and polypeptide production 

begins. The extended polypeptide folds into a three-dimensional structure, which can perform 

and performs the function of a protein. 

 

 

Figure 1.7. Genetic code table 
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Figure 1.8. (a) Cloverleaf  structure  of  transfer  RNA  (tRNA)  with  codon–anticodon   

pairing.  (b) Tertiary  structure  of  tRNA.  The  coordinates  are  obtained  from  Protein  

Data  Bank  entry  1EHZ. (Nat Rev Mol Cell Biol. 2021, 375-392.) 

 

Regulation of proteins that express biological functions can also be achieved by controlling 

transcription and translation. Artificial oligonucleotides can be used to interact with target 

sequences to inhibit splicing and tRNA binding.  
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1.1.5 Oligodeoxynucleotide synthesis 

 Nucleic acid (DNA, RNA) are biopolymers that can store and express genetic information, 

and its molecular structure has been clarified. On the other hand, from a chemical point of 

view, nucleic acids are biopolymers composed of carbon, hydrogen, nitrogen, oxygen, and 

phosphorus atoms. In other words, nucleic acids can be artificially synthesized. Nucleic acid 

sequences that exist in nature can be amplified by PCR [29], but specific sequences of dozens 

of bases are difficult to amplify. Nucleic acid synthesis has been studied since the 1950s, but 

the phosphate diester method (HG Khorana) [30], phosphodiester method (R. Letsinger et 

al. And C. Reese)[31], are only used phosphite method[31] used by around 1980. In the 

triester method, there are problems such as low yield and stability of the intermediate. In 

particular, nucleic acid synthesis requires repeated coupling reactions, so the yield should be 

as close to 100% as possible. Therefore, Marvin H. Caruthers developed a method for 

chemically synthesizing DNA using phosphoramidite [33]. Phosphoramidite is a compound 

in which the 3'position of a nucleoside (or deoxynucleoside), a cyanoethoxy group, and a 

dialkylamino group are bonded to a phosphorus atom. The steps of the phosphoramidite 

method are as follows. (1) Deprotection: Remove the 4,4'-dimethoxytrityl group (DMTr 

group) at the 5' position from the nucleoside supported on the solid phase. (2) Coupling: The 

nucleoside from which the DMTr group at the 5'position was removed in (1) is condensed 

with phosphoramidite (nucleic acid monomer) and an activator (activator). (Amidite 

activator) ③ Capping: In order to suppress side reactions, the 5'-hydroxyl group of the 

unreacted chain generated in ② is acetylated. ④ Stabilization: Converts phosphite ester to 

stable phosphate ester or thiophosphate ester by oxidation or sulfurization. Phosphoramidite 

is relatively stable and can be stored for a long period of time, and the reaction proceeds in 

high yield. 
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Figure 1.9. Phosphoramidite method 
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1.2 Antisense 

 ASOs are single-stranded molecules with a length of 15 to 30 nucleotides [34]. A variety of 

molecular modifications, similar to siRNAs, have been utilized to improve the 

pharmacological profile. The use of phosphorothioate as a substitute for phosphodiester 

connections between nucleotide bases confers resilience to nucleases and enhances binding 

to plasma proteins, extending plasma half-life and boosting the likelihood of target tissue 

uptake[35]. Other changes include, but are not limited to, substituting 20-O-methyl, 20-O-

methoxyethyl, and 20-fluoro groups for the 20-hydroxyl moiety to boost resistance to 

nuclease-mediated destruction. ASOs affect gene expression in two ways [36]. To begin with, 

ASOs can occupy the target mRNA without causing it to degrade, preventing it from being 

translated. Changes in RNA processing and suppression of the target mRNA's interaction 

with critical proteins, among other methods, are used to achieve this. Second, ASOs can cause 

the target mRNA to be degraded by a variety of processes, one of which being RNase H1 

cleavage. A DNA sequence in the middle of the ASO molecule (gap) flanked on both sides by 

20 -O-methoxyethyl– modified RNA nucleotides has been found as the structure that 

optimally exploits this process [37, 38]. RNase H1 degradation of mRNA is selective for RNA 

in an RNA-DNA duplex and occurs in both the cytoplasm and the nucleus [39]. In contrast 

to siRNA, most ASOs prevent the translation of mRNA based on one-to-one stoichiometry. 

Antisense nucleic acid is the oldest developed method, and in 1998, fomivirsen (Vitravene), 

a treatment for cytomegalovirus retinal inflammation for AIDS patients, was approved as a 

nucleic acid drug for the first time [40]. 

 

 

Figure 1.10. Antisense method 
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1.3. siRNA method 

In 2006, Andrew Z. Fire and Craig C. Mello were awarded the Nobel Prize in Physiology or 

Medicine for the discovery of RNA interference (RNAi), in which double-stranded RNA 

specifically cleaves mRNA [41]. RNAi is a mechanism by which double-stranded RNA forms 

a complex with a protein and specifically pairs and cleaves complementary messenger RNA. 

Similar to ASO, it is a phenomenon that suppresses gene expression. It seems to be involved 

in maintaining the stability of the genome by suppressing the defense mechanism against viral 

infection [42] and the genes that metastasize and move on the genome [43]. In addition, it 

has become clear that a large number of short double stranded RNAs called microRNAs 

(miRNAs) are expressed in vivo and regulate the expression of many genes. Furthermore, 

RNA interference can also be applied to artificially suppress gene function, so it is attracting 

attention as a highly versatile tool for gene function analysis. 

 

 

Figure 1.11 siRNA method 
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1.4 Ribozyme  

 In the body, enzymes that act as catalysts are frequently involved in chemical reactions. 

Nucleases, ligases, and polymerases are very important molecules that can be used as nucleic 

acid editing tools in vivo. and there are various types of enzymes such as redox, isomerization, 

and hydrolysis. On the other hand, it has been proven that RNA can be cleaved by the splicing 

process without the use of an enzyme. In 1989, Thomas Cech and Sidney Altman earned the 

Nobel Prize for discovering a ribozyme in which nucleic acids cleave nucleic acids [44]. The 

discovery of ribozymes suggests that information-holding RNA is catalytic. It was 

demonstrated that RNA may evolve on its own by repeated cleavage and ligation. Harry Noller 

et al. reported in 1992 that thermophile 23S rRNA could generate peptide linkages after being 

extensively deproteinized, revealing the ability of RNA to make proteins [45]. In 1998, 

Kimitsuna Watanabe et al. discovered that Escherichia coli's 23S rRNA catalyzes the synthesis 

of peptide bonds. [46] To put it another way, atomic life is thought to begin with RNA, which 

acts as a catalyst for protein production in order to exhibit biological functions. There are 

various types of ribozymes. The hammerhead ribozyme, a self-cleaving RNA, is one of them 

[47]. This ribozyme was identified in viroids and plant viruses' satellite RNA, which is a 

single-stranded RNA. When heated combined with magnesium ions, the sequence of these 

RNAs breaks by itself, and the secondary structure of that section is shaped like a hammerhead, 

hence the term hammerhead ribozyme. A hairpin ribozyme has been discovered in addition 

to the hammerhead ribozyme. The nucleotide sequences conserved among diverse 

hammerhead ribozymes were then deciphered, and it was discovered that they were split 

between an enzyme area and a substrate region that recognizes the sequence. Ribozymes are 

tiny and simple to make, and several artificial ribozymes have already been created and their 

activity and selectivity validated [48]. 

 

Figure 1.12 Hammerhead ribozyme secondary structure and RNA degradation scheme 
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1.5 DNAzyme  

 Ribozymes are particularly unique molecules in which nucleic acids alter RNA and are 

predicted to be used in domains such as nucleic acid therapy and DNA nanotechnology [49, 

50, 51]. However, because ribozyme is made up of RNA, its stability is quite low. Because of 

its limited stability, the flaws are mitigated by a method of lipofecting a large amount of 

ribozyme for use as RNAi [52] and a vector that can be produced in huge amounts. As a result, 

DNAzyme, a nucleic acid with enzymatic activity similar to ribozyme, was discovered. 

DNAzyme is less likely to be degraded than RNA, which improves its stability and facilitates 

its use. When compared to ribozyme, DNAzyme is less likely to be destroyed, which improves 

stability and makes artificial synthesis easier. DNAzymes with functionalities such as target 

mRNA cleavage [53], ligation [54], and DNA phosphorylation [55] have been created. They 

were discovered using in vitro screening technology (the SELEX method), and they have a 

high structural recognition capacity [56]. Those with RNA-cleaving activity are particularly 

useful in cancer treatment and are receiving study interest. DNAzyme, similar to ribozyme, is 

separated into a substrate region and a catalytic region that recognizes sequences. The more 

firmly Watson-click pairing attaches to the substrate, the longer the enzyme region is. [57] 

Several mRNA-cleaving DNAzymes have been produced, and two varieties, 8-17 DNAzyme 

and 10-23 DNAzyme, have shown to have very strong cleavage activity and have been studied 

extensively. Cations (Mg2+, Cu2+, Pb2+, Mn2+, Na+) can cleave the phosphodiester link 

between the unpaired purine and the paired pyrimidine [58]. DNAzyme is also used in 

biosensors and DNA nanotechnology since it is more stable and easier to intentionally 

manipulate than Ribozyme and enzyme proteins, and it has a high substrate selectivity. 
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Figure 1.13 Two type DNAzymes and RNA cleavage schemes 

 

 

1.6 Antigene 

 Recently, the majority of nucleic acid medications work by inhibiting protein translation by 

acting on RNA. However, because RNA is always copied from DNA, the effect of suppressing 

protein translation is only transitory. Inhibition of DNA-to-mRNA transcription, which is the 

most upstream of the basic dogma, is required for the final treatment of genetic diseases. 

Transcriptional suppression is particularly difficult since DNA forms a double helix structure 

and is more molecularly stable than RNA. Restriction enzymes are the most well-known DNA 

editing tool [59].  

 

 

1.7 Restriction enzyme 

Restriction enzymes cut DNA in bacteria to defend themselves against external foes like 

bacteriophage. It became possible to artificially recombine DNA, such as plasmids, after the 

sequence recognition bases of restriction enzymes were examined. However, restriction 

enzymes' sequence recognition bases are typically around 4-6 bases, making it challenging to 

specifically break long-chain DNA like genomic DNA. The recognition sequence of BamHI, 

for example, is GGATCC, and when it works on human and plant chromosomal DNA, it 

cleaves at a frequency of once every 4000-5000 base pairs and in pieces.  
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Figure 1.14 Cleavage scheme of restriction enzyme (EcoRI) 

 

 

1.8 Artificial restriction enzymes 

Most restriction enzymes have a recognition sequence length of 4-6 bp and are unable to cut 

genomic DNA in a position-specific manner. Restriction enzymes have been improved and a 

type that recognizes 10 bp has been developed, but it is not sufficient for application to 

genomic DNA. A recognition sequence of 20 bp or more is required for position-specific 

cleavage of genomic DNA. In this section, we will summarize the artificial restriction enzymes 

and show the current issues. 

 

 

1.8.1. ZFN, TALEN 

The first-generation zinc finger nuclease (ZFN) was discovered in 1996, and it was used to 

create an artificial restriction enzyme that could target genomic DNA. ZFN is a chimeric 

protein that has a DNA recognition and binding domain as well as a DNA cleaving domain 

(endonuclease FokI). In many organisms, the zinc finger is a protein found in the DNA-

binding domain of transcription factors. Three bases can be recognized by one finger, and 

several fingers can be joined. A 4-finger ZFN, for example, can detect 12 bases, while a dimer 

can recognize a total of 24 bases [60]. Only one place in mammalian genomic DNA does a 

sequence of 24 bases appear consecutively. Among protein enzymes, ZFNs have the benefit 

of being tiny in size. However, the specificity of neighboring zinc fingers is affected by the 

zinc finger motifs ordered within the array, making the design and selection of modified zinc 

finger arrays more complicated and time-consuming. ZFNs with great specificity, on the other 

hand, are extremely difficult to make and have a high cost. 

The second generation of genome editing tools, Transcription activator-like effector 
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nucleases (TALEN), was announced in 2010. The Transcription activator-like effector 

(TALE) and endonuclease FokI produced by the phytopathogenic bacterium Xanthomonas 

are used to create TALEN, an artificial restriction enzyme. TALE recognizes the nucleotide 

sequence using DNA binding repeats (TALE repeats) with 34 amino acid residues as a unit. 

A dimer can recognize 30-40 bases, while a TALE repeat can detect 15-20 bases [61]. Because 

each TALE domain's activity is confined to one nucleotide and does not impact the binding 

specificity of neighboring TALEs, TALEN engineering is easier than ZFN engineering. 

 

 

Figure 1.15 Binding to DNA by TALENs and ZFNs 

 

ZFNs and TALENs are very useful, but have several drawbacks, including high system 

manufacturing costs, off-target cutting, and extensive processes that require time and effort. 

 

 

 

1.8.2 CRISPR-Cas 

 Although the development of TALEN has simplified genome editing, the complexity of 

production and manipulation remains a hurdle. CRISPR-Cas9 is a third-generation artificial 

restriction enzyme that is exceedingly simple to create. It was first announced in 2012. 

Jennifer Doudna and Emmanuelle Charpentier collaborated to develop CRISPR-Cas9, a 

technology that makes use of the newly acquired immune system. [62] The viral DNA is taken 
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up at the CRISPR locus recently, and when it is infected again, the viral DNA is cleaved using 

a short RNA (single guide RNA: sgRNA) transcribed from the CRISPR locus. sgRNA is 

around 20 bases long and can target genomic DNA in a single location. Cas9 cleavage requires 

a sequence known as the PAM (protospacer flanking motif) sequence, which Cas9 recognizes 

in addition to sgRNA binding. 5'-NGG-3' is the normal wild Cas9 PAM recognition sequence. 

Because of its simplicity, the CRISPR-Cas system can be built and controlled in the laboratory, 

and research on it as a genome editing method is quickly expanding. Not only Cas9, but also 

Base Editor [63] has been developed to allow base altering (A to T, C to U). Cas12f [64], an 

RNA-targeting enzyme, has also been developed. 

The CRISPR system is easy to modify artificially and light-triggered activity control has been 

reported.. The photoactivatable RNA N6-methyladenosine (m6A) editing system [65] was 

successfully switched from an inactive state to an active state in response to blue light. 

However, it requires upconversion nanoparticle membranes and multiple protein domains, 

which complicates design and manipulation. The CRISPR system was originally created as 

a basic bacterial defensive mechanism. CRISPR, in other words, lacks a regulating mechanism. 

The longer CRISPR stays intracellularly for use as a nucleic acid medication, the more likely 

it is to be hazardous due to its off-target effect. Anti-CRISPR proteins that disable CRISPR 

have been developed as a solution to this problem [66]. To improve off-target impacts, 21 

families have been discovered and studied so far [67]. 

In addition to sgRNA, PAM sequences are required, and sequence design is not completely 

unrestricted. 
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Figure 1.16 DNA cleavage scheme by CRISPR-Cas9 

 

 

 

Figure 1.17 Spatiotemporal regulation of CRISPR-Cas13 by blue light irradiation 
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1.8.3 Peptide nucleic acids (PNA)  

 In addition to the three protein-based artificial restriction enzymes stated above,  there are 

other genome editing approach using  a simpler artificial nucleic acid to stop mRNA 

production. 

 Peptide nucleic acids (PNA) is a peptide-backed artificial oligonucleotide mimic [68]. 

PNA's most distinguishing property is that it combines the properties of both peptides and 

nucleic acids. The main chain of DNA and RNA is sugar, whereas of PNA is N- (2-

aminoethyl) glycine. A methylene group and a carbonyl group are then used to connect a 

purine or pyrimidine ring matching to a nucleobase to the main chain. The effect of 

electrostatic repulsion is modest in PNA because it lacks the charge of the phosphate site 

found in DNA and RNA, and the  binding of PNA/DNA  is stronger than the double strand 

of DNA/DNA. [69, 70] However, due to its high binding force, PNA promotes the stability 

of PNA/PNA. To address these issues, derivatives have been developed.  

 

 

Figure 1.17 Chemical structure of PNA 

 

The most representative derivative is pseudocomplementary PNA (pcPNA) [70, 71], which 

substitutes 2,6-diaminopurine (D) and 2-thiouracil (sU) for adenine and thymine, 

respectively. PNA / PNA was successfully destabilized due to steric hindrance between the 

thio group of sU and the two amino groups in the sU-D pair [72, 73]. Despite the fact that 

this steric hindrance destabilizes the pcPNA-pcPNA double strand, it has a greater binding 

force to pcPNA-DNA than unmodified PNA. Artificial nucleic acids can now invade a highly 

stable DNA double helix thanks to the development of pcPNA. Furthermore, by adding Lysine 

to the amino acid residue of PNA, chiral PNA [71] was produced, in which the PNA probe 

has a positive charge. The binding force of chiral PNA to the negatively charged DNA of 

phosphoric acid is increased electrostatically, and the PNAs repel each other with positive 

charges. In addition to the steric barrier of pcPNA, electrostatic contact greatly improved 
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invasion efficiency when compared to the DNA probe. Using pcPNA invasion, Frank-

Kamenetskii et al. were able to produce a single-stranded structure in DNA and successfully 

detect a specific sequence [72]. 

 

 

Figure 1.18 Chemical structure of pcPNA and double duplex invasion 

 

 

Figure 1.19 Chiral PNA chemical structure and double duplex invasion 
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1.8.4 Locked Nucleic Acid (LNA) 

 LNA [73] is an artificial nucleic acid that improves DNA stability. It has been crosslinked 

with 2'-O, 4'-C methylene. When the flexibility of the ribofuranose ring is limited, 

immobilization of the 3'-endo conformation forms a very strong double helix structure. LNA 

has the properties of improving the stability of hybridization to DNA, being resistant to 

enzymatic degradation, and being phosphoramidite produced. PNA is difficult to produce 

because it contains an amino acid backbone. It can be entirely automated if the 

phosphoramidite method is used, which decreases the difficulties of preparation. Furthermore, 

a DNAzyme (LNAzyme) with enzymatic degradation resistance can be generated by 

exploiting LNA's enzymatic degradation resistance and substituting several bases of 

DNAzyme with LNA. 

 LNA can create a stable hybridization with DNA and can invade a stable DNA double helix, 

similar to PNA. Zorro-LNA [74], which achieved double duplex invasion by creating a probe 

with a very distinctive structure, is the most characteristic technique of antigene effect by 

LNA. Zorro-LNA invades like a DNA double helix when the probe has already hybridized to 

the target DNA. The force needed to push out the probe is weakened in the structure in which 

the invasion is pried open and hybridized, allowing a stable invasion structure to emerge. 

 

 

Figure 1.21 Chemical structure of LNA and α-L-LNA 
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1.9 3-cyanovinuylcarbazole (CNVK) 

CNVK is a reversible photoresponsive artificial nucleic acid that specifically photo-cross-links 

and cleaves pyrimidine bases upon UV irradiation [76]. It has a carbazole skeleton, and from 

the 3-position of carbazole, a vinyl group with a cyano group extends. Furthermore, the 

nitrogen at position 9 forms a nucleoside by covalently bonding with deoxyribose. Because 

carbazole contains two benzene rings, it features hydrophobic flatness and a simple molecular 

electronic transition. UV irradiation causes electrons to move to the vinyl group on the cyano 

group's side, which is an appealing substituent. The electrons going to the vinyl group form a 

covalent link with the pyrimidine base's double bond between C5 and C6 ([2+2] 

photocyclization process). Furthermore, the CNVK-photo-cross-linked vinyl group reacts with 

the pyrimidine base on the 3' side to 1 base. It has the advantage of reacting at an ultra-high 

speed compared to other photo-cross-linking devices because the cross-linking only takes 1 

second to react. Furthermore, when treated with light at 312 nm under heating circumstances, 

covalent bonds undergo a photocleavage reaction. CNVK has used a cross-linking procedure to 

achieve 19F-NMR chemical shift imaging [77] and site-specific deamination to convert 

cytosine to uracil [78]. Furthermore, CNVK introduced antigene probe was successful in double 

duplex invasion via photo-cross-linking [79]. double duplex invasion is normally a 

thermodynamically unstable equilibrium reaction. When CNVK is photo-cross-linked in the 

double duplex invasion state, however, the thermal equilibrium is irreversible and the probe 

is immobilized. CNVK is a one-of-a-kind photo-responsive molecule that contributes 

significantly to both medicinal and DNA nanotechnology applications. 

 

 

 

Figure 1.22 Chemical structure of CNVK and photo reversible reaction of CNVK 
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1.9.1 DNA strand displacement reaction 

The Tm value is extensively used as a numerical indicator of double-stranded DNA stability. 

The Tm value is the temperature at which double-stranded DNA dissociates by 50% to become 

single-stranded DNA due to thermal equilibrium. The stability of the double strand is closely 

linked to its length as well as its interactions with nearby molecules, such as the number of 

hydrogen bonds between the AT and GC pairs. Thermodynamic calculation approaches 

include the GC percent method and the nearest base pairing method [80]. The Tm value is 

frequently used to determine the length of the primer used in PCR. 

A DNA strand (Invader strand) with a steady Tm value  displaces a partially complementary 

DNA strand (Passenger strand) of a double-stranded DNA in the DNA strand displacement 

reaction [82]. The partially complementary DNA strand (Passenger strand) and the template 

DNA strand (Template strand) both have a non-complementary sequence (Toehold), and 

the Invader strand becomes a complementary foothold sequence. When the Invader chain is 

hydrogen-bonded to the Toehold section, it competes with the Passenger chain for 

equilibrium. The equilibrium reaction, however, favors the Invader chain and finally expels 

the Passenger chain because the Invader chain is thermodynamically more stable than the 

Passenger chain. The direction and speed of the DNA strand substitution process can be 

freely changed by adjusting the length of the toehold. The DNA strand displacement reaction 

is intended to be used to create precise and information-processing molecular circuits using 

physical arithmetic elements [81] and logic gates [82]. 

We concentrated on the equilibrium of the DNA strand substitution reaction in our lab, 

and we were able to induce the photocleavage reaction under more relaxed conditions [83]. 

CNVK photo-cleavage reaction necessitates irradiation with light at 312 nm while heated, and 

cytotoxicity has been a concern. When irradiated with light at 366 nm, the cross-linking and 

cleavage reactions are in equilibrium in CNVK, but the cross-linking process is overwhelmingly 

favorable. 

The Invader strand has a thermodynamic advantage over the Passenger strand in inducing 

an equilibrium reaction of 366 nm photoirradiation at the cross-linking location to a >80% 

cleavage reaction, according to research. By permitting reversible reaction at long 

wavelengths, it is likely to be applied to novel applications [84]. 
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Figure 1.23 DNA strand exchange reaction and thermally irreversible DNA strand exchange 

reaction using CNVK probe 
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1.10. Spatial and temporal control 

In order to elucidate advanced biological phenomena caused by the aggregation of a large 

number of cells, it is necessary to analyze the individuality of each cell in a cell population 

such as a living tissue. In recent years, the use of photoirradiation to elucidate, regulate, and 

image biological functions has been actively pursued in biology. Photoirradiation is easy to 

control in terms of timing, power, and irradiation range. 

Optogenetics has been attracting attention as a field of biology that utilizes photoirradiation. 

Optogenetics is a technology that controls cellular activities by turning light irradiation on 

and off. By exposing photo activable substances in specific groups of cells or specific neural 

pathways to photoirradiation, it is now possible to control their expression. For example, by 

irradiating photo on neurons expressing channelrhodopsin, they have succeeded in actually 

inducing hand movement. [85] 

Nucleic acid drugs that use photoirradiation as an external trigger have many great advantages. 

In other words, CNVK has the potential to become a photo-triggered, spatiotemporally 

controllable nucleic acid drug. By combining the technology of optogenetics, it is expected to 

have a very wide range of applications, including easy introduction into cells. 

 

 

Figure 1.24 Regulation of ion channels by photoirradiation. (Nature Commun. 2020, 11, 

3211) 
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1.11 Objective of this study 

Genome editing has gained a great deal of interest in the fields of genetic engineering and 

gene therapy. Among genome editing, gene disruption is used for various purposes such as 

recombination and knockout. Currently, CRISPR-Cas9 is attracting attention as a DNA 

cleavage tool, and RNAi is attracting attention as an RNA cleavage tool. However, enzymatic 

methods have limitations in terms of reaction conditions such as optimal pH, buffer, and 

temperature. Nucleic acid cleavage using artificial oligonucleotides has been developed as a 

non-enzymatic method. The method using artificial oligonucleotides has fewer restrictions on 

reaction conditions and has higher sequence selectivity. But on the other hand, the cleavage 

of nucleic acids by artificial oligonucleotides has many problems compared to enzymes, such 

as low reactivity and difficulty in control. To solve these problems, the aim of this study is to 

develop a new nucleic acid cleavage tool using CNVK, which is independent of hydrogen 

bonding. CNVK specifically forms covalent bonds with pyrimidine bases upon photo-irradiation. 

Nucleic acid cleavage tools combined with CNVK form thermally irreversible structures and are 

expected to be spatiotemporally controlled. 

 

In Chapter 2, we will control the activity of DNAzyme, which is expected to be a tool for RNA 

cleavage. The DNAzyme is a nuclease composed of nucleic acids that can specifically cleave 

target RNA. However, DNAzyme has not been applied to RNAi under in vivo conditions 

because its activity is always at ON state but it is necessary to control its activity at the desired 

location and timing. In the control methods reported so far, the switch from the active OFF 

state to ON state is dependent on hydrogen bonding. Therefore, we devised a thermally 

irreversible control method of DNAzyme activity by covalent bonding. The photo-cross-

linked DNAzyme can completely inhibit the interaction with the target sequence. In addition, 

the covalent bond is expected to provide resistance to enzymatic degradation. 

 

In Chapter 3, we aim to construct a thermally irreversible structure of DDI probes. The 

invasion structure of DDI probes is important for DNA cleavage using artificial 

oligonucleotides. When a DDI probe invades a DNA duplex, it induces a site-specific single-

stranded structure. In combination with Ce/EDTA or S1 nuclease, which specifically cleave 

single-stranded structures, DNA duplex cleavage becomes possible. However, the DDI probes 
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developed in previous studies are thermoreversible, and it is difficult to maintain the invasion 

structure. Therefore, we aimed to develop a DDI probe incorporating CNVK to construct a 

thermally irreversible invasion structure. However, there is a concern that the DDI probe with 

CNVK may cause self-photo-cross-linking between probes. In this study, we investigate a device 

that suppresses the self-photo-cross-linking of probes. In addition to 5-cyanouracil, which has 

already been reported, we will examine Spacer and dSpacer. 

 

As DNA increases in size, it forms multiple higher-order structures. This can vary from 

supercoiled structures in plasmid DNA to histone interactions in genomic DNA. Against this 

background, previous studies have validated DDI for DNA of several hundred base pairs, and 

the next step is to study plasmids and genomes. Therefore, in Chapter 4, we will examine DDI 

photo-cross-linking for 400 mer DNA. In addition, we will optimize the probe using the self-

crosslinking inhibitor selected in Chapter 3. 
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[Chapter 2] Control of DNAzyme activity using 

photo-cross-linkable artificial nucleic acid 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

 43 

2.1 Introduction 

Ribozymes are nucleic acid enzymes composed of RNA and are unique molecules that cleave 

RNA [1]. It was discovered in the 1980s and is currently being studied all around the world 

as a key clue to the puzzle of biological evolution. Ribozymes are comprised of two regions: 

an enzyme core and a substrate core, the latter of which can be altered artificially [2]. In the 

1990s, an in vitro selection strategy was used to generate a DNA-based nucleic acid enzyme 

that was more stable than ribozyme and facilitated artificial production [3]. While DNAzyme 

is likely to be used in DNA nanotechnology and biosensors, it has a number of drawbacks 

when it comes to gene therapy. 

 

 

Figure 2.1. Cleavage scheme of 8-17 DNAzyme 

 

 

In order to use DNAzyme in vivo, it is necessary to have precise activity regulation, ease of 

trigger injection, and no release of distinct molecules. However, it is difficult to entirely 

control DNAzyme activity in vivo. So far, strand displacement reactions [4, 5], metal ions [6, 

7], disulfide exchange reactions [8] and have been used to regulate DNAzyme activity. The 

method of controlling DNAzyme using strand displacement reactions is the simplest, and 

there are many reports. The OFF state forms a higher-order structure so that the enzyme core 

cannot be activated. The OFF state has mask strand, which is a complementary sequence to 

the substrate strand. When the substrate strand hybridizes to the OFF state DNAzyme, the 

enzyme core forms an ON state. DNAzyme activity controled by disulfide exchange reactions 

is a method that uses inhibitor strands that form disulfide bonds instead of substrate strands. 

Inhibitor strands are sequences that are completely complementary to DNAzymes and inhibit 

substrate strand hybridization. Hypoxic X-irradiation cleavages the disulfide bond and 
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switches the DNAzyme to the ON state. The DNAzyme activity control method using metal 

ions switches the structure by complex formation. Normally, it is in the OFF state in a single-

stranded ODN, but when a specific metal ion approaches, it forms a complex possessing a 

secondary structure like a DNAzyme. However, because the cell contains a variety of reducing 

agents and metal ions, disulfide bonds are cleaved, producing conformational alterations. 

They are unable to completely inhibit DNAzyme activity because they generate DNAzyme 

activity leakage. As a photochemical approach for modulating DNAzyme activity [9, 10], it 

was created using cage nucleosides and azobenzene [11]. The control method using 

photoresponsive molecules utilizes artificial nucleic acids to form an OFF state secondary 

structure. Photoirradiation causes the protecting group to come off and isomerization occurs, 

switching to the ON state. However, introducing just one photoresponsive molecule causes a 

leak of DNAzyme activity, hence many photoresponsive molecules are required. To solve the 

problem of DNAzyme activity regulation, designing a method that can form reversible 

covalent connections and is easy to manage both temporally and spatially is required. 

We previously reported a reversible photo-cross-linker termed 3-cyanovinylcarbazole, which 

can photo-cross-link to a pyrimidine base positioned One base 3' to its counter base via [2+2] 

cycloaddition by 385 nm or 365 nm irradiation and photo-split by 312 nm irradiation. A T4 

loop[12] and passenger strand were extended from the 3' side of the 8-17 DNAzyme to design 

a sequence that photo-cross-link with substrate strand. When photo-cross-linking happened, 

it was expected that DNAzyme activity would be inhibited, and with photo-splitted DNAzyme 

(psDNAzyme) activity would flip from the OFF state to the ON state. 
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Figure 2.2. DNAzyme activity control method. (A) DNAzyme activity control scheme using 

DNA strand substitution reaction (RSC Adv., 2018, 8, 29338). (B) DNAzyme activity control 

scheme using metal ions (Angew Chem Int Ed Engl., 2020, 59(48), 21488). (C) DNAzyme 

activity control scheme using disulfide exchange reaction (Bioorg Med Chem Lett., 2015, 

25(2), 310-2). (D) DNAzyme activity control scheme using photocaged nucleoside. (ACS 

Chem. Biol., 2016, 11(2), 444–451.) 
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2.2 Materials and Methods 

2.2.1. Synthesis of CNVK amidite 

Phosphoramidite of CNVK was synthesized using the method outlined in the literatute (Figure 

2.3-2.9).  

 

 

Figure 2.3. Synthesis overview scheme of CNVK amidite 
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Figure 2.4.  Synthesis scheme of 3-Iodocarbazole 

 

Carbazole (8.0 g) was placed in a 1000 ml flask, and H2SO₄ (2.5 ml) in EtOH (100 ml), NaIO4 

(2.58 g), and Iodine (6.16 g) were added in this order and reacted at 65 ℃. for 1 h. The 

reaction was followed by TLC (Hexane: Ethyl Acetate = 4: 1), and the disappearance of the 

starting material was confirmed. Neutralized with NaOH (5.70 g) in EtOH and the product 

was dissolved with CHCl₃. Extraction was performed 3 times using distilled water, and the 

organic phase was dehydrated for 1 h by adding Na2SO₄. Na2SO4 was removed by filtration 

and 3-Iodocarbazole was recrystallized from CHCl3. The target product was obtained (5.05 g, 

35.8%). 

 

 

Figure 2.5. Synthesis scheme of 3-cyanovinylcarbazole 

 

In an glass vessel was placed palladium acetate (193 mg, 0.86 mmol), DMF (4.5 mL), 3-

Iodocarbazole (2.4 g, 8.23 mmol), tributylamine (2.3 mL), acrylonitrile (1.4 mL, 21.3 mmol). 

The microwave cavity was sealed and the vessel was placed within. The temperature was 

scaled from room temperature to the desired temperature of 160 ℃ using 60 W microwave 

irradiation. The reaction mixture was kept at this temperature for 20 minutes once it was 

achieved. After allowing the reaction mixture to cool to room temperature, TLC 

(Hexane/AcOEt, 4:1) was used to check for the presence of starting material. After 



   

 

 48 

evaporating the reaction mixture, the residue was chromatographed on a silica gel with 

hexane/AcOEt (4:1, v/v) as the eluent, yielding 3-cyanovinylcarbazole (1.47 g, 81.9%). 

 

 

 

Figure 2.6. Synthesis scheme of 3-cyanovinylcarbazole-1’-β-deoxyriboside-3’, 5’-di-(p-

toluoyl)ester 

 

3-cyanovinylcarbazole (1.26 g, 13.9 mmol) was added to a solution of potassium hydroxide 

(1.10 g, 19.9 mmol) and TDA (Tris[2-(2-methoxyethoxy)ethyl] amine) (90.0 mg, 0.28 

mmol) in CH3CN (100 mL) and the reaction mixture was stirred for 30 minutes at room 

temperature. Toloylchlorosugar (3.00 g, 7.7 mmol) was added to this reaction mixture at room 

temperature, and the reaction mixture was stirred for 60 minutes at room temperature. TLC 

(hexane/AcOEt, 4:1) was used to check for the disappeared of starting material in the reaction 

mixture. The reaction solution was filtered and the solvent was removed by an evaporator as 

eluent to give 3-cyanovinylcarbazole-1’-β-deoxyriboside-3’, 5’-di-(p-toluoyl)ester (3.02 g, 

86.0%). 
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Figure 2.7. Synthesis scheme of 3-cyanovinylcarbazole-1’-β-deoxyriboside 

 

0.5 M methanolic NaOCH3 (0.41 mL, 7.5 mmol) was added to a solution of 3-

cyanovinylcarbazole-1'-deoxyriboside-3', 5'-di-(p-toluoyl)ester (3.02 g, 2.0 mmol) in MeOH 

(85 mL) and the reaction mixture was agitated at room temperature overnight. TLC 

(CHCl3/MeOH, 9:1) analysis of the reaction mixture revealed the absence of starting material. 

After evaporating the reaction mixture, the residue was chromatographed on a silica gel using 

CHCl3/MeOH (9:1, v/v) as eluent to give synthesis of 3-cyanovinylcarbazole-1’- β -

deoxyriboside (0.73 g, 78.1%). 

 

 

 

 

Figure 2.8. Synthesis scheme of 5’-o-(4, 4’-dimethoxytrityl)-3-cyanovinylcarbazole-1’-β-

deoxyriboside 

 

A solution of 4,4'-dimethoxytrityl chloride (0.88 g, 2.6 mmol) and 4-(dimethylamino)pyridine 

(54.2 mg, 0.44 mmol) in pyridine (14 mL) was added to a solution of 3-cyanovinylcarbazole-

1'-deoxyriboside (0.73 g, 1.96 mmol) in pyridine (14 mL) and the reaction combination. 

Following the evaporation of the reaction mixture, the residue was chromatographed on a 

silica gel using CHCl3/MeOH/Et3N (19:1:0.2, v/v/v) as eluent to give 5’-protected 5’-o-(4, 

4’-dimethoxytrityl)-3-cyanovinylcarbazole-1’-β-deoxyriboside (0.72 g, 61.2%). 
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Figure 2.9. Synthesis scheme of 5’-O-(4, 4’-dimethoxytrityl)-3-cyanovinylcarbazole-1’-β-

deoxyriboside-3’-O-(cyanothoxy-N, N’-diisopropylamino) phosphoramidite 

 

5’-o-(4, 4’-dimethoxytrityl)-3-cyanovinylcarbazole-1’-β-deoxyriboside (0.72 g, 1.13 mmol), 

2-cyanoethyl N,N,N',N'-tetraisopropylphosphorodiamidite (360 mL, 1.1 mmol) in CH3CN 

(2.7 mL), and 0.45 M 1H-tetrazole in CH3CN (1.1 mL) were added, and the reaction After 

that, AcOEt was used to extract the reaction mixture, which was then washed with a saturated 

aqueous solution of NaHCO3 and water. The organic layer was recovered, dried over 

anhydrous sodium sulfate, filtered, and evaporated at reduced pressure to dryness. Then, the 

crude product in a sealed bottle was dissolved in CH3CN and coevaporated three times as 

eluent to give 5’-O-(4, 4’-dimethoxytrityl)-3-cyanovinylcarbazole-1’-β-deoxyriboside-3’-O-

(cyanothoxy-N, N’-diisopropylamino) phosphoramidite (0.55 g, 58.4%). 

 

2.2.2. Synthesis and purification of Modified Oligonucleotides 

CNVK-introduced oligonucleotides were synthesized using a DNA synthesizer (ABI 3400 DNA 

Synthesizer, Applied Biosystems, Foster City, CA, USA) according to the phosphoramidite 

method. The synthesized ODN was reacted with a 28% ammonia solution at room 

temperature for 1 hour and excised from the CpG support. The protecting group was removed 

from the collected samples by heating at 65 ℃ for 4 hours. The deprotected ODN was solvent 

removed with SpeedVac. The target product was purified using a reverse phase column, Inert 

Sustain TMC18 column, Cosmosil TM5 C18-AR-II column (5 µm, 10 × 150 mm, (Nacalai 

Tesque, Kyoto, Japan), flow velocity 3.0 mL / min, 60 ℃). Purified samples were freeze dried. 

The identification of ODN was confirmed by MALDI-TOF-MS. Substrate strand was 

purchased from Fasmac (Kanagawa, Japan).  
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Table1. Sequence of DNAzyme and substrate strand 

ODN Sequence (5’ to 3’) 
Cacld. 

[M+H]+ 
Found 

 Pas6 
CATCTCTTCTCCGAGCCGGTCGAAATAGTGA

GTTTTTACTCAKTATAGAAGA 
16052.72 16053.09 

Pas9 
CATCTCTTCTCCGAGCCGGTCGAAATAGTGA

GTTTTTACTCACTAKAGAAGA 
16037.72 16045.89 

Pas11 
CATCTCTTCTCCGAGCCGGTCGAAATAGTGA

GTTTTTACTCACTATAKAAGA 
16012.71 16013.51 

Pas13 
CATCTCTTCTCCGAGCCGGTCGAAATAGTGA

GTTTTTACTCACTATAGAKGA 
16028.71 16028.54 

Substrate Cy3-ACTCACTATrAGGAAGGATG * * 

 

 

2.2.3. Denaturing PAGE Analysis 

Polyacrylamide gel electrophoresis (PAGE) was performed using 15% polyacrylamide 

containing 8M urea. Electrophoresis was performed at 150 V for 60 minutes, and the 

fluorescence image was analyzed with a fluorescent image was analyzed by luminescent image 

analyzer (LAS3000, Fujifilm, Tokyo, Japan). 

 

2.2.4. DNAzyme cleavage activity evaluation 

pclDNAzyme (100 nM), buffer (50 mM Tris-HCl (pH = 7.5) containing 200 mM KCl and 

100 µM KCl) and 1000 nM substrate chain were mixed. Mixed solution was incubated in a 

heat block at 37 ℃ for 15 minutes and illuminate at 37 °C for 15 minutes at 312 nm using a 

UV-LED illuminator (Funakoshi, Tokyo, Japan, 15 W)  to cleave the photo-cross-linked 

DNAzyme. 

 

2.2.5. Tm value measurement 

Sample solutions were prepared by mixing 10 µM DNAzyme and buffer (50 mM Tris-HCl 

(pH = 7.5) containing 200 mM KCl and 100 µM KCl). The Melting curve was analyzed at 

260 nm, 85 ℃ to 4 ℃ using a uv-vis spectrophotometer (v-630, JASCO Corporation, Japan), 

and the Tm value was calculated with the differential method. [13]. 

 

2.2.6. T5 exsonuclease resistance of pclDNAzyme 

CNVK-introduce DNAzyme or pclDNAzyme (200 nM) in NEBuffer 4 (pH=7.9) was incubated 
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in a heat block at 37 ℃ for 15 minutes and Phosphodiesterase I (SIGMA-ALDRICH, SL, USA, 

10 mM) was added. 

 

 

2.3 Results and discussion 

2.3.1. Denatured PAGE purification of photo-cross-linked DNAzyme (pclDNAzyme) 

10 µM CNVK-introduced DNAzyme and buffer (50 mM Tris-HCl (pH = 7.5) containing 200 

mM KCl and 100 µM KCl) were mixed. The mixed sample solution was annealed from 90 ℃ 

to 4 ℃. The mixed sample solution was illuminated with a UV-LED illuminator (OMRON, 

Tokyo, Japan, 1600 mW) at 385 nm for 5 minutes. Electrophoresis (150 V, 100 min) using 

20% denaturing gel was performed to extract photo-cross-linked DNAzyme (pclDNAzyme) 

and soaked overnight at 37 ℃ with 5 × TB buffer. 
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Figure 2.10. Purification of photo-cross-linked DNAzyme by denaturing. Each CNVK-

introduced DNAzyme solution in buffer (10×buffer (50 mM Tris-HCl (pH = 7.5) containing 

200 mM KCl and 100 M ZnCl) was annealed in a heat block at 90 ℃ to 4 ℃. A UV-LED lamp 

was used to photoirradiate the solution at 385 nm for 5 minutes. The pclDNAzyme was 

purified using a 20% denaturing PAGE electrophoresis, and the band corresponding to the 

pclDNAzyme was excised and eluted from the gel into 5xTB buffer overnight. 

 

2.3.2 Complete inhibition of DNAzyme activity by photo-cross-linking 

Pas13 was used to verify the activity-suppressing efficacy of pclDNAzyme. Non-photo-cross-

linked DNAzyme and pclDNAzyme were combined with substrate strands and reacted at 

37 ℃. To see convasion, reaction solution was sampled at 0, 15, 30, 60, 120, and 180 minutes 

and electrophoresed on a 15% polyacrylamide denatured gel. Quantified by Cy3 fluorescence 

modified at the 5' position of the substrate strand. The non-photo-cross-linked DNAzyme 

(ON state) cleavage rate was calculated to be 84.2% at 60 minutes and 85.6% at 180 minutes. 

On the other hand, the photo-cross-linked DNAzyme maintained a cleavage rate of 0% from 

0 min to 180 min. Which proves that photo-cross-linking has the effect of entirely turning off 

the activity. A DNA strand substitution reaction extrudes passenger strand in the non-photo-

cross-linked DNA enzyme (ON state) into the substrate strand. RNA is cleaved when invasion 

of the substrate strand proceeded to the active site. The pclDNAzyme (OFF state) can 

prevent the invasion of the substrate strand by the covalent bond of CNVK. As a result, the 

pclDNAzyme is thought to have created a thermo irreversible structure that may entirely 

restrict activity. 
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Figure 2.11. (A) (B) Substrate strand cleavage schemes for pclDNAzyme and non-photo-

cross-linked DNAzyme. (C) Denatured PAGE analysis after substrate strand cleavage. (D) 

Time course of cleavage ratio of substrate strand. The 100 nM DNAzyme strand and 1000 

nM target strand in 50 mM Tris-HCl (pH = 7.5) containing 200 mM KCl and 100 µM ZnCl2 

was incubated at 37 ℃. 
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2.3.3 Switching from photo-cross-linked DNAzyme to psDNAzyme 

The pclDNAzyme was then photoirradiated at 312 nm to create the psDNAzyme (ON state). 

Because the covalent bond is photo-split, the psDNAzyme changes from OFF to ON. The 

pclDNAzyme (100 nM) was combined with the buffer (50 mM Tris-HCl, pH 7.5, 200 mM 

KCl, and 100 mM ZnCl2) and incubated for 15 minutes. Then, a 1000 nM substrate strand 

was added to the mixture, followed by 15 minutes of photoirradiation at 312 nm. The time-

dependent reaction was set for 0, 15, 30, 60, 120, and 180 minutes at the same time that the 

photoirradiation started. The pclDNAzyme was photoirradiated at 312 nm to produce a 

psDNAzyme (ON state) with a cleavage ratio of 38.1% at 180 minutes (kcat = 2.5 min-1) and 

a first reacton rate of 1.0×10-3 min-1. The concentration of substrate in this investigation was 

ten times that of DNAzyme. The cleavage ratio of psDNAzyme was greater than 10%, 

indicating that psDNAzyme catalyzed substrate strand cleavage. The DNAzyme activity 

switches from OFF to ON when CNVK is photosplit by 312 nm irradiation, according to these 

results. 

 

Figure 2.12. (A) Scheme of regulation of DNAzyme activity (B) Denatured PAGE analysis 

after substrate strand cleavage. (C) Time course of cleavage ratio of substrate strand. The 100 

nM DNAzyme strand and 1000 nM target strand in 50 mM Tris-HCl(pH 7.5) containing 200 

mM KCl and 100 µM ZnCl2 was incubated at 37 ℃. 312 nm-irradiation was performed at 

37 ℃ for 15 min. 
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2.3.4 Effect of cleavage activity by CNVK introduction position 

It was discovered that pclPas13 succeeded in completely inhibiting its activity and in returning 

to the ON state by switching to the psDNAzyme. Next, we examined how the activity 

inhibition efficiency and reactivation efficiency are affected by changing the introduction 

position of CNVK. The prepared sequences are the sequences in which the 6th (Pas6), 9th 

(Pas9), and 11th (Pas11) nucleobases from the 5' side of the Passenger strand are substituted 

with CNVK, respectively. 

A band identical to the cleaved band was found in the case of pclPas6 and pclPas9, confirming 

DNAzyme activity leakage. The new band was not observed in the case of pclPas13, as it was 

in the case of pclPas11. pclPas6, pclPas9, pclPas11, and pclPas13 had cleavage ratios of 37.3 

percent, 10.3%, 0%, and 0%, respectively. The cleavage ratios of psDNAzyme were then 

assessed (ON state). psPas6, psPas9, and psPas11 had cleavage ratios of 60.2%, 59.7%, and 

38.1%, respectively. Despite the fact that pclPas9 inhibited DNAzyme activity more than 

pclPas6, it was not able to entirely stop it. By forming a covalent bond, pclPas11 and pclPas13 

were able to prevent DNA strand displacement at the active site completely. According to 

these findings, a control leak develops when the photo-cross-linking position is 5' away from 

the active site, and the activity is entirely inhibited when it is 3' away [14]. In addition, the 

inserted position of caged nucleoside to DNAzyme is a significant element in photochemical 

activation of DNAzyme activity via photoirradiation. When designing a single photocaged 

nucleoside to sufficiently reduce DNAzyme activity, careful sequence optimization is essential 

to avoid metal ion coordination; otherwise, several caged nucleosides are required. However, 

due to toehold-mediated strand displacement, CNVK allows very simple designs. It is 

considered that the change in the cleavage activity of the ON state depending on the photo-

cross-linking position of CNVK is due to the photocleavage rate of pclDNAzyme. The 

photocleavage rates were determined to be 60.2%, 62.0%, 58.4%, and 50.2% for Pas6, Pas9, 

Pas11 and Pas13, respectively. It is suggested that the cleavage activity of the ON state 

decreased due to insufficient photosplit rate and photooxidation by photoirradiation at 312 

nm. 

 



   

 

 57 

 

Figure 2.13. (A) CNVK introduction position and secondary structure. (B) The 100 nM 

DNAzyme strand and 1000 nM target strand in 50 mM Tris-HCl (pH 7.5) containing 200 

mM KCl and 100 µM ZnCl2 was incubated at 37 ℃. 312 nm photoirradiation was performed 

at 37 ℃ for 15 min. 

  

 

Table 2.2 Cleavage rate and ON/OFF ratio of each DNAzyme 

 

*Activity is cleavage ratio of substrate strand at 37 ℃ for 180 min. 
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2.3.5 Effect of toehold (TH) length on cleavage activity 

It was clarified that the inhibition efficiency and the cleavage activity of psDNAzyme changed 

depending on the position of CNVK. The change in activity at the CNVK position is thought to 

be due to the stability of hybridization between the DNAzyme and the substrate strand. It is 

considered that the substrate strand always repeats the DNA strand substitution reaction up 

to the photo-cross-linking position so that pclPas6 and pclPas9 cause an activity leak. That is, 

the speed of switching the cleavage activity is affected by the distance to the photo-cross-

linking position and the length of TH. Therefore, a sequence (Pas13-TH2) in which TH of 

Pas13 was shortened from 4 bases to 2 bases was prepared. The experimental conditions are 

the same as above. The cleavage rate of psPas13-TH2 was 30.0% at 180 min. The cleavage 

rate of psPas13 was 33.6%, and the cleavage rate decreased while the CNVK position was 

exactly the same. It is considered that this is because the equilibrium state between the 

substrate strand and the photo-cross-linking position is weakened as the length of TH is 

shortened[15]. 

 

Figure 2.14. (A) Secondary structure of pclPas13 and pclPas13-TH2. (B) The 100 nM 

DNAzyme strand and 1000 nM target strand in 50 mM Tris-HCl (pH 7.5) containing 200 

mM KCl and 100 µM ZnCl2 was incubated at 37 ℃ for 180 min. 312 nm photoirradiation was 
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performed at 37 ℃ for 15 min. 

 

2.3.6 Relationship between psDNAzyme cleavage activity and Tm value 

The photo-cross-linking position and the length of TH were discovered to alter the cleavage 

activity. The Tm value of each non-photo-cross-linked DNAzyme was measured in order to 

get data supporting these phenomena. Pas6, Pas9, Pas11, Pas13, Pas13-TH=2, and WT-TH4 

had Tm values of 40.6 ℃, 45.1 ℃, 56.4 ℃, 51.2 ℃, 51.6 ℃, and 57.4 ℃, respectively. The Tm 

value was discovered to be lower because the CNVK position was on the 5' side of the passenger 

strand[14]. CNVK causes steric hindrance and instability of Passenger strands when compared 

to natural nucleobases. The Passenger strand on the 5' side is thought to be more vulnerable 

to steric hindrance, and Pas6 and Pas9 have exceptionally low Tm value. Without applying this 

rule, only Pas11 had a high Tm value. The active site corresponds to the region of thymine, 

which is the photo-cross-linking position of Pas11, and a sterically free space is generated[15, 

16]. The Passenger strand is thought to have become rather stable because the equilibrium 

state was maintained and the CNVK was buried in the active site pocket. The near Tm value to 

the DNAzyme of WT-TH4 without CNVK further implies that steric hindrance has a significant 

effect. 

The Tm value was in the order of Pas11> Pas13-TH=2 ≧ Pas13> Pas9> Pas6, and the 

cleavage rate of psDNAzyme was in the order of Pas6> Pas9> Pas11> Pas13> Pas13-TH = 

2. It is suggested that the higher the Tm value, the higher the stability of the Passenger strand, 

and the slower the progress of the DNA strand displacement reaction. 
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Figure 2.15. Melting curve of each DNAzyme. Sample solutions were prepared by mixing 10 

µM DNAzyme and buffer (50 mM Tris-HCl (pH = 7.5) containing 200 mM KCl and 100 µM 

ZnCl2). The Melting curve was analyzed at 260 nm, 85 ℃  to 4 ℃  using uv-vis 

spectrophotometer. 

2.3.7 Enzymatic degradation resistance of photo-cross-linked DNAzyme 

Foreign nucleic acids are always cleaved by nucleases under in vivo circumstances[17]. As a 

result, a number of methods for enhancing nuclease resistance have been devised. The most 

significant aspect for cellular application is high resistance to DNAzyme nucleases. 

Phosphorothioate is the most common technique[18]. Phosphorothiolate substitutes sulfur 

for portion of the phosphoric acid, making it simpler to avoid nuclease recognition. Reverse 
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thymidine and LNA are two more chemical changes that are well-known[19, 20]. Nuclease 

resistance is conferred by chemical changes such as CNVK. We show that photo-cross-linked 

triple-stranded DNA is resistant to T5 exonuclease enzymatic breakdown[21].  

T5 exonuclease treatment was used on the photo-cross-linked DNAzyme in this investigation 

to imitate its stability under in vivo settings. T5 exonuclease and pclDNAzyme or non-photo-

cross-linked DNAzyme were incubated at 25 ℃ and evaluated on a 15% AA denatured PAGE. 

T5 exonuclease completely destroyed the non-photo-cross-linked DNAzyme after 30 minutes. 

However, a new band for pclDNAzyme was confirmed at 30 minutes. The T5 exonuclease 

degrades from the 5' side end, implying that the degradation stops at the photo-cross-linking 

site. In fact, the non-photo-cross-linked DNAzyme degrades with time, from 5 to 10 minutes, 

and the band vanishes entirely. However, it was discovered that pclDNAzyme did not 

experience band shift from 5 to 30 minutes and kept the backbone intact. As a result, even 

after T5 exonuclease treatment, pclDNAzyme retained 75% backbone. The ability of 

pclDNAzyme to withstand nuclease degradation is a very useful trait for in vivo applications. 
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Figure 2.16. (A) T5 exonuclease treatment of DNAzyme and pclDNA. (B) Enzyme resistance of 

pclDNAzyme. 200 nM DNAzyme in NEBuffer 4 (pH=7.9) and T5 exsonuclease (NEB) were 

incubated at 37 °C in a heat block for 30min. (C) Time course of cleavage ratio of DNAzyme and 

pclDNAzyme. 
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2.3.8 Sequence selectivity of psDNAzyme 

Inhibition of mRNA transcription is influenced by sequence specificity. If the psDNAzyme 

causes the random RNA to cleave, there is a risk of unexpected side effects due to the off-

target effect [22]. 8-17 DNAzyme is a sequence-specific nucleic acid enzyme with a high 

activity. The non-substrate strand (5'-Cy3-GTAGGAAGGrATATCACTCA-3') was used to 

test the ability of sequence-specific cleavage with psDNAzyme. The reaction conditions are 

identical to those used previously. 15% AA denaturing PAGE analysis confirmed that The 

psDNAzyme did not cleave any non-substrate strands. This finding implies that an off-target 

effect from the introduction of passenger strands and CNVK is improbable. 

 

 

Figure 2.17. (A) Non-substrate strand cleavage scheme by DNAzyme. (B) 100 nM DNAzyme 

and 1000 nM non-substrate strand in buffer (50 mM Tris-HCl (pH = 7.5) containing 200 mM KCl and 

100 µM ZnCl2) was incubated at 37°C. Sample solutions mixed by modifier (saturation urea in 

formamide). 

 

 

 

 

 



   

 

 64 

Conclusion 

In this chapter, reversible ultrafast DNA photo-cross-linking of CNVK was used to demonstrate 

complete inhibition of DNAzyme activity. Photo-cross-linking completely inhibited 

DNAzyme activity because the substrate strand cannot invade the photo-cross-linked 

DNAzyme due to the covalent bond of CNVK. It was also shown that the DNAzyme activity 

switches to the "ON state" when the covalent bond of CNVK is photo-splitted by 

photoirradiation at 312 nm. It is suggested that pclDNAzyme may not only completely inhibits 

the activity but also inhibit the degradation of exonuclease. It was demonstrated that T5 

exonuclease treatment inhibited enzymatic degradation at the photo-cross-linked position 

and maintained the backbone. From the above results, the activity of DNAzyme can be 

regulated accurately and spatiotemporally by photoirradiation. It has become possible to 

completely inhibits DNAzyme activity, which was difficult in previous studies, and it is 

expected to be used in vivo for its enzyme eresistance. 
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antigene method via photo-cross-linking 
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3.1 Introduction 

Nucleic acid drugs are expected as a treatment method for intractable diseases such as cancer 

[1] and muscular dystrophy [2]. Gene therapy is classified into mRNA-targeted methods 

(RNAi [3], antisense method [4]) and DNA-targeted methods (artificial restriction enzymes 

[5], antigene method [6]). DNA is the most upstream of the central dogma, and methods 

targeting genomic DNA provide the underlying disease treatment. Currently, the most 

famous method of knocking out genomic DNA is CRISPR-Cas9 [7]. CRISPR-Cas9 

introduces the encoding gene into a plasmid vector and specifically cleaves genomic DNA [8, 

9]. In the CRISPR system, not only genomic DNA cleavage but also proteins capable of base 

editing [10] and RNA cleavage [11] have been discovered. On the other hand, nucleic acid 

drugs using RNAi and antisense methods have begun to be used mainly in the United States 

and Europe in the development of drug delivery systems (DDS) [12]. However, DNA-

targeted antigenes have not yet been approved as nucleic acid drugs. Antigene methods are 

classified into triplex-forming oligodeoxynucleotide (TFO) [13, 14] and strand invasions. 

TFO is a Hoogsteen base pair formation method that requires biasing of purine and 

pyrimidine bases, resulting in a limited target sequence. Duplex Strand invasion (DSI) 

hybridizes to the target DNA with Watson click base pairs, so there are no restrictions on the 

target sequence. However, mRNA is single-stranded, and fully complementary-stranded 

ODNs can be easily hybridized. DSI needs to approach the stable double helix structure of 

DNA, and antigene probes must form thermodynamically unfavorable hybridization. That is, 

it is more difficult than hybridizing mRNA with Watson-Crick base pairs. 

Double duplex invasion (DDI) with PNA and LNA has been developed as a means to solve 

DSI. Instead of the deoxyribose skeleton, PNA has a base attached to the amino acid skeleton 

and does not have phosphoric acid, which enables more electrostatically stable hybridization 

than DNA. In addition, LNA has an N-type nucleoside as a skeleton, which forms a more 

stable hybridization with DNA by cross-linking the 2’ position and the 4’position of the ribose 

ring. In addition, our laboratory is developing DDI using CNVK. CNVK-introduced probe can be 

photo-cross-linked the moment it hybridizes to the target DNA and covalently binds to form 

a thermally irreversible structure. Both methods enable DSI by forming a more stable 

structure than wild-type DNA. However, DDI has major challenges. DDI is a technique that 

targets the target DNA double chain and uses two complementary probes. That is, DDI 
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inhibits the invasion of target DNA by hybridization between probes. 

Self-complementation of DDI is the largest factor that reduces DSI efficiency, and both 

methods solve this problem by chemical modification. PNA reports that 

pseudocomplementary PNA (pcPNA) [15, 16] enhances steric hindrance between probes 

and reduces Tm values. In addition, 2,6-diaminopurine (D) and d 2-thiouracil (sU) have 

succeeded in improving stability with DNA not only by steric hindrance but also by 

hydrophobic interaction. As for PNA, Chiral PNA which is an improved version of pcPNA, 

has also been developed. Chiral PNA [17] charges the probe with a positive charge by 

modifying lysine on the side chain of the amino acid skeleton. The probes repel each other by 

positive charge and form a more stable structure with the target DNA by electrostatic 

interaction. 

Several techniques have been reported to inhibit the interaction of DDI probes in LNA [18]. 

The first is a method of modifying Pyrene to the 2' position and inhibiting the interaction 

between probes due to steric hindrance [19]. Pyrene enhances the interaction between the 

bases of the target DNA by π-π stacking and improves the invasion efficiency. The second 

is Zorro-LNA [20, 21], which is a method in which DDI probes are pre-complemented and 

two probes invade like one probe. When invaded, the Zorro-LNA probe can greatly expand 

the target DNA and form a stable structure. 

CNVK needs to inhibit not only hybridization but also self-photo-cross-linking between probes. 

5-cyanouracil (CNU) has been reported as a self-cross-linking inhibitor. LUMO levels of uracil 

base analogs are associated with suppression of photo-cross-linking of CNVK and uracil analogs 

[22]. By substituting CNU at the photo-cross-linking position of the DDI probe, self-photo-

cross-linking of the DDI probe can be suppressed. However, CNU has also been found to be 

slightly complementary, and more optimized probes need to be designed to improve DDI 

efficiency. As a new self-cross-linking inhibitor, d-Spacer (dS) having no base and Spacer (S) 

having no sugar and base will be used for verification. 
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Figure 3.1. Scheme of pre-mRNA transcription inhibition by TFO and DDI. 

 

 

 

Figure 3.2. (A) Hybridization mode with Chiral PNA probe template and self-complementary 

repulsion between probes (Necleic Acids Res., 2008, 36, 1464). (B) Hybridization mode with 

Pyrene-modified probe template and self-complementary repulsion between probes 

(Org.Ciomol. Chem., 2010, 8, 2028).  
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Figure 3.3. (A) DDI scheme using CNVK and self-photo-cross-linking inhibitor. (B) Self-

crosslinking Inhibitor (T, CNU, dSpacer, Spacer) examined in this study. 
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3.2 Materials and Methods 

3.2.1. Synthesis of TFT amidite 

Phosphoramidite of Trifluorothymidine (TFT) was synthesized using the method outlined in 

the literatute (Figure 4.2-4.11).  

 

 

 

Figure 3.1. Synthesis overview scheme of TFT amidite 

 

 

 

Figure 3.2. Synthesis scheme of 5’-o-(4, 4’-dimethoxytrityl)-3-trifluorothymidine-1’- β -

deoxyriboside 

 

A solution of 4,4'-dimethoxytrityl chloride (0.67 g, 1.6 mmol) and 4-(dimethylamino)pyridine 

(16.0 mg, 0.12 mmol) in pyridine (15 mL) was added to a solution of 5-trifluorothymidine-

1'-deoxyriboside (0.40 g, 1.4 mmol) in pyridine (15 mL) and the reaction combination 

Following the evaporation of the reaction mixture, the residue was chromatographed on a 

silica gel using CHCl3/MeOH/Et3N (19:1:0.2, v/v/v) as eluent to give 5’-protected 5’-o-(4, 

4’-dimethoxytrityl)-3-trifluorothymidine-1’-β-deoxyriboside (0.71 g, 86.9%). 
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Figure 3.3. Synthesis scheme of 5’-O-(4, 4’-dimethoxytrityl)-5-trifluorothymidine-1’-β-

deoxyriboside-3’-O-(cyanothoxy-N, N’-diisopropylamino) phosphoramidite 

 

5’-o-(4, 4’-dimethoxytrityl)-5-trifluorothymidine-1’-β-deoxyriboside (0.71 g, 1.2 mmol), 2-

cyanoethyl N,N,N',N'-tetraisopropylphosphorodiamidite (441 µL, 1.4 mmol) in CH3CN (1.2 

mL), and 0.45 M 1H-tetrazole in CH3CN (2.8 mL) were added, and the reaction After that, 

AcOEt was used to extract the reaction mixture, which was then washed with a saturated 

aqueous solution of NaHCO3 and water. The organic layer was recovered, dried over 

anhydrous sodium sulfate, filtered, and evaporated at reduced pressure to dryness. Then, the 

crude product in a sealed bottle was dissolved in CH3CN and coevaporated three times as 

eluent to give 5’-O-(4, 4’-dimethoxytrityl)-5-trifluorothymidine-1’-β-deoxyriboside-3’-O-

(cyanothoxy-N, N’-diisopropylamino) phosphoramidite (0.75 g, 78.4%). 

 

 

3.2.2. Oligonucleotide synthesis 

 Oligonucleotides were synthesized by DNA synthesizer (NTS M-2-MIX_NPS) on a 1.0 µmol 

scale using High Load-CPG (Glen Research) attached each nucleotide. Synthesized 

oligonucleotides were cleaved from CPG with 28 % ammonia solution followed by 

deprotection of bases by incubation at 65 ℃ for 4 h. After removal of ammonia solution by 

speedvanc for 2h, the dry pellets were resuspended in distilled water and purified by HPLC. 

Purified products were characterized by MALDI-TOF MS. 
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Table 3.1 The sequence of ODNs 

Entry Sequence 5’ to 3’ 
Calcd. for 

[M+H]+ 
Found 

Probe 1(T) CTCTCGGCAGACNVKTCATTGGTC 6481.28 6481.14 

Probe 2(T) ATCTGCCGAGACNVKAGAGGATTA 6587.38 6587.05 

Probe 1(CNU) CCNUCTCGGCAGACNVKTCATTGGTC 6492.26 6491.12 

Probe 2(CNU) ACNUCTGCCGAGACNVKAGAGGATTA 6598.36 6597.20 

Probe 1(S) CSCTCGGCAGACNVKTCATTGGTC 6315.14 6315.58 

Probe 2(S) ASCTGCCGAGACNVKAGAGGATTA 6421.24 6321.53 

Probe 1(dS) CdSCTCGGCAGACNVKTCATTGGTC 6357.18 6357.79 

Probe 2(dS) AdSCTGCCGAGACNVKAGAGGATTA 6463.28 6463.90 

S = Spacer, dS = dSpacer 

 

 

3.2.3. Evaluation of DDI efficiency depending on various kinds of probes (DDI assay) 

  Each DDI probes containing CNVK as photo-cross-linker, and CNU, Spacer or dSpacer as 

photo-cross-linking inhibitor was synthesized. Each 100 nM template strand in 10 mM Tris 

HCl buffer (pH 7.4) were incubated at 37 ℃ for 10 min followed by addition of 10 µM each 

probe solutions that were incubated at 37 ℃ in the same buffer. After the incubation of the 

mixture at 37 ℃ for 1 h, it was photoirradiated at 385 nm for 15 min using Omunicure (12400 

mW/cm2). Sample solutions were analyzed by denaturing PAGE using 15 % polyacrylamide 

gel. Cy3 images were obtained by LAS-3000 and band intensity was determined by ImageJ 

software. DDI efficiency was calculated by the average ratio of shifted band and template band. 

 

3.3.4. Evaluation of the thermodynamics parameters depending on kinds of photo-cross-

linking-inhibitor 

9 mer template strand containing CNVK and complementary strand containing CNU, Spacer 

and dSpacer were synthesized. For measurement of Tm value, 7.5, 10 and 15 µM each template 

and complementary strand in 10 mM sodium phosphate solution (pH 7.4, 100 mM NaCl) 

were prepared. The absorbance of the mixture at 260 nm was measured using UV-vis 

spectrophotometer (JASCO, V-630bio) ranging from 4 ℃ to 85 ℃ and from 85 ℃ to 4 ℃. Tm 
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values were determined from obtained data by calculating inflection points of approximate 

curves. 

 

3.3.5. Tm value measurement 

Sample solutions were prepared by mixing 3, 4, 6.25, 7 µM ODN and buffer (10 mM Tris-

HCl (pH = 7.5) containing 1 M NaCl). The Melting curve was analyzed at 260 nm, 85 ℃ to 

4 ℃ using uv-vis spectrophotometer (v-630, JASCO Corporation, Japan), and the Tm value 

was calculated by the differential method. The thermodynamic parameters were calculated 

using the following formula. 

 

ΔH = 1.987×10-3 / Tilt 

ΔS = ΔH×103・Intercept 

ΔG = ΔH – Tm・ΔS×10-3 

 

3.3 Results and discussion 

3.3.1 Examination of inhibitors for improving self-photo-cross-linking inhibition 

Because Spacer (S) and dSpacer (dS) do not have a double bond between C5C6 of the 

pyrimidine targeted by CNVK, it is expected that if photo-cross-linking between probes can be 

entirely repressed, more efficient DDI will be achievable. Four types of 5 µM Probe1 and 

Probe2 in 10 mM Tris-HCl (pH 7.4) buffer were incubated for 15 min. The mixed solution 

was irradiated with light at 385 nm for 5 seconds, analyzed on a 15% acrylamide-modified 

PAGE, and stained with SYBR gold. In all samples, a probe-derived band was seen before 

photoirradiation, and a new probe-derived band from the photo-cross-linking probe appeared 

after photoirradiation. However, there were differences in the photo-cross-linking rates. The 

residual amount of the probe was quantified by Image J before and after photoirradiation, and 

the photo-cross-linking rate was calculated. The photo-cross-linking rates for T, CNU, dS, and 

S were determined to be 87%, 19%, 17%, and 11%, respectively. CNVK and thymine have the 

highest self-cross-linking rate due to their ultrafast photo-cross-linking properties. Moreover, 

CNU was able to suppress the cross-linking efficiency compared to T (thymine). In addition, 

CNU was able to suppress the photo-cross-linking efficiency compared to T. On the other hand, 

because dS and S do not have a base, they succeeded in suppressing self-photo-cross-linking 



   

 

 76 

more than CNU. As a factor of slight photo-cross-linking, it is possible that the probe can move 

freely because it does not have a base and can photo-cross-link with a pyrimidine other than 

the target. 

 

 

Figure 3.4. (A) Self-photo-cross-link inhibition scheme between antigene. (B) Denaturing 

PAGE analysis of self-photo-cross-linking. The antigene probe 5 µM in 50 mM Tris-HCl (pH 

7.5) was incubated at 37 ℃, 1 h, and 385 nm photoirradiation was performed at 37 ℃ for 15 

min. (C) SYBR Gold images were obtained by LAS-3000 and band intensity was determined 

by ImageJ software. Self-photo-cross-linked efficiency was calculated by the average ratio of 

shifted band. 

 

3.3.2 DDI photo-cross-linking 

Next, DDI photo-cross-linking efficiency was verified using probes containing T, CNU, S, and 

dS. 100 nM Temp1 and Temp2 in 10 mM Tris HCl buffer (pH 7.4) were incubated at 37 ℃ 

for 10 min followed by addition of 10 µM each probe solutions kept at 37 ℃ in the same buffer. 

The mixed solution was photoirradiated at 385 nm for 15 min and analyzed on a 15% 

polyacrylamide gel. In the gel analysis, Cy3 fluorescence modified to 5' of the template was 

observed with LAS-3000, and the band intensity was quantified with Image J. Two bands 

derived from Temp1 and Temp2 were confirmed in pre-photoirradiation lane. A new band 

derived from the photo-cross-linked template was generated in post-photoirradiation lane. 

The band intensity of the obtained Cy3 fluorescence image was acquired by Image J, and the 
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cross-linking rate was determined from the ratio of the post-shift band to the pre-shift band. 

The average photo-cross-linking rate obtained from the bands corresponding to the two 

probe-template pairs was calculated as the DDI efficiency. The photo-cross-linking rates of 

the probes combining the inhibitor and CNVK were calculated to be CNU/K 26.1%, T/K 19.3%, 

S/K 4.1%, and dS/K 3.5% (probe containing CNU and CNVK = CNU/K, similar notation for 

other types). The DDI photo-cross-linking rate did not correlate with the probe’s self-photo-

cross-linking inhibition efficiency. 

 

 

Figure 3.5. (A) DDI photo-cross-linking scheme for Template DNA with CNVK-introduced 

antigene probe (B) Each 100 nM template strand in 10 mM Tris HCl buffer (pH 7.4) were 

incubated at 37 ℃ for 10 min followed by addition of 10 µM each probes solution incubated 

at 37 ℃ in the same buffer. After the incubation of the mixture at 37 ℃ for 1 h, it was 
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photoirradiated at 385 nm for 15 min. Sample solutions were analyzed by denaturing PAGE 

using 15 % polyacrylamide gel. (C) Cy3 images were obtained by LAS-3000 and band 

intensity was determined by ImageJ software. DDI efficiency was calculated by the average 

ratio of shifted band and template band. 

 

3.3.3 Thermodynamic parameters between probes 

Although we succeeded in improving the self-photo-cross-linking inhibition of the probe, we 

thought that there were several factors before DDI photo-cross-linking that no correlation 

was obtained in the evaluation of DDI efficiency. For PNA and LNA, DDI efficiency was 

improved by lowering the Tm value between Probes and increasing the Tm value of 

Probe/Template. In other words, to evaluate DDI efficiency in detail, it is necessary to 

measure the Tm value between Probe/Template. As a result, the thermal stability of T, CNU, 

S, and dS ODN DNA (5'-ACGGGXGCA-3') and its complementary strands was tested. We 

created a 9-mer template strand using CNVK and a complementary strand with CNU, S, and dS. 

For the Tm value measurement, 7.5, 10 and 15 M of each template and complementary strand 

were produced in a 10 mM sodium phosphate solution (pH 7.4, 100 mM NaCl). A UV-vis 

spectrophotometer (JASCO, V-630bio) was used to measure the absorbance of the 

combination at 260 nm at temperatures ranging from 4 ℃ to 85 ℃ and from 85 ℃ to 4 ℃. Tm 

values were calculated from the collected data by calculating estimated curve inflection points. 

The thermal dynamic parameter of duplex consisting of ODN(CNVK)-9 and ODN(X)-9 

containing T, CNU, S, or dS was evaluated. The duplex (CNVK/T) (37.3 ℃) has the highest Tm 

value, followed by duplex (CNVK/CNU) 33.5±0.1 ℃ duplex (CNVK/S) (25.2±0.9 ℃), and 

duplex (CNVK/dS) (24.9±1.1 ℃). CNU was thought to create a hydrogen bond with A as the 

counter base, similar to T, however the Tm value was approximately 3 ℃ lower. Furthermore, 

because S and dS lack a base part for building hydrogen bonds, Tm is substantially lower than 

T, resulting in a smaller enthalpy loss for S and dS than T and CNU. T and CNU have nearly 

identical enthalpy losses and can form hydrogen bonds, however, the CN group at CNU's 5-

position is an electron aspirator, which influences hydrogen bond formation or is a structural 

component. On the other hand, S through ODN(CNU/K) hybridization was smaller than S 

through ODN(S/K) or ODN(dS/K), implying that CNU's comparatively flexible structure 

inhibits entropic loss through hybridization [24]. 
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Figure 3.6. Melting temperature of duplex ODN consisting of ODN(CNVK)(5’-TGCACNVKCCGT-

3’) and ODN(X)(5’-ACGGGXGCA-3’; X = T, CNU, S, dS ). 

 

Table 3.2. Tm value and thermodynamic parameters of Antigene probe 

Entry ΔG [kcal/mol] ΔH [kcal/mol] ΔS [kcal/mol・K] Tm [℃] 

T -7.65 -40.5 -105.8 37.3 

CNU -8.01 -36.8 -93.9 33.5 

S -7.77 -34.5 -89.6 25.2 

dS -7.67 -25.4 -59.5 24.9 

 

 

DDI efficiency is considered to consist of the balance between the Tm value of Probe/Probe 

and the Tm value of Probe/Template. In other words, when dS or S is used, the Tm value of 

Probe/Probe and self-photo-cross-linking can be inhibited, but the Tm value of 
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Probe/Template is reduced. On the other hand, T and CNU are inferior to dS and S in self-

photo-cross-link inhibition, but the Tm value of Probe/Template increases and so does the 

DDI efficiency. In Figure 3.7, plotting with Tm value on the horizontal axis and DDI efficiency 

on the vertical axis suggests that CNU is the most desirable inhibitor. 

 

 

Figure 3.7. (A) Two equilibrium reactions related to DDI efficiency. (B) A graph showing the 

superiority of photo-cross-linking inhibitors when the vertical axis is the DDI efficiency and 

the horizontal axis is the Tm value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.4 DDI efficiency by increasing Tm value of Probe/Template 
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It was discovered that not only the inhibition of self-cross-linking between Probes but also 

the Tm values of template and probe are important factors for the efficiency  of CNVK 

introduced DDI. Therefore, in order to increase the Tm value of template-probe, DDI photo-

cross-linking was verified using 18 mer, 21 mer, 24 mer, and 27 mer probes. 100 nM Temp1 

and Temp2 in 10 mM Tris HCl buffer (pH 7.4) were incubated at 37 ℃ for 10 min followed 

by addition of 10 µM each probe solutions kept at 37 ℃ in the same buffer. The mixed solution 

was photoirradiated at 385 nm for 15 min and analyzed on a 15% polyacrylamide gel. As a 

result of quantifying the Cy3 band and calculating the DDI efficiency, it was determined to 

be 14.3%, 36.2%, 46.3% and 51.4%, respectively from the shortest probe to the longest. 

Photo-cross-linking rate of 18 mer was lower than 15%, and the photo-cross-linking rate 

improved by about 10% from 21 mer to 24 mer. It is considered that as the length of the probe 

becomes longer, the single-stranded sequence becomes longer, and it becomes easier to 

hybridize with the target DNA. 
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Figure 3.8. (A) DDI with antigene probes of each length (15mer, 18 mer, 21 mer, 24 mer, 27 

mer). (B) Each 100 nM template strand in 10 mM Tris HCl buffer (pH 7.4) were incubated 

at 37 ℃ for 10 min followed by addition of 10 µM each probes solution incubated at 37 ℃ in 

the same buffer. After the incubation of the mixture at 37 ℃ for 1 h, it was photoirradiated at 

385 nm for 15 min. Sample solutions were analyzed by denaturing PAGE using 15 % 

polyacrylamide gel. (C) Cy3 images were obtained by LAS-3000 and band intensity was 

determined by ImageJ software. DDI efficiency was calculated by the average ratio of shifted 

band and template band. 
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3.3.5 DDI efficiency with probes with all thymines replaced by CNU 

As another improvement related to DDI efficiency, all thymines were replaced by CNU with 

the aim of improving the efficiency of inhibiting self-photo-cross-linking between probes. 18 

mer, 21 mer, 24 mer, and 27 mer probes were prepared and their DDIs were verified. 100 nM 

Temp1 and Temp2 in 10 mM Tris HCl buffer (pH 7.4) were incabated at 37 ℃ for 10 min 

followed by addition of 10 µM each probes solution kept at 37 ℃ in the same buffer. The 

mixed solution was photoirradiated at 385 nm for 15 min and analyzed on a 15% 

polyacrylamide gel. It was calculated as 9.7%, 28.2%, 38.9%, and 38.1% from the combination 

of shortest probes to the longest, respectively. Replacing all T in the probe by CNU reduced 

DDI efficiency. It is considered that the introduction of multiple CNUs changed the structure 

of the DNA probe and reduced the stability of the double strand, leading to a decrease in DDI 

efficiency. 

 

 

Figure 3.9. (A) DDI probe with all thymine replaced with CNU (18 mer, 21 mer, 24 mer, 27 

mer). (B) Each 100 nM template strand in 10 mM Tris HCl buffer (pH 7.4) were incubated 

at 37 ℃ for 10 min followed by addition of 10 µM each probes solution incubated at 37 ℃ in 
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the same buffer. After the incubation of the mixture at 37 ℃ for 1 h, it was photoirradiated at 

385 nm for 15 min. Sample solutions were analyzed by denaturing PAGE using 15 % 

polyacrylamide gel. (C) Cy3 images were obtained by LAS-3000 and band intensity was 

determined by ImageJ software. DDI efficiency was calculated by the average ratio of shifted 

band and template band. 
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Conclusion 

In this study, two new inhibitors (dSpacer, Spacer) were prepared to improve the DDI 

efficiency using CNVK. It was shown that these two inhibitors have a higher inhibitory effect 

than CNU. However, in terms of DDI efficiency, CNU had the highest photo-cross-linking rate, 

and dSpacer and Spacer were lower than thymine. From the Tm value and thermodynamic 

parameter measurement, it was found that the DDI efficiency of the CNVK-introduced probe 

depends not only on the self-photo-crosslink inhibition efficiency but also on the balance of 

probe/template stability. Therefore, we succeeded in improving the DDI efficiency by 

extending the length of the probe. However, replacing all thymines by CNU has been shown to 

reduce DDI efficiency. 
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[Chapter 4] Double duplex invasion to 400 mer 

double strand oligodeoxynucleotide using 

ultrafast DNA photo-cross-linking 
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4.1 Introduction 

Double duplex invasion (DDI) is an antigene method that recognizes target DNA with 

Watson-Crick base pairs [1, 2], and is known to have high sequence selectivity and few 

restrictions on the target sequence. Several gene expression regulations have already been 

reported for antigene under in vivo conditions. PNA has succeeded in inhibiting the gene 

expression of the oncogene gene c-myc in mice [3, 4]. LNA succeeded in suppressing the NF1 

gene, which is the cause of neurofibromatosis [5, 6]. In these previous studies, several steps 

had been taken to conduct experiments toward the antigene of genomic DNA [7, 8]. First, 

the DDI is validated with a 200-400 mer model sequence, and then the DDI to the plasmid is 

validated. After that, DDI is verified against the plasmid to verify the mRNA expression in 

vivo. The longer the target DNA double strand, the more difficult it is to invade the DDI 

probe. This is because DNA forms very complex secondary and tertiary structures. The 

plasmid is a double helix of DNA that further forms a helical structure to form supercoiled 

DNA (scDNA) [9, 10]. scDNA requires invasion for the added stability of double helix and 

tertiary structure. In addition, genomic DNA existing in the living body has DNA wrapped 

around histones. Again, it must be invasioned for stability with histones in addition to the 

DNA double helix [11, 12, 13]. DDI for probes with large DNA sizes may require probe 

design with higher invasion efficiency. Therefore, in this Chapter, as the next step, we will 

verify the photo-cross-linked DDI for 400 bp. A sequence obtained by extending the model 

sequence used in Chapter 3 to a length of 400 bp was prepared. Aiming at editing genomic 

DNA, we will also optimize the probe by targeting more stable DNA. 

 

 

Figure 4.1. The effect of DNA size on DDI efficiency 
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4.2 Materials and Methods 

4.2.1. Oligodeoxynucleotide synthesis 

Oligodeoxynucleotides were synthesized by DNA synthesizer (NTS M-2-MIX_NPS) on a 1.0 

µmol scale High Load-CPG (Glen Research). Synthesized oligonucleotides were cleaved from 

CPG with 28 % ammonia solution followed by deprotection of bases by incubation at 65 ℃ 

for 4 h. The CF3 group of TFT changes to a CNU group in the process of deprotection. ammonia 

solution removed by freeze drying overnight. Oligodeoxynucleotide purified by reverse phase 

HPLC (PU-980, HG-980-31, DG-980-50, UV-970system (Jasco, Japan) equipped with 

Cosmosil® 5C18-AR-II column (5 µm, 10 I.D.x150 mm, Nacalai Tesque, Japan)) with a 

gradient of 2-40% acetonitrile and flow rate of 1 ml/min. Target DNA was purchased from 

Integrated DNA Technologies Co., Ltd.  

 

Table 4.1 Sequence of DDI probe 

Entry Sequence 5’ to 3’ Calcd. for [M+H]
+
 Found 

1-11bp-5nt GTTCCAAKGCGGGTTAATCCUC 6805.47 6806.87 

2-11bp-5nt AGAGAGAKGATTAACCCGCAUT 6871.54 6872.21 

1-21CNUK CUCTCGGCAGAKTCATTGGTC 6492.26 6491.12 

2-21CNUK AUCTGCCGAGAKAGAGGATTA 6598.36 6597.20 

1-11bp-5nt-Cy3 Cy3GTTCCAAKGCGGGTTAATCCUC 7313.06 7312.25 

2-11bp-5nt-Cy3 Cy3AGAGAGAKGATTAACCCGCAUT 7375.45 7375.89 

K=CNVK, U=CNU 

 

Target DNA (Template sequence of Chapter 3)  

5'-ACGACGGCGGCCCTACGATACCTTACTAGGGTCTCAGCTAATTTCACACAGA 

TATGTTCCTTACCCCGTTTACCACGCAGGAGAGTTAAACGAAAGCAGCCTACGT

ATTTTTCGAGCTCTTTCAGCACTCTACTTGACGGACTTTGGAATCCTAGTTGGC

AGTATGGAGGCATTGTTCTCTGACCAATGAATCTGCCGAGAGAGAGGATTAACC

CGCATTGGAACGAAAAGTTTGTTTTTTATGAGCCAGCCTTCGGTTGTCGATATG

AGGATCTCGCGATTGAAAAGTTCATGTCTCCGTCTAATCACGATGTGAGTGGTG

GGGGGTACTTCATACAAGATGCTGGATCCTTAATGAGTGGGGCTAGAGTAGCA

GGCAAATACCCTAGAGCCTATTAA-3' (400 mer) 

Figure 4.2. One-sided sequence of target DNA used in this chapter 
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4.2.2. Photo-cross-linking between DDI probe and target DNA and its evaluation 

25 nM target DNA in 10 mM Tris HCl buffer (pH 7.4) was incubated at 37 ℃ for 15 min 

followed by addition of 2.5 µM each probes solution incubated at 37 ℃ in the same buffer. 

After the incubation of the mixture at 37 ℃ for 1 h, it was photoirradiated at 385 nm for 1 

min using Omunicure (12400 mW/cm2). The sample solution was mixed with a denaturant 

(sat. Urea in formamide) and incubated at 90 ℃ for 5 min. Sample solutions were analyzed 

by denaturing PAGE using 8 % polyacrylamide gel. Cy3 and SYBR Gold images were obtained 

by LAS-3000 and band intensity was determined by ImageJ software.  

 

 

 

4.3 Results and discussion 

4.3.1 DDI photo-cross-linking to 400 mer DNA 

The long model sequence was designed by extending the model sequence used in Chapter 3 

from both ends to 400 bp. To confirm the sequence generality, a new 11bp-5nt sequence was 

prepared. we designed a sequence in which the number of complementary bases between the 

probes was 11 and the sticky end was 5 nt [16, 17, 18]. The complementary region of 21-

CNUK was designated as Target site A, and the complementary region of 11b-5nt was 

designated as Target site B. 25 nM target DNA in 10 mM Tris HCl buffer (pH 7.4) were 

incubated at 37 ℃ for 15 min followed by addition of 2.5 µM each probes solution incubated 

at 37 ℃ in the same buffer. After the incubation of the mixture at 37 ℃ for 1 h, it was 

photoirradiated at 385 nm for 1 min. Sample solutions were evaluated by 300 V, 60 min 

electrophoresis on an 8% AA-denatured gel, images of SYBR Gold-stained were analyzed.  

From the analysis results, a DDI photo-cross-linking rate of 22.7% was shown, which was 

correlated with the results of Chapter 3. The result of DDI photo-cross-linking was analyzed 

using the same method, the yield of 11bp-5nt was calculated to be 74.6%.  
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Figure 4.3. (C) DDI photo-cross-linking to 400 mer DNA with 21-CNUK and 11bp-5nt. 25 

nM target DNA in 10 mM Tris HCl buffer (pH 7.4) were incubated at 37 ℃ for 15 min 

followed by addition of 2.5 µM each probes solution incubated at 37 ℃ in the same buffer. 

After the incubation of the mixture at 37 ℃ for 1 h, it was photoirradiated at 385 nm for 1 

min. SYBR Gold images were obtained by LAS-3000 and band intensity was determined by 

ImageJ software. (D) DDI efficiency was calculated by the template band and remaining 

template band. 

 

It was considered that when only the probe was photo-irradiated up to 1 min, the self-photo-

cross-linked DNA of Probe was the cause of suppressing DDI. In 21-CNUK, not only the 

photo-cross-linking between probes but also the photo-cross-linking reaction of the monomer 

probe proceeded, and the PAGE analysis showed a downward shift. In particular, there was a 

major? change between 1 and 10 seconds. 11bp-5nt was able to significantly suppress self-
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photo-cross-linking between probes and self-photo-cross-linking of monomer probes.  There 

are two possible reasons for the suppression of self-photo-cross-linking between the probes. 

The first is the difference in the nucleotide sequence around CNVK, where three bases on both 

sides of CNVK are flanked by "AGA" in 21-CNUK. The homology of the surrounding bases 

may have caused an off-target effect, resulting in photo-cross-linking with other pyrimidine 

bases. The second is the suppression of self-photo-cross-linking of probe monomers: 

21CNUK has 8 bases of self-complementary length between probes, while 21-11bp-5nt has 

11 bases. It is suggested that if the probes can easily form double strands with each other, the 

self-photo-cross-linking between single strands can be suppressed. 

 

 

Figure 4.4. (A) Self-photo-cross-linking evaluation of 21-CNUK (0 to 300 sec). (B) Self-

photo-cross-linking evaluation of 11bp-5nt (0 to 300 sec). 

 

 

4.3.2 Identification of band shift by photo-cross-linked DNA 

In 11bp-5nt, the bands that seemed to be two photo-cross-linked DNA were shifted by light 

irradiation. Therefore, Cy3-modified probes were prepared, and each photo-cross-linked 

DNA was tracked in four different patterns. 25 nM target DNA in 10 mM Tris HCl buffer 

(pH 7.4) were incubated at 37 ℃ for 15 min followed by addition of 2.5 µM each probes 

solution incubated at 37 ℃ in the same buffer. After the incubation of the mixture at 37 ℃ 

for 1 h, it was photoirradiated at 385 nm for 1 min. Sample solution was evaluated by 300 V, 

60 min, 50 ℃ electrophoresis on an 8% AA-denatured gel, images of SYBR Gold-stained were 

analyzed. It was confirmed that the band shifted up was a photo-cross-linked DNA of 1-11bp-

5nt with the target DNA, and the band shifted down was a photo-cross-linked DNA of 2-

11bp-5nt with the target DNA. From the results so far, it is known that the band shift differs 
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depending on the length of the probe and the position of the photo-cross-linked DNA. It is 

suggested that the structure of the photo-cross-linked DNA is different, which makes a 

difference in electrophoresis. 

 

 

 

Figure 4.4. (A) DDI photo-cross-linking reaction using Cy3-modified probe. 25 nM target 

DNA in 10 mM Tris HCl buffer (pH 7.4) were incubated at 37 ℃ for 15 min followed by 

addition of 2.5 µM each probes solution incubated at 37 ℃ in the same buffer. After the 

incubation of the mixture at 37 ℃ for 1 h, it was photoirradiated at 385 nm for 1 min (left: 

Cy3 image, right: SYBR Gold image). (B) DDI optical crosslinking structure of each lane. 

 

 

4.3.3 Examination of reaction conditions for photo-cross-linking 

(1) Photoirradiation time 

CNVK is an ultrafast photo-cross-linker, and it is known that the reaction proceeds in a few 

seconds at 385 nm. Therefore, the photoirradiation time was verified at 0, 0.1, 0.2, 0.5, 1, 10, 

60, 300 seconds. 25 nM target DNA in 10 mM Tris HCl buffer (pH 7.4) were incubated at 

37 ℃ for 15 min followed by addition of 2.5 µM each probes solution incubated at 37 ℃ in 
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the same buffer. After the incubation of the mixture at 37 ℃ for 1 h, it was photoirradiated at 

385 nm for X sec. Sample solution was evaluated by 300 V, 60 min, 50 ℃ electrophoresis on 

an 8% AA-denatured gel, images of SYBR Gold-stained were analyzed. The photo-cross-

linking rate was calculated to be 79.3% in 1 second and 78.8% in 300 seconds. The reaction 

became rate-determining in 1 second, and it became clear that the DDI photo-cross-linking 

structure was formed by the ultrafast photo-cross-linking reaction. 

 

 

Figure 4.5. (A) Time course of photoirradiation time using 11bp-5nt and target DNA. (0 to 

300 sec). (B)  DDI efficiency was calculated by the template band and remaining template 

band. 

 

(2) Incubation time 

For the DDI photo-cross-linking reaction, the intermediate in which the DDI probe invades 

the target DNA is important. Incubation time was verified at 0, 1, 5, 15, 60 min to clarify the 

best timing. 25 nM target DNA in 10 mM Tris HCl buffer (pH 7.4) were incubated at 37 ℃ 

for 15 min followed by addition of 2.5 µM each probes solution incubated at 37 ℃ in the same 
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buffer. After the incubation of the mixture at 37 ℃ for X min, it was photoirradiated at 385 

nm for 1 min. Sample solution was evaluated by 300 V, 60 min electrophoresis on an 8% AA-

denatured gel, images of SYBR Gold-stained were analyzed. The photo-cross-linking rates of 

0, 1, 5, 15, and 60 min incubation were 2.1%, 5.1%, 37.4%, 70.8%, and 77.4%, respectively. 

The photo-cross-linking efficiency increased significantly from 5 min to 15 min, with 60 min 

showing the highest conversion. 

 

 

Figure 4.5. (A) Time course of incubation time using 11bp-5nt and target DNA. (0 to 60 min). 

(B) DDI efficiency was calculated by the template band and remaining template band. 

 

(3) Equivalent 

The reaction efficiency of DDI changes depending on the equivalent number of target DNA 

and probe. Therefore, the DDI photo-cross-linking was verified by changing the 

concentration of the probe using 1, 2, 5, 10, and 100 equivalents, respectively. 25 nM target 

DNA in 10 mM Tris HCl buffer (pH 7.4) were incubated at 37 ℃ for 15 min followed by 
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addition of X µM each probes solution incubated at 37 ℃ in the same buffer. After the 

incubation of the mixture at 37 ℃ for 1 h, it was photoirradiated at 385 nm for 1 min. Sample 

solution was evaluated by 300 V, 60 min electrophoresis on an 8% AA-denatured gel, images 

of SYBR Gold-stained were analyzed. The photo-cross-linking rate of 10 equivalents was 

34.1% and of 100 equivalents was 78.7%. Since DNA-based DDI probes are a 

thermodynamically unfavorable reaction, 100 equal volumes of probes are required to 

improve invasion efficiency. 

 

 

Figure 4.5. (A) DDI photo-cross-linking efficiency at equal doses of each probe. (1 to 100 

eq.). (B)  DDI efficiency was calculated by the template band and remaining template band. 

 

 

So far, no previous study of DDI with probes composed of DNA has been reported. Even with 

Zorro-LNA, which is a combination of DNA and LNA, the reaction towards invasion takes a 

long time, up to 144 h. Since hydrogen bonds are reversible, despite their ability to carse 

hybridization. By changing the irradiation time, incubation time and molar ratio, the non-

progressive reaction proceeds at an ultrafast rate. However, Photo-cross-linking induces the 
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formation of thermally irreversible bonds. These results suggest that the rate of photo-cross-

linking play a significant role in DNA strand displacement [19, 20]. 
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4.4 Conclusion 

In this chapter, DDI photo-cross-linking was evaluated using the 400 mer duplex DNA as 

target DNA. First, photo-cross-linking was evaluated using 21-CNUK used in Chapter 3. 

Designing a more efficient probe, 11bp-5nt significantly reduced self-photo-cross-linking. 

When 11bp-5nt was used as the DDI probe, a photo-cross-linking rate of up to 78% was 

confirmed with the target DNA. The optimum reaction conditions for the photoirradiation 

time, incubation time, and equivalent were 1 min, 1 h, and 100 eq, respectively. 
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[Chapter 5] General conclusion 
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Artificial enzymes that cut and edit DNA and RNA, such as CRISPR-Cas9, have attracted a 

great deal of attention. However, due to off-target effects and limitations of the reaction 

conditions, there are issues with operability. Therefore, we have developed the following 

method. Artificial ODNs have been developed as a non-enzymatic nucleic acid editing 

technique. Artificial ODNs have high sequence selectivity and few restrictions on reaction 

conditions. They are less stable than enzymes because their reaction and regulatory 

efficiencies depend on hydrogen bonding. In this study, we developed a spatiotemporally 

controllable nucleic acid cleavage tool that does not depend on hydrogen bonding. The 

thermally irreversible structure using CNVK enables reactivity and precise control, which has 

been a challenge for artificial ODNs. The results of this research are summarized below for 

each chapter. 

 

[Chapter 2] 

In Chapter 2, we attempted to control the activity of DNAzyme triggered by photo with the 

aim of developing nucleic acid drugs in vivo. By introducing CNVK into a part of DNAzyme, 

we succeeded in completely inhibiting the invasion of the substrate strand by covalent bond. 

The covalent bond was also resistant to exonuclease degradation and maintained a 75% 

backbone. CNVK is a photoreversible artificial nucleic acid, and when photolyzed by 

photoirradiation at 312 nm, it showed 38.0% cleavage activity at 15 min, 10 equal doses. This 

result has made it possible to control the expression level of mRNA spatiotemporally using 

CNVK as a trigger. 

 

[Chapter 3] 

Chapter 2 succeeded in inhibiting the translation of mRNA into protein using DNAzyme and 

CNVK. In Chapter 3, we aimed to develop an antigene method that inhibits transcription into 

mRNA by changing the target to DNA. For the purpose of improving the DDI efficiency, the 

self-photo-cross-link inhibition efficiency (T, CNU, dS, S) of the antigene probe was compared. 

The self-photo-cross-link inhibition efficiency increased in the order of S, dS, CNU, and T, 

demonstrating the effectiveness of base-free dS and S. Next, when the DDI photo-cross-

linking efficiency was compared, it increased in the order of CNU, T, S, dS. Because no 

correlation could be confirmed with the self-crosslink inhibition efficiency, the stability of 
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probe and target DNA related to DDI efficiency was measured. The Tm value measurement 

showed that the stability was higher in the order of T, CNU, dS, S. We found that CNU, which 

has both high self-photo-cross-link inhibition and high Tm value, has the highest DDI 

efficiency, and that the balance of the two factors changes the DDI efficiency. Based on these 

results, we found further improvements in the antigene probe. In the future, it will be 

necessary to develop a stable artificial nucleic acid that forms hydrogen bonds with the target 

base and does not have double bonds at the photo-cross-linking position. It is suggested that 

the absence of double bonds involved in the photoreaction will result in higher efficiency of 

self-photo-cross-linking inhibition. 

 

[Chapter 4] 

Chaper 4 demonstrated the DDI photo-cross-linking to 400 mer sequences for long-range 

DNA. With the 11bp-5nt DDI probe, a band derived from the photo-cross-linking of the DDI 

probe with target DNA. First, photo-cross-linking was assessed using 21-CNUK, which was 

previously discussed in Chapter 3. 11bp-5nt reduced self-photo-cross-linking by designing a 

more efficient probe. Moreover, The optimum reaction conditions for the photoirradiation 

time, incubation time, and equivalent were 1 min, 1 h, and 100 eq, respectively. In the future, 

we would like to design a probe with a different CNVK position, and verify DDI photo-cross-

linking to plasmids and genomic DNA.  

 

The future prospect of this research is to study nucleic acid cleavage and regulation under in 

vivo conditions. For this purpose, it is necessary to conduct research using photo-cross-linking 

devices with longer wavelengths than CNVK. In our laboratory, we have already developed an 

artificial nucleic acid called pyranocarbazole [1], which is photo-responsive at 450 nm. 

Artificial nucleic acids that recognize counter bases have also been developed to eliminate the 

off-target effect derived from CNVK [2]. There are a number of other proposed improvements 

for in vivo applications, such as using phosphorothioate ODNs to make the probes resistant 

to enzymatic degradation. 

In the future, in order to verify the results of this research in vivo, we will target mRNA 

existing in cells. For example, we want to knock out c-Jun, the pathogenic gene for squamous 

cell carcinoma, in living cells [3]. In addition, aiming for more accurate control, it is necessary 
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to use an artificial nucleic acid that exhibits a photoreversible reaction at a longer wavelength 

than CNVK. 

Moreover, it will be necessary to develop a stable artificial nucleic acid that forms hydrogen 

bonds with the target base and does not have double bonds at the photo-cross-linking position. 

It is suggested that the absence of double bonds involved in the photoreaction will result in 

higher efficiency of self-photo-cross-linking inhibition. 

If DDI photo-cross-linking to genomic DNA becomes possible, site-specific cleavage will be 

possible. As an alternative technology to CRISPR, we are expecting genetic recombination 

and knockout of target genes. For example, N-myc, the causative gene of rhabdomyosarcoma, 

can be knocked down or knocked out by DDI photo-cross-linking, which could lead to a 

radical therapy [4]. In addition, the characteristics of CNVK will enable various applications 

such as C to U editing. 
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