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Capter 1 Development of light harvesting system using DNA with
multiple fluorophores (Forster energy transfer between

fluorophores)

1-1 Energy transfer
Excitation energy transfer (ET), in which excitation energy is transferred from one excited
molecule to another, is a very important phenomenon in light-emitting materials, photosynthesis,
and photocatalysis. ET can be divided into two types: singlet-singlet energy transfer (SSET), in
which energy is transferred from a singlet excited donor to form a singlet excited acceptor, and
triplet-triplet energy transfer (TTET), in which energy is transferred from a triplet excited donor

to form a triplet excited acceptor.
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Figure 1-1. Simplified four-orbital scheme for (a) SEET and (b) TEET. Reprinted from Ref. 1.

ET generally proceeds according to either Forster theory ? or Dexter theory . In Forster theory,
excitation energy is transferred by electron resonance and only SSET is possible. ET according
to Forster theory requires an overlap between the emission spectrum of the donor and the
absorption spectrum of the acceptor, and depend on the distance and orientation between dyes. In

Dexter theory, excitation energy is transferred by electron exchange and both SSET and TTET



are possible. ET according to Dexter theory requires an orbital overlap. Due to distance-

dependence of ET, molecules must be spatially precisely aligned to control ET.

1-2 DNA

Deoxyribonucleic acid (DNA) is a biopolymer that stores the genetic information of living
organisms and is the most famous and important biomolecule. The building blocks of DNA are
nucleotides composed of deoxyribose, bases, and phosphates. There are four types of nucleobases
in DNA: adenine (A), cytosine (C), guanine (G), and thymine (T). The nucleobases recognize
each other in structure, forming A-T base pair with two hydrogen bonds and G-C base pair with
three hydrogen bonds. This base pairing is called Watson-Crick base pairing. Using this base
pairing formation, DNA with complementary sequences form rigid right-handed double helix
with excellent sequence selectivity. Triples and quadruplexes can also be formed by using
Hoogsteen base pairing formation.DNA with special sequences forms more complex structures
such as Holliday junctions.

This sequence-selective duplex formation is very important for biological systems. Since
Watson and Crick revealed the structure of DNA in 19534, its unique functions have been revealed

and applied to numerous types of systems.
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Figure 1-2. (a) Chemical structure of nucleotide. (b) Chemical structure of Watson-Crick base

pair. (c) Structure of DNA duplex.

1-3 DNA nanotechnology
DNA has a unique function of sequence-selective structure formation based on base pairing. as
a nanomaterial. The structure is easily predicted from the DNA sequence. The development of
chemical synthesis of DNA has realized DNA nanotechnology. The foundation for DNA
nanotechnology was laid by Seaman in the 1980s. Two-dimensional lattices and three-

dimensional cubes were created by the self-assembly of designed DNA °.



Figure 1-3. Schematic illustrations of (a) two-dimensional DNA lattices and (b) three-

dimensional DNA cube. Reprinted from Ref. 5.

DNA origami © is the most important and central research subject in the field of DNA
nanotechnology. A single strand of DNA longer than 7,000 bases, called the scaffold strand, is
folded with more than 200 shorter DNA strands, called staple strands. By designing the staple

chain sequence, the folding chain folds into the desired shape, such as a star or smiley.

Figure 1-4. (a) Schematic illustrations of DNA origami. (b) AFM images of DNA origami
folded into desired shape. Reprinted from Ref. 6.

Dynamic DNA nanotechnologies such as DNA tweezers ', DNA walkers ®, and DNA logic
gates ® are also being developed. These DNA nanotechnologies are an innovative technology that
allows the free design and creation of nanoscale structures using only self-assembly.

Various types of functionalized DNA nanostructures have been developed because DNA is
easily modified with functional molecules. DNA origami has been extended to three dimensions

910

and applied to nanoreactor ° '° and drug delivery systems ! 12, Thus, DNA can be used as a scaffold



for various types of systems and has many possibilities to develop biological and chemical

nanodevices.

1-4 Excitation energy transfer control using DNA as a backbone
DNA is an ideal backbone for the study of excitation energy transfer. Various types of dyes can
be easily placed in the rigid DNA nanostructures formed by the designed sequences. One-step ET
systems been developed by using DNA as a backbone 13 14,
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Figure 1-5. One-step ET system using DNA as a backbone. Reprinted from Ref. 13.

Our laboratory has reported orientation-dependent FRET systems by using D-threoninol ° 6,
Dye introduced into the DNA duplex via D-threoninol is intercalated between natural base pairs
and orientation is fixed 7 FRET systems between homologous dyes (homo-FRET) were

developed as well'®, In these systems, ET strictly followed Forster theory.
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Figure 1-5. orientation-dependent FRET system. Reprinted from Ref. 15.

Not only one-step FRET but also multi-step FRET systems have been developed !° 2°. Multiple
dyes are spatially precisely arranged, and excitation energy is transferred in turn from dyes with

higher excitation energy to those with lower excitation energy. Removal of the intermediate dyes

interrupt the excitation energy transfer.



four-color

Figure 1-6. Multi-step FRET system using DNA origami as a backbone. Reprinted from Res.
19.

Further functionalization is possible by simultaneously integrating molecules such as gold

nanoparticles ' and proteins?2.

1-5 Purpose of this study
In this study, we developed energy transfer systems for dyes and metal complexes introduced
into DNA structures. In Chapter 2, We developed light-harvesting antennas with multiple dyes
accumulated in DNA junctions for the application using Forster energy transfer from dye to dye.
In Chapter 3, we developed a molecular ruler that depends only on distance. using Forster energy
transfer from metal complex to dye. In Chapter 4, we developed visible light cross-linking system
for DNA duplexes catalyzed by metal complex using Dexter energy transfer from metal complex

to dye.
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Capter 2 Development of light harvesting system using DNA with

multiple fluorophores (Forster energy transfer from dye to dye)

2-1 Abstract

We developed a novel light harvesting system using DNA junction for high-density
accumulation of fluorophores. The fluorophores were accumulated via D-threoninol so that
interactions between the fluorophores are strictly controlled. Highly efficient collection of light
energy from the pyrene integrated in the arms of the DNA junction to the perylene placed in the
center of the DNA junction. A large amount of light energy is efficiently transferrd from the pyrene
integrated in the arms of the DNA junction to the perylene placed in the center of the DNA
junction. Antenna effects of 3-way to 8-way junction were compared. Interestingly, the antenna
effects of even-numbered junction were higher than that of odd-numbered junction. As a result,
the antenna effects of 6- way and 8-way junction are the highest, and their effective absorption
coefficients were 8.5 times higher than the absorption coefficient of perylene. The yield of even-
numbered junction was found to be higher than that of odd-numbered junction from native-PAGE.

This system can be used for high brightness labeling agents and artificial photosynthesis systems.

2-2 Introduction

Natural photosynthesis is a photochemical phenomenon that converts light energy into
chemical energy with ultra-high efficiency. Photosynthesis achieves highly efficient light-
harvesting by integrating a large number of pigments by strictly controlling their distance and
orientation and optimizing the flow of energy. After many dyes absorb light energy, the energy is
transferred between dyes, and finally to the reaction center without any energy loss, resulting in
highly efficient light harvesting . Artificial photosynthesis, which mimics this photosynthesis, is
being studied challengingly from the perspective of clean energy acquisition. Artificial
photosynthetic systems based on coordinate bonds ? and covalent bonds * have been reported. To
achieve highly efficient energy transfer, not only the distance between dyes but also their
orientation must be strictly controlled. Generally, it is difficult to control the orientation between
dyes.

DNA is the ideal backbone for precise integration of dyes. Various types of dyes can easily be
introduced via covalent bonding to DNA. DNA spontaneously forms rigid duplexes and can form
a variety of complex structures by designing the sequence, allowing precise integration of dyes.
Various light harvesting antennas have been developed using multi branched DNA structures as

backbone *° ¢, Within these antennas, light energy is transferred between dyes by multistep Forster

12



resonance energy transfer (FRET). In these systems, it is difficult to control the orientation
between dyes and achieve high-density accumulation.

Our laboratory has reported a FRET system with strict control of orientation as well as distance
by using D-threoninol 7 ®. Dye introduced into the DNA duplex via D-threoninol is intercalated
between natural base pairs and orientation is fixed °.

In this study, we developed a novel light harvesting system using DNA junction. D-threoninol
was used for high-density accumulation of multiple fluorophores into the DNA junction. The
orientation between fluorophores as well as the distance is strictly controlled, so highly efficient

light collection can be expected.

2-3 Design

Conventional systems using DNA duplexes are limited in the number of dyes that can be
introduced, which limits the achievable light-harvesting capacity. In order to further increase the
number of dyes introduced, DNA junction, a higher-order structure of DNA, was adopted as the
backbone of the light-harvesting system. A DNA junction is a multi-branched structure consisting
of multiple DNA duplexes connected at junction sites. In general, it is known that the closer the
distance between dyes, the more highly efficient the energy transfer. The number of energy
transfer donors that can be placed near energy transfer acceptors can be increased by using DNA
junctions. Specifically, multiple molecules of pyrene, a donor for energy transfer, were introduced
into the duplex site of the DNA junction, and a molecule of perylene, an acceptor for energy
transfer, was introduced into the junction site. The design is shown in Fig. 2-1. This design allows
a large number of pyrenes to absorb light energy, which then transfers energy among the pyrenes
and eventually to the perylene. In other words, highly efficient light harvesting can be expected,
similar to natural photosynthesis.

The predecessor optimized the following dye configurations using normal duplex DNA.

® Distance between pyrenes

The shorter the distance between pyrenes, the better the energy transfer efficiency. However,
when pyrenes are adjacent to each other, excimer is formed. When the distance between the
pyrenes is 1 mer, quenching due to dye-dye interactions occurs, which is inappropriate. Based on
the above, the optimal distance between pyrenes is 2 mer.

® Distance between pyrene and perylene

The shorter the distance between pyrene and perylene, the better the energy transfer efficiency.
However, both sides of the dye must be adenine or thymine to prevent quenching by guanine. In
addition, sufficient chain length is required for stable formation of junction. Based on the above,
the optimal distance between pyrene and perylene is 6 mer.

® Number of pyrene in each arm

13



Comparing pyrene numbers from 5 to 7 mer, the energy transfer efficiency was 5 mer < 6 mer
=7 mer. This is due to the fact that the seventh and later pyrenes counted from the perylene side
are too far away from perylene for energy transfer to occur. Therefore, the optimal number of
pyrene in one arm is 6 mer.

The DNA sequences of the 3-way to 8-way junction designed from the above optimization
conditions are shown in Fig. S2-3. DNA junction with acceptor is designed to form a junction by
mixing equal amounts of E and number sequences, and DNA junction without acceptor is

designed to form a junction by mixing equal amounts of N and number sequences.

6 donors ¥ accaplon 6 donors S\E I O"O
NN ZANANAN/AN

0=£=0 Donor
(pyrene; P}

Figure 2-1. Illustration and design of DNA junctions prepared in this study.

2-4 Results and discussions
2-4-1 Antenna effect evaluation methods
The effective absorption coefficient was used as a method to evaluate the antenna effect. The
effective absorption coefficient (.x) is calculated from the following equation.
Eeff = €p Pr
Where é&p is the absorption coefficient of donors, and @r is the FRET efficiency. Absorption

coefficient of donors and FRET efficiency are calculated from the following equation.
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Where Ap is the absorbance of donors at 345 nm, ¢ is the concentration of DNA junction, and
[ is the optical path length. Where Ipa is the emission intensity of donors in DNA junction with

acceptor, and Ip is the emission intensity of donors in DNA junction without acceptor.

2-4-2 Absorption spectrum of DNA junction
Absorption spectrum measurements were performed to obtain the 4p needed to calculate the

absorption coefficients of donors. The results are shown in Fig. 2-2.
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Figure 2-2. Absorption spectra of DNA junction.
Conditions
[DNA] = 0.5 uM, [MgCl;] = 10 mM, pH = 7.0 (10 mM HEPES buffer), 20 °C

The introduction of perylene caused a new absorption peak around 450 nm, which is the
absorption wavelength of perylene. The absorbance of the donor was proportional to the number

of arms of the DNA junction.



2-4-3  Emission spectrum of DNA junctions

Steady-state fluorescence spectral measurements were performed to obtain

needed to calculate FRET efficiencies. The results are shown in Fig. 2-3.
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Figure 2-3 Steady-state fluorescence spectra of DNA junction.

Conditions
[DNA] = 0.5 uM, [MgCl,] = 10 mM, pH = 7.0 (10 mM HEPES buffer), 20 °C, Excitation =

345 nm
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With the introduction of perylene, a decrease in the fluorescence intensity of pyrene and the

appearance of perylene fluorescence were observed. This confirms that FRET occurs between

pyrene and perylene as designed.

2-4-4 Calculation of effective absorption coefficients

eps of each DNA junction were calculated from absorption spectra. @rs of each DNA junction

were calculated from the steady-state fluorescence spectra. e.qs were calculated from the eps and

&1s. Results are shown in Table 2-1 and Fig. 2-4.
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Table 2-1. eps, D1s and eeis of DNA junction.
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Figure 2-4. (a) eps, (b) @1s and (c) serrs of DNA junction.

eps were proportional to the number of arms of the DNA junction. This result is expected
because the number of pyrene introduced into the DNA junction is proportional to the number of
arms. &rs decreased as the number of arms increased. Very interestingly, @rs showed odd-even
effect: &7 is higher when the number of arms is even than when the number is odd. Since &rs
showed odd-even effect, s also showed odd-even effect. As a result, e.is were highest at the 6-
way and 8-way junction. Their s.ss were about 8.5 times higher than the maximum absorption
coefficient of perylene alone, 2.0x10* M ¢m™. Based on the above, we have succeeded in
developing a highly efficient light-harvesting antenna by accumulating multiple fluorophores into

DNA junction.

2-4-5 Confirmation of DNA junction formation
Native PAGE was performed to confirm the formation of DNA junction. The results are shown
in Fig. 2-5. The calculated yields of each DNA junction calculated from band intensity ratios are

shown in Fig. 2-6 and Table 2-2.
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Figure 2-5. Native PAGE image of DNA junctions.

Conditions
[DNA] = 0.5 uM, [MgCl;] = 10 mM, pH = 7.0 (10 mM HEPES buffer), 0 °C
5% nondenaturing polyacrylamide gel (with glycerol), x1 TB buffer ((MgClz] = 10 mM)

Table 2-2. Yields and @1s of DNA junction.

3-way 4-way 5-way 6-way 7-way 8-way

Duplex —_— —_— I I N
Jjunction Jjunction Jjunction Junction Junction Jjunction

Yield 0.86 0.53 0.67 0.37 0.62 0.20 0.29
Dr 0.42 0.40 0.36 0.22 0.27 0.16 0.20
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Figure 2-6. Yields of DNA junction.

The bands of each DNA junction appeared above the single strand and duplex. This indicates
that all of the DNA junctions form a multimer as designed. The bands of DNA junction with even
arms were denser than those of DNA junction with odd arms. In contrast, the bands of those that
did not form the desired DNA junction at the bottom were thinner when the number of arms was
even than when the number of arms was odd. As a result, the yields of DNA junctions showed
odd-even effect as @rs. The yields decreased as the number of arms increased. These results

suggest that the decrease in @r is due to a decrease in the yield of DNA junction.

2-4-6 Fluorescence lifetime of donors
The results of Native PAGE suggested that the FRET efficiency of DNA junction is strongly
affected by the yield of DNA junction. Therefore, fluorescence lifetime measurements were
performed to calculate the FRET efficiency of only those that formed the desired DNA junction.

The results are shown in Fig. 2-7.
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Figure 2-7. Fluorescence decay curve of pyrene in DNA junction.
Conditions
total [DNA] =25 uM, [MgCl,] = 10 mM, pH = 7.0 (10 mM HEPES buffer), r.t.

Excitation wavelength = 355 nm, Emission wavelength = 400 to 430 nm

The introduction of perylene caused the fluorescence of pyrene to decay faster, confirming that
FRET was occurring between pyrene and perylene as designed.
The time variation of fluorescence intensity Fp when a fluorescent dye is excited by pulsed
light is expressed by the following equation.
Fp = exp(—kt)
exp (—t/1)
Where £ is the energy transfer rate constant, and 7 is the fluorescence lifetime.

The calculated fluorescence lifetimes of donors are shown in Table 2-3.
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Table 2-3. zs and ks of DNA junction.

3-way 4-way 5-way 6-way T-way 8-way

Duplex =~
junction junction junction junction junction junction
w/o [2)) [ns] 7.50 7.56 7.40 7.38 7.51 7.49 7.39
acceptor
w/ a1 [ns]  3.90 4.23 4.08 4.26 4.82 4.85 5.25
acceptor
ODAl 0.79 0.81 0.74 0.68 0.76 0.70 0.79
a2 [ns] 8.70 9.75 8.92 8.84 10.14 10.05 11.84
ODA2 0.21 0.19 0.26 0.32 0.24 0.30 0.21

k [ns® 0.26 0.24 0.25 0.23 0.24 0.21 0.19
1
]

The fluorescence lifetime of the donor without acceptor can be fitted with one component (zp),
while that of the donor with acceptor can be fitted with two components (zpa; and zpaz). The
longer fluorescence lifetime components (zpaz) of the donor with acceptor were similar to these
of the donor without acceptor, suggesting the presence of a donor that is not involved in energy
transfer to the acceptor. The shorter fluorescence lifetime components (zpa1) are considered to be
the components that energy transferred from the donors to the acceptor. The ratio of shorter
fluorescence lifetime components (apai) was higher when the number of arms was even than
when the number was odd. This suggests that there is the odd-even effect in the yield of DNA

junction .

The FRET efficiency of the desired DNA junction (@r’) is calculated by the following equation.
@r' =1—1pa/TD
Where 1pa is the fluorescence lifetime of donors with acceptor, and 7p is the fluorescence
lifetime of donors without acceptor.
@71’ and the effective absorption coefficients of desired DNA junction (eer’s) calculated from

the fluorescence decay curve are shown in Table 2-4 and Fig. 2-8.
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Table 2-4. &@1’s and &c’s of DNA junction.

Duple 3-way 4-way 5-way 6-way 7-way = 8-way

X junctio  junctio junctio junctio junctio  junctio
n n n n n n
dr 0.48 0.44 0.45 0.42 0.36 0.35 0.29

e X 10°M~Iem™! 1.09 1.49 1.96 2.28 2.28 2.66 2.51

a 06 b 28
2.4 (
04 g0
- s 1.6
° 212
0.2 ‘\:0.8
3
0.4
0.0 0.0
2 3 4 5 6 7 8 2 3 4 5 6 7 8
Number of arms Number of arms

Figure 2-8. @1’s and &.x’s of DNA junction.

Unlike @rs, @r’s did not show odd-even effect. This indicates that the number of arms of the
DNA junction does not affect the energy transfer. e.i’s reached a maximum of 2.7x10° M! ¢cm!
at the 7-way junction. Its . increased about 13 times compared to the maximum absorption
coefficient of perylene alone, 2.0x10* M cm’!.

2-4-7 Simulation of energy transfer

We attempted to simulate the energy transfer in the light-harvesting antenna based on the
parameters obtained from the analysis of hetero FRET of pyrene-perylene and homo FRET of
pyrene-pyrene, which have been performed in our laboratory in the past. The energy transfer rate
constants required for the simulation are obtained from the distance and orientation between each
dye. Therefore, molecular modeling of the duplex was performed. The results are shown in Fig.
2-9 Table 2-5 shows the results of measuring the distance and orientation between each dye and

calculating each energy transfer rate constant.

Figure 2-9. Molecular modeling of DNA duplexes with accumulated fluorophores. Pyrens are

shown in blue and perylene is shown in orange.
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Table 2-5. Energy transfer rate between fluorophores.

r[A] O[rad] R[A] &r k[s']
E Pl 232 592 3492 092 1.17x10°
E P2 327 903 722 0.00 1.16x10*
E P3 427 -112.7 3185 0.5 1.72x10
E P4 525 979 2256 0.01 6.32x10°
E P5 622 741 2837 0.01 9.03x10°
E P6 718 -857 1850 0.00 2.93x10*
Pl P2 98 -1503 2332 0.99 1.78x10'
Pl P3 202 -173.5 2440 0.76 3.15x10°
Pl P4 297 37.1 2268 0.17 2.00x10
Pl P5 393 139 2421 0.05 5.44x10°
Pl P6 492 -146.0 2297 0.01 1.04x10°
P2 P3 106 -21.5 2387 099 1.28x10'"
P2 P4 200 -1724 2438 0.77 3.32x10°
P2 P5 295 1643 24.14 023 2.98x10
P2 P6 393 43 2443 0.05 5.74x10°
P3 P4 98  -149.0 2323 099 1.73x10'°
P3 P5 200 -1723 2438 0.76 3.25x10°
P3 P6 29.6 273 2350 020 2.50x10
P4 P5 105 -213 23.88 0.99 1.39x10'°
P4 P6 20.1 1769 2444 0.77 3.26x10°
PS P6 10.1 -159.2 2390 0.99 1.80x10'"°

23



The calculated rate constants suggest that the energy transfer between pyrene and perylene
occurs only from the first pyrene, and the energy transfer between pyrene and pyrene from one
and two pyrene apart.

The time derivatives of the fraction Pn of the excited state of the n-th donor counting from the
nearest acceptor is expressed as following equations.

dPy/dt = —(kp + kpia + k12 + ki3 + kig + kis + kig)Py + ko1 Py + k31 P3 + kg1 Py
+ kg1 Ps + kg1 Py
dP,/dt = —(kp + kpaa + ko1 + koz + kag + Kos + kog) Py + kqzPy + k3pPs + kyoPy
+ koo Ps + kgo Py
dP3/dt = —(kp + kpsa + k31 + kzp + k3g + kas + k3e)Ps + kq3Py + ky3Py + k3P
+ kg3 Ps + kg3 Py
dP,/dt = —(kp + kpsa + kaq + kao + kaz + kys + kae) Py + k1gPr + kg Py + k3o Ps
+ kg Ps + kgu Py
dPs/dt = —(kp + kpsa + ks1 + ksy + ksz + ks + ksg)Ps + kisPy + kosPs + kasPs
+ kysPy + kgsPg
dPs/dt = —(kp + kpea + kg1 + kea + ko3 + Ko + kes)Ps + k16P1 + kP + k3gP3
+ kyoPy + kggPs
Where kp is the fluorescence emission rate constant of donor, kpna is the energy transfer constant
from n-th donor to the acceptor, and kum is the energy transfer constant from n-th donor to m-th
donor.

Simulation of time variation of fluorescence intensity was performed by solving differential
equations with rate constants calculated from molecular modeling. The results are shown in Fig.2-
10.
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Figure 2-10. Simulation of fluorescence decay curve.

The fluorescence lifetime and the energy transfer constant calculated by fitting from the
simulated time variation of fluorescence intensity are shown in Table 2-6.

Table 2-6. Fluorescence lifetimes and energy transfer constants.

fluorescence lifetime simulation

™ [ns]  7.50 10.00
a1l [ns]  3.90 2.62
ODA1 0.79 1.00
a2 [ns] 8.70

ODA2 0.21

k [ns!] 0.26 0.38

The fact that the fluorescence lifetime could be fitted with a single component suggests that the
entire pyrene behaves as a single fluorophore and transfers energy to perylene due to the fast
energy transfer between pyrene. The calculated energy transfer rate constant between pyrene and
perylene was similar to that calculated from the single-life component of the fluorescence lifetime.

This suggests that the energy transfer is occurring as designed.

2-5 Conclusion
In this study, we developed highly efficient light harvesting antennae by accumulating multiple
pyrene as donor and a perylene as acceptor into DNA junction. The fluorophores were densely

accumulated by using DNA junction. Fluorophores introduced via D-threoninol are fixed in
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orientation, which enables strict dye alignment and highly efficient FRET can be expected. DNA
junction with a large number of arms can accumulate a large number of donors and thus absorb a
large amount of light. FRET efficiency was inversely proportional to the number of arms and
showed odd-even: FRET efficiency is higher when the number of arms is even than when the
number is odd. This is due to differences in the yields of DNA junction, and it is clear that there
is the odd-even effect in the yields of DNA junction. The antenna effects were highest at the 6-
way and 8-way junctions, where the antenna effect was about 8.5 times. The FRET efficiency of
the desired DNA junction, calculated from the fluorescence lifetime of the donor, did not show
the odd-even effect. The simulations yielded energy transfer rate constants comparable to the
experimental values. This system can be used for high brightness labeling agents and artificial

photosynthesis systems.

2-6 Experimental section
Materials

All conventional phosphoramidite monomers, CPG columns, reagents for DNA synthesis, and
Poly-Pak II cartridges were purchased from Glen Research. Other reagents for the synthesis of
phosphoramidite monomers were purchased from Tokyo Chemical Industry, Wako, and Aldrich.
Native oligodeoxyribonucleotides (ODNs) were purchased from Integrated DNA Technologies.
ODN:ss tethering pyrene and perylene were synthesized on an automated DNA synthesizer (H-8-
SE, Gene World) ODNs were purified by gel electrophoresis and reversed-phase HPLC and
characterized by MALDI-TOF MS (Autoflex maX, Bruker Daltonics) and HPLC.

Fluorescence measurements

Fluorescence spectra were measured on JASCO models FP-6500. The excitation wavelength
was 345 nm. Band widths were 3 nm for excitation and emission. Before measurements, sample
solutions containing DNA duplex or DNA junction were heated at 80 oC, then slowly cooled
down to 20 °C at arate of I “C min-1. Emission spectra shown in this paper were measured at
20 °C unless otherwise noted. Sample solutions contained 10 mM MgCl12, 10 mM HEPES buffer
(pH 7.0), 0.1 uM each oligonucleotides, unless otherwise noted.

Fluorescence lifetime measurements

Fluorescence lifetime measurements were performed by a photon-counting mode of a streak
scope (Hamamatsu photonics, C7700), which has a spectrograph (Hamamatsu photonics,
C11119-1) and a CCD camera (Hamamatsu photonics, C10600). The thirdharmonics of Nd:YAG
laser (EKSPLA 2210A, fwhm 20 ps, 1 kHz) was used as an excitation source. A pre-trigger from
the Nd: YAG laser system was delayed by a pulsed generator (DG535, Stanford research systems)
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to use the synchronized operation for the streak scope with Nd: YAG laser. Decay curves of donor
emission were obtained from the integration of the photon counts in the spectral region from 400
to 430 nm in the streak images. The fluorescence decay curve were analysed using the equipped
software of the streak scope (HPDTA9.1, Hamamatsu photonics). The decay curves were fitted

with the bi-exponential function aiexp(—#/t1) + azexp(—t/12).

Absorption measurements

Absorption spectra were measured on a JASCO model V-530. Sample solution contained 0.5
uM each strand, 10 mM MgCl,, 10 mM HEPES buffer (pH 7.0). Before measurements, sample
solutions containing DNA duplex or DNA junction were heated at 80 °C, then slowly cooled down
to 20 °C at a rate of 1 °C min™!. Absorption spectra shown in this paper were measured at 20 °C

unless otherwise noted.

Polyacrylamide gel electrophoresis

The samples were cooled from 80°C to 0°C at a rate of 1 °C min™' and then loaded onto a 5%
polyacrylamide gel with 5% glycerol (1xTB buffer containing 10 mM MgCls). The temperature
of the gel was kept constant during electrophoresis by using a water bath holder in which iced
water was circulated. After gel electrophoresis, the gel was analyzed with an FLA-3000 bio-

imaging analyzer (Fujifilm).
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Figure S2-1. Effect of the number of base pairs between two pyrene residues on the emission of
pyrene. Sequences used for the evaluation are listed at the right. Conditions: [DNA] = 1.0 uM,
100 mM NacCl, 10 mM phosphate buffer (pH 7.0).
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gp 2-AGCCAAPTTRPTAPATRTTRATGCCA TCGATT AT TTO AT/ TT AAGCGT-3'
3'-TCGGTT AA AT . TATAA  TACGGTEAGCTAAPTAPAAPTAPAAPTTCGCA-5'

ep 9-AGCCATPAAPTTRPTAPATRTTRATGCCA  TCGATT AT/ TT AT TT AA/TAGCGT-3'
3'-TCGGTA TTUAA AT . TATAA  TACGGTEAGCTAAPTAPAAPTAPAAPTTPATCGCA-5'

7p 5-AGCCTTPATPAARTTRTAPATRTTRATGCCA/ TCGATT AT TT AT/ TT AA/TA/AAGCGT-3'
3-TCGGAA TA TT AA AT TA'AAI TACGGTEAGCTAAPTAPAAPTAPAAPTTPATPTTCGCA-5'

Figure S2-2. Effects of the number of pyrene residues on the emission spectra. Sequences are
shown below. Sequences used for the evaluation are listed at the right. Conditions: [DNA] = 1.0
uM, 100 mM NacCl, 10 mM phosphate buffer (pH 7.0).
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Figure S2-3. Sequences of oligonucleotides used to prepare junctions.
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Table S2-1 DNA sequence.

Name Sequence (5'-3’)

E ACGCTAPTTAAPATAAPATAATCGAETGGCATPAAATPTAAAPTTATGGCT
N ACGCTAPTTAAPATAAPATAATCGATGGCATPAAATPTAAAPTTATGGCT
PO AGCCATPAATTPTAATPTTATGCCATCGATTPATTTPATTTPAATAGCGT
P1 ACGGATPATTTPAAAAPTTTACCGCTCGATTPATTTPATTTPAATAGCGT
P2 AGCCATPAATTPTAATPTTATGCCAGCGGTAPAATTPTTAAPATATCCGT
P3 GGTGAAPTTTTPTATAPTTTACTGGGCGGTAPAATTPTTAAPATATCCGT
P4 AGCCATPAATTPTAATPTTATGCCACCAGTAPAATAPTAAAPAATTCACC
P5 GGGTATPAAATPTATAPTAATCGTCCCAGTAPAATAPTAAAPAATTCACC
P6 AGCCATPAATTPTAATPTTATGCCAGACGATPTATAPTAATPTTATACCC
P7 GAGGTAPTTAAPAATAPATTTGCTGGACGATPTATAPTAATPTTATACCC
P8 AGCCATPAATTPTAATPTTATGCCACAGCAAPATTAPTTTTPAATACCTC
P9 CGCAATPAATTPATAAPTATATCTCCAGCAAPATTAPTTTTPAATACCTC
P10 AGCCATPAATTPTAATPTTATGCCAGAGATAPTATTPATAAPTTATTGCG
P11 AGGGTTPAATTPTTAAPTAAAGGCCGAGATAPTATTPATAAPTTATTGCG
P12 AGCCATPAATTPTAATPTTATGCCAGGCCTTPTATTPAAAAPTTAACCCT

P: pyrene, E: perylene
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Capter 3 Investigation of energy transfer from dyes to metal

complexes (Forster energy transfer from metal complex to dye)

3-1 Abstract

We developed a novel FRET system dependent only on distance. Pyrene as FRET donor and
Ru(bpy)s as acceptor were introduced via D-threoninol at the DNA junction. The symmetry of
Ru(bpy)s cancels the orientation dependence of FRET. The motility of molecules introduced via
D-threoninol is low. A novel bpy monomer was designed and synthesized to synthesize Ru(bpy)s-
DNA conjugate. Ru(bpy);-DNA conjugate was synthesized from the ligand exchange reaction of
bpy-DNA conjugate. FRET from pyrene to Ru(bpy)s in DNA junctions was shown to cancel the
orientation dependence and depend only on the distance. This system can be used for a nano-ruler

or a simplification of complex energy transfer systems.

3-2 Introduction

Measurements of the size of biomolecules and the distances between biomolecules in vivo
reveal molecular dynamics in vivo. X-ray crystallography ! 2 and cryo-electron microscopy > are
often used to obtain structural information on biomolecules. The structures obtained from these
methods provide a large amount of information and can predict accurate structures at the atomic
level. However, it is impossible to observe the molecular dynamics in a living state or over time
because the molecules must be completely immobilized for measurement.

Forster resonance energy transfer (FRET) is a phenomenon in which light energy is transferred
between dyes and its efficiency depends on the distance and orientation between dyes °. Since dye
orientation is difficult to control and dyes are assumed to be freely rotating, the FRET efficiency
between molecules gives the distance between molecules. FRET probe can be used as a molecular
ruler because the FRET efficiency between dyes gives the distance between molecules. FRET is
observed by light irradiation, which allows us to observe the molecular structure and molecular
dynamics in a living state. Furthermore, single-molecule FRET (smFRET) can be used to observe
the dynamics of a single molecule. The FRET probe has been used to observe the dynamics of
proteins ¢ 7, nucleic acids 8 °, and fluorescent biomolecules '° !,

However, rotation of the dye and movement of the dye when using long linkers are inevitable,
and the distance is not always accurately measured.

In this study, we developed a novel molecular ruler for precise measurement of dye distances.
Pyrene as donor and tris(2,2'-bipyridine) ruthenium(II) (Ru(bpy)s) as acceptor for FRET were

introduced into the DNA junction via D-threoninol linker. Since Ru(bpy)s has three transition
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12 it is expected to cancel the orientation

dipole moments in spatially symmetric orientations
dependence of the FRET. Molecules introduced via the short D-threoninol linker have low
motility, especially the smaller sized molecules, which are introduced between the base pairs of
the DNA, thus fixing the orientation almost completely 3. FRET that depends only on distance is

expected.

3-3 Design

Pyrene was selected as the donor for energy transfer and tris(2,2'-bipyridine) ruthenium(II)
(Ru(bpy)s) as the acceptor. Since there is a large overlap between the emission spectrum of Pyrene
and the absorption spectrum of Ru(bpy)s (Fig. S3-1), highly efficient energy transfer can be
expected. Since Ru(bpy); has transition dipole moments in spatially symmetric orientations, it is
expected to cancel the orientation dependence of the FRET from pyrene. Ru(bpy)s; was placed in
the center of the 3-way DNA junction and pyrene was introduced at the duplex site. Furthermore,
the base pairing between pyrene and Ru(bpy); was varied from 0 bp to 19 bp and the fluorescence
spectrum was measured. DNA junctions with perylene as the acceptor in the center were also
prepared in the same way for comparison with the case where the acceptor was an organic dye,
and the fluorescence spectra were measured to calculate the energy transfer efficiency. The energy
transfer efficiency at each base pair distance was calculated from the percentage decrease in

fluorescence intensity of the donor due to the introduction of the acceptor.
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Figure3-1 Design of FRET system from pyrene to Ru(bpy)s; in DNA 3-way junction.

3-4 Results and discussions
3-4-1 Synthesis and characterization of Ru(bpy)s-DNA conjugates
The introduction of Ru(bpy); into DNA was achieved by ligand exchange between bpy
introduced into DNA and cis-dichlorobis(2,2’-bipyridine) ruthenium (II) (Ru(bpy).Cly).
Ru(bpy).Cl, was synthesized based on a previous report'*. DNA with a bpy in the center of poly-
T as a test sequence was synthesized and subjected to a ligand exchange reaction with Ru(bpy).Cl,

(Fig. 3-2). We synthesized 2-(pyridin-2-yl)pyridine-4-carboxylic acid based on a previous report
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15 This carboxylic acid was combined with D-threoninol to synthesize phosphoramidite
monomers and bpy-DNA conjugates were introduced into a DNA oligonucleotide during general

solid-phase synthesis.

DNA
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Figure 3-2. Synthesis of Ru(bpy);-DNA conjugate using ligand exchange reaction.

First, the sequence with bpy in poly-T (T6-Bp) was used as the test sequence. A ligand exchange
reaction was performed under the conditions to synthesize Ru(bpy)s from general bpy and
Ru(bpy)zClz.

a b
Before reaction ] After 4 hours

Figure 3-3. HPLC profiles (a) before and (a) after ligand exchange reaction under general
conditions.

Conditions

[DNA-bpy] = 1 mM, [Ru(bpy)Cl,] =2 mM

Buffer: H,O:EtOH = 1:3, 200ul, 80 °C

Two new peaks appeared at 4 hours of reaction (Fig. 3-3b). The reaction did not progress any
further even after extending the reaction time. After preparative analysis, mass spectrometry was
performed and both were found to be consistent with the target Ru-DNA conjugates (T6-Ru)
(calculated mass = 2525.47, first peak: observed mass = 2522.864, second peak: observed mass
= 2523.472). From this we can say that the ligand exchange reaction is occurring correctly.
However, the product peaks were small, a large amount of bpy-DNA conjugates remained, and

the reaction efficiency was low.
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The following two points were considered to be responsible for the low reaction efficiency.

® DNA has low solubility in ethanol.

® The negative charge of the phosphate groups of DNA inhibits the reaction.

Therefore, the organic solvent used was changed from ethanol to methanol. In addition, NaCl
was added to increase the number of cations in the system, and the ligand exchange reaction was

performed with a lower solvent ratio of methanol.

After 4 hours 0

Figure 3-4. HPLC profiles before and after ligand exchange reaction under optimized
conditions.

Conditions

[DNA-bpy] = 1 mM, [Ru(bpy).Cl2] =2 mM, [NaCl] = 50 mM

Buffer: HO:MeOH = 1:1, 200ul, 80 °C

The change in solvent greatly increased the efficiency of the reaction; after 4 hours, most of the
bpy-DNA conjugates was consumed (Fig. 3-4). After preparative mass spectrometry, both were
consistent with T6-Ru (first peak: observed mass = 2522.680, second peak: observed mass =
2522.648). This suggests that increasing the number of cations in the system improves the

efficiency of the ligand exchange reaction.

To confirm that Ru(bpy)s was synthesized by the ligand exchange reaction performed in this

study, we measured absorption spectrum and emission spectrum of T6-Ru.
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Figure 3-5. (a) Absorption spectrum and (b) emission spectrum of T6-Ru.
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Conditions
NaCl =100 mM
10mM phosphate buffer, pH = 7.0, 20°C

Excitation wavelength = 450 nm

In the absorption spectrum, an absorption peak originating from the MLCT of Ru(bpy); was
observed around 450 nm (Fig. 3-5a). In addition, emission at 620 nm, which is characteristic of
Ru(bpy)s, was observed in the emission spectrum (Fig. 3-5). This confirms that Ru(bpy); was

synthesized by the ligand exchange reaction in this study.

Two product peaks were observed by HPLC (Fig. 3-4). We expected these two products to be
diastereomers in which A- Ru(bpy); and A-Ru(bpy)s; were introduced into DNA. Therefore, we

separated each peak and measured the CD spectra.
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Figure 3-6. CD spectra of T6-Ru.
Conditions
NaCl = 100 mM
10mM phosphate buffer, pH = 7.0, 20°C

Each CD spectrum was observed with inverted positive and negative values (Fig. 3-6). In
comparison with a previous report®, the CD spectra revealed that the peak with the short elution
time is DNA with A-Ru(bpy); introduced and the peak with the long elution time is DNA with A-
Ru(bpy)s introduced.

3-4-2 Ligand exchange reaction in ACGT mixed sequence
To investigate the energy transfer from pyrene to Ru(bpy)s, ligand exchange reactions were

performed with bpy- DNA conjugates of ACGT mixed sequences (ACGT-bpy). After the reaction,
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mass spectrometry and HPLC purification were performed.
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Figure 3-7. Mass spectrum of ACGT-bpy after reaction.
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Figure 3-8. (a) HPLC profile of ACGT-bpy after reaction. (b) Absorption spectrum of each peak.
(c) Mass spectrum of each peak.

Conditions
[DNA-bpy] = 1 mM, [Ru(bpy).Cl>] =2 mM, [NaCl] = 50 mM
Buffer: H,O:MeOH = 1:1, 200ul, 80 °C

Molecular weight of the bpy-DNA conjugates, molecular weight of bpy-DNA conjugates
(calculated mass = 6303.19, observed mass = 6306.432), that of Ru-DNA conjugates (calculated
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mass = 6717.14, observed mass = 6718.259) and molecular weights greater than these conjugates
were observed (Fig. 3-7). 2Bp@) is consistent with the molecular weight of the molecule thought
to have two Ru(bpy). introduced (calculated mass = 7131.27). HPLC results showed that four
peaks were observed (Fig. 3-8a). The first peak and the second to fourth peaks were separated
and analyzed by mass spectrometry. The first peak showed the molecular weight of the target
compound, whereas the second to fourth peaks showed the molecular weight of the target
compound with two Ru(bpy): introduced (Fig. 3-8¢). These results suggest that the ACGT mixture

sequence causes extra Ru(bpy): to introduce.

3-4-3 Ligand exchange reaction at each base test sequence
Based on the previous results, we expected that other bases could bind to ruthenium. Therefore,
test sequences other than T (A6-Bp, C6-Bp, G6-Bp) were synthesized and subjected to ligand
exchange reactions under Ru(bpy). excess conditions. Mass spectrometry was performed after the
reaction. Note that G6-Bp could not be purified by HPLC, so it was used in the reaction as is after
simple purification by PolyPac.
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Figure 3-9. Mass spectrum of (a) A6-Bp, (b) C6-Bp and (c) G6-Bp after reaction.
Conditions
[DNA-bpy] = 0.1 mM, [Ru(bpy)>CL] = 1 mM, [NaCl] = 50 mM
Buffer: HO:MeOH = 1:1, 200ul, 80 °C
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In A6-Bp (Fig. 3-9a) and C6-Bp (Fig. 3-9b), no molecular weight with an excess of Ru(bpy)
was observed.

In contrast, molecular weights with one (G@): calculated mass = 3089.57, observed mass =
3086.419) or two (G®): calculated mass = 3503.61, observed mass = 3499.461) excess Ru(bpy):
bound were observed in G6-Bp (Fig. 3-9¢). This suggests that DNA with a guanine-containing

sequence produces a byproduct in the ligand exchange reaction.

3-4-4 Reaction verification of G and Ru(bpy).Cl>
The previous results suggested that guanine reacts with Ru(bpy).Cl,. Therefore, we performed
the reaction under the same conditions as the ligand exchange reaction using a sequence in which

a guanine was introduced into poly-T (T6-G).
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Figure 3-10. HPLC profiles of (a) T6-G and (b) T6-Bp after reaction.
Conditions
[DNA] = 0.1 mM, [Ru(bpy):Cl>] = 1 mM, [NaCl] = 50 mM
Buffer: HO:MeOH = 1:1, 200ul, 80 °C

After the reaction, multiple peaks with longer retention times than T6-G were observed (Fig.
3-10a). This indicates that Ru(bpy).Cl: reacts with guanine in some way. The change in retention
time between T6-G and the product was larger than that observed in the ligand exchange reaction
with T6-Bp (Fig. 3-10b). This confirms that of the two types of peaks observed during the ligand
exchange reaction with the ACGT mixed sequence, the sharp large peak with the shorter retention
time is the target product and the multiple small peaks with the longer retention time are by-
products. The sequence was longer than the test sequence, which likely resulted in the

diastereomers A-Ru(bpy)s; and A-Ru(bpy)s not being separated and observed as a single peak.
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Figure 3-11. (a) HPLC profiles and (b) mass spectrum of T6-G1 after reaction and fractionation.

The products resulting from the T6-G1 ligand exchange reaction were fractionated. The
products were returned to T6-G after fractionation(Fig. 3-11a). Mass spectrometry results showed
the molecular weight of T6-G (calculated mass = 2505.41, observed mass = 2090.706) and that
of T6-G combined with Ru(bpy).Cl: (calculated mass =2505.41, observed mass = 2502.840) (Fig.
3-11b). This suggests that guanine reacts with Ru(bpy)-Cl,, but the product is unstable and can be
destroyed by drying or other manipulations. In the ligand exchange reaction, the presence of
guanine was found to produce a byproduct. In subsequent experiments, the sequence of the Ru-

DNA complex was chosen not to include guanine.

3-4-5 Effect of the introduction of Ru(bpy)s on the structure of DNA
To investigate the effect of Ru(bpy)s incorporation on the structural stability of the DNA,
melting temperature measurements were performed in duplex 3WJ 1/ 3WJ 1c and 3WJ 1/
3WIJ 1c-Ru) and 3-way junction (3WJ 1/3WJ 2/3WJ 3and 3WJ 1/3WJ 2-Ru/3WIJ 3).
Table 3-1. Melting temperature of Duplex and 3W1J with and without Ru(bpy);

Name Tm ATm
Duplex w/o Ru(bpy)s 57.2

Duplex w/ Ru(bpy)s 52.7 -4.5
3WJ w/o Ru(bpy)s 37.5

3WIJ w/ Ru(bpy)s 40.9 3.5
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Figure 3-12. Melting profiles of (a) duplex and (b) 3-way junction.
Conditions
[DNA] = 1.0 uM, [NaCl] = 100 mM
10 mM phosphate buffer, pH = 7.0

The introduction of Ru(bpy); into the duplex chain decreased the T by about 4.5°C (Fig. 3-
12a). This indicates that the introduction of Ru(bpy); into the duplex chain destabilizes the
structure. This indicates that the introduction of Ru(bpy)s; into the duplex destabilizes the duplex.
In contrast, the introduction of Ru(bpy); into the 3-way junction increased 7Tm by about 3.3°C (Fig.
3-12b). This indicates that the introduction of Ru(bpy)s; into the center of the 3-way junction
stabilizes the structure. This indicates that the introduction of Ru(bpy); into the center of the 3-
way junction stabilizes the structure. Ru(bpy); is thought to promote the formation of DNA
structures because of its positive charge. On the other hand, Ru(bpy); is considered to inhibit the
formation of DNA duplexes because of its bulkiness, but it does not inhibit the formation of DNA

junction because there is enough space in the center of DNA junction.

3-4-6 \Verification of energy transfer from pyrene to Ru(bpy)s
In order to verify whether energy is transferred from pyrene to Ru(bpy); in the Forste type,
emission spectra and excitation spectra of Ru(bpy)s; were measured at the duplex (3WJ 1-Py /
3WIJ 1c and 3WJ 1-Py / 3WIJ 1c-Ru) and 3-way junction (3WJ 1-Py / 3WJ 2 / 3WJ 3 and
3WIJ 1-Py/3WIJ 2-Ru/3WIJ 3). The distance between Pyrene and Ru(bpy)s is 4 bp.
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Figure 3-13. (a) Emission spectra of duplex. (b) Emission spectra of duplex expanded Ru(bpy);
region. (¢) Emission spectra of 3-way junction. (b) Emission spectra of 3-way junction

expanded Ru(bpy); region.
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Figure 3-14. Excitation spectra of duplex and 3-way junction.

Conditions

[DNA 1-11=0.5 uM, [DNA 1-1c or DNA 1-2] = 1.0 uM, [DNA _1-3]= 1.5 uM, [NaCl] =
100 mM

10 mM phosphate buffer, pH = 7.0, 20°C

Excitation = 345 nm, Emission = 620 nm

In both duplex (Fig. 3-13a) and 3-way junction (Fig. 3-13c), the introduction of Ru(bpy);
greatly reduced the fluorescence of pyrene, confirming a highly efficient energy transfer from

pyrene to Ru(bpy)s. The FRET efficiency was 0.97 for the duplex and 0.90 for the 3-way junction.
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A small amount of Ru(bpy); emission was also observed (Fig.3-13b, d). In excitation spectra of
both the duplex and 3-way junction, when pyrene was introduced, a peak similar in shape to the
absorption spectrum of pyrene was observed in the absorption region of pyrene (Fig. 3-14). This

confirms that the energy transfer from pyrene to Ru(bpy); is as designed.

3-4-7 Energy transfer efficiency depending only on distance

We tested whether the energy transfer from pyrene depends only on distance when Ru(bpy)s is
used as an acceptor. pyrene was introduced as a donor at the duplex site of the 3-way junction and
Ru(bpy)s was placed in the center as an acceptor. The base pairing between the donor and acceptor
was varied from 0 bp to 19 bp. For comparison, an organic fluorophore, perylene, was placed in
the center of the 3-way junction as an acceptor and was also studied in the same way. The
combinations of DNA strand are shown in Table S2. Steady-state fluorescence spectra were
measured at each distance. FRET efficiencies were calculated from the percentage decrease in

donor emission due to the introduction of acceptors.
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Figure 3-15. (a) FRET efficiencies from pyrene to Ru(bpy)s. (b) Transition dipole moments of
Ru(bpy)s. (c) FRET efficiencies from pyrene to perylene. (b) Transition dipole moment of
perylene.

Conditions

[DNA-Py] =0.5 uM, [DNA-Ac] = 1.0 uM, [DNA-N] = 1.5 uM, [NaCl] = 100 mM

10mM phosphate buffer, pH = 7.0, 20°C
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Excitation wavelength = 345 nm

When Ru(bpy); was used as an acceptor, the curve was in excellent agreement with the
theoretical curve when the orientations were averaged (Fig. 3-15a). This may be due to the
symmetry of the transition dipole moments of Ru(bpy); canceling the orientation dependence of
the FRET, as designed. In contrast, a slight orientation dependence was observed when perylene
was used as an acceptor (Fig. 3-15¢). Thus, it is shown that the introduction of Ru(bpy); as FRET

acceptor at the DNA junction can construct an orientation-independent FRET system.

3-4-8 Modeling
Next, we modeled a 3-way junction with Ru(bpy); from the fitting of the theoretical curve.
The crystal structure of the 3-way junction (PDB: 1DRG'”) was modified to introduce Ru(bpy)s,
and the position of Ru(bpy); was determined from fitting the theoretical curve of Pyrene-Ru(bpy);
FRET and calculated as the initial structure. The structure of Ru(bpy); was obtained as if it were

positioned perpendicular to the 3-way junction plane (Fig. 3-16).

Figure 3-16. Modeling of the DNA 3-way junction with Ru(bpy); in the center.

3-5 Conclusion
In this study we developed a novel distance-only dependent FRET system by using Ru(bpy);
with transition dipole moments in spatially symmetric orientations. A novel bpy monomer was
designed to synthesize Ru(bpy)s;-DNA conjugate, and the bpy-DNA complex was synthesized
using general DNA synthesis method. Ru(bpy);-DNA conjugate was synthesized by ligand
exchange reaction of bpy-DNA conjugate and Ru(bpy).Cl,. Since byproducts were observed in

the ligand exchange reaction with bpy-DNA conjugate, which has guanine in the sequence, the

45



sequence of Ru(bpy);-DNA conjugate should not contain guanine. The introduction of Ru(bpy)s
destabilized the DNA duplex and stabilized DNA 3WIJ. Highly efficient FRET from pyrene to
Ru(bpy); were observed in the DNA structures. FRET from pyrene to Ru(bpy)s; in 3WJ was
orientation independent. This system can be used for a nano-ruler or a simplification of complex

energy transfer systems.

3-6 Experimental section

Materials

All conventional phosphoramidite monomers, CPG columns, reagents for DNA synthesis, and
Poly-Pak II cartridges were purchased from Glen Research. Other reagents for the synthesis of
phosphoramidite monomers and cis-Dichlorobis(2,2’-bipyridine) ruthenium(II) were purchased
from Tokyo Chemical Industry, Wako, and Aldrich. Native oligonucleotides were purchased from
Integrated DNA Technologies. Monomers tethering a bipyridine unit were synthesized as
described below. Modified oligomers were synthesized by employing these phosphoramidite
monomers and standard DNA monomers on an automated DNA synthesizer (M-6-MX, Nihon
Techno Service). Oligomers were purified by reversed-phase HPLC and characterized by
MALDI-TOF MS (Autoflex maX, Bruker) and HPLC.

Synthesis of Ru-DNA conjugates

DNAs conjugated to the Ru complex were synthesized by the ligand exchange reaction of cis-
dichlorobis(2,2’-bipyridine) ruthenium(Il) and DNA tethering a bipyridine moiety. Bipyridine-
modified DNA strands (0.2 pmol, final concentration 1 mM) were dissolved in a 1:1 mixture of
methanol and 100 mM aqueous NaCl solution in the presence of 2 mM cis-dichlorobis(2,2’-
bipyridine) ruthenium(II) (total volume 200 ul). After 6 h of incubation at 80 °C, products were
purified by reversed-phase HPLC and characterized by MALDI-TOF MS (Autoflex maX,
Bruker) and HPLC.

HPLC analyses
A Mightysil RP-18GP II column (Kanto Chemical Co., Inc.) was used for HPLC analyses. The

flow rate was 0.5 mL min'. Absorbance was monitored at 260 nm. Spectra of peaks at each
retention time were recorded on JASCO EXTREMA HPLC system.

Circular dichroism (CD) measurements

CD spectra were measured on a JASCO model J-820 equipped with a programmable
temperature controller using 10-mm quartz cells. Spectra were measured at 20 °C. The sample
solutions contained 100 mM NaCl, 10 mM phosphate buffer (pH 7.0).
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Measurement of absorption spectra and melting temperatures

Absorption spectra were measured on a V-730 (JASCO). The sample solutions contained 100
mM NaCl, 10 mM phosphate buffer (pH 7.0). Absorption spectra were measured at 20 °C after
annealing at 80 °C. The melting curves were measured with a UV-1800 (Shimadzu) by monitoring
260 nm absorbance versus temperature. The melting temperature (7m) was determined from the
maximum value in the first derivative of the heating curve. The temperature ramp was 0.5 °C min
!. The sample solutions contained 100 mM NaCl, 10 mM phosphate buffer (pH 7.0).

Emission measurements

Emission spectra were measured on JASCO model FP-8500. Band widths were 2.5 nm for
excitation and emission. Before measurements, sample solutions were heated at 80 °C, then
slowly cooled to 20 °C at a rate of 1 °C min’!. Emission spectra were measured at 20 °C. The

sample solutions contained 100 mM NaCl, 10 mM phosphate buffer (pH 7.0).

Synthesis of phosphoramidite monomer tethering bipyridine
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Scheme S3-1. Synthesis of phosphoramidite tethering bipyridine. Reagents and conditions: a)
[2,2"-bipyridine]-4-carboxylic acid, DMT-MM, Et;N, DMF, room temperature, 12 h, 56%; b)
(iPr)NP(C1)(OCH>CH,CN), Et3N, dryCH,Cl», 0 °C, 2 h, 70%.

Compound 2. Compound 1 and [2,2’-bipyridine]-4-carboxylic acid were synthesized as
described previously. To a stirred solution of [2,2’-bipyridine]-4-carboxylic acid (0.49 g, 2.4
mmol) and triethylamine (1.69 mL, 12.1 mmol) in DMF (50 mL) were added compound 1 (2.7
mmol) and DMT-MM (1.01 g, 3.7 mmol). After stirring at room temperature for 12 h, CHCI; was
added to the reaction mixture. The mixture was washed with saturated NaHCOs (twice) and brine
(twice) and dried over MgSOs. The solvent was removed by evaporation. Silica gel column
chromatography (hexanes:AcOEt, 1:4 (v/v) and 3% triehtylamine) afforded compound 2 as a
white solid (0.80 g, yield 56%).

"H-NMR [CDCls, 500 MHz] 6 = 8.80 (dd, J = 5, 1 Hz, 1H), 8.70 (d, J = 2 Hz, 1H), 8.68-8.67
(m, 1H), 8.43-8.41 (m, 1H), 7.83 (ddd, J =15, 2,2 Hz, 1H), 7.71 (dd, J= 5, 2 Hz, 1H), 7.41-7.40
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(m, 2H), 7.35-7.28 (m, 7H), 7.21-7.18 (m, 1H), 7.05 (d, J= 9 Hz, 1H), 6.80 (ddd, /=9, 7, 7 Hz,
4H), 4.28-4.25 (m, 1H), 4.20-4.16 (m, 1H), 3.75 and 3.73 (s, 6H), 3.55 (dd, J = 10, 5 Hz, 1H),
3.41(dd, J= 10, 4 Hz, 1H), 3.13 (d, J=3 Hz, 1H), 1.23 (d, J= 7 Hz, 3H). *C-NMR [CDClL, 126
MHz] = 166.1, 158.8, 157.2, 155.4, 150.2, 149.4, 144.5,142.7, 137.2, 135.5, 130.1, 128.2, 128.0,
127.2,124.3, 121.6, 121.4, 117.8, 113.5, 87.0, 68.5, 65.1, 55.3, 54.4, 20.3. HRMS(FAB) calcd for
Cs6H3sN30s (M *) 589.2577. Found 589.2490.

Compound 3. In 20 mL of dry dichloromethane under nitrogen, compound 2 (0.8 g, 1.4 mmol)
and tricthylamine (0.94 mL, 6.8 mmol) were reacted with 2-cyanoethyl
diisopropylchlorophosphoramidite (0.45 mL, 2.0 mmol) at 0 °C. After 1 h, the solvent was
removed by evaporation. Silica gel column chromatography (hexanes:AcOEt, 1:1 (v/v) and 3%
trichtylamine) afforded compound 3 as a white solid (0.76 g, yield 71%).

3IP-NMR [202 MHz, CDCl;] 6 =148.4, 147.9.
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Table S3-1. DNA sequence

name Sequence (5'»3")

T6-Bp TTTBpTTT

A-6Bp AAABpAAA

C6-Bp CCcBpcCcCC

G6-Bp GGGBpPGGG

ACGT-Bp CCATTACAACBpPTCCCGTCACT

T6-G TTTGTTT

T6-Ru TTTRUTTT

A-6Ru AAARUAAA

C6-Ru CCCRucCCC

G6-Ru GGGRUGGG

ACGT-Ru CCATTACAACRUTCCCGTCACT

T6-G TTTGTTT

3wj 1 GTGTAAATGTGTTGTAATGG

3WJ 1-Py  GTGTAAPYATGTGTTGTAATGG

3Wj 2 CCATTACAACTCCCCTCACT

3W)] 2-Bp  CCATTACAACBpTCCCCTCACT

3WJ 2-Ru  CCATTACAACRuUTCCCCTCACT

3w) 3 AGTGAGGGGAACATTTACAC

3W)] 1c-Bp CCATTACAACBpACATTTACAC

3W)] 1c-Ru CCATTACAACRUACATTTACAC

3WJ-Py00  CTCCGAATCTATTATCCAAGCAPYAAAGTGTATGTGA
3WJ-Py04  CTCCGAATCTATTATCCAPYAGCAAAAGTGTATGTGA
3WJ-Py08  CTCCGAATCTATTAPYTCCAAGCAAAAGTGTATGTGA
3WJ-Pyl2  CTCCGAATCTPYATTATCCAAGCAAAAGTGTATGTGA
3WJ-Pyl6  CTCCGAPYATCTATTATCCAAGCAAAAGTGTATGTGA
3WJ-RuO0  TCACATACACTTTRuCCTACTCTCA

3WJ-Ru01  TCACATACACTTRuCCTACTCTCA

3WJ-Ru02  TCACATACACTRuCAACTACCTC

3WJ-Ru03  TCACATACACRuUCCTACTCTCA

3WJ-EQ0 TCACATACACTTTECCTACTCTCA

3WJ-EO01 TCACATACACTTECCTACTCTCA

3WJ-E02 TCACATACACTECAACTACCTC

3W]J-EO3 TCACATACACECCTACTCTCA

3WJ-NOO TCACATACACTTTCCTACTCTCA

3WJ-NO1 TCACATACACTTCCTACTCTCA

3WJ-N02 TCACATACACTCAACTACCTC

3WJ-NO3 TCACATACACCCTACTCTCA

3WJ-n00 TGAGAGTAGGTGCTTGGATAATAGATTCGGAG
3WJ-n01 TGAGAGTAGGTTGCTTGGATAATAGATTCGGAG
3WJ-n02 GAGGTAGTTGTTTGCTTGGATAATAGATTCGGAG
3WJ-n03 TGAGAGTAGGTTTTGCTTGGATAATAGATTCGGAG

Bp: bpy, Ru: Ru(bpy)s, Py: pyrene, E: perylene
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Table S3-2. DNA combinations forming 3WJ

distance

name

sequence

0

3WIJ-
Py00
3WJ-
Ac00
3WIJ-
NO00

3WIJ-
Py00
3WJ-
Ac01
3WIJ-
NO1

3WIJ-
Py00
3WJ-
Ac02
3WIJ-
NO02

3WIJ-
Py00
3WJ-
Ac03
3WIJ-
NO3

3WIJ-
Py04
3WJ-
Ac00
3WIJ-
NO00

3WIJ-
Py04
3WI-
Ac01
3WIJ-
NO1

3WIJ-
Py04
3WJ-
Ac02
3WIJ-
NO02

3WJ-
Py04
3WJ-
Ac03
3WIJ-
NO3

3WJ-
Py08
3WJ-
Ac00
3WIJ-
NO00

3WI-
Py08
3WJ-
Ac01
3WIJ-
NO1

3WJ-
Py08
3WI-
Ac02
3WIJ-
NO02

5'-

5'-

5'-

5'-

CTCCGAATCTATTATCCAAGCAPy
TCACATACACTTT

TGAGAGTAGG
CTCCGAATCTATTATCCAAGCAPyA
TCACATACACTT

TGAGAGTAGG
CTCCGAATCTATTATCCAAGCAPyAA
TCACATACACT

GAGGTAGTTG
CTCCGAATCTATTATCCAAGCAPyAAA
TCACATACAC

TGAGAGTAGG
CTCCGAATCTATTATCCAPyAGCA
TCACATACACTTT

TGAGAGTAGG
CTCCGAATCTATTATCCAPyAGCAA
TCACATACACTT

TGAGAGTAGG
CTCCGAATCTATTATCCAPYAGCAAA
TCACATACACT

GAGGTAGTTG
CTCCGAATCTATTATCCAPYAGCAAAA
TCACATACAC

TGAGAGTAGG
CTCCGAATCTATTAPYyTCCAAGCA
TCACATACACTTT

TGAGAGTAGG
CTCCGAATCTATTAPyTCCAAGCAA
TCACATACACTT

TGAGAGTAGG
CTCCGAATCTATTAPYyTCCAAGCAAA
TCACATACACT

GAGGTAGTTG
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AAAGTGTATGTGA

CCTACTCTCA

TGCTTGGATAATAGATTCGGAG

AAGTGTATGTGA

CCTACTCTCA

TTGCTTGGATAATAGATTCGGAG

AGTGTATGTGA

CAACTACCTC

TTTGCTTGGATAATAGATTCGGAG

GTGTATGTGA

CCTACTCTCA

TTTTGCTTGGATAATAGATTCGGAG

AAAGTGTATGTGA

CCTACTCTCA

TGCTTGGATAATAGATTCGGAG

AAGTGTATGTGA

CCTACTCTCA

TTGCTTGGATAATAGATTCGGAG

AGTGTATGTGA

CAACTACCTC

TTTGCTTGGATAATAGATTCGGAG

GTGTATGTGA

CCTACTCTCA

TTTTGCTTGGATAATAGATTCGGAG

AAAGTGTATGTGA

CCTACTCTCA

TGCTTGGATAATAGATTCGGAG

AAGTGTATGTGA

CCTACTCTCA

TTGCTTGGATAATAGATTCGGAG

AGTGTATGTGA

CAACTACCTC

TTTGCTTGGATAATAGATTCGGAG

-3

-3

-3

3



3WIJ-
Py08
3WJ-
Ac03
3WIJ-
NO3

3WIJ-
Pyl12
3WI-
Ac00
3WIJ-
NO00

3WIJ-
Pyl12
3WI-
Ac01
3WIJ-
NO1

3WIJ-
Pyl12
3WI-
Ac02
3WIJ-
NO02

3WIJ-
Pyl12
3WI-
Ac03
3WIJ-
NO3

3WIJ-
Pyl6
3WI-
Ac00
3WIJ-
NO00

3WIJ-
Pyl6
3WI-
Ac01
3WIJ-
NO1

3WI-
Pyl6
3WI-
Ac02
3WIJ-
NO02

3WI-
Pyl6
3WI-
Ac03
3WIJ-
NO3

CTCCGAATCTATTAPYTCCAAGCAAAA
TCACATACAC

TGAGAGTAGG
CTCCGAATCTPyATTATCCAAGCA
TCACATACACTTT

TGAGAGTAGG
CTCCGAATCTPyATTATCCAAGCAA
TCACATACACTT

TGAGAGTAGG
CTCCGAATCTPyATTATCCAAGCAAA
TCACATACACT

GAGGTAGTTG
CTCCGAATCTPyATTATCCAAGCAAAA
TCACATACAC

TGAGAGTAGG
CTCCGAPyATCTATTATCCAAGCA
TCACATACACTTT

TGAGAGTAGG
CTCCGAPyATCTATTATCCAAGCAA
TCACATACACTT

TGAGAGTAGG
CTCCGAPyATCTATTATCCAAGCAAA
TCACATACACT

GAGGTAGTTG
CTCCGAPyATCTATTATCCAAGCAAAA
TCACATACAC

TGAGAGTAGG

GTGTATGTGA

Ac  CCTACTCTCA

TTTTGCTTGGATAATAGATTCGGAG

AAAGTGTATGTGA

Ac  CCTACTCTCA

TGCTTGGATAATAGATTCGGAG

AAGTGTATGTGA

Ac  CCTACTCTCA

TTGCTTGGATAATAGATTCGGAG

AGTGTATGTGA

Ac  CAACTACCTC

TTTGCTTGGATAATAGATTCGGAG

GTGTATGTGA

Ac  CCTACTCTCA

TTTTGCTTGGATAATAGATTCGGAG

AAAGTGTATGTGA

Ac  CCTACTCTCA

TGCTTGGATAATAGATTCGGAG

AAGTGTATGTGA

Ac  CCTACTCTCA

TTGCTTGGATAATAGATTCGGAG

AGTGTATGTGA

Ac  CAACTACCTC

TTTGCTTGGATAATAGATTCGGAG

GTGTATGTGA

Ac  CCTACTCTCA

TTTTGCTTGGATAATAGATTCGGAG

-3

3

3

-3

-3

-3

3

-3

-3

-3

-3

-3

-3

-3

3
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Capter 4 Visible light cross-linking of DNA duplexes using Ru(bpy)s-

introduced TFO (Dexter energy transfer from metal complex to dye)

4-1 Abstract

We developed a novel visible-light responsive system for site-selective cross-linking of DNA
duplexes. DNA duplexes with stilbene pairs and TFO with Ru(bpy)s to form triplex with stilbene
pairs and Ru(bpy); in proximity. When this triplex is irradiated with visible light, the [2+2]
cycloaddition of stilbene is catalyzed by Ru(bpy)s, resulting in cross-linking of the DNA duplex.
Energy calculations indicate that the DNA duplex is cross-linked by TTET from Ru(bpy)s to
stilbene. DNA duplexes were not cross-linked unless stilbene and Ru(bpy); were in proximity. It
was shown that the cross-linking sites of DNA duplexes with stilbene pairs in two locations can
be precisely controlled by the sequence of TFO. The system does not require orthogonal
photoreactive molecules, making it applicable to complex photoresponsive circuits and

nanomachines.

4-2 Introduction

Artificial control of biomolecular functions by external stimuli is a major goal of biotechnology.
Light irradiation is an excellent external stimulus because it is easily controlled spatiotemporally
and does not contaminate the reaction system. Orthogonal activation is possible by changing the
excitation wavelength of photoresponsive molecules. Orthogonal light control systems that
respond at different wavelengths are being studied challengingly in various fields as to
biotechnology ! 2 3.

Controlling DNA function through photostimulation is an important tool for DNA
nanotechnology and nucleic acid drug. Various light-responsive DNA systems have been reported
by using photoisomerization * 3, photocycloaddition ¢ 7, and photocaged bases ® °. Generally, for
orthogonal light control, the chemical structure of the photoresponsive molecule is changed to
change the wavelength at which it responds. Our laboratory also reported a system that responds
to visible light by modifying the chemical structure of stilbene, which responds to ultraviolet light
10, and a photoresponsive system that orthogonally controls the stability of artificial nucleic acids
by using two types of photoresponsive molecules with modified chemical structures !!. Generally,
the overlap in excitation wavelengths makes it difficult to construct photoresponsive systems that
combine molecules responsive to multiple different wavelengths. Therefore, new strategies are

needed for the development of orthogonal light-response systems.

In this study, we developed a novel photoresponsive system using photocatalyst. Tris(2,2’ -
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bipyridine) ruthenium(I) (Ru(bpy);) was selected as a photocatalyst. DNA-Ru complex
conjugates have been used for electron transfer 2, fluorescence probe '* and nucleic acid drug '.
Ru complexes are known to catalyze [2+2] cycloaddition reactions upon visible light irradiation
15, We expected Ru(bpy)s to catalyze the [2+2] cycloaddition of stilbene within the DNA duplex,
resulting in cross-linking of the DNA duplex.

4-3 Design

The purpose of this study is to cross-link DNA duplexes with visible light using triplex forming
oligonucleotide (TFO) introduced Ru(bpy)s via D-threoninol. The design is shown in Fig. 4-1.
Two stilbenes are introduced into the DNA duplex at complementary positions via D-threoninol.
As aresult, stilbenes form H-aggregates within the DNA Duplex. Since stilbene does not absorb
visible light, irradiation with visible light does not cross-link this DNA duplex. By mixing this
duplex with TFO with Ru(bpy); at the end, the DNA triplex is formed in which the stilbene pair
and the Ru(bpy); are in close proximity. Irradiation of the DNA triplex with visible light excites
Ru(bpy)s, which transfers energy to the stilbene, resulting in [2+2] cycloaddition of the stilbene
pair. Finally, DNA duplexes are cross-linked and thermally stabilized. By using this design, site-
selective cross-linking of DNA duplexes can be expected, depending on the position of Ru(bpy)s

introduction.

Figure 4-1. Schematic illustration of photo-crosslinking system mediated by Ru(bpy)s.

4-4 Results and discussions
4-4-1 Effect of Ru(bpy)s on the structure of DNA triplexes
The [2+2] cycloaddition reaction of stilbenes is promoted by the formation of H-aggregates

16

among stilbenes in the DNA duplex '°. We first confirmed that stilbene residues formed an
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aggregate in the context of DNA triplex in the presence of Ru(bpy)s. Absorption spectra of DNA
triplex with Ru(bpy); and a stilbene pair (S1/S2/R1) and DNA triplex with Ru(bpy)s and a stilbene
monomer (N1/S2/R3) were measured.
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Figure 4-2. Absorption spectra of Ru(bpy)s and stilbene-introduced DNA triplexe.
Conditions
[DNA-Duplex] = 5.0 uM, [TFO] = 6.0 uM, [NaCl] = 100 mM
10 mM phosphate buffer, pH = 5.5, 20 °C

The UV/Vis spectrum of S1/S2/R1 showed a broad band at A=320—-380 nm with an absorption
maximum at A=324 nm (Fig. 4-2). The hypsochromic shift of this band in the spectrum of
S1/S2/R1 with respect to that in the spectrum of N1/S2/R1 (Amax=334 nm) is characteristic of H-
aggregate formation. Thus, it was indicated that Ru(bpy)s with large molecular size did not inhibit
the stilbene residues aggregate formation in S1/S2/R1, a conformation that should allow

photocycloaddition.

We next confirmed that the thermal stability of DNA triplexes is not destabilized in the presence
of Ru(bpy)s. Melting temperatures of DNA triplex with Ru(bpy)s (S1/S2/R3) and DNA duplex

(S1/S2) were measured.
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Figure 4-3. Melting profiles of the S1/S2/R3 triplex (solid line) and the S1/S2 duplex (broken
line).

Conditions

[DNA-Duplex] = 1.0 uM, [TFO] = 1.2 uM, [NaCl] = 100 mM

10 mM phosphate buffer, pH = 5.5

The melting curves of S1/S2/R3 showed two-step transitions, indicating that DNA triplex can
be formed even in the presence of Ru(bpy)s (Fig. 4-3). The melting temperatures for S1/S2/R1
were 51.0 and 67.0 °C and that for S1/S2 was 67.2 °C. The fact that there was no difference in

the melting temperatures of S1/S2/R1 and S1/S2/ indicated that the introduction of the Ru(bpy);
did not destabilize the thermal stability of the DNA triplex.

4-4-1 Energy calculation

The emission of the Ru(bpy); was observed from 550 nm to 700 nm (Fig. S4-1). This is far
from the absorption region of stilbene (Fig. 4-2). Therefore, FRET from the Ru(bpy)s to stilbene
cannot occur. The energy transfer from the Ru(bpy)s to the stilbene is thought to occur by triplet-
triplet energy transfer (TTET). To verify if TTET from Ru(bpy); to stilbene occurs, we evaluated
the energy levels of the relevant excited states using quantum chemical calculations. The energy
diagram of Ru(bpy); and the stilbene monomer was calculated at the B3PW91 level using the
LanL.2DZ for Ru(bpy)s and 6-31+G(d,p) for H, C, N, O atoms
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Figure 4-4. Energy diagram of Ru(bpy); and stilbene monomer obtained from quantum
chemical calculation. The D-threoninol backbone was replaced with a methyl group to reduce

computational costs.

The triplet excited state energy of the Ru(bpy)s was calculated to be A 2.64 eV (470 nm), and
that of the stilbene monomer was xalculated tobe 2.15 eV (335 nm) (Fig. 4-4). The absorption
wavelengths predicted from the calculated energies are in good agreement with the
experimentally observed absorption wavelengths. The triplet excited state energy of the Ru(bpy);
was slightly higher than that of the stilbene monomer, suggesting that TTET is the dominant
energy transfer from the Ru(bpy)s to stilbene. Since TTET occurs in a Dexter mechanism with a
very short donor-acceptor distance (< 1 nm)', a site-selective [2+2] cycloaddition reaction can

be expected by using Ru(bpy)s and stilbene in DNA triplex.

4-4-2 Cross-linking one site of DNA duplex with visible light irradiation
We then irradiated S1/S2/R1 with visible light at A=465 nm to investigate the [2+2]
photocycloaddition reactivity of stilbene residues. DNA triplets were irradiated with a 465 nm
LED Absorption spectrophotometry and HPLC analysis were performed to confirm the progress
of the DNA duplex cross-linking reaction.
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Figure 4-5. (a) Absorption spectra of S1/S2/R3 triplex before and after photoirradiation at 465

nm for the indicated duration. (b) Reaction kinetics determined from changes in absorption

spectra. (¢) HPLC chromatograms of the S1/S2/R3 triplex before and after photoirradiation at

465 nm for the indicated duration.

Conditions
[DNA-Duplex] = 5.0 uM, [TFO] = 6.0 uM, [NaCl] = 100 mM
10 mM phosphate buffer, pH = 5.5, 20 °C

Irradiation wavelength = 465 nm

The absorption band at A=324 nm decreased with irradiation time and almost disappeared after
60 min of irradiation (Fig. 4-5a). This suggests that the progress of [2+2] photocycloaddition
reactivity of stilbene residues. In contrast, almost no spectral changes were observed for the DNA
triplex without Ru(bpy); (S1/S2/N3) (Fig. S4-2) and the DNA triplex with only a stilbene
(N1/S2/R3) (Fig. S4-3) upon photoirradiation. HPLC analysis suggested that the DNA duplexes
were cross-linked by visible light irradiation. Before light irradiation, two peaks corresponding to
S1 and S2 were observed. After light irradiation, these two peaks almost disappeared, and one

new product peak appeared with a short retention time (Fig. 4-5¢). These results suggest that the
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Ru(bpy); catalyzed the [2+2] cycloaddition of stilbene residues and cross-linked the DNA duplex.

To confirm that the product is the expected cross-linked DNA duplex, we investigated thermal

stability of DNA. Melting temperatures of S1/S2/R3 before and after photoirradiation were
measured.
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Figure 4-6. Melting profiles of S1/S2/R3 triplex before (broken line) and after (solid line)
irradiation with 465 nm light for 30 min (solid line).

Conditions

[DNA-Duplex] = 1.0 uM, [TFO] = 1.2 uM, [NaCl] = 100 mM

10 mM phosphate buffer, pH = 5.5

The higher melting temperature of S1/S2/R3 before irradiation was 67.0 °C and after was
82.3 °C (Fig. 4-6). Melting measurements revealed that the melting temperature of the DNA
duplexes increased after visible light irradiation, indicating an increase in thermal stability.
Furthermore, the molecular weight of the product obtained from MALDI-TOF-MS analysis was
consistent with the calculated value of the S1/S2 duplex (calculated mass = 16060.85, observed
mass = 16092.93) (Fig. S4-4). From these results, we concluded that the product observed after
visible light irradiation is a cross-linked DNA duplex by [2+2] cycloaddition of stilbenes by a
Ru(bpy)s.

On the other hand, the absorption band at A=450 nm of the Ru(bpy); remained unchanged after
visible light irradiation (Fig. 4-6); in HPLC analysis (Fig. 4-6), there was no change in the peak
of the Ru(bpy);-introduced DNA, and the molecular weight obtained from MALDI-TOF-MS
analysis was consistent after visible light irradiation (calculated mass = 5171.86, observed mass
=5174.77). Furthermore, the lower melting temperature did not change before (51.0 °C) and after

photoirradiation (49.4 °C). These results strongly suggest that the Ru(bpy); introduced into the
DNA is stable in this reaction.
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To investigate the versatility of this system, a DNA triplex with stilbene and Ru(bpy); on the
opposite side of S1/S2/R3 (S8/S9/R4) was irradiated with visible light. Absorption spectra and

melting temperatures were measured to confirm the progress of the reaction.
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Figure 4-7. (a) Absorption spectra as a function of time and (b) melting profiles of S8/S9/R4
triplex before and after 30 min of photoirradiation.
Conditions
(absorption spectrum)
[DNA-Duplex] = 5.0 uM, [TFO] = 6.0 uM, [NaCl] = 100 mM
10 mM phosphate buffer, pH = 5.5, 20 °C

Irradiation wavelength = 465 nm

(melting temperature)
[DNA-Duplex] = 1.0 uM, [TFO] = 1.2 uM, [NaCl] = 100 mM
10 mM phosphate buffer, pH = 5.5

The absorbance of stilbene in S8/S9/R4 decreased as in S1/S2/R3 (Fig. 4-7a). The higher
melting temperature of S7/S8/R4 before irradiation was 64.2 °C and after was 82.2 °C (Fig. 4-
7b). These temperatures were comparable to S1/S2/R3, respectively. These results indicate that

when stilbene and Ru(bpy); are in close proximity, DNA duplexes can be cross-linked

independently of the DNA sequence.

4-4-3 Site-selective cross-linking
Since energy is transferred from the Ru(bpy); to the stilbene by TTET, site-selective cross-
linking of DNA duplexes is expected. To confirm that the cross-linking of DNA duplexes can be
controlled based on the position of the Ru(bpy)s;, we irradiated the triplex with the Ru(bpy);
introduced on the opposite side of the stilbene-introduced position (S1/S2/R4) and the TFO with
duplex which do not form triplex (Sc1/Sc2 with R3) with visible light. Absorption spectra were
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measured to verify the progress of the reaction.
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Figure 4-8. Absorption spectra of (a) the S1/S2/R4 and (b) Sc1/Sc2 with R3 before and after
irradiation at 465 nm for the indicated durations.

Conditions

[DNA-Duplex] = 5.0 uM, [TFO] = 6.0 uM, [NaCl] = 100 mM

10 mM phosphate buffer, pH = 5.5, 20 °C

Irradiation wavelength = 465 nm

The absorbance of stilbene in S1/S2/R4 hardly decreased after irradiation with visible light (Fig.
4-8a). This indicates that the [2+2] cycloaddition of stilbene is not catalyzed by the Ru(bpy);
when the stilbene and Ru(bpy)s are separated in the DNA triplex. The absorbance of stilbene in
Sc1/Sc2 with R3 decreased slightly and the rate of decrease was much slower than that in
S1/S2/R3 after irradiation with visible light (Fig. 4-8b). This indicates that the intermolecular
[2+2] cycloaddition of stilbene is hardly catalyzed by the Ru(bpy)s These results suggest that site-
selective DNA duplexes can be cross-linked by designing the DNA sequence.

4-4-4 The phosphorescence lifetime of Ru(bpy)s was measured to verify
TTET from Ru(bpy)s to stilbene.
The results of energy transfer calculations indicate that Ru(bpy); can TTET to stilbene.
Therefore, we measured the phosphorescence lifetime of Ru(bpy); in N1/N2/R3 and S1/S2/R3 to
verify the TTET from Ru(bpy)s to stilbene.
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Figure 4-9. Phosphorescence decay curves of Ru(bpy)s in (a) N1/N2/R3), (b) S1/S2/R3, (¢)
S8/S9/R3 and (d) Sc1/Sc2 with R3. Calculated phosphorescence lifetimes and abundance ratios
are also shown.

Conditions

[NaCl] = 100 mM ,10 mM phosphate buffer, pH = 5.5

Excitation wavelength = 440 nm, Emission wavelength = 620 nm

The phosphorescence lifetime of Ru(bpy); in N1/N2/R3 was well fitted with one component
and its phosphorescence lifetime was calculated to be 450 ns (Fig. 4-9a). The phosphorescence
lifetime of Ru(bpy)s in S1/S2/R3 was well fitted by the two components, and their
phosphorescence lifetimes were calculated to be 7.4 ns and 710 ns (Fig. 4-9b). The shorter
phosphorescence lifetime of Ru(bpy); in S1/S2/R3 was significantly shorter than the
phosphorescence lifetime of Ru(bpy); in N1/N2/R3. The phosphorescence lifetime of Ru(bpy)s
was shortened when the stilbene pair and the Ru(bpy)s; are in proximity, indicating TTET from
Ru(bpy); to stilbene. The longer phosphorescence lifetime of Ru(bpy)s in S1/S2/R3 was almost
the same as the phosphorescence lifetime of Ru(bpy)s in N1/N2/R3. This suggests that there are
Ru(bpy)s that do not TTET to stilbene, and that when stilbene and Ru(bpy)s bump into each other
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with a certain probability, they TTET. In contrast, the phosphorescence lifetime of Ru(bpy); in
N1/N2/R3 and Sc1/Sc2 with R3 was well fitted with one component and its phosphorescence
lifetime was calculated to be 480 ns (Fig. 4-9¢) and 540 ns (Fig. 4-9d). These phosphorescence
lifetimes of Ru(bpy)s; in S1/S2/R3 were almost the same as the phosphorescence lifetime of
Ru(bpy); in NI1/N2/R3. This indicates that long-range TTET within DNA triplex and

intermolecular TTET do not occur.

4-4-5 Cross-linking two site of DNA duplex with visible light irradiation

OS] o SR

.. T
R . B

S5/S6/R4

Figure 4-10. Schematic illustration of site-selective photo-crosslinking of DNA duplexes with

two cross-linking positions.

We next attempted to control the cross-linking position of a DNA duplex (S5/S6) with two
cross-linking positions. In the DNA triplex with TFO with Ru(bpy); on both sides (S5/S6/S7),
both stilbene pairs are in close proximity to the Ru(bpy)s. Visible light irradiation causes [2+2]
cycloaddition of both stilbene pairs, resulting in cross-linking of the two sites of the DNA duplex.
In contrast, in the DNA triplex with TFO with Ru(bpy); on only one side (S5/S6/R3 or S5/S6/R4),
one of the stilbene pair is in close proximity to the Ru(bpy)s. Visible light irradiation causes [2+2]
cycloaddition of one of the stilbene pair, resulting in cross-linking of the one site of the DNA
duplex. To verify this site-selective cross-linking of DNA duplexes, S5/S6/R7, S5/S6/R3 and
S5/S6/R4 were irradiated with visible light. Absorption spectrophotometry and HPLC analysis

were performed to confirm the progress of the reaction.
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Figure 4-11. Absorption spectra of (a) S5/S6/R3 and (b) S5/S6/R7 triplexes. (¢) HPLC
chromatograms of the S5/S6/R7 triplex before and after photoirradiation at 465 nm for the

indicated duration. The transient peak is indicated by an asterisk.
Conditions
[DNA-Duplex] = 5.0 uM, [TFO] = 6.0 uM
[NaCl] = 100 mM, 10 mM phosphate buffer, pH = 5.5, 20 °C

Irradiation wavelength = 465 nm

The absorbance of stilbene in S5/S6/R3 decreased with irradiation time, and about half of the
absorbance remained after 60 minutes (Fig. 4-11a). This was also observed in S5/S6/R4 (Fig. S4-
5a). These are different from S1/S2/R3 and S8/S9/R4. These results indicate that half of the
stilbene were [2+2] cycloadducted in S5/S6 duplex. In contrast, the absorbance of stilbene in
S5/S6/R7 decreased with irradiation time, and almost disappeared after 60 min of irradiation (Fig.
4-11b). This result indicates that all stilbenes were [2+2] cycloadducted in S5/S6. HPLC analysis
showed that the S5 and S6 peaks observed before light irradiation almost disappeared after light
irradiation, and new product peak was observed with short retention times (Fig. S4-6). This was

also observed in S5/S6/R4 (Fig. S4-5¢). The product peaks of S5/S6/R7 had shorter retention
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times than that of S5/S6/R3 and S5/S6/R4 (Fig. 4-11c). Interestingly, a peak that was thought to
be an intermediate appeared after 5 minutes and was observed to gradually disappear. This
suggests that the S5/S6/R7 reaction proceeds in two steps.These results suggest that Ru(bpy)s

selectively catalyze [2+2] cycloadditions of proximal stilbene pairs.

Melting temperatures were measured to verify site-selective DNA duplex cross-linking.
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Figure 4-12. Melting profiles of (a) S5/S6/R3 and (b) S5/S6/R7 triplexes before and after

photoirradiation at 465 nm for 30 min.
Conditions
[DNA-Duplex] = 1.0 uM, [TFO] =1.2 uM
[NaCl] = 100 mM, 10 mM phosphate buffer, pH = 5.5

The higher melting temperature of S5/S6/R3 before irradiation was 67.4 °C and after was
81.3 °C (Fig. 4-a). The higher melting temperature of S5/S6/R4 before irradiation was 67.1 °C
and after was 83.9 °C (Fig. S4-5b). Their melting temperatures were similar to those of S1/S2/R3
and S8/S9/R4. These results indicate that irradiation of S5/S6/R3 and S5/S6/R4 with visible light

selectively crosslinks one site of the S5/S6 duplex. In contrast, the higher melting temperature of
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S5/S6/R7 before irradiation was 66.8 °C and after was >90 °C (Fig. 4-b). The melting temperature
after visible light irradiation was higher than any previous melting temperature. This result
indicates that irradiation of S5/S6/R7 with visible light crosslinks both sites of the S5/S6 duplex.
From these results, we conclude that the photo cross-linking sites can be precisely controlled by

changing the position of the Ru(bpy)s; in the DNA triplex.

4-5 Conclusion

I In this study, we developed a novel cross-linking system for DNA duplexes by visible light
irradiation. Visible light irradiation of a DNA triplex with a stilbene pair and Ru(bpy); in close
proximity catalyzed a [2+2] cycloaddition reaction of stilbene by Ru(bpy)s, resulting in cross-
linking of the DNA duplex. The introduction of Ru(bpy); did not affect the structure of the DNA
triplex. The energy calculations revealed TTET from Ru(bpy); to stilbene. This cross-linking
reaction was shown to be versatile, regardless of DNA sequence. It was shown that cross-linking
of DNA duplexes can be controlled based on the position of Ru(bpy); introduction and DNA
sequence. It was shown to be able to selectively cross-link DNA duplexes that can be cross-linked
at two sites based on the position of Ru(bpy)s introduction. The system does not require
orthogonal photoreactive molecules, making it applicable to complex photoresponsive circuits

and nanomachines.

4-6 Experimental section
Oligonucleotides

All conventional phosphoramidite monomers, CPG columns, reagents for DNA synthesis, and
Poly-Pak II cartridges were purchased from Glen Research. Other reagents for the synthesis of
phosphoramidite monomers were purchased from Tokyo Chemical Industry, Wako, and Aldrich.
Native oligonucleotides were purchased from Integrated DNA Technologies. Modified oligomers
were synthesized by employing modified phosphoramidite monomers and standard DNA
monomers on an automated DNA synthesizer (M-6-MX, Nihon Techno Service). Oligomers were
purified by reversed-phase HPLC and characterized by MALDI-TOF MS (Autoflex maX,
Bruker) and HPLC.

Measurement of absorption spectra and melting temperatures

Absorption spectra were measured on a V-730 (JASCO). The sample solutions contained 100
mM NaCl, 10 mM phosphate buffer (pH 5.5), 5.0 uM DNA duplex, 6.0 uM TFO unless otherwise
noted. Absorption spectra were measured at 20 °C after annealing at 80 °C. The melting curves
were measured with a UV-1800 (Shimadzu) by monitoring 260 nm absorbance versus temperature.

The melting temperature (7m) was determined from the maximum value and the second largest
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value in the first derivative of the heating curve. The temperature ramp was 0.5 °C min-!" The
sample solutions contained 100 mM NaCl, 10 mM phosphate buffer (pH 5.5), 1.0 uM DNA
duplex, 1.2 uM TFO.

Emission measurements

Emission spectra were measured on JASCO model FP-8500. The excitation wavelength was
450 nm. Band widths were 2.5 nm for excitation and emission. Before measurements, sample
solutions were heated at 80 °C, then slowly cooled to 20 °C at a rate of 1 °C min™!. Emission
spectra were measured at 20 °C. The sample solutions contained 100 mM NaCl, 10 mM phosphate
buffer (pH 5.5), 1.2 uM DNA duplex, 1.0 uM TFO.

Photoirradiation
Light-emitting diodes (HLV2-22BL-3W, CCS Inc., 2.8 W) were used for photo-irradiation. The

sample solution was added to a cuvette, and the temperature was controlled using a programmable

temperature controller. The distance between the cuvette and the light source was set at 1.5 cm.
No reflective setup was used for irradiation. Photoirradiation at 465 nm was conducted at 20 °C.
The sample solutions contained 100 mM NaCl, 10 mM phosphate buffer (pH 5.5), 5.0 uM DNA
duplex, 6.0 uM TFO.

HPLC analyses
A Mightysil RP-18GP II column (Kanto Chemical Co., Inc.) heated to 65 °C was used for

HPLC analyses. The flow rate was 0.5 mL min™. A solution of 50 mm ammonium formate
(solution A) and 50 mm ammonium formate and acetonitrile (50:50, v/v; solution B) were used
as mobile phases. A linear gradient of 5-25% solution B over 60 min was employed. Absorbance
was monitored at 260 nm. Spectra of peaks at each retention time were recorded on JASCO
EXTREMA HPLC system.

Quantum chemical calculation

Density functional theory (DFT) calculations were performed using the Gaussian 16 software
package.[3] The molecular geometries of Ru(bpy); and stilbene monomer were optimized at the
B3PWOI1 level using the LanL.2DZ for Ru and 6-31+G(d,p) basis set for H, C, N, O atoms. In the
calculation, the D-threoninol backbone was replaced with a methyl group to reduce computational
costs. No imaginary frequency was detected for the optimized structures. The electronic transition
energies of the singlet and triplet states were calculated on the basis of time-dependent density

functional theory (TD-DFT) with the same functional and basis sets.
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4-8 Appendixes
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Figure S4-1. Phosphorescence emission spectrum of N1/N2/R3 triplex. Excitation wavelength

was 450 nm.
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Figure S4-2. Absorption spectra of S1/S2/N3 triplex before and after photoirradiation at 465 nm

for the indicated durations.
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Figure S4-3. Absorption spectra of N1/S2/R3 triplex before and after photoirradiation at 465

nm for the indicated durations.
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Figure S4-4. MALDI-TOF MS data of the crosslinked product of the S1/S2/R3 triplex after
irradiation at 465 nm for 30 min. Calculated mass for crosslinked S1/S2 duplex is 16060.85.
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Figure S4-6. HPLC chromatograms of the S5/S6/R3 triplex before and after photoirradiation at

465 nm for the indicated durations.

Table S2-1 DNA sequence.

Name

Sequence (5'=3")

N1
N2
N3
S1
S2
S5
S6
S8
S9
Scl
Sc2
R3
R4
R7

AGTGATTCCTCTTCCTCTTTACGCT
AGCGTAAAGAGGAAGAGGAATCACT
TTTCTCCTTCTCCTT
AGTGATTCCTCTTCCTCTTTStACGCT
AGCGTStAAAGAGGAAGAGGAATCACT
AGTGAStTTCCTCTTCCTCTTTStACGCT
AGCGTStAAAGAGGAAGAGGAAStTCACT
AGTGAStTTCCTCTTCCTCTTTACGCT
AGCGTAAAGAGGAAGAGGAAStTCACT
GTGCTATGStTCTCCGAA
TTCGGAGAStCATAGCAC
RUTTTCTCCTTCTCCTT
TTTCTCCTTCTCCTTRuU
RUTTTCTCCTTCTCCTTRu

St: stilbene, Ru: Ru(bpy)s
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