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Abstract

In this dissertation, I investigated the engineering of novel photochemical
strategies for the sequence-specific recognition and manipulation of double-stranded
DNA. Accessing genetic information within the stable DNA double helix remains a
primary challenge in molecular biology due to the significant thermodynamic and kinetic
barriers presented by Watson-Crick base pairing. While existing technologies like PNA
and LNA can invade the duplex, they often require prolonged incubation times, elevated
temperatures, or complex designs to achieve high efficiency.

The research centers on the application of 3-cyanovinylcarbazole nucleoside,
CNVK, an ultra-fast photo-cross-linker capable of forming a covalent bond with a
complementary pyrimidine base within one second of UV irradiation at 366 nm. First,
focusing on Photo-induced Double Duplex Invasion (pDDI), a pair of invasion probes
containing both “NVK and 5-cyanouridine (“U) was utilized as the photo-cross-linker and
photo-cross-linking inhibitor. The result showed successful invasion of the probes.
However, with the unexpected discovery of the invasion difference between the paired
Forward and Reverse probe, we speculate the possibility of achieving Photo-induced
Duplex Invasion (pDI) with a single invasion probe. With a systematic analysis via Job’s
plots , we confirmed the invasion independence of the paired invasion probes. This
discovery led to the development of Photo-induced Duplex Invasion (pDI). And the result
showed that pDI achieved superior invasion efficiencies, exceeding 90% in just 60
seconds of photo-irradiation.

Finally, we further applied the photochemical principles to dynamic DNA
nanotechnology by constructing a Photo-induced DNA Memory Gate. Driven by toehold-
mediated strand displacement (TMSD), this device utilizes the rapid cross-linking of
CNVK to lock the gate into specific "Written" or "Blocked" states based on the order of
data inputs. By converting reversible equilibrium reactions into irreversible kinetic traps,
this motif overcomes the inherent instability of traditional DNA logic circuits.

Overall, this work establishes “NVK -mediated photo-cross-linking as a versatile
kinetic driver for DNA manipulation. These findings lay the groundwork for a new class
of photo-antigene therapeutics and stateful molecular robotics capable of recording
complex biological events with high spatiotemporal precision.

Keywords: 3-cyanovinylcarbazole nucleoside, photo-cross-linker, double-duplex
invasion, duplex-invasion, DNA logic circuit, DNA computing
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Chapter 1 General Introduction

1.1 Deoxyribonucleic Acid (DNA)

Deoxyribonucleic Acid (DNA) serves as the fundamental repository of genetic
information for all life organisms. Its sequence encodes the instructions required for the
development, function, growth, and reproduction of all cellular life. The central dogma
of molecular biology describes the directional flow of this genetic information: DNA is
transcribed into Ribonucleic Acid (RNA), which is subsequently translated into
proteins—the functional effectors of cellular life. Mutations, abnormal expression or
dysregulation of these sequences of genomic DNA can lead to genetic disorders and
serious diseases. Therefor the ability of sequence-specific recognition and access of
genomic sequences within the double-stranded DNA is a crucial cornerstone of genetic
manipulations and molecular engineering. Strategies such as antisense technology 1],
RNA interference (RNAI) 619 and more recently, genome editing tools, have all been
developed to intervene in this flow of information.

DNA naturally forms right-handed double-helix structure in the life organisms. It
is consists of two strands of nucleotides linked by a sugar-phosphate backbone. Each
nucleotide is composed of a deoxyribose sugar residue, a phosphoryl group, and one of
four bases: Adenine (A), Thymine (T), Guanine (G), or Cytosine (C). Following the
Watson-Crick base pairing rules, Adenine (A) pairs with Thymine (T) via two hydrogen
bonds, and Guanine (G) pairs with Cytosine (C) via three hydrogen bonds, creating a
thermodynamically stable duplex. This stability is further reinforced by base-stacking
interactions between adjacent hydrophobic nucleobases and the screening of phosphate
charges by metal ions in the physiological environment.

While this stability is essential for preserving genetic fidelity, it presents a
formidable barrier for external agents attempting to access the sequence information

within the helix. Unlike single-stranded RNA, which is often accessible for
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hybridization, the bases in double-stranded DNA (dsDNA) are sterically occluded and
energetically protected. Therefore, any strategy designed to target and manipulate
double-stranded DNA must overcome this significant thermodynamic and kinetic

barrier.

© Hydrogen
© Oxygen

@ Nitrogen

© Carbon

© Phosphorus

Minor groove

Major groove

Pyrimidines Purines

https://commons.wikimedia.org
Image author: Zephyris

Figure 1. The structure of DNA helix.

1.2 Strategies for Sequence-Specific Recognition of

Double-Stranded DNA

Recognition technologies for specific sequences within the dsSDNA helix has
evolved from the utilization of naturally occurring proteins to sophisticated synthetic

analogues.
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1.2.1 Protein-Based Recognition

A wide spectrum of protein-based genetic manipulation strategies a under active
development, DNA-binding proteins like Zinc Finger Nucleases (ZFNs) 1171,
Transcription Activator-Like Effector Nucleases (TALENs) 1118191 Cag9 [20-25] along
with other DNA-recognizing small molecules are investigated 1319,

Zinc Finger Nucleases (ZFNs) [1I17] is one of the first-generation gene-editing
tools. ZFNs use zinc-coordinated modules to recognize DNA. Each zinc finger module
recognizes a specific 3-base pair triplet. By fusing these domains to the FokI cleavage
domain, researchers created ZFNs capable of targeted gene correction. However, the
zinc fingers are significantly influenced by its neighboring fingers, making the
engineering difficult and prone to failure.

Transcription Activator-Like Effector Nucleases (TALENs) [!118:19] represented a
significant leap forward, offering a modular recognition code where specific amino acid
repeats correspond one-to-one with DNA bases, in which one TALE repeat recognizes
exactly one DNA base. This modularity simplified the design process compared to
ZFNs. However, the major drawback of TALENS is their size. A typical TALEN pair
requires a large coding sequence. It complicates its delivery into cells and packaging
into viral vectors.

The discovery of Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) revolutionized the field [2°-2°], By utilizing a guide RNA (gRNA) to direct the
Cas9 nuclease, CRISPR bypasses the need for complex protein engineering. However,
despite its widespread adoption, its target range is restricted by the requirement for a
Protospacer Adjacent Motif (PAM) sequence. And its tolerance for mismatches between
the guide RNA and the target genomic DNA leads to a higher frequency of off-target

mutations [23],
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Figure 2. Zinc Finger Nucleases (ZFNs), Transcription Activator-Like Effector Nucleases
(TALENSs), and CRISPR/Cas9

1.2.2 Oligonucleotide-Based Recognition

While protein-based tools are effective, they are large, structurally complex, and
susceptible to enzymatic degradation. Consequently, their practical application is often
constrained by environmental factors such as pH, temperature, and delivery barriers.
Chemical approaches, utilizing small molecules or modified oligonucleotides, offer an
alternative for these protein-based dsDNA recognition strategies.

The concept of DNA recognition by oligonucleotides dates back to 1957, when
Felsenfeld et al. reported the formation of a triple-stranded structure in poly-A and poly-

(261, Triplex forming oligonucleotides (TFOs) bind to the major

U oligonucleotides
groove of the double helix via Hoogsteen or reverse-Hoogsteen hydrogen bonds [27-2%1,

This allows for recognition without disrupting the underlying Watson-Crick base pairs
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391, However, the binding mechanism restricts the targets to polypurine/polypyrimidine
sequences. Furthermore, TFOs has a strict requirement of acidic pH conditions for
protonation of cytosines to form the C+:G-C triplet. These specific requirements limit
the general applications of TFOs for genomic targeting %331, Dervan et.al developed
pyrrole-imidazole polyamides that could recognize the minor groove of double-stranded
DNA 2331 These molecules can distinguish between G-C and A-T base pairs based on
their specific hydrogen bonding patterns. While being highly specific, recognition of

long, unique genomic sequences still remain a challenge.

Anti-parallel direction i
Front. Pharmacol. 2022, 13, 1007723

Figure 3. Triplex forming oligonucleotides (TFOs)

In 1991, Nielsen et al. introduced Peptide Nucleic Acids (PNA) 4. PNA replaces
the minus charged sugar-phosphate backbone with a neutral pseudo-peptide backbone.
The neutral backbone eliminates the electrostatic repulsion between the probe and its
target DNA, resulting in exceptionally high binding affinity B>, PNA can invade the
DNA duplex, displacing the non-complementary DNA strand to form a stable PNA-
DNA hybrid B¢ 371, However, the high hydrophobicity of PNA often leads to poor
solubility and self-aggregation [*31. Furthermore, the stability of PNA:PNA self-
duplexes is significantly high and can kinetically trap the probe duplex. Strategies such

as pseudo-complementary PNA (pcPNA) %401 and cationic modifications (e.g., G'-
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PNA) [#1-421 have been developed to mitigate this, but they still require pro-longed
incubation for the diplex recognition.

Locked Nucleic Acids (LNA), developed independently by Obika et al. [4*441 and
Wengel et al. 4481 in the late 1990s. It is a backbone modification, featuring a
methylene bridge connecting the 2'-O and 4'-C of the ribose ring. This methylene bridge
lock results in profound thermal stability and nuclease resistance. Given their high
binding affinity to DNA and RNA, therapeutic strategies employing LNA-modified
oligonucleotides such as LNA-containing antisense oligonucleotides (ASOs) %1, and
double-stranded DNA recognition strategies such as LNA-Triplex-Forming
Oligonucleotides (LNA-TFOs) and Zorro-LNA [3%-3] have been investigated. However,
this high binding affinity also makes LNAs prone to form secondary structure which
decrease the active probe concentration. Also, double-duplex invasion using the LNA-

modified probe always requires hours to days of reaction duration 53],

a). B\//o B\\fo B\fo
/,NH\/_JN\QH\/—NN'O\‘H\/__N\\@H\ 10 o)

(N-terminal) '0—|§=o

Science. 1991, 254, 1497-1500
J. Am. Chem. Soc. 1998, 120, 13252—-13253

Figure 4. Chemical structure of Peptide Nucleic Acids (a) and Locked Nucleic Acids (b).

1.3 Dynamic DNA Nanotechnology

Beyond its role as a genetic information carrier, DNA has emerged as a biological
material for building dynamic molecular machines and programmable logic circuits.

DNA Nanotechnology exploits the predictable thermodynamics of Watson-Crick base
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pairing to engineer nano-scale non-equilibrium systems that can sense, compute, and

actuate.

The DNA molecular devices are usually driven by either enzyme or Toehold-
Mediated Strand Displacement (TMSD) [%4-36, TMSD relies entirely on Watson-Crick
base pairing thermodynamics and does not require enzymes, therefor it is programmable
and less restricted in its application compared to the enzyme-driven nano machines. In
TMSD process, an invader strand binds to a short, single-stranded overhang region
(toehold) on its target. This binding initiates a branch migration process where the

invader strand gradually displaces the pre-bounded complementary strand.

The programmability of TMSD has led to its extensive application in molecular
engineering and biomedical diagnostics. TMSD can be engineered to detect diverse
biomarkers, from specific microRNA sequences to single-nucleotide polymorphisms
(SNPs) 71, By coupling the strand displacement event to a fluorescent output, these
systems can provide signal amplification, allowing for the detection of low-abundance
targets. Moreover, TMSD allows the construction of logic gates (AND, OR, NOT),
amplifiers, and molecular circuits °*-%3], These DNA molecular devices use the free
energy of hybridization to perform mechanical work, such as processing input

64-661 ' A major

informations or reconfiguring the structure of DNA origami scaffolds
challenge in DNA computing is the kinetics and reversibility of these reactions. Because
TMSD is an equilibrium process, the "output" of a DNA logic gate can often reverse

itself if the concentration of waste products accumulates [5°-611,
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Figure 5. DNA molecular engineering.

1.4 Photo-Responsive DNA Technologies

In the regulation of DNA-based biomedical strategies and nano devices, to
overcome the limitations of slow invasion kinetics, researchers have turned to light as
an external regulatory trigger. Photo-regulation provides spatiotemporal control and
allows for tunability through wavelength selection [¢7]. A variety of photoreactive
moieties have been integrated into DNA to modulate its structure and function. These
can be broadly categorized based on their mechanism of action: photo-switches, which

alter conformation, and photo-cross-linkers, which form covalent bonds.
1.4.1 Azobenzene

Azobenzene is arguably the most widely utilized photo-switch in DNA nanotechnology
[68. 791 Tt operates by reversible trans-cis isomerization mechanism. In the dark or under
visible light, azobenzene exists in the planar frans form capable of intercalating between
base pairs and can stabilizes the DNA duplex. Upon 300 nm - 400 nm UV irradiation, it
isomerizes to the non-planar cis form. This steric bulk conformation disrupts base
stacking and destabilizes the double helix, effectively lowering the melting temperature
[69-78] This property has been extensively used to reversibly associate and dissociate
DNA nanostructures, allows it to function as a reversible switch for DNA machines [7°],
Azobenzene relies on introducing steric hindrance to push strands apart. the cis state is

thermally unstable and will slowly relax back to trans in the dark (7],
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Figure 6. Reversible photoisomerization of azobenzene.

1.4.2 Spiropyran

Spiropyran is a photochromic molecule that undergo chemical polarity change upon
UV irradiation. The hydrophobic, closed spiro-form of spiropyran undergoes C-O bond
cleavage upon UV irradiation, and forms the hydrophilic charged merocyanine form [67-
70.801 This mechanism has been utilized to control the assembly of DNA-based
hydrogels. The pH-sensitivity of the open merocyanine form allows it to modulate
DNA binding in response to pH changes. These mechanisms can applied to designing
sensors capable of single-molecule analysis of RNA:spiropyran interactions % 771,
However, its hydrolytic instability in aqueous solutions limits its applications for
precise sequence-specific gene manipulation. Also, the spiropyran molecule can

degrade and lose its functionality in prolonged biological applications [*7].
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Figure 7. The reversible photoisomerization between the closed-loop form spiropyran and the

open-loop form merocyanine.

1.4.3 Diarylethene and Stilbene

Diarylethene and stilbene derivatives are renowned for their thermal bi-stability,
these molecules undergo a reversible electrocyclic ring-closing/ring-opening reaction
upon different wavelengths of UV irradiation. Unlike azobenzene, both isomers are
thermally stable and do not spontaneously revert in the dark [¢7- 7!, Diarylethene is
frequently used as fluorescence switches, it generally function as a modification within

the backbone or as a base surrogate.

Diarylethenes Stilbenes

uv

RYAS,

. J

Chemical Society Reviews, 2017, 46(4), 1052—-1079

Figure 8. Photoisomerization of diarylethenes and stilbenes.
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1.4.4 Psoralen and Coumarin

Psoralen is one of the earliest DNA photo-cross-linkers discovered and developed as
a standard tool for DNA photo-regulation!’?l. Upon 320 nm — 400 nm UV irradiation,
psoralen undergoes a [2+2] photocycloaddition with thymine bases on its
complementary strands, creates a robust covalent bond 72, Tt is widely used for
chemically stabilizing DNA nanostructures such as DNA origami, to prevent thermal
denaturation 73], The major drawback of psoralen is its reaction kinetics. High cross-
linking rate typically requires up to hours of irradiation [72, Furthermore, the reversal of
psoralen adducts requiring short-wavelength UV (<254 nm), and it causes significant

UV-induced DNA damage, makes it unsuitable for reversible in vivo manipulation.

Coumarin is also capable photo-cross-linking upon >300 nm photo-irradiation. Like
psoralen, coumarin derivatives intercalate into the duplex and undergo a [2+2]
photocycloaddition with an adjacent pyrimidine base upon UV irradiation. It has been
used successfully for DNA cross-linking and as a fluorescent probe to monitor
hybridization status ["4, While effective, coumarin cross-linking kinetics are generally

slower than the vinyl-derivatives utilized in our work.

a). b).
m 1L
@) o) o O” .O

Figure 9. Chemical structure of Psoralen (a) and Coumarin (b).
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1.4.5 3-Cyanovinylcarbazole Nucleoside (“NVK)

This dissertation centers on the application of 3-cyanovinylcarbazole nucleoside
(“NVK), an ultra-fast photo-cross-linker developed by the Fujimoto laboratory 821, CNVK |
Unlike psoralen or coumarin, undergoes a [2+2] photocycloaddition with an adjacent
pyrimidine base within a second of 366 nm UV irradiation. The cross-link can be
efficiently reversed (photo-split) by irradiation at 312 nm, enabling a reversable
spatiotemporal control. And unlike the non-covalent switching of azobenzene, “NVK

forms a covalent bond that thermodynamically stabilizes the cross-linked duplex.

CNVK = photocrosslmker
-~ ON photocrosslinked DNA
, . . 366 nm, 1 s v
) N
0 \

312nm, 60 s

)\ target DNA
o Py=TorC crosslinking site

Org. Lett., 2008, 10(15), 3227-3230

Figure 10. 3-cyanovinylcarbazole nucleoside (‘""K).

1.5 Research Objectives and Outline

Despite the advances in double-duplex recognition and invasion approaches like
PNA, LNA, several problems remain that limits their broader application. First,
conventional double-duplex invasion strategies are often kinetically slow, which limits
their utility in real-time applications. Second, many Double Duplex Invasion methods
require paired probes, which tend to form probe-duplex [#3] that reduces overall invasion
efficiency. In our previous work, we proposed a photo-induced double duplex invasion
approach using “NVK 8%, While investigating the invasion mechanism of this particular
approach, we discovered the invasion independence of pDDI probes and proposed a

photo-induced duplex invasion (pDI) that achieves fast invasion using only “NVK while
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still maintaining a high invasion efficiency. This rapid pDI approach provides a
powerful new tool for site-specific manipulation of genomic DNA. However, we also
realized a limitation of the pDI strategy is that ion condition has a strong impact on its
invasion efficiency. We believe the generally well-studied modification methods for
enhancing the invasion affinity of double-duplex invasion!-33I might also be applied to
pDI as well, so that pDI can be used in biological relevant buffer conditions.

From a DNA engineering perspective, however, the thermodynamic stability of
the double helix under high-salt conditions serves a distinct and valuable function when
the invasion process is facilitated by Toehold-Mediated Strand Displacement (TMSD).
The toehold provides the necessary nucleation site to bypass the high-salt barrier. In this
context, we designed a photo-induced memory gate transition motif functioned by the
toehold-mediated strand displacement reaction using “NVK.

This dissertation describes the development of photo-induced DNA manipulation
strategies using “NVK.

Chapter 2 details Photo-induced Double Duplex Invasion (pDDI), a strategy using
a set of paired probes to invade long-range dsDNA targets.

Chapter 3 introduces Photo-induced Duplex Invasion (pDI), a streamlined single-
probe method discovered through the analysis of pDDI mechanism. and focusing on its
ultra-fast kinetics.

Chapter 4 applies this photochemical strategy to DNA nanotechnology,
demonstrating a DNA Memory Gate that uses photo-cross-linking to lock logic states.

Chapter 5 provides a general conclusion and future perspectives.
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Chapter 2 Photo-induced Double Duplex
Invasion (pDDI)

2.1 Background

Aiming for specific and effective recognition and manipulation of double-stranded
DNA, a large number of artificial moieties, such as Peptide Nucleic Acids (PNAs) !-2]
and Lock Nucleic Acids (LNAs) BT has been developed. Naturally, DNA possesses a
double-helix structure following the Watson-Crick base pairing rules. The double-helix
unwinds and disassociates during processes such as DNA replication, transcription, and
cell division in a highly regulated manner. Research efforts have been increasingly
focused on chemical approaches for sequence-selective recognition of the DNA double-
duplex. Felsenfeld et al. (1957) first reported the formation of triplex in poly-A and poly-
U oligonucleotides ', Triplex forming oligonucleotide (TFO) winds around the Watson-
Crick double helix, forms the triplex structure via Hoogsteen or Reverse Hoogsteen
hydrogen bonds ['!: 2. Morgan and Wells (1968) later demonstrated the possible
application of TFO in inhibition of DNA transcription [!3l. While TFOs recognize major
groove of dsDNA without unwinding the duplex structure, their specific binding
mechanism restricts the binding to polypurine/polypyrimidine sequences [13-1°], Obika et
al. (1997) published the synthesis of a bicyclic nucleoside analogue, 2'-0,4'-C-
methyleneuridine and -cytidine, with a methylene bridge over the 2'-O and 4'-C positions
[16] and investigated its nuclease resistance, thermal stability and hybridization affinity
towards complementary RNA and DNA when incorporated into oligonucleotide 41,
Concurrently, Koshkin, Singh and Wengel et al. (1998) also published their independent
work on the detailed synthesis of Lock Nucleic Acid monomers, investigating the
hybridization characteristics of LNA homoduplex, LNA:RNA duplex and LNA:DNA
duplex 1721 Given the high binding affinity of LNA, research was carried out on
therapeutic strategies employing LNA-modified oligonucleotides, including LNA-

containing antisense oligonucleotides (ASOs) [22! and LNA-Triplex-Forming
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Oligonucleotides (LNA-TFOs) 232 for enhanced double-stranded DNA recognition.
Peptide Nucleic Acids (PNAs) represent another notable artificial nucleic acid analogue.
Possessing a neutral peptide backbone, PNAs exhibits a significantly high binding
affinity and sequence-selectivity towards complementary DNA and RNA, thereby
enabling distinct recognition mechanisms, such as sequence-specific double-duplex

invasion [1-2:27.28

1. However, the formation of stable PNA self-duplexes has always been
one of the limitations in achieving high-efficiency dsDNA recognition. Various
modifications have been developed to overcome this obstacle. Such strategies include
introducing steric repulsion to destabilize PNA self-duplexes, as seen in pseudo-
complementary PNAs (pcPNAs); or introducing chiral or charged modifications, such as
chiral pcDNA and cationic N7-methylguanine PNA (G"-PNA) [2°32, Despite these
advancements, the process for successful double-duplex invasion requires prolonged
incubation times and relatively elevated temperature conditions. These demanding
reaction conditions are unsuitable for a broad range of applications.

In our previous research, we established the photo-induced double-duplex invasion

(pDDI) targeting long-range double-stranded DNA facilitated by 3-cyanovinylcarbazole

nucleotide (“NVK) [33:341 In this chapter, we investigate the mechanism of pDDI strategy.
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2.2 3-Cyanovinylcarbazole nucleoside (“NVK)

The photo-cross-linker 3-Cyanovinylcarbazole nucleoside (“NVK) (Figure 11)
developed by our lab exhibits an ultra-fast cross-linking ability to the adjacent pyrimidine
bases in its complementary DNA or RNA strands via [2 + 2] photocycloaddition within
1 s under 366 nm UV irradiation. The cross-linking reaction is also reversible by photo-
splitting under 312 nm UV irradiation for 60 s. It does not require extra reagents but a
suitable photo-irradiation method under certain experiment condition. Also, DNA probes

having “NVK present a high double-duplex invasion capability 33 34 331,

a). __CON b).
ey
0.,

nD
e
N. %
Ch

|

N

3-Cyanovinylcarbazole
deoxynucleoside (“NVK)

Figure 11. 3-cyanovinylcarbazole nucleoside (“"'K). a). Chemical structure of 3-
cyanovinylcarbazole nucleoside (“"'K). b). Photo-chemical properties of ““"K: “"'K can photo-
cross-link with the pyridine base in its complementary strand at -1 position under 366 nm UV-

irradiation in 1 second and can photo-split under 312 nm UV-irradiation.
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2.3 Schematic of photo-induced double duplex invasion

(pDDI)

Figure 12 shows the schematic of photo-induced double-duplex invasion (pDDI).
We employed distinct 200-mer and 190-mer complementary strands as templates for
distinguishing and accurately quantifying the conversion rates of individual forward and
reverse probes using standard Polyacrylamide gel electrophoresis (PAGE) analysis. The
paired Forward and Reverse invasion probes can achieve invasion of the double-stranded
Template DNA under photo-irradiation. Generally, in double-duplex invasion methods,
such as PNA, LNA, the paired invasion probes always possess a complementary region,
which makes their duplex formation thermodynamically more favorable than their
invasion of the long dsDNA templates, consequently lowering the invasion efficiency.
Incorporation of “NVK into the invasion probe leads to the stabilization of the probe-probe
duplex through light-induced covalent bond formation. And this stabilization
consequently diminishes the pool of active probes available for the invasion process. To
resolve this problem, 5-cyanouridine (“U) was also introduced to the invasion probes. ‘U
modification exhibits a photo-cross-linking inhibitory effect toward “NVK B3, By
replacing the Thymine bases at the cross-linking site of the counter-probe, formation of

undesired inter- and intra- probe cross-linking is inhibited.
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Rev-Template (190 mer)
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CNVK

@cu

Figure 12. Schematic of photo-induced double duplex invasion (pDDI). “U prohibits inter-probe

cross-linking between the paired invading probes.

5-Cyanouridine (“U)

Figure 13. Chemical structure of 5-cyanouridine (“U).

2.4 Material and methods

Table 1 and Table 2 listed the template DNA sequence and invasion probe
sequence used in pDDI. 400 mer Templates are the same as our previous research.
While investigating the pDDI efficiency of the long-ranged 400-mer dsDNA, we
unexpectedly discovered the Forward and Reverse Template might have different
conversion rate, therefore, we shortened the 400-mer template and to a 200-mer

Forward/ 190-mer Reverse Templates to better visualize the distinct conversion rate of
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each Template strand. A total of 4 oligonucleotides (ODNs), organized into 2
Forward/Reverse probe sets, were utilized as invasion probes. The sequences of these

(841 3_cyanovinylcarbazole nucleoside

probes were adopted from our previous study
(“NVK) is incorporated as the photo-cross-linker, 5-cyanouridine (“U) as the inter- and
intra- probe photo-cross-linking inhibitor. Within each set, Forward probes were
designed to target the Forward-Template strand, and Reverse probes target the Reverse-
Template strand. Figure 14. illustrates the recognition areas and photo-cross-linking
sites of 2 sets of KU probes. The potential cross-linking site in each paired probes are
replaced by “U.

CNVK and €U were synthesized, and probe oligonucleotides were prepared using
DNA/RNA synthesis NTS M-Series. Probe ODNs were purified by High-Pressure
Liquid Chromatography (HPLC). Purified ODNs are confirmed with MALDI-TOF

mass spectrometry analysis. And their concentrations were determined by spectroscopic

methods using NanoDrop 1000.
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Table 1. Template DNA sequence.

Template

Sequence (5°->3°)

400-mer
Forward

Template

ACGGACGGCGGCCCTACGATACCTTACTAGGGTCTCAGCTAATTTC
ACACAGATATGTTCCTTACCCCGTTTACCACGCAGGAGAGTTAAAC
GAAAGCAGCCTACGTATTTTTCGAGCTCTTTCAGCACTCTACTTGAC
GGACTTTGGAATCCTAGTTGGCAGTATGGAGGCATTGTTCTCTGACC
AATGAATCTGCCGAGAGAGAGGATTAACCCGCATTGGAACGAAAA
GTTTGTTTTTTATGAGCCAGCCTTCGGTTGTCGATATGAGGATCTCG
CGATTGAAAAGTTCATGTCTCCGTCTAATCACGATGTGAGTGGTGG
GGGGTACTTCATACAAGATGCTGGATCCTTAATGAGTGGGGCTAGA
GTAGCA GGCAAATACCCTAGAGCCTATTAA

400-mer
Reverse

Template

TTAATAGGCTCTAGGGTATTTGCCTGCTACTCTAGCCCCACTCATTA
AGGATCCAGCATCTTGTATGAAGTACCCCCCACCACTCACATCGTG
ATTAGACGGAGACATGAACTTTTCAATCGCGAGATCCTCATATCGA
CAACCGAAGGCTGGCTCATAAAAAACAAACTTTTCGTTCCAATGCG
GGTTAATCCTCTCTCTCGGCAGATTCATTGGTCAGAGAACAATGCCT
CCATACTGCCAACTAGGATTCCAAAGTCCGTCAAGTAGAGTGCTGA
AAGAGCTCGAAAAATACGTAGGCTGCTTTCGTTTAACTCTCCTGCGT
GGTAAACGGGGTAAGGAACATATCTGTGTGAAATTAGCTGAGACCC
TAGTAAGGTATCGTAGGGCCGCCGTCCGT

Forward-
Template
(200 mer)

TTTGGAATCCTAGTTGGCAGTATGGAGGCATTGTTCTCTGACCAATG
AATCTGCCGAGAGAGAGGATTAACCCGCATTGGAACGAAAAGTTITG
TTTTTTATGAGCCAGCCTTCGGTTGTCGATATGAGGATCTCGCGATT
GAAAAGTTCATGTCTCCGTCTAATCACGATGTGAGTGGTGGGGGGT
ACTTCATACAAGAT

Reverse-
Template
(190 mer)

GTATGAAGTACCCCCCACCACTCACATCGTGATTAGACGGAGACAT
GAACTTTTCAATCGCGAGATCCTCATATCGACAACCGAAGGCTGGC
TCATAAAAAACAAACTTTTCGTTCCAATGCGGGTTAATCCTCTCTCT
CGGCAGATTCATTGGTCAGAGAACAATGCCTCCATACTGCCAACTA
GGATT
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Table 2. pDDI invading probe sequence.

Invading Probes Sequence 5'->3' Target

Set 1-KU-Fw GTTCCAA“NVKGCGGGTTAATCCCUC Fw-Template
Set 1-KU-Rev AGAGAGANVKGATTAAACCCGCACUT Rev-Template
Set 2-KU-Fw CUCTCGGCAGANVKTCATTGGTC Fw-Template
Set 2-KU-Rev ASUCTGCCGAGA“NVKAGAGGATTA Rev-Template

a). Setl- KU: CC(;AGAGAGAGGATTAACCCGCAITGGAAC(;444 Fw-Template (200 mer)
<G 46,

C
5’ .. TGGAGGCATTGTTCTCTGACCAATGAR' 3’ -CUCCTAATTGGGCGKAACCTTG-5" ' 7TGTTTTTT .. -3°
3’ - .. TCCGTAACAAGAGACTGGTTACT p, 5° - AGAGAGAKGATTAACCCGCAUT-3’ PPACAAA .. -5’
464 <d

C <
GGCTCTCTCICCTAATTGGGCGTAACCTTGC“ Rev-Template (190 mer)

b). Set2- KU: GGGACCAATGAAICTGCCGAGAGAGAGGATTA4CCC Fw-Template (200 mer)
AL Gc,
5%- . TGGAGGCAT«3 3° -CTGGTTACTKAGACGGCTCUC-5" 47TGGAACGAAAAGTTTGTTTT . =37
3’-

CCGTA4C44 5’ -AUCTGCCGAGAKAGAGGATTA-3’ GﬂpACCTTGCTTTTCAAA . -5’
G,
2
CTGGTT

3
G© :
ACTTAGACGGCTCTCTCTCCTAAT @ Rev-Template (190 mer)

Figure 14. The recognition areas and photo-cross-linking sites of KU invasion probes. K is ""K
and U is “U, the lightening mark denotes photo-cross-linking, cross-linking site in the template

strand is underlined.

Target tubes are prepared by annealing 100 nM template DNAs (200-mer and
190-mer template DNA) in 10 mM Tris-HCI buffer, pH 7.4. Target tubes were heated to
90° C for 5 mins, then gradually lower to 37°C by -1°C/min to form double-strand. For
invasion probes, we deliberately chose not to use fluorescence-based assays to avoid
potential interference from the attachment of fluorescent moieties. These labels could
introduce electronic repulsion or steric hindrance that might influence the probe’s
affinity for its target. Therefore, the invasion efficiencies were quantified by analyzing
the gel band intensities. Results were visualized by denaturing (8 M urea) 8%
polyacrylamide gel electrophoresis (PAGE). Gels were stained afterwards with SYBR™
Gold Nucleic Acid Gel Stain. Images were captured with the FUJIIFILM LAS-3000
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Luminescent Image Analyzer (and MECAN PLBXG-G7XM3-LED470DF System) and
analyzed using ImageJ v1.53k with global contrast adjustment. The band intensities of
the 200-mer and 190-mer templates in the no-probe control group was normalized to
100%. The invasion efficiency of the Forward and Reverse probes was then calculated
as the percentage reduction in the intensity of their respective target bands: the
reduction in the 200-mer band intensity reflects the invasion efficiency of the Fw probe,
while the reduction in the 190-mer band reflects that of the Rev probe. Data are

presented as the mean = SD from three independent experiments (n = 3).

2.5 Result and Discussion

2.5.1 pDDI towards 400-mer Template DNA

First, we examined the pDDI efficiency of the ODN KU probes using the 400-
mer template. A mixture of 25 nM double-stranded 400-mer template DNA and 2.5 uM
each (100-eq. with respect to its targeted template) of both Forward and Reverse probes
in 10 mM Tris HCI buffer (pH 7.4) was incubated at 37°C for 60 minutes, then photo-
irradiated under 385 nm wavelength for 1 minute. The 8% denaturing PAGE results in
Figure 15 confirmed successful double-duplex invasion by both sets of probes. Set 2-
KU probes has significantly higher overall invasion efficiency compared to the Set 1-
KU probes. The overall invasion efficiency is calculated as decreased of the band
intensity of the 400-mer Template DNA. Also, Set 2- KU probes showed 2 seperate
band reflecting the Forward and Reverse invasion distinctly. And the band intensity
showed slight difference indicating there might be a gap between the Forward and
Reverse invasion efficiencies. This leads to our modification of the template DNA
lengths in chapter 2.5.2. We aim to distinctly quantify the invasion efficiency of each
probe with the shortened and distinct Template DNA.

To explain the difference of the invasion efficiencies in 2 sets of KU probes, we
investigated their inter- and intra-probe cross linking rate. Figure 16 shows the cross-

linking between Forward and Reverse invasion probes. As expected, in the high

42



concentration of the invasion probes, there are still some inter and intra probe cross-
linking between the Forward and Reverse probes. However, Set 1 KU probes showed
significantly higher inter- and intra-probe cross linking, which explained the low pDDI

efficiency of Set 1 KU probes comparing to Set 2.

a ) . b) .
Lane M| 1 2 | 3 4 |
400 mer dsDNA + + + + 100
Invasion Probe Set1-KU probes | Set2-KU probes 2 god
UV-irradiation - + - + § -
£ 60+
— g
o ——
3 § 40-
400 bp S s e W T 5
a 204
o
ama 0

ODN(IKU-1) ODN(lKU-Z)

Figure 15. pDDI efficiency of KU invading probes towards 400-mer template DNA. a). 8%
denaturing PAGE reflecting the pDDI efficiency of both sets of probes. Lane M: 100-bp DNA
ladder; lane 1: 400-mer template DNA with 100 molar access of Set1-KU-Fw and Set1-KU-Rev
probes incubated at 37°C for 60 mins, lane 2: Lane 1 with photo-irradiation at 385 nm for 1
min, ; lane 3: 400-mer template DNA with 100 molar access of Set2-KU-Fw and Set2-KU-Rev
probes incubated at 37°C for 60 mins, lane 4. Lane 3 with photo-irradiation at 385 nm for 1

min,. b). pDDI efficiency of the probes. Data are presented as the mean + SD.
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a). Set 1-KU

Lane M 1 2 3 4 5 6 7 8
Set 1-KU-Fw + + + + + + + +
Set 1-KU-Rev + + + + + + + +
UV-irradiation(s) - 01 02 05 1 10 60 300
w - DR = v
25 bp
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b). Set 2-KU
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Figure 16. Inter- and intra- probe cross-linking of the KU probes. a). Lane 1: Marker,; Lane 2:
Set 1-KU Fw and Set1-KU-Rev probes incubated at 37 °C for 60 min, Lane 3: lane 2 with 0.1
second photo-irradiation at 385 nm; Lane 4. lane 2 with 0.2 second photo-irradiation at 385
nm; Lane 5: lane 2 with 0.5 second photo-irradiation at 385 nm; Lane 6: lane 2 with I second
photo-irradiation at 385 nm; Lane 7. lane 2 with 10 second photo-irradiation at 385 nm, Lane

8: lane 2 with 60 second photo-irradiation at 385 nm; Lane 9: lane 2 with 300 second photo-
irradiation at 385 nm. b). same as a) of Set2-KU probes.

Finally, with the relatively higher pDDI efficiency probes of Set 2, we
investigated the ultra-fast kinetics of the “NVK-incorporated invasion probes. The
overall invasion efficiency is calculated with the decrease in band intensity of the 400-
mer template DNA. A detailed photo-irradiation time-course analysis was conducted.
The invasion progress was monitored over a discrete time interval: 0 s (no photo-
irradiation), 0.1 s,0.2s,0.5s, 1s, 10 s, 60 s and 300 s after the 60 min incubation of the
reaction mixture. Figure 17 confirmed that “NVK facilitates the pDDI reaction to

proceed within a second, the overall invasion efficiency reached 80% after 1 second of

photo-irradiation.
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Figure 17. Ultra-fast feature of pDDI with Set 2-KU probes. a). 8% denaturing PAGE reflecting
the ultra-fast feature of pDDI using Set 2-KU probes with a photo-irradiation time-course
analysis. Invasion conditions: [template DNA] = 25 nM, [probe ODN] = 2.5 uM (100-eq.
relative to template DNA) at 37°C for 60 minutes then photo irradiated at 385 nm. b). Ultra-fast
kinetics of the "' K-mediated pDI. The pDI reaction with Set 1-KT-Fw probe is monitored over
a time interval of (05, 0.1, 0.2s, 0.5 s, 1s, 10's, 60 s and 300 s) with other conditions
unchanged. The invasion efficiency is reflected by the conversion rate of 400- mer Template
DNA. The result showed the invasion efficiency of Set 2-KU probes reached 80% after only 1

second of photo-irradiation. Data are presented as the mean £ SD.

2.5.2 pDDI efficiency of the KU invasion probes

First, we examined the pDDI efficiency of the ODN KU probes using the 200-
mer//190-mer template. A mixture of 100 nM double-stranded template DNA (200-
mer//190-mer template) and 10 uM each (100-eq. with respect to its targeted template)
of both Forward and Reverse probes in 10 mM Tris HCI buffer (pH 7.4) was incubated
at 37°C for 60 minutes, then photo-irradiated under 385 nm wavelength for 1 minute.
The 8% denaturing PAGE results in Figure 18 confirmed successful double-duplex
invasion by both Set 1-KU and Set 2-KU probes. Normally, the strand displacement in
the invasion process is supposed to be an equilibrium reaction. However, with the
incorporation of “NVK and upon photoirradiation, the formation of thermally irreversible

probe-template cross-links shifts the reaction equilibrium forward, resulting in relatively
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higher invasion efficiency. Ideally, with the suppression of probe self-duplexes, the
molar concentration of active Forward and Reverse probes is expected to be equivalent.
Consequently, a similar invasion rate is expected between the Forward and Reverse
templates. Contrary to expectations, when quantifying the pDDI efficiency based on the
decrease in template band intensity relative to the control group, the results revealed a
more than 10% difference between the Forward and Reverse invasion efficiencies in
both probe sets. Therefore, we hypnotized the paired invasion probes might be

functioning independently instead of cooperating with each other.
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" ¥ g 60.0%
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Figure 18. pDDI efficiency of KU invading probes. a). 8% denaturing PAGE reflecting the
pDDI efficiency of Set 1-KU probes. Lane M: 100-bp DNA ladder, lane 1-2: 200-mer//190-mer
template only; lane 3-4: 200-mer template DNA with Set1-KU-Fw probe; lane 5-6. 190-mer
template DNA with Set1-KU-Rev probe; lane 7-8: 200-mer//190-mer dsDNA with both Set1-
KU-Fw and Set1-KU-Rev probes. Invasion conditions: [template DNA] = 100 nM, [probe
ODN] = 10 uM (100-eq. with respect to the template DNA) at 37°C for 60 mins then photo-
irradiated at 385 nm for 1 min. b). Same as (a), reflecting the pDDI efficiency of Set 2-KU
probes. c). pDDI efficiency of the probes. Data are presented as the mean + SD.
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2.5.3 Invasion independence of the probes in photo-induced

double-duplex invasion (pDDI)

To address the gap between the Forward and Reverse invasion efficiency. The
invasion independence of the probes was investigated using Job’s Plots by
systematically varying the Forward to Reverse probe ratio.

In particular, the total probe concentration was maintained at 100 molar
equivalents relative to the target template, while the Forward:Reverse probe ratio was
varied as 100:0, 75:25, 50:50, 25:75, and 0:100. In theory, when the probes were
cooperating in the invasion process, pDDI efficiency should be dependent on the lowest
concentration probe. Which means the highest invasion efficiency is expected at 50:50
Forward:Reverse ratio. Meaning the absence of either probe should result in the failure
of pDDI. However, the result shows the pDDI efficiency of each probe is positively
correlated with its concentration (Figure 19). The conversion rate of the template
increased as the concentration of its corresponding probe increased. The discovery that
a single Forward or Reverse probe can also achieve the invasion of double-stranded

DNA confirms the invasion independence of the probes.
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Figure 19. Job's plot investigating the invasion independence of pDDI. a). 8% denaturing PAGE
reflecting the invasion independence of the Set1-KU probes. Lane M: 100-bp DNA ladder, lane
1-2: 200-mer//190-mer template only, lane 3-4: 200-mer//190-mer dsDNA with
Forward:Reverse probe at 100:0 ratio, lane 5-6: 200-mer//190-mer dsDNA with
Forward:Reverse probe at 75:25 ratio; lane 7-8: 200-mer//190-mer dsDNA Forward:Reverse
probe at 50:50 ratio; lane 9-10: 200-mer//190-mer dsDNA with Forward:Reverse probe at
25:75 ratio; lane 11-12: 200-mer//190-mer dsDNA with Forward:Reverse probe at 0:100 ratio.
100 nM ds template DNA incubated at 37°C for 60 minutes after adding the probes, then photo-
irradiated at 385 nm for 1 min. b). Same as (a), reflecting that of Set2-KU probes. c). Job's plot

reflecting the invasion independence of KU probes. Data are presented as the mean £ SD.
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2.5.4 Discussion

The development of the Photo-induced Double Duplex Invasion (pDDI) strategy
was initiated with the goal of achieving sequence-specific recognition of long-range
double-stranded DNA (dsDNA) under mild conditions. Our results successfully
demonstrated that the paired probes, incorporating the ultra-fast photo-cross-linker
CNVK and the inter-probe photo-cross-linking inhibitor 5-cyanouridine (“U), could
effectively invade 200-mer//190-mer dsDNA targets. This is a significant advancement
over traditional double-duplex invasion methods, such as those utilizing PNAs or
LNAs, which often require prolonged incubation times or elevated temperatures to
overcome the thermodynamic stability of the double helix. The pDDI method, driven by
the formation of a covalent cross-link, stabilizes the invasion complex rapidly upon
photo-irradiation, effectively shifting the equilibrium toward the invaded state.

However, a critical anomaly observed during the quantification of invasion
efficiency provided the most significant insight of this chapter. Theoretically, in a
cooperative double-duplex invasion model where two probes work synergistically to
unwind the helix, the efficiencies of the Forward and Reverse probes should be closely
aligned. Yet, our data revealed a consistent discrepancy of over 10% between the two.
This suggested that the probes might not be functioning as a single cooperative unit.
And The subsequent Job’s plot analysis has confirmed the "invasion independence" of
the pDDI probes. This discovery challenges the conventional assumption that "double"
invasion is necessary to destabilize the dsSDNA structure sufficiently for probe entry.
Instead, it implies that the high affinity and cross-linking capability of “NVK alone are
sufficient to facilitate invasion. If the probes function independently, the necessity of
using a paired system incorporated with “U inhibitor becomes questionable. This
realization is the driving force behind the simplification of our strategy, leading directly
to the single-probe Photo-induced Duplex Invasion (pDI) methodology proposed in the

following chapter.
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Chapter 3 Photo-induced Duplex Invasion
(pDI)

3.1 Background

In the previous chapter, we introduced the photo-induced double-duplex invasion
(pDDI) that uses artificial nucleotides, 3-cyanovinylcarbazole nucleoside (“NVK) as
photo-cross-linker and 5-cyanouridine (“U) as inter-probe photo-cross-linking inhibitor.
While investigating the invasion mechanism of the pDDI, we discovered the invasion
independence of pDDI probes and proposed a photo-induced duplex invasion (pDI) that
achieves fast invasion using a single probe containing “NVK. LNA-TFOs -2 and Zorro-
LNAs Bl are also double-stranded DNA recognition methods that utilize a single
invasion probe. Zorro-LNA is a Z-shaped structure composed of LNA/DNA mixmers,
its 2 arms bind to adjacent areas in the target duplex and achieve sequence-specific
double-strand invasion. Optimized ssZorro replaced the hybridized bridge in the
conventional 2-ON Zorro-LNA with non-nucleotide linker to achieve double-strand
invasion with a single probe . However, studies showed that its invasion takes place
on a timescale range from hours to days. And as for the TFOs, The binding mechanism
of TFOs restricts the binding to polypurine/polypyrimidine sequences and limits its
application [5-12],

The pDI method we propose is sequence-specific, the photo-cross-linker “NVK is
tolerant of a wide range of experiment conditions. This rapid pDI approach provides a

powerful new tool for site-specific manipulation of genomic DNA.

3.2 Schematic of photo-induced duplex invasion (pDI)

Figure 20 shows the schematic of photo-induced duplex invasion (pDI). A single

CNVK-incorporated invasion probe was used in pDI strategy. While “U functioned as the
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photo-cross-linking inhibitor in pDDI, pDI method does not require the incorporation of
U.

Template DNA

5 Fw-Template (200 mer)  3°
W
_|_ Rev-Template (190 mer)
s

3’ Rev-Template (190 mer) S

CNVK

Figure 20. Schematic of photo-induced duplex invasion (pDI) with single invading probe

containing only the photo-cross-linker “"'K.

3.3 Material and methods

Template DNA strands are the same as in pDDI.

Table 3 listed the invasion probe sequence used in pDI. A total of 4
oligonucleotides (ODNs), organized into 2 Forward/Reverse probe sets, were utilized as
invasion probes. The sequences are the same as in pDDI, but without the content of 5-
cyanouridine (“U). Within each set, Forward probes were designed to target the 200-
mer Forward-Template strand, and Reverse probes target the 190-mer Reverse-Template
strand. Figure 21. illustrates the recognition areas and photo-cross-linking sites. The KT
probes (pDI probes) share the same recognition areas and cross-linking sites as of the
KU probes (pDDI probes), “U in KU sets replaced by thymine in KT sets.

CNVK were synthesized, and probe oligonucleotides were prepared using
DNA/RNA synthesis NTS M-Series. Probe ODNs were purified by High-Pressure
Liquid Chromatography (HPLC). Purified ODNs are confirmed with MALDI-TOF
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mass spectrometry analysis. And their concentrations were determined by spectroscopic

methods using NanoDrop 1000.

Table 3. pDI invading probe sequence.

Entry Sequence 5'->3' Target

Set 1-KT-Fw GTTCCAANVKGCGGGTTAATCCTC Fw-Template
Set 1-KT-Rev AGAGAGANVKGATTAAACCCGCATT  Rev-Template
Set 2-KT-Fw CTCTCGGCAGANVKTCATTGGTC Fw-Template
Set 2-KT-Rev ATCTGCCGAGA™NVKAGAGGATTA Rev-Template

a). Setl- KT: CC(,AGAGAGAGGATTAACCCGCAITGGAAC6444 Fw-Template (200 mer)
<G 46

C
57- .. TGGAGGCATTGTTCTCTGACCAATGAP“ 3’ -CTCCTAATTGGGCGKAACCTTG-5" TTTGTTTTTT . -3’
3’- . TCCGTAACAAGAGACTGGTTACT7~4G 5’ -AGAGAGAKGATTAACCCGCATT-3” (}P\ACAAA .. =57
4 <

C <
GGCTCTCTCICCTAATTGGGCGTAACCTTGCﬂ Rev-Template (190 mer)

b). Set2- KT: _‘C\GACCAATGAAICTGCCGAGAGAGAGGATTA4CC Fw-Template (200 mer)
C C
AN G,
5%- . TGGAGGCAT"(3 3 _.CTGGTTACTKAGACGGCTCTC-5" 47TGGAACGAAAAGTTTGTTTT . -3’
B B
3’- . CCGTA4C446 57 -ATCTGCCGAGAKAGAGGATTA-3 GCG.‘p‘ACCTTGCTTTTCAAA .. =5’
4, G .
C4CTGGTTACTTAGACGGCTCTCTCTCCTAAT X@ Rev-Template (190 mer)

Figure 21. The recognition areas and photo-cross-linking sites of KT invasion probes. KT
probes share the same recognition area and cross-linking site as KU probes, “U in KU sets
replaced by T in KT sets. K is 'K and the lightening mark denotes photo-cross-linking, cross-

linking site in the template strand is underlined.

Target tubes are prepared by annealing 100 nM template DNAs (200-mer and
190-mer template DNA) in 10 mM Tris-HCI buffer, pH 7.4. Target tubes were heated to
90° C for 5 mins, then gradually lower to 37°C by -1°C/min to form double-strand. For
invasion probes, we deliberately chose not to use fluorescence-based assays to avoid
potential interference from the attachment of fluorescent moieties. These labels could
introduce electronic repulsion or steric hindrance that might influence the probe’s

affinity for its target. Therefore, the invasion efficiencies were quantified by analyzing
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the gel band intensities. Results were visualized by denaturing (8 M urea) 8%
polyacrylamide gel electrophoresis (PAGE). Gels were stained afterwards with SYBR™
Gold Nucleic Acid Gel Stain. Images were captured with the FUJIIFILM LAS-3000
Luminescent Image Analyzer (and MECAN PLBXG-G7XM3-LED470DF System) and
analyzed using ImageJ v1.53k with global contrast adjustment. The band intensities of
the 200-mer and 190-mer templates in the no-probe control group was normalized to
100%. The invasion efficiency of the Forward and Reverse probes was then calculated
as the percentage reduction in the intensity of their respective target bands: the
reduction in the 200-mer band intensity reflects the invasion efficiency of the Fw probe,
while the reduction in the 190-mer band reflects that of the Rev probe. Data are

presented as the mean = SD from three independent experiments (n = 3).

3.4 Result and Discussion

3.4.1 pDI efficiency of the invasion probes

The observation that pDDI probes could function independently suggested the
feasibility of duplex-invasion strategy using only a single probe. In the pDDI approach,
€U was initially incorporated to suppress the inter-probe cross-linking, thereby
enhancing the invasion efficiency. Since the pDI approach aims to use only a single
probe to achieve invasion, there is a possibility that ‘U might not be in necessary. To
test this hypothesis, we compared the invasion efficiencies of the KT probes with the
KU probes (Figure 22). For each experiment, a 100-fold molar excess (10 uM) of the
selected invasion probe was incubated with 100 nM of the target dsDNA (200-
mer//190-mer template) in 10 mM Tris-HCI buffer (pH 7.4) at 37°C for 60 minutes,
followed by photo-irradiation under 385 nm wavelength for 1 minute. The result
revealed that KT probes, as well as the previous KU probes, showed the invasion
capability of the double-stranded DNA. Set 1-KT-Fw probe was identified as most

effective, achieving an invasion efficiency of more than 90%. More significantly, the
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KT probes exhibited a markedly higher invasion rate in both probes sets compared to
their KU counterparts. This enhanced performance is likely attributable to improved
binding affinity of KT probes. Compared to the KT probes, the KU probes possess
additional base-pair mismatches due to the presence of “U, which would
thermodynamically destabilize the probe-target interaction. We conducted Tm
measurement to investigate the thermodynamic stability of the KT and KU invasion

probes. And the result aligned with this theory (Figure 23).

a). pDl probes: Set 1-KT & Set 1-KU

c).
Invasion Rate
Lane M 1 2 3 4 5 6 7 8 9 10 100.0%
Probe No Probe KT-1-Fw KU-1-Fw KT-1-Rev KU-1-Rev o o
UV-irradiation - + - + - + - + - + 90.0%
- P - Fw-Template 80.0%
L (200 mer) ; I
200 bp wew  w— — — — e e e e e 70.0%
W e mes e e e e o ®s o «——Rev-Template ; 1
(190 mer) 60.0% .
50.0% I
b). pDI probes: Set 2-KT & Set 2-KU 40.0%
Lane M 1 2 3 4 5 6 7 8 9 10 30.0%
Probe No Probe KT-2-Fw KU-2-Fw KT-2-Rev KU-2-Rev .
UV-irradiation - + - + - + _ + _ + 20.0%
p— — Fw-Template 10.0%
(200 mer) 0%
L. d & & & & & & 8 8 2 ¥ Rev-Template " Set1-Fw Set1-Rev Set2-Fw Set2-Rev
(190 mer) KT =kU

Figure 22. pDI efficiency. a). 8% denaturing PAGE reflecting the pDI efficiency of Set 1-KT and
Set 1-KU probes. Lane M: 100-bp DNA ladder; lane 1-2: 200-mer // 190-mer template only;
lane 3-4: 200-mer // 190-mer ds DNA with Setl KT-Fw probe, lane 5-6: 200-mer // 190-mer ds
DNA with Set 1-KU-Fw probe; lane 7-8: 200-mer // 190-mer ds DNA with Set 1-KT-Rev probe;
lane 9-10: 200-mer // 190-mer ds DNA with Set 1-KU-Rev probe. Invasion conditions:
[template DNA] = 100 nM, [probe ODN] = 10 uM (100-eq. relative to template DNA) at 37°C
for 60 minutes then photo irradiated at 385 nm for 1 min. b). Same as (a), reflecting the pDI
efficiency of Set 2. c). pDI efficiency of the probes. Data are presented as the mean + SD.
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Figure 23. Normalized Abs. at 260 nm and the calculated melting temperature of both sets.

ODN-Fw is natural ODN that does not contain 'K or “U.

3.4.2 The ultra-fast kinetics of pDI
A key advantage of “NVK is its capability for exceptionally rapid photo-cross-
linking. To verify this feature in the context of our pDI approach, a detailed photo-
irradiation time-course analysis, and incubation time-course analysis was conducted.
For the photo-irradiation time-course analysis, the invasion progress was
monitored over a discrete time interval: 0 s (no photo-irradiation), 0.1 s, 0.2 s, 0.5 s, 1s,
10 s, 30 s, 60 s and 300 s after the 60 min incubation of the reaction mixture. Figure 24
and Figure 25 confirmed that the incorporation of VK facilitates the pDI reaction to
proceed within a second. Especially with the Set 1-KT-Fw probe (Figure 24), the
invasion efficiency surpassed 75% after 1 second of photo-irradiation and reached its
maximum efficiency within 10 seconds. Even for the Set 2-KT-Fw probe, which

exhibited relatively lower overall performance, the initial reaction was still impressively
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rapid. Its invasion efficiency reached 40% within 1 second and approached its
maximum after 30 seconds of photo-irradiation (Figure 25). Furthermore, the time-
course analysis also revealed the optimal photo irradiation time of less than 30 seconds

to achieve the maximum pDI efficiency.
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Figure 24. Ultra-fast feature of pDI (Set 1-KT-Fw). a). 8% denaturing PAGE reflecting the
ultra-fast feature of pDI using Set 1-KT-Fw probe with a photo-irradiation time-course analysis.
Invasion conditions: [template DNA] = 100 nM, [probe ODN] = 10 uM (100-eq. relative to
template DNA) at 37°C for 60 minutes then photo irradiated at 385 nm. b). Ultra-fast kinetics of
the ““"K-mediated pDI. The pDI reaction with Set 1-KT-Fw probe is monitored over a time
interval of (0s, 0.1, 0.2, 0.5s, 1s, 10 s, 30 s, 60 s and 300 s) with other conditions
unchanged. The invasion efficiency is reflected by the conversion rate of Fw-Template (200
mer). The result showed the invasion efficiency of Set 1-KT-Fw probe exceeded 75% after only 1

second of photo-irradiation. Data are presented as the mean + SD.
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Figure 25. Ultra-fast feature of pDI (Set 2-KT-Fw). a). 8% denaturing PAGE reflecting the
ultra-fast feature of pDI using Set 2-KT-Fw probe with a photo-irradiation time-course analysis.
Invasion conditions: [template DNA] = 100 nM, [probe ODN] = 10 uM (100-¢q. relative to
template DNA) at 37°C for 60 minutes then photo irradiated at 385 nm. b). Ultra-fast kinetics of
the ““"K-mediated pDI. The pDI reaction with Set 2-KT-Fw probe is monitored over a time
interval of (0s, 0.1, 0.2, 0.5 s, 1s, 10 s, 30 s, 60 s and 300 s) with other conditions
unchanged. The invasion efficiency is reflected by the conversion rate of Fw-Template (200
mer). The result showed the invasion efficiency of Set 2-KT-Fw probe exceeded 40% after only 1

second of photo-irradiation. Data are presented as the mean £+ SD.

We have confirmed the invasion efficiency of Set 1-KT-Fw probe exceeds 75%
after 60 min of incubation and 1 second of photo-irradiation. In the next step, we
conducted the incubation time-course analysis using Set 1-KT-Fw. The photo-irradiation
duration is fixed to 1 second. The incubation duration was varied over a discrete time
interval of 0 min (no incubation), 1 min, 5 min, 10 min, 30 min and 60 min. Figure 26
confirmed that with Set 1-KT-Fw probe, the invasion efficiency exceeded 60% after 30

min of incubation when photo-irradiation is fixed to 1 s.
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Figure 26. Incubation time-course analysis using Set 1-KT-Fw. a). 8% denaturing PAGE
reflecting the ultra-fast feature of pDI using Set 1-KT-Fw probe with incubation time-course
analysis. Invasion conditions: [template DNA] = 100 nM, [probe ODN] = 10 uM (100-eq.
relative to template DNA) at 37°C for a various time intervals, then photo irradiated at 385 nm
for I s. b). Ultra-fast kinetics of the ““"K-mediated pDI. The incubation duration after adding
Set 1-KT-Fw probe is monitored over a time interval of (0 min, 1 min, 5 min, 10 min, 30 min and
60 min), following 1 s of photo-irradiation under 385 nm. The invasion efficiency is reflected by

the conversion rate of Fw-Template (200 mer). Data are presented as the mean = SD.

3.4.3 Concentration analysis of pDI

A concentration analysis conducted with the best performing Set 1-KT-Fw
probe. To a fixed 100 nM concentration of the target dsDNA (200-mer//190-mer
template), varying amounts of Set 1-KT-Fw probe were added. the probe concentrations
ranged from stoichiometric equivalence (1X) through intermediate excesses (5X, 10X,
20X, 50X), up to the maximum 100-fold molar excess (10 uM). These reaction mixtures
were incubated at 37°C for 60 minutes following photo-irradiation at 385 nm for 1
second. The results derived from this study conclusively demonstrated the reliance of

the pDI efficacy on probe concentration.
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Figure 27. pDI concentration analysis of Set 1-KT-Fw probe. a). 8% denaturing PAGE
reflecting the pDI efficiency over a varies of probe concentration using Set 1-KT-Fw probe.
Invasion conditions: [template DNA] = 100 nM, after adding the probe the mixture is incubated
at 37°C for 60 min, then photo irradiated at 385 nm for 1 s. b). The invasion efficiency of Set 1-
KT-Fw probe at different concentration condition. Invasion efficiency is reflected by the

conversion rate of Fw-Template (200 mer). Data are presented as the mean = SD.

3.4.4 Probe Length

We investigated the effect of probe length (12-mer to 27-mer) on pDI efficiency.
3 new probe sequences were desighed based on the original Set 1-KT-Fw sequence,
with the length of 12 mer, 17 mer and 27 mer (Table 4). The probe oligonucleotides
were synthesized using DNA/RNA synthesis NTS M-Series and purified by High-
Pressure Liquid Chromatography (HPLC). The purified ODNs are confirmed with
MALDI-TOF mass spectrometry analysis. And their concentrations were determined by
spectroscopic methods using NanoDrop 1000. For each experiment, a 100-fold molar
excess (10 uM) of the selected invasion probe was incubated with 100 nM of the target
dsDNA (200-mer//190-mer template) in 10 mM Tris-HCI buffer (pH 7.4) at 37°C for 60
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minutes, followed by photo-irradiation under 385 nm wavelength for 1 minute. The

result showed Set 1-KT-Fw (22 mer) has the highest invasion efficiency.

Table 4. Probes used for comparison of probe length in pDI

Entry Sequence 5'->3' Length
12 mer TTCCAANKGCGGG 12
17 mer GTTCCAANKGCGGGTTAA 17
22 mer
GTTCCAANVKGCGGGTTAATCCTC 22
(Setl-KT-Fw)
27 mer TTCGTTCCAANKGCGGGTTAATCCTCTC 27
a) b) : Conversion rate
Lane M 1 2 3 4 5 100%
22 mer Z::
Probe - (Setl-  12mer 27 mer 17 mer o
KT-Fw) oon
/\/ Fw-Template .
e (200 mer) . i
200 bp e .
: <—Rev-Template | mmmm -

(190 mer)

Figure 28. Comparison of probe length in pDI. a). 8% denaturing PAGE result. Invasion
conditions: [template DNA] = 100 nM, [probe ODN] = 10 uM (100-eq. of template DNA) at
37°C for 60 minutes then photo irradiated at 385 nm for 1 min. b). Conversion rate of invasion

probes of different length. Data are presented as the mean + SD.

3.4.5 Reversibility and Reusability

As reversible photo-cross-linker, the covalent bond formed by “NVK can be
photo-split under 312 nm photo-irradiation. We have investigated the reversibility of
pDI. After the successful invasion upon 1 min of 385 nm photo-irradiation, reaction
mixture was photo-irradiated at 312 nm for 5 min, 20 min, 15 min and 20 min under

37°C. Figure 29. a. confirmed the reversibility of the pDI strategy. Moreover, we have
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also tested the reusability of pDI by photo-irradiating the photo-split product again at
385 nm for 1 min. Figure 29. b. confirmed the reusability of pDI.
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Figure 29. 8% denaturing PAGE Demonstrating the reversibility of pDI. Concentration
conditions: [template DNA] = 100 nM, [probe ODN] = 10 uM (100-eq. of template DNA). a).
Invasion (photo-cross-linking) and photo-splitting condition: ds template DNA and probe ODN
was incubated at 37°C for 60 minutes then photo irradiated at 385 nm for 1 min, photo-splitting
group underwent 312 nm photo-irradiation after the photo-cross-linking. b). Invasion (photo-
cross-linking) after photo-splitting. Lane 2: pDI procedure; Lane 3: 20 min of 312 nm photo-

irradiation of Lane 2; Lane 4: 1 min of 385 nm photo-irradiation of Lane 3.

3.4.6 Ton Dependence

Finally, we investigated the ion dependence of pDI in more biologically relevant
buffer conditions (Table 5). With the increase of ion in the buffer, the stability of the
double-stranded target is increased and the pDI efficiency dropped. pDI can barely
proceeds under high salt condition such as 100 mM Na* (Figure 30). Although the pDI

reaction exhibited salt-dependence which limits its immediate use in biological systems,
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we hypothesize that the modification strategies previously developed to enhance the
invasion affinity of double duplex invasion could also be applied to pDI, thereby

facilitating its application under biological relevant buffer conditions.

Table 5. Buffer Conditions.

Buffer 0 10 mM Tris-HC1
Buffer 1 10 mM Tris-HCI + 12.5 mM MgCl,
Buffer 2 10 mM Tris-HC1 + 10 mM NacCl
Buffer 3 10 mM Tris-HCI + 100 mM NacCl
Buffer 4 TAE + 12.5 mM MgCl»
Buffer 5 50 mM Sodium Cacodylate + 100 mM NaCl
Lane M 1 2 3 4 5 6 7
Buffer Buffer 0 Buffer 0 Buffer 1 Buffer2 Buffer 3 Buffer4 Buffer 5
Z
/'/\/ N Fw-Template
200bp . e o e e == e (200 mer)
— p—— a——— — ——
e i \ReV—Template
(190 mer)

Figure 30. lon dependence of the probe. 8% denaturing PAGE demonstrating the pDI efficiency
under different buffer condition using Set 2-KT-Fw probe. Invasion conditions. [template DNA]
= 100 nM, [probe ODN] = 10 uM (100-eq. of template DNA) at 37°C for 60 minutes then photo

irradiated at 385 nm for 1 min.

3.4.7 Discussion

The 3-cyanovinylcarbazole nucleoside (“NVK) has proven to be a highly effective
artificial moiety for nucleic acid manipulation. It exhibits high sequence selectivity in
forming site-specific covalent linkage. And the photo-induced cross-linking is
exceptionally rapid. Moreover, it is tolerant of a wide range of reaction conditions,

opening new possibilities for various biochemical applications. Photo-induced Double-

66



duplex and duplex invasion facilitated by the incorporation of “NVK demonstrated high
invasion efficiencies. The covalent photo-cross-link, being more robust than the
hydrogen bond it replaces, stabilizes the invasion complex and drives the invasion
process forward without changing the reaction conditions. Compared to other double-
duplex invasion methods, which demand hours to days of incubation time and elevated
temperature, which is not suitable for in vivo applications, our pDI method achieved its
maximum invasion efficiency of over 90% with 60 minutes of incubation and 1 minute
of photoirradiation under 37°C. And the reaction time is expected to be further reduced
with more refined probe sequence design. Furthermore, pDI requires only a single probe
to successfully invade double-stranded DNA, which opens new avenues for genetic
editing and manipulation. Our prior research has successfully established the efficacy of
CNVK-modified oligonucleotides in antisense approaches and Fluorescence In Situ
Hybridization (FISH) detection!®?-%4l, The success of these methods confirmed that the
CNVK-modified oligonucleotides are functional within the complex environment of
cultured cells. “NVK-containing probe can be delivered into the cells and cross-link with
its intracellular target. While these previous studies focused on targeting mRNA, the
novel pDI method introduced here transitions from targeting mRNA to directly targeting
the duplex DNA. Although the pDI reaction exhibited salt-dependence that limits its
immediate use in biological systems, we hypothesize that the modification strategies
previously developed to enhance the invasion affinity of double duplex invasion[3!-3]
could also be applied to pDI, thereby facilitating its application under biological
relevant buffer conditions. Moreover, the reversibility of pDI opens unique
opportunities for spatiotemporal control over its activity. Since pDI requires only a
single probe to invade double-stranded DNA, we hope this new methodology might lay
the essential groundwork for a new class of photo-induced antigene method. Future
studies of the pDI method will be shifted from in vitro experiments to in cellulo
systems. Future efforts will be directed towards efficient delivery of the “NVK-modified

probe to the nucleus and minimization of cytotoxicity.
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Chapter 4 Photo-induced DNA Memory

Gate Transition

4.1 Background

Nucleic acids as a widely recognized biological material have been used
increasingly for constructing the information processing compartments of the molecular
robots. DNA is highly programmable for its predictability of following the Watson-
Crick base pairing [*]. Hence been used increasingly in molecular engineering. Various
DNA-based nano devices and logic circuits, such as DNA tweezers [*> ¢, DNA memory
devices -8, DNA logic circuits ) and DNA oscillators %], have been designed over the
last few decades. Those DNA-based molecular devices are functioned by toehold-
mediated strand displacement or enzymatic reactions. However, enzymes come with
restrictions on reaction conditions, such as reaction temperature, concentrations, or pH.
Toehold-mediated strand displacement reaction has been widely studied and used to

[11-13] "For an efficient molecular computing

regulate the dynamic of DNA devices
device, there are many requirements. For example, it should be scalable so that
information can be processed in large scales. It should be stateful and time-responsive,
input history should be stored in a certain state and the outputs should be re-computed
every time receiving new input signals. It should be renew-able and reusable 4 13, Tt
should be able to reset to its initial state, and with same input information, it should be
able to compute a consistent output result. It should be energy-efficient. And it should
have waste manage methods to eliminate the influence of waste products to the
molecular computers system. There are a lot of studies published overcoming the

challenges of the scalability of the simple logic gate [!], or the reusability of the system

[16]etc.
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4.2 Schematic of photo-induced DNA Memory Gate

Transition

Unwritten State

Memory Gate

C(ed State

Written State X @

Figure 31. Photo-induced DNA memory gate transition

In this chapter, we propose a simple 2-input DNA memory gate motif using
ultrafast photo-cross-linker “NVK. Previous studies on DNA memory motifs are always
limited to lower processing ability of single input data, and their regulation is dependent
on physical parameters, such as temperature control. Our design employs two Data
strands and can process its input orders. It functioned by the Toehold-mediated strand
displacement reaction and is regulated by photo energy.

The toehold mediated strand displacement reaction is widely used in DNA
molecular devices. It is composed of 2 steps: access of the toehold and the branch
migration. As shown in this figure 32, accessing of invading strand A to the short
overhang region of strand C, known as toehold, initiates the strand displacement
reaction. Then, invading strand A starts back and forth branch migration competing with
the complementary strand B, till it subsequently displaces strand B. It is required
timewise because the branch migration is an equilibrium reaction. And because there is
no toehold area in strand C for the complementary strand B to access to, the reverse
reaction where the invading strand A is displaced by strand B operates significantly

slower and can be considered ineffective.
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Figure 32. Toehold mediated strand displacement reaction.

Acceleration of the strand displacement reaction always requires changes in the
design or the reaction conditions. For example, implementing toehold exchange
mechanism, create drastic temperature change, creating concentration differences, etc.
Previous studies have proven that in strand displacement reactions, inserting “NVK in
invading strands can accelerate the strand displacement rate while stabilizing the DNA
complex. The covalent bond formed by photo-cross-linking is thermally irreversible and
inhibits the backward branch migration of the invading strand, hence accelerates the
strand displacement reaction. Photo-cross-linking rate is an important factor in
accelerating strand displacement reaction. Also, photo energy has been proven to be
able to regulate the photo-cross-linking rate. Changing of photoirradiation wavelength
or duration also has a strong impact on photo-cross-linking rate. Moreover, the insertion
position of “NVK also has significant impact on strand displacement reaction, photo-
cross-link in center position of branch migration proven to bring the optimal
acceleration effect. These features of “NVK can contribute to a time-responsive DNA

circuit.
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Figure 33. V'K in accelerating toehold mediated strand displacement reaction. a). DNA strand
displacement reaction accelerated by ultrafast DNA photo-cross-linking through inhibition of
the backward branch migration. b). The effect of photo energy on photo-cross-linking rate. c).

The effect of insertion position of 'K on strand displacement reaction.

As illustrated in the Figure 34, The photo-induced DNA memory gate motif is
composed of a hairpin memory Gate DNA and two orthonormal DNA Data strands that
are partially complementary to the memory Gate. State transition of the memory gate is
functioned by toehold-mediated strand displacement reaction, and depend on the input
order of the Data strands. When Data 1 was added first, it would access the toehold area
in the gate and partially opens the hairpin. Data 2 added later would access the loop area
of the gate, opens the hairpin completely and transit to the Written State. While in
reverse order, if Data 2 was added first, it partially opens the hairpin gate and
completely masks the toehold area of Data 1 and makes it hard for Data 1 to invade.
Therefor Data 1 strand added later cannot bind to the memory gate, transit the memory

gate from Unwritten State to the Blocked State.
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Figure 34. Schematic of the simple 2-input photo-induced memory gate transition. a). When

Data strands were added into the Memory gate in sequential order, both Data 1 and Data 2

cross-links with the hairpin structure under photo-irradiation, fully opens the hairpin gate and

transit from the Unwritten State to the Written State. b). When Data strands were added into the

Memory gate in reverse order, Data 2 cross-links with the hairpin structure and inhibits the

cross-linking of Data 1 to the memory gate, transiting the gate to the Blocked State.

4.3 Material and Methods

Memory gate sequence and input Data sequences listed in Table 6. The Data

oligonucleotides were synthesized using DNA/RNA synthesis NTS M-Series and

purified by High-Pressure Liquid Chromatography (HPLC). The purified ODNs are
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confirmed with MALDI-TOF mass spectrometry analysis. And their concentrations

were determined by spectroscopic methods using NanoDrop 1000.

Table 6. Sequences used in this section.

Entry Sequence 5°->3°
Memory
Gate TTTTTGTCCTTGGTTGTCGTCTTGTCTGTGTCCCGGCTTTGTGCTCTCTGC

(124 nt) GTTGTGTGTTCGTTTCTGCTTCTTGGCC

Data 1
(43 nt)

CNV

K

Data 2
(45 nt)

CNV

K CGACAACCAAGGACA

Target tubes are prepared by annealing 0.5 uM memory gate in 50 mM cacodylate
buffer containing 100 mM NaCl. Target tubes were heated to 90° C for 5 mins, then
gradually lower to 37°C by -1°C/min to form the hairpin structure. The experiments are
conducted under 37°C. Result is evaluated with Polyacrylamide Gel Electrophoresis
(PAGE) analysis. Gels were stained afterwards with SYBR™ Gold Nucleic Acid Gel
Stain. Images were captured with the FUJIFILM LAS-3000 Luminescent Image
Analyzer (and MECAN PLBXG-G7XM3-LED470DF System) and analyzed using
Imagel v1.53k with global contrast adjustment. And the state transition is concluded by

the band signals.

4.4 Results and discussions

4.4.1 Photo-induced memory gate transition

Fig. 35 shows the 15% denaturing PAGE result of the memory gate transition at
1:1 Gate:Data molar ratio. Lane 1 indicates the band signal of the Unwritten State. Lane

2 and Lane 3 are controls showing the band position of the crosslinked complex of Data
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1 to memory gate (Lane 2) and of Data 2 to memory gate (Lane 3). Lane 5 shows the
band shift after sequential addition of Data strands to the memory gate. First, Data 1
strand was added to the memory gate, the mixture is photo-irradiation under 385 nm for
10 min and further incubated at 37 °C for 20 min to fully hybridize to its target
sequence. Subsequently, Data 2 was added to the same mixture, and the entire photo-
irradiation and incubation procedure was repeated. The band signal indicates partial
transition of the memory gate to both the Written State and the Blocked State. Lane 6
shows the result of adding the Data strands to the memory gate in reverse order, Data 2
followed by Data 1. The mixture is also photo-irradiated (385 nm) for 10 min and
incubated (37 °C) for 20 min after each addition of Data strand. The band signal
indicates successful transition from the Unwritten State to the Blocked State. This result
is due to low invasion efficiency of Data 1 strand at 1:1 Gate:Data molar ratio. Therefor
we increased the input Data strand concentration, and conducted the experiment at 1:2

Gate:Data molar ratio.

Lane 1 2 3 4 5

Memory gate | + + + + +
Data 1 | Data 2

Input strand - Data 1 | Data 2

Data 2 | Data 1

/ Written State
—

&
' ‘ ‘ «+«— Blocked State
Unwritten State —»' Y .
:

Figure 35. 15% denaturing PAGE result of the photo-induced gate transition at 1:1 Gate: Data
ratio. Lane 1: Memory gate only, Lane 2: Memory gate + Data 1; Lane 3: Memory gate + Data
2; Lane 4: Data strands added in sequential order,; Lane 5: Data strands added in reverse

order.
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Fig. 36 shows the 15% denaturing PAGE result of the memory gate transition at
1:2 Gate:Data molar ratio. Lane 1 indicates the band signal of the Unwritten State. Lane
2 and Lane 3 are controls showing the band position of the crosslinked complex of Data
1 to memory gate (Lane 2) and of Data 2 to memory gate (Lane 3). Comparing Lane 2
in Figure 36 with Figure 35, Data 1 showed higher invasion efficiency. And in
sequential input order, the memory gate successfully transited from the Unwritten State
to the Written State (Lane 5). We also observed the state transition when a mixture of
both two Data strands was added to the memory gate (Lane 4). The PAGE result shows
a major band signal indicating transition to the Blocked State, with a nonsignificant
noise band showing at the Written State position. We hypothesize that due to its longer
toehold region, the binding of Data 2 strand to the memory gate is thermodynamically
more favorable compared to that of Data 1 strand. And the covalent bound enhances the
stability of the cross-linked complex of memory gate and Data 2, inhibiting the cross-
links of the later added Data 1 strand. Overall, the memory gate can only transit to the
Written State when the Data strands are added in sequential order. Otherwise, it transits

to the Block State and prohibit the writing of Data 1.

Lane 1 2 3 4 5 6

Memory gate + + + + + +

Data 1 | Data 1 | Data 2
Input strand | - |Datal|Data2| & \ {
Data 2 | Data 2 | Data 1

/ Written State

~——

A

Y waw < Blocked State

Unwritten State
_'~ -

Figure 36. 15% denaturing PAGE result of the photo-induced gate transition at 1:2 Gate: Data

ratio. Lane 1: Memory gate only,; Lane 2: Memory gate + Data 1; Lane 3: Memory gate + Data
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2; Lane 4: Memory gate + mixture of both Data strands, Lane 5: Data strands added in

sequential order; Lane 6: Data strands added in reverse order.

4.4.2 The significance of “NVK in memory gate transition

To investigate the significance of “NVK in memory gate transition, the state
transition was compared between photo-irradiated samples and non-irradiated controls
with Native PAGE analysis. After adding the corresponding Data strand, reaction
mixture was photo-irradiated at 385 nm for 10 min then incubated at 37°Cfor 20 min for
the photo-irradiated (Photo-On) samples. The non-irradiation (Photo-OFF) sample
mixtures are only incubated at 37°C for 30 min. Fig. 37 shows the 15% Native PAGE
result comparing the Photo-ON and Photo-OFF products. The concentration of the Data
strands was maintained at a two-fold molar excess relative to the memory gate. When
Data strands were added to the memory gate in sequential order, both the photo-ON
sample and Photo-OFF sample (Lane 5 and Lane 10) shows successful transition to the
Written Sate. Conversely, when Data strands were added in reverse order, while Photo-
OFF control (Lane 11) still exhibits a partial transition to the Written State, which is
driven by the equilibrium toehold-mediated strand displacement reaction, Photo-ON
sample (Lane 6) showed only Block State signal. This indicates that the cross-link of
memory gate and Data 2 enhanced the stability of the resulting complex, forming a
Blocked State resistant to the strand displacement reaction mediated by Data 1.

Therefore, incorporation of “NVK is crucial for the functioning of the memory gate.
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Lane 1 2 3 4 5 6 7 8 9 10 | 11 M
Memory gate| + + + + + + + + + + +

Data 1 | Data 1 | Data 2 Data 1 | Data 1 | Data 2

Inputstrand | - |Datal|Data2| & { ! |Datal|Data2| & { {
Data 2 | Data 2 | Data 1 Data 2 | Data 2 [ Data 1

uv - + + + + + - - - - -

Blocked
—~——— / State

Unwritten
State — ..
Written

- — - State

Figure 37. 15% Native PAGE result of Photo-ON and Photo-OFF experiments. Lane 1: Memory
gate only. Lane 2 ~ Lane 6 are Photo-ON condition. Lane 2: Memory gate + Data 1; Lane 3:
Memory gate + Data 2; Lane 4: Memory gate + mixture of both Data strands, Lane 5: Data
strands added in sequential order, Lane 6: Data strands added in reverse order. Lane 7 ~ Lane

11 are same as Lane 2 ~ Lane 6, under Photo-OFF condition.

4.4.3 Ultra-fast kinetics of photo-induced memory gate transition

CNVK-incorporated invading strands are proven to accelerate strand displacement
reaction. Therefore, we conducted the state transition experiment under a controlled
short photo-irradiation duration. After adding the Data strand, the reaction mixture was
only photo-irradiated for 10s, 30 s, 60 s, and 300 s. The resulting products are evaluated
by both Denaturing and Native PAGE analysis (Figure 38). When Data strands were
added in sequential order, with the increase of photo-irradiation duration, the band
signal of Written State also increased (Lane 4, 6, 8 and 10). While in reverse input
order, 60 s photo-irradiation was sufficient to transit the gate to a robust Blocked State
(Lane 9 in Figure 38. b). When photo-irradiation duration is less then 60 s, Native
PAGE indicates slight noise band signal of Written State (Lane 5 and 6 in Figure 38. b).
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a). 15% Denaturing PAGE

Lane 1 2 3 4 - 5 6 7 8 : 9 10 11
Memory gate + o+ + o+ + o+ + 1+ + o+
Data 1 : Data2 |Data 1 : Data 2 |Data 1:Data 2| Data 1: Data 2 | Data 1 : Data 2
Input strand | - ool Lo Lol Lo v
Data 2 : Data 1 [ Data 2 : Data 1 [Data 2:Data 1| Data 2 : Data 1 | Data 2 : Data 1
uv - 10min:10min| 10s : 10s | 30s : 30s | 60s : 60s [ 300s:300s
' ' ' Written
: T State
4
& Blocked
. ‘ ~— State
Unwritten
State —»‘
4 . .
b). 15% Native PAGE
Lane 2 3 4 5 6 7 8 9 [ 10 11
Memory gate]  + + .+ + o+ | o+ 0+ + 4+ + 0+
Data 1 : Data 2 [Data 1:Data 2| Data 1: Data 2 | Data 1 : Data 2 | Data 1 : Data 2
Input strand N> f f f f
Data 2 : Data 1 [Data 2:Data 1 | Data 2 : Data 1 | Data 2 : Data 1 | Data 2 : Data 1
uv 10 min: 10 min| 10s @ 10s [ 30s : 30s 60s © 60s [ 300s : 300s
: ] i Blocked
a ‘ 5 + State
L4
'~ 9 ey K L
- ¢
' Written
. State
Unwritten
State —»

T 1L RL.

Figure 38. Photo-induced memory gate transition under short photo-irradiation. a). 15%

Denaturing PAGE result. Lane 1: Memory gate only, Lane 2: Memory gate + Data 1; Lane 3:

Memory gate + Data 2; Lane 4: Data strands added in sequential order,; Lane 6. Data strands

added in reverse order. Same for Lane 6 and 7, Lane 8 and 9, Lane 10 and 11. Mixtures were

photo-irradiated every time after adding the corresponding Data strand, photo-irradiation

duration is noted on each lane. b). 15% Native PAGE result.

4.4.4 Discussion

In this chapter, we successfully constructed a 2-input photo-induced DNA

memory gate that utilizes the order of input signals to determine its final state. The
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device operates on the principles of Toehold-Mediated Strand Displacement (TMSD),
and innovated by incorporation of “NVK to overcome the inherent reversibility of
traditional DNA logic circuits. The significance of our design lies in its ability to lock in
a specific state based on input history. As demonstrated in the sequential addition
experiments (Data 1 followed by Data 2), the gate successfully transitions to the
"Written State". Conversely, when the input order is reversed (Data 2 followed by Data
1), the system locks in a robust "Blocked State".

The crucial role of “NVK is highlighted by the comparison between Photo-ON
and Photo-OFF conditions (Figure 37). In standard TMSD systems without photo-cross-
linking (Photo-OFF), the "Blocked State" is thermodynamically unstable; given enough
time, Data 1 could still gradually invade the memory gate. However, our Photo-ON
results show that “NVK creates a thermally irreversible covalent bond upon photo-
irradiation. This "locks" Data 2 into place, permanently effectively sealing the toehold
and preventing any subsequent writing by Data 1. This transforms the system from a
reversible equilibrium reaction into a kinetic trap, ensuring high fidelity in information
storage.

Furthermore, the system demonstrates thermodynamic selectivity. When both
data strands are introduced simultaneously, the system preferentially defaults to the
Blocked State. This is attributed to the longer toehold sequence of Data 2, which
provides a thermodynamic advantage over Data 1, allowing it to bind and lock the gate
first.

Finally, the kinetics of this transition are notable. As shown in the time-course
analysis (Figure 38), a robust memory state can be established with as little as 60
seconds of photo-irradiation. This speed, combined with the irreversibility provided by
CNVK, suggests that this memory motif is highly suitable for integration into larger,
time-responsive molecular robots or complex DNA logic circuits where transient signals

must be permanently recorded.
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Chapter 5 Conclusion

5.1 General Conclusion

This dissertation has focused on the development and application of novel DNA
manipulation strategies utilizing the ultra-fast photo-cross-linker, 3-cyanovinylcarbazole
nucleoside (“NVK). The primary objective was to overcome the limitations of
conventional double-stranded DNA (dsDNA) recognition methods, specifically the
requirements for prolonged incubation times, elevated temperatures, and complex probe
designs. Through the development of Photo-induced Double Duplex Invasion (pDDI),
Photo-induced Duplex Invasion (pDI), and a Photo-induced DNA Memory Gate, we
have demonstrated that “NVK serves as a versatile and powerful tool for both genetic
engineering and DNA nanotechnology.

In Chapter 2, we established the pDDI strategy, which employed a pair of
Forward and Reverse probes containing “NVK and the inhibitor 5-cyanouridine (U).
The method successfully achieved sequence-specific invasion of long-range dsDNA
targets (200-mer and 190-mer). The primary strength of this approach was its ability to
target long dSDNA sequences with high specificity. The use of “U successfully
suppressed unwanted inter-probe cross-linking and maintain the concentration of
efficient working probes. However, confirmed via Job’s plot analysis, we discovered the
invasion independence of the pDDI probes, indicating the possibility of achieving
duplex-invasion.

In Chapter 3, building upon the discovery of invasion independence of pDDI, we
streamlined the method into pDI, which utilizes a single “NVK-containing probe. pDI
represents a significant leap forward in reaction kinetics. Unlike PNA or LNA-based
invasion, which often require hours to days, pDI achieved maximum invasion efficiency
(>90%) with only 60 second of photo-irradiation after incubation. And the pDI is
reversible via 312 nm irradiation, and reusable after the photo-splitting. The most
significant limitation of pDI is its ion dependence. As demonstrated, the invasion

efficiency drops in high-salt conditions (e.g., 100 mM Na*) due to the stabilization of
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the target double helix. This restricts the immediate application of pDI probes in
physiological environments or standard biological buffers.

In Chapter 4, we expanded the application of “NVK-incorporated invasion probe
from simple invasion systems to dynamic DNA nanotechnology system by constructing
a Photo-induced DNA Memory Gate. This Photo-induced DNA Memory Gate motif
introduced "statefulness" to DNA logic. By using “NVK to form a thermally irreversible
covalent bond, the system can lock the memory gate in specific states (Written or
Blocked States) based on the order of input Data signals. This overcomes the inherent
thermodynamic reversibility and instability of traditional toehold-mediated strand
displacement circuits.

In conclusion, this dissertation confirms that “NVK-mediated photo-cross-linking is
not merely a method for connecting strands, but a kinetic driver that enables ultra-fast,
sequence-specific, and state-locking manipulations of DNA. These properties open new
horizons for the control of genetic information and the construction of advanced

molecular machinery.

5.2 Future Perspectives

The research presented in this dissertation lays the groundwork for several
promising avenues of future investigation. Chemical Modification for Physiological
Stability: To address the ion dependence limitation of pDI observed in Chapter 3, future
work should focus on enhancing the binding affinity of the invasion probe. Integrating
CNVK into chemically modified backbones, such as Peptide Nucleic Acids (PNA) and
Locked Nucleic Acids (LNA), or making charged modifications, could provide the
necessary thermodynamic advantage to invade dsDNA under high-salt, physiological
conditions. With these potential resolution of the salt-dependence issue, the next logical
step is the transition from in vitro to in cellulo systems. The reversible nature of “NVK
offers a unique opportunity for spatiotemporal control of gene expression. Future

studies will need to address the delivery of “NVK probes into the cell nucleus and
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evaluate cytotoxicity. If successful, pDI could evolve into a potent "photo-antigene"
therapeutic strategy, capable of silencing specific genes with a flash of light. Regarding
the photo-induced DNA Memory Gate state transition, future research should aim to
scale this motif into larger, integrated logic circuits capable of processing more input
signals. By combining the locking mechanism of “NVK with other DNA logic gates
(AND, OR, NOT), it may be possible to construct "sequential logic circuits" that can

record complex biological events or environmental histories within a molecular robot.
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Appendix

I. Experiment Instruments

DNA Svynthesis
NIHON TECHNO SERVICE CO., LTD, NTS M-2-MX DNA/RNA Synthesizer

High-Pressure Liquid Chromatography (HPLC)

JASCO, PU-980, Intelligent HPLC Pump

JASCO, UV-970, Intelligent UV-VIS Detector

JASCO, HG-980-31, Solvent Mixing Module

JASCO, DG-980-50, 3-Line Degasser

Nacalai Tesque, COSMOSIL 5C18:AR-II (4.6x 150), HPLC Column

UV-LED
OmniCure, LX405S, 9500 mW/cm?, 385 nm LED light

Polyacrylamide Gel Electrophoresis (PAGE) Equipment

BIO-RAD, Power Pac Basic
FUJIFILM, LAS-3000 Luminescent Image Analyzer

Constant Temperature Incubator (for PAGE Analysis)
TAITEC Corp., BioShaker BR-21FH

UV-Vis Spectrophotometer

JASCO, V-630 Bio UV-Vis Spectrophotometer

Thermal Cycler
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Eppendorf, Mastercycler® gradient

Low temperature Bath

EYELA, NCB-1200, Low temperature Bath

Concentrator

Thermo Scientific, The SAVANT DNA 120 SpeedVac Concentrator

Freeze Dryer
Labconco, FreeZone Legacy 2.5 L Benchtop Freeze Dry System

Asabhi Life Science, Vacuum Pump ALS-50AC

II. Experiment Reagents

Glen Research Corp.

dA-CE phosphoramidite

dmf-dG-CE phosphoramidite

Ac-dC-CE phosphoramidite

dT-CE phosphoramidite

Acetonitrile, anhydrous

Cap mix A (Tetrahydrofuran/Pyridine/Acetic Anhydride)

Cap mix B (10% 1 -Methylimidazole in Tetrahydrofuran)

Activatior (5-(Benzylthio)-1H-Tetrazole in Anhydrous Acetonitrile)
Oxidizing Solution (0.02 M Iodine in Tetrahydrofuran/Pyridine/Water)

FUJIFILM Wako Pure Chemical Corp.

Distilled water

Acrylamide
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N, N’-Methylenebis (acrylamide)-HG
Ammonium Peroxodisulfate

Boric Acid

N, N, N’, N’-Tetramethyl-ethylenediamine
2-Amino-2-hydroxymethyl-1,3-propanediol
Sodium chloride

Formamide

Ammonia solution

50 mM Ammonium format

Deblocking Solution-1 (3w/v% Trichloroacetic Acid, Dichloromethane Solution)
Triethylamine

Dichloromethane, Super Dehydrated

DOJINDO LABORATORIES
2Na (EDTA2Na)

Nacalai Tesque, Inc.

0.2 mol/L-Cacodylate Buffer Solution (pH 7.4)

Urea

Sigma-Aldrich Japan, Inc.

Acetonitrile

Promega, Corp.

Blue/Orange 6X Loading Dye
10 bp DNA step ladder

25 bp DNA step ladder

100 bp DNA step ladder

Thermo Fisher Scientific Inc.
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SYBR™ Gold Nucleic Acid Gel Stain (10,000X Concentrate in DMSO)

Hirano junyaku

Forward-Template (200 mer):

5°-
TTTGGAATCCTAGTTGGCAGTATGGAGGCATTGTTCTCTGACCAATGAATCTG
CCGAGAGAGAGGATTAACCCGCATTGGAACGAAAAGTTTGTTTTTTATGAGC
CAGCCTTCGGTTGTCGATATGAGGATCTCGCGATTGAAAAGTTCATGTCTCCG
TCTAATCACGATGTGAGTGGTGGGGGGTACTTCATACAAGAT-3’

Reverse-Template (190 mer):

5°-
GTATGAAGTACCCCCCACCACTCACATCGTGATTAGACGGAGACATGAACTT
TTCAATCGCGAGATCCTCATATCGACAACCGAAGGCTGGCTCATAAAAAACA
AACTTTTCGTTCCAATGCGGGTTAATCCTCTCTCTCGGCAGATTCATTGGTCA
GAGAACAATGCCTCCATACTGCCAACTAGGATT-3’

Fasmac Co., Ltd

Memory Gate (124 nt):
5’-GGCCAAGAAGCAGAAACGAACACACAACGCCGACAACCAAGGACA
TTTTTGTCCTTGGTTGTCGTCTTGTCTGTGTCCCGGCTTTGTGCTCTCTGCGTT
GTGTGTTCGTTTCTGCTTCTTGGCC -3’

10X TBE Buffer
2-Amino-2-hydroxymethyl-1,3-propanediol (108.0 g), Boric Acid (55.0 g), 0.5 M

EDTA-2Na(2H20) (3.7 g) were dissolved and diluted to 1.0 L with distilled water.

10% APS

Ammonium Peroxodisulfate (0.1 g) dissolved in 0.9 mL distilled water.
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Denaturant

Urea (2.0 g) was dissolved in 10 mL Formamide.

8% AA Stock Containing 8 M Urea (1000 mL)
Acrylamide (77.3 g), N, N’-Methylenebis(acrylamide) (2.7 g), and urea (480.0 g) was
dissolved in 100 mL 10X TBE buffer and diluted to 1000 mL with distilled water.

8% AA Stock (1000 mL)
Acrylamide (77.3 g) and N, N’-Methylenebis(acrylamide) (2.7 g) was dissolved in 100
mL 10X TBE buffer and diluted to 1000 mL with distilled water.

8% AA Denaturing Gel
5 mL of 8% AA solution Containing 8 M Urea mixed with 25 pL. 10% APS, TEMED

(N, N, N’, N’-Tetramethylethy lene diamine) 2.5 pL was added and swirled to mixed.

Cast the gel solution and let it polymerize for 1 - 2 hours.

8% AA NATIVE Gel
5 mL of 8% AA solution mixed with 25 pL. 10% APS, TEMED (N, N, N’, N’-

Tetramethylethy lene diamine) 2.5 pL was added and swirled to mixed. Cast the gel

solution and let it polymerize for 1 - 2 hours.

15% AA Stock Containing 8 M Urea (1000 mL)
Acrylamide (145.0 g), N, N’-Methylenebis(acrylamide) (5.0 g), and urea (480.0 g) was
dissolved in 100 mL 10X TBE buffer and diluted to 1000 mL with distilled water.

15% AA Stock (1000 mL)
Acrylamide (145.0 g) and N, N’-Methylenebis(acrylamide) (5.0 g) was dissolved in 100
mL 10X TBE buffer and diluted to 1000 mL with distilled water.

15% AA Denaturing Gel
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5 mL of 15% AA solution Containing 8§ M Urea mixed with 25 pLL 10% APS, TEMED
(N, N, N’, N’-Tetramethylethy lene diamine) 2.5 pL was added and swirled to mixed.

Cast the gel solution and let it polymerize for 1 - 2 hours.

15% AA NATIVE Gel
5 mL of 15% AA solution mixed with 25 pLL 10% APS, TEMED (N, N, N’, N’-

Tetramethylethy lene diamine) 2.5 pL was added and swirled to mixed. Cast the gel

solution and let it polymerize for 1 - 2 hours.
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I1I. Scheme for synthesizing of “NVK-amidite

o) N
. \/\ /n_ 7 J\
|
0
_ 2 NOFHD A1p ut
N €

OlLAa

arozena 1 ‘anprurerporoydiAdoidosteray
O O SNENENEN 1Aqge0ue£d-7

1010

/

J

aurprifg ALp ur NOEHD K1p ur

onng -

=z

dVINQ ‘IDILING ST §
[-VAL ‘HOY

1010

of

=z

o
=z
&}

0
I
&
D

ZT

ANQ ut
- =
Néng “T(dovo)pd

z
>

T

HOF w
k YOSl ‘torteN U

97



98



IV. Scheme for synthesizing of Trifluorothymidine (*'T) /
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V. ODN Purification

1). Cleavage and Deprotection

Cleavage from the solid support was performed with 2 mL 28% Ammonium Format
under room temperature for 1 hour. Following the deprotection process by 4 h
incubation under 65°C. Samples are concentrated via 2 hours Speed Vac. Crude ODNSs,
with 4,4'-dimethoxytrityl (DMTr) protecting group on its 5’-end, obtained after Speed

Vac was further purified with high-pressure liquid chromatography (HPLC).

11). HPLC Purification of Crude ODN

HPLC condition is as follows.

Flow rate: 1.0 mL/min

Wavelength setting: 260 nm

Column temperature: room temperature

Buffer A: 50 mM Ammonium format

Buffer B: Acetonitrile (Sigma-Aldrich Japan, Inc.)

Injection: 50 pL

Buffer gradient: Buffer A 90%, Buffer B 10% — Buffer A 60%, Buffer B 40%
in 30 min

Peak fractions were collected and freeze-dried for removing DMTr protecting Group.

1i1). Detritylation

Detritylation was carried out by adding deblocking solution 50 pL/tube on ice. Tubes
that turned orange indicating presence of DMTr protective group were kept, and let
stand for 15 min. 50 pL of dichloromethane : Triethylamine = 1 : 1 solution was added
to each kept tubes to remove the free DMTr from the solution. Tubes were let stand
under room temperature for 10 min before concentrated to dryness with Speed Vac in 30

min.

1v). HPLC Purification of ODN (DMT-OFF)
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ODNs (DMT-OFF) were dissolved in distilled water and HPLC purification was
performed. HPLC condition is as follows.

Flow rate: 1.0 mL/min

Wavelength setting: 260 nm

Column temperature: room temperature

Buffer A: 50 mM Ammonium format

Buffer B: Acetonitrile (Sigma-Aldrich Japan, Inc.)

Injection: 50 pL

Buffer gradient: Buffer A 98%, Buffer B 2% — Buffer A 65%, Buffer B 35% in
30 min
Peak fractions were collected and freeze-dried for MALDI-TOF mass spectrometry

analysis.
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