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Site-Directed Mutagenesis Studies Using Photo-Chemical 

Nucleic Acid Editing 

Abstract	
 

Siddhant Sethi 
1540152 

Fujimoto Laboratory 
 

 
Introduction 
 
Nucleic acid chemistry and its biological applications have a great scope in the development 

of futuristic drugs and cure for many diseases. Enzymatic methods for the nucleic acid 

manipulation have proven to be very useful in vitro but they have their disadvantages in the in 

vivo applications.1 Therefore, chemical methods to edit nucleic acids were developed but the 

drawbacks of those chemical methods are numerous.2 

Thus, to overcome these problems, photochemical methods to edit the nucleic acids have been 

devised which utilize single base modified nucleo-base to specifically target a desired sequence 

of DNA/RNA and edit that sequence at a single point. Fujmoto’s group has discovered a novel 

compound, 3-Cyanovinylcarbazole, which can be easily incorporated as a nucleo-base and 

upon irradiation of 366nm radiation, forms a crosslink with the pyrimidine and lead to 

deamination to afford the transformation of the cytosine to uracil. The crosslink is photo-

reversible and can be easily converted back by 312nm irradiation.3-6 

The experiments have already shown success in the small nucleic acid sequences.7-8 Moreover, 

the feasibility of the photo-crosslinking reaction using 3-Cyanovinylcarbazole in vivo has also 

been reported.9 

Major drawback of this method is that the deamination step takes place at 90ºC, which is not a 

feasible condition for the in vivo applications. Therefore, in this research, the focus on 

development new method, such that, the deamination, which takes 200 years in physiological 

conditions without any external factor, can be carried out at 37ºC, i.e. physiological conditions 

in shorter time. 
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Figure 1: Schematic overview of photo-chemical DNA editing. 

 

Results and Discussion  

 

Chapter 2: The focus was to find the best counter-base of cytosine, based on hydrogen 

bonding, for photo-chemical site-directed mutagenesis using 3-cyanovinylcarbazole as the 

photo-active nucleoside which can crosslink with the target cytosine to afford cytosine to uracil 

transformation at physiological conditions. Different counter bases like guanine (G), inosine 

(I), 2-aminopurine (P), nebularine (R), and 5-nitroindole (N) were used to find the best counter 

base. Among all the bases, it was found that P, R, and N are not suitable counter base for photo-

chemical cytosine to uracil transformation as when using these bases, no deamination reaction 

takes place. While in case of G, the deamination reaction is very slow and only 5% conversion 

is observed in 72h reaction time. Thus, the best counter base among the bases was found to be 

inosine which gives 35-40% in 72h reaction time at 37ºC having the optimal hydrogen bonding 

pattern before and after photo-cross-linking.  

 

Chapter 3: In this chapter, the role of hydrophilicity and polarity of photo-cross-linker was 

discussed. Various derivatives of vinyl carbazole, like 3-cyanovinyl carbazole (CNVK), 3-

amidovinylcarbazole (NH2VK), 3-methoxyvinylcarbazole (OMeVK), and 3-

carboxylvinylcarbazole (OHVK), were used for studying the micro-environment around the 
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target cytosine crosslinked to photo-cross-linker during the deamination of cytosine. It was 

discovered that the hydrophilicity and polarity of the photo-cross-linker plays a crucial role in 

the deamination of cytosine to uracil via photo-cross-linking. OMeVK having the least 

hydrophilicity gave the least rate of reaction for the deamination reaction at varying 

temperature (90, 70, 50, and 37 ºC) while the highest reaction rate was observed with OHVK, 

which is most polar among the cross-linkers based on the polarity index (Log P). Thus, 

hydrophilicity and polarity around target cytosine are deciding factors in case of deamination 

reaction of cytosine via photo-cross-linking. 

 

Chapter 4: Based on the findings of chapter 1 and 2, the overall micro-environment around 

the target cytosine for the mutation of cytosine to uracil via vinylcarbazole based photo-cross-

linking was studied. A combination of counter bases (guanine (G), inosine (I), and cytosine 

(C)) and photo-cross-linkers (CNVK, NH2VK, and OHVK) were used in the ODN to study the best 

match for acceleration of deamination of cytosine to uracil at physiological conditions. It turned 

out that the best combination of counter base and photo-cross-linker is inosine and OHVK which 

could give ~70% conversion of cytosine to uracil in 7 days at physiological conditions, which 

could be extended to ~90% in 20 days. The micro-environment around cytosine, including 

hydrogen bonding, hydrophilicity, and polarity of counter base and photo-cross-linker are key 

players for the photo-cross-link assisted deamination of cytosine to uracil. 

 

Chapter 5: Based on the previous chapters we realized that the micro-environment around the 

target cytosine is deciding factor for rate of cytosine to uracil conversion via photo-cross-

linking. Although, the reaction rate is very rather slow at physiological conditions even when 

inosine is counter base and OHVK is photo-cross-linker. Thus, a different approach to accelerate 

the rate of deamination reaction was used in which the ODN containing photo-cross-linker was 

divided into two parts between the counter base and photo-cross-linker. The adjoining part was 

modified with phosphate group at the terminal of counter base to increase the hydrophilicity 

near the cytosine. It was observed that upon the phosphate group modification near cytosine, 

~100% conversion of cytosine to uracil was observed in just 24 h. Furthermore, we removed 

the ODN with counter base and modified the photo-cross-linker end with phosphate group to 

study the rate of reaction without hydrogen bonding and high hydrophilicity. It was found that 

the rate of reaction increased multifold with the modification giving ~100% conversion from 

cytosine to uracil in 3h at physiological conditions.  
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These results indicate that the deamination of cytosine to uracil is feasible at physiological 

conditions and heating to very high temperature is no more necessary to achieve the site-

directed mutagenesis via photo-cross-linked cytosine. This has opened vast opportunities to 

use this enzyme free system in the biological samples at reduced cost and complexity to afford 

specific and site-directed cytosine to uracil conversions for the treatment of various genetic 

disorders like Leigh’s syndrome.  

 

Future Prospects 
In this study, I have developed a refined way to carry out site-directed mutagenesis using 

enzyme free photo-chemical methods at physiological conditions. This technique has wide 

applications in the field of anti-sense technology, RNAi, RNA/DNA editing in cell for genome 

engineering to eradicate certain genetic disorders arising due to single TàC point mutations. 

 

Keywords 

• Genome editing 

• 3cyanovinylcarbazole 

• Site-directed mutagenesis 

• Photo-cross-linking 

• Cytosine deamination 
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History	of	DNA	
 

Deoxyribonucleic Acid (DNA) traces back its roots form the times when there were only living 

chemicals. DNA had the necessary properties, which were required for it to work as the genetic 

material to carry out the information from one generation to other without any significant loss 

of the information or the material carrying it, that were self-replication ability and the 

expressivity of the information at the vital time and place. Although, the evidences for these 

facts were found at a very later stage by Griffith, 19281 and Hershey-Chase, 19582, who 

discovered that DNA, and not protein, is the actual genetic material.  

 

A few decades ago, before it was established that DNA is the genetic material, DNA was 

discovered by Friedrich Miescher (1869), who named it as nuclein due to its presence in the 

nucleus of cell, from pus cells.3 A decade later, Albrecht Kossei in 1878 was able to identify 

the major constituents of DNA, that is, Adenosine, Thymine, Guanine and Cytosine.4 Further 

in 1929, Phoebus Levene5 found out that the DNA and RNA molecule contains sugar and 

phosphates groups besides nucleobases (Fig 1.1 (A)). But a while ago, in 1927, Nikolai 

Kolstov6 suggested the presence of two strands, which are mirror images, and that they 

replicate in a semi-conservative fashion, which was confirmed the experiments of Matthew 

Meselson and Franklin Stahl in 19587. A decade after Kolstov, the X-Ray Diffraction 

photographs of DNA molecule taken by William Astbury in 19378 suggested the duplex 

structure of DNA. Which was later confirmed by the single X-ray Diffraction images taken by 

Rosalind Franklin and Raymond Gosling in 19529. Using these images, Watson and Crick 

proposed the Double Helix model of DNA in 1953.10 Crick also came up with the concept of 

central dogma, which gave a relation between DNA, RNA, and protein, in 195811 (Fig 1.1 (B)).  

Later, in the year 1977, Sanger12 reported the method for sequencing DNA, more commonly 

known as “Sanger’s Method” and Maxam and Gilbert13 gave chemical degradation method of 

DNA sequencing.  

The discovery of double helical structure of DNA and the sequencing methods of DNAs 

opened a huge portal in the field of DNA related research. It led to the complete profiling of 

human genome, DNA nanotechnology, genetic engineering, artificial gene, molecular 

medicines, and so on. 
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Figure 1.1: (A) Molecular model of DNA helical duplex; The conformation of DNA is double 

helical structure formed Watson Crick interaction. (B)The scheme of central dogma. 
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Mutations	in	DNA	
 

Mutation is any change in the DNA, which results in a variant form that may be transmitted to 

subsequent generations. It can be caused by alteration of large part of gene or a single 

nucleotide in DNA14.  The mutations occurring in chromosomes during meiosis can be 

numerical or structural. 

A mutation in a single base (point mutation) generally affects the function of single gene and 

may produce three kinds of mutations: Missense mutation, where, due to the mutation, one of 

the amino acid in a protein is replaced by other; Nonsense mutation where, due to mutation, a 

normal codon is replaced by stop codon in mid-sequence leading to early translation 

termination; Frame shift mutation, leads to change in reading frame.14 

 

Structural Mutations15 occur due to deletion or rearrangement of part of the chromosome. They 

include: Deletion, one segment of chromosome gets deleted. This aberration includes Wolf-

Hirschhorn syndrome (partial 4p deletion) and Jacobsen syndrome (11q terminal deletion); 

Duplication, single or more segment of the chromosome is present in multiple copies. This 

includes Charcot-Marie-Tooth disease type 1A due to multiple copies of peripheral myelin 

protein 22 gene (PMP22) at chromosome 17; Translocations, a segment of chromosome is 

translocated to another chromosome. There could be reciprocal translocation (between two 

chromosomes segments) or Robertsonian translocation (attaching on one chromosome on the 

centromere of other); Inversions, a part of the chromosome is inverted and reattached; Rings, 

circularization of a segment of chromosome; Isochromosome, formation of mirror copies of 

chromosome (or a part thereof). 

 

Numerical Mutations15 are caused due to unequal chromosome division resulting in an extra 

chromosome or a deficiency in chromosomes. Examples of these mutations are Down 

syndrome (trisomy 21) and Turner syndrome. 
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Site-directed	mutagenesis	
 

Mutagenesis is the process of inducing change in a cell by the altering its DNA. It results in 

the altered gene or a specific nucleotide. Mutations provide the way for evolution if they 

produce an enhanced protein or beneficial functions.16 

 

Site directed mutagenesis also called oligonucleotide directed mutagenesis is an in-vitro 

method of inducing specific mutation in double stranded plasmid DNA by using 

oligonucleotide primers. It is important in studying protein activity and screening mutations.17 

 

In this method, an oligonucleotide with required base switching is annealed onto a copy of 

single stranded DNA incorporated into a suitable vector. The purpose of the primer is served 

by this annealed strand which lead to synthesis of complimentary strand of the plasmid vector. 

This mismatched double stranded recombinant plasmid is transformed into bacteria where the 

cellular enzymes repair the mismatch. About half of the transformant will restore the normal 

sequence while the rest retains the desired mutation. The transformants are checked by 

sequencing of the plasmid DNA.18 

 

One of the ways to mutagenesis is single primer method where a primer is annealed to the 

single-stranded template, which is shortly extended with Klenow fragment, which then 

transfects the bacteria. The mismatched base may be removed by the 5’-3’ exonuclease activity. 

So, the ends of new strands are ligated after extending the strand. In the double primer method, 

two primers are used one is mutagenic and the other non-mutagenic primer is used which is 5' 

to the mutagenic primer (Fig 1.2). It protects the mismatched base after extension and 

ligation.19 
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Figure 1.2: Single primer and double primer method for site-directed mutagenesis 

 

The PCR-plasmid based method for site-directed mutagenesis, though advantageous, has 

certain limitations like availability of restriction sites, incompatibility and large size of gene as 

compared to plasmid, low fidelity and high cost of polymerase, etc. when applied to 

mammalian systems.20-22 Therefore, new methods for site directed mutagenesis were 

discovered which include chemical methods and enzymatic methods.  

 

Chemical	methods	for	mutagenesis	
 

The chemical methods used for inducing mutation in the DNA are based on the cytosine to 

uracil or 5-methyl cytosine to thymine conversion in the DNA strand. The mutation methods 

often use chemicals like sodium bisulphite, nitrous acid, formic acid, hydrazine, ethyl methyl 

sulfonate etc. Myers et al. (1985) and Walton et al. (1991) reviewed the reports that bisulfite, 

nitrous acid, and hydrazine can be used for generating random point mutations in DNA strand 

with a frequency of a few base pair mutation per kbp of DNA.23-24 

 

Sodium	bisulphite	
 

In 1970, Shapiro et al. and Hayatsu et al reported that sodium bisulphite can react with ssDNA 

leading to the addition of sulphonate group on the 5,6-double bond of cytosine and be used for 

the purpose of inducing mutagenesis in the DNA catalysing the deamination of the cytosine to 

uracil in the ssDNA through the removal of 4-amino group. Varying the pH allows the 

restriction of the backward reaction. The reaction of bisulfite with cytosine containing DNA 
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strand is shown in scheme 1.1. Sodium bisulfite lead to deamination of cytosine in ssDNA by 

forming an adduct with cytosine at pH 5 which promotes the deamination of cytosine. The 

bisulfite adduct can be degraded at pH 13.25-26 Sodium bisulfite gained momentum due to its 

application in the epigenotyping of methyl cytosine selective hydrolysis.27-28 Epigenetics, or 

specifically, identification of methylation of DNA in the genome is carried out using sodium 

bisulphite which selectively deaminate cytosine to uracil which is read as thymine after PCR 

unless the cytosine is methylated, in which case the deamination does not take place and the 

sequenced DNA can be shown to be methylated or not.29 

 

 

 
Scheme 1.1: Bisulfite treatment of cytosine and methyl-cytosine containing DNA strand. 
 

Nitrous	Acid	
 

Nitrous acid, generated from nitrosamines, nitrites, and nitrated, are powerful deaminating 

agents which can deaminate cytoine, guanine, or adenine leading to formation of uracil, 

xanthine, or hypoxanthine, respectively (Scheme 1.2).30-31 This further leads to mismatch in 

the base pairing of the original bases causing point mutations in the dsDNA which in turn leads 

to mutation in the protein.  
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Scheme 1.2: Mutation through nitrous acid. 

 

Formaldehyde	
 

Formaldehyde, an omni-present compound in food, air, and water, is a highly reactive 

compound which can easily and rapidly react with amines, thiols, amides, hydroxyls, etc. and 

act as an electrophile to form adducts between DNA, RNA, and/or proteins.32 Formaldehyde 

can also react with the amino group of guanine, cytosine, and thymine in the DNA strand to 

form hydroxtmethyl derivatives of the nucleobases which leads to substitution mutation from 

G:CàA:T or A:TàC:G.33-35 Apart from forming hydroxylmethyl derivatives, formaldehyde 

also induce cross-linking in the DNA strands, both inter- and intra-, leading to chromosomal 

aberrations and joining of telomeres of chromosomes.36 

Besides formaldehyde, other common aldehydes like acetaldehyde, crotonaldehyde, glyoxal, 

methylglyoxal etc have also been reported to form exocyclic alkyl derivatives of guanine 

leading to mutation at G:C base pair.37-40 

 

Ethylmethyl	sulfonate	
 

Besides the mentioned chemicals, ethyl methyl sulfonate (EMS) has been extensively used in 

the past for directed mutation of G:CàA:T transformation in the whole organisms with a 
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frequency of 5-6 bp/kbp,41 while Lai et al. in 2004 showed for the first time that EMS can be 

used for inducing mutations in the defined DNA strand in vitro.42 Ethyl methyl suphonate acts 

as an alkylating agent and attacks the carbonyl group of nucleoside as an electrophile. Due to 

inability of alkylated carbonyl group, the natural bonding gets disrupted leading to base pair 

mutation from G:CàA:T (Scheme 1.3). 

 

 
Scheme 1.3: Ethylmethylsulfonate induced mutation in DNA. 

 

The chemical methods used for mutagenesis have certain disadvantages which include, but are 

not limited to, deleterious chemicals, drastic conditions of reactions like extreme pH, random 

mutations, no control over the site and frequency of mutation, carcinogenicity, lethality due to 

mutation etc.   

 

Enzymatic	tools	for	targeted	genome	editing	
 
Due to incompetency of previous chemical method and PCR based method to induce targeted 

genome engineering in the eukaryotic cells, specifically mammalian cells, alternate methods 

were developed to tackle the targeted genome editing through mutagenesis, repair of genes, 

and correction of deleterious mutations in vivo. Homologous gene targeting was first shown by 

Gerald Fink in 1978 in the yeast cells.43 And subjected to mammalian cells by Oliver Smithies 

et al.44 Thereafter, various homing endonucleases and recombinases have been discovered 

which are effective in targeted homologous gene engineering. Some of them are discussed 

herein: 

 

Meganucleases	
 

Meganucleases were discovered in the yeast cells by the discovery of two proteins 

which acted as endonucleases and triggered the recombination in the yeast cells.45-48 
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The peculiar quality of the mentioned proteins was high specificity as the recognition 

site of these nucleases were rather long (12-40 bp).49-50 In the past decades, many 

members of homing endonuclease or mega nucleases have been identified in almost all 

the cells.51 This high specificity of meganucleases gives them high precision and low 

toxicity as compared to other restriction enzymes. Due to these factors, the 

meganucleases have shown promises in the field of genetic engineering and gene 

editing.52-53 Since, the types of meganuclease and their recognition sites were limited, 

the scope of use was restricted. Thus, modified meganucleases were designed to target 

specific genes at desired locations by introducing small variation in the amino acid 

sequence of the native meganucleases based on the recognition site.54-56 another 

approach used for engineering meganucleases was to produce chimeric nucleases by 

fusing domains from different enzymes.57-59 Despite the advantages of the homing 

endonuclease, the applications of the enzymes are limited due to high cost involved in 

the production of engineered meganucleases and requirement of specific meganuclease 

for each gene. 

 

 

Zinc-finger	Nucleases	(ZFN)	
 

The ultimate aim for gene engineering is to repair a defective gene rather than replace 

it by using a viral vector as mostly only a small portion of the gene is defected.60 ZFN 

are artificial restriction enzymes having two domains: zinc-finger DNA-binding 

domain and DNA cleavage domain which are fused together.61 The zinc-finger domains 

are engineered to target complex genomes as they are designed to bind with specific 

DNA sequence.62 Typically, the DNA-binding domain has 3-6 zinc finger repeats that 

can identify 9-18 bp DNA segment. The sequence this domain recognize must be in the 

form of (GNN)N otherwise the assembly fails to function as the zinc finger repeats 

might overlap and the context dependence is lost.63 The DNA-cleavage domain is 

usually a type IIs recognition enzyme (FokI) which is non-specific in nature and 

function only upon forming a dimer.64-65 ZFNs are used through 2 approaches, 

homologous recombination (HR) or non-homologous end joining (NHEJ). Wherein, 

NHEJ is usually error-prone and can create localized insertion or deletions in the DNA 

strand. Whereas, when homologous recombination approach is used, the replacement 

of a particular section of the gene is possible (Fig 1.3).66   
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 Figure 1.3: Mechanism of working of the Zinc-finger nuclease.  

 

ZFN has been used for gene manipulation in various plants and animals like tobacco, 

soybean, Drosophila, C. elegans, zebrafish, mice, rat, rabbit, pig, cattle, etc.67=76 

Besides animal and plants, the technique has shown to be effective in the clinical trials 

for a method to treat HIV/AIDS by gene disruption of CCR5 gene in the CD4+ human 

T cells.77 Beside all the advantages, there are many problems associated with ZFN like 

off-target cleavage (fig 1), cytotoxicity, and immunogenicity.78-79 

 

	Transcription	Activator-like	Effector-based	Nuclease	(TALEN)	
 

Transcription activation-like effector nucleases are special kind of engineered 

restriction enzymes made by fusing TAL effector protein, a highly conserved 33-34 

amino acid protein with 12th and 13th position (repeat variable diresidue, RVD) variable 

for recognition of DNA and binding, with a DNA cleavage domain from FokI 

restriction enzyme.80-85 The TALEN system bind to target in a very specific fashion due 

to the RVD domain, which even with slight change in sequence can lead to change in 

specificity of DNA binding.74 This direct relationship between amino acid and DNA 

recognition can lead to efficient protein engineering through gene editing.86 A simple 

working mechanism of TALEN has been shown in Fig 1.4,87 wherein a pair of TALENs 

are required for the working with complimentary FokI units on each side to cut the 
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recognized DNA double strand at palindromic sequences. Based on these excisions, 

NHEJ or HR based repair of the genome can be accomplished.88 

 

 
Figure 1.4: DNA binding domain of TALEN fused with DNA-cleavage domain (FokI) bound 

to dsDNA to introduce double stranded break required for genetic engineering. 

 

TALEN, although very young, has been already used in many organisms including, but 

not limited to, fruit fly, cricket, rat, frog, pig, rice, human somatic and pluripotent stem 

cells.89-96 TALEN, though very useful, has some disadvantages like high cost of 

producing the system, off-target cleavage, time and labour extensive process.97 

 

 

 

Clustered	Regularly	Interspaced	Short	Palindromic	Repeats	(CRISPR)	
 

CRISPR is short palindromic sequence of DNA which act as immune system of the 

bacteria and archaea bacteria by identifying the attacking viral genome, where the 

spacers are produced after each viral genome that has attacked, along with Cas 

(CRISPR associated protein) that is translated based on the CRISPR sequences to digest 

the alien DNA.98-101 Upon viral invasion, the Cas protein fuse with crRNA (CRISPR 

RNA) to digest and neutralise the viral DNA and in the process, produce short segments 

of viral genome to identify the same virus in case of subsequent attacks. The small 

segment of DNA gets incorporated in the bacterial genome near the CRISPR array and 

later transcribe Cas and crRNA to tackle the viral attacks later (Fig 1.5).102 
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Figure 1.5: Diagrammatic sketch of mechanism of CRISPR-Cas system as bacterial 

immune system. 

 

This system has been manipulated to be used as genetic engineering tool.103 CRISPR-

Cas9 system has been engineered to modify genome by excising the genome at specific 

sites recognized by the Cas9 protein fused with guide RNA (gRNA) or single gRNA 

(sgRNA), synthesized artificially to recognize specific sequence  which is a fusion of 

crRNA and transcrRNA.104-105 In order for gRNA to recognize and cut the DNA strand, 

it further requires a 3-5bp DNA segment adjacent to CRISPR spacer called protospacer 

adjacent motifs (PAM).106 For the purpose of genome editing, the CRISPR-Cas9 system 

is chiefly used with a gRNA which identifies a specific sequence of DNA and cut it 

near the PAM sequence to induce a double stranded break in the genome which is then 

repaired either by NHEJ of homology directed repair (HDR) mechanism requiring a 

donor DNA template to be inserted at the site of DSB (Fig 1.6).107 
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Figure 1.6: Mechanism of CRISPR-Cas9 system for genome editing by NEHJ and 

HDR. 

 

To transfect the target cells, a plasmid is usually used having CRISPR sequence, for 

transcription of crRNA, PAM sequence, and code for Cas9 protein gene. Multiple 

crRNA and transcrRNA can be packed into a single plasmid, with one RNA for one 

application, to make sgRNA along with Cas9 gene (Fig 1.7).108-109 

 
Figure 1.7: Structural representation of plasmid used for CRISPR-Cas9 showing 

multiple crRNA and transcrRNA combined to form one sgRNA for cell transfection. 
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CRISPR-Cas9 being a versatile tool for genome engineering has certain limitations. 

The major limitations are off-target cleavage activity and cytotoxicity has been 

observed. 110-113 

 

 

Photo-chemical	methods	
 

There are many drawbacks of the chemical and enzymatic methods available for genetic 

engineering, thus the need to develop a non-toxic, cheap, precise, accurate, and easy method 

for site-directed mutagenesis was of utmost importance. Thus, to overcome these problems, 

photochemical methods to edit the nucleic acids have been devised which utilize single base 

modified nucleo-base to specifically target a desired sequence of DNA/RNA and edit that 

sequence at a single point. Fujimoto et al. (2000) reported 5-vinyldeoxyuridine (VU), a 

modification in uridine, which could photo-crosslink with pyrimidine in another DNA/RNA 

strand at the terminal position lading to ligation of two DNA strands without the use of enzymes 

and showing no side reaction by photoradiation of 366nm UV radiation.114 This reaction ligated 

T and VU via [2+2] photocyclization.115 Moreover, it was further reported that another artificial 

nucleotide 5-Carboxyvinyldeoxyuridine (CVU),116 was more responsive than VU. The 

photochemical reaction of CVU is shown in Fig. 6.1A. The template-directed photochemical 

ligation with CVU and other short ODNs, dependent on sequence of template, was achieved 

using CVU based photo-ligation to create self-assembled long dsDNA.117 

 

  
Scheme 1.4: Reversible photo-ligation using CVU. 

 

The photo-ligation technique had various advantages in terms of DNA nano-technology, DNA 

sensors, and DNA computing.118-120 In terms of DNA manipulation as well, CVU was used for 
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5-methylcytosine to thymine transformation through photo-ligation and heat treatment but the 

drawback of CVU was requirement of prolonged irradiation with UV for photo-ligation.121 

  

Therefore, Fujimoto’s group discovered a novel compound, 3-Cyanovinylcarbazole, which can 

be easily incorporated as a nucleo-base and upon irradiation of 366nm for a few seconds, forms 

a crosslink with the pyrimidine and lead to deamination to afford the transformation of the 

cytosine to uracil. The crosslink is photo-reversible and can be easily converted back by 312nm 

irradiation (Fig 1.8).122-125  

 Figure 1.8: Schematic diagram of photochemical DNA/RNA editing 

 

The approach for this reaction (Scheme 1.2) is through the formation of a cyclobutane ring 

which is formed between the trans double bonds of cyanovinyl group of cyanocarbazole and 

the double bonds present in the purine base of DNA. The mechanism follows the wherein, after 

the formation of cyclobutane ring, the amino group on cytosine undergoes amino-imine 

tautomerism. The imine moiety gets attacked by water molecule, forming a hydroxyl bond 

which is converted to keto group via removal of ammonia, ultimately leading to formation of 

uracil in place of cytosine.  
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Scheme 1.2: Mechanism of deamination in photo-chemical DNA editing. 
The experiments have already shown success in the small nucleic acid sequences.126-127 

Moreover, the feasibility of the photo-crosslinking reaction using 3-Cyanovinylcarbazole in 

vivo has also been reported.128 

Major drawback of this method is that the deamination step takes place at 90ºC, which is not a 

feasible condition for the in vivo applications. Therefore, in this research, the focus on 

development new method, such that, the deamination, which takes 200 years in physiological 

conditions without any external factor due to presence of conjugation in the cytosine molecule 

which makes it difficult for nucleophile to attack and disrupt the conjugation, can be carried 

out at 37ºC, i.e. physiological conditions in short time when the double bond at position 4-5 is 

degraded to single bond to make dihydrocytosine which doesn’t possess conjugation and attack 

of nucleophile is facilitated (Scheme 1.3).129  

 
Scheme 1.3: Half-life of cytosine and dihydrocytosine in nature. 
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Objective	of	this	study	
 

Genetic engineering for treatment of genetic disorders and creating desired mutations has been 

an upcoming field in today’s world. Many techniques, for manipulating genome, have been 

developed since the discovery of DNA as genetic material. These methods, like enzymatic 

genome editing, chemical genome editing etc., have proven to be useful in their niche but these 

methods had certain disadvantages in terms of applicability, cost, ease of use, and cytotoxicity 

due to which new methods were needed to be developed which should be fast, convenient, 

cheap, safe, and easy to use. In this study, I have developed one such technique using 3-

cyanovinylcarbazole and its derivatives for photo-chemical site-directed mutagenesis. The 

photo-chemical DNA manipulation doesn’t require enzymes and relatively cheaper than most 

available techniques for the purpose. The deamination of cytosine to uracil in a site-specific 

and precise manner is the prime objective of this technique. 

 

In chapter 2, I have tried to improve the reactivity of CNVK mediated photo-cross-link induced 

deamination of cytosine at physiological conditions, the evaluation of base pairing in cytosine 

has been carried out with respect to its deamination. Guanine has been replaced with 4 different 

counter bases (inosine, 2-aminopurine, 5-nitroindole, and nebularine), showing distinct 

hydrogen bonding pattern with target cytosine, which were incorporated at -1 position with 

respect to CNVK in the CNVK-modified photo-responsive oligodeoxyribonucleotides to 

ascertain the role of hydrogen bonding in the deamination at physiological conditions. Among 

the counter bases, inosine has shown highest acceleration towards the photo-induced 

deamination reaction. 
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Figure 1.9: Overview of nucleobases used as counter base of cytosine with ODN sequence and CNVK structure. 

In chapter 3, I tried to developed new photo-cross-linkers based on CNVK, 3-

methoxycarbonlycarbazole, 3-carboxyvinylcarbazole, and 3-carbonylamidevinylcarbazole. 

The use of 3-carboxyvinylcarbazole resulted in greater acceleration of the deamination reaction 

than that achieved with CNVK. The most likely factors affecting the ability of ultrafast photo-

responsive nucleosides to accelerate the deamination reaction are polarity and hydrophilicity 

of the oligodeoxyribonucleotides that contain photo-cross-linker. 

 

 
Figure 1.10: a) Photochemical Cytosine to Uracil transition in duplex. X shows photo-cross-linker. b) 

Structure of 3-vinylcarbazole derivatives. 
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In chapter 4, I have shown the combined effect of hydrogen bonding and polarity by taking 

varying combinations of counter-bases (inosine, guanine, and cytosine) and vinylcarbazole 

derivatives (3-cyanovinyl carbazole, 3-amidovinylcarbazole, and 3-carboxyl vinyl carbazole) 

and incorporating them in the ODN to accomplish deamination at physiological conditions.  

 

 

 

 
Figure 1.11: a) Overview of photo-cross-linking based DNA editing. b) Structures of counter bases and 

modified photo-cross-linker.
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In chapter 5, I tried a different approach towards changing the micro-environment around the 

target cytosine by breaking the photo-active ODN into two pieces and introducing a free 

phosphate group, firstly only on the counter base to check the effect of increased freedom of 

movement and hydrophilicity and then by further adding the free phosphate group on 3’ end 

of photo-cross-linker. It was observed that upon using phosphate group, the efficiency of 

deamination reaction at 37ºC has increased drastically as the deamination reaction is now 

reaching upto 90% completion in merely 6h at physiological conditions.  

 
 

 
Figure 1.12: Overall view of photo-crosslinking based deamination reaction and structure of modified 
counter bases.    
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deamination	through	DNA	photo-cross-linking	reaction	
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Introduction	
 
Genome editing is an emerging technique in the field of genetic engineering. Genome editing 

using engineered nucleases (GEEN) has been awarded “method of the year, 2011” by Nature 

Methods.1  Major methods available for genome editing are meganuclease,2 zincfinger nuclease 

(ZFN),3 transcription activator-like effector-based nuclease (TALEN),4 and CRISPR-Cas 

system.5 These methods have been considered better than the classic site-directed mutagenesis, 

which include PCR-plasmid and recombination based methods as the classical methods cannot 

be used for mammalian cells.6 GEEN based genome editing exploits the double strand break, 

using engineered nucleases, and repair mechanism of cellular machinery to introduce 

mutation.2 Compared to normally used endonucleases, the engineered nucleases like 

meganucleases, ZFN, and TALEN are capable of creating site-specific double stranded breaks 

in the genomic DNA.7,8 While engineered meganucleases are engineered by modifying DNA 

interacting amino acids, it is very expensive to produce sequence specific enzymes for all 

possible sequences.9  ZFN and TALEN are based on cutting DNA recognition and cleaving 

portions of enzymes and joining the cleaving part with another sequence recognition peptide 

providing specificity.10 In CRISPR/Cas system include plasmids with CRISPR sequence and 

Cas9 (CRISPR associated proteins) which can be incorporated into eukaryotic cells to induce 

desired editings in genome.11 These methods have the disadvantages such as ZFN have been 

shown to be toxic to the cellular system12 and require enzymes which are teadious and 

expensive to produce.   

In 2010, we reported an enzyme-free reaction for cytosine deamination, which use 3-

cyanovinylcarbazole nucleoside (CNVK) mediated photo-cross-link based deamination 

reaction.13 This reaction involves the use of an artificial nucleobase, 3-cyanovinylcarbazole, 

which upon incorporation in oligodeoxyribonucleotide (ODN), can make the ODN photo-

responsive towards UV radiation. The major drawback of this protocol is that the deamination 

step takes place at elevated temperature (90 ºC) to afford the cytosine deamination, which is 

not suitable for cellular applications. In our previous study, it has been shown that the rate of 
CNVK based photo-cross-linking is affected by number of hydrogen bonds between the counter 

base and target pyrimidine.14 Thus, in this study, role of hydrogen bonding has been evaluated 

to improve the reactivity of the photo-cross-link mediated cytosine deamination at 

physiological conditions by using inosine (I), 2-aminopurine (P), nebularine (R), and 5-

nitroindole (N), in place of guanine (G), in the photo responsive ODN as counter-base of target 

cytosine. 
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Materials	and	Methods	
 

Preparation of oligonucleotide. The phosphoramidite of CNVK was synthesized based on the 

method prescribed in the literatute.15 Phosphoramidite monomers of adenine, cytosine, 

thymidine, guanine, deoxyinosine, 2-aminopurine, nebularine, and 5-nitroindole were 

purchased form GlenResarch (USA). Oligodeoxyribonucleotides were synthesized using 

automatic DNA synthesizer (3400 DNA Synthesizer, Applied BioSystems, USA) and 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. x 150 mm, Nacalai Tesque, 

Japan)) with a gradient of 2-32% MeCN and flow rate of 3 ml/min, 60ºC.  The synthesized 

ODNs were confirmed by MALDI-TOF-MS (Table 2.1). Non-modified ODNs were purchased 

form Fasmac (Japan). 

 
Table 2.1: MALDI-TOF-MS analysis of synthesized ODNs  

ODN(XK), X= Calculated Mass (M+H)+ Experimental Mass (M+H)+ 

G 4625.84 4625.90 

I 4610.97 4608.23 

P 4609.94 4609.55 

R 4594.83 4607.69 

N 4639.12 4629.48 

 

 

Photo-cross-linking Reaction. The reaction mixture containing 15-mer oligonucleotides (15 

µM each in 50 mM Na-cacodylate buffer (pH = 7.4) containing 100 mM NaCl) was irradiated 

with an LED lamp (366 nm, 1600 mW/cm2, ZUV, Omron, Japan) at 0 ºC for 40 s. Photo-cross-

linked ODNs were analysed and 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. x 150 mm, Nacalai Tesque, Japan)) with a gradient of 2-32% MeCN and flow rate of 3 

ml/min, 60ºC. 

 

Deamination Reaction. The solution of photo-cross-linked DNAs (4 µM in 50 mM Na-

cacodylate buffer (pH = 7.4) and 100 mM NaCl) was incubated at 37 ºC. Photo-splitting 
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reaction was performed using 312 nm UV Trans-illuminator (Funakoshi Ltd., Japan) at 37ºC 

for 15min. 

 

UPLC analysis. Samples after photo-splitting were subjected ultra-high performance liquid 

chromatography (UPLC) using UPLC system (Acquity, Waters, USA) equipped with BEH 

Shield RP18 column (1.7 µm, 2.1 x 50 mm, elution was with 0.05 M ammoniumformate 

containing 3-6.5% CH3CN, linear gradient (10 min) at a flow rate of 0.2 ml/min, 60 ºC). 

Chromatograms were monitored at 260 nm.  

 

UV melting analysis. UV melting curve of the duplexes ODN(XK)/cODN(C) and photo-

cross-linked ODNs (5 µM in 50 mM Na-cacodylate  buffer (pH 7.4) consisting of 100 mM 

NaCl) were measured (260 nm, 1 ºC/min) by V-630bio spectrophotometer (Jasco, Japan), 

equipped with temperature controller. The melting temperature (TM) of the duplex was 

calculated using first derivate of the corresponding melting curve (Fig. 2.1). 

 

 
Figure 2.1: UV melting curves at 260nm of ODN(XK)/cODN(C)  

 

Molecular modelling: Molecular modelling analysis was performed using Macromodel v8.116 

with AMBER* force field, water as solvent, and H-bond parameter 2.5 Å constrain. Energy 

minimization (500 iterations), both before and after stochastic molecular dynamics, were 

performed to find the most stable structure. The details of the molecular modelling: 

 

Macromodel v8.1 

Maestro v5.106 ©Schrodinger LLC  
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Dynamics method: Stochastic, no shaking 

Simulation temperature: 300 K 

Time step: 1.500 fs 

Equilibriation time: 1.0 ps 

Simulation time: 10.0 ps 

Minimization method: PRCG 

Max # of iterations: 500 

Converge on: Gradient 

Convergence threshold: 0.0500 

Force field: AMBER* 

Solvent: Water 

Electrostatic treatment: constant dielectric 

Dielectric constant: 1.0 

Charges from: force field; extended cut off 

 Vanderwaals: 8.0 

 Electrostatic: 20.0 

 H-bond: 4.0 
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Results	and	discussion	
 
Photo-cross-linking	
To evaluate the effect of hydrogen bonding on the rate of photo-cross-linking, photo-

responsive ODNs with different counter bases (G, I, P, N, and R) and CNVK at -1 position to 

cytosine were prepared and subjected to photo-cross-linking reaction with cODN(C) by 

irradiating the samples, containing 15 uM of each ODN along with dU (75 uM) as internal 

standard in 50 mM sodium cacodylate buffer (pH 7.4) containing 100 mM NaCl, with 366 nm 

UV radiation and analyzing by ultra-high performance liquid chromatography (UPLC). The 

UPLC chromatograms (Fig. 2.2) shows that initially two peaks corresponding to the ODN(XK) 

and cODN(C) had been decreased during the course of photo-cross-linking reaction and new 

peak corresponding to photo-cross-linked duplex (ODN(XK<>C)) has appeared. After 2 s, the 

reaction has proceeded to >60% conversion in the case of ODNs with 2-aminopurine (P) and 

ca. 50% with nebularine (R). In the case of inosine (I), the conversion after 2 s is ca. 40% while 

in case of guanine (G) the conversion is ca. 10% and for 5-nitroindole (N), the conversion is 

even less (<8%). This suggests that the photo-reactivity of CNVK is different towards the 

cytosine having different counter base and the base pairing of cytosine can have either 

accelerating effect towards the photo-cross-linking (I, P, and R) or it can impede the photo-

cross-linking (N) compared to ODN(GK). A plot to study quantitatively the effect of counter 

base substitution on the rate of photo-cross-linking is shown in Fig. 2.3a to depict the time 

course of photo-cross-linking reaction, wherein the dots represent the actual points of the 

reaction and the solid lines represent the fitted curves based on first order reaction kinetics and 

the reaction rate constants has been plotted (Fig. 2.3b) to ascertain the effect of base substitution 

on photo-cross-linking. Considering the rate of reaction with ODN(GK) and cODN(C) as 1, 

the acceleration of reaction has been observed when G is replaced with I (3.5x), R (4x), and P 

(7.8x) while deceleration is observed in the rate of reaction with N having the relative rate 

constant 0.6. These figures suggest that only the number of hydrogen bonds is not sufficient to 

predict the relative reaction rate for photo-cross-linking reaction but other factors are also 

involved which affect the CNVK mediated photo-cross-linking on changing the target cytosine’s 

counter base. These factors include, but are not limited to, number of hydrogen bonds, stacking 

distance between CNVK and cytosine, and overall duplex stability.   
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Figure 2.2: UPLC analysis of the photo-cross-linking reaction of the duplex consisting of ODN(XK) and 
cODN(C). [ODN(XK)]=[ODN(C)] = 15 µM in 50 mM Na-cacodylate buffer (pH 7.4) containing 100 mM NaCl 
with [dU]=7.5 uM as internal standard. Samples were irradiated with UV-LED (366 nm, 1600 mW/cm2) at 0 °C. 
Asterisks over the new peak indicate the photo-cross-linked duplex. “dR” indicates 2-deoxyribose. Refer Table 
2.2 for hydrogen bond and stacking distance. 
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Figure 2.3: (a): Time course of the photo-cross-linking reaction of the duplex containing ODN(XK) and 
cODN(C), where X=G, I, P, R, and N. (b) Photo-cross-linking reaction rate constant and melting temperature 
(Tm) of the duplex. The numbers besides the bar indicate the relative reaction rate constant considering the 
reaction rate constant of photo-cross-linking of ODN(GK)/cODN(C) as base value. Refer Table 2.3 for detailed 
Reaction rate constant.    
 
Table 2.3: Photo-reaction rate constants of duplex consisting of ODN(XK)/ODN(C) 

ODN(XK) k (s-1) Acceleration 
ratio (kX/kG) 

Stacking 
distance (Å) 
(average)	

ODN(GK) 0.068 ±0.007 1 3.43	
ODN(IK) 0.238 ±0.009 2.7 3.44	

ODN(PK) 0.530 ±0.029 5.8 3.54	
ODN(NK) 0.044 ±0.003 0.6 4.42	
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Guanine, with three hydrogen bonds to cytosine, shows the maximum stability in the duplex, 

with Tm=56.5 ºC. Therefore, the reaction rate of guanine is comparatively lower than other 

base pairs except 5-nitroindole. In 5-nitroindole, the distance between C5-C6 bond of cytosine 

and vinyl bond of CNVK, is larger as compared to other ODNs, 4.7 (C1’ (CNVK)-C6 (cytosine)) 

and 4.2 Å (C2’ (CNVK)-C5 (cytosine)) as compared to 3.6 and 3.3 Å in ODN(GK) and 

cODN(C), which can be based on stacking of the 5-nitroindole moiety over CNVK molecule due 

to non-polar van-der-waal interactions, which leads to lower reaction rate. Nebularine showing 

acceleration to photo-cross-linking reaction, is related to the absence of hydrogen bonding in 

the nebularine. In case of 2-aminopurine, the change in hydrogen bonding pattern before and 

after photo-cross-linking lead to highest rate of photo-cross-linking. The acceleration in the 

reaction rate is slightly higher in case of R (4.0) than I (3.5) due to lack of hydrogen bonding 

in case of ODN(RK)/cODN(C) which provide greater freedom of movement to cytosine to 

form cross-link with CNVK. 2-aminopurine has the largest relative acceleration towards the 

photo-cross-linking. It can be explained based on the fact that the number of hydrogen bonds 

changed before and after the cross-linking 

 

 

Deamination	of	photo-cross-linked	cytosine	
 
To evaluate the role of hydrogen bonding in the deamination of cytosine, photo-cross-linked 

duplex (ODN(XK<>C)) were incubated at 37 ºC, and then irradiated (312 nm) to split the 

cross-linked duplex. Resulting solutions were analyzed by UPLC and the conversion of the 

deamination reaction was evaluated from the ratio of the peak areas identical to cODN(C) and 

cODN(U) generated, respectively (Fig. 2.5).		

ODN(PK<>C), ODN(RK<>C) and ODN(NK<>C), when incubated at 37ºC, does not lead to 

deamination of cytosine even in 72 hours, whereas, ODN(IK<>C) shows 35% CàU 

conversion as compared to 6% in case of ODN(GK<>C) after 72 h incubation at 37ºC (Fig. 

ODN(RK) 0.278 ±0.018 3.5 3.55	
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2.6a). Twelve times acceleration in the cytosine deamination rate has been observed in the case 

of ODN(IK<>C) with respect to ODN(GK<>C) (Fig. 2.6b).  

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5: UPLC analysis of the deamination reaction of the photo-cross-linked duplex consisting of ODN(XK) 
and cODN(C). [ODN(XK<>C)] = 15 µM in 50 mM Na-cacodylate buffer (pH 7.4) containing 100 mM NaCl. 
incubated at 37ºC, photo splitting was performed with transilluminator (312 nm) at 37ºC. cODN(U) indicate the 
deaminated product.  
 

 

 ODN(XK<>C) 5’AAATGCXCNVKACGTCCC3’				X:	G,	I,	P,	N,	R 
3’TTTACGC----A----TGCAGGG5’ 

0h 

24h 

48h 

72h 
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Figure 2.6: (a) Time course of the deamination reactions of the photo-adducts ODN(XK<>C). (b) Deamination 
reaction rate constants of the photo-adducts ODN(XK<>C). The values besides the bars indicate the acceleration 
ratio compared to the case of X = G. Photoreaction rate constants were estimated from the time course of the 
deamination reaction with an assumption of first-order reaction kinetics. Refer Table 2.4 for reaction rate 
constants. 
 
 
 
 
 
 
 

a) 

b) 
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Table 2.4: Reaction rate constants of deamination reaction  
 
 

 

 

 

 

 

 

These observations can be attributed to the thermodynamics involved in the formation of the 

pseudo reaction intermediate as per the mechanism of the deamination reaction (Fig 2.7). The 

difference in the energy of the photo-adduct and pseudo intermediate is a deciding factor for 

the rate of deamination in case of inosine containing ODN. The energy of photo-adduct in case 

of ODN(GK<>C) and ODN(IK<>C) is not much different, ODN(GK<>C) has slightly lower 

energy due to two hydrogen bonds as compared to ODN(IK<>C) with one hydrogen bond (fig 

2.8), but there is large difference in the energy of pseudo intermediates thus giving rise to a 

large difference in DE values (Table 2.5). This difference in the DE values leads to higher rate 

of deamination reaction in case of ODN(IK<>C) as compared to ODN(GK<>C).  

 

 
Figure 2.7: Proposed mechanism of deamination of photo-adduct 
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Figure 2.8: Molecular models showing number of hydrogen bonds in photo-adducts and reaction 

intermediates. 

 
Table 2.5: Energy of photo-adduct and pseudo intermediated 

 
 

Whereas, no deamination reaction in the case of photo-adducts with P, N, and R could be due 

to the higher hydrophobicity of the ODNs which might dampen the deamination reaction. 

Moreover, comparing 2-aminopurine and inosine for hydrogen bonding patterns, it is evident 

that the hydrogen bond in case of inosine with cytosine is more hydrophilic in nature as the 

G-C	intermediate I-C	intermediate

Photoadduct(GC)
Photoadduct(IC)

[kcal/mol]

G-C	base	pair

Photoadduct(C)

Intermediate*

ΔE

I-C	base	pair

281

379

92

274

335

61

Reaction	rate	(h-1) 6.0	× 10
-4 5.1× 10-4

*	Pseudo	intermediate
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hydrogen bond is present between amino group of cytosine and carboxylic group of inosine 

giving rise to higher polarity around the amino group of cytosine whereas, in case of 2-

aminopurine, the hydrogen bond of amino group is formed with endo-cyclic imine nitrogen 

which is part of the aromatic ring leading to higher hydrophobicity around the C4 carbon of 

cytosine (carbon attached to amino group) thereby making the attack of incoming nucleophile 

difficult (Fig 2.9). Similarly in case of nebularine, the absence of hydrophilic group and 

hydrogen bonding with cytosine leads to higher hydrophobicity around cytosine leading to 

hampering of deamination reaction. Also, in case of 5-nitroindole, which being the most 

hydrophobic among all counter bases, also doesn’t show any deamination reaction. Upon 

comparing these hydrogen bond patterns with the active site of yeast cytosine deaminase 

(yCD)17-20, it has been observed that in case of yCD, the cytosine from a special hydrogen 

bonding network in the active site of the enzyme wherein, Glu64 forms hydrogen bonding with 

hydrogen of amino group of cytosine leading to higher hydrophilicity around cytosine which 

is further complemented by attack of Zn-bound activated nucleophile (Fig 2.10). 

 

 
Figure 2.9: Hydrogen bonding comparison in 2-aminopurine and inosine 

 

 
Figure 2.10: Active site representation of yeast cytosine deaminase 
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Inosine as complimentary base to cytosine for CNVK assisted photo-cross-linking mediated 

deamination of cytosine, due to proper spatial hydrogen bonding patterns lower energy requied 

for intermediate formation make it suitable for this reaction. The type of hydrogen bonds and 

spatial arrangement of cytosine are crucial factors for the deamination of cytosine. The CNVK 

mediated photo-cross-linking induced deamination reaction could prove to be one the 

revolutionary technique for in vivo DNA manipulation due to its simplicity and specificity.   
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Conclusions	
 
Inosine has potential to be used as the counter-base of target cytosine for the CNVK mediated 

photo-cross-link induced deamination of cytosine in physiological conditions as it clearly 

accelerate the reaction to many-folds when used in the photo-responsive ODN. Hydrogen 

bonding of target cytosine plays a critical role in the deamination reaction along with the 

hydrophobicity of counter base. The major factors involved in the deamination reaction are 

position and number of hydrogen bonds between the counter base and target cytosine along 

with the spatial orientation of the photo-cross-linked cytosine.  
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Chapter	3:	Effect	of	substitution	of	photo-cross-linker	in	
photochemical	cytosine	to	uracil	transition	in	DNA	
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Introduction	
 

Current attempts to treat various genetic disorders by gene therapy are focused predominantly 

on DNA/RNA nucleobase editing1,2 Most of these extensively researched techniques are 

based on either enzymatic3-9 (CRISPR/Cas9 and deaminase) or chemical10,11 (bisulphite) 

DNA modifications. Enzymatic techniques require the presence of a specific sequence in the 

genome to act. CRISPR/Cas9 is usually composed of two major components, namely, Cas9 

protein and guide RNA which can recognize a specific sequence of the target DNA. Guide 

RNAs are complementary to the target DNA and can be engineered based on the sequence of 

the latter. Cas9 protein is an obligatory nuclease that recognizes protospacer adjacent motif 

(PAM) sequence (NGG) in the target genome and cleaves DNA 20bp away from the PAM 

site. Enzymatic gene editing technology is advantageous because of its gentler nature. 

However, there are numerous limitations associated with it, including complicated handling 

and limited utility in vivo. On the other hand, chemical methods of nucleobase editing require 

the use of invasive and hazardous chemicals, such as sodium bisulphite, which may cause 

unexpected, nonspecific reactions in the body. Therefore, noninvasive, highly specific, and 

enzyme-free technologies that can bring about specific changes in DNA or RNA without any 

nonspecific outcomes and associated side effects are urgently required to be able to use new 

approaches to cure genetic disorders.  

We have previously reported a non-enzymatic method to accomplish cytosine to uracil (C to 

U) transformation in target DNA and RNA, by using photo-responsive 

oligodeoxyribonucleotides (ODNs) containing 3-cyanovinylcarbazole nucleoside (CNVK).13–15 

The ODN containing CNVK can photo-cross-link to pyrimidine base	in complementary DNA or 

RNA strand with a few second photoirradiation16. The deamination of cytosine to uracil does 

occur naturally, but the half-life of cytosine to uracil in single strand is approximately 200 

years. However, this deamination is accelerated by photo-cross-linking reaction between 

cytosine and photo-cross-linker such as CNVK and 5- carboxyvinyldeoxyuridine(CVU). 

Moreover, this photo-cross-linking reaction using CNVK can be performed in living cells17. 

Thus, the photochemical transition of C to U has the potential to edit the nucleobase in living 

cells. However, this method utilises high temperature (90 °C) during the deamination step, 

which is unsuitable for in vivo applications. We recently demonstrated that the base 

complementary to cytosine affected the rate of deamination due to specific hydrogen bonding. 

When inosine was the complementary base, the rate of cytosine deamination was accelerated 

under physiological conditions. This finding indicated that the surrounding environment of 
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target cytosine is an important factor in C to U transformation. In the present study, we focused 

on photo-cross-linkers and synthesised new photo-responsive ODNs that contain ultrafast 

cross-linkers, such as 3-methoxycarbonylcarbazole(OMeVK), 3-carboxyvinyl-carbazole 

nucleoside (OHVK), and 3-carbonylamidevinylcarbazole nucleoside(NH2VK), which, facilitated 

C to U transformation in DNA, similarly to 3-cyanovinylcarbazole nucleoside (CNVK). In order 

to accelerate deamination reaction at lower temperatures, we designed CNVK derivatives, 

namely, OMeVK, OHVK, and NH2VK (Figure 3.1) with different hydrophilicityies and polarities. 

We hypothesized that these structural changes would facilitate the attack of water on the target 

amino group of cross-linked cytosine. ODNs which had the photo-responsive nucleoside at -1 

position with respect to target cytosine in the complimentary ODN(C) (5’-ACGGGCGCA-3’) 

and contained modified photo-cross-linkers were synthesized. Two photo-responsive 

nucleosides CNVK and OMeVK were synthesized, and the other two nucleosides were prepared 

by the postsynthetic modification of the synthesized ODN containing OMeVK. (Figure 3.2).  

 

 
Figure 3.1: a) Photochemical Cytosine to Uracil transition in duplex. X shows photo-cross-linker. b) Structure of 

3-vinylcarbazole derivatives. 
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Figure 3.2:  Post-modification of photo-cross-linker in ODN. 

  

Deprotec@on�

5’�

3’�

28 % Ammonia Solution!
65°C, 4 h�

0.05 M K2CO3 in MeOH!
r. t., 17 h�

0.4 M NaOH in H2O/MeOH!
37°C, 17 h�

NH2VK� OMeVK� OHVK�

5’� 5’� 5’�

3’� 3’� 3’�



Doctoral Dissertation  Siddhant Sethi 
 

page. 57 
 
 

Materials	and	Methods	
 

General.  

1H NMR spectrum were recorded on a Bruker AVANCE III 400 system. Mass spectra were 

recorded on a Voyager PRO-SF, Applied Biosystems. HPLC was performed on a Chemcosorb 

5-ODS-H column with JASCO PU-980, HG-980-31, DG-980-50 system equipped with a 

JASCO UV 970 detector at 260 nm. Reagents for the DNA sysnthesizer such as A, G, C, T-β-

cyanoethyl phosphoramidite, and CPG support were purchased form Glen research. 

 

 

Synthesis and preparation of oligonucleotides 

 

The phosphoramidite of OMeVK was prepared per the scheme (Scheme 3.1).  

 

 

 
Scheme 3.1: Synthetic scheme for preparation of photo-responsive nucleotide 
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Scheme 3.2: Synthesis of 3-methoxycabonylvinyl-carbazole 

 

3-Methoxycarbonylvinyl-carbazole (1): 3-Iodocarbazole (1.50 g, 5.12 mmol) and Palladium 

acetate (115 mg, 0.512 mmol) were taken in DMF (2.38 mL). Tributylamine (1.22 mL, 5.12 

mmol) and Methyl acrylate (1.15 mL, 12.8 mmol) were added to the mixture. The reaction 

mixture was microwaved at 60W, 160ºC for 20minutes. After completion of reaction, checked 

by TLC (Hexane:Ethyl acetate = 4:1), Palladium acetate was filtered off. The filtrate was 

reduced under vacuum and subjected to silica-gel column chromatography (Hexane:Ethyl 

acetate = 3:1) to afford 3-Methoxycarbonylvinyl- carbazole (1.23 g, 4.89 mmol, 96%). 
1HNMR (400MHz, DMSO-d6) 11.54(s, 1H), 8.52(s, 1H), 8.16(d, 1H, J=7.72 Hz), 7.85(d, 1H, 

J=15.92 Hz), 7.76(dd, 1H, J=1.44, 9.96 Hz), 7.50-7.53(m, 2H), 7.42(t, 1H, J=7.18 Hz), 7.20(t, 

1H, J=7.34 Hz), 6.63(d, 1H, J=15.92 Hz), 3.74 (s, 3H) 

 
Figure 3.3: 1H NMR analysis of 3-Methoxycarbonylvinyl-carbazole. 

 

 

N
H

O

O

N
H

I
CH2CHCOOCH3

(n-Bu)3N,
(CH3COO)2Pd

DMF

1

12 11 10 9 8 7 6 5 4 3 2 1 0 ppm

3
.
7
4
1

6
.
6
1
1

6
.
6
5
1

7
.
1
8
7

7
.
2
0
6

7
.
2
2
4

7
.
4
0
1

7
.
4
2
0

7
.
4
3
7

7
.
4
9
6

7
.
5
0
9

7
.
5
1
7

7
.
5
2
9

7
.
7
4
9

7
.
7
5
2

7
.
7
7
0

7
.
7
7
4

7
.
8
3
0

7
.
8
7
0

8
.
1
5
0

8
.
1
7
0

8
.
5
2
9

1
1
.
5
4
3

3.
12

1.
07

1.
07

1.
08

2.
16

1.
07

1.
10

1.
07

1.
07

1.
00

N
O

O

DMTrO

O

O

P
N O

CN

N
O

OH

HO

O

O

N
H

O

O

N
H

I
CH2CHCOOCH3

(n-Bu)3N,
(CH3COO)2Pd

DMF
KOH, TDA-1
Chlorodeoxyribose
dry MeCN

CH3ONa
MeOH
DCM

DMTrCl
DMAP
dry Pyridine

[N(iPr2)]2PO(CH2)2CN
5-Benzylthio-1H-tetrazole
dry MeCN



Doctoral Dissertation  Siddhant Sethi 
 

page. 59 
 
 

 
Scheme 3.3: Synthesis of 3-Methoxycarbonylvinylcarbazole-1’-β-deoxyriboside(2) 

 

3-Methoxycarbonylvinylcarbazole-1’-β-deoxyriboside (2): 1 (1.27 g, 5.06 mmol)、

KOH(0.85 g, 15.18 mmol)、TDA-1 (32 µL, 0.1012 mmol)were dissolved in dry acetonitrile 

(100 mL) and stirred for 5minutes. Then, Chlorodeoxyribose (2.36 g, 6.07 mmol) was added 

to the mixture and stirred for 1 hour at room temperature. Reaction was monitored with TLC 

(Hexane:Ethyl acetate = 4:1), upon completion, the mixture was subjected to vacuum and the 

resulting product was dried to obtain 3-Methoxycarbonylvinylcarbazole-1’-β-deoxyriboside-

3’,5’-di-(p-toluoyl)ester. 

3-Methoxycarbonylvinylcarbazole-1’-β-deoxyriboside-3’,5’-di-(p-toluoyl)ester was then 

dissolved in MeOH (184 mL) / CH2Cl2 (48 mL) mixture and NaOMe (898 mg, 16.62 mmol) / 

MeOH (8.31 mL)was added to it and stirred for 3hours at room temperature. TLC 

(CHCl3:MeOH = 9:1) was checked to ascertain that the starting material has been used up. The 

reaction mixture was filtered and evaporated. The product was subjected to silica-gel column 

chromatography (CHCl3:MeOH = 9:1) to get 3-Methoxycarbonylvinylcarbazole-1’-β-

deoxyriboside (2) (0.643 g, 1.75 mmol, 35%). 
1HNMR (400MHz, CDCl3) 8.16(s, 1H), 8.04(d, 1H, J=7.68 Hz), 7.84(d, 1H, J=15.92 Hz), 7.40-

7.61(m, 4H), 7.27(t, 1H, J=7.34 Hz), 6.55(dt, 1H, J=30.68, 7.54 Hz), 6.44(d, 1H, J=15.92 Hz), 

4.71(quin, 1H, J=3.93 Hz), 3.92-4.00(m, 2H,), 3.82 (s, 3H), 2.88(dt, 1H, J=14.04, 8.16 Hz), 
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Figure 3.4: 1H NMR analysis of 3-Methoxycarbonylvinylcarbazole-1’-β-deoxyriboside. 

 

 

Scheme 3.4: Synthesis of 5‘-O-(4,4’-dimethoxytrityl)-3-Methoxycarbonylvinylcarbazole-1’-β-deoxyriboside-3’-

O-(cyanorthoxy-N,N-diisopropylamino)phosphoramidite (3) 
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at room temperature. Completion of reaction was confirmed by TLC (CHCl3:MeOH = 99:1). 
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to obtain 5’-O-(4,4’-dimethoxytrityl)-3-Methoxycarbonylvinyl carbazole-1’-β-deoxyriboside 

(804 mg, 1.20 mmol, 69%). 
1HNMR (400MHz, CDCl3) 8.19(s, 1H), 8.05-8.07(m, 1H), 7.85(d, 1H, J=15.92 Hz), 7.64-

7.69(m, 2H), 7.51(s, 1H), 7.50(s, 1H), 7.39(d, 2H, J=3.60 Hz), 7.41(s, 1H), 7.40(s, 1H), 7.38(s, 

1H), 7.38(s, 1H), 7.23-7.33(m, 6H), 6.82-6.84(m, 4H), 6.62-6.65(m, 1H,), 6.42 (d, 1H J=15.92 

Hz), 4.81(quin, 1H, J=3.55), 4.10(q, 1H, J=3.89), 3.83(s, 3H), 3.78(s, 3H), 3.78(s, 3H), 3.59(d, 

1H, J=3.80), 2.91(dt, 1H, J=14.00, 8.18 Hz), 2.24(ddd, 1H, J=4.84, 3.60, 2.68 Hz) 

 
Figure 3.5: 1H NMR analysis of 5’-O-(4,4’-dimethoxytrityl)-3-

methoxycarbonylvinylcarbazole-1’-ß-deoxyriboside 
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Scheme 3.5: Post-modification of photo-cross-linker in ODN 

 

 

Preparation of modified oligonucleotides.  

The phosphoramidite of CNVK was prepared following to previous reports.16 The modified 

oligonucleotides containing CNVK or OMeVK were prepared, according to standard 

phosphoramidite chemistry using DNA synthesizer (ABI 3400 DNA synthesizer, Applied 

Biosystems, CA). The ODN containing OMeVK was postmodified to ODN containing OMeVK, 
OHVK, or NH2VK in deprotection step (Scheme 3.5). Synthesized CNVK ODNs were detached 

from the support by soaking in concentrated aqueous ammonia for 1 h at room temperature. 

Deprotection was conducted by heating the concentration aqueous for 4 h at 65°C concentrated 

aqueous ammonia was then removing it by speedvac, and the crude oligomer was purified by 

reverse phase HPLC equipped with InertSustainTM C18 column CosmosilTM 5C18-AR-II 

column (5 µm, 10 × 150 mm, Nacalai tesque, Flow rate of 3.0 mL/min, 60°C) and lyophilized. 

Synthesis of ODN was confirmed by MALDI-TOF-MS (Table 3.1). Other ODNs were 

purchased from Fasmac (Japan). 

 

Isolation of photo-cross-linked dsDNA.  

The cODN (C)-Cy3 (10 µM) and X-ODN (GK), where X is photo-cross-linker, (10 µM) in 

buffer solution (100 mM NaCl, 50 mM sodium cacodylate, pH 7.6) was photoirradiated at 366 

nm for 300 sec using UV-LED illuminator(OMRON Inc, 1600 mW) on ice. The solution was 
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rt, 17 h

0.4 M NaOH/H2O:MeOH = 1:4, 
37�C, 17 h

28%Ammonia Solution, 
65�C, 4 h

CNVK OMeVK

NH2VK OHVK5’-TGC   G X C CGT-3’

N
O

O

DMTrO

O

O

P
N O

CN

DNA synthesizer

DNA sequence

N
O

O

O

CN

DNA

DNA

N
O

O

O

COOMe

DNA

DNA

N
O

O

O

CONH2

DNA

DNA

N
O

O

O

COOH

DNA

DNA



Doctoral Dissertation  Siddhant Sethi 
 

page. 63 
 
 

determined by absorbance of Cy3 molecule at 550 nm, and synthesis was confirmed by 

MALDI-TOF-MS analysis (Table 3.1). 

Table 3.1: MALDI-TOF-MS analysis of photo-adducts. 

Entry Calcd. [M+H]+ Found 
CNVK- ODN(GK)/ODN(C) 5544.26 5544.03 
OMeVK- ODN(GK)/ODN(C) 5564.96 5563.03 
OHVK- ODN(GK)/ODN(C) 5563.14 5562.05 
NH2VK- ODN(GK)/ODN(C) 5578.39 5577.04 

 

 

Deamination  

The solution of 5 µM ODN(GK) and ODN(C) in buffer solution was annealed and 

photoirradiation at 366 nm. The photoirradated solution was purified by a reversible HPLC to 

get the purified photo-cross-linked dsDNA. The 5 µM photo-cross-linked dsODN in a buffer 

solution (50 mM Na-cacodylate buffer (pH 7.4) containing 100 mM NaCl) was incubated at 

37°C, 50°C, 70°C and 90°C 

 

Polyacrylamide gel analysis 

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

containing 8M urea. After the electrophotresis(150V, 80 min), fluorescent image was taken by 

luminescent image analyzer (LAS3000, Fujifilm, Japan). 

 

Molecular modelling 

Molecular modelling analysis was performed using Macromodel v8.1 with AMBER* force 

field, water as solvent, and H-bond parameter 2.5 Å constrain. Energy minimization (500 

cycles) and stochastic molecular dynamics were performed to find the most stable structure.18 
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Figure 3.6: Molecular modeling images of the photo-cross-linked ODNs showing varying spatial orientation of 
the photo-adducts with different photo-cross-linkers. 
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Results	and	Discussion	
 

At first, photo-responsive ODN(X) (5’-TGCGXCCGT-3’) was subjected to photo-cross-

linking reaction with ODN(C) by irradiating the mixture of both ODNs in 50 mM sodium 

cacodylate buffer (pH 7.4) containing 100 mM sodium chloride, using 366 nm UV radiation at 

4 °C for 120 s (Fig 3.7), and analysed by reversed phase high performance liquid 

chromatography (HPLC) and ultrahigh performance liquid chromatography (UPLC). HPLC 

analysis mixture before and after irradiation, resulted in the appearance of a new peak and 

disappearance of two peaks that of the ODN mixture before and after irradiation using HPLC, 

a new peak was observed on HPLC chromatograms, whereas two peaks that corresponded to 

single-stranded ODN disappeared over the course of photoirradiation (Fig 3.7-3.10), 

confirming the formation of photo-adduct ODN(X<>C). The analysis of photo-cross-linking 

reaction at different time intervals (Figures 3.7-3.10) showed (Figure 3.11) that the maximum 

reaction rate was observed when CNVK (k = 0.33 × s-1) was used as photo-cross-linker. 

Although, the new photo-cross-linkers had slightly lower reaction rate constants (NH2VK: k = 

0.23 × s-1; OMeVK: k = 0.11 × s-1; and OHVK: k = 0.08 × s-1), 95% conversion was observed within 

60 s for all ODNs. The photo-adducts were stable under UV irradiation even after 

overexposure, and no degradation was observed. The photo-adducts were purified using HPLC 

and analysed by MALDI-TOF-MS (Table 3.1).  

 

 

 
Scheme 3.6: Scheme of photo-cross-linking reaction. 
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Figure 3.7: UPLC analysis of photo-cross-linking by ODN containing CNVK, I; Deoxyuridine, II; ODN(C), III; 
CNVK-ODN(GK), IV; Photoadduct CNVK-ODN(GK)/ODN(C). Elution: 50 mM ammmoniumformate/MeCN (99:1 

to 90:10), Linear gradient (10 min) at a flow rate of 0.2 mL/min, The temperature of the column was maintained 

at 60 °C. 
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Figure 3.8: UPLC analysis of photo-cross-linking by ODN containing OMeVK, I; Deoxyuridine, II; ODN(C), V; 
OMeVK-ODN(GK), VI; Photoadduct OMeVK-ODN(GK)/ODN(C). Elution; 50 mM ammmoniumformate/MeCN 

(99:1 to 90:10), Linear gradient (10 min) at a flow rate of 0.2 mL/min. The temperature of the column was 

maintained at 60 °C.  
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Figure 3.9: UPLC analysis of photo-cross-linking by ODN containing NH2VK, I; Deoxyuridine, II; ODN(C), IX; 
NH2VK-ODN(GK), X; Photoadduct NH2VK-ODN(GK) and ODN(C). Elution; 50 mM ammmoniumformate/MeCN 

(99:1 to 90:10), Linear gradient (10 min) at a flow rete of 0.2 mL/min,  The temperature of the column was 

maintained at 60 °C.  
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Figure 3.10: UPLC analysis of photo-cross-linking by ODN containing NH2VK, I; Deoxyuridine, II; ODN(C), IX; 
NH2VK-ODN(GK), X; Photoadduct NH2VK-ODN(GK) and ODN(C). Elution; 50 mM ammmoniumformate/MeCN 

(99:1 to 90:10), Linear gradient (10 min) at a flow rate of 0.2 mL/min,  The temperature of the column was 

maintained at 60 °C.  
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Figure 3.11: Time course of the photo-cross-linking reaction between ODN(GK) and ODN (C) and reaction rate 

constants with various photo-cross-linker. 

 

 

To evaluate the effect of photo-responsive base substitution in C to U transformation, photo-
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interval of time until 12 h and the gels were visualised using LAS-3000 (Fujifilm). Cy3 labelled 

ODN(C) and ODN(U) were used in this experiment to image Cy3 fluorescence. Analysis of 

gels showed a clear distinction between the photo-adduct that contained C at the target site and 

mutated ODN that contained U at the target site (Figure 3.12b). The distinction was made by 
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Figure 3.12: a) Scheme of deamination reaction. b) Denaturing PAGE analysis of the products after 
photochemical DNA editing. Lane 1: ODN(X) + Cy3-ODN(C) + UV (366nm, 5min, 0ºC); Lane 2: Lane 1 + heat 
(70ºC, 0.5 h); Lane 3: Lane 1 +  heat (70ºC, 1 h); Lane 4: Lane 1 + heat (70ºC, 1.5 h); Lane 5: Lane 1 + heat 
(70ºC, 2 h); Lane 6: Lane 1 + heat (70ºC, 3 h); Lane 7: Lane 1 + heat (70ºC, 4 h); Lane 8: Lane 1 + heat (70ºC, 5 
h); Lane 9: Lane 1 + heat (70ºC, 6 h); Lane 10: Lane 1 + heat (70ºC, 12 h); Lane 11: ODN(X) + Cy3-ODN(U) + 
UV (366nm, 5 min, 0ºC); Lane 12: Lane 1 + Lane 11. c) Time-course of deamination reaction. 
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To examine the relationship between temperature and the efficiency of photo-responsive 

nucleoside substitution in C to U transition, we carried out deamination reaction at different 

temperatures (90, 50, and 37 °C). We found that the acceleration effect of photoresponsive 

nucleobase substitution was unaltered at 50 °C and 90 °C (Figures 3.13–3.15). The highest 

rates of deamination reaction were observed with ODN(OHVK). In case of 90 ºC deamination 

reaction, a new band above the band ODN(OMeVK<>U) has been observed which could be due 

to saponification of the methyl ester. To explore whether this reaction could proceed in living 

cells, we also carried out experiments at 37 °C and found that deamination of cross-linked 

cytosine could be observed at that temperature as well, with the same relationship between 

reaction rates and ODN structure as those observed during experiments at higher temperatures. 

 

 
Figure 3.13: a) Denaturing PAGE analysis of the products after each reaction step of the photochemical ODN 
editing. Lane 1; ODN(GK) + ODN(C)-Cy3 + UV (366 nm, 2 min, 4°C), Lane 2; Lane 1 + heat (50˚C, 1.0 h), 
Lane 3; Lane 1 + heat (50˚C, 3.0 h), Lane 4; Lane 1 + heat (50˚C, 6.0 h), Lane 5; Lane 1 + heat (50˚C, 9.0 h), 
Lane 6; Lane 1 + heat (50˚C, 12.0 h), Lane 7; Lane 1 + heat (50˚C, 24.0 h), Lane 8; ODN(GK) + ODN(U)-Cy3 + 
UV (366 nm, 4°C), Lane 9; Lane 1 + Lane 8.  Sample: ODN(GK) (5 µM), ODN(C)-Cy3 (6 µM) in 50 mM Sodium 
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cacodylate buffer containing 100 mM NaCl Buffer. (pH 7.4). b) Time course of photochemical C→U transition 
using 3-vinylcarbazole derivatives at 50ºC. 

 

 
Figure 3.14: a) Denaturing PAGE analysis of the products after each reaction step of the photochemical ODN 
editing. Lane 1; ODN(GK) + ODN(C)-Cy3 + UV (366 nm, 2 min, 4°C), Lane 2; Lane 1 + heat (90˚C, 0.25 h), 
Lane 3; Lane 1 + heat (90˚C, 0.5 h), Lane 4; Lane 1 + heat (90˚C, 0.75 h), Lane 5; Lane 1 + heat (90˚C, 1.0 h), 
Lane 6; Lane 1 + heat (90˚C, 1.5 h), Lane 7; Lane 1 + heat (90˚C, 2.0 h), Lane 8; Lane 1 + heat (90˚C, 2.5 h), 
Lane 9; Lane 1 + heat (90˚C, 3.0 h), Lane 10; Lane 1 + heat (90˚C, 3.5 h), Lane 11 ODN(GK) + ODN(U)-Cy3 + 
UV (366 nm, 4°C), Lane 12; Lane 1 + Lane 10. Sample: ODN(GK) (5 µM) , ODN(C)-Cy3 (6 µM)  in 50 mM 
Sodium cacodylate buffer containing 100 mM NaCl Buffer. (pH 7.4). b) Time course of photochemical C→U 
transition using 3-vinylcarbazole derivatives at 90ºC. 
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Figure 3.15: a) Denaturing PAGE analysis of the products after each reaction step of the photochemical ODN 
editing. Lane 1; ODN(GK) + ODN(C)-Cy3 + UV (366 nm, 2 min, 4°C), Lane 2; Lane 1 + heat (37˚C, 1 day), 
Lane 3; Lane 1 + heat (37˚C, 2 days), Lane 4; Lane 1 + heat (37˚C, 3 days), Lane 5; Lane 1 + heat (37˚C, 5 days), 
Lane 6; Lane 1 + heat (37˚C, 7 days), Lane 7; ODN(GK) + ODN(U)-Cy3 + UV (366 nm, 4°C), Lane 8; Lane 1 + 
Lane 8. Sample: ODN(GK) (5 µM) , ODN(C)-Cy3 (6 µM)  in 50 mM Sodium cacodylate buffer containing 100 
mM NaCl Buffer. (pH 7.4). b) Time course of photochemical C→U transition using 3-vinylcarbazole derivatives 
at 50ºC 
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To confirm C to U transition, ODNs photo-split by 312 nm UV irradiation at 60 °C after 

deamination reaction were subjected to enzymatic digestion using nuclease P1 and snake 

venom. The digested samples were analysed by UPLC. UPLC chromatograms showed that 

after deamination, a new peak corresponding to uracil nucleoside appeared in ODNs (Figure 

3.16). This confirmed that C to U transformation indeed occurred after photo-cross-linking.    

 

 
Figure 3.16: Enzymatic digestion of photo-splitted ODNs after deamination reaction. The peak ratio indicated 
the amount of nucleoside in the ODN. Peak of uracil is observed in the UPLC. 
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To assess the correlation between the hydrophilicity of ODN and rate of deamination reaction, 

we calculated partition coefficient (LogP)19-20 of photo-responsive ODN(X) using their HPLC 

retention times (Figure 3.17). We found that hydrophilicity of ODNs positively correlated with 

their ability to convert cytosine to uracil in a photo-responsive manner (Figure 3.18, Table 3.2). 

ODN(OHVK) had the highest hydrophilicity value (LogP = 0.53), followed by ODN(CNVX) and 

ODN(NH2VK) (LogP = 0.55 and 0.61, respectively), whereas ODN(OMeVK) was most 

hydrophobic (LogP = 0.82). These results were similar to those obtained in experiments with 

yeast cytosine deaminase. In these experiments, Zn was shown to bind to a water molecule, 

which acted as a nucleophile, and to attack cytosine residue to affect deamination.21-24 

Similarly, in our experiments, the most hydrophilic moiety, OHVK, was associated with the 

maximum acceleration of deamination reaction, which indicates that photo-cross-linkers might 

bind to water molecule to facilitate nucleophilic attack. To determine the mechanism of 

acceleration of the deamination reaction and to understand the nature of the relationship 

between ODN structure and reaction rate, we calculated the activation energy values of photo-

responsive ODN(X) using the reaction rates values at 50, 70, and 90 °C. Activation energy was 

inversely proportional to the rate of deamination reaction (Table 3.2). The highest value was 

observed for ODN(OMeVK) and the lowest value for ODN(OHVK). These results indicated that 

the hydrophilic substituent decreased the activation energy in photochemical transition of C to 

U.  
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Figure 3.17: Comparison test of LogP by the HPLC method. HPLC chromatograms of the photo-cross-linking 
duplexes consisting of ODN(GK) and ODN(C). Elution; 50 mM ammmoniumformate/MeCN (100:0 to 60:40), 
Linear gradient (60 min) at a flow rate of 1.0 mL/min. The temperature of the column was maintained at 60 °C.  
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Figure 3.18: Relation between partition coefficient and rate of photo-cross-linking reaction. 
 
 
Table 3.2: Partition coefficient, rate constant of deamination and activation energy 
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Conclusion	
 

In conclusion, we demonstrated that efficient C to U transformation can be achieved non-

enzymatically at relatively low temperatures by using 3-cyanovinylcarbazole derivatives. The 

rate of deamination reaction is primarily dependent on polarity, hydrophilicity, and activation 

energy of the oligodeoxyribonucleotides that contain photo-responsive nucleosides. This study 

is the first step towards the synthesis of novel ultra-fast photo-cross-linkers that would mediate 

photochemical C→U transformations at physiological conditions, so that this technology can 

be applied to in vivo studies.   
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Introduction	
 

Nucleic acid chemistry and its biological applications have a great scope in the development 

of futuristic drugs and cure for many diseases.1 Enzymatic methods for the nucleic acid 

manipulation, like PCR-plasmid based DNA manipulation has been used for many years to 

create directed mutations, recombination, deletion, and insertion of desired gene in the genome, 

but these methods have limited applications when in vivo applications are considered.2 Recent 

developments in the field of genome editing has given us methods for genome editing using 

proteins, RNA, and other chemical agents. Currently, the major enzymatic techniques used for 

genome editing are meganuclease,3 zincfinger nuclease (ZNF),4 transcription activator-like 

effector-based nuclease (TALEN),5 and clustered regularly interspaced short palindromic 

repeats associated system (CRISPR-Cas system).6-9   

Currently, CRISPR-Cas system is considered one of the most advanced technique for specific 

genetic manipulation.10 CRISPR-Cas9 is a two-component based system, wherein, one of the 

component is an endonuclease (Cas9) and a guide RNA (gRNA), a 20-nucleotide sequence 

that determines target specificity.11 Despite high specificity of CRISPR system, unintended 

mutations at sites other than target sites is one of the major drawbacks of the system.12    

Along with CRISPR, ZNF and TALEN have also been used for genome editing by using 

enzymes which cleaves the DNA at specific sites to induce double stranded breaks which lead 

to deletion and frame-shift mutations.13,14 Although useful, these systems have shown 

cytotoxicity and cost of producing the enzymes is high.15 

Besides enzymatic methods for DNA manipulation, chemical methods, like sodium bisulphite 

nucleobase editing have been developed.16 Bisulphite based nucleobase editing is considered 

internecine technique as it requires deleterious chemical and the technique is highly non-

specific.  

Due to limitation in the chemical methods, certain photo-chemical methods were developed 

which use azbenzene and psolaren incorporated in the DNA strand and could undergo either 

photo-isomerization or photo-cross-linking by UV irradiation to form a stable cross-linked 

duplex.17-20 These photo-active compounds have been used in the DNA to induce anti-sense 

effect and formation of stable DNA structures.21-23 

Presence of limitations and drawbacks of the current techniques available for nucleic acid 

editing has led to new non-enzymatic and non-invasive techniques for manipulation of nucleic 

acids. In 2010, we reported a new enzyme free technique for nucleic acid editing which takes 

advantage of cytosine deamination to induce single point mutation in the DNA/RNA sequence 
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using photo-reactive 3-cyanovinylcarbazole nucleotide (CNVK).24-25 Upon incorporation of 
CNVK in oligodeoxyribonucleic acid (ODN), the ODN become responsive towards UV 

radiation and can undergo cross-linking with cytosine at -1 position with respect to CNVK in a 

sequence specific manner. Upon cross-linking, the aromaticity of cytosine is lost which makes 

it prone to nucleophilic attack by water to undergo deamination. The major drawback of this 

reaction is requirement of high temperature to accomplish deamination.  

In 2015, we showed the effect of hydrogen bonding on rate of photo-cross-linking reaction by 

changing counter-base of cytosine,26 which led to the idea that hydrogen bonding could also 

play role in deamination reaction. In 2017, we further proved our hypothesis by showing that 

certain counter-bases of cytosine are better for deamination than other bases due to a specific 

type of hydrogen bonding in the cross-linked cytosine.27 Furthermore, we also reported that 

not only hydrogen bonding, but polarity around cytosine-photo-adduct is also responsible for 

the velocity of deamination reaction at lower temperatures using the derivatives of 

vinylcarbazole.28  

In this report, we have shown the combined effect of hydrogen bonding and polarity by taking 

varying combinations of counter-base (inosine, guanine, and cytosine) and vinylcarbazole 

derivatives (3-cyanovinyl carbazole, 3-amidovinylcarbazole, and 3-carboxyl vinyl carbazole) 

and incorporating them in the ODN to accomplish deamination at physiological conditions 

(figure 4.1). 
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Figure 4.1: a) Overview of photo-cross-link based cytosine deamination. b) chemical structures of counter bases 
and photo-cross-linkers.  
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Materials	and	Methods	
 

General.  

1H NMR spectrum were recorded on a Bruker AVANCE III 400 system. Mass spectra were 

recorded on a Voyager PRO-SF, Applied Biosystems. HPLC was performed on a Chemcosorb 

5-ODS-H column with JASCO PU-980, HG-980-31, DG-980-50 system equipped with a 

JASCO UV 970 detector at 260 nm. Reagents for the DNA synthesizer such as A, G, C, T-β-

cyanoethyl phosphoramidite, and CPG support were purchased form Glen research. 

 

 

Synthesis and preparation of oligonucleotides 

 

 
Scheme 4.1: Synthetic scheme for preparation of photo-responsive nucleotide 

 

The phosphoramidite of OMeVK and CNVK was prepared per the scheme (Scheme 4.1) and 

previous literature.26  
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Post-modification of Oligonucleotides 

 

 
Scheme 4.2: Post-modification of photo-cross-linker in ODN 

 

Preparation of modified oligonucleotides.  

The phosphoramidite of CNVK was prepared following to previous reports.33 The modified 

oligonucleotides containing CNVK or OMeVK were prepared, per standard phosphoramidite 

chemistry using DNA synthesizer (ABI 3400 DNA synthesizer, Applied Biosystems, CA). The 

ODN containing OMeVK was post modified to ODN containing OHVK or NH2VK in deprotection 

step (Scheme 4.2). Synthesized CNVK ODNs were detached from the support by soaking in 

concentrated aqueous ammonia for 1 h at room temperature. Deprotection was conducted by 

heating the concentration aqueous for 4 h at 65°C concentrated aqueous ammonia was then 

removing it by speedvac, and the crude oligomer was purified by reverse phase HPLC equipped 

with InertSustainTM C18 column CosmosilTM 5C18-AR-II column (5 µm, 10 × 150 mm, 

Nacalai tesque, Flow rate of 3.0 mL/min, 60°C) and lyophilized. Synthesis of ODN was 

confirmed by MALDI-TOF-MS (Table 4.1). Other ODNs were purchased from Fasmac 

(Japan). 
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Table 4.1: MALDI-TOF-MS analysis of ODNs. 

ODN(XK) Calculated Mass (M+H)+ Experimental Mass (M+H)+ 

CCNVK 4587.84 4586.43 

CNH2VK 4605.22 4607.21 

COHVK 4592.87 4592.00 

GCNVK 4627.84 4625.90 

GNH2VK  4645.33 4644.25 

GOHVK 4632.08 4630.44 

ICNVK 4610.97 4608.23 

INH2VK 4629.65 4631.02 

IOHVK 4617.17 4616.19 

 

 

 

Isolation of photo-cross-linked dsDNA.  

The cODN (C) (15 µM) and ODN (XK), where X is the counter base and K is the photo-cross-

linker, (15 µM) in buffer solution (100 mM NaCl, 50 mM sodium cacodylate, pH 7.6) was 

photoirradiated at 366 nm for 120 sec using UV-LED illuminator(OMRON Inc., 1600 mW) at 

37 ºC. And the solution was purified by reverse phase HPLC, and the concentration of photo-

cross-linked dsDNA was determined by absorbance at 260 nm. 

 

Deamination  

The solution of 15 µM ODN(XK) and ODN(C) in buffer solution was annealed and 

photoirradiated at 366 nm. The photoirradated solution was purified by a reversible HPLC to 

get the purified photo-cross-linked dsDNA. The 5 µM photo-cross-linked dsODN in a buffer 

solution (50 mM Na-cacodylate buffer (pH 7.4) containing 100 mM NaCl) was incubated at 

37°C. 

 

 

Photo-splitting and UPLC analysis 

After the photo-splitting with irradiation of 312 nm (15 min at 37°C, transillluminator, 

Funakoshi), reaction mixture was analyzed with UPLC system (Aquity, Waters); elution was 
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with 0.05 M ammonium formate containing 3-6.5% CH3CN, linear gradient (10 min) at a flow 

rate of 0.2 mL/min.  

 

Partition coefficient (LogP) 

LogP of photo-cross-linked DNA was measurement by their retention time following OECD 

protocol. 10 µM photo-cross-linked dsDNA was analyzed with HPLC system; elution was with 

0.05 M ammonium formate containing 98-50% CH3CN, linear gradient (60 min) at flow rate 

of 1 mL/min. 4-Acetylpyridine, Aniline, Acetanilide, Phenol, Benzonitrile, and Acetophenone 

were used as control compound to create calibration curve.29-30 

 

Enzymatic digestion 

ODNs after photo-splitting were incubated with 0.2 unit/µl Nuclease P1 for 24 h at 37ºC. 

Further, the solution was treated with alkaline phosphatase (0.1 unit/µl) for 24 h at 37ºC and 

analyzed with HPLC system. Elution was with 1-20% MeCN in 50 mM ammonium formate 

buffer for 30 min at linear gradient with column temperature 60ºC and flow rate of 1 ml/min. 
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Results	and	Discussion	
 

Deamination	reaction	
In order to find the best combination of photo-active nucleobase and counter-base of the target, 

various combinations were studied for deamination. For counter base: inosine, guanine, and 

cytosine were chosen. Whereas, for photo-active nucleobase, 3-cyanovinyl carbazole (CNVK), 

along with two derivatives of CNVK: 3-amidevinyl carbazole and 3-carboxyl vinyl carbazole 

were chosen. In our previous reports, these bases have shown promising results when studied 

singularly, therefore, we chose the combinations based on the previous singular studies.  

Firstly, 15mer ODNs containing the various combinations, namely: GCNVK, GNH2VK, GOHVK, 

CCNVK, CNH2VK, COHVK, ICNVK, INH2VK, and IOHVK (table 4.2), were synthesized using DNA 

synthesizer (AB 3600, USA), The ODNs were designed in such a way that the counter base 

gets placed complimentary to the target cytosine and photo-active nucleotide gets placed at -1 

position with respect to target cytosine present in the complimentary strand.  

The two ODNs, cODN(C) and ODN(XK) (15 µM each), where X=G, C, and I; and K=CNVK, 
NH2VK, and OHVK, in 50 mM sodium cacodylate buffer having 100 mM sodium chloride (pH 

7.4) were irradiated with 366 nm UV radiation for 120 seconds at 37 ºC using Omron LED. 

The ODNs were cross-linked in 60 seconds with a yield of >90% as analyzed by ultra-high 

performance liquid chromatography (Fig 4.2). These photo-adducts were purified using high 

performance liquid chromatography (HPLC). 

 
Table 4.2: Sequence of photo-active ODNs 

ODN(XK) ODN sequence (5’à3’) 

CCNVK AAATGCCCNVKACGTCCC 

CNH2VK AAATGCCNH2VKACGTCCC 

COHVK AAATGCCOHVKACGTCCC 

GCNVK AAATGCGCNVKACGTCCC 

GNH2VK  AAATGCGNH2VKACGTCCC 

GOHVK AAATGCGOHVKACGTCCC 

ICNVK AAATGCICNVKACGTCCC 

INH2VK AAATGCINH2VKACGTCCC 

IOHVK AAATGCIOHVKACGTCCC 
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Figure 4.2. UPLC chromatograms of the mixture of OGN(XK) and cODN(C). [ODN] = 10 µM in 50 mM sodium 
cacodylate buffer (pH 7.4) containing 100 mM NaCl. Photoirradiation at 366 nm was performed at 4ºC. 50 µM 
2’-deoxyuridine (dU) was used as an internal standard. Peaks marked with asterisk (*) are the newly formed 
photo-adducts. X= G, C, I. K= OHVK and NH2VK. 
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The photo-adducts ODN(XK<>C) (5 µM) in 50 mM sodium cacodylate buffer and 100 mM 

sodium chloride (pH 7.4) were incubated for 7 days at 37 ºC. Samples were taken out at interval 

of 1 day and the ODNs were photo-split using 312 nm UV radiation for 15 min at 37 ºC. The 

photo-split ODNs were then analyzed by UPLC. The conversion of CàU was studied by 

comparing peak areas under the curves of UPLC depicting the individual cODN(C) and 

cODN(U) shown in the figure 4.3-4.5. The photo-split ODNs were subjected to enzymtic 

digestion using nuclease P1 and alakaline phosphatase (Figure 4.7). 

 

 
Figure 4.3. UPLC analysis of the deamination reaction of the photo-cross-linked duplex consisting of ODN(IK) 
and cODN(C). [ODN(IK<>C)] = 5 µM in 50 mM Na-cacodylate buffer (pH 7.4) containing 100 mM NaCl. 
incubated at 37ºC, photo splitting was performed with transilluminator (312 nm) at 37ºC. Peak marked with 
asterisk indicate the newly formed ODN(U). 
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Figure 4.4. UPLC analysis of the deamination reaction of the photo-cross-linked duplex consisting of ODN(GK) 
and cODN(C). [ODN(GK<>C)] = 5 µM in 50 mM Na-cacodylate buffer (pH 7.4) containing 100 mM NaCl. 
incubated at 37ºC, photo splitting was performed with transilluminator (312 nm) at 37ºC. Peak marked with 
asterisk indicate the newly formed ODN(U). 
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Figure 4.5. UPLC analysis of the deamination reaction of the photo-cross-linked duplex consisting of ODN(CK) 
and cODN(C). [ODN(CK<>C)] = 5 µM in 50 mM Na-cacodylate buffer (pH 7.4) containing 100 mM NaCl. 
incubated at 37ºC, photo splitting was performed with transilluminator (312 nm) at 37ºC. Peak marked with 
asterisk indicate the newly formed ODN(U).with asterisk indicate the newly formed ODN(U). 
  

AAATGCCKACGTCCCAAATGCCKACGTCCC
TTTACGCATGCAGGG

5’

5’3’

3’

TTTACGUATGCAGGG

5’

5’3’

3’Deamination
37ºC

312	nm

3.5 4 4.5 5 5.5
Retention	 time	 (min)

0	day

1 day

2 day

3 day

5 day

7 day

COHVK

3.5 4 4.5 5 5.5

Retention	 time	 (min)

CNH2VK

3.5 4 4.5 5 5.5
Retention	 time	 (min)

CCNVK

0	day

1 day

2	day

3 day

5	day

7 day

* *

*
Retention	time	(min) Retention	time	(min) Retention	time	(min)

ODN(CK<>C) ODN(CK)	and	ODN(U)

ODN(COHVK<>C) ODN(CNH2VK<>C) ODN(CCNVK<>C)



Doctoral Dissertation  Siddhant Sethi 
 

page. 94 
 
 

 
Figure 4.6. (a) Time course of the deamination reactions of the photo-adducts ODN(XK<>C). (b) Deamination 
reaction rate constants of the photo-adducts ODN(XK<>C). The values besides the bars are reaction rate constants 
and the values in braces indicate the acceleration ratio compared to the case of GCNVK. Photoreaction rate 
constants were estimated from the time course of the deamination reaction with an assumption of first-order 
reaction kinetics. 
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Figure 4.7: Enzymatic digestion of photo-splitted ODNs after deamination reaction using nuclease P1 and 
alkaline phosphatase. The peak ratio indicated the amount of nucleoside in the ODN. I=dC, II=dU, III=dG, 
IV=dT, V=dA, VI=dI. HPLC conditions: 1-20% MeCN in 50 mM ammonium formate, liner gradient, for 30 
min, column temperature 60ºC.  
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In the case of cytosine as counter base, deamination occurred by incubation at 37ºC using 

ODN(CCNVK<>C), ODN(COHVK<>C), and ODN(CNH2VK<>C). A peak identical to that of 

ODN(C) was observed before incubation. A peak decreased on incubation and a new peak 

identical to ODN(U) appeared. It can be noted that the highest conversion of CàU was 

achieved by ODN(IOHVK<>C) (~70%) in 7 days. In general, among all the counter-bases, 

inosine containing ODNs showed maximum CàU conversion in combination with the photo-

cross-linkers. ODNs containing cytosine and guanine showed almost similar reaction rates for 

all the photo-cross-linkers. The difference in the rate of deamination in the photo-cross-linked 

ODNs can be attributed to hydrogen bonding pattern. Due to cross-linking, the overall planarity 

of cytosine is perturbed and a tilt appears in the non-planar part of cytosine towards the central 

axis pertaining to change in the hydrogen bonding pattern. These changes lead to a hydrogen 

bond between the adjacent base of cytosine and the amino group of cytosine, specifically 

observed in case of ODN with inosine. These hydrogen bonding patterns are comparable to 

hydrogen bonding observed near the active site of yeast cytosine deaminase (yCD) wherein a 

special network of hydrogen bonds has been observed in the enzyme.32-33 This special network 

of hydrogen bonding is critical for the protonation of N3 of cytosine through the Glu64 and 

conformational changes of cytosine giving accessibility to water attack facilitated by zinc-

bound water on C4 of cytosine. The patterns observed in the cross-linked cytosine of hydrogen 

bonding are equivalent to these patterns observed in yCD. Prior to cross-linking, the hydrogen 

bonding is according to Watson-Crick base-pairing, whereas, after cross-linking, due to change 

in planarity of cytosine, the hydrogen is with adjacent base facilitating the nucleophile attack 

on C4. Furthermore, the hydrogen bonding N3 is also crucial for proton shuttling.  

Therefore, the number of hydrogen bonds in the photoadduct directly affected the rate of 

deamination, wherein, fewer H-bonds between the target cytosine and counter-base facilitated 

the deamination reaction. Upon comparing the photo-cross-linkers, the same pattern was 

observed. In this photochemical deamination, the hydrophilicity around the C4 in the target 

cytosine is the important factor  

because of cytosine deamination requires water molecules. To assess the correlation between 

the hydrophilicity of photo-cross-linked dsDNA and rate of deamination reaction, we 

calculated the partition coefficient (LogP) of photo-cross-linked dsDNA using their HPLC 

retention times (Table 2). The hydrophilicity of ODNs positively correlated with their ability 

to convert cytosine to uracil in a photo-responsive manner. Photo-cross-linked 

ODN(IOHVK<>C), ODN(GOHVK<>C), and ODN(COHVK<>C) have the highest hydrophilicity 
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value (LogP = 0.52, 0.54, and 0.57 respectively) among all the ODNs due to presence of highly 

hydrophilic photo-cross-linker OHVK (table 4.2 and Figure 4.8). Among these ODNs, it has 

been observed that the highest rate of cytosine to uracil conversion has been observed in 

ODN(IOHVK<>C) having the highest hydrophilicity. Similar pattern for deamination of 

cytosine has been observed in the ODNs containing NH2VK. The highest rate has been observed 

in ODN(INH2VK<>C) followed by ODN(GNH2VK<>C) and ODN(CNH2VK<>C), having their 

LogP in the similar order, i.e. highest hydrophilicity is shown by ODN(INH2VK<>C) among 

these three. Even in the ODNs with CNVK, the relation between LogP (hydrophilicity) and 

deamination reaction rate constant is positive correlation (Table 4.3, Figure 4.9, figure 4.10). 

ODNs containing OHVK are the most hydrophilic therefore shows highest rate of cytosine to 

uracil conversion. Thus, upon careful analysis of the results it is evident that the two major 

factors required for high rate of deamination in the vinyl carbazole based photo-cross-link 

assisted cytosine deamination are hydrogen bonding in the target cytosine and the 

hydrophilicity of the photo-cross-linker. Upon combining these two factors, the maximum 

CàU conversion can be achieved by using ODN containing inosine and OHVK at physiological 

conditions, therefore ODN(IOHVK<>C) having the highest hydrophilicity and optimum 

hydrogen bonding has shown highest rate of deamination among all the other ODNs. Thus, 

ODN(IOHVK<>C) was then further incubated for 20 days at 37ºC to determine the extent of 

deamination that can be achieved in this period. It has been observed from the UPLC 

chromatogram that the deamination reached a stationary phase, and the reaction proceeded only 

minimally in the later stage of deamination (Figure 4.11). 

 
Table 4.2: Partition coefficients (Log P) 

Entry Retention 

time(min) 

Log P  

IOHVK 4.49 0.56 Hydrophilicity 

(decreasing) 

GOHVK 4.96 0.64  

COHVK 5.31 0.70  

INH2VK 5.38 0.71  

GNH2VK 5.66 0.76  

ICNVK 6.00 0.820  

GCNVK 6.04 0.83  
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CCNVK 6.47 0.90  

CNH2VK 7.78 1.13  

 

 

 
Figure 4.8: Bar graph showing correlation between ODN and Log P values in increasing order of hydrophobicity. 
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Figure 4.9: UPLC chromatograms showing retention time of individual ODN in 1 to 15 % MeCN gradient over 
12 min linearly in ammonium formate (50 mM). 
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Table 4.3: Log P and reaction rate constant correlation. 

 

 
Figure 4.10: Correlation of LogP and reaction rate constant. 
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Log P Deamination rate 
constant (h-1) 

 

IOHVK 4.49 0.56 0.0071 
 Hydrophilicity  
(decreasing) 

GOHVK 4.96 0.64 0.0036  
COHVK 5.31 0.70 0.0024  
INH2VK 5.38 0.71 0.0035  
GNH2VK  5.66 0.76 0.0025  
ICNVK 6 0.82 0.0047  
GCNVK 6.04 0.83 0.0023  
CCNVK 6.47 0.90 0.0006  
CNH2VK 7.78 1.13 0.0023  
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Figure 4.11: a) UPLC analysis of the deamination reaction of the photo-cross-linked duplex consisting of 
ODN(IK) and cODN(C) for a duration of 20 days. [ODN(IK<>C)] = 5 µM in 50 mM Na-cacodylate buffer (pH 
7.4) containing 100 mM NaCl. incubated at 37ºC, photo splitting was performed with transilluminator (312 nm) 
at 37ºC. Peak marked with asterisk indicate the deaminated product. b) Scheme and sequence of deamination, and 
time course of deamination reaction. 
 
Therefore, 7 days reaction which gives ~70% conversion is most optimum for in vivo 

applications. In the past, the deamination reaction used to occur at 90ºC using CNVK cross-

linked cytosine. It has come all the way from that point to the reaction now taking place at 

physiological conditions, which will lead to realization of this technique in the in vivo 

application and further in the clinical scenario. This technique will be used in the future for the 

treatment of skin and other cancers along with treatment of disorders arising due to genetic 

mutations, e.g. Leigh’s syndrome. We will now be focusing on using 366 nm UV radiation 

instead of 312 nm due to slightly invasive nature of 312 nm UV radiation by employing DNA-

strand displacement technique for photo-splitting.  
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Conclusions	
 
 
The major factors responsible for the rate of 3-vinyl carbazole based photo-cross-link assisted 

cytosine deamination at the physiological conditions are hydrophilicity of the photo-cross-

linker and the hydrogen bonding of the target cytosine. Thus, the best combination of counter-

base and photo-cross-linker can give the highest conversion of CàU in the least time at 

physiological conditions is when inosine is used as counter-base and OHVK is used as photo-

cross-linker.   
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Chapter	5:	Super-fast	deamination	of	cytosine	in	dsDNA	
using	phosphate	modified	3-cyanovinylcarbazole	
assisted	photo-crosslinking	
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Introduction	
 

Genes are often considered as blue prints for the designing of living body.1 Proteins are 

transcribed from double-stranded DNA to single-stranded RNA, further translated from RNA 

into proteins with specific functionality and become part of the body.2 Hence, if DNA with a 

normal design map is transcribed, protein with normal functionality will be created. However, 

if there is some abnormality in DNA, it gives a translated protein without original functionality 

which leads to genetic disorders. 

Genetic diseases are diseases caused by deficiencies or mutations in the genes. Several genetic 

disorders usually arise from a single base mutation.3-5 For example, Leigh's syndrome, having 

symptoms such as mental development delay and difficulty in swallowing, can be seen when 

base 8993 of mitochondrial DNA is mutated to C from T.6-7 However, the treatments present 

are symptomatic like diet therapy and drugs but it does not constitute fundamental treatments.8 

For fundamental treatments of genetic diseases, nucleic acids need to be artificially edited. 

Currently, enzymatic nucleic acid editing method and chemical nucleic acid editing method 

have been reported in the literature.9-10 

One of the enzymatic editing methods, CRISPR / Cas 9 is called genome editing technology 

of the third generation. With CRISPR technology, it is possible to cleave arbitrary genomic 

sequence with guide RNA containing a sequence complementary to the target nucleotide 

sequence of the DNA to be cleaved and cas9 act as cleaving enzyme.11-12 However, there are 

reports that the base sequence outside the target which is not 100% complementary have been 

cleaved, leading to problem in specificity.13 

Another class of nucleic acid editing methods is using chemical methods to induce mutations. 

By reacting cytosine of the DNA strand with sulfurous acid under the condition of pH = 5, 

hydrogen enters the 3rd position. If pH is kept below 13 in that state, ammonia escapes, and 

the amino group at 4th position gets replaced with hydroxyl group, and get converted to 

uracil.14 However, there are major problems in biological applications such as extreme pH 

conditions and non-specificity.14 

Due to inability of the current methods to cope with site-specificity, we had reported a photo-

chemical method to induce sequence selective and site specific changes in the DNA and RNA 

in which target cytosine can be converted to uracil by photo-cross-linking the said cytosine 

with photo-active nucleotide, 3-cyanovinylcarbazole (CNVK), using 366 nm UV radiation in 

only a few seconds. The crosslink assist the deamination of cytosine upon heating at 90 ºC. 

The photo-crosslink can be cleaved using 312 nm UV light.15  
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However, since the procedure require heating at 90 °C during deamination, its application is 

not realized in the cellular system. 

To overcome the heating step, we reported that deamination can be promoted under the 

physiological condition by changing the complementary base of cytosine from guanine to 

inosine.16 In addition, we also reported that the deamination reaction could be promoted by 

replacing the vinyl carbazole derivative substituent with a highly hydrophilic substituent.17 

Furthermore, when both these components were combined in a single ODN, it was found that 

upon using ODN in which inosine, as counter base to target cytosine, when coupled with OHVK, 

shows a drastic acceleration of deamination reaction.18 

From these facts, we found that the base editing efficiency is promoted even at physiological 

conditions (37 °C) due to changes in the surrounding environment (scheme 5.1). It also 

suggested that complementary bases to cytosine affect reaction efficiency. The only drawback 

of this method was the efficiency of the reaction. The deamination reaction was slow and could 

only give 80% yield even after 20 days of incubation.18  

Therefore, in this study, we will comprehensively examine the micro-environment around 

cytosine by using phosphate modified 3-cyanovinylcarbazole and counter base of cytosine to 

aim at further accelerating deamination reaction at physiological conditions.  

 
Scheme 5.1: Schematic drawing of photochemical cytosine to uracil transition. 
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Materials	and	Methods	
 

Preparation of oligonucleotides 

The phosphoramidite of CNVK was prepared according to the literature method.ref The modified 

oligonucleotides containing CNVK (ODN(K); 5’-CNVKGTACTA-3’ and the phosphate group-

modified oligonucleotides containing CNVK, pCNVK or psCNVK  (ODN(Kp); 5’-

pCNVKGTACTA-3’; ODN(psK); 5’-psCNVKGTACTA-3’) and the third complementary 

oligonucleotides  (ODN(X); 5’-CGTATGCATX-3’ (X=I, C, G, A, T, Ip, Cp, Gp, Ap, T)) and 

target oligonucleotide (ODN(tC); 5’-TAGTACGCATGCATACG-3’) were prepared 

according to standard β-cyanoethyl phosphoramidite chemistry on DNA synthesizer using the 

phosphoramidite of CNVK. All oligonucleotides were purified by reversed-phase HPLC and 

identificationed by MALDI-TOF-MS. 

 

Table 5.1: MALDI-TOF-MS analysis of photo-active ODNs 

ODN(X) Sequence Calculated 

Mass 

(M+H) 

Observed 

value 

(M+H) 

ODN(K) 5’-CNVKGTACTA-3’  2188.56 2192.92 

ODN(pK) 5’-pCNVKGTACTA-3’ 2272.50 2272.52 

ODN(psK) 5’-psCNVKGTACTA-3’ 2288.48 2290.12 

 

 

Photoirradiation 

Photo-cross-linking reaction of CNVK in oligonucleotide duplex (5 µM in 50 mM Na-

Cacodylate buffer (pH 7.4) containing 100 mM NaCl) was performed at 4ºC using UV-LED 

(366 nm, 9500 mW/cm2, OmniCure® LX405S) and photo-splitting was performed at 37°C 

using transilluminator (312 nm, 2.0 mW/cm2, Funakoshi). 

 

Deamination reaction 

The solution of ODN(K) and ODN(C) in buffer solution was annealed and photoirradiation at 

366 nm. The photoirradated solution was purified by a reversible HPLC to get the purified 

photo-cross-linked dsDNA. Photo-cross-linked DNAs (5 µM in 50 mM Na-cacodylate buffer 

(pH7.4) containing 100 mM NaCl) were incubated at 37ºC. 
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UPLC analysis 

The photoirradiated samples were analyzed with analyzed by ultra-high performance liquid 

chromatography (UPLC). UPLC system (Aquity, Waters) equipped with BEH Shield RP18 

column (1.7 µm, 2.1 × 50 mm, elution was with 0.05 M ammonium formate containing 1-13% 

CH3CN, linear gradient (10 min) at a flow rate of 0.4 mL/min, 60ºC). The deamination sample 

were analyzed with above equipment. (Elution was with 0.05M ammoniumformate containing 

1-13%CH3CN). 

 

 

HPLC analysis for RNA samples 

The deaminated (and photo-split) RNA samples were analyzed by a reversed phase HPLC 

((PU-980, HG-980-50, UV-970) system equipped with Cosmosil 5C18-AR-II column (4.6ID 

x 150 mm) with a gradient of 2-20% MeCN and flow rate of 1 ml/min with column temperature 

of 60ºC). 

 

Partition coefficient (LogP) 

LogP of photo-cross-linked DNA was measurement by their retention time following OECD 

protocol. 10 µM photo-cross-linked dsDNA was analyzed with HPLC system; elution was with 

0.05 M ammonium formate containing 98-50% CH3CN, linear gradient (60 min) at flow rate 

of 1 mL/min. 4-Acetylpyridine, Aniline, Acetanilide, Phenol, Benzonitrile, and Acetophenone 

were used as control compound to create calibration curve.2-3 

 

CD Spectra 

Circular dichroism (CD) spectra were measured using a Jasco model J-820 CD 

spectrophotometer. The spectra were recorded using a 0.1 cm path length cell. Samples were 

prepared according to each step of the DNA editing reaction. Solutions for CD spectra were 

prepared as 0.3 ml samples at a 10 µM strand concentration in the presence of 50 mM sodium 

cacodylate buffer containing 100 mM NaCl (pH 7.4). 

 



Doctoral Dissertation  Siddhant Sethi 
 

page. 110 
 
 

 
 
Figure 5.1: Circular Dichorims (CD) spectra for each stage of photo-chemical DNA editing using a) ODN(pK) 
and ODN(tC); b) ODN(K) and ODN(tC). C) CD spectra of ODN(U). 
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Results	and	Discussion	
 

In order to approach the acceleration of deamination, based on the previous reports, the 

hydrophilicity around the target cytosine has been increased by using two disjoint ODNs 

complementary to each half of the target ODN. ODN(K) having photo-active 3-

cyanovinylcarbazole (CNVK) at the 5’ end of the ODN. Second ODN, ODN(X) having 

complementary base to cytosine at 3’ end with a free phosphate group at the 3’ end of the 

complementary base (scheme 5.2 and figure 5.2). The complementary bases used are 

guanosine, inosine, adenine, thymine, and cytosine. The sequence of the ODNs have been 

shown in the table 5.2. 

 

  
Scheme 5.2: Schematic representation of the photo-reaction for deamination of cytosine with various counter 

bases to study the effect of micro-environment around the target cytosine. 

 

 
Figure 5.2: Structure of modified counter base. 
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Table 5.2: Sequence of ODNs used 

ODN(X) Sequence 

temp(C) 5’-TAGTACGCATGCATACG-3’  

temp(U) 5’-TAGTACGUATGCATACG-3’  

ODN(K) 5’-CNVKGTACTA-3’  

ODN(pK) 5’-pCNVKGTACTA-3’  

ODN(psK) 5’-psCNVKGTACTA-3’  

ODN(G) 5’-CGTATGCATG-3’  

ODN(C) 5’-CGTATGCATC-3’  

ODN(T) 5’-CGTATGCATT-3’  

ODN(A) 5’-CGTATGCATA-3’  

ODN(I) 5’-CGTATGCATI-3’  

ODN(Gp) 5’-CGTATGCATGp-3’  

ODN(Cp) 5’-CGTATGCATCp-3’  

ODN(Tp) 5’-CGTATGCATTp-3’  

ODN(Ap) 5’-CGTATGCATAp-3’  

ODN(Ip) 5’-CGTATGCATIp-3’  

 

 

Firstly, deamination reaction was carried out using photo-adduct of ODN(K) and temp(C) with 

ODN(G) and ODN(Gp) as complementary strand of temp(C) ((5 µM each in 50 mM Na-

cacodylate buffer (pH7.4) containing 100 mM NaCl) was incubated for 0 h～24 h at 37 ºC). 

The deaminated sample was then photo-split using 312 nm radiation (2.0 mW/cm2, 37 ºC) and 

analyzed by UPLC. The results have been shown in figure 5.3. In case where G is non-

modified, i.e ODN(G) has shown around 2-6% conversion of cytosine to uracil in 24h while 

when modified ODN(Gp) has been used, the conversion is 77% in 24h. 
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Figure 5.3: a) Scheme of deamination with sequence. b) UPLC chromatograms for deamination reaction with 
and without phosphate group.	Sample: photo-cross-linked duplexes (2.5 µM) and ODN(G) or ODN(Gp) ((5 µM) 
in 50 mM sodium cacodylate buffer containing 100 mM NaCl were incubated at 37ºC and photo-split (312 nm, 
2.0 mW/cm2, 37ºC)). c) Extent of cytosine to uracil	conversion after 24h incubation at 37 ºC. 
 
Furthermore, deamination reaction was then carried out by changing counter base of target C. 

A mixture of ODN(tC) (ODN (C) and ODN (K) irradiated with 366 nm (9500 mW/cm2, 4 ºC) 

and purified using HPLC) and ODN(X) (X is I, C, G, A, T, Ip, Cp, Gp, Ap, Tp) (5 µM each in 

50 mM Na-cacodylate buffer (pH7.4) containing 100 mM NaCl) was incubated for 0 h～24 h 

at 37 ºC. To evaluate the	effect of deamination with the counter base of target C, the sample 

was then irradiated at 312 nm (2.0 mW/cm2, 37 ºC) and analyzed by UPLC. The results are 

shown in Figure 5.4. In the Unmodified bases (X=I, C, G, A, T), upon incubation for 24 h, 

scarce induction from Cytosine to Uracil was observed. However, when the terminal of the 

counter base was modified with phosphate group (X=Ip, Cp, Gp, Ap, Tp), the conversion of 

cytosine to uracil	was easily induced by incubation at 24 h (Figure 5.5). This hinted that the 

presence of phosphate group at the terminal of the counter base affected the rate of deamination 

reaction to a great extent. Moreover, these results also indicate that the deamination reaction is 

faster when inosine is used as counter base of target cytosine, which corroborate with our 

previous studies. 
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Figure 5.4: a) Scheme of deamination reaction with scheme. b) UPLC chromatograms for deamination reaction 
with and without phosphate group.	Sample: photo-cross-linked duplexes (2.5 µM) and ODN(X) ((5 µM) in 50 
mM sodium cacodylate buffer containing 100 mM NaCl were incubated at 37ºC (312 nm, 121.3 mW/cm2, 37ºC)). 
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Figure 5.5: Extent of cytosine to uracil	conversion after 24h incubation at 37 ºC. 

 
 

Then, we tried to find whether the presence of phosphate group on cross-linker has any direct 

impact on the rate of deamination reaction. Therefore, we prepared ODN(K), ODN(pK), where 

ODN(K) doesn’t possess phosphate group at 5’ terminal whereas, ODN(pK) does.  

Photo-crosslinked ODNs having ODN(C) and ODN(K or pK) were prepared by annealing 

equimolar mixture of the ODNs in 50 mM sodium cacodylate buffer having 100 mM sodium 

chloride and then irradiating using 366 nm UV radiation. The photo-crosslinked ODN(Y) (Y= 

K, pK) was then purified using HPLC and incubated at 37 ºC for 6h after addition of ODN(X), 

where X=G or Gp. Upon which, the ODNs were cleaved using 312 nm UV radiation and 

analysed by UPLC. 

From the UPLC chromatograms (Figure 5.6), it has been observed that, upon using ODN (K) 

and ODN(G), no deamination has been observed in 3h, while a mere 2% conversion has been 

observed in 6h. When phosphate group was attached either on the photo-cross-linker or counter 

base, almost comparable deamination of cytosine to uracil has been observed, 52% with 

ODN(Kp) and 47% with ODN(Gp). On the other hand, when both counter base and photo-

cross-linker are phosphate modified, the conversion of cytosine to uracil is ~90% in just 6h 

(figure 5.7). This indicates that the having more phosphate groups around the target cytosine 

accelerate the deamination reaction.  
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Figure 5.6: UPLC chromatograms for deamination reaction with a) no phosphate group, b) phosphate group only 
on counter base, c) phosphate group on only CNVK, d) phosphate group on both counter base and CNVK. Sample: 
photo-cross-linked duplexes (2.5 µM) and ODN(X) (5 µM)  in 50 mM sodium cacodylate buffer containing 100 
mM NaCl were incubated at 37ºC (312 nm, 121.3 mW/cm2,  37ºC) 
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Figure 5.7: Time course of photochemical cytosine to uracil transition with free phosphate group on cross-

linker or guanine. 
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Further, those results indicated that the free phosphate group accelerates the deamination of 

cytosine so we designed the simple system using template and ODN (pK). We demonstrated 

the deamination of cytosine using the system shown in scheme 5.3.  

 
Scheme 5.3: Schematic illustration of photochemical cytosine to uracil transition using photo-active ODN 
modified with free phosphate group at 5’-end study the effect of free phosphate group without counter base. 
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with target having CNVK namely, ODN(K17), with the new system having a 7-mer ODN 

shortened till -1 position to that of cytosine, ODN(K) and 7-mer ODN with phosphate 

modification at 5 end, ODN(pK) (Fig 5.8). From the UPLC analysis, it was observed that while 

in 24 h, no deamination was observed using the ODN(K17) but only a little amount of cytosine 

was converted to uracil using ODN(K). Interestingly, close to 100% conversion was observed 

with OND(pK) which confirms that even without any counter base, separate or not, 

deamination can be achieved to completion using phosphate modification. 
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Figure 5.8: a) Scheme of deamination. b) UPLC chromatograms for deamination of ODN(tC) using ODN(K) and 
ODN(pK). Sample: photo-cross-linked duplexes (2.5 µM) in 50 mM sodium cacodylate buffer containing 100 
mM NaCl were incubated at 37ºC (photo-splitting: 312 nm, 121.3 mW/cm2, 37ºC). c) Time course of deamination 
reaction. 
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Figure 5.9: Time course of cytosine to uracil conversion in 24 at 37°C. (a) Novel system using temp(C) and 
ODN(pK) and (b) time curse of deamination. (c) Previous system using temp(C), ODN(pK) and ODN(G) and  (d) 
time course of deamination. 
 
 

Further comparing 2-ODN system with 3-ODN system(Figure 5.9), it has been observed that 

the X = pK has same conversion of cytosine to uracil regardless of presence of counter base 

containing ODN. This indicated that this novel system using ODN(tempC) and ODN(pK) 

accelerate deamination of cytosine even without counter ODN.  
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Figure 5.10: UPLC chromatograms for deamination reaction with different modifications of photo-cross-linker. 
a) ODN(K<>C), b) ODN(pK<>C), c) ODN(psK<>C) Sample: photo-cross-linked duplexes (2.5 µM) in 50 mM 
sodium cacodylate buffer containing 100 mM NaCl were incubated at 37ºC (312 nm, 121.3 mW/cm2, 37ºC). 
 

 
Figure 5.11: Extent of cytosine to uracil conversion with ODN(K), ODN(pK), and ODN(psK) 
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To explain the difference in the rate of conversion, logP of all the photo-adducts was calculated. 

Table 5.3 shows the logP values and conversion ratio of using each photo-active ODN. It Is 

interesting here to note that the LogP values of the photo-cross-linking ODNs are in direct 

relation with the conversion ratio. Therefore, higher hydrophilicity of the ODN (pK) related to 

the higher rate of deamination reaction and likewise, the lower hydrophilicity in the ODN (K) 

pertains to the least amount of uracil formation. Therefore, presence of phosphate (or 

phosphorothioate) leading to higher polarity and hydrophilicity affects the incoming 

nucleophile by activating them for the nucleophilic attack on cytosine.  

 

Table 5.3: LogP value of ODNs. 

ODN(X)	 Sequence	 logP	
(Difference*)	

Conversion	(%)		
	

pKa19	

ODN(pK)	 5’-pCNVKGTACTA-3’	 0.98 ±0.12 
(0.24)	

95	±4.96	 6.5	

ODN(psK)	 5’-psCNVKGTACTA-3’	 1.02	±0.10	
(0.2)	

85	±4.42	 5.0	

ODN(K)	 5’-CNVKGTACTA-3’	 1.22	±0.09	
(0)	

18	±1.32	 -	

*logP – logP of ODN(K) 

 

Further, we tried to find the effect of different metal ions on the deamination of cytosine to 

check our hypothesis of metal assisted nucleophilic attack on the cytosine. For this purpose, 

we used sodium, magnesium, zinc, and potassium (figure 5.12). 
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 Figure 5.12: UPLC chromatograms for deamination reaction with different metals salts in Tris-HCl buffer. 
Sample: photo-cross-linked duplexes (2.5 µM) in 50 mM Tris-HCl buffer containing salts of different metals were 
incubated at 37ºC (312 nm, 121.3 mW/cm2, 37ºC). NaCl: 100 mM, KCl: 100 mM, ZnCl2: 20 mM, MgCl2: 20 
mM. 
 

 
Figure 5.13: Extent of cytosine to uracil conversion in 6h. 
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form hydrogen bond with the incoming nucleophile and the cation can further stabilize and 

activate the nucleophile by interacting with the oxygen of nucleophilic water. This helps in 

increasing electron density on the nucleophile which further facilitates the nucleophilic attack 

on cytosine. It is also interesting to note here that among the mono basic cations; sodium shows 

more affinity towards the acceleration of nucleophilic attack as it is more electropositive in 

nature than potassium thus further strengthening the nucleophlicity of the water molecule.  

Whereas, in case of dibasic cations, both the oxygens of phosphate forms ionic bond with the 

metal ion and forms a structure similar to cyclic monophosphate which deprive the hydrogen 

bond to form with the incoming nucleophile and thus slows down the reaction.  

From all the deamination results and LogP analysis, it can be concluded that the phosphate 

group on either the cross-linker or the counter base can accelerate the deamination of photo-

cross-linked cytosine and the more the number of the phosphate groups, more the acceleration. 

Moreover, sodium is better for the deamination reaction than other metal ions due to its 

efficiency towards co-ordination to oxygen. Further, the protonation of phosphate plays a role 

as the metal can only bind to the oxygen of phosphate when there is no hydrogen to activate 

the attack of nucleophile. Also, phosphorothioates are equally effective in accelerating the 

deamination reaction which gives this technique hope in the in vivo applications as the 

phosphorothioate modified ODNs are less prone to degradation in the cytosol. And above all, 

the accelerating effect of phosphate group (either 1 or 2) can be attributed to the hydrophilicity 

of free phosphate based on the LogP values. 

Thus, based on the role of phosphate group at 5’ end of the photo-active ODN, we hypothesize 

a mechanism based on the mechanism of phosphate based pseudo hairpin loop formation and 

transposition carried out by DNA transposome. In which case, a free phosphate group at 5’ end 

forms a pseudo hairpin loop with the complementary strand’s 3’-OH group through hydrogen 

bonding, which, in turn activated the OH for attack on the circular duplex DNA leading to 

transposition of the DNA strand. Analogous to this mechanism, in our study, the phosphate 

group at 5’ end of the photo-cross-linker is in close proximity to the target amino group of 

cross-linked cytosine (figure 5.14). This phosphate group accommodates water molecules due 

to high hydrophilicity and increases the electron density on the oxygen of water, thereby 

making it better nucleophile and due to fixed spatial position due to hydrogen bonding, the 

oxygen is in perfect position to attack the C4 carbon of cytosine leading to formation of a 
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pseudo SN2 reaction intermediate which accelerates the elimination of ammonia molecule from 

cytosine followed by rearrangements of electron thus forming uracil.  

 

Figure 5.14: Proposed mechanism of deamination of photo-cross-linked cytosine through the phosphate based 

activation. 

 

Furthermore, to assess the capability of this scheme in the RNA, we designed ORN(tC), the 

target RNA having the similar sequence to the target ODNs used in the previous experiments 

and the deamination reaction was carried out using the said RNA photo-cross-linked with 

ODN(K) or ODN(pK), (5 µM cross-linked ODN in 50 mM sodium cacodylate buffer with 

100 mM NaCl) was incubated at 37ºC for 24 h followed by photo-splitting using 312 nm UV 

irradiation at 37ºC. HPLC analysis was then carried out to ascertain the conversion of 

cytosine to uracil. Figure 5.15 shows the sequence and scheme of the deamination reaction 

along with HPLC chromatograms and the extent of conversion from cytosine to uracil in case 

of both ODN(K) and ODN(pK). It has been observed that the RNA can be easily targeted 

using the photo-chemical method for site-directed mutagenesis and the conversion of 

cytosine to uracil is similar to that when DNA was used as target, i.e 10% with ODN(K) and 

>90% using ODN(pK). RNA as a target is easier to handle for the photo-chemical site-

directed cytosine to uracil conversion as RNA is single stranded and photo-active ODN can 

act in the cytosol itself. 
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Figure 5.15: a) Scheme of deamination reaction using RNA. b) UPLC chromatograms for deamination of 
ORN(tC) using ODN(K), ODN(pK), and ODN(psK). Sample: photo-cross-linked duplexes (2.5 µM) in 50 mM 
sodium cacodylate buffer containing 100 mM NaCl were incubated at 37ºC (312 nm, 121.3 mW/cm2, 37ºC). c) 
Extent of cytosine to uracil conversion. 
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Conclusions	
 

 

  In the conversion of cytosine to uracil in DNA using reversible DNA photo-cross-linking 

reaction, we found that the deamination reaction rate was influenced by the counter base of 

target cytosine, where inosine has maximum effect on acceleration of the deamination reaction. 

Site-specific nucleoside editing from Cytosine to Uracil in DNA by introducing the phosphate 

group can be accelerated to a very high rate. This technique, after being accelerated under 

physiological conditions, has broad potential for in vivo photochemical nucleic acid editing. 
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Chapter 2: The focus was to find the best counter-base of cytosine, based on hydrogen 

bonding, for photo-chemical site-directed mutagenesis using 3-cyanovinylcarbazole as the 

photo-active nucleoside which can crosslink with the target cytosine to afford cytosine to uracil 

transformation at physiological conditions. Different counter bases like guanine (G), inosine 

(I), 2-aminopurine (P), nebularine (R), and 5-nitroindole (N) were used to find the best counter 

base. Among all the bases, it was found that P, R, and N are not suitable counter base for photo-

chemical cytosine to uracil transformation as when using these bases, no deamination reaction 

takes place. While in case of G, the deamination reaction is very slow and only 5% conversion 

is observed in 72h reaction time. Thus, the best counter base among the bases was found to be 

inosine which gives 35-40% in 72h reaction time at 37ºC having the optimal hydrogen bonding 

pattern before and after photo-cross-linking.  

 

Chapter 3: In this chapter, the role of hydrophilicity and polarity of photo-cross-linker was 

discussed. Various derivatives of vinyl carbazole, like 3-cyanovinyl carbazole (CNVK), 3-

amidovinylcarbazole (NH2VK), 3-methoxyvinylcarbazole (OMeVK), and 3-

carboxylvinylcarbazole (OHVK), were used for studying the micro-environment around the 

target cytosine crosslinked to photo-cross-linker during the deamination of cytosine. It was 

discovered that the hydrophilicity and polarity of the photo-cross-linker plays a crucial role in 

the deamination of cytosine to uracil via photo-cross-linking. OMeVK having the least 

hydrophilicity gave the least rate of reaction for the deamination reaction at varying 

temperature (90, 70, 50, and 37 ºC) while the highest reaction rate was observed with OHVK, 

which is most polar among the cross-linkers based on the polarity index (Log P). Thus it was 

concluded that the hydrophilicity and polarity around target cytosine are deciding factors in 

case of deamination reaction of cytosine via photo-cross-linking. 

 

Chapter 4: Based on the findings of chapter 2 and 3, the overall micro-environment around 

the target cytosine for the mutation of cytosine to uracil via vinylcarbazole based photo-cross-

linking was studied. A combination of counter bases (guanine (G), inosine (I), and cytosine 

(C)) and photo-cross-linkers (CNVK, NH2VK, and OHVK) were used in the ODN to study the best 

match for acceleration of deamination of cytosine to uracil at physiological conditions. It turned 

out that the best combination of counter base and photo-cross-linker is inosine and OHVK which 

could give ~70% conversion of cytosine to uracil in 7 days at physiological conditions, which 

could be extended to ~90% in 20 days. Thus, the micro-environment around cytosine, including 
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hydrogen bonding, hydrophilicity, and polarity of counter base and photo-cross-linker are key 

players for the photo-cross-link assisted deamination of cytosine to uracil. 

 

Chapter 5: Based on the previous chapters we realized that the micro-environment around the 

target cytosine is deciding factor for rate of cytosine to uracil conversion via photo-cross-

linking. Although, the reaction rate is very rather slow at physiological conditions even when 

inosine is counter base and OHVK is photo-cross-linker. Thus, a different approach to accelerate 

the rate of deamination reaction was used in which the ODN containing photo-cross-linker was 

divided into two parts between the counter base and photo-cross-linker. The adjoining part was 

modified with phosphate group at the terminal of counter base to increase the hydrophilicity 

near the cytosine. It was observed that upon the phosphate group modification near cytosine, 

~100% conversion of cytosine to uracil was observed in just 24 h. Furthermore, we removed 

the ODN with counter base and modified the photo-cross-linker end with phosphate group to 

study the rate of reaction without hydrogen bonding and high hydrophilicity. It was found that 

the rate of reaction increased multifold with the modification giving ~100% conversion from 

cytosine to uracil in 3h at physiological conditions.  

 

 

These results indicate that the deamination of cytosine to uracil is feasible at physiological 

conditions and heating to very high temperature is no more necessary to achieve the site-

directed mutagenesis via photo-cross-linked cytosine. This has opened vast opportunities to 

use this enzyme free system in the biological samples at reduced cost and complexity to afford 

specific and site-directed cytosine to uracil conversions for the treatment of various genetic 

disorders like Leigh’s syndrome.  
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