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IX 

ABSTRACT 
Oligonucleotides (ONs) can be chemically modified with functional reactive moieties so that 

various specific chemical reactions can be accelerated through the proximity effect between the 

reaction points. In addition, some oligos with higher-order structure motifs can also be 

recognized by proteins. The introduced functional moieties into these ONs can be used as a tool 

to study the interaction between these ONs and proteins. In my research, I designed and 

synthesized three kinds of chemically functionalized ONs and evaluated their properties.  

 Firstly, ……. 

Secondly, I developed a highly efficient AVP-mediated 2’-OMe-RNA interstrand cross-

linked (CL) anti-miRNA ONs (AMOs). It has been reported that miRNAs are overexpressed in 

many diseases, such as cancer. Chemically modified AMOs can interfere with these disease-

relevant miRNAs and block them from binding to their mRNA targets. Komatsu’s group 

reported that cross-linked duplexes flanking the single-stranded AMO inhibited the miRNA 

function more efficiently than AMOs with normal single or double strands. Here, I designed 

and synthesized AMOs flanked by native-like and less-distorted structures of interstrand cross-

linked duplexes using the ONs containing 2-amino-6-vinylpurine (AVP) (Figure B). These 

AMOs inhibited the miRNA function at a low nM concentration. 

Finally, I designed and synthesized the artificial ON to induce the base flipping and accelerate 

the interstrand photo-cross-linking within the DNA duplex. The ONs containing properly 

designed artificial nucleic acids can induce base flipping and create specific fields for various 

chemical reactions. Previously, our group found that the alkyne−alkyne photo-cross-linking 

rapidly proceeded by the use of the base-flipping-out field where two alkynes overlap each 

other. In this study, I designed the alkene-type analog having a 5-methyl pyridone derivative 

linked to Ph or An groups with an alkene linker at the C3 position. The specific field created 

by the designed alkene analogs accelerated the [2+2] photocycloaddition reaction in duplex 

 

2CL AMO (AVP)

miRNA 
effective 
inhibition

AAAAAA

AGO

miRISC

Translation ON

Crosslink adduct

=

miRNA

Figure B. The inhibition of miRNA activity by AVP-mediated CL AMO.  
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DNA. The Ph-Ph combination provided a high yield, where 10 sec was enough to achieve more 

than 80% cross-link yield calculated from HPLC analysis (Figure C). As the Ph-Ph cross-link 

was found to be stable under thermal and irradiation conditions, I synthesized the Ph-Ph 

crosslinked AMO to investigate the inhibition of miRNA activity. The flip-out CL AMO 

showed similar activity with AVP-containing AMOs, suggesting that cross-linking is essential 

regardless of the structures. 
 

 

 

  

 
Figure C Schematic representation of the photo-cross-linking reaction within DNA duplex.  
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1. Chemical modification of oligonucleotides and their applications 
 Genetic information is transcribed from DNA to RNA and translated into proteins in only 

one direction, as stated by a theory in molecular biology called central dogma (Figure 1). 

Genetic disorders give rise to many types of diseases, and one strategy for treating these 

diseases is the use of oligonucleotides. The oligonucleotide therapeutics include decoys, 

antisense oligonucleotide (ASO), anti-microRNA oligonucleotide (AMO), small interfering 

RNA (siRNA), and aptamers.   

Oligonucleotides (ONs) are short and single-stranded oligomers of nucleic acid that can 

recognize their complementary target gene by forming a duplex structure in a sequence-

selective manner. ONs that can form higher-order structure motifs bind to target proteins with 

high specificity and affinity. Due to their high specificity, ONs have numerous utilities ranging 

from research to diagnostic applications and, recently, therapeutics. However, the chemical 

modification of ONs with reactive moieties can significantly expand their tasks and applications. 

The kind of modification depends on the purpose for which ONs will be used. The chemically 

modified ONs with functional reactive moieties can accelerate various specific chemical 

   

 

Figure 1. Gene expression (central dogma) and ONs-mediated regulations. 
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reactions through the proximity effect between the reaction points (Figure 2). The introduced 

functional moieties into some higher-order structure motifs of ONs can be used as probes or a 

tool to study the interaction between these ONs and proteins and probe their binding proteins.  

2. Crosslink forming modified oligonucleotides  

2.1 Cross-linking of oligonucleotides with their interacting proteins  

Interaction between protein complexes and nucleic acids is extremely important in regulating 

plentiful essential nucleic acid-dependent cellular processes.[1] Thus, the study of these 

interactions is highly demanded to discover their roles and further understand the unrevealed 

mechanism underlying raised number of diseases.[2,3] In oligonucleotide therapeutics, 

administrated ASO exhibited an off-target binding to some cellular proteins that can affect their 

efficacy, and identifying those proteins would help increase their potency[4].  Recently, many 

methods have been developed to investigate these interactions. The oligonucleotides, which are 

modified with reactive crosslinkers, can crosslink with their interacting proteins.[5] This nucleic 

acid-protein cross-linking is one of the most efficient methods for the identification of weakly 

bound proteins that cannot be detected by conventional pull-down assays.  

2.1.1 Cross-linking using oligonucleotides containing photo-activable 

moieties 
Although nucleic acid-protein cross-linking using UV irradiation[6–8] or additive 

photocrosslinkers, e.g., formaldehyde,[8] has been reported. The oligonucleotides bearing a 

photo-activable reactive unit were frequently used to perform the nucleic acid-protein photo-

crosslinking.[9–18] For example, in some of these methods, a diazirine photo-responsive 

crosslinker was tethered into an oligonucleotide strand to investigate the interactome of N6-

Methyladenosine (m6A)-containing RNA[12,14] or siRNA.[10,11] Aryl azide group-bearing RNA 

was used to crosslink with RNA polymerase subunits.[9] However, the damage caused by the 

UV light, the low efficiency of the crosslinking reaction, and the off-target cross-linking 

hindered the applicability of these methods for mapping the nucleic acid-protein interactions. 

2.1.1 Cross-linking using oligonucleotides bearing amino acid-specific 

reactive groups 
Several methods utilizing enzymatically modified nucleic acids with reactive groups to 

crosslink with specific amino acids on the interacting protein have been developed.[19–32] Due 

to the high selectivity of the reactive groups and the proximity effect between the reactive points,  
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effective cross-linking has been achieved by these methods. Vinylsulfonamide group 

incorporation into the DNA probe allowed cross-linking with cysteines (Cys)-containing 

proteins through Michael addition (Figure 3).[19] The Cys or Histidins (His)-containing protein  

were cross-linked with both DNA[20] and RNA[33] probes bearing chloroacetamide group 

(Figure 4). However, the chloroacetamide showed an extremely slow reactivity with His. For 

lysines (Lys), squaramate[27] and aldehydes[21–26]-modified DNA probes were used. Also 

arginines (Arg)-selective cross-linking with 1,3-diketones[29] and glyoxal[28] have been reported.   

 

 

 

 

 

 

    

 
  

 

 
  

Figure 3. Cross-linking reaction between vinylsulfonamide-bearing DNA probe and a Cys-containing 
protein.[19] 

Figure 4. Cross-linking reaction between chloroacetamide-bearing RNA probe and a Cys or His-
containing protein.[33] 
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2.2 Interstrand cross-linking of oligonucleotides with nucleic acid   
Interstrand cross-linking of nucleic acids has high potential in oligonucleotide therapeutics, 

chemical biology, and nanotechnology. For interstrand cross-linking, various reactions based 

on Michael-like reactions, imine derivative formation, the click reaction, and 

photocycloaddition have been utilized (Figure 5).[34]  

2.2.1 Interstrand cross-linking using Michael-like reaction  
Our group has developed cross-linking reactions using vinyl chemistry for many years (Figure 

6).[35–48]  They initially developed 2-amino-6-vinylpurine (AVP) as a covalent warhead (Figure 

6A). [35–38] The AVP base has a reactive vinyl group and reacts with T and U in the 

complementary position of the duplex under neutral conditions (Figure 6A). In the duplex 

between AVP-containing 2’-OMe RNA and native RNA, the vinyl group can approach the N3 

atom of the U base, and Michael-type addition efficiently proceeds. At the monomer level, such 

efficient reactions were not observed, suggesting that the proximity effect is significant for the 

vinyl reaction. Additionally, vinyl reactivity and selectivity can be modulated by changing the 

base and sugar structure of the vinyl compound.[41–48] For example, 4-amino-6-oxo-2-

vinylpyrimidine (AOVP) with an ethylene linker in the sugar component selectively reacted at 

the complementary sites of T in DNA and U in RNA (Figure 6B). Conversely, AOVP with an 

acyclic linker produced adducts with the G and T bases in DNA and the G base in RNA (Figure 

6C).[46] These results suggest that selective cross-linking reactions can be achieved by the 

proper arrangement of vinyl groups, even with pyrimidine derivatives. This vinyl chemistry can 

also be applied to develop reactive small molecules, and they have reported several  

 

Interstrand crosslinking

p Michael-like reaction
p Imine derivative formation
p Photocycloaddition
p Click reaction

proximity effect
⇓

reaction accelerationDNA or RNA

Figure 5. Illustration of interstrand cross-linking. 
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 compounds.[49–55]  The vinyl derivative-containing oligonucleotides were developed to 

control gene expression by cross-linking formation. To create a functional cross-linking 

structure, they used vinyl chemistry to synthesize cross-linked RNA duplexes.[56]  

2.2.2 Interstrand cross-linking using oxime formation 
Cross-linked duplex structures were prepared using a short bifunctional crosslinker containing 

bis-aminooxy groups and a pair of apurinic/apyrimidinic (AP) sites (Figure 7).[57,58] The 

bifunctional linker could intercalate in the AP sites and efficiently form cross-linked duplex 
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＞95%, 60 min

Y. Komatsu et al. (2012, 2018)
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Figure 7. Interstrand cross-linking through oxime formation using two AP sites. 

Figure 6. Interstrand cross-linking reactions by the Michael-like reaction using A) AVP. B) AOVP with an 
ethylene linker, and C) AOVP with an acyclic linker. 
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DNA and 2’-OMe RNA by the oxime formation reaction between oxyamine and the aldehyde 

of an AP site. Anti-microRNA oligonucleotides (AMOs) with flanking cross-linked duplex 

structures were prepared using this cross-linking reaction.[58,59] Compared with other structured 

AMOs, AMO flanking cross-linked duplex structures at the 5’ and 3’ termini exhibited higher 

inhibitory activity in cells. The 3’-side cross-linking improved nuclease resistance, whereas the 

5’-side cross-linking contributed to binding with miRNA in Argonaute (Ago). These structure-

function relationship analyses of AMOs provided essential insights into the function control of 

Ago-miRNA complexes. In addition, the crosslinked AMOs did not induce an immune 

response and showed no significant cytotoxicity in cells. Further structure-function relationship 

analysis of the crosslinked AMOs and a detailed investigation of the inhibition mechanism is 

desired. 

2.2.3 Interstrand cross-linking using imine derivative formation 

 

Using an AP site, Gates's group reported another type of interstrand cross-linking reaction 

(Figure 8).[60–65] The aldehyde group of the AP site reacted with the exocyclic amino group of 

the purine base in the opposite strand of the duplex to provide an imine-derived linkage (Figure 

 

K. S. Gates et al. (2007)

2-aminopurine (P) - AP

irreversible crosslink
(yield = ~85%) 

NaCNBH3
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N4-amino-2’-deoxycytidine (C*)  - AP

∆

reversible crosslink
(yield = 90%) 

(2015) (2019)

A

B C

Figure 8. Interstrand cross-linking by imine derivative formation using an AP site. The reaction between 
the AP site and A) guanine base. B) N4-amino-2’-deoxycytidine, or C) 2-aminopurine in the opposite 
strand. 
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8A).[60–64] Cross-linking occurred more efficiently when N4-amino-2’-deoxycytidine (C*)[61] 

and 2-aminopurine (P)[60] were utilized instead of the canonical purine bases (Figure 8B-C). 

These cross-linking products were reversible. However, reductive amination with sodium 

cyanoborohydride enabled irreversible cross-linking. It also should be noted that the optimum 

arrangement of the AP site and nucleobase differs for each nucleobase. For example, 5'-AP 

A/3'-A C* sequence is suitable for C*-AP crosslink (Figure 8B), while the P-AP crosslink 

prefers a differently arranged 5'-T AP/3'-P A sequence (Figure 8C). These reports not only 

provide insight into the variety of lesions that can occur via AP sites but also suggest that these 

crosslinks are promising candidates for creating interstrand cross-linking structures with 

minimal artificial modifications. 

2.2.4 Interstrand cross-linking using click reaction 

The click reaction, particularly copper-catalyzed azide–alkyne cycloaddition (CuAAC), is a 

powerful reaction. Many papers have reported nucleic acid conjugation and cross-linking via 

these reactions.[66–71] As an example of cross-linking reactions, rapid and efficient DNA cross-

linking was achieved using two oligo DNAs (ODNs) containing 5-octadiynyl dU and 5- 
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CuI dU

dU

dU

dU

5-alkyne-modified 
deoxyuridines

5-N3-modified 
deoxyuridines

cross-link
(＞95%, 2 h)

cross-link
(93%, 4 h)

dT

dT

CuI

A

B

Figure 9. Cross-linking by CuAAC. A) The crosslinking of duplex and B) the dumbbell-
shaped ODN were achieved by this reaction. 
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azido modified dU (Figure 9A).[72] To create a functional structure, dumbbell-shaped clicked 

ODNs were synthesized using ODN containing N-3-(azidoethyl)thymidine and N-3-

(propargyl)thymidine at the 3’- and 5’-termini (Figure 7B).[73] The dumbbell-shaped ODNs 

were thermally and enzymatically stable and showed the ability to bind to NF-κB p50 

 

(A)

366 nm, 1s

312 nm, 10s
3-cyanovinylcarbazole

(CNVK) 

dT or dC

CNVK 

K. Fujimoto et al. (2008)

K. Fujimoto et al. (2008)(B)

T. Gerling et al. (2019)(C)

(1) (2)

(3)(4)

Sol state Gel state 

366 nm, 5 min
4 °C

340 nm, 15min
45 °C

Figure 10. Reversible interstrand photo-cross-linking using 3-cyanovinylcarbazole (CNVK). A) Upon 
366 nm light irradiation, CNVK undergoes a [2+2] cycloaddition reaction with the pyrimidine base in 
the complementary strand. Cycloreversion proceeds with light irradiation at 312 nm light 
irradiation. B) Gel–sol transition of X-motif with CNVK. Transitions are triggered by photo-cross-
linking and cleaving. C) Schematic of the photo-cross-linking and photo-cleavage of CNVK-modified 
nucleosides across stacking contacts for the DNA origami switch object. 
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homodimers within a similar range to that of a control double-stranded decoy ODN. As both 

examples show, high reaction yield and relatively high flexibility of the reaction point distance 

are the advantages of CuAAC cross-linking. 

2.2.5 Interstrand cross-linking using [2+2] photocycloaddition 
Photocycloaddition is often used for cross-linking. Fujimoto’s group developed many 

crosslinkers toward pyrimidine bases. The 3-cyanovinylcarbazole (CNVK) base is one of the 

most potent photo-crosslinkers that crosslinks between the vinyl component of the CNVK base 

and the double bond of pyrimidine bases.[74] This [2+2] photocycloaddition reaction proceeded 

after only 1 s by photoirradiation at 366 nm (Figure 10A). Furthermore, the reverse reaction 

occurred by photoirradiation for 60 s by photoirradiation at 312 nm. Recently, the reaction 

rate[75] was further improved by changing the sugar structure, and the wavelength of the forward 

and reverse reactions[76] was lengthened by changing the vinylcarbazole base structure. The 

type of cross-linking has been used for many applications, such as the inhibition of 

translation,[77,78] RNA editing,[79,80] RNA fluorescence in situ hybridization[81–83], functional gel 

materials engineering,[84] and DNA origami.[85] In DNA nanotechnology, the photo-reversible 

crosslinking property of CNVK is one of the advantages of creating smart materials. For example, 

photo-responsive DNA gels, which undergo repetitive sol-gel transitions in response to 

different photo-irradiation wavelengths and temperatures, were developed using the property 

of CNVK in the suitable position at the sticky ends of the X-shaped DNA structure (Figure 

10B).[84] This technique could have potential applications in medicine, e.g., drug delivery.  

Despite forming a stable DNA origami under different cation concentrations is challenging, the 
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Figure 11. Reversible photo-cross-linking using stilbene derivatives tethered with an acyclic linker. A) 
Reversible interstrand photo-cross-linking using styrylpyrene (Sp). B) Preparation of terminus cross-
linked siRNA using photo-cross-linking of p-cyanostilbene (SCN). 
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CNVK can offer a photo-chemical strategy for reversible covalent bond formation across 

stacking contacts of DNA origami (Figure 10C).[85] A coumarin analog can also be used for 

establishing reversible interstrand cross-linking to pyrimidine bases.[86]  

On the other hand, Asanuma’s group achieved reversible photo-cross-linking by developing 

photo-crosslinkers of stilbene derivatives tethered with a D-threoninol linker.[87,88] The 

photocycloaddition reaction between two overlapping styrylpyrene moieties on the DNA 

duplex was triggered by 455 nm visible-light irradiation (Figure 11A). The reverse reaction was 

realized with 340 nm UV-light irradiation. As an application of the photo-cross-linking reaction, 

a terminally photo-crosslinked siRNA with stilbene derivatives was prepared, and it showed 

high nuclease resistance while retaining RNAi activity (Figure 11B).[89] Additionally, the cross-

linking reaction was utilized in the DNA-encoded dynamic library.[90] This cross-linking 

method that can additionally introduce photo-crosslink type molecules via acyclic linkers has 

the advantage that can create strong linkages with only the slight disturbance of nucleic acid 

structure. 

2.2.6 Interstrand cross-linking induced by base-flipping out field 

In addition, our group developed alkyne-type flipping-out-induced bases (Ph(alkyne) and 

An(alkyne)) with an alkyne linker instead of an alkene linker at the C3 position (Fig. 10).[91] In 

this case, efficient alkyne–alkyne photo-cross-linking was realized using the heterocombination 

of Ph(alkyne) and An(alkyne) rather than a homocombination, such as Ph–Ph and An–An. The 

difference in the reaction rates between the hetero and homocombinations occurred because 

single electron transfer (SET) is essential for alkyne-type reactions, i.e., SET occurs more 

readily for the heterocombinations than for the homocombinations because of the difference in 
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redox potential. In their postulated photoreaction mechanism based on several reports on the 

photoinduced [2+2+2] cycloaddition reactions (Fig. 12),[92–94] the first step is affected by the 

base combinations. One Ar base is excited, and SET occurs between the excited and unexcited 

Ar bases to give the 1,2-radical cation (I) and the reduced radical anion base (II) on the flipping-

out and base-stacked field. The radical anion may delocalize on the DNA duplex. The 1,2-

radical cation (I) reacts with the alkyne (II) to provide the 1,4-radical cation (III). The following 

cyclization with O2 and the back electron transfer (back-ET) provide a neutral 1,2-dioxin (IV). 

After O–O bond cleavage, a 1,4-enedione crosslinked product is generated. Because these 

crosslinks provide a unique flipped-out structure, exploring the novel biological functions 

would be interesting. In nanotechnology applications, the flipped-out bases may be used as 

additional interaction and modification scaffolds to create new materials. 

4. The objectives of this thesis 
In this thesis, I focused my research on developing chemically modified oligonucleotides 

aiming to use them as a tool to interrogate nucleic acid interacting proteins, inhibiting the miRs 

function, and achieve efficient and rapid interstrand crosslinking induced by base flipping out.  

In chapter 2, ….   

In chapter 3, this vinyl cross-linking provided a native-like structure with high thermal 

stability. The native-like structure is advantageous for biochemical study and the development 

of nucleic acid medicine because the large artificial moiety often causes a decrease in enzyme 

affinity. In the native-like cross-linked duplex RNA study, the cross-linked duplex RNA had a 

slightly higher binding affinity with adenosine deaminase acting on RNA type 2 (ADAR2) than 

the natural duplex RNA.[56] In the study of the crosslinked 2'-OMe RNA duplexes, we 

synthesized anti-miRNA oligonucleotides (AMOs) with a flanking cross-linked duplex 

structure using AVP. These crosslinked AMOs containing the antisense targeting miR-21 

showed markedly higher anti-miRNA activity than the commercially available miR-21 

inhibitor, which has locked nucleic acid residues.[95]  

In chapter 4, DNA cross-linking by the [2+2] photocycloaddition reaction was also achieved 

using flipping-out-induced ODNs.[96] In our group, several flipping-out-induced bases were 

developed based on the original alkylated-thymidine structure.[51] Alkene-type flipping-out-

induced bases (Ph(alkene) and An(alkene)) are 5-methylpyridone derivatives linked to an 

aromatic compound with an alkene linker at the C3 position.[96] Ph(alkene), in particular, 

efficiently provided the cross-linked product in high yield after only 10 s of photoirradiation 

when the alkenes in the duplex DNA overlapped. Under photoirradiation, isomerization also 
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occurred to produce the crosslinked isomers. This highly efficient reaction provided a 

crosslinked product, even when a duplex with a low Tm value was used.  
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Chapter 2 

Photocatalytic proximity labeling approach identifying the 

photocatalyst-modified DNA G-quadruplex-interacting proteins 
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Chapter 3 

Synthesis of Crosslinked 2’-OMe RNA Duplexes and Their 

Application for Effective Inhibition of miRNA Function
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Introduction 
 
Micro RNAs (miRNAs) are a class of small non-coding endogenous RNA molecules that 

modulate gene expression at the post-transcription level.[97] MiRNA forms the RNA-induced 

silencing complex (RISC) with Argonaut (Ago) proteins and binds to the miRNA binding site 

in the 3'-UTR of the target mRNAs.  This results in gene silencing by degradation of the mRNA 

or suppression of translation. MiRNAs regulate many biological processes, including 

differentiation,[98,99] apoptosis,[100,101] and proliferation.[102,103] Hence, the dysregulation of 

miRNAs can induce diverse pathologies, including cancer,[104,105] neurodegenerative 

disorders,[106,107] cardiovascular diseases,[108] and impairment of the immune system.[109] 

Therefore, miRNAs are valuable targets for therapeutic development.    

One of the general strategies to inhibit miRNA activity is to use synthetic anti-miRNA 

oligonucleotides (AMOs), which have perfect complementarity to the mature miRNA target.  

Several chemically modified AMOs have been shown to increase the thermal stability of the 

complimentary hybridization and to improve the nuclease resistance.  For example, the 2’-

modified riboses, such as 2′-O-methyl (2′OMe), 2′-O-(methoxyethyl) (2′MOE), and 2′-fluoro 

(2′F), are used as chemically-modified oligonucleotide (ON) for inhibition of miRNA.[110,111]  

Recently, the ONs composed of acyclic serinol nucleic acid (SNA) have been reported to show 

high anti-miRNA activity.[112]  Locked nucleic acids (LNAs), which strongly bind to RNA, 

have also been utilized for anti-miRNA applications.  A short LNA-AMO of 8 nucleotides 

targeting the seed region was reported to exhibit the effective inhibition of miRNA.[113] In 

addition to the single-stranded chemically modified oligonucleotides, the structural 

modification of AMOs was shown to be effective for the improved anti-miRNA effect.  For 

example, 2′OMe RNAs with double-stranded hairpin structures were shown to improve the 

inhibitory effects of miRNA.[114] Furthermore, the secondary-structured 2′OMe RNAs 

composed of two stem regions and two miRNA binding sites were revealed to exhibit a high 

anti-miRNA activity.[115]  

In an alternative approach, 2′OMe-AMO containing the antisense sequence targeting miRNA 

and crosslinked duplexes at its terminal position showed a higher miRNA inhibitory effect than 

the double-stranded hairpin structures and oligonucleotides with two stem regions.[58]  The 

crosslinked duplexes were prepared using a pair of reactive abasic sites, which was produced 
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from the enzymatic hydrolysis of deoxyuridines in the duplex by uracil DNA glycosylase 

(UDG), and a bifunctional cross-linker having two aminooxyacetyl groups.[57]  The 2′OMe-

AMO containing crosslinked duplex at the 5’ terminal position exhibited a higher inhibitory 

activity to the target miRNA than the AMO with the crosslinked duplex at the 3’ terminal 

position.  It is suggested that the crosslinked duplex at the 5’ terminal position interacts with 

the Ago-miRNA complex. Accordingly, we envisioned that creating a less distorted structure 

of the crosslinked duplex might be important for a high inhibitory activity against miRNA.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

The interstrand crosslinking of nucleic acids is one of the strategies to create a stable complex.  

For example, various photo-activated crosslinking reactions were reported using modified 

oligonucleotides,[116] such as psoralen,[117,118] diaziridine,[119,120] carbazoles[75,78,121,122] and 

chloro-aldehyde.[123]  In addition, reactive functional groups activated by a chemical reaction 

have been reported, such as quinone methides[124] and furan derivatives.[125–128]  While the 

crosslinking formation by these strategies is useful to efficiently inhibit the target RNA function 

and label the target RNA by covalent bond formation, they are not suitable for creating a less 

distorted structure of the crosslinked duplex due to the large non-native structure of the reactive 

groups. 

In previous studies, we developed interstrand crosslinking purine bases having a vinyl group 

as a small reactive group.  The cross-linked duplex RNA prepared by using vinylpurine formed 

a less distorted native-like stable dsRNA and had nearly the same affinity as the native duplex 

RNA to the dsRNA-binding enzyme.[56]  Moreover, we reported that the fully 2′OMe-ON 

miRNA complementary 
sequence

2CL AMO:

1CL AMO:

AVP: 1 uridine: U Crosslink

Figure 1. Schematic of AMO with flanking crosslinked-duplex structures. 
The crosslink was formed by the reaction between AVP (1) and uridine. 
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having 2-amino-6-vinylpurine (1: AVP) efficiently formed a covalent linkage with the 

complementary sequence of RNA at the uridine residue across from the AVP.[36,37]  In this 

study,[95,129] we synthesized the modified 2′OMe-AMOs bearing crosslinked duplexes by using 

AVP (1) (Figure 1) and evaluated the miRNA inhibition in cells with these AMOs. 
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Results and discussion 
The 2’-OMe-crosslink forming oligonucleotide (CFO) containing AVP (1) was synthesized 

as previously reported.[35] The sequence of CFO was complementary to the terminal sequence 

of the 2’-OMeRNA1. The structure was confirmed by MALDI-TOF MS (see the experimental 

data) measurements. 

We first compared the crosslinking reactivity of CFO containing AVP to the RNA1 and 2’-
OMe RNA1 because AVP has a sequence and sugar structure dependency.[36] The crosslinking 
reactivity of the CFO was evaluated using fluorescently (FAM)-labeled RNA and 2’-OMe RNA 
that are partly complementary to CFO.  The CFO was incubated with the FAM-labeled RNA 
or 2’-OMe RNA, and the reaction mixture was analyzed by denaturing polyacrylamide gel 
electrophoresis.  The crosslink yields at each reaction time were calculated based on the ratio 

between the crosslinked product and the remaining single-stranded RNA.  As shown in Figure 
2A, the CFO crosslinked to the native RNA1 in good yield in 24 h.  When the reaction was 

Yield (%)                     

Time (h): 0     0.5     1       2        4      6      24    

0       33    43     61     79     85    89    

0     0.5      1       2       4      6      24    

0       26    33     46     67     77    92    
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Figure 2. Time course for crosslink yields to FAM-labeled RNA or 2’-OMe RNA with CFO.  Analysis of the 
crosslink reaction to RNA1 (A) and 2’-OMe RNA1 (B) using 16 % denaturing polyamide gel electrophoresis.  
Comparison of the crosslink yields to RNA and 2’-OMe RNA (C). The reaction was performed with 4 mM 
CFO and 2 mM RNAs in 100mM NaCl, 50 mM MES, pH 7.0 at 37 °C. 

5’CGGAGC1GCAGC3’   
3’GCCUCGUCGUCGAUCGAAUAGUCUGACUACAACUGCCUCGUCGUCG-FAM5’ 

5’CGGAGC1GCAGC3’   
2’-OMeRNA2 

1: AVP 

CFO 

Figure 3. Analysis of the crosslink reaction to 2’-OMe RNA2.  The reaction was performed 
with 4 mM CFO and 1 mM 2’-OMe RNA2 in 100 mM NaCl, 50 mM MES, pH 7.0 at 37 °C. 

Time (h): 0       0.5       1       2        4         6       24    

Double cross link (2-CL)
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Time (h): 0        42           

Yield (%): 0        90           

performed against 2’-OMe RNA1, the formation of the crosslinked duplex was observed at a 
similar rate and yields over the same time period (Figure 2B).  These results revealed that the 

CFO containing AVP (1) could crosslink not only with RNA but also with 2'OMe-RNA with a 
similar efficiency using this sequence.  

We next evaluated the crosslinking reactivity of CFO to the 2’-OMe RNA2 containing two 

target sites.  The CFO (4 mM) was incubated with the FAM-labeled 2’-OMe RNA2 (1 mM) 

and the progress of the cross-linking was monitored by gel electrophoresis (Figure 3).  The first 

product band corresponding to the single crosslinked product was observed after 30 min and 

increased for 2 h. The second product with a slower mobility band gradually appeared and 

became the major one after 24 h. The reaction yields did not increase after 24 h (Figure 4).  

AMO1(no-CL) 

 

Figure 5. Sequence of 2’-OMe AMOs with or without crosslinked duplex and targeting 
miR-21 used in the present study. 

3’AUCGAAUAGUCUGACUACAACUGCCUCGUCGUCG5’   

5’CGGAGCAGCAGC3’   

RNA2 with the miRNA sequence 
5’UAGCUUAUCAGACUGAUGUUGA3’   

AMO1(1-CL) 

3’AUCGAAUAGUCUGACUACAACUGCCUCGUCGUCG5’   

5’CGGAGC1GCAGC3’   
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Figure 4. Analysis of the crosslink reaction to (A) target 2’-OMe RNA1 and (B) target 2’-OMe RNA2 using 16 % 
denaturing polyamide gel electrophoresis.  The reaction was performed with 4 mM CFO and 1 mM target RNA1 
or RNA2 in 100 mM NaCl, 50 mM MES, pH 7.0 at 37 °C. 
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These results indicated that the modified 2′OMe-AMOs bearing the double crosslinked duplex 

efficiently formed using the CFO containing AVP (1), and the appropriate reaction time was 

24 h. 

In a previous study, it was demonstrated that the AMOs containing the crosslinked duplex at 

both terminal positions and at the 5’-terminal one exhibited a higher inhibitory activity to 

miRNA than the non-crosslinked one.[58] Based on these results, we constructed AMO1 (1-CL) 

and 2 (2-CL) containing the single-crosslinked duplex and double-crosslinked duplex using the 

above-described conditions as shown in Figure 5.  The CFO was incubated with 2′OMe-RNA1 

or 2′OMe-RNA2 without the FAM-label for 24 h and 1-CL or 2-CL 2′OMe-AMOs were 

purified by denaturing polyacrylamide gel electrophoresis.  We confirmed each structure of the 

modified AMOs1, 2 by MALDI-TOF MS (see the experimental data) measurements.   

The thermal stability of the crosslinked duplexes was compared to the corresponding non-

crosslinked one by measuring the melting temperature (Tm).  The increase in UV absorbance 

with AMO1 (no-CL) was observed as the temperature rises above 70 ˚C, and the duplex  
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Figure 6. Tm measurement of AMO and AMO-target RNA with or without crosslinking.  The Tm was measured using duplex 
(1.0 μM) in phosphate buffer (20 mM, pH 7.0) containing NaCl (100 mM). 
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between AMO1 (no-CL) and 2’-OMe RNA was denatured over this temperature (Figure 6A).  

In contrast, the AMO1 (1CL) did not show any significant absorbance change, indicating that 

denaturation of the crosslinked duplex to the single-stranded RNA did not occur at temperatures 

below 90 ˚C (Figure 6A).  We next measured the Tm of the duplex formed between AMO1 or 

2 and the RNA2 (Figures 6B and C)). The duplex AMO1 (CL1)/RNA2 showed a higher Tm 

 

B) In the presence of AMO

miRNA effective 
inhibition

AAAAAA

AGO

miRISC

hRluc translation 
ON

hRluc FlucmiR-21

hRluc

AAAAAA

AGO

miRISC

hRluc
translation OFF

hRluc FlucmiR-21

hRluc

No chemiluminescence

A) In the abscence of AMO

AMO

Chemiluminescence

Figure 8. The dual luciferase system concept. (A) In the absence of AMOs, miR-21 binds to its target mRNA 
so that Renilla luciferase (hRluc) gene translation can be turned off. (B) Administration of AMO to the 
cells allows miR-21 inhibition, which leads to the hRluc enzyme being lighted up due to its translation. 
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value (77 ˚C) than that of 2’-OMeRNA1/RNA2 (74 ˚C) (Figure 6B).  The Tm value of the 

AMO2 (CL2)/RNA2 duplex was also 4 ˚C higher than that of 2’-OMeRNA2/RNA2 (Figure 

6C).  These results indicated that the crosslinked duplexes at the terminal position increased the 

duplex stability with the target miRNA due to the additional staking interaction with the CFO 

regions, as previously reported.[58] To gain insights into the structure, the circular dichroism 

(CD) spectra were measured using AMO1, 2.  A strong positive peak at 265 nm was observed 

in all the CD spectra, indicating a typical A-form structure for the crosslinked duplex in AMO.  

No significant differences in the CD spectra were observed between AMO1, 2 with and without 

crosslinking (Figures 7A and B), suggesting that this crosslinking formation does not disturb 

the duplex structure.  The CD spectra of the RNA2 annealed with AMO1 (1CL) or AMO2 

(2CL) were also measured (Figures 7C and D).  No significant shape differences in the spectra 

were observed between the duplexes with RNA2-2’-OMeRNA and RNA2-AMO (1 or 2-CL).  

These results suggest that the crosslinked duplex did not disturb the duplex structures between 

the AMO and target RNA.   

We next evaluated the miR-21 inhibitory activity of the crosslinked AMOs in cultured cells.  

Each AMO was transfected into HeLa cells at concentrations ranging from 0 to 10 nM, and 

their inhibitory activities against miR-21 were evaluated using a dual luciferase assay system 

(Figure 8) composed of the Renilla luciferase (hRluc) gene with the miR-21 binding sequence 

and firefly luciferase (Fluc) gene as the internal control. The hRluc/Fluc ratios were normalized 

using the ratio obtained from the control cells that were transfected with a dual luciferase 

reporter without the miR-21 binding sequence.  Surprisingly, AMO2 (CL2) exhibited a 

dramatic inhibition of the miR-21 activity with only a 0.5 nM administration (Figure 9). The 

observed inhibition activity was significantly higher than that of the LNA-containing anti-miR-

21, which is a commercially available miR-21 inhibitor.  The inhibitory activity showed a slight 

decrease with AMO1 (CL1), however, the activity was still higher than that of the LNA-

containing anti-miR-21.  These results indicated that the AVP-mediated crosslinked duplex 

structure is highly effective for increasing the miRNA inhibition activity of the AMOs.  

Previously, the crosslinked AMOs were reported to affect its binding efficiency to the Ago2-
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RISC complex[58], and this interaction might be attributed to stronger inhibitory activity with 

crosslinked AMOs than that of LNA. 

Conclusion 
In summary, we established a chemical approach to efficiently synthesize the crosslinked 2’-

OMe RNA duplexes using AVP (1) and prepared AMOs containing crosslinked duplexes at the 

terminal positions.  The melting temperature of the crosslinked 2’-OMe RNA duplex was 

higher than 90 ˚C indicating that the crosslinked 2’-OMe RNA duplex is very stable and its 

dissociation to the single-stranded 2’-OMe RNA does not occur within the monitored 

temperature ranges.  The stable hybridization with the target RNA was observed with the AMOs 

containing the crosslinked duplex.  The structure of the hybridization was not disturbed by the 

crosslinked structure, as indicated by the CD spectra.  We investigated the anti-miRNA activity 

using AMOs containing the crosslinked duplex.   These AMOs inhibited the miRNA function 

at a low nM concentration.  The AVP-mediated crosslinked duplexes have advantages in terms 

of easy preparation as well as their native-like duplex structure, providing the basis for 

preparing AMOs containing the crosslinked duplex with a high inhibitory potency against 

several miRNAs.  We will investigate the detailed mechanism for high anti-miRNA activity 

with the AMOs containing crosslinked duplex and the structure-activity relationship of the 

crosslinked regions using this new and efficient synthesis. 
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Experimental data 

General Materials and Methods. Reagents for synthesis, buffers, and salts were purchased 

from Wako, Aldrich, Sigma or Nakalai tesque. RNA and 2’-OMeRNA oligomers were 

purchased from Japan Bio Services Co., LTD. (Saitama, JAPAN). Locked nucleic acid (LNA) 

was purchased from Qiagen (miRCURY, LNA miRNA inhibitor (Exiqon4102261-001). 

Oligonucleotide synthesis was conducted by using Applied Biosystems 392 DNA/RNA 

synthesizer. Purification of oligonucleotides was performed on a Jasco HPLC system 

(PU2089Plus, UV-2075Plus, FP-2015Plus and CO-2065Plus) and Nakalai tesque COSMOSIL 

5C18-MS-II (4.6ID or 10 x 250 mm). MALDI-TOF-MS was performed on a Bruker Autoflex 

speed instrument utilizing a 3-hydroxypicolinic acid/diammonium hydrogen citrate matrix. Tm 

curves were measured on a JASCO V-570-DS or a Beckman coulter DU800 

spectrophotometer. CD spectra were recorded on a J-720WI (JASCO Co., Hachioji, Japan) 

equipped with a Peltier temperature controller. 

Synthesis of 2-Phenoxyacetylamino-9-[5‘-O-dimethoxytrityl-3-O-(N,N-diisopropyl-2 

cyanoethylphosphoramidyl)-2‘-deoxy-d-ribofranosyl]-6-(2-methylthioethyl)purine (3). 

The phosphoramidite adduct was synthesized following a previous report.[130] The synthesis 

was commenced with compound 1 which was co-evaporated in anhydrous acetonitrile (3.0 mL, 

2×) followed by co-evaporation in anhydrous pyridine (3.0 mL, 1×). A solution of 1 (121 mg, 
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0.248 mmol) in dry pyridine (1.5 mL) was mixed with dimethoxytrityl chloride (242 mg, 0.496 

mmol) and the mixture was stirred for 1 h. The resulting mixture was diluted with EtOAc (20 

mL) and washed with H2O (20 mL) and brine (20 mL). The organic layer was dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The residue was purified 

by silica gel chromatography (hexane−EtOAc 3:1, 1% pyridine, v/v) to afford 2-

phenoxyacetylamino-9-(5-O-dimethoxytrityl-2‘-deoxy-d-ribofranosyl)-6-(2-methylthioethyl)-

purine as a pale yellow foam (166 mg, 85%):  1H NMR (400 MHz, CDCl3): δ 8.62 (1H, br s), 

8.20 (1H, s), 7.68−7.01 (14H, m), 6.81−6.78 (4H, m), 6.18 (1H, t, J = 6.3 Hz), 4.68 (2H, br s), 

4.87 (1H, dt, J = 5.9, 3.0 Hz), 4.17 (1H, m), 3.78 (6H, s), 3.50−3.42 (4H, m), 3.09 (2H, t, J = 

6.9 Hz), 2.62 (2H, m), 2.19 (3H, s); HRMS (ESI): m/z calcd for C43H46N5O8S+ [M+H]+, 

792.3067; found, 792.3061.  

To a solution of the above product (90 mg, 0.114 mmol) in dry dichloromethane (2.0 mL), 

diisopropylethylamine (0.118 mL, 0.682 mmol) and 2-cyanoethyl N,N-

diisopropylchlorophosphoramidite (0.063 mL, 0.284 mmol) were added and then the resulting 

mixture was stirred for 1 h at the same temperature. The resulting mixture was diluted with 

ethyl acetate (20 mL) and washed with saturated aqueous NaHCO3 and brine. The organic layer 

was dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The 

residue was purified by silica gel chromatography (hexanes−ethyl acetate 1:1, v/v) to afford 3 

as a colorless oil (51.8 mg, 46%). 1H NMR (400 MHz, CDCl3): δ 8.80 (1H, br s), 8.15 (1H, s), 

7.42−6.99 (14H, m), 6.78 (4H, dd, J = 6.8, 2.0 Hz), 6.17 (1H, t, J = 6.3 Hz), 4.23-4.11 (4H, m), 

3.93−3.88 (2H, m), 3.86 (6H, s), 3.77−3.43 (6H, m), 3.09 (2H, t, J = 6.3 Hz), 2.78−2.75 (2H, 

m), 2.65 (2H, t, J = 6.3 Hz), 2.19 (3H, s), 1.17 (6H, d, J = 6.9 Hz), 1.04 (6H, d, J = 6.9 Hz); 31P 

NMR (162 MHz, CDCl3): δ 150.9, 150.4; HRMS (ESI): m/z calcd for C52H63N7O9PS.Na+ 

[M+Na]+, 1014.3967; found, 1014.3956.  

 Synthesis of crosslink forming oligonucleotides (CFOs). The sulphide-protected 2’-OMe 

ON was then synthesized from the phosphoramidite 3 precursor according to standard protocols 

(1.0 μmol scale) using an Applied Biosystems model 392 automated DNA synthesizer. 

 Deprotection and cleavage from the CPG support were carried out under a mild condition with 

28% ammonia solution at room temperature for 4 h. Next, The DMTr-ON 

Oligonucleotides (4) were purified by HPLC. HPLC purification conditions: C-18 column 

(Nacalai tesque: COSMOSIL 5C18-MS-II, 4.6ID x 250 mm) by a linear gradient of 10%- 

40%/20 min acetonitrile in TEAA buffer (0.1 M) at a flow rate of 4 mL/min at 35 °C. Peaks 

were monitored by UV detector (λ = 254 nm). The DMTr group was deprotected by 
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detritylation with 10% AcOH for 1 h. The concentration of the ONs was calculated by UV 

absorption at 260 nm. The ON (4) was then subjected to oxidation with magnesium 

monoperphthalate (MMPP) to produce 5, followed by the elimination of the sulfoxide group 

under an alkaline condition to produce active CFO (6). The structures of CFO (6) were 

confirmed by MALDI-TOF MS as follows: 

 

 Calcd found 

CFO (6) 4063.7407 4064.376 

 

Quantification of crosslink reactivity of the CFO. CFO (6) (4 µM) was incubated with 

fluorescently (FAM)-labeled RNA and 2’-OMe RNA (2 µM) in 50 mM MES buffer containing 

100 mM NaCl at 37°C. The solution (3 µl) was mixed with loading buffer (3 µl, 95% formamide 

containing 20 mM EDTA) and loaded to 16 % polyacrylamide and 20% formamide gel 

containing 45% urea. The electrophoresis was performed at 300V for 60 min. The gel was 

visualized by Fuji FLA-5100 fluoroscanner. The fluorescent band intensity was quantified by 

using MultiGauge software. The crosslink yield was calculated from the ratio of crosslinked 

product to the remaining single-stranded fluorescently (FAM)-labeled RNA and 2’-OMe RNA. 

Preparation of AMO1 (1-CL) and 2 (2-CL). CFO (6) (4 µM) was incubated with 2′OMe-

RNA1 or 2′OMe-RNA2 without FAM-labeling (2.66 µM) for 24 h in 50 mM MES buffer 

containing 100 mM NaCl at 37°C. 1-CL or 2-CL 2′OMe-AMOs were desalted by Sep-Pak® 

Plus C18-column then purified by denaturing polyacrylamide gel electrophoresis. The AMOs 

solution was mixed with an equal volume of loading buffer (95% formamide containing 20 mM 

EDTA) and loaded to 16 % polyacrylamide and 20% formamide gel containing 45% urea. The 

electrophoresis was performed at 400V for 2.5 h. The AMOs-containing gel was crashed, and 

AMOs was extracted from the gel by adding a solution containing (4 mL) EDTA (10 mM) and 

NaCl (0.2 M) and shaking overnight. 1-CL or 2-CL 2′OMe-AMOs products were filtered-off 

gel and desalted by Sep-Pak® Plus C18-column.  Each product structure of modified AMOs1, 

2 was confirmed by measuring MALDI-TOF MS as follows: 

 

AMOs Calcd found 

AMO1(1CL) 15330.552 15329.404 

AMO2(2CL) 23387.24 23387.269 
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Melting temperature (Tm) measurement (UV) of AMO and AMO-target RNA with or 

without crosslinking. A mixture (100 μL) of the duplex (1.0 μM) in phosphate buffer (20 mM, 

pH 7.0) containing NaCl (100 mM) was transferred to a micro quartz cell with a 1-cm path 

length. The melting temperature was then measured under UV absorption at 260 nm from 25 

to 90 °C at the rate of 0.5 °C/min. The measurements were carried out three times per each 

sample and averaged to obtain the final value. 

CD measurements of AMO and AMO-target RNA with or without crosslinking. A 

mixture (100 μL) of the duplex (1.0 μM) in phosphate buffer (20 mM, pH 7.0) containing NaCl 

(100 mM) was transferred to a micro quartz cell with a 1-cm path length. The CD spectra were 

measured at 25 °C.   

Luciferase assays. A target sequence complementary to mature microRNA-21 (miR-21) was 

inserted into the 3'-UTR of the Renilla luciferase (hRluc) gene of the psiCHECK-2 vector 

(Promega), yielding plasmid psiCHECK-2-miR21, which contained both hRluc and firefly 

luciferase genes. [Mol Ther- Nucleic Acids. 2018; 10: 64–74] HeLa cells were seeded at 

densities of 1.5 × 104 cells per well in 96 well plates (Nunc) in DMEM (100 µL) containing 

10% FBS the day before transfection. The cells were transfected in triplicate with optiMEM 

solution (10	µL) containing Lipofectamine® 2000 (Invitrogen; 0.3 µL per well), psiCHECK-2-

miR21 (100 ng per well), and AMOs. The concentrations of AMOs were varied from 0 to 10 

nM. Luciferase activity measurements were performed at 48 h post-transfection according to 

the manufacturer’s instructions (Promega, Dual-Glo Luciferase Assay System). The ratios of 

Renilla luciferase to firefly luciferase (hRluc/Fluc) were first calculated from the average of 

triplicate wells. Then, all ratios were normalized using the ratio of psiCHECK-2-treated cells 

without AMO. 
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Chapter 4 

Rapid Alkene–Alkene Photo-cross-linking on the Base Flipping-out Field in 

Duplex DNA 
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1.  A. Abdelhady, K. Onizuka, K. Ishida, S. Yajima, E. Mano, F. Nagatsugi, J Org Chem 2022, 87, 

2267–2276. 
Introduction 

The specific chemical reactions by enzymes acting on a nucleobase are realized by flipping 

the target base out of the helix (Figure 1). For example, RNA editing enzymes flip the target 

base out of the helix, take the base into an active site, and convert adenine and cytosine to 

inosine and uracil by accelerating the hydrolysis of the amino group of adenine and cytosine 

(Figure 1A).[131–133] Similarly, the artificial oligodeoxynucleotides (ODNs) can also induce base 

flipping (Figures 1B and 1C) and a specific chemical reaction. Sugimoto’s group previously 

developed phenylcarbamoyl-modified dA-containing ODNs with the ability of base flipping 

and found that the base-flipping accelerated the RNA-cleaving reaction (Figure 1D).[134–137] In 

our previous study, as base flipping-inducing artificial bases,[51,91] we developed 5-

methylpyridone derivatives linked to an aromatic compound with a rigid alkyne linker at the 

C3 position (Figures 1B and 1C). In addition, an efficient alkyne-alkyne photo-cross-linking 

was realized by taking advantage of the formed flipping-out field.[91] 

The interstrand cross-linked products of nucleic acids have been synthesized by various 

reactions and utilized for various applications.[38,39,57,72,74,119,128,138–143] As the application for 

nucleic acid therapeutics, the cross-linked strand capping of anti-miRNA showed a highly 

efficient anti-miRNA effect.[58,95] A terminus-free cross-linked siRNA acquired a high nuclease 

resistance while retaining the RNAi activity.[89] The cross-linked dumbbell 

oligodeoxynucleotides were developed as potential decoy molecules with an NF-κB binding 

ability.[73] In addition, various types of cross-linking reactions to the native RNA have been 

developed to form the stable complex,[56] inhibit the gene expression,[77,78,123,144,145] capture the 

target RNA[116,120,126] and fluorescently label RNA.[81–83] As other applications, the cross-

linking reaction was utilized in the DNA-encoded dynamic library[90] and DNA 

origami.[85,146,147] 

In this study, we report an easily prepared and unique structure-providing photo-cross-linking 

reaction by taking advantage of the base-flipping out field formed by the alkene-type base 

flipping-inducing artificial bases (Figures 1E and 1F). Based on our previous alkyne-type base 

chemistry[91] and the reports regarding alkene-alkene photo-cross-linking in the duplex DNA 

by Letsinger’s[148] and Asanuma’s group,[87,88,149] we designed alkene-type phenyl (Ph) and 

anthracenyl (An) bases, 5-methylpyridone derivatives linked to an aromatic compound with an 
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alkene linker at the C3 position. We expected that the Ph and/or An bases flip the 

complimentary base out and create a specific field where the two alkenes overlap each other 

(Figure 1G). Since the two alkenes can keep approaching on the created field, the [2+2] 

photocycloaddition reaction was expected to efficiently proceed to provide the cross-linked 

product. 

 

  

A) B)

D) E)

C)

F)

Ph An

G)

Figure 1. Molecular design of the base-flipping-inducing ODN. A) Base flipping by human ADAR2 (PDB: 
5ED1).[169] B) Base flipping by alkyne-type ODN. The model was calculated using MacroModel software. 
C) Structure of alkyne-type Ph and An bases. D) Structure of phenylcarbamoyl-modified dA. E) Base 
flipping by alkene-type ODN. F) Structures of alkene-type Ph and An bases. G) [2+2] photocycloaddition 
reaction by the two alkene-type bases. 
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Results and Discussion 

To incorporate Ph and An nucleotides into an ODN, phosphoramidites 3-Ph and 3-An were 

synthesized (Scheme 1). The synthesis commenced with the palladium-catalyzed Heck 

coupling of the formerly reported bromopyridone nucleoside (1)[91] with styrene and 9-vinyl 

anthracene in the presence of the triphenylphosphine polymer-bound to afford 2-Ph and 2-An 

in 58% and 38% yields, respectively. The relatively low yield of the Heck coupling with 9-

vinyl anthracene may be due to the instability of the product (2-An) under the stated reaction 

conditions. Phosphitylations of the Heck coupling products produced the phosphoramidites (3-

Ph and 3-An). Using 3-Ph and 3-An, ODN1 and 3-5 with Ph or An were prepared by a DNA 

synthesizer. The ODNs were purified by reversed-phase (RP) HPLC after deprotection and 

cleavage from the CPG support. Subsequent MALDI-TOF MS measurements were carried out 

 

 

 

 

 

 

 

  

Scheme 1. Synthesis of phosphoramidites and diols. 

 

Table 1. MALDI-TOF MS data of the synthesized ODNs. a [M–H]–, b all data were 
collected in negative mode. 

Entry X or Z aCalcd. bFound

ODN1 X = Ph 3111.5 3110.8

ODN1 X = An 3211.5 3211.1

ODN3 Z = Ph 3126.5 3126.8

ODN3 Z = An 3226.5 3227.7

ODN4 Ph 3086.5 3087.0

ODN5 Ph 3086.5 3086.9
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for the characterization of the ODNs (Table 1). To determine the molar extinction coefficients 

at 260 nm (ε260) of  Ph and An, the DMTr group of compound 2 was deprotected. The ε260 

values were 9632 and 21265 M-1cm-1 for 4-Ph and 4-An, respectively (Figure 2).   

 

The flipping-out property was investigated by a fluorescence emission assay using the 2-

aminopurine-containing ODN2(Y = AP) (Figure 3).[135,150] AP is a fluorescent probe that was 

efficiently quenched inside the duplex. The single-stranded ODN2(Y = AP) showed a high 

fluorescence intensity at 370 nm, in contrast, the fluorescence of AP in the ODN1(X = T)-

ODN2(Y = AP) duplex was efficiently quenched (Figures 3A-C). For ODN1(X = Ph) (Figure 

3B), the fluorescence intensity of AP in the ODN1(X = Ph)-ODN2(Y = AP) duplex slightly 

increased at 370 nm. Also, a hyperchromic shift in the fluorescence intensity of Ph base at 450 

nm was observed compared to the ODN1(X = Ph)-ODN2(Y = A) duplex and single-stranded 

ODN1(X = Ph), suggesting that AP was flipped-out, then a Forster resonance energy transfer 

(FRET) would occur between the flipping AP and Ph bases.[151] Similarly, regarding ODN1(X 

= An) (Figure 3C), a slight increase in the fluorescence of AP at 370 nm and a large 

hyperchromic shift in the fluorescence intensity of the An base at 530 nm were recorded using 

the ODN1(X = An)-ODN2(Y = AP) duplex.  

Figure 2. Calculation of the molar extinction coefficients at 260 nm (ε260) of Ph and An. The UV spectra 
and titration graphs of A) 4-Ph and B) 4-An. The DMSO solution (200 µM) of the nucleoside was titrated 
to H2O (325 µL). The molar extinction coefficients were calculated by the average of three individual 
titrations. 
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The thermal stability and base dependency of the Ph and An-containing duplex was next 

investigated by Tm measurements (Figures 3D, 3E, 4 and 5). Figures 3D and 3E show the Tm 

values of the ODN1(X = T, Ph or An)- ODN2(Y = dN) and ODN1(X = T, Ph or An)-ORN1(Y 

= rN) duplexes, respectively. The Tm values of the native ODN1(X = T)-ODN2(Y = dN) 

duplexes were in the range from 58.1 to 39.4 °C (ΔTm = Tm,max – Tm,min = 18.7 °C), while those 

of ODN1(X = Ph)-ODN2(Y = dN) and ODN1(X = An)-ODN2(Y = dN) were from 53.9 to 

50.7 °C (ΔTm = 3.2 °C) and from 58.3 to 49.6 °C (ΔTm = 8.7 °C), respectively. The large base 
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Figure 3. Investigation of base-flipping ability using a 2-aminopurine base and Tm measurement of Ph 
and An. A) Sequence of duplex. B) Fluorescence emission spectra for ODN1(X = Ph). C) Fluorescence 
emission spectra for ODN1(X = An). All measurements were carried out using the duplex or single 
strand (5.0 μM) in phosphate buffer (20 mM, pH 7.0) containing 100 mM NaCl at 25 °C. All spectra 
were excited at 310 nm. AP (ssODN2) indicates the single-stranded ODN2(Y = AP) D) Tm values of 
ODN1(X = dT, Ph or An)-ODN2(Y = dN) duplex. E) Tm values of ODN1(X = dT, Ph or An)-ORN1(Y = rN) 
duplex. The Tm values were measured using the duplex (4.0 μM) in phosphate buffer (20 mM, pH 7.0) 
containing NaCl (100 mM).  
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Figure 4. Tm measurement of Ph. UV-melting curves of ODN1(X = Ph)-ODN2 and ODN1(X = Ph)-ORN1 duplex. 
The Tm were measured using duplex (4.0 μM) in phosphate buffer (20 mM, pH 7.0) containing NaCl (100 mM). 

Figure 5. Tm measurement of An. UV-melting curves of ODN1(X = An)-ODN2 and ODN1(X = An)-ORN1 duplex. 
The Tm were measured using duplex (4.0 μM) in phosphate buffer (20 mM, pH 7.0) containing NaCl (100 mM). 
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Figure 6. HPLC analysis for photo-cross-linking reaction of the ODN1–ODN3 duplex. The photo 
reaction was carried out with ODN (5.0 μM) in phosphate buffer (20 mM, pH 7.0) containing NaCl 
(100 mM) by 365 nm UV lamp for 10 sec at 25 °C. (A) Scheme and sequences. (B) ODN1(X = Ph)–
ODN3(Z = Ph) duplex. (C) ODN1(X = An)–ODN3(Z = An) duplex. (D) ODN1(X = Ph)–ODN3(Z = An) 
duplex. (E) ODN1(X = An)–ODN3(Z = Ph) duplex. The dU was used as an internal standard. 
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dependence of Ph and An was not observed except for the unexpectedly high Tm value of 

ODN1(X = An)-ODN2(Y = dC), and their values were comparable to that of the T-G 

mismatched duplex (51.1 °C). These results suggest that the displacement of T by Ph or An 

maintains the duplex stability by a stacking interaction of the aromatic moiety inside the duplex 

and flips the complementary base into the unstacked position. Similarly, as for the DNA-RNA 

Figure 7. Tm measurement. UV-melting values of ODN1(X = Ph or An)-ODN3(X = Ph or An), ODN1(X = Ph)-ODN4(X 
= Ph) and ODN5(X = Ph)-ODN4(X = Ph) duplexes. The Tm were measured using duplex (4.0 μM) in Phosphate 
buffer (20 mM, pH 7.0) containing NaCl (100 mM). 

 

Figure 8. UV absorption measurement of Ph and An monomers. Absorbance measurement conditions:  
Diol (5 µL; 200 µM in DMSO) was added to H2O (325 µL). 
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duplex, the Tm values of ODN1(X = T)- ORN1(Y = rN) were in the range from 59.1 to 43.8 °C 

(ΔTm = 15.3 °C), while those of ODN1(X = Ph)-ORN1(Y = rN) and ODN1(X = An)-ORN1(Y 

= rN) were from 50.4 to 48.6 °C (ΔTm = 1.8 °C) and from 49.4 to 46.7 °C (ΔTm = 2.7 °C), 

respectively. No significant base dependence of Ph and An was observed for the DNA-RNA 

duplexes as well as for the DNA-DNA duplexes, and the values were higher than those of the 

T-C and T-U mismatched duplex (43.8 and 45.0 °C, respectively), indicating that the Ph and 

An bases worked as a flipping-out-induced base not only toward DNA but also RNA.  

Besides our previous attempt of alkyne―alkyne photo-cross-linking to realize a specific 

reaction by taking advantage of the flipping-out field,[91] in this study, we attempted 

alkene―alkene photo-cross-linking (Figure 6). We reciprocally arranged the Ph and/or An on 

ODN1-ODN3 duplex and expected that Ph and/or An would flip the complementary base out 

and create a specific field where the photocycloaddition reaction occurs between the alkene-

alkene, leading to the cross-linking of the duplex (Figure 6A). Before the photo-cross-linking 

reaction, we confirmed the thermal stability of the duplex for the photo-cross-linking (Figure 

7). Regarding the ODN1-ODN3 duplex, the Tm values of all combinations, i.e., Ph-Ph, An-An, 

Table 2. MALDI-TOF mass data of the cross-linked products: 
 

Entry aCalcd Assignment bFound 

ODN1(Ph)-ODN3(Ph) 6239.0 cross-link  6239.1 

ODN1(An)-ODN3(An) 6436.7 cross-link 6437.9 

ODN1(Ph)-ODN3(An) 6337.1 cross-link1 6338.7 

  cross-link2 6337.7 

ODN1(An)-ODN3(Ph) 6336.7 cross-link1 6336.7 

  cross-link2 6337.9 

  cross-link3 6337.7 

ODN1(Ph)-ODN4(Ph) 6199.0 cross-link1 6199.4 

  cross-link2 6199.4 

ODN5(Ph)-ODN4(Ph) 6172.0 cross-link1 6173.5 

  cross-link2 6173.9 

  cross-link3 6174.3 
 

                                             a [M-H]-, b All data were collected in negative mode. 
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Ph-An and An-Ph, were measured. The An-An and Ph-An combinations maintained relatively 

high Tm values (47.5 and 46.8 oC, respectively), while the Ph-Ph and An-Ph combinations 

reduced the Tm values to less than 40 oC (37.6 and 39.7 oC, respectively). A significant position 

dependency was observed when combined with the Tm values of the ODN1(X = Ph)-ODN4 

(50.1 oC) and ODN5-ODN4 (25.6 oC) duplexes. Since these duplexes were sufficiently stable 

at 25 oC, except for the ODN5-ODN4 duplex, the photo reaction temperature was determined 

to be 25 oC.  

Figure 9. Photo-cross-linking reaction. The reaction was carried out with ODN1(X = Ph or An) (1.0 µM) 
and ODN3(X = Ph or An) (1.0 µM) in phosphate buffer (20 mM, pH 7.0) containing NaCl (100 mM) under 
365 nm photoirradiation at 25 °C. (A) ODN1-ODN3 duplex sequence. (B) PAGE analysis. The 
electrophoresis was performed on a 20% denaturing polyacrylamide gel. The DNAs were stained by 
SYBR gold. 
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The alkene–alkene photo-cross-linking was carried out by 365 nm UV light irradiation. The 

wavelength was determined from the UV-Vis spectra of the Ph and An nucleosides (Figure 8). 

HPLC analysis before and after the photoirradiation revealed that the Ph-Ph combination was 

the most effective, and a 10-sec photoirradiation was sufficient to achieve an 83% crosslinked 

product (Figure 6B). The MALDI-TOF MS measurements (Table 2) and polyacrylamide gel 

electrophoresis (PAGE) analysis (Figure 9) clearly showed that the product was the cross-

linked one. In order to verify the structure of the Ph-Ph cross-linked product, the purified cross-

linked ODN1(X = Ph)-ODN3(Y = Ph) was enzymatically digested down to the individual 

nucleosides and cross-linked products present in the duplex. Subsequent HPLC and ESI-MS 

analyses of all the resulting products were performed (Figure 10). These analyses allowed the 

detection of two diastereomers corresponding to the Ph-Ph photocycloaddition product with the 

Figure 10. Enzymatic digestion and subsequent HPLC analysis of (A) ODN1(Ph)-ODN3(Ph) cross-linked duplex 
and (B) ODN1(A)-ODN2(T) duplex as a negative control. 
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complementary nucleotides (dG and dA). The reason why these bases could not be cleaved by 

the enzyme may be due to their abnormal configuration resulting from the flipping-out of the 

helix. Whereas photoirradiation of the An-An, Ph-An and An-Ph combinations produced 

crosslink products in lower yields, 37%, 24% and 35%, respectively (Figure 6C-E). Unlike our 

previously reported alkyne-alkyne photo-cross-linking reaction in which hetero combinations 

were favorable9, the Ph-Ph combination provided a high cross-linking yield within 10 sec. No 

significant change was observed in the degassing conditions by bubbling with argon gas, 

suggesting that the expected [2+2] photocycloaddition reaction proceeded. Additionally, the 

Ph-An and An-Ph combinations provided two or three cross-linked product peaks with the same 

Figure 11. Assumed structures of isomers formed upon photoirradiation. 

Figure 12. Investigation of the cross-linked product stability by PAGE analysis for HPLC-purified cross-
linked product of A. ODN1(X=Ph)-ODN3(Z=Ph), B. ODN1(X=An)-ODN3(Z=An). (lane1) untreated 
crosslink product, (lane2) after photoirradiation (365 nm) for 10 sec, (lane3) incubation for 60 min at 
37 °C and (lane4) incubation for 5 min at 90 °C. PAGE was carried out with cross-linked duplex (1.0 μM) 
in phosphate buffer (20 mM, pH 7.0) containing NaCl (100 mM). 

crosslink

ssDNA

A. untreated crosslink 
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MALDI-TOF MS value on the HPLC profile, suggesting that an isomerization occurred under 

the photo-irradiation conditions and the cross-linked isomers were produced (Figure 11). This 

isomerization is also supported by the enzymatic digestion of the Ph-Ph cross-linked product, 

which provided two diastereomeric peaks from one cross-linked product peak on the HPLC 

profile. 

To investigate the stability of the Ph-Ph cross-linked product, aliquots of the HPLC-purified 

cross-linked product were photo-irradiated for another 10 sec, incubated at 37 °C for 1 h, or 

incubated at 90 °C for 5 min. A PAGE analysis showed sufficient stability of the cross-linked 

product (Figure 12A), indicating that this photo-cross-linking reaction is irreversible. On the 

other hand, for the An-An cross-linked product, a slight reverse reaction occurred after 

irradiation for 10 sec and after incubation at 90 °C for 5 min compared to Ph-Ph cross-linked 

product (Figure 12B). This observation might be one of the reasons for the modest yield of the 

An base-containing cross-linked product. 

We investigated the possibility of an intermolecular [2+2] photocycloaddition reaction 

between the single-stranded ODNs (Figure 13). The Ph- or An-containing single-stranded 

ODNs, ODN1(X = Ph) and ODN1(X = An) were irradiated at 365 nm for 10 sec. For ODN1(X 

Figure 13. HPLC profiles of the Ph/An-containing single strand ODN1. ODN1(Ph) (A) or 
ODN1(An) (B) was photoirradiated by 365 nm UV light for 10 sec at 25 °C. The photoirradiation 
was carried out with ODN (5.0 μM) in phosphate buffer (20 mM, pH 7.0) containing NaCl (100 
mM). The dU was used as an internal standard. 
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= Ph), a new peak with the same MALDI-TOF MS value as ODN1(X = Ph) appeared in the 

HPLC profile, indicating that photocycloaddition did not occur and isomerization to the cis-

form took place instead (Figure 13A). PAGE analysis also showed no cross-linking reaction 

(Figure 14). For ODN1(X = An), the small peak with the mass number corresponding to the 

cis-isomer was observed on the HPLC profile before photo irradiation. After photo-irradiation, 

the HPLC and PAGE analyses showed no photocycloaddition (Figure 13B). Instead, a slight 

Figure 14. PAGE analysis for ssODN1(Ph) and ssODN1(An) before and after photoirradiation by 365 nm 
UV light at 25 °C. The photo irradiation was carried out with ODN (1.0 μM) in phosphate buffer (20 mM, 
pH 7.0) containing NaCl (100 mM). The electrophoresis was performed on a 16% denaturing 
polyacrylamide gel. The DNAs were stained by SYBR gold. 
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Figure 15. HPLC profiles of the An-containing single strand ODN1. ODN1(An) was photoirradiated by 
365 nm UV light for 0, 1, 5, and 10 sec at 0 °C. The photo irradiation was carried out with ODN (5.0 μM) 
in phosphate buffer (20 mM, pH 7.0) containing NaCl (100 mM). 
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decrease in the peak intensity of ODN1(An) was recorded, probably due to the side reactions 

of the anthracenyl moiety. We attempted photoirradiation of ODN1(X = An) at 0 °C to suppress 

these side reactions and increase the cis-isomer, but no improvement was observed (Figure 15). 

This decrease in ODN1(An) would be the other reason for the modest cross-link yields with the 

An base. Also, the absence of the intermolecular [2+2] photocycloaddition reaction clarified 

the importance of the alkene-alkene proximity within the duplex to achieve that high yield 

photo-cross-linked product. 

Figure 16. HPLC profiles of the Ph monomer before and after photoirradiation at the 
wavelength of 365 nm. (A) Scheme of the photoisomerization. (B and C) The HPLC profiles were 
recorded by UV detector at 355 nm (B) and 254 nm (C). The photoirradiation was carried out 
with 4-Ph (50 μM) in phosphate buffer (20 mM, pH 7.0) containing 10% DMSO. 
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We also investigated the photochemical properties of the Ph diol monomer (4-Ph) (Figure 16).  

Upon irradiation at 365 nm, a new peak appeared on the HPLC profiles recorded by the UV 

detector at 355 nm and 254 nm. Its ESI-MS value was the same as the starting material. The 1H 

Figure 17. HPLC profiles of the 4-An monomer before and after photoirradiation at wavelength 365 nm. 
(A) Scheme of the photoisomerization. (B and C) The HPLC profiles were recorded by UV detector at (B) 
370 nm and (C) 254 nm. The photo irradiation was carried out with 4-An (50 μM) in phosphate buffer 
(20 mM, pH 7.0) and 10% DMSO. (D) Analysis of the isolated cis-isomer. The HPLC profiles were recorded 
by UV detector at 370 nm (left) and 254 nm (right). 
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and 13C NMR measurements indicated that the peak was the cis-isomer and suggested that the 

isomerization rapidly occurred from the trans- to cis-isomer. By increasing the irradiation to 

10 sec, the [2+2] photocycloaddition product could not be observed under these reaction 

conditions due to the absence of the proximity effect. HPLC analysis of the An diol monomer 

(4-An) exhibited two peaks with the same ESI-MS number corresponding to the cis- and trans-

Figure 18. UV-vis spectra of (A) ODN1(Ph) – ODN3(Ph) duplex and (B) single strand ODN1(Ph) 
(C) Ph monomer before and after photoirradiation at 25 °C. For DNA, the solution conditions 
were 5.0 μM, 100 mM NaCl, 20 mM phosphate buffer (pH 7.0). For the monomer, the solution 
conditions were 10 μM, 20 mM phosphate buffer (pH 7.0) and 10% DMSO.   
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isomers (Figure 17). Upon irradiation at 365 nm for 1 sec, the cis-isomer peak increased, but 

further irradiation decreased both peaks. Subsequent HPLC analysis of the isolated cis-isomer 

afforded a mixture of both isomers, indicating low thermal stability of the cis-isomer. These 

Figure 19. HPLC analysis for (A) ODN1(Ph)-ODN4(Ph) and (B) ODN5(Ph)-ODN4(Ph) 
duplexes before and after photoirradiation at 365 nm by UV light for 10 sec at 25 °C. 
For the HPLC analysis, the photoirradiation was carried out with ODN (5.0 μM) in 
phosphate buffer (20 mM, pH 7.0) containing NaCl (100 mM). 

Figure 20. PAGE analysis of photo-cross-linking reaction. The reaction was carried out with (A) ODN1(Ph)-
ODN4(Ph) (1.0 µM) and (B) ODN5(Ph)-ODN4(Ph) (1.0 µM) in phosphate buffer (20 mM, pH 7.0) containing NaCl 
(100 mM) under 365 nm photoirradiation at 25 °C. The electrophoresis was performed on a 20% denaturing 
polyacrylamide gel. The DNAs were stained by SYBR gold. 
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results suggest that the An base has isomerization properties and instability under 

photoirradiation conditions.  

For further investigation of the Ph-Ph photo-cross-linking reaction of the ODN1(Ph)-

ODN3(Ph) duplex and Ph isomerization of the single-stranded ODN1 and monomer, we 

measured the UV-vis spectra before and after the photoirradiation (Figure 18). Before 

photoirradiation, the Ph bases exhibited a peak at around 370 nm for the π-π* transition of the 

trans isomer. Upon photoirradiation at 365 nm to the duplex for 10 sec, the peak of the Ph bases 

vanished without any peak shift of λmax, suggesting that the [2+2] photoirradiation reaction 

occurred between the two Ph bases (Figure 18A). In contrast, the photoirradiation of the single-

stranded ODN1 caused a peak decrease at 370 nm with a slight hypsochromic shift which refers 

to the photoisomerization of the cis-form (Figure 18B). Regarding the Ph-monomer, two peaks 

of the Ph trans-form appeared at 286 and 363 nm before the photoirradiation. The 

photoirradiation for 10 sec at 365 nm caused a decrease in the peak intensities with a 

hypsochromic shift, 286 to 277 nm and 363 to 354 nm, respectively, with a similar tendency as 

the single-stranded ODN1 (Figure 18C).  

To investigate the generality of the Ph-Ph photo-cross-linking, we prepared  ODN1(Ph)-

ODN4(Ph) and ODN5(Ph)-ODN4(Ph) with the Ph-Ph overlapping at a different position on the 

duplex (Figure 19). The photo reaction of the ODN1-ODN4 (Figure 19A) and ODN5-ODN4 

(Figure 19B) duplexes were analyzed by HPLC and PAGE analyses (Figure S20). Upon 

Figure 21. HPLC analysis for ODN5(Ph)-ODN4(Ph) duplex after photoirradiation (365 nm) for 60 sec at 
0 °C. The photoirradiation was carried out with ODNs (5.0 μM) in phosphate buffer (20 mM, pH 7.0) 
containing NaCl (100 mM). 
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irradiation of the duplexes with 365 nm UV light at 25 °C for 10 sec, the peaks related to ODN1, 

ODN4, and ODN5 decreased in the HPLC profile, and two or three new peaks appeared. The 

subsequent MALDI-TOF analysis of these peaks indicated the cross-linked products (Table 2). 

The multi-cross-linked products would be produced by isomerization, as shown in Figure 11. 

Furthermore, the interpretation that these new peaks correspond to the cross-linking products 

was supported by the PAGE analysis showing the expected low mobility bands corresponding 

to the cross-linked product (Figure 20). The photo-cross-linking yield of the ODN1-ODN4 was 

82%, almost the same as the yield of ODN1-ODN3 duplex (83%). In contrast, the ODN5-

ODN4 duplex provided a lower yield (69%) due to the relatively low thermal stability (Tm = 

25.6 °C). Therefore, photoirradiation was performed at 0 °C for 60 sec. The yield increased to 

76% as the low temperature contributed to the proper formation of the duplex (Figure 21). This 

result suggests that the photo-cross-linking can proceed even with duplexes with a low Tm value.  

The structural changes in the duplex were investigated by CD measurements before and after 

the photoirradiation for 10 sec using the native duplex and Ph-containing duplexes (Figure 22). 

Before the photoirradiation, the Ph-containing ODN1-ODN3, ODN1-ODN4, and ODN5-

Figure 22. CD spectra of Ph-containing duplexes before (blue line) and after 10 sec photoirradiation (red 
line). Conditions are as follows: [ODN] = 4.0 µM, [NaCl] = 100 mM, 20 mM phosphate buffer (pH 7.0), 
25 °C. 
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ODN4 duplexes showed the induced CD band in the region over 300 nm, suggesting that the 

Ph moiety is settled in the chiral environment of the duplex. After photoirradiation, the induced 

CD spectra disappeared due to the photocycloaddition. In addition, all the Ph-Ph combinations 

showed a CD similar to the native B-form duplex before the photoirradiation. After 

photoirradiation, no large differences were observed, indicating that the cross-linking reaction 

did not significantly change the duplex conformation.  

Conclusion 

In conclusion, we developed the base flip-inducing ODNs with the alkene-type Ph or An base, 

i.e., the 5-methylpyridone derivatives linked to aromatic compounds with an alkene linker at 

the C3 position. Both the Ph and An bases flipped the complementary base on the DNA and 

RNA and stabilized the flipped-out structure by the stacking interaction. In addition, a rapid 

photo-cross-linking was realized by taking advantage of the formed specific reaction field. 

Especially the Ph-Ph combination provided a cross-linked product in a high yield by only a 10-

sec photoirradiation. The highly efficient reaction enabled the forming of the cross-linked 

product even using the duplex with a low Tm value. This will be helpful in making short-strand 

cross-linkings. Recently, we reported that the anti-miRNA oligonucleotides (AMOs) 

containing the chemically cross-linked duplex at the terminal sequences and these AMOs 

showed a significantly high anti-miRNA activity.[95] Our alkene-alkene photo-cross-linking 

would be a new candidate to form cross-linked oligonucleotides in addition to our previous 

alkyne-alkyne photo-cross-linking. Further efforts are underway toward exploring the unique 

biological and nanomaterial functions of the flipped-out cross-linked nucleic acids.  

Experimental data 

General Materials and methods. The general chemicals were purchased from commercial 

suppliers (FUJIFILM Wako Pure Chemical, the Tokyo Chemical Industry, Kanto Chemical, 

Nacalai tesque or Aldrich) and used without further purification unless specifically mentioned. 

The target DNAs and RNAs were purchased from JBioS (Japan). The 1H NMR spectra (400 

MHz) were recorded by a Bruker AVANCE III 400 spectrometer. The 1H NMR spectra (600 

MHz) and 13C NMR spectra (150 MHz) were recorded by a Bruker AVANCE III 600 

spectrometer. The high-resolution electrospray mass analysis was performed by a Bruker 

MicrOTOFQ II. The HPLC purification was performed by a JASCO HPLC System (PU-4180, 

UV-4075, and CO-2067Plus). The MALDI-TOF MS measurements were performed by a 
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Bruker Autoflex speed instrument utilizing a 3-hydroxypicolinic acid/diammonium hydrogen 

citrate matrix. 

General procedure for Heck coupling. A mixture of palladium acetate (7.4 mg, 0.033 

mmol), triphenyl phosphine polymer-bound (22 mg, 0.066 mmol), and potassium carbonate 

(54.6 mg, 0.396 mmol) were added to a solution of 1, previously reported,[91] (100 mg, 0.165 

mmol) in anhydrous N,N-dimethylformamide (1.65 mL) under an argon atmosphere at room 

temperature and stirred for 30 min. An olefin (0.25 mmol) was then added to the reaction 

mixture, and the mixture was heated at 90 °C on an oil bath for 4 h. The produced suspension 

was cooled to room temperature, diluted with ethyl acetate, and filtered through Celite with 

ethyl acetate. The filtrate was evaporated under reduced pressure, and the residue was purified 

by flash column chromatography on silica gel (Kanto Chemical 60N) using hexane/ethyl 

acetate (1/3→2/3) to obtain the pure product.  

Compound 2-Ph. Following the general method, the reaction of styrene (28 µL, 0.25 mmol) 

with 1 afforded 2-Ph (60.3 mg, 58%) as a yellow foam. 

 1H NMR (600 MHz, CDCl3): δ 7.66 (m, 1H), 7.52 (d, J = 7.2 Hz, 2H), 7.49 (d, J = 16.2 Hz, 

1H), 7.43 (dd, J = 7.8, 1.2 Hz, 2H), 7.41 (d, J = 2.4 Hz, 1H), 7.34-7.30 (m, 6H), 7.28 (t, J = 7.8 

Hz, 2H), 7.23 (m, 3H), 6.83 (dd, J = 9.0, 1.8 Hz, 4H), 6.61 (t, J = 6.0 Hz, 1H), 4.52 (dt, J = 6.0, 

4.2 Hz 1H), 4.15 (q, J = 3.6 Hz, 1H), 3.78 (s, 6H), 3.52 (dd, J = 10.8, 3.6 Hz, 1H), 3.39 (dd, J 

= 10.8, 3.6 Hz, 1H), 2.70 (ddd, J = 13.8, 6.0, 4.2 Hz,   1H), 2.52 (s, 1H), 2.27 (dt, J = 13.8, 6.0 

Hz, 1H) , 1.84 (s, 3H). 13C{1H} NMR (150 MHz, CDCl3): δ 160.3, 158.8, 144.7, 137.9, 137.9, 

135.8, 135.8, 130.9, 130.2, 128.7, 128.7, 128.3, 128.1, 127.7, 127.3, 127.1, 126.8, 123.8, 115.3, 

113.4, 86.9, 86.2, 72.3, 63.5, 55.4, 42.4, 17.5. HRMS (ESI): m/z calcd for C40H39NO6Na+ 

[M+Na]+, 652.2670; found, 652.2682.  

Compound 2-An. Following the general method, the reaction of 9-vinylanthracene (50.5 mg, 

0.25 mmol) with 1 afforded 2-An (46 mg, 38%) as a yellow foam. 
1H NMR (600 MHz, CDCl3): δ 8.54 (d, J = 16.2 Hz, 1H), 8.41 (dd, J = 7.2, 1.2 Hz, 2H), 8.38 

(s, 1H), 8.00-7.98 (m, 2H), 7.76 (d, J = 1.2 Hz, 1H), 7.46-7.42 (m, 7H), 7.33 (d, J = 9.0 Hz, 

2H), 7.32 (d, J = 9.0 Hz, 2H), 7.28 (t, J = 7.2 Hz, 2H), 7.23 (t, J = 7.2 Hz, 1H), 6.98 (d, J = 16.2 

Hz, 1H), 6.83 (d, J = 9.0 Hz, 2H), 6.82 (d, J = 9.0 Hz, 2H), 6.71 (t, J = 6.0 Hz, 1H), 4.54 (m, 

1H), 4.17 (q, J = 3.6 Hz, 1H), 3.78 (s, 6H), 3.55 (dd, J = 10.8, 3.6 Hz, 1H), 3.39 (dd, J = 10.8, 

3.6 Hz, 1H), 2.76 (ddd, J = 13.8, 6.0, 4.2 Hz, 1H), 2.46 (d, J = 3.6 Hz, 1H), 2.35 (dt, J = 13.8, 

6.0 Hz, 1H), 1.88 (s, 3H). 13C{1H}NMR (150 MHz, CDCl3): δ 160.4, 158.8, 144.7, 139.4, 135.8, 

135.8, 133.7, 133.0, 131.7, 130.3, 129.7, 129.0, 128.7, 128.3, 128.3, 128.1, 127.2, 127.0, 126.4, 
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125.5, 125.3, 115.3, 113.4, 113.4, 86.9, 86.2, 86.1, 72.4, 63.5, 55.4, 42.4, 17.5. HRMS (ESI): 

m/z calcd for C48H43NO6Na+ [M+Na]+, 752.2988; found, 752.2982.  

General procedure for phosphitylation reaction. Compound 2 was co-evaporated with 

anhydrous acetonitrile (3 mL x 3) and dissolved in anhydrous dichloromethane. Then, N,N-

diisopropylethylamine and 2-cyanoethyldiisopropylchlorophosphoroamidite were added to the 

solution under an argon atmosphere and stirred at room temperature. After 1 h, the reaction was 

quenched by adding methanol (50 µL) to the reaction mixture. The reaction mixture was diluted 

with a saturated aqueous sodium hydrogen carbonate solution (15 mL) and extracted with ethyl 

acetate (15 mL). The organic layer was washed with brine (15 mL), dried over anhydrous 

sodium sulfate, and the solvent was evaporated under reduced pressure. The residue was 

purified by silica gel column chromatography. 

Compound 3-Ph. Following the general procedure, a solution of 2-Ph (25 mg, 0.040 mmol) 

in a dichloromethane solution (2.3 mL) was allowed to react with N, N-diisopropylethylamine 

(190 µL, 1.1 mmol) and 2-cyanoethyldiisopropylchlorophosphoroamidite (100 µL, 0.45 mmol). 

The residue was purified by silica gel column chromatography (Kanto Chemical 60N) using 

hexane/ethyl acetate (3/1) to provide 3-Ph (94.2 mg, 63%) as a yellow foam.  
31P NMR (162 MHz, CDCl3): δ 149.1, 148.3. HRMS (ESI): m/z calcd for C49H56N3O7PNa+ 

[M+Na]+, 852.3754; found, 852.3788. 

Compound 3-An. Following the general procedure, A solution of 2-An (110 mg, 0.15 mmol) 

in dichloromethane solution (1.9 mL) was allowed to react with N,N-diisopropylethylamine 

(157 µL, 0.90 mmol), and 2-cyanoethyldiisopropylchlorophosphoroamidite (84 µL, 0.38 

mmol). The residue was purified by silica gel column chromatography (Kanto Chemical 60N) 

using hexane/ethyl acetate = 1/1) to provide 3-An (139 mg, 99%) as a yellow foam. 
31P NMR (162 MHz, CDCl3): δ 149.0, 148.3. HRMS (ESI): m/z calcd for C57H60N3O7PNa+ 

[M+Na]+, 952.4067; found, 952.4088. 

General procedure for diol formation. Trifluoroacetic acid was added to an anhydrous 

dichloromethane solution of 2-Ph or 2-An at 0 °C under an argon atmosphere, and the mixture 

was stirred. The reaction mixture was quenched by a saturated aqueous sodium hydrogen 

carbonate solution (1 mL) and diluted with dichloromethane (15 mL). The mixture was washed 

with saturated aqueous sodium hydrogen carbonate (15 mL x 2), dried over anhydrous sodium 

sulfate, and the solvent was evaporated under reduced pressure. The residue was purified by 

silica gel column chromatography. 
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Compound 4-Ph. Following the general procedure, trifluoroacetic acid (7.5 µL, 0.098 mmol) 

was added to a solution of 2-Ph (31 mg, 0.049 mmol) in anhydrous dichloromethane (817 µL), 

and the mixture was stirred for 1 h. The residue was purified by silica gel chromatography 

(Kanto Chemical 60N) using ethyl acetate to afford 4-Ph (8.0 mg, 50%) as a white solid. 
1H NMR (400 MHz, CDCl3): δ 7.88 (m, 1H), 7.69 (d, J = 2.4 Hz, 1H), 7.52 (d, J = 7.6 Hz, 

2H), 7.45 (d, J = 16.4 Hz, 1H), 7.34 (t, J = 7.6 Hz, 2H), 7.27 (d, J = 16.4 Hz, 1H), 7.24 (t, J = 

7.6 Hz, 1H), 6.52 (t, J = 6.4 Hz, 1H), 4.39 (dt, J = 6.4, 4.0 Hz 1H), 4.01 (q, J = 3.6 Hz, 1H), 

3.86 (dd, J = 12.0, 3.6 Hz, 1H), 3.77 (dd, J = 12.0, 4.0 Hz, 1H), 2.51 (ddd, J = 13.6, 6.4, 4.0 Hz, 

1H), 2.18 (s, 3H), 2.10 (dt, J = 13.6, 6.4 Hz, 1H). 13C{1H} NMR (150 MHz, CDCl3): δ 159.9, 

137.3, 137.0, 130.0, 128,6, 127.7, 126.8, 126.1, 125.6, 121.9, 115.7, 87.1, 85.4, 69.8, 60.6, 40.7, 

15.5. HRMS (ESI): m/z calcd for C19H22NO4+ [M+H]+, 328.1551; found, 328.1552. 

Compound 4-An. Following the general procedure, trifluoroacetic acid (3.5 µL, 0.046 mmol) 

was added to a solution of 2-An (16.6 mg, 0.023 mmol) in anhydrous dichloromethane (500 

µL), and the mixture was stirred for 30 min. The residue was purified by silica gel 

chromatography (Kanto Chemical 60N) using hexane/ethyl acetate (1/2) to afford 4-An (5.1 

mg, 53%) as a white solid. 

1H NMR (600 MHz, MeOD-d4): δ 8.43 (s, 1H), 8.40 (d, J = 16.8 Hz, 1H), 8.39-8.36 (m, 2H), 

8.03 (dd, J = 6.0, 3.0 Hz, 2H), 7.97 (d, J =1.2 Hz, 1H), 7.83 (d, J = 1.8 Hz, 1H), 7.48-7.46 (m, 

4H), 6.99 (d, J = 16.8 Hz, 1H), 6.58 (t, J = 6.0 Hz, 1H), 4.43 (dt, J = 6.0, 4.2 Hz, 1H) , 4.03 (q, 

J = 3.6 Hz, 1H), 3.89 (dd, J = 12.0, 3.6 Hz, 1H), 3.80 (dd, J = 12.0, 3.6 Hz, 1H), 2.56 (ddd, J = 

13.2, 6.0, 4.2 Hz, 1H), 2.24 (s, 3H), 2.19 (dt, J = 13.2, 6.0 Hz, 1H) . 13C{1H} NMR (150 MHz, 

MeOD-d4): δ 161.9, 140.6, 134.2, 133.4, 133.1, 131.1, 130.9, 129.8, 128.8, 127.8, 127.6, 127.3, 

126.6, 126.2, 117.8, 89.1, 87.5, 71.7, 62.6, 42.8, 17.5. HRMS (ESI): m/z calcd for C27H26NO4+ 

[M+H]+, 428.1864; found, 428.1859. 

Preparation of DNA oligonucleotides. The DNA oligonucleotides were synthesized 

according to standard protocols (1.0 μmol scale) utilizing an Applied Biosystems model 392 

DNA/RNA synthesizer. Deprotection and cleavage from the CPG support were carried out 

under ultra-mild conditions with a 28% ammonia solution at room temperature for 4 h. Next, 

the DMTr-ON oligonucleotides were purified by HPLC. The HPLC purification conditions 

were as follows: C-18 column (Nacalai tesque: COSMOSIL 5C18-MS-II, 4.6ID x 250 mm) by 

a linear gradient of 10-40%/20 min acetonitrile in TEAA buffer (0.1 M) at the flow rate of 4 

mL/min and 35 °C. Peaks were monitored by a UV detector (λ = 254 nm). Subsequently, the 

DMTr group was deprotected by 10% acetic acid at room temperature for 1 h. The 
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oligonucleotides were then purified by HPLC using the same conditions as mentioned above. 

The concentration of the ODNs was calculated by UV absorption at 260 nm.  

Fluorescence measurement with 2-aminopurine-containing ODN. A mixture (50 μL) of 

the duplex (5.0 μM) in phosphate buffer (20 mM, pH 7.0) containing NaCl (100 mM) was 

transferred to a quartz cell with a 3-mm path length. The emission spectra were obtained with 

an excitation wavelength at 310 nm at 25 °C. The fluorescence measurement was performed by 

an FP-6500 (JASCO Corporation) equipped with a temperature controller.  

Melting temperature (Tm) measurement. A mixture (100 μL) of the duplex (4.0 μM) in 

phosphate buffer (20 mM, pH 7.0) containing NaCl (100 mM) was transferred to a micro quartz 

cell with a 1-cm path length. The melting temperature was then measured under UV irradiation 

at 260 nm from 20 to 80 °C at the rate of 0.5 °C/min. The measurements were carried out three 

times per each sample and averaged for obtaining the final value. The melting temperature 

measurement was performed by a V-730 (JASCO Corporation) equipped with a temperature 

controller. 

Photo-cross-linking reaction (HPLC analysis). A mixture (100 μL) of the duplex (5.0 μM) 

and dU (12.5 μM) as an internal standard in phosphate buffer (20 mM, pH 7.0) containing NaCl 

(100 mM) in a PCR tube (BIO-BIK) was exposed to 365 nm light (LED365–SPT/L stand lamp, 

38 mW/cm2) at room temperature. The distance between the lamp and sample was 50 mm. 

After 10 sec, the reaction mixture was analyzed by HPLC. HPLC analysis conditions were as 

follows: C-18 packed column (COSMOSIL 5C18-MS-Ⅱ, 4.6ID×250 mm) by a linear gradient 

of 10%-40%/20 min and 40%-100%/25 min acetonitrile in TEAA buffer (0.1 M) at the flow 

rate of 1mL/min and 35 °C. The peaks were monitored by a UV detector (= 254 nm).  

Enzymatic digestion of photo-cross-linked product and HPLC analysis. A solution of the 

cross-linked product (17.0 μL, 500 pmol), prepared as already described, was mixed with the 

10X nucleoside digestion mix reaction buffer (2.0 μL) and nucleoside digestion mix (New 

England Biolabs, 1.0 μL). The reaction mixture was incubated at 37 °C for 1 h. The sample was 

analyzed by HPLC. The HPLC analysis conditions were as follows: C-18 packed column 

(COSMOSIL 5C18-MS-Ⅱ, 4.6ID×250 mm) by a linear gradient of 0%-40%/20 min and 40%-

100%/25 min acetonitrile in ammonium formate buffer (50 mM) at the flow rate of 1mL/min 

and 35 °C. The peaks were monitored by a UV detector (= 254 nm). The two new peaks on a 

HPLC profile were separated, lyophilized, and analyzed by ESI-MS. HRMS (ESI): m/z calcd 

for C58H64N12O19P22- [M-2H]-2, 647.1948; found, 647.1984 (peak X) and 647.1993 (peak Y). 
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Photo-cross-linking reaction (PAGE analysis). Aliquots (5.0 μL) of the duplex (1.0 μM) in 

phosphate buffer (20 mM) containing NaCl (100 mM) in a PCR tube (BIO-BIK) were exposed 

to 365-nm light (LED365–SPT/L stand lamp, 38 mW/cm2) at room temperature. The distance 

between the lamp and sample was 50 mm. These aliquots were then quenched by the addition 

of a loading buffer (5 µL, 95% formamide, 50 mM EDTA pH 8.0). PAGE was performed by a 

20% polyacrylamide gel electrophoresis with 1X TBE and 7.5 M urea at 300 V for 40 min. The 

gel was stained by SYBR gold, and the ODNs were visualized with FLA-5100 (Fujifilm Co., 

Tokyo, Japan).  

Photoisomerization of compound 4-Ph (HPLC analysis). A 10% DMSO solution (100 μL) 

of Ph (1 mM) in phosphate buffer (20 mM, pH 7.0) in a PCR tube (BIO-BIK) was exposed to 

365-nm UV light for 10 sec at 25 °C. The distance between the lamp and sample was 50 mm. 

The reaction mixture was analyzed by HPLC, and the cis-form was separated and lyophilized 

overnight. The HPLC analysis conditions were as follows: C-18 packed column (COSMOSIL 

5C18-MS-Ⅱ, 4.6ID×250 mm) by a linear gradient of 10%-100%/20 min and 100%/25 min 

acetonitrile in TEAA buffer (0.1 M) for analysis and ammonium formate buffer (50 mM) for 

purification of 4-Ph (cis-isomer) at the flow rate of 1mL/min and 35 °C. The peaks were 

monitored by a UV detector (= 254 and 355 nm). 

1H NMR (600 MHz, DMSO-d6): δ 7.68 (s, 1H), 7.29 (m, 4H), 7.23-7.21 (m, 1H), 7.11 (s, 1H), 

6.62 (d, J = 12.6 Hz, 1H), 6.46 (d, J = 12.6 Hz, 1H), 6.39 (t, J = 6.6 Hz, 1H), 5.26 (s, 1H), 5.05 

(s, 1H), 4.25-4.24 (m, 1H), 3.84-3.83 (m, 1H), 3.65-3.62 (m, 1H), 3.60-3.57 (m, 1H), 2.30-2.21 

(m, 1H), 2.01-1.95 (m, 1H), 1.84 (s, 3H). 13C{1H} NMR (150 MHz, DMSO-d6): δ 160.0, 140.1, 

137.1, 130.9, 130.5, 128.9, 128.7, 127.8, 126.4, 125.6, 113.6, 88.1, 85.1, 70.7, 70.3, 61.6, 41.4, 

17.4. HRMS (ESI): m/z calcd for C19H21NO4Na+ [M+Na]+, 350.1369; found, 350.1357. 

Stability checking for cross-linked products (PAGE analysis). Aliquots (5 µL) of the 

cross-linked product (1.0 μM) in phosphate buffer (20 mM) containing NaCl (100 mM) in a 

PCR tube (BIO-BIK) were exposed to our standard irradiation conditions for 10 sec, incubated 

at 37 °C for 60 mins, or incubated at 90 °C for 5 mins. These aliquots were then quenched by 

the addition of loading buffer (5 µL, 95% formamide, 50 mM EDTA pH 8.0). PAGE was 

performed by a 20% polyacrylamide gel electrophoresis with 1X TBE and 7.5 M urea at 300 V 

for 40 min. The gel was stained by SYBR gold, and the ODNs were visualized with FLA-5100 

(Fujifilm Co., Tokyo, Japan).  
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CD measurements. A mixture (100 μL) of the duplex (4.0 μM) in phosphate buffer (20 mM, 

pH 7.0) containing NaCl (100 mM) was transferred to a micro quartz cell with a 1-cm path 

length. The CD spectra were measured at 25 °C by a J-720WI (JASCO Corporation) equipped 
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Chapter 5 

Conclusion and future prospective  
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Oligonucleotides (ONs) have numerous utilities ranging from research to diagnostic 

applications and, recently therapeutics. The chemical modification of ONs or tethering reactive 

moieties into ONs can significantly expand their tasks and applications. The kind of 

modification depends on the purpose for which ONs will be used. ONs are short single-stranded 

DNA or RNA sequence which can recognize their target nucleic acid in a sequence-selective 

manner. In addition, some ONs with specific sequences can form secondary structures. Such 

structures can recognize by proteins.   Hence, modifying ONs with reactive functional moieties 

can accelerate proximity-dependent chemical reactions near the reactive moiety upon binding 

with their targets. In this thesis, using chemically modified ONs, I developed a protein 

proximity labeling approach to interrogate nucleic acid-protein interactions. I also efficiently 

impeded the miR function using an anti-miR flanked by interstrand crosslinked duplex 

structures. 

In my research, I developed …. 

 In chapter 3, I developed a highly efficient AVP-mediated 2’-OMe-RNA interstrand cross-

linked (CL) anti-miRNA ONs (AMOs). It has been reported that miRNAs are overexpressed in 

many diseases, such as cancer. Chemically modified AMOs can interfere with these disease-

relevant miRNAs and block them from binding to their mRNA targets. Komatsu’s group 

reported that cross-linked duplexes flanking the single-stranded AMO inhibited the miRNA 

function more efficiently than AMOs with normal single or double strands. Here, I designed 

and synthesized AMOs flanked by native-like and less-distorted structures of interstrand cross-

linked duplexes using the ONs containing 2-amino-6-vinylpurine (AVP). I expected the 

crosslinking to prevent the duplex structure from dissociation inside the cell. Also, the 

incorporation of the crosslinked duplexes was expected to facilitate the recognition of AMO by 

AGO proteins and increase the KON rate by pre-organizing the AMO conformation.  As 

expected, using a dual luciferase system in cultured cells, these AMOs inhibited the miRNA 

function at a low nM concentration. Such inhibitory activity of CL AMOs was significantly 

higher than the inhibitory activity of the commercially available LNA-containing single-

stranded AMO, indicating the importance of the cross-linked duplex structures. The structure-

activity relationship study for the crosslinked duplex will be conducted to better understand its 

role.     

 In chapter 4, I designed and synthesized the artificial ON to induce the base flipping and 

accelerate the interstrand photo-cross-linking within the DNA duplex. The ONs containing 

properly designed artificial nucleic acids can induce base flipping and create specific fields for 
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various chemical reactions. Previously, our group found that the alkyne−alkyne photo-cross-

linking rapidly proceeded by the use of the base-flipping-out field where two alkynes overlap 

each other. In this study, I designed the alkene-type analog having a 5-methyl pyridone 

derivative linked to Ph or An groups with an alkene linker at the C3 position. The specific field 

created by the designed alkene analogs accelerated the [2+2] photocycloaddition reaction in 

duplex DNA. The Ph-Ph combination provided a high yield, where 10 sec was enough to 

achieve more than 80% cross-link yield calculated from HPLC analysis.  
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Chapter 3 

NMR-spectra 

Compound 2  
1H NMR (400 MHz, CDCl3) 
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Current Data Parameters
NAME      AMA-5 product
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20200305
Time              13.12 h
INSTRUM           spect
PROBHD   Z820201_0196 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS                    2
SWH            8223.685 Hz
FIDRES         0.250967 Hz
AQ            3.9845889 sec
RG               206.46
DW               60.800 usec
DE                 6.50 usec
TE                292.8 K
D1           1.00000000 sec
TD0                   1
SFO1        400.1324710 MHz
NUC1                 1H
P0                 2.67 usec
P1                 8.00 usec
PLW1        12.19999981 W

F2 - Processing parameters
SI                65536
SF          400.1300086 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00



 

 
 

 

 

82 

Compound 3  
1H NMR (400 MHz, CDCl3) 
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NAME     AMA-7 mix after column
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20200312
Time              10.05 h
INSTRUM           spect
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TD                65536
SOLVENT           CDCl3
NS                   16
DS                    2
SWH            8223.685 Hz
FIDRES         0.250967 Hz
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RG                90.81
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P1                 8.00 usec
PLW1        12.19999981 W

F2 - Processing parameters
SI                65536
SF          400.1300080 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00
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Compound 3  
31P NMR (162 MHz, CDCl3) 
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PLW2        12.19999981 W
PLW12        0.09372581 W
PLW13        0.04697538 W

F2 - Processing parameters
SI                32768
SF          161.9755930 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40
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MALDI-TOF MS data 
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AMO1 (1-CL) 
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AMO2 (2-CL) 
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Chapter 4 

NMR-spectra 

Compound 1  
1H NMR (600 MHz, CDCl3)  
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Compound 1  
13C{1H} NMR (150 MHz, CDCl3) 
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Compound 2-Ph  
1H NMR (600 MHz, CDCl3) 
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Compound 2-Ph 

13C{1H} NMR (150 MHz, CDCl3) 
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Compound 2-An 
1H NMR (600 MHz, CDCl3) 
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Compound 2-An 
13C{1H} NMR (150 MHz, CDCl3) 
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Compound 3-Ph 
31P NMR (162 MHz, CDCl3) 
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Compound 3-An 
31P NMR (162 MHz, CDCl3) 
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Compound 4-Ph (trans-isomer) 
1H NMR (400 MHz, MeOD-d4) 
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Compound 4-Ph (trans-isomer)  

13C{1H} NMR (150 MHz, MeOD-d4) 
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Compound 4-Ph (cis-isomer) 
1H NMR (600 MHz, DMSO-d6)   
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Compound 4-Ph (cis-isomer) 
13C{1H} NMR (150 MHz, DMSO-d6) 
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Compound 4-An 
1H NMR (600 MHz, MeOD-d4) 
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Compound 4-An  

13C{1H} NMR (150 MHz, MeOD-d4) 
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MALDI-TOF MS data 
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ODN4(Ph) 
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ODN1(Ph)-ODN3(Ph) 
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ODN1(Ph)-ODN3(An) 

Crosslink1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crosslink2 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 
 

 

 

106 

ODN1(An)-ODN3(Ph) 

Crosslink1 
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Crosslink3 

 

 

 

 

 

 

 

 

 

 

 

 

 
ODN1(Ph)-ODN4(Ph) 

Crosslink1 
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Crosslink2 

 

 

 

 

 

 

 

 

 

 

 

 

 

ODN5(Ph)-ODN4(Ph) 

Crosslink1 
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Crosslink2 
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