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1.1 ABSTRACT 

Gene manipulation has garnered substantial attention due to its potential 

applications in diverse fields, including biotechnology and biomedical research.1 To 

this end, various nuclease-based DNA cleavage technologies, especially CRISPR/Cas9, 

have been extensively studied to create double-strand breaks (DSBs) in target DNA 

regions, facilitating precise genetic modifications at pre-designed loci.2,3 However, 

CRISPR-Cas9 systems have inherent drawbacks. The large Cas9 protein, crucial to 

these systems, faces challenges related to efficient delivery and has the risk of eliciting 

immune responses.2 Therefore, the development of alternative techniques to achieve 

precise DNA strand cleavage has become critically important. 

In addition to DSBs, single-strand breaks (SSBs) represent another common form 

of DNA damage, often arising during the repair of oxidized nucleobases, with guanine 

(G) being particularly susceptible to oxidation.4,5 Photo-knockout techniques, which 

leverage the exceptional spatiotemporal resolution of light, have demonstrated the 

ability to enhance specificity in genome manipulation.6,7 

To address the immune problem triggered by nuclease Cas9, the aim of this study 

is to develop an alternative small-molecule photo-knockout approach to produce 

targeted genome-DNA cleavage via site-selective photooxidation of G. A novel 

conjugate combining a nitrobiphenyl photosensitizer (NBP) with peptide nucleic acids 

(PNA) has been designed and analyzed, aiming to explore its potential applications 

within this impactful research field. Fig. 1.1 depicts the chemical structure of NBP 

modified PNA designed in this thesis. NBP, a type II photosensitizer developed by our 

lab, can produce ¹O₂ with high quantum efficiency.8 Prior research has shown that NBP 

conjugated to dsDNA with a short ethylene linker induces distance-dependent 

photooxidation of G. Oxidation efficiency varies with the distance between G and NBP, 

peaking at intervals of 8-10 base pairs in line with the 10.5 base pairs per turn of the B-

type DNA duplexes.9  

Building on the previous studies, this thesis explores the potential of NBP-PNA 

conjugates for dsDNA invasion and photo-knockout. Being unique to NBP-DNA, the 

PNA backbone used in this thesis is endowed with strong invasion ability to the DNA 

double helix,10,11 which is a useful tool for sequence-specific recognition of DNA. In 

addition, the relative short diffusion range of ¹O₂, approximately 125 nm in water at 

room temperature12 13 further ensure localized oxidative damage. Fig. 1.2 depicts the 

proposed site-selective photooxidation of NBP-PNA. Then such oxidative damage 

would result in nicks on one DNA strand during repair processes in cells. This tool, 

therefore, offers simplicity, programmability in design, and high spatiotemporal 

specificity. 

To begin with, this chapter is the introduction and background of this thesis. The 

second section briefly summarizes the literature, including nuclease-based DNA 

cleavage technologies, SSBs in DNA through oxidative damage, development of 

selective photooxidation methods by oligonucleotides-photosensitizer. The third 
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section describes the design of this thesis work. 

 

Fig. 1.1 NBP modified PNA designed in this thesis. 

 

 

Fig. 1.2 Proposed site-selective photooxidation of NBP-PNA. 
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1.2 BACKGROUND 

1.2.1 DNA Cleavage Techniques for Gene Manipulation 

1.2.1.1 Mechanism of gene manipulation and nuclease-based technologies 

Nuclease-based DNA cleavage technologies play an important role in gene 

manipulation, because they make it possible to introduce targeted changes into the DNA 

sequence at pre-designed genomic loci. Fig. 1.3 illustrates the basic working principle 

of currently popular gene manipulation technologies: firstly, a nuclease creates break 

in the target DNA region and subsequently the repair system is activated to fix that 

dagame, leading to a required change at this precise site.2,3 Therefore, accurately 

produced breaks in the target DNA sequence, namely sequence-specific cleavage, is a 

critical step for manipulating the genes. 

So far, four out of the best known sequence-specific cleavage techniques are 

meganuclease, zinc finger nuclease (ZFNs), transcription activator-like effector 

nucleases (TALEN), and clustered regularly interspaced short palindromic repeats 

(CRISPR) / CRISPR-associated protein 9 (Cas9) (CRISPR-Cas9), which are capable 

of introducing double-strand breaks (DSBs) at specific genomic loci.3 These nuclease 

systems can be broadly categorized into two groups based on their DNA recognition 

mechanisms. Meganucleases, ZFNs, and TALENs bind to specific DNA sequences 

through protein-DNA interactions. Meganucleases are endonucleases that target large 

recognition sites, whereas ZFNs and TALENs are chimeric enzymes combining a DNA 

binding domain with a sequence-independent FokI nuclease.14 Consequently, the 

requirement of protein engineering or molecular cloning for re-targeting limits their 

application, due to the very difficult, time-consuming, and expensive operations.15 In 

contrast, CRISPR-Cas9 system utilizes guide RNA that binds to the target DNA through 

base-pairing, directing the Cas endonuclease to perform the cleavage. As only the guide 

RNA needs to be customized, it is more flexible and less labor-intensive, with lower 

treatment costs and enhanced manipulation capabilities. These benefits have attracted 

much attention, leading to the extensive study and development for precise, 

customizable genome manipulation.16 

In cells, the DSBs in DNA are repaired through either the non-homologous end 

joining (NHEJ) pathway or the homology-directed repair (HDR) pathway, generating 

different outcome of the DNA manipulation. NHEJ typically leads to small insertions 

or deletions near the break, whereas HDR, relying on a repair template, can introduce 

precise edits that restore the DNA sequence at the break.17,18 
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Fig. 1.3 The basic working principle of major genome-manipulation technologies.14 

Adapted with permission from ref 14. Copyright 2018 Springer Nature. 

 

1.2.1.2 CRISPR/Cas9 technique 

CRISPR/Cas9 technique is originally derived from the prokaryotic immune system 

and consists of two key components: a single guide RNA (sgRNA) that directs the 

system to the target DNA and Cas9 protein, which performs the DNA double-strand 

cleavage. As illustrated in Fig. 1.4, Cas9 protein contains two nuclease domains in 

charge of the cleavage of each DNA strand: HNH domain cleaves the gRNA-binding 

strand and RuvC domain cleaves the non-complementary DNA strand. sgRNA is also 

composed of two main parts: CRISPR RNA (crRNA), which contains a 20-nucleotide 

protospacer sequence that is complementary to the target DNA, and trans-activating 

CRISPR RNA (tracrRNA), which binds to Cas9 protein to form Cas9/sgRNA complex. 

Upon unwinding and binding to one of the DNA strands, Cas9-sgRNA complex cleaves 

both strands approximately three nucleotides upstream of the protospacer-adjacent 

motif (PAM) sequence.17 

However, the lack of spatiotemporal specificity during genome-manipulation 

process has severely limited the application of CRISPR/Cas9 in more complicated and 

varied contexts. Thus, a precise regulation of DNA cleavage over various dimensions, 
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such as time, space, and dose, is highly desirable.6 

 

Fig. 1.4 The schematic diagram of the CRISPR-Cas9 system molecular mechanism.17 

 

1.2.2 Photo-Knockout by CRISPR-Cas9 

Benefiting from its exceptional spatiotemporal resolution, light has been utilized 

as a very powerful tool in numerous studies for the precise control of some biological 

processes.7 Therefore, to enhance the accuracy of genomic manipulation, accumulating 

efforts have been dedicated to exploring the optical regulation of CRISPR-Cas9. And 

this so called photo-knockout techniques have proven to greatly impart spatiotemporal 

specificity and control of genome manipulation.6 

One of the effective methods is to control the generation of DSB by directly 

harnessing nuclease activity over light. One typical case is shown in Fig. 1.5, two 

fragments of Cas9 were each fused to photoinducible dimerization domains called 

positive magnet (pMag) and negative magnet (nMag), respectively, which are separated 

from each other in dark leading to the inactivation of Cas. Upon blue-light irradiation, 

these two fragments undergo a dimerization reaction, bringing the Cas9 fragments 

together, thus reassembling the enzyme and restoring its nuclease activity.19 

 
Fig. 1.5 Photoactivatable Cas9.19 

Adapted with permission from ref 19. Copyright 2015, Springer Nature. 
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Alternatively, modifying the guide RNA (gRNA) offers another strategy for 

optically regulating CRISPR-Cas9 function. Such studies include a caged gRNA, which 

was created by incorporating caged uridine and guanosine nucleotides into the gRNA 

sequence, resulting in complete inhibition of the hybridization between gRNA and the 

target DNA (Fig. 1.6). Once irradiated by a specific light, the native gRNA can rapidly 

be released through the photolysis and then bind to a target DNA region, activating the 

CRISPR-Cas9 function.20 

 

 
Fig. 1.6 Photoactivatable gRNA.20 

Adapted with permission from ref 20. Copyright 2020, John Wiley and Sons. 

 

Even though CRISPR-Cas9 and its variants have shown advantages over other 

DNA cleavage techniques, they also present certain drawbacks and raise increasing 

concerns. Notably, the pivotal large Cas9 protein in these systems faces challenges 

related to efficient delivery and may provoke unwanted immune responses.2 

1.2.3 Single-Strand Breaks (SSBs) in DNA Through Oxidative Damage 

1.2.3.1 Formation of SSBs in base excision repair (BER) 

Apart from DSBs, the discontinuities occurring in only one strand of the DNA 

double helix, namely single-strand breaks (SSBs), are another prevalent type of DNA 

lesions in organisms. Such lesions can arise through the breakdown of oxidized sugars 

in the backbone or indirectly during the repair of oxidized nucleobases. 21 Particularly, 

nucleobases are susceptible to oxidation and are attracting widespread interests in 

studies of ageing, cancer and neurodegeneration.22,23 One of the most common sources 

of oxidative attack is reactive oxygen species (ROS), which originate from both internal 

metabolic processes and external sources and continuously induce oxidative damage to 

DNA in living systems.24,25,26 In the meantime, the oxidative nucleobase lesions are 

subjected to multiple repair processes that can create a SSB accompanied by loss of a 

single or several nucleotides.4,5 
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Generally, oxidative damage to DNA bases caused by ROS can lead to the 

formation of both non-bulky lesions, such as 8-oxo-7,8-dihydroguanine (8-oxoG), a 

common purine oxidation product, and bulky, helix-distorting lesions, such as 

cyclopurines and DNA-protein cross-links.27,28 These lesions are repaired by two 

principal DNA excision repair pathways that are relatively independent processes 

involving different enzymes. The first pathway is base excision repair (BER), which 

removes individual modified bases using glycosylases and apurinic endonuclease 1 

(APE1). The second, more intricate pathway, is nucleotide excision repair (NER), 

which excises a short oligonucleotide containing the damaged site (Fig. 1.7).4,27 

 

Fig. 1.7 DNA excision repair mechanisms for bulky or non-bulky DNA lesion caused 

by ROS.27 

The photo-knockdown method used in this thesis is expected to generate oxidative 

damages on only Gs. Since such single damages might be more likely processed by 

BER pathway, the chemistry of SSBs formed in BER should be considered here as 

depicted in Fig. 1.8. To begin with, DNA glycosylases identify and remove the damaged 

base. Following this, the apurinic/apyrimidinic (AP) site left behind is cleaved at the 5’ 

position by APE1, producing a nick with a 3’ hydroxyl group and a 5’ sugar phosphate.29 

Likewise, the AP site can also be cleaved by DNA AP lyase via β-elimination reaction, 

leaving a 3′-α, β-unsaturated aldehyde and a 5'-phosphate.30,31 In addition, it has been 

discovered that there are some bi-functional glycosylases in mammalian cells, such as 

OGG1, NTHL1, and NEIL1,which possess dual activity: they excise the damaged base 

and cleave the DNA backbone at the 3’ side of the AP site.22 
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Fig. 1.8 SSBs formation in base excision repair (BER).32 

Once the damaged base is removed and the abasic site is incised, the DNA strand 

would be restored through synthesis, during which some flanking sequences can be 

replaced.33 

1.2.3.2 Photooxidation reactions of G 

Oxidative damage of DNA mediated by oxidants, such as ROS34 and carbonate 

radical anion (CO3
-.)35 , is non-random, and Guanine (G) represents a dominant target 

for oxidation among all native nucleobases due to its high electron density.36 So far, 

many studies have reported the calculated as well as experimental ionization potential 

(IP) of four DNA base monomers and neighbor stacked nucleobases as summarized in 

Table 1.1.34,37,38 Apparently, G has the lowest IP (7.75 eV) compared to other bases. 

What’s more, two effects can further lower the IP of G: the π stacking with other 

nucleotides as shown in Table 1, and the formation of base pair, as the computed IP of 

the pair G:C is 6.92 eV in gas phase.39  
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Table 1.1. Ionization Potential of Nucleobase Monomers and Stacked Nucleobases in a B-form 

geometry (N-Methylated) (eV). a 34 Adapted with permission from ref 34. Copyright 1996, American 

Chemical Society. 

 3’-base 

5’-base G A C T 

 7.75 8.24 8.87 9.14 

G 7.28 7.51 7.68 7.69 

A 7.51 7.97 8.20 8.19 

C 7.24 7.75 8.36 8.69 

T 7.67 8.15 8.79 8.97 

a Ionization potentials were estimated by Koopmans’s theorem. The values are the HOMO energies 

of 6-31G* single-point calculations. 

Oxidative damage to G often leads to the formation of a variety of products, 

including 7,8-dihydro-8-oxoguanine (8-oxoG), spiroiminohydantoin (Sp) and 5-

guanidinohydantoin (Gh).40 These oxidative products arise through various 

mechanisms, such as photosensitization which is a simple and manageable method for 

producing singlet oxygen (1O2).
41 

Photosensitized oxidation reactions are categorized as either type I or type II 

processes. The identification and mechanistic aspects of photooxidation reactions have 

been extensively studied during the past decades.24,42,43 In summary, as depicted in Fig. 

1.9, a photon absorbed by a photosensitizer (PS) in its ground state is excited to a short-

lived (typically nanoseconds) singlet state (S1), which is rapidly transformed into a 

more stable, longer lifetime (typically microseconds) triplet excited state (T1) via 

intersystem crossing (ISC), though ISC is a forbidden transition. T1 can initiate two 

distinct oxidative pathways: type I and type II reactions.24 

 

Fig. 1.9 Scheme of the type I and type II photosensitized oxidations.44 

Adapted with permission from ref 44. Copyright 2021, American Chemical Society. 

Type I PSs undergo photoinduced electron transfer and generate neutral radicals or 

radical ions.45 Additionally, they can interact with O2 through electron donation or 

charge transfer to produce ROS such as superoxide anions (O2
•−) and hydroxyl radicals 

(HO•).42 The primary oxidation products of G by highly reactive HO• or one-electron 
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transfer are outlined in Scheme 1.1. Especially, the intermediate, 8-hydroxy-7,8-

dihydro-guanyl radical (8-HO-G•), which has reducing properties, is rapidly oxidized 

by molecular oxygen or weak oxidants to form the 8-oxoG lesion.46 

 
Scheme 1.1 Single oxidized lesions arising from the reaction of G with HO• radical 

and one-electron oxidants47 

Adapted with permission from ref 47. Copyright 2003, Elsevier. 

Type II is framed as the sensitized formation of singlet oxygen (1O2). In this 

pathway, the triplet-state PS transfers excitation energy to triplet state molecular oxygen 

(3O2) with subsequent generation of 1O2. It is well documented that 1O2 exclusively adds 

to G in DNA48, giving rise to several products including 8-oxoG, Gh, Sp, and dOxa as 

shown in Scheme 1.2 and 1.3.49,50 The interaction between 1O2 and G typically begins 

with a [4 + 2] cycloaddition forming an endoperoxide within the imidazole ring 

(Scheme 1.2). This intermediate rearranges into an 8-hydroperoxy derivative (1-1), 

which is subsequently reduced to an 8-hydroxylated residue, a tautomer of 8-oxoG. 

This pathway dominates in the formation of 8-oxoG through 1O2 in double-strand 

DNA.50 Alternatively, in the absence of a reducing agent, 1-1 can yield an oxidized 

intermediate 1-2 prone to nucleophilic attack, most commonly by water, forming a new 

transient intermediate 1-3 which serves as a precursor for Sp and Gh. Their relative 

formation is influenced by pH: at acidic pH (around 4), Gh is favored, whereas Sp 

prevails at neutral pH (around 7).51 In dsDNA, the rearrangement of intermediate 1-3 

into Sp is less favorable. Conversely, secondary oxidation of 8-oxoG by 1O2 results in 

dGh through a [2 + 2] cycloaddition pathway, forming intermediate 1-4, as illustrated 

in Scheme 1.3. Additionally, dOxa is observed in the oxidation of 8-oxoG-containing 

oligonucleotide.24,52,53 
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Scheme 1.2 1O2 oxidation products of the free 2’-deoxyguanosine.49,50 

 

 

Scheme 1.3. Secondary 1O2 oxidation products of 8-oxoG-containing 

oligonucleotide.49,50 

 

1.2.4 Development of Selective Photooxidation Methods by Oligonucleotides-PS 

A comprehensive understanding of how DNA oxidation contributes to the onset 

and progression of related diseases requires in-depth knowledge of the chemistry 

behind DNA oxidation, as well as the mechanisms governing repair selectivity and 

efficiency in cells.36 To achieve this, various techniques have been employed to induce 

oxidative damage to DNA within living cells. For example, treating cells with 

potassium bromate (KBrO3) results in the widespread formation of 8-oxoG lesions.54 

Furthermore, photooxidation using a sensitizer, such as TRF1-FAP system (telomere 

shelterin protein telomeric repeat-binding factor 1-fluorogen activating peptide), has 

proven effective for controlling the timing and localization of G oxidation in 

telomeres.55 However, a significant challenge remains: achieving precise localization 

of photooxidative damage within a predetermined genomic region. 

1.2.4.1 Selective photooxidation methods by PNA conjugates 

An attractive approach for a site-selective photooxidation of DNA is to connect the 

PS moieties to oligonucleotides. Such conjugates enable targeted DNA damage within 

a defined area and time frame.56,57,58 Oligonucleotides can bind to single- and double-

strand nucleic acid targets by forming Watson-Crick base-paired duplexes and 

Hoogsteen base-paired triplexes, respectively. As illustrated in Fig. 1.10, in terms of 
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Watson-Crick base pairs, Adenine (A) connects with Thymine (T) through two 

hydrogen bonds, whereas G forms three hydrogen bonds with Cytosine (C). Besides 

DNA duplex assembles via such hydrogen bonds, an extra strand can further bind to it 

by other types of hydrogen bonding. In Hoogsteen pairing, an additional T binds via 

hydrogen bonds on the major groove of A in a Watson-Crick A-T base pair arrangement, 

while a protonated C binds through hydrogen bonds on the major groove of G in a 

Watson-Crick C-G base pair arrangement.59 Accumulating studies have shown that the 

sequence-specific selectivity is feasible through these kinds of base pairing.60,61,62 For 

example, research by Boutorine et al. showed the conjugates of 14-mer oligonucleotides 

with chlorin-type PSs could induce damage selectively in both single-stranded and 

double-stranded DNA.60 

 

Fig. 1.10 Watson-Crick hydrogen bonds and Hoogsteen hydrogen bonds.63 

Adapted with permission from ref 63. Copyright 2020, Elsevier. 

To address the inherent instability and other limitations of native nucleic acids, 

several types of artificial oligonuclotides have been developed.64 Among these,  

peptide nucleic acids (PNAs) are especially promising due to their exceptional ability 

to invade dsDNA in a sequence-specific manner.10,11 PNAs are neutral nucleic acid 

analogs in which the sugar-phosphate backbone of DNA is replaced by a polyamide 

structure based on N-aminoethylglycine. (Fig. 1.11) Their unique properties, including 

high affinity and specificity for complementary DNA sequences, low toxicity, and 

resistance to enzymatic degradation by nucleases and proteases, make them ideal 

candidates for gene manipulation applications.11,65 In pursuing this endeavor, some 

exquisite PNA designs/structures have been developed over two decades to improve its 

invasion efficiency and solubility. As shown in Fig. 1.12, PNA can directly interact with 

dsDNA through Watson-Crick base pairing, Hoogsteen base pairing, or a combination 

of both mechanisms.66,67,63 

 

Fig. 1.11 The negative DNA backbone and neutral PNA backbone.63 

Adapted with permission from ref 63. Copyright 2020, Elsevier. 
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Fig. 1.12 Different modes of targeting DNA duplexes by PNA.63 

Adapted with permission from ref 63. Copyright 2020, Elsevier. 

To date, several studies have explored the use of PNA conjugates as site-specific 

photooxidation inducers. For instance, a conjugate of thiazole orange with PNA, 

connected through an extended polyethylene glycol linker, was demonstrated to invade 

plasmid DNA at specific sites, forming a double-duplex structure and causing 

photodamage.68 Similarly, a rose bengal-PNA conjugate caused photodamage to single-

strand DNA.69 Nevertheless, in another interesting study, Saito et al. have highlighted 

an inhibitory effect of PNA on G photooxidation mediated by adjacent DNA-

cyanobenzophenone conjugate.70 Thus, there are still notable gaps in the literature, 

especially the regioselectivity of G photooxidation is ambiguous and need to be well 

investigated. 

1.2.4.2 Distance-dependent photooxidation of G in dsDNA by nitrobiphenyl 

photosensitizer (NBP) 

The nitrobiphenyl photosensitizer (NBP) is a type II photosensitizer that generates 
1O2 with a high quantum yield of 0.88 via a twist-assisted spin-orbit charge transfer 

(SOCT) intersystem crossing (ISC) mechanism. As illustrated in Fig. 1.13, NBP 

features a strong electron-withdrawing nitro group (-NO2) on one phenyl (Ph) ring, and 

an electron-donating methoxy group (-OMe) on the opposite Ph ring. The ground state 

NBP with the Ph-NO2 dihedral angle at 37o (S0 (37o)) absorbs a photon and yields an 

excited state 1CT (37o) (with the Ph-NO2 dihedral angle still at 37o), which is so-called 

planar intramolecular charge-transfer state (PICT). Subsequently, the 1CT (37o) is 

transferred into a more stable twisted intramolecular charge-transfer (TICT) state, 

namely 1CT (⊥). Following this, 1CT (⊥) is readily converted to T1 via spin-orbit charge 

transfer (SOCT). Then the T1 state quickly undergoes further twisting to T1 (//), which 

can react with ground-state oxygen (3O2) to produce singlet oxygen (1O2).
8 
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Fig. 1.13 The twist-assisted spin-orbit charge transfer intersystem crossing 

mechanism of NBP8 

Adapted with permission from ref 8. Copyright 2019, John Wiley and Sons. 

Notably, NBP is significantly smaller in size compared to earlier photosensitizers, 

such as porphyrins.8 This compact size allows NBP to pass through channel proteins in 

the cell membrane, such as GLUT1, and to fit within the major groove of the DNA 

double helix. Thus, NBP offers a unique approach to study the regioselectivity of DNA 

oxidation by 1O2, owing to its small size and photo-activation capabilities. Previous 

research conducted in our laboratory provided valuable insights into the distance-

dependent photooxidation of G in dsDNA using a conjugated NBP. As depicted in Fig. 

1.14, NBP was covalently attached to a DNA oligonucleotide, inducing the oxidation 

of G in the complementary strand upon irradiation. The efficiency of G oxidation as a 

function of the distance between G and NBP exhibited distinct patterns, with peaks 

occurring at 8-10 base pair intervals, which is consistent with the 10.5 base pairs per 

helical turn of B-form DNA.9 However, the above NBP-DNA is inherently unsuitable 

for the direct photo-knockout of dsDNA. 

 

Fig. 1.14 Distance-dependent photooxidation of G by NBP-DNA conjugates.9 

Adapted with permission from ref 9. Copyright 2023, Springer Nature. 
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1.3 DESIGN OF THE THESIS WORK 

The aim of this study is to develop an alternative photo-knockout approach to 

overcome the limitations of CRISPR-Cas9, namely the unnecessary immune responses 

due to the large nuclease protein. To address this problem, a small-molecule method is 

proposed to act as genetic scissors by conjugating the small-sized nitrobiphenyl 

photosensitizer (NBP) with peptide nucleic acids (PNAs) through a short ethylene 

linker. 

PNAs with a pseudo-peptide backbone have excellent binding affinity with DNA 

and are capable of invading into DNA double helix. It is hypothesized that once bound 

to the target DNA sequence and irradiated, the singlet oxygen generated from NBP 

could attack G to introduce oxidative damage in relatively small and specific areas. 

Such oxidative damage of G would lead to the formation of nick in one strand of the 

DNA double helix during the DNA repair processes in cells. This tool offers simplicity, 

programmability in design, and high spatiotemporal specificity. Hence, we decided to 

explore the possibility of dsDNA photo-knockout by NBP-PNA conjugates. 

This doctoral thesis comprises five chapters. 

In Chapter 1, the general introduction of this thesis is presented, and the 

background information is reviewed. The first section is the abstract of the whole thesis. 

The second section summarizes the related literature, including: 1. major DNA cleavage 

techniques used for gene manipulation, especially the CRISPR-Cas9 system and 

recently proposed photo-knockout techniques, 2. formation of single-strand breaks 

(SSBs) in DNA through oxidative damage mechanism, 3. examples of selective 

photooxidation of DNA by oligonucleotides-photosensetizer conjugates. The third 

section describes the design of this thesis work. 

In Chapter 2, the synthesis of NBP-PNA conjugates and their binding affinities are 

demonstrated. The first introduction section briefly summarizes the findings about 

NBP-DNA photoxidation and explains the design of NBP-PNA conjugate. The second 

section shows the synthesis routine of NBP-thymine-PNA monomer consisting of 8 

steps, including the electrophilic substitution of tert-butylbromoacetate, Sonogashira 

coupling, hydrogenation with Pd/C, Mitsunobu coupling, and amidation of carboxylic 

acid. The third section depicts the optimization of the solid-phase synthesis and HPLC 

purification of PNA oligomers. Then the fourth section shows the characterization of 

the binding affinities of NBP-PNAs to target ssDNA, including melting temperature 

(Tm) and CD spectra. The fifth section summarizes this chapter. 

In Chapter 3, the photooxidation properties of NBP-PNA conjugate to ssDNA and 

dsDNA with a sticky end is investigated. Section 1 is the introduction of this chapter, 

describing several examples of oligonucleotide conjugates for induing oxidative 

damage to DNA and the oxidation chemistry of G by 1O2. In section 2, the ¹O₂ 

production ability of NBP-PNA is confirmed by monitoring 1O2 probe furfuryl alcohol 

via HPLC. In section 3, the photooxidation efficiency of NBP-PNA conjugate 

hybridizing with ssDNA is investigated by HPLC quantitatively, and compared with 
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NBP-DNA and external xylitol-NBP. In section 4, the photooxidation of NBP-PNA 

binding to the sticky end of a dsDNA is investigated via gel electrophoresis experiments. 

The DNA strand break occurs at oxidative damage site with two cleavage treatment 

methods, allowing to assess regioselectivity of NBP-PNA to dsDNA. Section 5 is the 

summary of this chapter.  

In Chapter 4, the invasion of NBP-PNA to dsDNA termini and the photooxidation 

of PNA/dsDNA invasion complex. Section 1 is the introduction of this chapter, 

describing some studies about the modification of PNA for improving invasion 

efficiency. Section 2 investigates the invasion of NBP-PNA conjugate to dsDNA by 

non-denaturing gel, two DNA models are used, one containing mixed-AT sequence, and 

the other is mixed-ATCG sequence. Section 3 tested the photooxidation of dsDNA in 

PNA invasion solution. And the PNA’s self-aggregation is discussed. Section 4 

demonstrates the presence of PNA self-assembly tends to affect DNA oxidation by 1O2.  

Finally, Chapter 5 summaries of this thesis work and discusses the further 

development of NBP-PNA conjugates. 
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Chapter 2: Synthesis and Characterization of NBP-PNA 

Oligomers 
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2.1 INTRODUCTION 

In this chapter, the design and synthesis of a novel nitrobiphenyl photosensitizer-

thymine-PNA (NBP-T-PNA) monomer (Fig. 2.1) and the oligomerization of its PNA 

conjugates are described. Additionally, the hybridization duplexes of NBP-PNAs with 

their complementary DNA are characterized by their melting behavior, as monitored 

by UV spectroscopy, and their CD spectra.  

 

Fig. 2.1 Structure of NBP-T-PNA monomer. 

As detailed in Chapter 1, the NBP developed in our lab is a small-size type II 

photosensitizer capable of generating ¹O₂,8 which selectively oxidizes guanine (G) in 

dsDNA.24 The short lifetime of ¹O₂ limits its active distance to about 100 nm in H₂O at 

room temperature.12, 13 Thus, by anchoring the small-volume NBP at a specific site 

using a short linker, oxidative damage to DNA can be localized. What’s more, our 

previous research has extensively studied the relationship between G oxidation and 

distance from the tethered NBP in double-stranded DNA (dsDNA). Given the optimal 

distance for photooxidation between NBP and G in dsDNA is 8-10 base pairs,16 in this 

study, NBP is positioned 9 nucleobases from the target G. And PNA oligomers 

consisting of 15 bases with a hydrophilic lysine attached at the N-terminus are planned 

to be synthesized using reported Fmoc-based solid-phase synthesis.71,72,73 

This chapter is organized as follows: Section 1 is the introduction of this chapter. 

Section 2 outlines the 8-step synthesis routine of the NBP-T-PNA monomer. Section 3 

is the optimization of solid-phase peptide synthesis and the purification of 15-mer PNA 

oligomers. Section 4 discusses the characterization of the binding of NBP-PNAs to 

target single-stranded DNA (ssDNA), including Tm and CD spectra. Finally, Section 5 

summarizes this chapter. 
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2.2 SYNTHESIS OF NBP-T-PNA MONOMER 

The design of synthesis routine of NBP-thymine-PNA (NBP-T-PNA) monomer as 

outlined in Scheme 2.1 is adapted from that of NBP-DNA conjugate. NBP is engineered 

to link with PNA using a short ethylene linker attached at the α-methyl position of 

thymine. Starting with the electrophilic substitution of 5-iodouracil (2-1) by tert-butyl 

bromoacetate to introduce the linker between nucleobase and PNA backbone. Secondly, 

the -NH group in pyrimidine ring is protected by tert-butyloxycarbonyl (Boc). Thirdly, 

a short alkyl linker replaces the iodo group in compound 2-3 via Sonogashira74 coupling, 

and the subsequent reduction of the alkynyl group yields compound 5. In the fourth 

step, the two protecting groups—Boc group and tert-butyl (t-Bu) group —are removed 

together by TFA. Next, the NBP group is attached to the nucleobase using Mitsunobu 

coupling,75 resulting in compound 2-6. Finally, the NBP-T-PNA monomer is 

synthesized by coupling NBP-T (2-7) with the fluorenylmethyloxycarbonyl (Fmoc)-

protected PNA backbone followed by deprotection to expose carboxylic acid group.76 

Scheme 2.1 Synthesis of the NBP-T- PNA monomer.76 

In addition, the Fmoc-protected PNA backbone is synthesized according to 

reported literature protocols. (Scheme 2.2)77 
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Scheme 2.2 Synthesis of the Fmoc protected PNA backbone. 

What’s more, the synthesis of the abasic PNA monomer is achieved through the 

acetylation of the PNA backbone using hexafluorophosphate benzotriazole tetramethyl 

uronium (HBTU) as an activator as illustrated in Scheme 2.3. This modification is 

expected to create a gap in the strand, resulting in increased space around target G. 

Scheme 2.3 Synthesis of the Fmoc protected PNA backbone. 

Besides the above NBP-T-PNA monomer, the NBP group was designed to be 

covalently linked to T through a triazole ring via click chemistry (Fig. 2.2).78  As 

shown in Scheme 2.4, the synthesis began with diazo transfer reaction of 5-amines-

uracil derivatives (2-12) to introduce an azide group to nucleobase 2-13. Then the 

substitution reaction introduced the linker connecting PNA and nucleobase. Next, the 

NBP portion was introduced by alkyne-azide cycloaddition reaction, also known as 

click chemistry that generally has high yield. Subsequent reactions were supposed to 

be hydrolysis and incorporation with PNA backbone. However, the NBP-triazole-T 

building blocks 2-17 and 2-18 were not stable under either acidic or basic conditions 

(Scheme 2.5). Due to this base/acid instability and extremely low water solubility of 

the intermediates (2-17 and 2-18), we ultimately selected the NBP-T-PNA monomer 

(Fig. 2.1) described above for subsequent studies, despite the high yield of click 

chemistry. 

 
Fig. 2.2 The designed NBP-triazole-T monomer. 
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Scheme 2.4 The synthesis of NBP-triazole-T building blocks. 

 
Scheme 2.5 The decomposition of 2-17 and 2-18 in acidic and basic condition 

respectively. 
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2.3 SOLID-PHASE-SYNTHESISS OF PNA OLIGOMER  

 PNA oligomer synthesis occurs by coupling the carboxyl group of the incoming 

amino acid to the N-terminus of the growing PNA chain. Oligomerization of PNA 

originates from the solid-phase peptide synthesis (SPPS) of polypeptides which 

employs a selective protecting group strategy on either the primary amine or carboxylic 

acid groups. Typically, there are two methods for selective protecting strategies in SPPS: 

the Boc protecting strategy, which uses monomers with Boc-protected backbone-NH2 

and benzyloxycarbonyl  (Cbz)-protected or benzyl (Bn)-protected nucleobases; and 

the Fmoc protecting strategy, which employs an orthogonal protecting method which 

uses PNA monomers prepared with the terminal amine protected by the Fmoc group 

and nucleobases protected by the acid-labile Boc or benzhydryloxycarbonyl (Bhoc) 

groups.79,80,81 The Fmoc strategy is favored over Boc because it features a milder 

deprotection step that avoids the dangers of hydrofluoric acid (HF) and has proven to 

be more efficient.82 Nowadays, many types of Fmoc/Bhoc monomers are commercially 

available.  

The SPPS cycle for PNA oligomerization using the Fmoc protecting strategy is 

illustrated in Scheme 2.6.71 Initially, the first PNA monomer at C terminus is covalently 

bound to a solid polymeric support and synthesized step-by-step in a single reaction 

vessel. Next is capping of unreacted amine by acetic anhydride, leading to better 

separation of target sequence and impurity sequence. Then, in the deprotection step the 

N-terminal Fmoc is removed by the secondary amine of piperidine. Subsequently, 

another new circle begins with coupling step. Finally, after several circles the 

synthesized sequence can be cut from solid support by trifluoromethanesulphonic acid 

(TFA), and the temporary protecting group Bhoc of nucleobase is removed 

concomitantly. 

 

Scheme 2.6 Workflow of solid-phase peptide synthesis (SPPS). 
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2.3.1 Optimization of Coupling Conditions 

Despite following the published standard protocol,83,84 the yield of the 15mer PNA 

was less than 5%, resulting in very poor-quality raw products. To develop an efficient 

synthetic protocol for our target 15mer NBP-PNAs, the coupling reaction conditions 

were optimized based on published procedures.71, 72, 73 

The construction of PNA oligomers is greatly affected by the excess of reagents, 

the duration of reactions, the sequence and length of the oligomers, and the temperature 

at which the reactions are carried out.85,9 In particular, the growth of the purine-rich 

sequences is seriously hindered by the stacking of the Fmoc group with the nucleobases 

and the aggregation of PNA chains on resin.86 According to release of Fmoc, it was 

found that coupling yield of Fmoc-A(Bhoc)-OH monomer with resin-TTPT-NH2 was 

only 61% under the standard condition (No.1 reaction in Table 2.1). Thus the on-resin 

coupling efficiency of Fmoc-A(Bhoc)-OH monomer with resin-TTPT-NH2 (Scheme 

2.7) were investigated under different reaction conditions by monitoring Fmoc 

deprotection with UV spectrometer. PyBOP is chosen as the coupling reagents because 

it can provide high coupling efficiency and is economic.87 

 
Scheme 2.7 On-resin coupling of Fmoc-A(Bhoc)-OH monomer with resin-TTPT-

NH2. 

In Table 2.1, the first condition (No.1) is the standard situation. Compared to No.1, 

extended pre-swell time (No.2) did not increase coupling yield. 40 oC is the most proper 

reaction temperature. Further, anhydrous NMP is found to be a better solvent. Therefore, 

the optimal coupling condition was confirmed to be 4 molar equivalents of the PNA 

monomer (relative to resin loading), 4 molar equivalents of PyBOP, and 8 molar 

equivalents of NMM in anhydrous NMP, at 40 oC for 1 hour. For Fmoc-A(Bhoc)-OH, 

both the concentration of all reactants and the duration of reaction were doubled. As a 

result, the total yields of 15-mer PNA oligomers could reach 25%. It is crucial to 

emphasize that reagents used for PNA oligomerization must be kept as anhydrous as 

possible, as any contamination with water can lead to incomplete monomer coupling 

during synthesis.71 In spite of the establishment of an optimal protocol, maintaining 

vigilant oversight throughout the synthesis steps is paramount. Careful observation 

using the Kaiser test and Fmoc monitoring ensures that each cycle reacts completely. 
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Table 2.1 Screening of coupling conditions of H2N-ATPTT-resin (P = NBP-T). 

No. Solvent 
Pre-swell time 

(h) 

Temperature 

(oC) 

Yield 

(%) 

1 DMF 1 15 61 

2 DMF 12 15 52 

3 DMF 1 40 82 

4 DMF 1 70 85 

5 anhydrous DMF 1 15 65 

6 anhydrous NMP 1 15 83 

7 anhydrous NMP 1 40 94 

What’s more, two NBP-DNA conjugates studied in this thesis were prepared 

according to the published procedures,16 and the sequecnce is shown in Table 2.3. 

2.3.2 Purification and Confirmation of NBP-PNA Oligomers 

The crude PNA oligomer products cleaved from the resin were precipitated with 

cold diethyl ether at 0 oC and purified by RP-HPLC according to published methods. 71 

HPLC chromatograms of crude products at 30 oC are shown on the following figures 

(Fig. 2.3–Fig.2.8). In addition, heating is very helpful to reduce aggregation and 

sharpen peaks. 

Fig. 2.3 HPLC chromatogram of crude (left, the red peak is target oligomer) and 

purified (right) products of PNA01. 

Fig. 2.4 HPLC chromatogram of crude (left, the red peak is target oligomer) and 
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purified (right) products of PNA02. 

Fig. 2.5 HPLC chromatogram of crude (left, the red peak is target oligomer) and 

purified (right) products of PNA03. 

Fig. 2.6 HPLC chromatogram of crude (left, the red peak is target oligomer) and 

purified (right) products of PNA04. 

Fig. 2.7 HPLC chromatogram of crude (left, the red peak is target oligomer) and 

purified (right) products of PNA05. 
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Fig. 2.8 HPLC chromatogram of crude (left, the red peak is target oligomer) and 

purified (right) products of PNA06. 

All of the synthesized PNA (Table 2.2) and DNA (Table 2.3) strands were 

confirmed by ESI-MS analysis. All measured values agree well with calculated values. 

Table 2.2 The sequences of PNA oligomers synthesized and their mass analysis data.a 

PNA Sequenceb c 
Molecular 

formula 

m/z 

[M + 3H]3+ 

Calcd. 

m/z 

[M + 3H]3+ 

Found 

PNA01 H-Lys-TTTCTTTTTTTTPTT-NH2 C184H236N65O63 1455.6 1455.9 

PNA02 H-Lys-ATTCTTATTTATPTT-NH2 C184H232N74O57 1464.6 1464.9 

PNA03 H-Lys-ATTCTTAAAATTPTT-NH2 C184H230N80O53 1470.6 1470.9 

PNA04 H-Lys-ATT_TTATTTATPTT-NH2 C180H229N71O56 1428.3 1428.6 

PNA05 H-Lys-AT_CTTATTTATPTT-NH2 C179H228N72O55 1423.3 1423.6 

PNA06 H-Lys-ATTC_TATTTATPTT-NH2 C179H228N72O55 1423.3 1423.6 

aObtained by ESI-TOF mass spectrometry. bP = NBP-T unit. c _ = abasic PNA unit 

 

Table 2.3 The sequences of DNA oligomer synthesized in this study and their mass 

analysis data.a 

DNA Sequenceb 
Molecular 

formula 

m/z calcd. 

for 

[M + 4e]4- 

Found 

DNA04 5’-ATTATTATATTCTTATTTATPTTTT-3’ C263H330N70O163P24 1955.3 1954.6 

DNA07       5’-ATTCTTAAAATTPTT-3’ C163H201N47O95P14 1192.7 1192.0 

aObtained by ESI-TOF mass spectrometry. bP = NBP-T unit. 
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2.4 CHARACTERIZATION OF NBP-PNA/DNA HYBRIDS 

To investigate the effects of NBP group on the global helix stability, we measured 

the thermodynamic parameter, Tm, of the NBP-PNA/DNA and compared it to that 

obtained for the perfectly matched unmodified-PNA/DNA duplex. Sample preparation 

and the machine setup are described in Experimental. The melting curves obtained for 

the PNA02/DNA06 as well as PNA07/DNA06 are shown in Fig 2.9. Analysis of the 

melting curves determines the Tm for PNA02/DNA06 with NBP attached to be 44.4 °C, 

which is similar to the corresponding NBP-unmodified PNA04/DNA06 duplex 

(46.1 °C). This finding verifies that the addition of NBP hardly affects hybridization. 

The Tm values for other oligonucleotides are summarized in Table 2.4 and the 

corresponding melting curves are shown in Experimental Fig. S11. As expected, duplex 

PNA04–06/DNA06, which has an abasic residue at positions around G in DNA, have 

Tm ca. 13 oC below that of PNA02/DNA06. This reflects the loss of hydrogen bond 

stabilization at the abasic site. 

 

 

Fig. 2.9 Melting curves for the PNA02/DNA06 (red) and PNA07/DNA06 (black).76 
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Table 2.4 The Tm values for PNA/DNA and DNA/DNA duplexes. 

Entry Double strand structurea, b   Tm (oC) 

1 
DNA01: 5’-TTTTTTTTTTTCTTTTTTTTPTTTT-3’ 

DNA02: 3’-AAAAAAAAAAAGAAAAAAAAAAAAA-5’ 
54.39 

2 
PNA01:       H-Lys-TTTCTTTTTTTTPTT-NH2 

DNA03:          3’-AAAGAAAAAAAAAAA-5’ 
55.9 

3 
DNA04: 5’-ATTATTATATTCTTATTTATPTTTT-3’ 

DNA05: 3’-TAATAATATAAGAATAAATAAAAAA-5’ 
49.9 

4 
PNA02:       H-Lys-ATTCTTATTTATPTT-NH2 

DNA06:          3’-TAAGAATAAATAAAA-5’ 
44.4 

5 
DNA07:           5’-ATTCTTAAAATTPTT-3’ 

DNA08:           3’-TAAGAATTTTAAAAA-5’ 
37.6 

6 
PNA03:       H-Lys-ATTCTTAAAATTPTT-NH2 

DNA08:           3’-TAAGAATTTTAAAAA-5’ 
52.9 

7 
PNA04:       H-Lys-ATT_TTATTTATPTT-NH2 

DNA06:           3’-TAAGAATAAATAAAA-5’ 
31.2 

8 
PNA05:       H-Lys-AT_CTTATTTATPTT-NH2 

DNA06:           3’-TAAGAATAAATAAAA-5’ 
31.6 

9 
PNA06:       H-Lys-ATTC_TATTTATPTT-NH2 

DNA06:           3’-TAAGAATAAATAAAA-5’ 
27.1 

10 
PNA07:       H-Lys-ATTCTTATTTATTTT-NH2 

DNA06:           3’-TAAGAATAAATAAAA-5’ 
46.1 

aP = NBP-T unit. b _ = abasic PNA unit 

The handedness of NBP-PNA/DNA helices was investigated according to circular 

dicroism (CD). As depicted in Fig. 2.10, the CD spectra of the NBP-PNA/DNA 

duplexes exhibits a pattern similar to that described in the literature for PNA/DNA 

duplexes with different sequences.22 Specifically, two positive bands are observed near 

220 nm and in the range of 260–270 nm. These M-shaped CD spectra suggest NBP-

PNA/DNA duplexes are conformationally similar to the unmodified PNA/DNA, all of 

which adopt a right-handed helix.76 

 

Fig. 2.10 CD spectroscopy for the PNA02/DNA06 (red), PNA07/DNA06 (black) and 

reported PNA/DNA duplex22 (blue).76 
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Overall, a comparison between the NBP-PNA/DNA duplex and its unmodified 

counterpart PNA/DNA based on Tm and CD demonstrated that incorporating NBP into 

the PNA did not induce any notable structural deviations from the right-handed helical 

conformation. 
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2.5 SUMMARY 

This chapter began with an introduction detailing the design of NBP-PNA 

conjugates—the NBP group is covalently attached to T in PNA via a short linker and 

positioned nine nucleobases away from the target G in complementary DNA. The 

second section then described a novel synthetic pathway for the NBP-T-PNA monomer, 

where the NBP group is linked to α-methyl position of T via an ethylene linker. 

Afterwards, the third section established the protocol for solid-phase synthesis of PNA 

oligomers, and the 6 strands of NBP-PNA with 15mer and a lysine at the N-terminus 

were prepared. Finally, in order to establish the influence of NBP group on the 

PNA/DNA helical structure, NBP-PNA/DNA hybrids were studied by means of 

thermal denaturation measurements (Tm) and CD spectroscopy. The modest differences 

between NBP-conjugated-PNA02/DNA06 duplex and unmodified PNA07/DNA06 

duplex suggest that incorporation of NBP in PNA does not cause any significant 

structural deviations from the right-handed helix. 
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Chapter 3: Photooxidation of ssDNA and dsDNA by NBP-PNAs 
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3.1 INTRODUCTION 

This chapter investigates photooxidation properties of NBP-PNA targeted to 

single-strand DNA (ssDNA) as well as double-strand DNA (dsDNA) models, because 

understanding the selectivity and efficiency of photoinduced DNA modification is 

crucial for evaluating the potential application of NBP-PNA in gene manipulation. 

Given DNA derivatives can bind nucleic acid (NA) target regions through base 

pairing with high specificity, numerous efforts have been made to attach reactive groups 

to oligonucleotides (ONs) to induce DNA damage. For example, a oligonucleotide 

conjugates with Fe(II)-phthalocyanine complex is able to react as a catalyst to 

effectively induce DNA damage in the presence of hydrogen peroxide.89 However, this 

approach necessitates the presence of hydrogen peroxide. A more straightforward and 

efficient method for inducing spatially and temporally selective DNA damage involves 

covalently linking a photosensitizer (PS) to a carrier NA that contains a complementary 

sequence to the target. Kelly and coworkers, for example, synthesized Ruthenium 

polypyridyl-ON conjugate to target a ssDNA representing the bcr-abl chimeric gene 

and caused photooxidative damage at Gs.90 This approach has also been employed to 

enhance photodynamic therapy (PDT) efficiency. Ming et al. demonstrated the use of a 

chlorin e6-aptamer ON conjugate for cancer-cell destruction through photoirradiation.91 

What’s more, due to the strong affinity to DNA and RNA, along with chemical and 

biological stability,92 some DNA mimics, such as peptide nucleic acid (PNA) and 

locked nucleic acid (LNA), are considered ideal candidates for PDT applications. Yavin 

et al. has showed that irradiation of rose bengal-PNA conjugates resulted in DNA-PNA 

photo-cross-linking adducts probably through the Lysine.69 Another study reported the 

photocleavage of the Mdm2 oncogene via a series of thiazole orange-LNA triplex 

forming oligonucleotides.93 

Unlike the previously mentioned metal complex-ON conjugates, this study uses 

NBP, a small-volume type II photosensitizer. It is hypothesized that, when bound to 

DNA in a sequence-dependent manner and subjected to irradiation, the singlet oxygen 

(¹O₂) produced by NBP can selectively oxidize nearby Gs, creating localized oxidative 

damage. 

In parallel, extensive mechanistic studies have contributed valuable insights into 

the oxidative degradation of DNA, especially G, the most vulnerable unit, in different 

contexts. G oxidation generates a variety of products that depend on the specific oxidant 

involved.46 The main reaction products of 2’-deoxyguanosine (dG), including 7,8-

dihydro-8-oxoguanine (8-oxo-dG), 5-guanidinohydantoin (dGh), 2-amino-5-[(2-

deoxy-β-D-erythro-pentofuranosyl)amino]-4H-imidazol-4-one (dIz) 2,2-diamino-4-[2-

deoxy-β-D-erythro-pentofuranosyl)amino]-5-(2H)-oxazo-lone (dOz), 

spiroiminohydantoin (dSp), and oxaluric acid (dOxa), and the intermediates are 

summarized in Scheme 3.1. 
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Scheme 3.1 The main 1O2 -mediated oxidation paths and products of dG.46,47  

Meanwhile, various analytical methods have been developed to identify the G 

oxidation products and quantify them within DNA. One widely used method involves 

the hydrolysis of DNA either enzymatically or chemically94 followed by a reverse-

phase HPLC (RP-HPLC) separation based on polarities.95,96 

In this chapter, section 2 describes the testament of 1O2 production by NBP-

PNA/DNA. Then section 3 investigates the photooxidation of ssDNA by NBP-PNAs 

and external Xylitol-NBP. Section 4 proposes two hypotheses to explain the obtained 

photooxidation efficiency. Section 5 investigates the site selective photooxidation of 

dsDNA by NBP-PNAs. Section 6 is the summary of this chapter. 

  



35 

 

3.2 1O2 GENERATION ALIBITY OF NBP-PNA/DNA DUPLEX 

Recognizing the critical role of 1O2 generation in determining photooxidation 

efficiency, this study examined 1O2 production in the context of NBP-PNA/DNA 

systems. Various techniques for detecting 1O2 have been developed, including direct 

observation of its radiative relaxation to the triplet ground state via near-infrared 

phosphorescence spectroscopy at 1270 nm and indirect methods that measure the 

scavenging activity of specific trapping agents.97,98 Furfuryl alcohol (FA), a simple 

cyclic diene with a broad absorbance range between 210–230 nm,99 is a well-

established probe molecule for detecting 1O2.
100 The reaction between 1O2 and FA under 

neutral pH and room temperature conditions is illustrated in Scheme 3.2.101  

 
Scheme 3.2 The reaction of 1O2 with FA. 

To ensure efficient interception of nearly all 1O2, a high concentration of FA (100 

μM) was added to a solution containing NBP-PNA/DNA duplexes (2 μM). Following 

irradiation, the decrease of FA was monitored using reversed-phase HPLC with UV 

detection at 216 nm, as shown in Fig. 3.1 and 3.2. 

 

Fig. 3.1 HPLC analysis of furfuryl alcohol degradation by PNA01/DNA03. 

 

Fig. 3.2 HPLC analysis of furfuryl alcohol photo-oxygenation by PNA02/DNA06. 
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The results of HPLC analysis, presented in Table 3.1, summarize the outcomes of 

sensitized photo-oxygenation of FA by tethered NBP. The consumptions of FA after 10 

minutes of irradiation with NBP-PNA/DNA duplexes are 19.0% (entry 2) and 35.1% 

(entry 3), respectively. Comparable to that observed with dsDNA (entry 1, 22%),9  

these similar consumptions of FA suggest that the 1O2 quantum yield of NBP-PNA is 

analogous to that of NBP-DNA.76 

Table 3.1. The consumption of furfuryl alcohol (FA) following irradiation with NBP-

conjugated duplexes.a 76 

Entry Sequences of double strandsb Consumption of FA 

1 
DNA01: 5’-TTTTTTTTTTTCTTTTTTTTPTTTT-3’ 

DNA02: 3’-AAAAAAAAAAAGAAAAAAAAAAAAA-5’ 
22%9 

2 
PNA01:       H-Lys-TTTCTTTTTTTTPTT-NH2 

DNA03:          3’-AAAGAAAAAAAAAAA-5’ 
19.0 ± 0.5% 

3 
PNA02:       H-Lys-ATTCTTATTTATPTT-NH2 

DNA06:           3’-TAAGAATAAATAAAA-5’ 
35.1 ± 1.0% 

aConditions: 2-μM duplex, 100-μM FA, 10-mM sodium phosphate buffer with 100-mM NaCl, pH 

7.2. Irradiated with 365-nm LED for 10 min at 20 oC. b Sequences shown in italics correspond to 

PNAs. P: NBP-T unit.  
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3.3 PHOTOOXIDATION OF ssDNA BY NBP-PNAs AND 

EXTERNAL XYLITOL-NBP 

3.3.1 Photooxidation Efficiencies of NBP-PNA Conjugates 

To assess the photooxidation efficiency of NBP-PNAs, a quantitative HPLC assay 

was utilized. To emphasize intramolecular photooxidation, the concentration of NBP-

PNA/DNA duplexes was maintained at 2 μM, effectively reducing the possibility of 

intermolecular crosstalk oxidation as demonstrated in previous study.9 In brief, the 

duplex solutions were exposed to 365-nm LED irradiation for 10 minutes. Following 

this step, DNA strands were incubated with a combination of phosphodiesterase I and 

alkaline phosphatase at 47 oC to ensure completely enzymatically digestion to 

mononucleotides.102 Finally, the separation of the digested products was carried out 

through reversed-phase HPLC according to a published method.96 Each experiment was 

conducted three times, and representative HPLC chromatograms are presented in 

Figures 3.3–3.7.76 

 

Fig 3.3 HPLC analysis of PNA01/DNA03: upper (0-min irradiation) and lower (10-

min irradiation). 
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Fig 3.4 HPLC analysis of DNA04/DNA05: upper (0-min irradiation) and lower (10-

min irradiation). 

Fig 3.5 HPLC analysis of PNA02/DNA06: upper (0-min irradiation) and lower (10-

min irradiation). 



39 

 

Fig 3.6 HPLC analysis of DNA07/DNA08: upper (0-min irradiation) and lower (10-

min irradiation). 

Fig 3.7 HPLC analysis of PNA03/DNA08: upper (0-min irradiation) and lower (10-

min irradiation). 
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To quantitatively evaluate the reduction of G, the consumption of G was measured 

relative to adenine (A). The reason for using relative consumption as photoxidation 

efficiency of G is because the G oxidation products typically include multiple 

compounds, as shown in section 1, they have various absorption wavelengths and are 

difficult to be precisely detected. In addition, as the commercial phosphodiesterase may 

contain an impurity deaminase, deoxyinosine (dI) was generated from dA during 

digestion. Thus, the relative amount of dG after 10 minutes of photoirradiation was 

calculated using the following equation:  

dG = {[dG]10/([dA]10 + [dI]10)}/{[dG]0/([dA]0 + [dI]0)} × 100 

where [X]n is the concentration of X after n-min photoirradiation. 

The photooxidation efficiencies of NBP-conjugates are summarized in Table 3.2. 
NBP-DNAs (DNA04 and DNA07) with same ethylene linker between NBP and 

nucleobase T were synthesized according to the published procedures. The data clearly 

demonstrate that, although the gap sequences between the target G and NBP-T (P) were 

identical (as indicated by underlines), the photooxidation efficiencies in NBP-

PNA/DNA duplexes (entries 2, 4, 6) were markedly lower compared to those in NBP-

DNA/DNA duplexes (entries 1, 3, 5). Given that 1O2 generation was confirmed through 

the FA consumption experiment conducted in section 3.2, it appears that PNA/DNA 

duplexes may hinder the oxidative effect of 1O2 on G. This inhibitory influence of PNA 

on DNA oxidation was first reported by Saito et al., although the mechanism have not 

been elucidated.70 The underlying reasons are explored further in Section 3.4. Briefly, 

two hypothesis are discussed in this thesis to explain the reduced oxidation of G in 

PNA/DNA duplexes: the limited accessibility of 1O2 to G due to extensive base-to-base 

stacking overlap,103 and the quenching of 1O2 by the PNA backbone.76 

Table 3.2. The sequence of NBP-PNA/DNA and DNA/DNA duplexes and their photooxidation 

efficiencies.a 76 

Entry Double strand structureb Consumption of G 

1 
DNA01: 5’-TTTTTTTTTTTCTTTTTTTTPTTTT-3’ 

DNA02: 3’-AAAAAAAAAAAGAAAAAAAAAAAAA-5’ 
62% ± 3%9 

2 
PNA01:       H-Lys-TTTCTTTTTTTTPTT-NH2 

DNA03:          3’-AAAGAAAAAAAAAAA-5’ 
4.2 ± 1.5% 

3 
DNA04: 5’-ATTATTATATTCTTATTTATPTTTT-3’ 

DNA05: 3’-TAATAATATAAGAATAAATAAAAAA-5’ 
6.7 ± 0.3% 

4 
PNA02:       H-Lys-ATTCTTATTTATPTT-NH2 

DNA06:          3’-TAAGAATAAATAAAA-5’ 
2.5 ± 0.7% 

5 
DNA07:           5’-ATTCTTAAAATTPTT-3’ 

DNA08:           3’-TAAGAATTTTAAAAA-5’ 
9.4 ± 0.7% 

6 
PNA03:       H-Lys-ATTCTTAAAATTPTT-NH2 

DNA08:           3’-TAAGAATTTTAAAAA-5’ 
2.4% ± 0.2% 

aConditions: 2-μM duplex, 10-mM sodium phosphate buffer with 100-mM NaCl, pH 7.2. Irradiated 
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with 365-nm LED for 10 min at 20 oC. bSequences shown in italics correspond to PNAs. P: NBP-T 

unit. Underlined sequences show the gaps between the target G and NBP-T.  

It is important to highlight the influence of sequence-context effects on G oxidation 

by tethered NBP. Compared with polyA/polyT sequence (entries 1 and 2), 

interconverting AT base pairs within the gap sequences significantly reduced 

photooxidation efficiencies in both dsDNA and PNA/DNA duplexes (entries 3, 4, 5, 6). 

These sequence-dependent effects can be attributed to structural variations in the DNA 

double helix. DNA stretches composed of poly(dA)/poly(dT) adopt a distinct 

conformation known as B’-DNA, which is closely related to but notably different from 

standard B-form DNA.104 This A-tract structure is generally straighter in solution and 

features a narrower minor groove and a wider major groove compared to the B-form 

helix.105,106 As illustrated in Fig. 3.8, the molecular electrostatic potential surface of the 

major groove in a B-form DNA fiber model (range: -0.1 to 0.1, constructed using 

w3DNA 2.0) appears uneven, while the surface of the A-tract is comparatively smooth 

(molecular electrostatic potential (range -0.1 0.1), built by w3DNA 2.0) of B-form DNA 

fiber model is bumpy, whereas the A-tract is smooth.107 It could be assumed that on a 

bumpy surface created by alternating bases 1O2 may collide with irregularities, slowing 

its diffusion and increasing the likelihood of quenching through interactions with 

nitrogen atoms. In contrast, on a smooth surface, 1O2 can flow from NBP to G without 

hindrance. 

 

Fig 3.8 Surface of dsDNA fiber models (molecular electrostatic potential (range -0.1 

0.1)), A: bumpy surface of major groove in B-DNA d(TAAGAATATATATAA) / 

d(ATTCTTATATATATT), B: smooth surface of major groove in B'-DNA beta1, poly 

d(A)/poly d(T). 

Furthermore, the formation of a characteristic poly-T/poly-A/poly-T triplex 

structure108 has enhanced photooxidation efficiency in certain instances. This occurs 

when the third strand positions the additional NBP on the 3’-side of G (entry 1 and 3). 

Such an arrangement increases the likelihood of 1O2 successfully interacting with the 

target guanine.9  

3.3.2 Photooxidation Efficiencies of External Xylitol-NBP 

To further determine whether the formation of a PNA/DNA duplex inhibits guanine 

(G) oxidation by 1O2, the photooxidation of G in both PNA/DNA duplexes, dsDNA and 

ssDNA was investigated using an external water-soluble type II photosensitizer, xylitol-
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NBP (Fig. 3.9). The 1O2-producing quantum yield of xylitol-NBP when excited at 337 

nm is 0.58 in acetonitrile (CH3CN).8  

 
Fig 3.9 Structure of Xylitol-NBP.76 

The corresponding HPLC charts are displayed in the Experimental Fig. S16–S18, 

and the summarized photooxidation efficiencies are provided in Table 3.4. Oxidation 

of 28% of G was observed in the PNA/DNA duplex (entry 1), which is lower than the 

oxidation levels in the DNA/DNA duplex (entry 2, 72%) and ssDNA (entry 3, 41%). 

Such diminished oxidation efficiency in the PNA/DNA duplex suggests that 

hybridization of PNA to DNA partially inhibits the impact of 1O2 on G oxidation. In 

addition, the reduced photooxidation reactivity of ssDNA compared to dsDNA is 

attributed to the lower reduction potential of the GC base pair relative to isolated G.39,37 

Table 3.4. The sequences of PNA/DNA and DNA/DNA duplexes and DNA oligomer used in the 

photooxidation study with an external photosensitizer, xylitol-NBP.a 76 

Entry Double strands structureb Consumption of G 

1 
PNA04:       H-Lys-ATTCTTATTTATTTT-NH2 

DNA06:           3’-TAAGAATAAATAAAA-5’ 
28.9 ± 0.5% 

2 
DNA09: 5’-ATTATTATATTCTTATTTATTTTTT-3’ 

DNA05: 3’-TAATAATATAAGAATAAATAAAAAA-5’ 
72.5 ± 4.9% 

3 DNA06:          3’-TAAGAATAAATAAAA-5’ 41.8 ± 0.6% 

aConditions: 2-μM duplex, 10-mM sodium phosphate buffer with 100-mM NaCl, pH 7.2. Irradiated 

with 365-nm LED for 10 min at 20 oC. bSequences shown in italics correspond to PNAs. 
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3.4 DISCUSSION AND HYPOTHESIS 

3.4.1 Base Stacking in PNA/DNA Duplex Caused Poor Accessibility to G 

The difficulty in accessing C8 of G is likely to inhibit the photooxidation because 

the feasibility of endoperoxide thermal formation is most crucial to the G oxidation 

process. The widely accepted mechanism of 1O2-induced oxidation of G involves initial 

[4+2] cycloaddition of 1O2 across the purine ring and the subsequent fast production of 

8-oxoG.109,110,111 It is reported that this nucleophilic attack occurs on the C8 position, 

which is the most electrophilic position for G, yielding an open zwitterionic 

intermediate followed by a transient endoperoxide intermediate.112 (Fig. 3.10) This 

transition from the {G + 1O2} adduct to the endoperoxide is energetically favorable, 

driven by significant thermodynamic stability of the endoperoxide relative to the initial 

adduct in its equilibrium configuration. Consequently, the addition onto C8 clearly 

emerges as the limiting step.113 However, C8 atoms are not readily accessible when the 

G is embedded within a helix, further complicating the oxidation process.49 

 

 

Fig 3.10 Two-step addition of 1O2 to guanine leading to endoperoxide intermediate.112 

Adapted with permission from ref 112. Copyright 2016, John Wiley and Sons. 

 

The notable geometric distinctions between PNA/DNA duplex and dsDNA could 

contribute to variations in photooxidation efficiency.114 Such differences include a 

reduced helical twist in PNA duplexes and greater π-overlap between adjacent bases in 

PNA103 Basically, there are three families of DNA helices: B-DNA (represents an 

average conformation, right-handed orientation), A-DNA (right-handed orientation) 

and Z-DNA (rare and left-handed orientation).115 Nevertheless, PNA/DNA hybrid helix 

adopts a structure different from the above three-dimensional structure, as can be seen 

in Fig. 3.11, and Table 3.5 pinpoint the exact difference in some parameters for helical 

structure.116 In PNA/DNA helices, the base pairs are perpendicular to the helix 

axis,117,118 and the average twist of base step is only 28.0o, smaller than that of B-DNA 

(36.0o) and A-DNA (32.7o).119 Therefore the resulting overlap may cause the poor 

accessibility of G within the PNA/DNA duplex. 
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Fig 3.11 Illustrations of different helical structures: A, A-form DNA, B, B-from DNA, 

C, PNA/DNA duplex, built by w3DNA 2.0. 

Table 3.5. Comparison of Helical Parameters (Averaged).120 Adapted with permission from ref 

120. Copyright 2010, American Chemical Society. 

Helical parameters (average) 

 
Helix type 

A-DNA duplex B-DNA duplex PNA/DNA 

twist (deg) 32.7 36.0 28.0 

vertical rise (Å) 2.6 3.4 3.3 

bases per turn 11 10 13 

An additional observation strengthened this hypothesis that the placement of the 

abasic site (Fig. 3.12) in PNA strand around G (entry 10, 11 and 12 in Table 3.6), 

resulting in much space around G, yield higher photooxidation efficiencies than the 

fully matched NBP-PNA/DNA (2.5%, entry 4 in Table 3.2). The represented HPLC 

charts are shown in Experimental Fig. S12–14, and the photooxidation efficiencies are 

summarized in Table 3.6. 

 

Fig 3.12 Structure of abasic PNA unit. 

Table 3.6. abasic NBP-PNA/DNA duplexes and their photooxidation efficiencies.a 

Entry Sequenceb Consumption of G 

10 
PNA05:     H-Lys-ATT_TTATTTATPTT-NH2 

DNA06:        3’-TAAGAATAAATAAAA-5’ 
4.5 ± 1.0% 

11 
PNA06:     H-Lys-AT_CTTATTTATPTT-NH2 

DNA06:        3’-TAAGAATAAATAAAA-5’ 
9.2 ± 0.3% 

12 
PNA07:     H-Lys-ATTC_TATTTATPTT-NH2 

DNA06:        3’-TAAGAATAAATAAAA-5’ 
3.2 ± 0.4% 
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aConditions: 2-μM duplex, 10-mM sodium phosphate buffer with 100-mM NaCl, pH 7.2. Irradiated 

with 365-nm LED for 10 min at 20 oC. bSequences shown in italics correspond to PNAs. P: NBP-T 

unit. _: abasic PNA unit. 

Together, these findings implicate that the base stacking in PNA/DNA duplex 

caused poor accessibility to G, attributing to the hindrance of the photooxidation by 1O2. 

3.4.2 1O2 Is Quenched Physically by The PNA Backbone 

The second hypothesis to explain the low photooxidation efficiency in PNA/DNA 

is that the diffusion of 1O2 generated by NBP-PNA along the PNA/DNA backbone leads 

to quenching, because amide solvents typically exhibit faster first-order quenching rates 

for 1O2 than water,121 as Table 3.7 shows some examples. Therefore, it seems that ¹O₂ 

diffusion on the PNA surface, coupled with frequent interactions with nitrogen atoms, 

likely results in a higher quenching rate than when ¹O₂ diffuses along dsDNA.103 In 

contrast, quenching is less likely when 1O2 approaches from above of G.76 

Table 3.7. The rate constant for physical quenching of 1O2 in different solvents. 

Quenching group Solvent Rate constant for physical quenching (kq) (s-1) 

amide 

DMF 1.23 ×107 

DMA 1.36 ×107 

H2O water 2.4 × 105 

Tests in external xylitol-NBP are in agreement with this hypothesis. As shown 

above (Section 3.3.2), the photooxidation efficiency by external NBP is much higher 

than that by conjugated NBP. This difference may stem from the effect of the diffusion 

route of 1O2 (along helix surface or in random orientation) on the photooxidation 

efficiency. As illustrated by Fig. 3.13, 1O2 generated from a linked NBP may diffuse 

one-dimensionally through the major groove and thereby is frequently quenched by 

nitrogen atoms, resulting in substantial less oxidation to G than that generated from 

external NBP. 

 

Fig 3.13 Illustration of the diffusion route of 1O2, A: the 1O2 generated from tethered 

NBP diffuse along duplex surface, A: the 1O2 generated from external xylitol-NBP 

diffuse in random orientation. 
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3.5 SITE SELECTIVE PHOTOOXIDATION OF dsDNA BY NBP-

PNA 

Building on the above finding that PNA complexed with DNA inhibit the G 

photooxidation, particularly when NBP is conjugated to PNA, we hypothesized that 

irradiating an NBP-PNA complex attached to the sticky end of dsDNA would enable 

selective photooxidation of G residues within the dsDNA region. Sticky ends are 

unpaired nucleotides at termini of dsDNA, formed when certain restriction enzymes, 

such as EcoRI,122 cut the DNA at slightly offset positions on the two strands. The 

overhanging part can readily hybridize with a complementary sequence, thus earning 

the name "sticky ends”.123 

To pinpoint the damage caused by G oxidation, DNA photocleavage experiments 

were performed. In brief, as illustrated in Fig. 3.14, the dsDNA with a sticky end 

consists of two strands: the shorter AT-mixed sequence has 45 nucleotides (nt), and the 

G-containing strand possessing 60nt is labeled with fluorescein (Fluorescein amidites, 

FAM) at 5’ and the 3’ end overhanging. With NBP-PNA binding to the sticky end of a 

dsDNA, two target Gs in such complex are positioned at the same distance (9 bases) 

from NBP-T (P), one within the PNA/DNA duplex region and the other in the DNA 

duplex region. Upon irradiation with 365nm light for 10 min or 1 h, the ¹O₂ produced 

from the NBP can react with Gs yielding oxidative modification. Subsequently, the 

photoirradiated samples were subjected to cleavage treatment, Fpg or hot piperidine, 

which specially causes strand break at the oxidized G site, resulting in the cleavage with 

specific length. Finally, regioselectivity in G oxidation can be reflected by analyzing 

the cleavage products via denaturing polyacrylamide gel electrophoresis (PAGE). 

Fig 3.14 Illustration of photooxidation and cleavage experiments to assess the 

regioselectivity of NBP-PNA. 
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To digest all oxidized G products, the cleavage treatment of the photoirradiated 

samples involves two methods due to the complexity of G oxidation chemistry which 

is briefly summarized in Section 1. One method is bacterial formamidopyrimidine DNA 

N-glycosylase (Fpg), whose preferential substrate is 8-oxoG which is the primary 

product of G oxidation with 1O2.
124, 125 (Scheme 3.3) The other method is hot piperidine 

as 8-oxodG is reported to have lower redox potential than G and readily undergoes 

oxidation to secondary oxidation products, such as dGh and dOxa (Scheme 3.4),126 

which are highly labile to hot piperidine treatment (incubation 1M piperidine in water 

at 95 oC for 45 min), whereas 8-oxodG remains stable under these conditions.127,128,47 

The quantification of each band enables the determination of the yields from each Fpg 

or piperidine cleavage event.129 

 

Scheme 3.3 8-oxodG generated from the reaction of 1O2 with G. 

 

 

Scheme 3.4 Main oxidation products generated by the reaction of 1O2 with 8-oxoG in 

DNA strands. 

As demonstrated in Fig. 3.15, PNA02 was bound to DNA10/DNA11, where the 

gap sequence within dsDNA region consisted of polyT. Following either 10-min or 1-

h irradiation, combined with sufficient Fpg cleavage (4U-12U), only the 38-nt cleavage 

product was distinctly observed, as confirmed by DNA marker. This result indicates 

that G in the dsDNA region underwent oxidation to form 8-oxoG. In the case of hot 

piperidine treatment, the 38-nt cleavage product remained the sole observed fragment. 

These results suggest that although the oxidation of G in the dsDNA region yield 

secondary oxidation products, G in the PNA/DNA duplex was intact. Furthermore, the 

cleavage yield increased with the irradiation extended from 10 min to 1 h in both cases: 

from 10% to 16% with Fpg treatment, from 4% to 8% with hot-piperidine. This 

indicates that 10-min irradiation was insufficient for complete photooxidation.76 
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Fig 3.15 Denaturing PAGE for the photooxidation and following cleavage of 

PNA02/sticky-end-dsDNA (DNA10/DNA11). The pictures containing the whole gel 

image are presented in Experimental Fig S19 and S20.76 

To determine whether the above photooxidation results are unique to the 

polyA/polyT sequence, then this NBP-PNA conjugate (PNA02) was employed to bind 

and photooxidize a different dsDNA model, DNA12/DNA13, where the gap sequence 

within dsDNA region altered to interconverting AT base pairs (AATTTTAA from A(:P) 

to G in DNA13). As shown in Fig. 3.16, similar results were obtained, with only the 

38-nt cleavage product detected following both cleavage treatments. Notably, the 

cleavage yields are 7%  (10 min) and 13% (1 h), slightly smaller than above 

DNA10/DNA11 (with polyA/polyT gap sequence), 10% and 16%, respectively. The 

difference in cleavage yields between the two gap sequences aligns with the detrimental 

effect of interconverting AT sequences on photooxidation efficiency, as discussed in 

section 3.3.1.76 

These two gel electrophoresis results confirm that photoirradiation of the complex 

NBP-PNA/sticky-end-dsDNA selectively oxidizes only the G in the dsDNA region. 
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Fig 3.16 Denaturing PAGE for the photooxidation and following cleavage of 

PNA02/sticky-end-dsDNA (DNA12/DNA13). The pictures containing the whole gel 

image are presented in Experimental Fig S19 and S20.76 

To verify that it is PNA complexed with DNA inhibit the photooxidation, the same 

photocleavage experiments were then conducted using an 15mer NBP-DNA conjugate. 

A 15mer NBP-DNA (DNA07) was bound to the sticky end of DNA14/DNA15 duplex, 

in which two target Gs were positioned at an identical distance (9 bases) from NBP. As 

shown in Fig. 3.17, two distinct cleavage products with different lengths were detected 

after Fpg and hot piperidine cleavage. According to the DNA markers, product 1 was 

56nt long and product 2 was 38nt long, corresponding exactly to the two G oxidation 

and cleavage products. These results show that NBP-DNA can induce photooxidation 

of G at both the positions.76 

Altogether, these findings suggest that NBP-PNA has significant potential as a site-

selective photooxidation agent, capable of inducing selective oxidation in dsDNA. 
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Fig 3.17 Denaturing PAGE for the photooxidation and following cleavage of 

DNA07/sticky-end-dsDNA (DNA14/DNA15). The pictures containing the whole gel 

image are presented in Experimental Fig S19 and S20.76 

What’s more, data in Fig. 3.17 shows the cleavage yield for 38nt products are 

generally higher than 56nt products. After 10-min photoirradiation and Fpg treatment, 

cleavage yield of 38nt products is 27%, clearly higher than that of 56nt (4.9%); with 

hot-piperidine treatment cleavage yield for 38nt product is 14.3%, slightly higher than 

56nt (13.1%). However, after 1-h irradiation, the difference sharply increases: cleavage 

yield of 38nt products with Fpg is 48.3%, and with hot-piperidine is 24.5%, extremely 

higher than that of 56nt product, 8.5% and 12.2%, respectively. This indicats that the 

nucleophilic attack to the C8 position of G by 1O2 is easier when 1O2 comes from 3’ of 

that strand. That also agree with the results that absic PNA11/DNA06 (abasic site is 

placed at the 3’ side of G) possess higher photooxidation efficiency than 

PNA12/DNA06 (abasic site is placed at the 5’ side of G). There seems to be a tendency 

that the relative orientation of NBP to G, namely the direction of diffusion of 1O2, has 

an effect on the photooxidation efficiency. 
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3.6 SUMMARY 

To conclude, the present chapter investigates photooxidation properties of NBP-

PNA conjugate to ssDNA and dsDNA with a sticky end. 

Section 1 is the introduction of this chapter, including some examples of 

oligonucleotide conjugates for inducing oxidative damage to DNA and the oxidation of 

G by 1O2. In section 2, the ¹O₂ production ability of NBP-PNA is confirmed by 

monitoring furfuryl alcohol via HPLC. Two NBP-PNA/DNA duplexes are able to 

generate 1O2 at the same level as NBP-DNA/DNA. In section 3, the photooxidation 

efficiency of conjugated NBP and external xylitol-NBP in the context of PNA/DNA 

duplex and dsDNA are quantitatively investigated by RP-HPLC. The results reveal that 

the efficiencies of G photooxidation in PNA/DNA duplexes were significantly lower 

than those in corresponding dsDNA duplexes, either by conjugated or external NBP. It 

is reasonable to assume that the PNA complexed with DNA suppresses G oxidation. 

What’s more, the external NBP has much better photooxidation efficiency than NBP-

PNA conjugates. And it is also found that the placements of the abasic site in PNA 

strand around G, resulting in much space around G, yield higher photooxidation 

efficiencies than the fully matched NBP-PNA/DNA. Finally, two hypotheses were 

presented to explain the observations: 1. the base stacking within PNA/DNA duplex 

reduces accessibility to G, therefore preventing the ¹O₂ oxidation, 2. ¹O₂ produced from 

NBP-PNA is likely quenched by amide bond during diffusion along the PNA/DNA 

backbone. In section 4, the photooxidation of NBP-PNA binding to the sticky end of a 

dsDNA is investigated via gel electrophoresis experiments. The results demonstrate the 

site-selective photooxidation of NBP-PNA conjugates as it is able to photooxidize G 

only in the dsDNA region whereas the G in sticky end is intact due to formation of 

duplex with PNA. (Fig. 3.18) 

Our findings in this chapter that the oxidation of G by 1O2 is extremely inhibited 

by PNA binding and the regio-selective photooxidation of NBP-PNA conjugate 

complexed with sticky end of a dsDNA indicates the NBP-PNA conjugate is a potential 

tool to site-specifically induce oxidation into dsDNA. 

 

Fig 3.18 Illustration of the site-selective photooxidation of NBP-PNA. 
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Chapter 4: End-invasion and Photooxidation of dsDNA by NBP-

PNA 
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4.1 INTRODUCTION 

This chapter is concerned with the invasion of NBP-PNA into dsDNA and the 

photooxidation of PNA/dsDNA invasion complex. In Chapter 3, it was observed that 

the NBP-PNA complexed with the sticky end of dsDNA can site-selectively 

photooxidize Gs in dsDNA region. The purpose of this small-size photooxidation 

method is to invade and induce oxidative damage to genome DNA, in view of this, a 

more meaningful investigation would be conducted in terms of dsDNA invasion into 

complex by NBP-PNA. 

The unique ability of PNA to unwind and insert itself into a DNA helix makes it an 

excellent tool for gene editing.65 This invasion occurs when the energy required to 

dissociate the DNA duplex is offset by the formation of a more stable PNA/DNA 

duplex.10 However, initially designed PNAs with a poly(N-(2-aminoethyl)glycine) 

backbone achieve efficient invasion only under specific conditions. Besides 

homopurine and homopyrimidine targets,130 mixed-sequence PNAs can invade 

supercoiled plasmid DNA.131,132 As to linear dsDNA, it is reported the mixed-base 

PNAs without special modification are able to invade into dsDNA termini, and it is end-

invasion.133 To enhance invasion efficiency, researchers have focused on modifying 

PNA backbones and nucleobases. 

An elegant example of backbone modification is gamma (γ)-substituents. Several 

studies reported that enhanced hybridization properties of PNA are achieved by 

introducing (S)-Me134,135 or (R)-mini diethylene glycol (PEG)136 stereogenic center at 

the γ-position. (Fig. 4.1) Such modification allows the PNA oligomer pre-organizes 

into a right-handed helix, resulting in rapid interception to the dsDNA target and stable 

invasion complex. 

 

Fig. 4.1 Chemical structures of (S)-Me134 or (R)-miniPEG136 modified γPNA.  

 

In parallel, nucleobase modification can also enhance invasion efficiency. One 

notable strategy is double duplex invasion. Invasion is facilitated by substituting the 

standard adenine (A) and thymine (T) in pseudo-complementary PNAs (pcPNAs) with 

2,6-diaminopurine (D) and 2-thiouracil (Us), (Fig. 4.2) enabling simultaneous binding 

to both strands of the target dsDNA and the repulsion between the two PNA strands. 

pcPNAs are unable to pair with each other due to steric hindrance caused by the 

interaction between the 2-NH₂ group of D and the 2-S group of Us.137 
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Fig. 4.2 Chemical structures of conventional AT base pair, and the steric repulsion 

between 6-diaminopurine (D) and 2-thiouracil (Us).
137 

 

Similarly, pseudoisocytosine (J) (Fig. 4.3) has been developed to improve strand 

invasion through triplex formation by tail-clamp PNA (tcPNA). A tcPNA molecule 

consists of two pyrimidine-PNA strands with mirror-symmetric sequences connected 

by a flexible linker. This design allows the tcPNA to bind to the complementary DNA 

strand, with one PNA strand establishing Watson–Crick hydrogen bonds and the other 

forming Hoogsteen hydrogen bonds.138 

 

Fig. 4.3 Chemical structures of CG base pair with Watson–Crick hydrogen bonds, and 

J binding to G with Hoogsteen hydrogen bonds.138 

At the initial stage of the NBP-PNA conjugate study, we did not modify the PNA 

backbone in order to minimize the effect of the specific modification components on 

the photooxidation. Therefore, in present study the NBP-PNA end-invasion mode is 

used to investigate the invasion and photooxidation properties. 

In this chapter, section 2 describes the end-invasion of NBP-PNA to dsDNA models. 

Section 3 is about the photoxidation of PNA/dsDNA invasion complex. Section 4 

discusses the effect of PNA self-assembly on DNA photooxidation. Section 5 is the 

summary of this chapter. 
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4.2 END-INVASION OF NBP-PNA TO dsDNA MODELS 

4.2.1 dsDNA with Mixed-AT Sequence 

To investigate whether this new NBP-PNA conjugate is capable of inserting into 

dsDNA, the invasion of NBP-PNA into dsDNA termini was examined by non-

denaturing PAGE, which reflects the secondary structure of DNA. As discussed in 

section 1, without specific modification the invasion efficiency of mixed-base PNA is 

limited due to energy barrier. However, the end-invasion can bypass this limitation of 

common PNAs. 

To precisely analyze the regio-selectivity of G oxidation by NBP-PNA, derived 

from sticky-end-dsDNA in Chapter 3, a mixed-AT dsDNA sequence with two Gs 

(DNA13/DNA16, Fig. 4.4) was used as model, where one is in the PNA binding region 

and the other is assumed to be in dsDNA region after invasion. 20 equivalent (eq.) and 

50 eq. NBP-PNA was incubated with 1 eq. dsDNA at 37 oC overnight in two kinds of 

low-salt buffer (10 mM sodium phosphate buffer, with 0 mM or 20mM NaCl, pH 7.2), 

as presently in most cases the PNA invading is limited to relatively low ionic 

strengths.136 Then the mixture was separated by non-denaturing PAGE. Notably, as the 

only DNA13 containing the PNA binding region is labeled by fluorescein FAM at 5’, 

SYBR Gold staining was used to monitor DNA16. SYBR Gold is a widely-used nucleic 

acids intercalator, which is able to detect dsDNA and ssDNA.139 The result of non-

denaturing PAGE is shown in Fig. 4.4, the upper gel image is the detection of FAM, 

besides the DNA13/DNA16 duplex and DNA13 single strand, new and wide bands, 

emphasized by red rectangle, were observed in samples incubated in 10 mM sodium 

phosphate buffer with 0 mM NaCl. However, after stained by SYBR Gold (lower gel 

image), the ssDNA16 appeared, circled by orange rectangle, suggesting the dissociation 

of DNA13/DNA16 duplex. 

The observed retarded wide band is probably because the polyT PNA sequence 

formed clip structure, PNA/DNA/PNA triplex, with A-tracts in DNA13. (Fig. 4.5)140  
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Fig. 4.4 The sequence of NBP-PNA conjugate (PNA02) and mixed-AT sequence 

dsDNA (DNA13/DNA16), and the non-denaturing PAGE of incubation solutions of 

NBP-PNA and dsDNA. Condition: (from left to right) lane 1: 40-nM dsDNA, 800-nM 

NBP-PNA (20 eq.) in buffer 1; lane 2: 40-nM dsDNA, 800-nM NBP-PNA (20 eq.) in 

buffer 2; lane 3: 40-nM dsDNA, 2-μM NBP-PNA (50 eq.) in buffer 1; lane 4: 40-nM 

dsDNA, 2-μM NBP-PNA (50 eq.) in buffer 2, lane 5: 40-nM dsDNA (DNA13: DNA16 

= 1:1.2) in buffer 1, lane 6: PNA02 (240-nM) / DNA13 (40-nM) complex (after 

annealing) in buffer 1, lane 7: 40-nM DNA13 in buffer 1, lane 8: 40-nM DNA16 in 

buffer 1. Buffer 1: 10 mM sodium phosphate buffer, with 0 mM NaCl, pH 7.0.  

*Buffer 2: 10 mM sodium phosphate buffer, with 20 mM NaCl, pH 7.0. 

The pictures containing the whole gel image are presented in Experimental Fig S21. 

 

 
Fig. 4.5 Possible PNA/DNA/PNA triplex structure formed by PNA02 and DNA13. 

4.2.1 dsDNA with Mixed-ATCG Sequence 

To avoid the clip PNA/DNA/PNA triplex forming, a mixed-ATCG dsDNA 

(DNA17/DNA18, shown in Fig. 4.6) was used to test the invasion ability of NBP-PNA. 

DNA17 contains the PNA binding-region and is labeled with FAM. 20–100 eq. NBP-

PNA was incubated with 1 eq. dsDNA at 37 oC overnight in 10 mM sodium phosphate 

buffer (with 0 mM or 20 mM NaCl, pH 7.2). Then the incubation samples were 

analyzed by non-denaturing PAGE with FAM detection and following SYBR Gold-

staining detection. The result is shown on Fig. 4.6. In the upper gel image of FAM, with 
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80 and 100 eq. NBP-PNA, a new band (emphasized by red rectangle) was observed. In 

addition, the result of SYBR Gold staining showed the amount of ssDNA (circled by 

orange rectangle) did not increase, indicating the maintaining of DNA duplex. 

Therefore, it can be inferred that the retard band is NBP-PNA end-invasion complex. 

 

Fig. 4.6 The sequence of NBP-PNA conjugate (PNA02) and mixed-ATCG sequence 

dsDNA (DNA17/DNA18), and the non-denaturing PAGE of incubation solutions of 

NBP-PNA and dsDNA. Condition: (from left to right) lane 1: 40-nM dsDNA, 800-nM 

NBP-PNA (20 eq.) in buffer 1; lane 2: 40-nM dsDNA, 2-μM NBP-PNA (50 eq.) in 

buffer 1; lane 3: 40-nM dsDNA, 3.2-μM NBP-PNA (80 eq.) in buffer 1; lane 4: 40-nM 

dsDNA, 4-μM NBP-PNA (100 eq.) in buffer 2, lane 5: 40-nM dsDNA (DNA17: 

DNA18 = 1:1.2) in buffer 1, lane 6: 40-nM dsDNA, 4-μM NBP-PNA (100 eq.) in buffer 

2, lane 7: 40-nM DNA17 in buffer 1, lane 8: 40-nM DNA18 in buffer 1.  

Buffer 1: 10 mM sodium phosphate buffer, with 0 mM NaCl, pH 7.0.  

*Buffer 2: 10 mM sodium phosphate buffer, with 20 mM NaCl, pH 7.0. 

The pictures containing the whole gel image are presented in Experimental Fig S22. 

 

To conclude, in this section, two kinds of dsDNA model were used to test the 

invasion ability of NBP-PNA. In the case of mixed-AT dsDNA with several A-tract 

within DNA13, the polyT sequence in PNA readily bounded to DNA13 and dissociate 

DNA duplex. In terms of mixed-ATCG sequence, the formation of end-invasion 

complex of NBP-PNA/dsDNA was confirmed, verifying the addition of NBP did not 

hamper the invasion of PNA. 
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4.3 PHOTOOXIDATION OF NBP-PNA/dsDNA INVASION 

COMPLEX 

It is hypothesized that the exposure of NBP-PNA/dsDNA to 365-nm light would 

produce 1O2, yielding G oxidation products in DNA. To test such lesion, the invasion 

solution of 100eq. NBP-PNA and 1 eq. dsDNA (DNA17/DNA18) was subjected to 

photoirradiation and cleavage treatment with Fpg and hot piperidine. (Fig. 4.7) As 

explained in Chapter 3, the Fpg and hot piperidine treatment can cleavage DNA strand 

at the position of G oxidation products. And the subsequent denaturing PAGE can 

separate DNA strands according to their length. After detecting the FAM fluorescence, 

SYBR Gold-staining detection was conducted to demonstrate the cleavage DNA 

products without FAM. The results of non-denaturing gel are shown in Fig. 4.8. The 

most left lane in each gel is the control which shows the migration of intact DNA17 

and DNA18 (51nt). As can be seen clearly in the gel, no cleavage products can be 

observed. 

Fig. 4.7 Illustration of photoirradiation and cleavage treatment to invasion solution 

containing 100 eq. NBP-PNA and 1 eq. dsDNA. 

 

Fig. 4.8 Denaturing PAGE of photoirradiation and cleavage treatment to invasion 

solution containing 100 eq. PNA and 1 eq. dsDNA. Condition: 40-nM dsDNA, 4-μM 

NBP-PNA (100 eq.) in 10 mM sodium phosphate buffer with 0 mM NaCl, pH 7.2, 

incubated at 37 oC overnight. 365-nm light, at 37 oC for 0 min, 10 min or 1 h. Cleavage 

with Fpg, 8U, 37 oC for 3 h, or 1-M piperidine in H2O, 37 oC for 3 h. 20% denaturing 
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PAGE (7-M urea) and electrophoresed at 200 V. The pictures containing the whole gel 

image are presented in Experimental Fig S24 and S25. 

 

One possible reason is that the non-specific interaction between PNA aggregator 

and DNA inhibit the photooxidation. Several studies reported that PNAs tend to self-

aggregate and adhere to hydrophobic surfaces and other macromolecules, such as DNA 

in a nonspecific manner.141,142,136 

 

 

Fig. 4.9 Illustration of self-aggregation: upper, PNA’s self-aggregation and non-

specific interaction with dsDNA; lower, (PNA)n-DNA aggregation is adsorbed onto 

hydrophobic surface of microtube, and invasion complex and dsDNA are in solution.  

There is evidence for this assumption. After the incubation of large amount NBP-

PNA (100–200 eq.) with dsDNA (DNA17/DNA18, 1 eq., 40nM) at 37 oC overnight in 

10 mM sodium phosphate buffer (with 0 mM NaCl, pH 7.2), certain portion of solution 

(18 µL) was taken and loaded into gel, then these samples were analyzed by non-

denaturing PAGE. Th result is shown in Fig. 4.10, in the cases of both FAM image 

(upper) and SYBR Gold staining image (lower), fluorescence intensity of each band in 

the 200 eq. NBP-PNA incubation sample (third lane from the left), including invasion 

complex, DNA17/DNA18 duplex and ssDNA, obviously lower than that of 100 and 

150 eq. incubation sample. The decrease of fluorescence intensity of band in gels 

suggests that the amount of DNA, including invasion complex, DNA17/DNA18 duplex 

and ssDNA in solutions clearly decrease, probably because the (PNA)n-DNA 

aggregation was adsorbed onto hydrophobic surface.142 
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Fig. 4.10 The sequence of NBP-PNA conjugate (PNA02) and mixed-ATCG sequence 

dsDNA (DNA17/DNA18), and the non-denaturing PAGE of incubation solutions of 

NBP-PNA and dsDNA. Condition: (from left to right) lane 1: 40-nM dsDNA, 4-μM 

NBP-PNA (100 eq.) in buffer; lane 2: 40-nM dsDNA, 6-μM NBP-PNA (150 eq.) in 

buffer; lane 3: 40-nM dsDNA, 8-μM NBP-PNA (200 eq.) in buffer; lane 4: 40-nM 

dsDNA (DNA17: DNA18 = 1:1.2) in buffer, lane 5: 40-nM DNA17 in buffer, lane 6: 

40-nM DNA18 in buffer. 

Buffer: 10 mM sodium phosphate buffer, with 0 mM NaCl, pH 7.0. 

The pictures containing the whole gel image are presented in Experimental Fig S23. 
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4.4 THE EFFECT OF PNA SELF-ASSEMBLY ON PHOTOOXIDATION 

To test whether the PNA self-aggregation and nonspecific interaction with dsDNA 

has effect on the photooxidation of DNA by NBP, as depicted in Fig. 4.11, the 

photooxidation by external xylitol-NBP (100 eq., 4μM) and cleavage with hot-

piperidine were conducted using a serious of invasion solution of unmodified-PNA 

(PNA04, 1–100 eq., the sequence can be found in Fig. 4.12) and dsDNA 

(DNA17/DNA18). 

Fig. 4.11 Illustration of photoirradiation and cleavage treatment to invasion solution 

containing 100 eq. unmodified-PNA and 1 eq. dsDNA. 

To the invasion solutions of PNA (1–100 eq.) and dsDNA (1 eq.) was added xylitol-

NBP (100 eq.), a water-soluble type II photosensitizer. Then the mixtures were 

irradiated with 365-nm light for 1h and treated by 1-M piperidine (95 oC, 45 min) to 

cause chain breaks of the oxidative modification. Subsequently, the denaturing PAGE 

can separate DNA strands based on their lengths, and finally the SYBR Gold staining 

makes the stands visible in gel. The results are shown in Fig. 4.12. Compared with the 

control (most right lane), showing the position of full-length DNA17 and DNA18 (51 

nt), two cleavage-product bands are observed, suggesting external xylitol-NBP can 

induce oxidation damage to dsDNA with the irradiation. The cleavage yield was 

calculated by analyzing fluorescent intensity of each band. As can be seen, in the case 

of 1 eq. PNA invasion solution, the cleavage yield of product 1 and 2 are 12.9% and 

8.6%, respectively. However, when 100 eq. PNA is present in the invasion solution, the 

cleavage yield of product 1 and 2 sharply decrease to 0.9% and 1.2%. This result 

indicates the PNA’s self-aggregation and nonspecific interaction with dsDNA hamper 

the photooxidation by xylitol-NBP as Gs in DNA are inaccessible for 1O2.  
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Fig. 4.12 Effect of PNA self-aggregation on xylitol-NBP-induced dsDNA 

photodamage. Condition: 40-nM dsDNA (1 eq.), unmodifeied-PNA (0–100 eq.), 4-μM 

xylitol-NBP in 10 mM sodium phosphate buffer with 0 mM NaCl pH 7.0, incubated at 

37 oC overnight. 365-nm light, at 37 oC for 0 min or 1 h. Cleavage with 1-M piperidine 

in H2O, 95 oC for 45 min. 20% denaturing PAGE (7-M urea) and electrophoresed at 

200 V. The pictures containing the whole gel image are presented in Experimental Fig 

S26. 
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4.5 SUMMARY 

This chapter investigates the end-invasion of NBP-PNA conjugate into dsDNA and 

effect of PNA’s self-aggregation and nonspecific interaction with dsDNA on 

photooxidation. Section 1 is the introduction of this chapter, including several attempts 

to enhance the invasion efficiency of PNA. Then Section 2 tested the end-invasion of 

NBP-PNA in dsDNA using two types of dsDNA models. The mixed-AT dsDNA 

(DNA13/DNA16) contained several A-tract in FAM-labeled strand DNA13. The polyT 

sequence in NBP-PNA readily bound to DNA13 and dissociated DNA duplex as the 

new and wide bands appeared in FAM image assigned to (PNA)n-DNA13 complex and 

single-strand DNA16 was detected by SYBR Gold staining. The other dsDNA model 

is mixed-ATCG sequence, the formation of end-invasion complex of NBP-

PNA/dsDNA was inferred from two observations: a new retard band, and the amount 

of ssDNA did not increase. This data verifies the addition of NBP did not hamper the 

invasion of PNA. Section 3 discussed the photooxidation of NBP-PNA/dsDNA 

invasion complex. No cleavage product was observed after 1-h irradiation and hot-

piperidine treatment. It seemed that the NBP-PNA tended to self-aggregate and bound 

to DNA non-specifically. Section 4 investigated the effect of PNA self-assembly and 

interaction with DNA on photooxidation. The photoxidation experiments of 

unmodified-PNA/dsDNA invasion complex with different PNA amount by external 

xylitol-NBP suggested the PNA’s self-aggregation and nonspecific interaction with 

dsDNA hamper the photooxidation. 

The results presented in this chapter show that the corporation of NBP would not 

block the invasion of PNA oligomer. However, the photooxidation of NBP was severely 

hampered. This inhibition probably is related to self-aggregation of PNA and non-

specifically binding to dsDNA. Other factors would also affect the photooxidation as 

the PNA invasion has not been completely understood. Based on the findings obtained 

in this chapter, further work is required to ensure that NBP-PNA conjugates can 

effectively insert into dsDNA at low concentration. 
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Chapter 5: Summary 
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The aim of this study is to develop an alternative photo-knockout approach to 

overcome the limitations of unnecessary immune response caused by large nuclease in 

CRISPR-Cas9 system. To achieve this goal, a small-molecule method is proposed to 

produce targeted genome DNA cleavage via site-selective photooxidation of guanine 

(G). This lesion is mediated by nitrobiphenyl photosensitizer (NBP)-peptide nucleic 

acids (PNA) conjugates. The specificity of this photo-induced DNA cleavage method 

relies on two factors: the site-specific invasion of PNA into dsDNA and limited-range 

oxidation of G by singlet oxygen (¹O₂) generated from NBP. 

Chapter 1 is the introduction of this thesis, including the abstract, the background 

information and the purpose. Section 1 is the abstract of this thesis. Then section 2 

summarizes the related literature, including: 1. major DNA cleavage techniques used 

for gene editing, especially the CRISPR-Cas9 system as well as recently proposed 

photo-knockout techniques, and the drawbacks of proteins in these systems, 2. 

formation of single-strand breaks (SSBs) in DNA through oxidative damage 

mechanism, 3. examples of selective photooxidation of DNA by oligonucleotides-

photosensitizer conjugates, in particular NBP-DNA which induces distance-dependent 

photooxidation of G by ¹O₂. Section 3 describes the design of this thesis work. To 

prevent the immune system attacking nucleases, this thesis explores the potential of a 

small molecule DNA scissor, NBP-PNA conjugate for dsDNA photo-knockout. 

Chapter 2 is concerned with the synthesis of NBP-modified PNAs and their binding 

characteristics to ssDNA. Section 1 is the introduction of this chapter, including the 

previous study of distance-dependent photooxidation of NBP-DNA conjugate. In 

section 2, the novel NBP-thymine-PNA (NBP-T-PNA, Fig. 5.1) monomer is designed 

and synthesized through an 8-step synthesis routine, including Sonogashira coupling 

and Mitsunobu coupling to attach the NBP group to the α-methyl position of T. In 

section 3, the conditions of coupling reaction in Fmoc-based solid-phase synthesis are 

carefully screened for the synthesis of designed 15mer PNA. Then six PNA oligomers 

with a hydrophilic lysine at the N-terminus, are synthesized using the optimized 

protocol. In section 4, thermal denaturation measurements (Tm) and CD spectroscopy 

of the NBP-conjugated-PNA/DNA and unmodified PNA/DNA duplexes are measured 

and compared. The Tm values show modest differences between NBP-conjugated-

PNA/DNA (44.4 oC) and unmodified PNA/DNA duplexes (46.1 oC), and their CD 

spectra have two similar absorption bands (220 and 260-270 nm), suggesting that 

incorporation of NBP in PNA did not cause any significant structural deviations from 

the right-handed helix. 

 

Fig. 5.1 NBP-thymine-PNA (NBP-T-PNA) monomer. 
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Chapter 3 describes the photooxidation characteristics of NBP-PNA in ssDNA and 

dsDNA. Section 1 is the introduction of this chapter, including some examples of 

oligonucleotide conjugates for inducing oxidative damage to DNA and the oxidation of 

G by 1O2. In section 2, the ¹O₂ production ability of NBP-PNA is confirmed by 

monitoring furfuryl alcohol via HPLC. The consumption of this typical ¹O₂-probe 

molecule after 10-min irradiation with two NBP-PNA/DNA duplexes are both as large 

as that in the case of dsDNA. In section 3, an experimental system is constructed to 

quantitatively investigate the photooxidation efficiency of conjugated NBP and external 

xylitol-NBP, in the context of PNA/DNA duplex and dsDNA. Quantitative analysis by 

RP-HPLC revealed that the efficiencies of G photooxidation in three NBP-PNA/DNA 

duplexes were 4.2%, 2.5% and 2.4%, significantly lower than those in corresponding 

NBP-DNA/DNA duplexes (62%, 6.7% and 9.4%). This suppression effect is also 

observed with external xylitol-NBP and the G photooxidation efficiency in unmodified-

PNA/DNA was 28.9%, obviously lower than that of dsDNA 72.5%. What’s more, the 

external NBP has much better photooxidation efficiency than NBP-PNA conjugates. 

And it is also found that the placements of the abasic site in PNA strand around G, 

resulting in much space around G, yield higher photooxidation efficiencies (4.5%, 9.2%, 

3.2%) than the fully matched NBP-PNA/DNA (2.5%). Finally, two hypotheses were 

presented in this section to explain the observations: 1. the base stacking within 

PNA/DNA duplex reduces accessibility to G, therefore preventing the ¹O₂ oxidation, 2. 

¹O₂ produced from NBP-PNA is likely quenched by amide bond during diffusion along 

the PNA/DNA backbone. In section 4, gel electrophoresis experiments demonstrated 

that when complexed with the sticky end of a dsDNA, NBP-PNA conjugate was able 

to photooxidize G only in the dsDNA region, (illustrated by Fig. 5.2) while the NBP-

DNA can also photooxidize G in the sticky end region. NBP-PNA binds to the sticky 

end of a dsDNA, where two Gs are designed to be under different context: one 

hybridizes with PNA, while the other in the DNA duplex region. In short words, the 

results obtained from this chapter illustrate that NBP-PNA conjugates is a potential tool 

for site-selective photooxidation of dsDNA as it is able to photooxidize G only in the 

dsDNA region when complexed with the sticky end of a dsDNA. 

 

Fig 5.2 Illustration of site-selective photooxidation of NBP-PNA conjugate. 

Chapter 4 investigates the invasion of NBP-PNA into dsDNA and the effect of PNA 

self-aggregation on photooxidation. Section 1 is the introduction of this chapter, 

including some strategies for enhancement of the PNA invasion. Section 2 describes 



67 

 

the end-invasion of NBP-PNA into two dsDNA models, mixed-AT or mixed-ATCG 

sequences analyzed by non-denaturing gel electrophoresis. The mixed-AT dsDNA 

(DNA13/DNA16) contained several A-tract in FAM-labeled strand DNA13. The polyT 

sequence in NBP-PNA readily bound to DNA13 and dissociated DNA duplex as the 

new and wide bands appeared in FAM image assigned to PNA-DNA13-PNA complex 

and single-strand DNA16 was detected by SYBR Gold staining. The other dsDNA 

model is mixed-ATCG sequence, the formation of end-invasion complex of NBP-

PNA/dsDNA was inferred from two observations: a new retard band, and the amount 

of ssNDA did not increase. That data verifies that the addition of NBP did not hamper 

the invasion of PNA. Section 3 discussed the photooxidation of NBP-PNA/dsDNA 

invasion complex. No cleavage product was observed after 1-h irradiation and hot-

piperidine treatment. It seemed that the NBP-PNA tended to be self-aggregate and 

bound to DNA non-specifically. Section 4 investigated the effect of PNA self-assembly 

and interaction with DNA on photooxidation. The photoxidation experiments of 

unmodified-PNA/dsDNA invasion complex with different PNA amount by external 

xylitol-NBP suggested the PNA’s self-aggregation and nonspecific interaction with 

dsDNA hamper the photooxidation. 

Overall, the theme of this thesis was the design and synthesis of NBP-modified 

PNAs and the investigation of their photooxidation characteristics in ssDNA and 

dsDNA. The type II photosensitizer NBP is attached to nucleobase T via a short 

ethylene linker at the α-methyl position, and the incorporation of NBP in PNA does not 

cause any significant structural deviations from the right-handed PNA/DNA helix nor 

hinder PNA invasion into dsDNA. As the PNA complexed with DNA suppressed G 

oxidation, NBP-PNA bounded with the sticky end of a dsDNA can exclusively induce 

oxidative damage to G only in the dsDNA region. It is also found that the self-

aggregator of PNA non-specifically interacts with dsDNA and considerably inhibits the 

oxidation of DNA. It is hoped that this thesis will pave the way for next-generation 

NBP-PNA conjugates with enhanced invasion efficiency at low concentrations and 

exceptional specificity in targeting G oxidation. Ultimately, this site-specific 

photooxidation approach using NBP-PNA conjugates could advance the exploration of 

oxo-G's biological roles and expand the toolkit for precise gene editing. 
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Experimental part 

Synthesis 

General methods 

All chemicals and reagents were commercially available and used without further 

purification. Water used for the organic synthesis was purified by Milli-Q, Merck 

Millipore. Thin-layer chromatography (TLC) was performed on pre-coated silica gel 

Merck 60-F 254 plates and visualized by the UV light (AS ONE SLUV-6, 254 or 365 

nm) or charring after immersing in a solution of 1% Ce(SO4)2·1.5% 

(NH4)6Mo7O24·4H2O in 10% H2SO4. Column chromatography was performed on Wako 

gel C-200, Kanto silica gel 60N (spherical, neutral) or Biotage Sfär HC D, or Fuji 

Silysia NH silica gel (NH-DM1020) with the solvent system specified. 1H NMR spectra 

were recorded at 400 MHz (JEOL JNM-ECZL400S) or 500 MHz (Varian Unity 

INOVA 500 or Bruker AVANCEIII HD 500). The tetramethylsilane peak (δ = 0.00 

ppm) or a solvent peak was used as a standard in CDCl3 (δ = 7.26 ppm) or (CD3 )2SO 

(δ = 2.50 ppm). Chemical shifts are expressed in ppm referenced to the standards. The 

multiplicity of the signals is abbreviated as follows: s = singlet, d = doublet, dd = 

doublet of doublets, t = triplet, q = quartet, br = broad signal and m = multiplet. 13C 

NMR spectra were recorded at 101 MHz (JNM-ECZL400S) and a solvent peak of 

CDCl3 (δ = 77.16 ppm) or (CD3)2SO (δ = 39.52 ppm) was used as a standard. High-

resolution mass spectra (HRMS) were recorded on a Bruker micrOTOF II ESI-TOF 

MS. 

PNA04 was purchased from HLB Panagene, DNA02, DNA03, DNA05, DNA06, 

DNA08- DNA18 oligomers, 38nt and 56nt DNA marker (3’-phosphorylation) were 

purchased from Integrated DNA Technologies. These oligomers were directly dissolved 

in water without further purification and stored at 4 °C. Electrophoresis grade 

acrylamide solution was purchased from Nacalai Tesque. 
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Synthetic protocols 

Synthesis of 2-3143 

 
To a suspension of iodouracil (2-1, 7.00 g, 29.4 mmol) and K2CO3 (4.47 g, 32.4 

mmol) in anhydrous DMF (58 mL), tert-butylbromoacetate (4.34 mL, 29.4 mmol) in 

anhydrous DMF (5 mL) was added dropwise at 0 °C. The resulting reaction mixture 

was warmed to r.t. and vigorously stirred under N2 overnight. The precipitate was 

filtered and washed with methanol. The filtrate was collected and solvent was removed 

off in vacuo and the residue was subjected to short column (60N gel, hexane-EtOAc= 

1:1, Rf =0.43) to give compound 2-2 (8.16 g, 80%) as white solid. 1H NMR (500 MHz, 

DMSO-d6) δ 11.77 (s, 1H), 8.19 (s, 1H), 4.38 (s, 2H), 1.42 (s, 9H). The obtained 

compound 2-2 was identical with the reported compound in regard to the analytical 

data.144 To a suspension of compound 2-2 (5.50 g, 15.6 mmol) and 4-

dimethylaminopyridine (DMAP) (0.19 g, 1.56 mmol) in anhydrous pyridine (50 mL), 

di-tert-butyl Pyrocarbonate (Boc2O) (8.97 mL, 39.1 mmol) was added at r.t.. The 

resulting reaction mixture was stirred under N2 for 2-h. 10-mL water was added to 

quench Boc2O. The solvent was removed off in vacuo and the residue was subjected to 

short column (60N gel, hexane-EtOAc = 4:1, Rf = 0.23) to give compound 2-3 (5.88 g, 

84%) as yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.56 (s, 1H), 4.37 (s, 2H), 1.59 (s, 

9H), 1.48 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 165.90, 157.96, 148.71, 148.28, 

146.85, 87.62, 84.17, 67.51, 49.52, 28.12, 27.49. ESI-TOF-MS calcd. for 

C15H21IN2O6Na+ [M+Na]+ 475.0337; found 475.0333. 

 

Synthesis of 2-474 

 

Compound 2-3 (1.84 g, 4.07 mmol), propargyl alcohol (0.72 mL, 12.2 mmol), 

Pd[P(Ph)3)4 (0.47 g, 0.41 mmol) and CuI (0.23 g, 1.22 mmol) were added to a 

deoxygenated solution of Et3N (1.13 mL, 8.13 mmol) and THF (20 mL). The resulting 

reaction mixture was stirred under N2 for 4 h. To the mixture was added 300-mL water 

and it was then extracted with EtOAc (3×300 mL). The organic layer was washed with 
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saturated aqueous water (300 mL) and brine (300 mL). After the organic layer was dried 

over anhydrous Na2SO4, the mixture was evaporated and purified by column 

chromatography (60N gel, hexane-EtOAc = 1:1, Rf =0.30) to give compound 2-4 (0.88 

g, 57%) as pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.39 (s, 1H), 4.43 (d, J = 

5.3 Hz, 2H), 4.38 (s, 2H), 1.59 (s, 9H), 1.48 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 

165.80, 159.59, 148.04, 146.90, 146.74, 99.59, 92.97, 87.62, 84.20, 75.67, 51.60, 49.73, 

28.12, 27.52. ESI-TOF-MS calcd. for C18H24N2O7Na+ [M+Na]+ 403.1476; found 

403.1476. 

Synthesis of 2-5 

 
To a 500-mL round-bottom flask was added compound 4 (800 mg), the air in the 

flask was replaced with N2, and then EtOAc (30 mL) and 10% Pd/C (336 mg) were 

added. The N2 gas in the flask was replaced with H2 and the hydrogenation reaction 

was carried out for overnight at room temperature. After replacing the H2 gas in the 

flask with N2, the mixture was filtered to remove Pd/C. The solvent was removed in 

vacuo and the residue was purified by column chromatography (60N gel, CH2Cl2-

MeOH = 20:1, Rf = 0.35) to give compound 5 (0.58 g, 72%) as pale-yellow solid. 1H 

(400 MHz, CDCl3) δ 6.99 (s, 1H), 4.32 (s, 2H), 3.58 (t, J = 6.1 Hz, 2H), 2.41 (t, J = 7.1 

Hz, 2H), 1.75–1.68 (m, 2H), 1.55 (s, 9H), 1.43 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 

166.40, 161.80, 148.88, 147.80, 140.90, 113.84, 86.93, 83.60, 61.04, 49.30, 31.42, 

28.02, 27.44, 23.01. ESI-TOF-MS calcd. for C18H28N2O7Na+ [M+Na]+ 407.1789; found 

407.1781. 

 

Synthesis of 2-675 

 

To a 100-mL flask was added 2-5 (358 mg, 0.93 mmol), 4'-nitro-[1,1'-biphenyl]-4-ol 

(301 mg, 1.39 mmol), PPh3 (366 mg, 1.39mmol) and dry THF (12 mL), and then the 

mixture was heated to 50 oC under N2 atmosphere. To the mixture was dropped 

diisopropyl azodicarboxylate (DIAD) (0.274 mL, 1.39 mmol). The resulting reaction 

mixture was stirred at 50 oC under N2 for 3 h. To the reaction mixture was added 100-
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mL water, and the mixture was extracted with CH2Cl2 (3×100 mL). The organic layer 

was washed with saturated NaHCO3 aqueous solution (100 mL) and brine (100 mL). 

After the organic layer was dried over anhydrous Na2SO4, the mixture was evaporated 

and purified by column chromatography (NH-DM 1020 gel, hexane-EtOAc = 2:1, Rf = 

0.30) to give compound 2-6 (295 mg, 55%) as yellow solid. 1H NMR (400 MHz, CDCl3) 

δ 8.27 (t, J = 2.5 Hz, 1H), 8.24 (t, J = 2.1 Hz, 1H), 7.68 (t, J = 2.5 Hz, 1H), 7.66 (t, J = 

2.2 Hz, 1H), 7.56 (t, J = 3.0 Hz, 1H), 7.54 (t, J = 2.2 Hz, 1H), 7.00 (t, J = 3.1 Hz, 1H), 

6.98 (t, J = 2.3 Hz, 1H), 6.96 (s, 1H), 4.33 (s, 2H), 4.04 (t, J = 6.0 Hz, 2H), 2.57 (t, J = 

6.5 Hz, 2H), 2.10–2.03 (m, 2H), 1.61 (s, 9H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCl3) 

δ 166.39, 161.32, 159.86, 148.98, 147.86, 147.28, 146.60, 140.55, 131.13, 128.68, 

127.14, 124.27, 115.22, 113.58, 87.01, 83.69, 66.87, 49.18, 28.08, 27.78, 27.54, 23.98. 

ESI-TOF-MS calcd. for C30H35N3O9Na+ [M+Na]+ 604.2266; found 604.2259. 
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Synthesis of 2-7144 

 

Compound 2-6 (280 mg, 0.48mmol) and triisopropylsilane (TIS) (0.10 mL, 

0.48mmol) were dissolved in CH2Cl2 (3 mL), and trifluoroacetic acid (TFA) (3 mL) 

was added dropwise at 0 oC. The reaction mixture was then warmed to r.t. and stirred 

for 4-h. To the reaction mixture, 2-mL toluene was added, and then all the solvents were 

evaporated. Compound 2-7 was obtained as yellow solid (0.241 g). Without further 

purification, the product was used in next reaction. 1H NMR (400 MHz, DMSO-d6) δ 

11.39 (s, 1H), 8.27 (d, J = 8.2 Hz, 2H), 7.92 (d, J = 8.4 Hz, 2H), 7.75 (d, J = 8.9 Hz, 

2H), 7.54 (s, 1H), 7.08 (d, J = 8.9 Hz, 2H), 4.38 (s, 2H), 4.06 (t, J =6.3 Hz, 2H), 2.36 

(t, J = 6.9 Hz, 2H), 1.95–1.88 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ 169.71, 

164.08, 159.59, 150.91, 146.35, 146.03, 142.19, 129.90, 128.63, 127.03, 124.17, 115.24, 

111.85, 67.09, 48.53, 27.48, 22.91. ESI-TOF-MS calcd. for C21H18N3O7
- [M-H]- 

424.1145; found 424.1150. 

 

Synthesis of 2-8 

 

To a solution of compound 2-7 (198 mg, 0.46 mmol) and N,N-

diisopropylethylamine (DIPEA) (162 μL, 0.93 mmol) in anhydrous DMF (4 mL) was 

added 1-[Bis(dimethylamino)methylene]-1H-benzotriazolium 3-Oxide 

Hexafluorophosphate (HBTU) (194 mg, 0.51 mmol) under nitrogen. After stirring for 

30 minutes at room temperature, solid Fmoc-protected PNA backbone (HCl salt) (201 

mg, 0.46 mmol) was added. The resulting solution was stirred overnight at r.t.. The 

solvent was evaporated and then reaction mixture was purified by column 

chromatography (HC D 20 μm gel, toluene-EtOAc = 1:4, Rf =0.35) to give compound 

2-8 (146 mg, 47%) as pale-yellow solid. 1H NMR (400 MHz, DMSO-d6) δ 11.35 (s, 

1H), 8.28–8.24 (m, 2H), 7.89 (t, J = 9.0 Hz, 4H), 7.72 (d, J = 8.9 Hz, 2H), 7.66 (t, J = 

7.4 Hz, 2H), 7.43–7.26 (m, 6H), 7.05 (d, J = 8.9 Hz, 2H), 4.67 (s, 1H), 4.48 (t, J = 8.4 

Hz, 1H), 4.31 (dd, J = 17.2, 7.1 Hz, 2H), 4.23–4.17 (m, 2H), 4.04–4.01 (m, 2H), 3.41–

3.30 (m, 2H), 3.24 (q, J = 6.6 Hz, 1H), 3.10 (q, J = 6.2 Hz, 1H), 2.34 (t, J = 7.6 Hz, 2H), 
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1.94–1.85 (m, 2H), 1.44 (s, 3H), 1.37 (s, 6H). 13C NMR (101 MHz, DMSO-d6) δ 168.09, 

167.32, 164.09, 159.57, 156.35, 150.91, 146.35, 146.01, 143.87, 140.78, 129.86, 

128.97, 128.59, 127.66, 127.34, 127.10, 127.01, 125.15, 124.15, 124.13, 121.44, 

120.19, 120.09, 115.22, 111.57, 81.97, 80.95, 67.03, 65.50, 46.74, 27.68, 27.63, 22.92. 

ESI-TOF-MS calcd. for C44H45N5O10Na+ [M+Na]+ 826.3059; found 826.3061. 

 

Synthesis of NBP-T-PNA monomer 

 

Compound 2-8 (130 mg, 0.16 mmol) and triisopropylsilane (TIS) (0.03 mL, 

0.16mmol) were dissolved in CH2Cl2 (4 mL), and trifluoroacetic Acid (TFA) (6 mL) 

was added dropwise at 0 oC. The reaction mixture was then warmed to r.t. and stirred 

for 3 h. To the reaction mixture was added 2-mL toluene and solvent was evaporated. 

NBP-T-PNA monomer was obtained as pale-yellow solid (123.8 mg, quant). 1H NMR 

(400 MHz, DMSO-d6) δ 11.34 (d, J = 7.4 Hz, 1H), 8.28–8.24 (m, 2H), 7.92–7.87 (m, 

4H), 7.73 (d, J = 8.9 Hz, 2H), 7.67 (t, J = 7.0 Hz, 2H), 7.46–7.27 (m, 6H), 7.05 (d, J = 

8.9 Hz, 2H), 4.68 (s, 1H), 4.50 (s, 1H), 4.30 (dd, J = 18.1, 7.1 Hz, 2H), 4.23–4.20 (m, 

2H), 4.03–4.00 (m, 3H), 3.34–3.31 (m, 1H), 3.25 (q, J = 6.5 Hz, 1H), 3.16 (s, 1H), 3.10 

(q, J = 6.2 Hz, 1H), 2.34 (t, J = 7.7 Hz, 2H), 1.92–1.85 (m, 2H). 13C NMR (101 MHz, 

DMSO-d6) δ 164.11, 159.58, 150.94, 146.37, 146.02, 143.91, 140.78, 133.24, 132.10, 

131.58, 131.49, 129.88, 128.89, 128.77, 128.60, 127.67, 127.12, 127.02, 125.18, 

124.16, 121.28, 120.18, 115.24, 111.58, 84.25, 67.09, 65.56, 46.74, 44.93, 27.52, 23.68. 

ESI-TOF-MS calcd. for C40H36N5O10
- [M-H+]- 746.2462; found 746.2454. 

 

Synthesis of Fmoc-protected PNA backbone 

 
Compound 10 (5.14 g, 15.2 mmol) in 50-mL CH2Cl2 was added dropwise (> 1 h) 

under N2 to a solution of 9145 (2.79 g, 16.3 mmol) and N,N-diisopropylethylamine 

(DIPEA) (2.79 mL, 16.3 mmol) in CH2Cl2 (60 mL). The resulting solution was stirred 

overnight at r.t.. The reaction mixture was washed with 1-M HCl (3×20mL) and brine 

solution (1×20mL). Then the organic layer was dried over Na2SO4 and filtered. The 
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filtrate was concentrated to about 5 mL and placed in −20 oC for recrystallization. 

Fmoc-protected PNA backbone was obtained as white solid (2.1 g, 32%). 1H NMR 

(400 MHz, CDCl3) δ 7.73 (d, J = 7.3 Hz, 2H), 7.66 (d, J = 7.3 Hz, 2H), 7.36 (t, J = 7.4, 

2H), 7.28 (td, J = 7.4, 1.3, 2H), 4.31 (d, J = 7.9 Hz, 2H), 4.21 (t, J = 6.8 Hz, 1H), 3.78 

(s, 2H), 3.72 (q, J = 5.6 Hz, 2H), 3.28 (t, J = 5.5 Hz, 2H), 1.44 (s, 9H). 13C NMR (101 

MHz, CDCl3) δ 164.89, 157.11, 144.03, 141.33, 127.77, 127.25, 125.64, 119.99, 84.93, 

67.43, 48.97, 48.43, 47.15, 37.81, 28.09. The obtained compound was identical with 

the reported compound in regard to the analytical data.77  
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Synthesis of abasic PNA monomer 

 

To a suspension of acetic acid (43 µL, 0.76 mmol) in DMF (1.5 mL), DIPEA (264 

µL, 1.51 mmol) and HBTU (328 mg, 0.86 mmol) were added. The reaction mixture 

was stirred at room temperature for 30 min. Then, to the reaction mixture, was added 

compound Fmoc-protected PNA backbone (298 mg, 0.75 mmol). The reaction 

mixture was stirred overnight. Then, the reaction mixture was diluted with CH2Cl2 and 

the organic layer was washed with water. After the organic layer was dried over 

anhydrous Na2SO4, the mixture was evaporated and purified by column 

chromatography (60N gel, CH2Cl2-MeOH = 30:1, Rf = 0.38) to give compound 2-11 

(221 mg, 66%) as white solid. Obtained compound was subsequently disolved in 

CH2Cl2 and stirred at 0 oC. Then, the reaction mixture was warmed to r.t. and stirred for 

30 min. To the reaction mixture, was added TFA (2 mL) and further stirred for 1 h. Then, 

to the reaction mixture, was added toluene (2 mL) and evaporated. The residue was 

dissolved in CH2Cl2 and Et2O mixed solvent and placed in −20 oC for recrystallization. 

The compound abasic PNA monomer was obtained as white solid (109 mg, 33%). 1H 

NMR (500 MHz, CD3OD) δ 7.77 (d, J = 7.6 Hz, 1H), 7.64–7.59 (m, 2H), 7.37 (t, J = 

7.4 Hz, 1H), 7.29 (t, J = 7.4 Hz, 1H) 4.40–4.30 (m, 2H) 4.26–4.15 (m, 1H), 4.14–3.99 

(m, 2H), 3.49–3.41 (m, 2H), 3.28–3.23 (m, 2H), 2.11–1.94 (m, 3H). The obtained 

compound was identical with the reported compound in regard to the analytical data. 
146 

 

Synthesis of 2-14 

 

To a suspension of compound 5-azideuracil147 (152 mg, 1.00 mmol) and K2CO3 

(138 mg, 1.00 mmol) in anhydrous DMF (10 mL), tert-butyl bromoacetate (133 µL, 

0.90 mmol) in anhydrous DMF (5 mL) was added dropwise at 0 °C. The resulting 

reaction mixture was stirred at 0 °C under N2 overnight. Then, to the reaction mixture, 

was added methanol (1 mL). The reaction mixture was concentrated, and the residue 

was suspended with CH2Cl2. The suspension was filtered, and the filtrate was 

concentrated. The residue was purified by column chromatography (60N gel, eluted 

with CH2Cl2) to give compound 2-14 (139 mg, 58%) as white solid. Rf =0.62 (CH2Cl2-

methanol = 30:1). 1H NMR (400 MHz, DMSO-d6) δ 11.95 (br, 1H), 7.63 (s, 1H), 4.37 
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(s, 2H), 1.41(s, 9H). 13C NMR (101 MHz, CDCl3) δ 166.94, 160.39, 149.65, 133.86, 

112.62, 82.05, 49.31, 27.68. 

 

Synthesis of 2-15 

 

To a suspension of compound 5-azideuracil147 (406 mg, 2.65 mmol) and K2CO3 

(370 mg, 2.68 mmol) in anhydrous DMF (30 mL), methyl bromoacetate (230 µL, 2.43 

mmol) in anhydrous DMF (20 mL) was added dropwise at 0 °C. The resulting reaction 

mixture was stirred at 0 °C under N2 for 3 h. Then, to the reaction mixture, was added 

methanol (1 mL). The reaction mixture was diluted with water and extracted with 

CH2Cl2. The water layer was acidified by HCl (~pH 6) and extracted with CH2Cl2. The 

organic layer was concentrated, and the residue was purified by column 

chromatography (60N gel, hexane-ethyl acetate = 1:1) to give compound 15 (181 mg, 

33%) as pale yellow solid. Rf =0.45 (CH2Cl2-methanol = 25:1). 1H NMR (500 MHz, 

DMSO-d6) δ 12.01 (br, 1H), 7.63 (s, 1H), 4.49 (s, 2H), 3.69 (s, 3H). 13C NMR (126 

MHz, CDCl3) δ 168.37, 160.32, 149.63, 133.62, 112.82, 52.39, 48.62. 

 

Synthesis of 2-16  

 

To a suspension of 4-hydroxy-4'-nitrobiphenyl (501 mg, 2.32 mmol) and K2CO3 

(1.28 g, 9.29 mmol) in acetone (30 mL), was added dropwise propargyl bromide (0.24 

mL, 2.79 mmol) in acetone (10mL) at room temperature. The reaction mixture was 

stirred under reflux condition overnight. Then, to the reaction mixture, was added 

methanol (1 mL). The reaction mixture was filtered and the filtrate was concentrated. 

The residue was purified by column (60N gel, hexane-EtOAc = 4:1, Rf = 0.44) to give 

compound 2-16 (560 mg, 95%) as yellow solid. 1H NMR (400 MHz, DMSO-d6) δ 8.28 

(d, J = 8.9 Hz, 2H), 7.70 (d, J = 8.9 Hz, 2H), 7.60 (d, J = 8.8 Hz, 2H), 7.10 (d, J = 8.8 

Hz, 2H), 4.77 (d, J = 2.4 Hz, 2H), 2.56 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 158.41, 

147.17, 146.79, 132.13, 128.74, 127.34, 124.31, 115.67, 78.27, 76.08, 55.99. 

Synthesis of 2-17  
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To the mixture of compound 2-14 (120 mg, 0.45 mmol), compound 2-16 (131 mg, 

0.52 mmol), were added CuSO4·5H2O (17 mg, 0.068 mmol), and sodium ascorbate (32 

mg, 0.16 mmol), were added DMF (5 mL) and H2O (1 mL). The reaction mixture was 

stirred at room temperature under N2 and dark condition overnight. Then, the reaction 

mixture was diluted with H2O (50 mL), and the precipitate was filtrated. The precipitate 

was washed with hexane-CH2Cl2 (7:3, v/v) and filtered. The precipitate was dried to 

give compound 2-17(188 mg, 81%) as yellow solid. Rf = 0.38 (CH2Cl2-methanol = 

30:1). 1H NMR (400 MHz, DMSO-d6) δ 12.21 (s, 1H), 8.58 (s, 1H), 8.55 (s, 1H), 8.27 

(d, J = 9.3 Hz, 2H), 7.94 (d, J = 9.2 Hz, 2H), 7.79 (d, J = 9.0 Hz, 2H), 7.23 (d, J = 9.2 

Hz, 2H), 5.30 (s, 2H), 4.52 (s, 2H), 1.44 (s, 9H). 

 

Synthesis of 2-18 

 

To a solution of compound 2-15 (114 mg, 0.50 mmol) and compound 2-16 (153 

mg, 0.60 mmol) in DMF (3 mL), were added CuSO4·5H2O (24 mg, 0.094 mmol), 

sodium ascorbate (40 mg, 0.20 mmol), H2O (1 mL) and DMF (2 mL). The reaction 

mixture was stirred at room temperature under N2 and dark condition overnight. Then, 

the reaction mixture was diluted with H2O (50 mL), and the precipitate was filtrated. 

The precipitate was suspended in CH2Cl2 and washed and filtered. The precipitate was 

dried to give compound 2-18 (216 mg, 90%) as yellow solid. Rf = 0.24 (CH2Cl2-

methanol = 30:1). 1H NMR (400 MHz, DMSO-d6) δ 8.58 (s, 1H), 8.55 (s, 1H), 8.27 (d, 

J = 8.9 Hz, 2H), 7.94 (d, J = 8.9 Hz, 2H), 7.79 (d, J = 8.8 Hz, 2H), 7.23 (d, J = 8.9 Hz, 

2H), 5.30 (s, 2H), 4.66 (s, 2H), 3.72 (s, 3H). 
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PNA oligomer synthesis and purification 

Synthesis of PNA was carried out manually following a modified literature 

protocol71,72,73 with NovaSyn TGR resin (Novabiochem) as a support, benzotriazole-1-

yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP) as an activator 

and Fmoc-PNA-A(Bhoc)-OH, Fmoc-PNA-C(Bhoc)-OH, Fmoc-PNA-T-OH 

(purchased from HLB Panagene) and NBP-T-PNA as monomers. Lysine was coupled 

to N-terminus of PNA using Fmoc-L-Lys(Boc)-OH (purchased from Watanabe 

chemical IND., LTD). Chain extension followed a three-step cycle:  

(i) The Fmoc-protecting group was removed from the terminal amine with 20% 

piperidine in DMF at r.t. (2 min, 1 mL×2).  

(ii) The next monomer (4 molar equivalents, compared to resin loading) of the Fmoc-

PNA-C(Bhoc)-OH, Fmoc-PNA-T-OH or NBP-T-PNA) was coupled onto the N-

terminus of the growing chain with PyBOP (4 molar equivalents) and 4-

methylmorpholine (NMM) (8 molar equivalents) in anhydrous N-methyl-2-Pyrrolidone 

(NMP) at 40 oC (1 h). For Fmoc-A(Bhoc)-OH, the concentration of all reactants as well 

as the duration of reaction was set doubled.  

(iii) The unreacted amines were capped with acetic anhydride at r.t. for 5 min.  

Finally, treatment of the solid resin with TFA/TIS/H2O (38:1:1, v/v/v) mixture for 

2 h resulted in simultaneous removal of the protecting groups and cleavage of the 

oligomers from the resin. The crude PNA samples were precipitated from anhydrous 

ether and purified by preparative HPLC system (Shimadzu) equipped with Waters X-

bridge column (prep C18 5 µm, 10 × 250 mm).  Method 1: elution buffer system: A 

buffer = H2O/MeCN/TFA (98.5/1/0.1, v/v/v), B buffer = MeCN /H2O/TFA (98.5/1/0.1, 

v/v/v). Flow rate of 3.0 mL/min with the following gradient system: A buffer with 

inclusion of 0–25% B buffer/0–10 min, 25% B buffer /10–40 min, 25–90% B buffer 

/40–50 min. Then, the purity of PNA was verified on an RP-HPLC system (Waters 

Alliance 2695) equipped with Waters X-bridge column (C18 5 µm, 4.6 × 150 mm).  

Method 2: eluted buffer system: A buffer = H2O/MeCN/TFA (98.5/1/0.1, v/v/v), B 

buffer = MeCN /H2O/TFA (98.5/1/0.1, v/v/v). Flow rate of 1.0 mL/min with the 

following gradient system: A buffer with inclusion of 0–20% B buffer/0–10 min, 20% 

B buffer /10–30 min, 25–90% B buffer /30–50 min. 

The two peaks observed in HPLC chart of PNA01 (Fig. 2.3) were likely to derive 

from an identical compound in equilibrium, because the analysis of each peak by HPLC 

resulted in two peaks again (Fig. S1). 
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Fig. S1. Reversed-phase HPLC chromatographs of the two peaks of PNA01 after separation. (A) 

the prior peak (RT = 35.0 min), (B) the latter peak (RT = 39.5 min) 

 

 
Fig. S2. ESI-TOF-MS spectra of PNA01, m/z calcd. for C184H236N65O63: 1455.6 [M+3H]3+, found 

1455.9. 

 

 

Fig. S3. ESI-TOF-MS spectra of PNA02, m/z calcd. for C184H232N74O57: 1464.6 [M+3H]3+, found 

1464.9. 

 

 

Fig. S4. ESI-TOF-MS spectra of PNA03, m/z calcd. for C184H230N80O53: 1470.6 [M+3H]3+, found 

1470.9. 
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Fig. S5. ESI-TOF-MS spectra of PNA04, m/z calcd. for C180H229N71O56: 1428.3 [M+3H]3+, found 

1428.6. 

 

 

Fig. S6. ESI-TOF-MS spectra of PNA05, m/z calcd. for C179H228N72O55: 1423.3 [M+3H]3+, found 

1423.6. 

 

Fig. S7. ESI-TOF-MS spectra of PNA06, m/z calcd. for C179H228N72O55: 1423.3 [M+3H]3+, found 

1423.6. 

 

NBP-DNAs synthesis and purification 

NBP-DNA monomer and sequences were prepared according to the published 

procedures9. 

 

Table S1. The DNA oligomer sequences synthesized in this study and their mass analysis data.a 

DNA Sequenceb Molecular formula 

m/z calcd. 

for 

[M + 4e]4- 

Found 

[M + 4e]4- 

DNA04 
5’-ATTATTATATTCTTATTTATPTTTT-

3’ 
C263H330N70O163P24 1955.3 1954.6 

DNA07 5’-ATTCTTAAAATTPTT-3’ C163H201N47O95P14 1192.7 1192.0 

a Obtained by ESI-TOF mass spectrometry.  

b P = NBP-T unit. 
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Fig. S8. Reversed-phase HPLC chromatographs of (A) DNA04, and (B)DNA07, after RP-HPLC 

purification. 

 

 

Fig. S9. ESI-TOF-MS spectra of DNA04, m/z calcd. for C263H330N70O163P24: 1955.3 [M+4e]4-, 

found 1954.6. 

 

 

Fig. S10. ESI-TOF-MS spectra of DNA07, m/z calcd. for C163H201N47O95P14: 1192.7 [M+4e]4-, 

found 1192.0. 

 

The concentrations were determined according to absorption intensity at 260 nm 

with a calculated148 molar extinction coefficient value shown in Table S2. 

Table S2. Molar absorption coefficients at 260 nm (ε260 ) for ONs used in this study. 

Strands 
ε260 (M-1cm-

1) 

PNA01: H-Lys-TTTCTTTTTTTTPTT-NH2 121200 

PNA02: H-Lys-ATTCTTATTTATPTT-NH2 
139000 

PNA07: H-Lys-ATTCTTATTTATTTT-NH2 
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PNA03: H-Lys-ATTCTTAAAATTPTT-NH2 
144800 

DNA07: 5’-ATTCTTAAAATTPTT-3’ 

DNA03: 5’-AAAAAAAAAAAGAAA-3’ 182700 

DNA04: 5’-ATTATTATATTCTTATTTATPTTTT-3’ 
237700 

DNA09: 5’-ATTATTATATTCTTATTTATTTTTT-3’ 

DNA05: 5’-AAAAAATAAATAAGAATATAATAAT-3’ 288600 

DNA06: 5’-AAAATAAATAAGAAT-3’ 174300 

DNA08: 5’-AAAAATTTTAAGAAT-3’ 164500 

DNA10: 5’-TTTTTTCTTTATATTTTATTATATTTTTATTTTTTTAATTTTTTT-3’ 377000 

DNA11: 5’-FAM-AAAAAAATTAAAAAAATAAAAATATAATAAAATATAAAGAAAAAAAA 

AATAAATAAGAAT-3’ 
477500 

DNA12: 5’-AAAATTCTTTATATTTTATTATATTTTTATTTTTTTAATTTTTTT-3’ 394700 

DNA13: 5’-FAM-AAAAAAATTAAAAAAATAAAAATATAATAAAATATAAAGAATTTTAAAA 

TAAATAAGAAT-3’ 
463100 

DNA14: 5’-AAAATTCTATATATTTTATTATATTTTTATTTTTTTAATTTTTTT-3’ 400600 

DNA15:  

5’-FAM-

AAAAAAATTAAAAAAATAAAAATATAATAAAATATATAGAATTTTAAAAATTTTAAGAAT-3’ 

475600 

DNA16:  

5’-ATTCTTATTTATTTTAAAATTCTTTATATTTTATTATATTTTTATTTTTTT 

AATTTTTTT-3’ 

93800 

DNA17:  

5’-FAM-GCTGTTCCCACGAGACGATCTCCAGATCCACACGAGAAAATAAATAAGAAT-3’ 
86400 

DNA18:5’-ATTCTTATTTATTTTCTCGTGTGGATCTGGAGATCGTCTCGTGGGAACAGC-3’ 86400 

56nt DNA marker: 5’-FAM-AAAAAAATTAAAAAAATAAAAATATAATAAAATATA 

TAGAATTTTAAAAATTTTAA-3’ 
475600 

38nt DNA marker:  

5’-FAM-AAAAAAATTAAAAAAATAAAAATATAATAAAATATAAA-3’ 
442200 

PNA04: H-Lys-ATT_TTATTTATPTT-NH2 130800 

PNA05: H-Lys-AT_CTTATTTATPTT-NH2 132400 

PNA06: H-Lys-ATTC_TATTTATPTT-NH2 131800 

 

UV-melting temperature measurements 

A 2.0-µM solution of a duplex (180 µL) in 10-mM sodium phosphate buffer (pH 

7.2) containing 100-mM NaCl was put into a quartz cell and sealed with a silicone cap. 

First, the solution was kept at 90 °C for 10 min and then cooled to 10 °C at a rate of 

0.5 °C/min. Subsequently, the temperature was raised to 90 °C at the same rate, during 

which the UV absorbances at 260 nm were measured at every 1 °C by UV-Vis 

spectrophotometer (UV-1900i, Shimadzu). The absorbance values were plotted against 

temperature to afford a melting curve, which was then differentiated to give a 

differential curve. The melting temperature (Tm) was determined as the temperature 
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giving the maximum of the differential curve. 

 

 

 

Fig. S11 UV-melting curves of duplexes. (A) PNA01/DNA03, (B) PNA03/DNA08, (C) 

DNA04/DNA05 (red) and DNA09/DNA05 (black), and (D) DNA07/DNA08. (E) PNA04/DNA06 

(red), PNA05/DNA06 (orange) and PNA06/DNA06 (black),.Conditions: 2.0-µM duplex; 10-mM 

sodium phosphate buffer (pH 7.2); 100-mM NaCl. 

 

Circular dichroism (CD) spectra measurements 

A 2.0-µM solution (2.0 mL) of a duplex in a buffer (10-mM sodium phosphate, 

100-mM NaCl, pH7.2) was heated at 95 °C for 5 min and gradually cooled to room 

temperature. The solution was put into a cuvette (1 cm × 1 cm) and measured on a 

circular dichroism spectrometer (J-1100, JASCO) with the following condition: scan 

rage: 190-500 nm; scan speed: 500 nm/min; the number of scans: 10 times; temp 25 °C. 



84 

 

 

 

Fig. S12. CD spectra of duplexes. (A) PNA01/DNA03 (red), and PNA03/DNA08 (orange) (B) 

DNA04/DNA05 (red) and DNA09/DNA05 (black), and DNA07/DNA08 (orange), (C) 

PNA04/DNA06 (red), PNA05/DNA06 (orange) and PNA06/DNA06 (black)Conditions: 2.0-µM 

duplex; 10-mM sodium phosphate buffer (pH 7.2); 100-mM NaCl, temp 25 °C. 

 

Photooxidation, enzymatic digestion, and HPLC analysis 

A 2.0-µM solution (100 µL) of a duplex in a buffer (10-mM sodium phosphate; 

100-mM NaCl; pH 7.2) was placed into a 600-µL microtube. The microtube was placed 

into a heat block (NDC-100, NISSIN) and photoirradiated with a 365-nm LED 

(M365FP1, Thorlabs). The LED light was placed 1 mm above the microtube and 

irradiation was carried out with a light power of 42 mW/cm2 at 20 °C for 0 or 10 min. 

To the resultant solution were added 12 µL of buffer (100-mM Tris-HCl (pH 8.0); 50-

mM MgCl2; 1-M KCl; 0.2% Triton X-100; 1-mg/mL BSA), 3-µL phosphodiesterase I 

(Worthington Biochemical Corporation, 0.5 U/µL), and 5-µL alkaline phosphatase 

(Thermo Scientific, 1 U/µL). The mixture was incubated at 47 °C for 3 h. Then, the 

reaction mixture was cooled on ice. To the mixture was added 2-µL EDTA (0.5 M) and 

the resulting mixture was heated at 90 °C for 1 min to inactivate the enzymes. Then, 

the mixture was cooled on ice and to it were added 13-µL distilled water and 15-µL 

riboflavin aqueous solution (as internal standard for the HPLC analysis). The mixture 

was centrifuged at 14000 rpm for 10 min at 4 °C. The supernatant was filtered (Millex-

HV, 0.45 µm) and the filtrate was analyzed on a RP-HPLC system (Hitachi High-Tech, 

LaChrom Elite) equipped with a Waters X-bridge column (C18 5 µm, 4.6 × 150 mm) 

at 30 °C (column oven temp) at a flow rate of 1.0 mL/min with the following gradient 

system: 50-mM NH4HCOOH with 0% MeCN/0–5 min, 0–9.5% MeCN /5–30 min, 9.5–

24.5% MeCN /30–45 min, and 24.5–64.5% MeCN /45–60 min. The peak areas of dG, 
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dA, dT and dI (deoxyinosine generated from dA by a deaminase, which may be 

contaminated in the phosphodiesterase) 9 traced at 260 nm were used for quantification. 

Each peak area was divided by each ε value (ε260 dG: 11500, ε260 dA: 1540, ε260 dI: 7500) 

to estimate the concentration. The relative amounts (%) of dG obtained by 10-min 

photoirradiation were deduced from the following equation: 

dG = {[dG]10/([dA]10 + [dI]10)}/{[dG]0/([dA]0 + [dI]0)} × 100 

where [X]n is the concentration of X after n-min photoirradiation. 

 

 

Fig. S13 RP-HPLC analysis of enzymatically digested products for PNA04/DNA06. The upper (no 

irradiation) and lower (10 min irradiation) chromatographs were recorded at 260 nm (dG, dA, dT 

and dI). Conditions: 2-μM duplex, 10-mM sodium phosphate buffer containing 100-mM NaCl, pH 

7.2. Irradiated with 365-nm LED at 20 oC. 
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Fig. S14 RP-HPLC analysis of enzymatically digested products for PNA05/DNA06. The upper (no 

irradiation) and lower (10 min irradiation) chromatographs were recorded at 260 nm (dG, dA, dT 

and dI). Conditions: 2-μM duplex, 10-mM sodium phosphate buffer containing 100-mM NaCl, pH 

7.2. Irradiated with 365-nm LED at 20 oC. 

 

 
Fig. S15 RP-HPLC analysis of enzymatically digested products for PNA06/DNA06. The upper (no 

irradiation) and lower (10 min irradiation) chromatographs were recorded at 260 nm (dG, dA, dT 

and dI). Conditions: 2-μM duplex, 10-mM sodium phosphate buffer containing 100-mM NaCl, pH 

7.2. Irradiated with 365-nm LED at 20 oC. 
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Fig. S16 RP-HPLC analysis of enzymatically digested products for DNA09/DNA05 + xylitol-

NBP. The upper (no irradiation) and lower (10 min irradiation) chromatographs were recorded at 

260 nm (dG, dA, dT and dI). Conditions: 2-μM duplex, 10-μM xylitol-NBP, 10-mM sodium 

phosphate buffer containing 100-mM NaCl, pH 7.2. Irradiated with 365-nm LED at 20 oC. 

 

 

Fig. S17 RP-HPLC analysis of enzymatically digested products for PNA04/DNA06 + xylitol-

NBP. The upper (no irradiation) and lower (10 min irradiation) chromatographs were recorded at 

260 nm (dG, dA, dT and dI). Conditions: 2-μM duplex, 10-μM xylitol-NBP, 10-mM sodium 

phosphate buffer containing 100-mM NaCl, pH 7.2. Irradiated with 365-nm LED at 20 oC. 
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Fig. S18 RP-HPLC analysis of enzymatically digested products for DNA06 + xylitol-NBP. The 

upper (no irradiation) and lower (10 min irradiation) chromatographs were recorded at 260 nm 

(dG, dA, dT and dI). Conditions: 2-μM oligomer, 10-μM xylitol-NBP, 10-mM sodium phosphate 

buffer with 100-mM NaCl, pH 7.2. Irradiated with 365-nm LED at 20 oC. 

 

1O2 production analysis of NBP-modified duplexes by furfuryl alcohol 

A 4.0-µM solution (50 µL) of duplex in buffer was mixed with a 200-µM solution 

(50 µL) of furfuryl alcohol. The mixture was photoirradiated with 365-nm LED (42 

mW/cm2) at 20 °C for 10 min. Then, the solution was analyzed on an RP-HPLC system 

(Waters alliance) and the furfuryl alcohol peak area monitored at 216 nm was evaluated. 

The peak area of furfuryl alcohol without photoirradiation was set as 100%. 

 

Site selective photooxidation of dsDNA with sticky end by NBP-PNAs 

A 2.0-µM solution of duplex (100 µL) was irradiated for 10 min or 1 h in the same 

manner as mentioned above. The photoirradiation samples were treated through the 

following 2 kinds of methods. 

1. Fpg cleavage: a 5-µL portion of the solution was taken and incubated at 37 °C in a 

supplied buffer containing Fpg (4, 8 or 12 units, purchased from New England 

BioLabs). After 2 h, the reaction was terminated by evaporation. Then, the samples 
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were dissolved in 5 µL of loading buffer and was loaded on a 20% denaturing PAGE 

(7-M urea) and electrophoresed at 200 V.  

2. Piperidine cleavage: a 25-µL portion of the solution was taken and mixed with 1 M 

aq. piperidine (250 µL) and the resulting mixture was incubated for 45 min at 95 °C. 

The samples were evaporated to dryness and dissolved in 15 µL of loading buffer, 

then a 5-µL portion of the mixture was loaded on a 20% denaturing PAGE (7-M 

urea) and electrophoresed at 200 V. 

After the electrophoresis, the gel was scanned with a fluorescent image scanner (GE 

Typhoon FLA 9500). 
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Fig S19. The whole gel image of gel electrophoresis analysis following Fpg treatment illustrates the 

photooxidation of G in dsDNA by either NBP-PNA or NBP-DNA conjugate bound to the sticky end. 

(A) PNA02, where the gap sequence within dsDNA region between P and G consists of polyT, lane 

1 is blank control; (B) PNA02, where the gap sequence within dsDNA region between P and G 

contains interconverting AT, lane 1 is blank control; (C) DNA07, where the dsDNA contains 

palindromic sequence between P and Gs, lane 1, 9 and 10 are blank control. Conditions: A 2-μM 

duplex in 10-mM sodium phosphate buffer with 100-mM NaCl, pH 7.2 was irradiated with 365-nm 
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LED for either10 min or 1 h at 20 oC. 5-μL photoirradiation sample or control solution was mixed 

with Fpg (4 U, 8 U, or 12 U), and incubated at 37 oC for 2 h. Italicized sequences represent PNA, 

while underlined sequences denote gap regions between Gs and P. P = NBP-T unit. The numbers 

under A indicate the relative distance from FAM.  
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Fig S20. The whole gel image of gel electrophoresis analysis following hot piperidine treatment 

illustrates the photooxidation of G in dsDNA by either NBP-PNA or NBP-DNA conjugate bound to 

the sticky end. (A) PNA02, where the gap sequence within dsDNA region between P and G consists 

of polyT, lane 1 is blank control; (B) PNA02, where the gap sequence within dsDNA region between 

P and G conyains interconverting AT, lane 1 is blank control; (C) DNA07, where the dsDNA 

contains palindromic sequence between P and Gs, lane 1, 9 and 10 are blank control. Conditions: 

2-μM duplex in 10-mM sodium phosphate buffer with 100-mM NaCl, pH 7.2 was irradiated with 

365-nm LED for 10 min or 1 h at 20 oC. 25-μL photoirradiation sample or control solution was 

mixed with piperidine (1 M, 250 μL), and incubated at 95 oC for 45 min. Italicized sequences 

represent PNA, while underlined sequences denote gap regions between Gs and P. P = NBP-T unit. 

The numbers under A indicate the relative distance from FAM. 
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PNA invasion and non-denaturing PAGE 

A mixture of 40-nM dsDNA (as 1 eq.) and corresponding 1-200 eq. PNA solution 

in 10-mM sodium phosphate buffer (with 0-mM or 20-mM NaCl, pH = 7.0) (50 or 100 

µL) was incubated at 37 oC overnight. Then 18-µL portion was taken and mixed with 

2-µL loading buffer immediately before loading into 12% non-denaturing gel and 

electrophoresed at 150 V. 

 
Fig. S21 The sequence of NBP-PNA conjugate (PNA02) and mixed-AT sequence dsDNA 

(DNA13/DNA16), and the non-denaturing PAGE of incubation solutions of NBP-PNA and dsDNA. 

The upper gel is imaged of FAM, the lower gel is SYBR Gold staining detection. Condition: lane 1 

and 10: only loading buffer, lane 2: 40-nM dsDNA, 800-nM NBP-PNA (20 eq.) in buffer 1; lane 3: 

40-nM dsDNA, 800-nM NBP-PNA (20 eq.) in buffer 2; lane 4: 40-nM dsDNA, 2-μM NBP-PNA 

(50 eq.) in buffer 1; lane 5: 40-nM dsDNA, 2-μM NBP-PNA (50 eq.) in buffer 2, lane 6: 40-nM 

dsDNA (DNA13: DNA16 = 1:1.2) in buffer 1, lane 7: PNA02 (240-nM) / DNA13 (40-nM) complex 

(after annealing) in buffer 1, lane 8: 40-nM DNA13 in buffer 1, lane 9: 40-nM DNA16 in buffer 1. 

Buffer 1: 10 mM sodium phosphate buffer, with 0 mM NaCl, pH = 7.0. 
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Buffer 2: 10 mM sodium phosphate buffer, with 20 mM NaCl, pH = 7.0. 

 
Fig. S22 The sequence of NBP-PNA conjugate (PNA02) and mixed-ATCG sequence dsDNA 

(DNA17/DNA18), and the non-denaturing PAGE of incubation solutions of NBP-PNA and 

dsDNA. The upper gel is imaged of FAM, the lower gel is SYBR Gold staining detection. 

Condition: lane 1: only loading buffer 1, lane 2: 40-nM dsDNA, 0.8-μM NBP-PNA (20 eq.) in 

buffer 1; lane 3: 40-nM dsDNA, 2-μM NBP-PNA (50 eq.) in buffer 1; lane 4: 40-nM dsDNA, 3.2-

μM NBP-PNA (80 eq.) in buffer 1; lane 5: 40-nM dsDNA, 4-μM NBP-PNA (100 eq.) in buffer 1; 

lane 6: 40-nM dsDNA (DNA13: DNA16 = 1:1.2) in buffer; lane 7: 40-nM dsDNA, 4-μM NBP-

PNA (100 eq.) in buffer 2; lane 8: 40-nM DNA17 in buffer 1, lane 9: 40-nM DNA18 in buffer 1； 

lane 10: PNA02/DNA017 duplex (6:1.2) in buffer 1. 

Buffer 1: 10 mM sodium phosphate buffer, with 0 mM NaCl, pH = 7.0. 

Buffer 2: 10 mM sodium phosphate buffer, with 10 mM NaCl, pH = 7.0. 
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Fig. S23 The sequence of NBP-PNA conjugate (PNA02) and mixed-ATCG sequence dsDNA 

(DNA17/DNA18), and the non-denaturing PAGE of incubation solutions of NBP-PNA and 

dsDNA. The upper gel is imaged of FAM, the lower gel is SYBR Gold staining detection. 

Condition: lane 1, 9 and 10: only loading buffer, lane 2: 40-nM dsDNA, 4-μM NBP-PNA (100 

eq.) in buffer; lane 3: 40-nM dsDNA, 6-μM NBP-PNA (150 eq.) in buffer; lane 4: 40-nM dsDNA, 

8-μM NBP-PNA (200 eq.) in buffer; lane 5: 40-nM dsDNA (DNA13: DNA16 = 1:1.2) in buffer, 

lane 6: 40-nM DNA17 in buffer, lane 6: 40-nM DNA18 in buffer. 

Buffer: 10 mM sodium phosphate buffer, with 0 mM NaCl, pH = 7.0. 
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Photoxidation of PNA/dsDNA invasion solution by conjugated NBP 

and external xylitol-NBP 

A mixture of 40-nM dsDNA (as 1 eq.) and corresponding 100 eq. PNA solution in 

10-mM sodium phosphate buffer (with 0-mM or 20-mM NaCl, pH = 7.0) (50 or 100 

µL) was incubated at 37 oC overnight. Then this invasion solution (50 µL) was 

irradiated for 10 min or 1 h in the same manner as mentioned above. The 

photoirradiation samples were treated through the above described Fpg or hot-piperine 

DNA cleavage method. 

 

Fig. S24 Denaturing PAGE of photoirradiation and cleavage treatment to invasion solution 

containing 100 eq. NBP-PNA and 1 eq. dsDNA. The upper gel is imaged of FAM, the lower gel is 

SYBR Gold staining detection. lane 1: only loading buffer. Condition: 40-nM dsDNA, 4-μM 
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NBP-PNA (100 eq.) in 10 mM sodium phosphate buffer with 0 mM NaCl, pH = 7.0, incubated at 

37 oC overnight. 365-nm light, at 37 oC for 0 min, 10 min or 1 h. Cleavage with Fpg, 8U, 37 oC for 

3 h. 20% denaturing PAGE (7-M urea) and electrophoresed at 200 V. 

 

Fig. S25 Denaturing PAGE of photoirradiation and cleavage treatment to invasion solution 

containing 100 eq. NBP-PNA and 1 eq. dsDNA. The upper gel is imaged of FAM, the lower gel is 

SYBR Gold staining detection. lane 10: only loading buffer. Condition: 40-nM dsDNA, 4-μM 

NBP-PNA (100 eq.) in 10 mM sodium phosphate buffer with 0 mM NaCl, pH = 7.2, incubated at 

37 oC overnight. 365-nm light, at 37 oC for 0 min, 10 min or 1 h. Cleavage with 1-M piperidine in 

H2O, 95 oC for 45 min. 20% denaturing PAGE (7-M urea) and electrophoresed at 200 V. 
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Fig. S26 Effect of PNA self-aggregation on xylitol-NBP-induced dsDNA photodamage. 

Condition: lane 1: only loading buffer, 40-nM dsDNA (1 eq.), unmodifeied-PNA (1–100 eq.), 4-

μM xylitol-NBP in 10 mM sodium phosphate buffer with 0 mM NaCl, pH = 7.0, incubated at 37 

oC overnight. 365-nm light, at 37 oC for 0 min or 1 h. Cleavage with 1-M piperidine in H2O, 95 oC 

for 45 min. 20% denaturing PAGE (7-M urea) and electrophoresed at 200 V. 
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Appendix 1: Reasons that the mechanism in the photooxidation 

of guanine (G) with NBP is exclusively Type II 

 

There always is a possibility that a contribution of an electron transfer (ET) (or hole 

transport) mechanism (Type I) for the photooxidation of DNA or RNA by tethered NBP 

is suspected and the 1O2 oxidation (Type II) is questioned. To answer the questions, here 

we show 7 pieces of evidence that NBP does not photo-oxidize DNA or RNA through 

ET and additional information that support the evidence. ET mechanism, if insisted, 

must be able to explain the contradictions arose for these 7 cases all. 

 

To start with, let’s take a look at some fundamentals of ET: 

i. Sometimes, ET is initiated by charge transfer (CT) from a photosensitizer (PS) 

tethered at an end of oligonucleotides. 

ii. Use of riboflavin (RF), a so-called Type-I PS, as an ET initiator has been misleading 

a conclusion to be ET mechanism for a case that was actually a 1O2 mechanism (because 

RF can generate 1O2 at the same timeA1). 

iii. To single out ET mechanism, electro-conductivity should be measured using DNAs 

as wires.A2 

iv. Generation of radicals without PS, e.g., H-abstraction at C4’ of ribose, is another 

method to single out ET mechanism.A2 

v. To single out 1O2-oxidation, on the other hand, an endo-peroxide compound should 

be used to generate 1O2.
A3 

 

Evidence 1) First of all, our scavenger experiments suggested exclusive Type-II 

mechanism (Fig. 1): 

Photooxidations of DNA and RNA by using NBP-oligonucleotides (ONs) were 

completely inhibited with NaN3. Production of 1O2 was proved by consumption of 

furfuryl alcohol (FA). Absence of hydroxy radical (HO•) during the photooxidation was 

demonstrated by inertness of mannitol, which is a typical HO• scavenger.A4,A5  
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Figure 1. Type I and II mechanisms for the photooxidation of DNA with a 

photosensitizer (PS) and specific scavengers thereof: NaN3 worked as the scavenger 

of 1O2 and furfuryl alcohol was consumed probably by 1O2, indicating Type II for 

NBP photooxidation of guanine. On the other hand, mannitol did not affect the 

photooxidation, suggesting that Type I is absent in this photooxidation. 

 

These experiments may not warrant the perfect Type II mechanism, because a part of 

PS* can react with G to produce PS•- and G•+. The PS•- intermediate would react with 

O2, producing H2O2 without further reaction producing HO•, so that mannitol might 

have not been consumed. The perfect inhibition of photooxidation by NaN3 may be 

explained by a direct quench of NBP. FA consumption also may not explain 1O2 

production, because we only monitored the consumption of FA and did not identify the 

product. FA might have been lost by a radical reaction owing to a radical species 

produced through Type I mechanism.  

For Type I mechanism to be effective in the above photooxidation, a direct quench of 

NBP by NaN3 is necessary as described above. This is least likely as discussed in the 

next section 2).  

 

Evidence 2) CT in PS-DNA if any is very fast and cannot be quenched intermolecularly 

by NaN3 (Fig. 2):  

 ①In general, the first-order rate of CT is in the range: kCT = 109~1012 s-1.A6,A7 This is 

almost the same as or faster than diffusion. The second-order quenching rate of PSs by 

NaN3 is in the range: kq = 105~108 M-1s-1.A8 This means that even when we assume very 

high concentration of [NaN3] = 1 M, the CT is way faster than the quench. So the 

objections that an ET mechanism, not 1O2, predominated and the quench by NaN3 was 

due to the direct actions on NBP is impossible. (NaN3 quenches only 1O2 as is generally 

accepted.) 

 ②Another important point is that the quenching rate of a triplet PS by 3O2 (e.i. 1O2 

production rate) in general is kq = ~3×10
９
 M-1s-1.A9,A10 Then the rate of PS quenching 

by NaN3 (kq), if any, should be larger than this. This is also impossible considering the 

above quenching rates. 
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Figure 2. Comparison of rate constants for one-electron oxidation of a substrate (R) 

by a photosensitizer (PS) and those for quenching of a photosensitizer and singlet 

oxygen by sodium azide. 

 

Evidence 3) The oxidation potential of 3BP* is not large enough to oxidize G: 
3BP* being possible to oxidize G requires the oxidation potential of more than 1.3 V 

between 3BP* and BP-•.A11,A12 To realize it, the oxidation potential of BP (energy 

difference between BP-• and BP) should be less than 1 V. But this is way too small for 

such neutral molecules. 

 
Figure 3. Comparison of reduction potentials for one-electron oxidation of guanine 

(G) by photo-excited Ru-complexes and BP: photo-excited RuII complex [RuII(bpy)]2+ 

cannot oxidize G through 3PS* due to the small energy gap from PS-•(0.77 V). The 

oxidized RuIII [RuIII(bpy)]3+ can oxidize G. {T1 energy of 3BP* (2.5～2.8 eV) can be 

estimated from the similar compounds:A13 4,4’-di-NO2-BP 2.51 eV; 4,4’-di-Bz-BP 

2.51 eV; 4-NO2-BP 2.54 eV; 4,4’-di-HO-BP 2.73 eV; 4,4’-di-MeO-BP 2.74 eV; 4-HO-

BP 2.78 eV}, {S1 energy (3.1 eV) is from its abs spectrum and BP-•(1.7～2.8 eV) is 
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estimated from 30 chloro-substituted biphenyls.A14 The reduction potential of 

MeOPhNO2 (-1.615 V) is also instructive.A15} 

 

Evidence 4) The prerequisite for ET by a PS is that the oxidation potential, 

Eox(PS*/PS•-), should be > 1.9 V (Redox potential for adenine): A12 

Riboflavin is type I & II, which has an Eox(PS*/PS•-) of 2.3 V. MB and RB show 1.8 

and 1.7 V, respectively. 
NBP is expected to have an Eox(PS*/PS•-) of < 1.5 V.A12 

 
Table 1. Relevant photophysical properties of endogenous and exogenous 
photosensitizers and their respective pseudoreduction potentials when acting as 
electron acceptors or electron donors. Reproduced from selected data in ref A12 with 
permission of © 2021, John Wiley and Sons. 

Photosensitizer λ(nm) 
[eV]* 

SΔ† 

Photochemical 
electron acceptor 

Photochemical 
electron donor 

E1/2 
(V), 
SHE 

E′ox 
(PS*/PS•−)‡ 

E1/2 
(V), 
SHE 

−E′red 
(PS•+/PS*)§ 

Endogenous 
Thymine 300 

[4.1] 
0.07 −1.1 3.0 2.1 2.0 

Adenine 289 
[4.3] 

0.1 −1.2 3.1 1.9 2.4 
Cytosine 300 

[4.1] 
0.03 −1.1 3.0 2.1 2.0 

Guanine 336 
[3.7] 

<0.005 −1.2 2.5 1.5 2.2 
Trp 307 

[4.0] 
0.062   1.0 3.0 

Riboflavin 490 
[2.5] 

0.5 −0.25 2.3 −0.2 2.7 
Porphyrins ˜610 

[2.0] 
0.7 −1.5 0.5 1.1 0.9 

Exogenous 
Coumarin 365 

[3.4] 
0.03 −0.9 2.5 0.2 3.2 

Methylene 
Blue 

675 
[1.8] 

0.5 0.01 1.8 – – 
Acridine 
Orange 

477 
[2.6] 

0.5 −0.9 1.7 0.4 2.2 
Rose Bengal 567 

[2.2] 
0.8 −0.5 1.7 0.3 1.9 

Chlorin e6  665 
[1.9] 

0.6 −0.6 1.3 0.5 1.4 
Ru(bipy)3

2+ 453 
[2.7] 

0.7 −1.6 1.1 1.0 1.1 
Zinc porphyrin 595 

[2.1] 
0.9 −1.8 0.3 1.1 1.0 

*First excited singlet state energy (in brackets) estimated by the crossing wavelength 
between the absorbance and fluorescence emission spectra; † 1O2 quantum yield; ‡ 
Pseudoreduction potential of the oxidant photosensitizer.; § Pseudoreduction potential 
of the reductant photosensitizer. 

 

 

Evidence 5) The intercalation of PS does not warrant ET mechanism (redox potential 

matters): 

 A Ru complex intercalated to a DNA can change the mechanisms between 1O2 and ET 

by just adding a quencher. The original Ru(II) complex generates 1O2 by 

photoirradiation. But by adding a quencher, it becomes Ru(III), which has a large 

enough redox potential (-1.33 V as shown in Fig 3) and acts as ET initiator.A16 
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Figure 4. Schematic illustration of oxidation reactions. The position of binding can be 

monitored by 1O2 sensitization (left pathway). The 1O2, sensitized by *Ru(II), reacts 

with nearby guanine bases; oxidation products are revealed as strand breaks after 

treatment with piperidine. Long-range electron transfer from guanine is initiated by 

excitation of Ru(II) in the presence of externally bound, oxidative quenchers such as 

Ru(NH3)6
3+ or MV2+ (right pathway). Electron transfer from *Ru(II) to the quencher 

creates a hole on the Ru(III) intercalator; this hole is filled by back-reaction with 

reduced quencher or by oxidation of guanine. Piperidine treatment reveals the 

ultimate site of guanine base oxidation. Adapted with permission from ref A16. 

Copyright 1997, Elsevier. 

 

Evidence 6) The energy transfer mechanism cannot explain the NBP photooxidation: 

 Another potential explanation for the photooxidation of distant G, other than ET, is an 

energy transfer of excited triplet state. However, to suffice the prerequisite, PSs have to 

have the T1 energy of more than 270 kJ/mol (<440 nm), which is impossible with NBP 

(assumed phosphorescence wavelength is suggested to be >450 nm).A17 
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Figure 5. Triplet energies ET in kJ/mol of the nucleoside monophosphates (black), the 

natural or natural-like DNA modifications 5-formyl-cytosine (fC), 5-formyl-uracil 

(fU) and the nucleoside of 5-methyl-2-pyrimidone from the 6,4-PP (Pyo, red box) and 

the artificial DNA photosensitizers (sensT) xanthone (Xt), thioxanthone (TXt) and 

anthraquinone (Aq, dark blue box), benzophenones (Bp, light blue box), 

acetophenones (Ap, purple box), and ruthenium and Iridium complexes ([Ru(bpy)3]
2+ 

and [Ir(ppy)2)bpy)]+, grey box). It is a prerequisite for CPD formation that the triplet 

energy ET must be higher than that of T in DNA (270 kJ/mol). Adapted with 

permission from ref A17. Copyright 2021, John Wiley and Sons. 

 

Evidence 7) Measured conductivity (ET): PNA > DNA > RNA.A18,A19 Our result: RNA > 

DNA > PNA. 

It is obvious from the conductance measurements of dsDNA, dsPNA and dsRNA that 

ET is feasible in the order, PNA > DNA > RNA. This fact has been reproduced by 

theory through some MO calculations. Our results, RNA > DNA > PNA contradict the 

conductivity of dsON, supporting the 1O2 mechanism.  
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Figure 6. Conductance of oligonucleotide wires: DNA and PNA. Adapted with 

permission from ref A18. Copyright 2021, American Chemical Society. 

 

 

Figure 7. Initial structure of (a) B-form DNA sequence d-(CGCGAATTCGCG). (b) 

A-form dsRNA d-(CGCGAAUUCGCG) used for MD simulation. (c) Schematic 

diagram showing DNA with electrodes. DNA/RNA are shown in blue, while the 

electrodes are shown in yellow colour. Adapted with permission from ref A19. 

Copyright 2020, Royal Society of Chemistry. 
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Figure 8. V–I characteristic curve for (a) 4 bp d-(CGCG) B-DNA and A-RNA 

sequences and (b) 12 bp d-(CGCGAATTCGCG) B-DNA and A-RNA sequences using 

hopping transport mechanism. The hole current for 4 bp case is μA, whereas for 12 bp 

sequences, it is in nA range. In both the cases, dsDNA conducts better than dsRNA. 

Adapted with permission from ref A19. Copyright 2020, Royal Society of Chemistry. 
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