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Preface

The studies presented in this dissertation were carried out under the direction of Professor
Tetsuro Majima, the institute of Scientific and Industrial Research (SANKEN), Osaka
University during April 2013 to March 2016.

The object of the dissertation is studies on excess-electron transfer in DNA by using
femtosecond laser flash photolysis and the photoelectrochemical technique. The aim of the
research is to determine the rate constants of excess-electron transfer and to investigate the
mechanism of excess-electron transfer in DNA. The author hopes that these results and
conclusion presented in this dissertation contributes to further understanding of excess-
electron transfer in DNA and the development of bioelectronics applications such as DNA

sensors and so on.
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General Introduction

DNA, considered as a polymer established by alternating deoxyribose, phosphate groups,
and the nucleobases, attracts attention of scientists from all kinds of research field. The
sequence of paired nucleobases, which are m-aromatic compounds with H-bonds, forms a
double helical structure with & stacking. Due to the well-ordered continuous - stacking, the
charge transfer (CT) in DNA has been observed by Eley and Spivey over 40 years ago.* Since
then, CT in DNA has attracted considerable attention from researchers. It is possible to apply
DNA to nanoelectronics®* or DNA sensor®’ and so on in the nanotechnological viewpoints.
In a biological viewpoint, DNA is incessantly reacted with oxidants or reductants in
environment. It is well-known that the oxidation of DNA promotes oxidative damage. ®° In
contrast, the reduction of DNA can repair DNA lesions such as cyclobutane thymine—thymine
(T-T) dimers.'>*® These electron transfer (ET) between DNA and the oxidants or reductants
is well-studied but our understanding of CT in DNA through nucleobases is limited.™
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Figure 1. Comparison of photo-induced hole transfer and excess-electron transfer in DNA.
The hole transfer is that the positive charge migrates through guanine (G) or Adenine (A) on
the HOMO energy level. The excess-electron transfer is that the negative charge migrates

through thymine (T) or cytosine (C) on the LUMO energy level.

To date, charge transfer in DNA can be classified to hole transfer as oxidation of a
nucleobase by an adjacent radical cation and excess-electron transfer as reduction of a

nucleobase by an adjacent radical anion from the mechanistic viewpoint.™>*" Thus, “excess-



electron” means one additional electron in DNA, and has been used for differentiating from
hole for long time. HT mainly occurs at guanine (G) and adenine (A) nucleotides and thus
positive charge migrates through the HOMOs in DNA from a mechanistic viewpoint.*” On
the other hand, excess electron should migrate through the LUMOs of cytosine (C) and
thymine (T) in DNA (Figure 1).” Thus, both processes, HT and EET transfer, are actually
electron transfer reactions. However, it should be noted that both HT and EET processes are
classified in regard to orbital energy level. These intrinsic differences between HT and EET is
one of the reasons that numerous reviews have provided detailed summaries of HT in DNA
but only limited data are available on EET in DNA.

Most researchers initiated their work on the oxidation of DNA, which relates to DNA
damage as mentioned above, and, furthermore, on the mobility of the generated positively
charged radical in the DNA. To study the dynamics of HT in DNA, photo-induced electron
transfer (PET) has been commonly used. One of the common methods for study HT is
measuring the hole transfer product generation after light irradiation in donor-DNA-acceptor
system. Product analysis of oxidative reactions of DNA has provided valuable information on
CT in DNA.'®*® Moreover, investigations on HT in DNA by using laser flash photolysis have
also provided deeply information on dynamics of HT in DNA including rate constants for
single-step tunneling, or superexchange, and multistep hopping process, which was proposed
by several groups such as Schuster,’ Jortner,? Giese, and Lewis,? by a random walk
model and widely accepted (Figure 2). Thus, dynamics of HT have been studied in detail

for decades, while the dynamics of EET in have just become clearer more recently.
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Figure 2. (a) Tunneling and (b) hopping mechanisms for photo-induced HT in DNA.

Because the tunneling process is expected to be strongly distance dependent and the
hopping process weakly distance dependent, hopping mechanism for HT in DNA is expected

to dominate long-distances HT and has been observed in several donor—DNA-acceptor



systems.?*%?* For quantitative investigation on the rate constants of HT in DNA, rate
constants of HT can be expressed as an exponential function of the donor—acceptor distance
(Rpp) as described by eq (1),2%

kit = ko % exp(-BRpa) 1)
where B is the damping factor and kp is a temperature-dependent factor. When multistep
hopping mechanism is operative (Figure 2b), B values as small as 0.1 A™ have been
reported.”®*? For a deeper investigation, the laser flash photolysis technique has revealed
detailed rate constants of single-step hole hopping in DNA. ?** In 2004, our lab have
determined the rate constant of single-step hole hopping through a consecutive A sequence as
2 x 10" s7! in a donor-DNA-acceptor system by the nanosecond laser flash photolysis.*®
Lewis et al. also reported G-to-G and A-to-A hole hopping rate constants as 4.3 x 10° and 1.2
x 10° s, respectively, in 2010.*° Thus, single-step hole hopping takes several tens to
hundreds picoseconds.

Although the study of HT in DNA has been conducted by several research groups with
detailed kinetic information, the study of EET in DNA based on a suitable donor-DNA-
acceptor system for time-resolved spectroscopic measurements is still limited. Sevilla and
coworkers used y-ray radiolysis to investigate the contribution of tunneling and hopping
mechanisms of EET in DNA;**? however, the site-selectivity of excess-electron injection
and trapping processes cannot be confirmed in this experiment. In 2002, Carell et al. reported
EET from photoexcited reduced flavin to TT dimer through DNA.**3 After UV irradiation, a
cyclobutane TT dimer lesion will be generated in a consecutive T DNA sequence. The TT
dimer can be repaired by DNA photolyase enzymes by the electron injection from reduced
and deprotonated FADH™ cofactor to TT dimer.'® Thus, Carell and coworkers studied EET in
dye-modified DNA which mimics the DNA repair process by DNA photolyase. From the
generation yield of DNA fragment from the cycloreversion of TT dimer, they determined the
B value to be 0.11 A ™, indicating EET by hopping mechanism. Furthermore, several research
groups also employed product analysis to study EET in DNA and reported that hopping
mechanism dominates EET in DNA.** Similar f values have been determined by
photochemical product analysis of EET using reduced-flavin-sensitized cleavage of thymine
oxetane (0.16 A, by Diederichsen et al.),*® Ir(ll1)-sensitized loss of bromide from 5-
bromouracil (0.12 A, by Barton et al.),*” and pyrene-derivatives-sensitized loss of bromide
from 5-bromouracil (0.22-0.26 A !, by Lewis et al.).**** Such small values indicate that the

multistep hopping mechanism is operative. ***° The hopping mechanism indicates the



occurrence of multiple electron tunneling processes through DNA.*® However, this principal
setup is limited to understand dynamics of EET in DNA or to determinate rate constants of
excess-electron hopping. Nevertheless, estimation of excess-electron hopping rate constants
have been reported from the studies based on product analysis. By comparing with the
debromination of 5-bromouracil radical anion, Lewis and co-workers suggested that the
single-step excess-electron hopping rate constant between two 5-bromouracil separated by T
is no faster than 10" s*.**%* From the comparison with the cycloreversion of TT dimer rate
and debromination rate of 5-bromouracil radical anion, Carell group also reported that the

electron-transfer rate along four A: T base pairs is within 1.8 x 10" to 1.4 x 10% s .4
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Figure 3. lllustration of EET in DNA by hopping mechanism in the 4T-DNA—DPA system.

In 2011, our lab investigated EET in donor—-DNA-acceptor system, in which
tetrathiophene, 4T, have been employed as a photosensitizing electron donor and
diphenylacetylene derivative DPA as electron acceptor, using femtosecond laser flash
photolysis (Figure 3). The rate constants of single-step excess-electron hopping (knop) @among
nucleobases were determined for the first time.** Furthermore, our lab also investigated the
dynamics of EET in T consecutive sequences by N,N-dimethylaminopyrene (APy) and DPA
as a photosensitizing electron donor and acceptor, respectively, in hairpin sturcture.** From a
series of the studies on the basis of donor-DNA-acceptor system, the rate constant of excess-
electron hopping among consecutive Ts was determined to be in the order of 10'°-10™

s 144 One of the key steps in the study of EET in DNA by using femtosecond laser flash



photolysis techniques is injection of excess electrons to DNA (charge separation, CS, with the
rate constant kcs) from a photo-sensitizing electron donor. For the transient absorption
measurements, generation of the donor radical cation with a strong absorption band is
preferable. The injected excess electrons are expected to migrate through the DNA by
hopping mechanism, and then are trapped by an electron acceptor (electron trapping by DPA,
with the rate constant ky,p) attached to the DNA to generate a detectable reduced acceptor.
However, observation of long-distance EET was still difficult in donor—-DNA-acceptor
system with the nicked-dumbbell structure, due to the rapid charge recombination (CR, with
the rate constant kcg, the red arrow shown in Figure 3) which caused efficient regeneration of
ground-state electron donor. Thus, for a detailed investigation of EET in DNA, an electron

donor realizes slow charge recombination has to be employed.

K
G C- G(-H)- C(H)y
Scheme 1. Proposed proton-transfer reaction pathway for G:C*™ base pair.*

In addition, several issues are still under debate such as sequence dependence of EET in
DNA. Although several groups including our lab have reported the dynamics of intrastrand
EET in DNA through consecutive A:T sequences, however, it has been also noted that pH
affects the dynamics of EET in DNA because the protonated C radical anion (C*"), which can
be generated by proton transfer from the complementary base, G (Scheme 1), or from
surrounding water molecules, will limit or terminate EET.*® The sequence dependence of
EET in DNA has also been investigated by means of product analysis by several researchers.
In 2004, Ito and Rokita reported the sequence dependence of the debromination yield of 5-
bromouracil as a consequence of EET in DNA. By comparing of the generation yield, they
reported the contribution of C in EET is limited by protonation of C radical anion over T
radical anion.** Wagenknecht group also reported that EET is highly sequence dependent and
occurs more efficiently over A:T base pairs than over G:C base pairs on the basis of product
analysis.*> However, there was no kinetics information reported in these reports. Moreover,

although the rate constant of proton transfer in G:C*" base pairs (ket) was theoretically



calculated to be 10™ s** it has not been determined directly. Thus, limited information is
available on the effect of G:C base pairs on EET dynamics based on direct measurements. In
addition, investigations on interstrand EET in alternating A:T sequences in DNA, in which
interaction between the LUMOSs of Ts does not exist, are still limited. For example, Carell and
coworkers reported an interstrand EET in PNA:DNA double strands based on product
analysis, which means an indirect measurement of interstrand EET in PNA:DNA double
strands.*” According to their results, the distance dependence of interstand EET efficiency
was similar to that of intrastrand EET in DNA, indicating that both intrastrand and interstrand
EET in DNA are efficient.

As mentioned above, there are unsolved issues in EET in DNA for researchers of this field.
First, the distance of EET in donor—-DNA-acceptor is still limited by using laser flash
photolysis technique compared to that of HT. Although long-distance EET was proposed in
the measurements based on photochemical product analysis methods, the rate constants for
EET in DNA have not been clearly determined. Second, it is still under debate whether EET
in DNA is sequence-dependent or not. In the product analysis experiments, the changes of
EET efficiencies have been found; however, the rate constants of competitive processes such
as proton transfer have not been determined experimentally. For a quantitative investigation
on EET in DNA, determination for rate constants of each process is inevitable.

In order to study long-distance EET in donor—-DNA-acceptor system with the nicked-
dumbbell structure and explore the sequence dependence of EET in DNA quantitatively, a
new photosensitizing electron donor with strongly electron donating ability is necessary. In
addition, on the basis of our knowledge about thiophene-based materials, the author proposes
to use oligomers based on EDOT (3,4-ethylenedioxythiophene), 2E and 3E in Figure 4,
because of its high electron donating ability and well-known photochemical properties.*® On
the other hand, electrochemical studies on CT in DNA developed DNA sensors, which are
highly sensitive to DNA structures such as mismatches and lesions that perturb the n-stacking
between base pairs in vitro.>” Furthermore, as seen in the state of the arts of organic solar
cells, photon-to-electron conversions in w-stacking multichromophores have provided a new
mode of signal transduction of DNA sensors based on the photoelectrochemistry.”*%*! Thus,
by using the photoelectrochemical technique, a further understanding of long-distance EET in

DNA can be investigated (Figure 4).
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Figure 4. Simplified illustration of the strategies used in the present studies on EET in DNA.

To study the dynamics of EET in DNA, the author aimed to establish
donor-DNA-acceptor system using femtosecond laser flash  photolysis and
photoelectrochemical technique (Figure 4). A quantitative investigation of EET in DNA has
great potential for fundamental importance to fabricate DNA-based electronics and so on.
The context of this dissertation consists of three chapters on the studies of EET in DNA.
Introduction of each chapter is shown below.

In Chapter 1, the dynamics of excess-electron injection and charge recombination
processes in the dyad molecules of oligothiophenes and nucleobases were clarified by using
femtosecond laser flash photolysis.

In Chapter 2, a trimer of 3,4-ethylenedioxythiophene (EDOT) derivative was used as

electron donor to study the sequence dependence of EET in DNA. From the DNA oligomers



contained G:C base pairs, dynamics in G:C* base pairs is estimated experimentally to clarify
its role in EET in DNA in Chapter 2-1. In Chapter 2-2, the author clarified the role of LUMO
interaction in the dynamics of EET in DNA by comparing intrastrand and interstrand EET in
consecutive and alternating A:T sequences, respectively. In Chapter 2-3, the author used
photoelectrochemical technique to study the dynamics of EET in DNA.

In Chapter 3, the author aimed to clarify energetic aspects of EET dynamics in donor—
DNA-acceptor systems by employing various electron donors including a dimer of EDOT.
The role of structural fluctuation in the excess-electron transfer in DNA is also discussed.
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Chapter 1. Driving Force Dependence of Charge Separation and
Recombination: Driving Force Dependence of Charge Separation and
Recombination Processes in Dyads of Nucleotides and Strongly Electron-

Donating Oligothiophenes

Abstract

Charge transfer in DNA has attracted great attention of scientists because of its importance
in biological processes. However, our knowledge on excess-electron transfer in DNA still
remains limited when compared to numerous studies of hole transfer in DNA. To clarify the
dynamic of excess-electron transfer in DNA by photochemical techniques, new electron-
donating photosensitizers should be developed. Herein, a terthiophene and two 3,4-
ethylenedioxythiophene oligomers were used as photosensitizers in dyads including natural
nucleobases as electron acceptors. The charge separation and recombination processes in the
dyads were investigated by femtosecond laser flash photolysis, and the driving force
dependence of these rate constants was discussed on the basis of the Marcus theory. From this
study, the conformation effect on charge recombination process was found. The author expect
that 3,4-ethylenedioxythiophene oligomers are useful in investigation of excess-electron

transfer dynamics in DNA.
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Introduction

Charge transfer (CT) in DNA by hopping and tunneling processes through the nucleobases
with well-ordered continuously n-m stacking has attracted attention of scientists for decades.
From the mechanistic viewpoint, CT in DNA can be classified to hole transfer (HT) as
oxidation of a nucleobase by an adjacent radical cation and excess-electron transfer (EET) as
reduction of a nucleobase by an adjacent radical anion. In the HT in DNA, it has been well
established that guanine (G) and adenine (A), which exhibit relatively low oxidation
potentials, act as hole carriers; in contrast, in the EET in DNA, thymine (T) and cytosine (C)
are expected to be the excess electron carriers due to their high reduction potentials.*® One of
the key steps in the study of EET in DNA by photochemical techniques is an excess electron
injection to DNA from a photosensitizing electron donor, which possesses sufficiently low
oxidation potential in the excited state (Eoxsi) to reduce a nucleobase. Various
photosensitizers, such as stilbenediether,*> pyrene and its derivatives,”® and phenothiazine,*
have been used to investigate the electron injection to DNA by femtosecond laser flash
photolysis. In the previous reports, the author used dimer and tetramer of thiophene (2T and
4T) as the photosensitizing electron donors because of their high electron donating ability
and well-known photochemical properties.™*? In these studies, it was confirmed that singlet
excited 2T and 4T can donate an electron to both T and C. Furthermore, the excess electron
injection from 2T to A was confirmed, indicating that EET through consecutive As could be
examined.’? For the study of the EET in DNA with various sequence, a new donor with an
electron donor ability higher than 2T and 4T should be employed.

In the present study, as a photosensitizing electron donor, the author used dimer and trimer
(2E and 3E, respectively) of 3,4-ethylenedioxythiophene (EDOT)™ and terthiophene (3T) as
a reference (Figure 1-1). Because of strongly electron donating nature of the ether substituent,
EDOT-based oligomers are expected to reduce various nucleobases efficiently. The redox
and spectroscopic properties of EDOT-based oligothiophenes are compared with those of
oligothiophenes in Table 1-1. To clarify dynamics of excess electron injection process, the
dyad molecules of oligothiophene and nucleotide (Figure 1-1) were examined by
femtosecond laser flash photolysis in this study. In all dyads, oligothiophenes were tethered
to 3’-position of nucleobases. The present study revealed that the charge separation (CS) and
charge recombination (CR) processes in these dyads can be analyzed by the Marcus theory

and conformation of the dyad structure has an important role in the ET dynamics.
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Figure 1-1. Structures of (a) 2E, 3T, and 3E, and (b) dyads 1-15.

Table 1-1. Oxidation potentials in the ground (Eox) and singlet excited state (Eoxs1), singlet
excitation energy (Esi), and absorption peak positions in the singlet excited state (1s;) and
radical cation state (1*") of oligothiophenes, 2T and 3T, and oligo(EDOT)s, 2E and 3E.

Eox® Es:’ Eoxs1™ st A%
(V) (eV) (V) (nm) (nm)
2T¢ 1.28 3.53 —2.25 503 445
2E 0.65° 3.54 -2.89 530" 440"
3T 1.19° 3.08 -1.89 605" 585"
3E 0.41° 3.02 -2.61 620" 536"

2 Units: V versus NHE. ° Estimated from the cross-point of the absorption and fluorescence

spectra. © Eoxs: = Eox — Est.  From ref. 12 and 14 ® From ref. 13. f This study.
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Experimental Section

Synthesis of 2E
Imidazole
DMBS-CI
Br "o —— Br/\/\O—SIi—é
THF |
Br-OTBS
-BuLi OP\O
n-Bulli TBAF
\S_Z/Z_S\ Br-oTBS TBso/\/\ﬁ/Z’Zj\/\/OTBS —> Ho/\/\ﬁ/Z"Z/j\/\/OH
P
BISEDOT 2E-OTBS

Scheme 1-1. Synthesis of 2E.

2E was synthesized according to the procedure in the reference paper'” using BisEDOT"
and Br-OTBS'® as starting materials (Scheme 1-1). Yield of two-step reaction was 40%. Due
to the very poor solubility of 2E, the corresponding >C NMR spectrum was not determined:
mp 184-186 °C; 'H NMR (400 MHz, CDCl;) ¢ 1.85 (m, 4H), 2.77 (t, J = 7.2 Hz, 4H), 3.66 (q,
J=5.6 Hz, 4H), 4.31-4.22 (m, 8H) ppm; FAB-HRMS calcd for C;sH206S, 398.09, found
398.08.

Synthesis of 3E
S _y MBuli s n-Buli s Stille Rxn
g\_/T Br-OTBS s\I\/\oDMBS Cl-SnBuy BU3Sn\SI\/\OTBS -
i > \ |
o o THF o © THF O ~
\—/ \/ RN \S‘—’Z/
EDOT-OTBS R
EDOT-
TBSO/\/\M’\/\OTBS O/\/\M’\/\
n = 3, 3E-OTBS n=3,3E

Scheme 1-2. Synthesis of 3E

The synthesis of EDOT-OTBS is similar to the one of 2E-OTBS (Scheme 1-2). Yield:
15%; Colorless oil; '"H NMR (400 MHz, CDCls) 6 0.05 (m, 6H), 0.90 (s, 9H), 1.84 (m, 4H),
2.71 (t, J = 7.2 Hz, 2H), 3.65 (t, J = 5.2 Hz, 2H), 4.17 (m, 4H), 6.11 (s, 1H) ppm; *C NMR
(100 MHz, CDCls) ¢ —5.33, 18.30, 22.25, 25.92, 33.26, 62.16, 64.49, 64.65, 95.14, 117.62,
137.55, 141.45 ppm; FAB-HRMS calcd for C;sH,603SSi 314.14, found 315.15 ([M+H']).
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3E-OTBS was synthesized according to the reported procedure (Scheme 1-2)."° Yield:
35%; mp 238-240 °C; '"H NMR (400 MHz, CDCls) J 0.05 (m, 12H), 0.90 (s, 18H), 1.84 (m,
4H), 2.71 (t, J = 7.2 Hz, 4H), 3.66 (t, J = 6.4 Hz, 4H), 4.36—4.20 (m, 12H). >*C NMR (100
MHz, CDCls) 6 —5.27, 18.35, 22.20, 25.98, 33.32, 62.28, 64.51, 64.94, 65.13, 106.06, 107.81,
115.65, 136.00, 136.59, 137.24; FAB-HRMS calcd for C36Hs405S3Si, 766.25, found 766.25.

The synthetic procedure of 3E form 3E-OTBS was the same as the one of 2E (Scheme 1-
2). Yield: 90%. Due to the very poor solubility of 2E, the corresponding °*C NMR spectrum
was not determined: mp 192-194 °C; "H NMR (400 MHz, CDCls) ¢ 1.85 (m, 4H), 2.77 (t, J =
7.2 Hz, 4H), 3.66 (m, 4H), 4.31-4.22 (m, 12H); FAB-HRMS calcd for C,4H,05S3 538.08,
found 538.08.

Synthesis of 3T

Scheme 1-3. Synthesis of 3T.

3T was synthesized according to the reported procedure (Scheme 1-3) and the *H NMR

spectrum was the same as the literature data.'’

DNA Synthesis. The sensitizers, 2E, 3T, and 3E, were converted to corresponding
phosphoramidite derivatives by similar procedures as previously reported.’”® All reagents
were purchased from Glen Research (USA). All dyad molecules were synthesized on an
Applied Biosystems 3400 DNA synthesizer with standard solid-phase techniques and purified
on a JASCO HPLC with a reversed-phase C-18 column with an acetonitrile/ammonium
formate (50 mm) gradient. The dyad compounds were characterized by MALDI-TOF mass
spectroscopy (Table 1-2).
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Table 1-2. MALDI-TOF MS of DNA dyads.

Calculated Found Calculated Found Calculated Found

727.143 726.494 6 693.598 694.431 11 867.132 866.301
711.148 710.486 7 677.603 678.069 12 851.137 851.071
687.137 686.760 8 653.592 653.910 13 827.126 826.998
702.136 701.208 9 668.591 668.114 14 842.125 841.881
688.121 687.559 10 654.576 654.210 15 828.110 827.469

aa A~ W N -

Apparatus. Steady-state absorption and fluorescence spectra were measured using a
Shimadzu UV-3100PC and Horiba FluoroMax-4P, respectively. The subpicosecond transient
absorption spectra were measured by the pump and probe method using a regeneratively
amplified Ti:sapphire laser (Spectra Physics, Spitfire Pro F, 1 kHz) pumped by a Nd:YLF
laser (Spectra Physics, Empower 15). The seed pulse was generated by the Ti:sapphire laser
(Spectra Physics, MaiTai VFSJ-W). Samples were excited using 345, 370, or 400 nm laser
pulse. The 345 and 370 nm laser pulses were generated by an optical parametric amplifier,™
while the 400 nm lase pulse was the second harmonic generation of output of the amplifier. A
white continuum pulse, which was generated by focusing the residual of the fundamental
light to a sapphire plate after a computer controlled optical delay, was divided into two parts
and used as the probe and the reference lights, of which the latter was used to compensate the
laser fluctuation. The both probe and reference lights were directed to a rotating sample cell
with 1.0 mm of optical path and were detected with a charge-coupled device detector
equipped with a polychromator (Solar, MS3504).

Results and Discussion

Steady-state absorption spectra of 1-15 are shown in Figures 1-2. Absorption bands due to
2E, 3T, and 3E appeared in the wavelength region longer than 300 nm for all dyads, while
absorption bands around 275 nm are attributable to nucleobases. Fluorescence from the
oligothiophene of the dyads was observed by selective excitation of oligothiophene as shown
in Figures 1-2. It is clear that fluorescence intensity largely depends on the nucleobase, while
peak position depends on oligothiophenes. To understand variations in the fluorescence
intensity, driving forces for CS and CR (—AGcs and —AGcr, respectively) were calculated
using eq. (1-1) and (1-2),>%°
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-AGcs= -(Eoxsi — Erept €) (1-1)
-AGcr= -(Erep — Eox + C) (1-2)

where Erep and Eox are the reduction potential of the nucleobases and oxidation potential of
oligothiophenes (Table 1-1) reported in literature.® C is the Coulombic term, which was
estimated to be —0.1 eV.?° From Table 1-3, it was confirmed that the extent of fluorescence
quenching increased as an increase in the —AGcs value, indicating contribution of
photoinduced CS in deactivation pathway of the singlet excited oligothiophenes. Notably,
dyad 1 also showed fluorescence with reduced intensity, indicating a possibility that G acts as
an electron acceptor by using 2E as a donor. Similar fluorescence quenching was observed
with dyads with 3E and 3T except for the cases of 6, 7, and 11, as expected from the highly
negative —AGcs values, supporting the CS from the excited 3E and 3T. Because of the delay
fluorescence, which is caused by the CR process, quantitative correlation between

fluorescence intensity and the CS rate constant was not discussed.
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Figure 1-2. Normalized absorption (dashed lines) and fluorescence (solid lines) spectra of (a)
2E (yellow) and 1 (black), 2 (red), 3 (green), 4 (blue), and 5 (orange), (b) dyads 6 (black), 7
(red), 8 (green), 9 (blue), and 10 (orange), and (c) dyads 11 (black), 12 (red), 13 (green), 14
(blue), and 15 (orange) in NaCl (0.1 M) and sodium phosphate (10 mM, pH 7.0).
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Table 1-2. Driving forces (—AGcs and —AGc¢R) and rate constants (kcs and kcgr) of CS and CR
in dyads 1-15.

Dyad ~ -AGes'(eV)  kes'(s)  ~AGR (€V)  ker®(s)
1 0.01 6.4 x 10" 3.63 1.1 x 10"
2 0.32 1.0 x 10" 3.32 6.7 x 10"
3 0.54 7.7 x 10" 3.10 2.9 x 10"
4 0.63 1.0 x 10" 3.01 3.8 x 10"
5 0.73 2.5 x 10" 291 3.4 x 10"
6 —0.75 -4 3.93 -4
7 —0.44 -4 3.62 -4
8 —0.22 3.5%x 10" 3.40 6.5 x 10°
9 —0.13 5.8 x 10" 3.31 6.5 x 10°
10 —0.03 8.7 x 10" 3.21 7.3 x 10°
11 —0.27 -4 3.39 -4
12 0.04 1.1 x 10" 3.08 8.3 x10'°°
13 0.26 1.1 x 10" 2.86 2.8 x10'¢
14 0.35 1.8 x 10" 2.77 3.7x 10'"¢
15 0.45 2.0 x 10" 2.67 3.7x 10"¢

8 _AGcsand ~AGcg were calculated using eq. (1-1) and (1-2), respectively. °Estimated error
is less than 20%. °© Estimated error is less than 10%. ¢ Not observed. ¢ Rate constant of the

fast component.

CS dynamics of the oligothiophene-nucleotide dyads were investigated by transient
absorption measurements. The femtosecond laser flash photolysis studies were carried out by
selective excitation of photosensitizers, 2E, 3T, and 3E. As a representative case, the
transient absorption spectra and a kinetic trace of AO.D. of 12 are shown in Figures 1-3a and
1-3b, respectively. In Figure 1-3a, 12 showed an absorption band at 620 nm immediately after
the excitation, which is attributed to *3E* generated by the laser pulse. With the decay of the
absorption band at 620 nm within 10 ps approximately, an absorption band at 536 nm
appeared concomitantly. Because the 536 nm band is similar to the absorption band of 3T*"
in position, this band is attributed to 3E**, indicating the electron injection from *3E* to A in

accordance with the positive ~AGcs value. The CS states were deactivated by CR to generate
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the ground state mainly. Spectra observed at longer delay time (longer than hundreds
picoseconds) can be attributed to solvated electron, which did not participate in reduction of
nucleobase. Figure 1-3b shows its kinetic trace and a fitted curve assuming 1.1 x 10" s* of a
rising component as well as a decay discussed later. Similar CS processes were confirmed
with all dyads except for 6, 7, and 11, which exhibited only absorption band of the singlet
excited state of photosensitizing electron donors, indicating the absence of CS due to highly
negative ~AGcs values. The transient absorption spectra of 2E and 1-15 are shown in Figures
1-5, 1-6, and 1-7.

*%9(a) (b) 12
12
0.02 <
8- 0 ps 0:0'01 7] L] o
< 1ps <<)1 =
5 ps = 536 nm
0.01 10 ps .
——108 ps — Fitted curve
0.00 ) I ! I I ! 0.00 I ) ! I ! J
500 550 600 650 700 750 800 0 20 40 60 80 100
Wavelength (nm) Time (ps)

Figure 1-3. (a) Transient absorption spectra of 12 during laser flash photolysis using 400 nm
femtosecond laser pulse as the excitation pulse. (b) The kinetic trace of AO.D. at 536 nm of

12 (red square) and fitted curve (green line).
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Figure 1-4. Transient absorption spectra during the laser flash photolysis of 2E and dyad 1-5

upon excitation with 345-nm femtosecond laser pulse.
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Figure 1-5. Transient absorption spectra during the laser flash photolysis of dyads 6-10 upon
excitation with 370-nm femtosecond laser pulse.
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Figure 1-6. Transient absorption spectra during the laser flash photolysis of dyads 11-15
upon excitation with 400-nm femtosecond laser pulse.
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The rate constants of CS (kcs) of all dyads were obtained by applying a single exponential
function to the rising kinetic profile of oligothiophene radical cation and by applying a single
exponential function to the decaying kinetic profile of singlet excited oligothiophene. The
rate constants for CR (kcr) were obtained by applying single exponential function to the
decaying kinetic profile of oligothiophene radical cation. For dyads 12-15, dual exponential
function has to be applied to realize an adequate fit. The estimated rate constants are
summarized in Table 1-2 along with the driving force (-AG) values. Notably, CS was
confirmed even when G was used as the electron acceptor, despite G is known as a hole
carrier in DNA.*? In addition, the CS process in dyad with A as the electron acceptor was
accelerated by using stronger electron donating photosensitizer (2E and 3E) compared to our
previous report.*? Thus, these results indicate that all natural nucleobases act as an acceptor of
an excess electron by using EDOT oligomers as electron donors.

As indicated in the above section, 12-15 decayed according to the dual exponential
function (Table 1-3). Like dinucleobases dyads, the donor-acceptor dyads are expected to
exist in various conformations in solution, which can be classified to stacked and unstacked
forms as shown in Figure 1-7. The conformational changes have large effects on various
kinetics in dinucleobases dyads and donor-acceptor dyads as indicated by both
experimental®*? and theoretical studies.”®**** The author assumed that the fast and slow rate
constants are due to the stacked and the unstacked forms, respectively, because faster CS and
CR will be possible with shorter donor-acceptor distance in the stacked form (Figure 1-7).
Because time scale for the stacking/unstacking conformational change is reported to be on the
order of 10 ns,* conformational change will not compete with the CS and CR processes. If
the author assume identical extinction coefficients for oligothiophene radical cations in the
stacked and unstacked forms, the ratio of the pre-exponential factor, Fs, will represent ratio of
the stacked and unstacked forms. From this assumption, it is indicated that 15-40% of dyads
are in the unstacked form, while 60-85% are in the stacked form (Table 1-3). Notably, major
contribution of the stacked form was also indicated by the theoretical calculation for ground
state of dinucleobases dyads and dimers.** In the case of CS processes of 12-15,
contributions of the stacked and unstacked forms are also expected, while they are hard to be
distinguished because of fast kinetics. From the Fs values in Table 1-3 and results of
theoretical works, the stacked form is expected to contribute to the kinetics mainly. For dyads

expect for 12-15, stacked forms can be taken into account.
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Table 1-3. Rate constants (kcr and kcr) and pre-exponential factors (A and A) of CR in dyad
12-15.

Dyad  kcr® (10"s™)  Ax10°®  ker® (10057 A%10°® Fe

12 8.3 34 1.1 5.8 0.85
13 28 2.7 0.47 1.6 0.63
14 37 2.1 1.1 1.4 0.60
15 37 3.4 0.81 1.8 0.65

3 Estimated error is less than 10%. ° Fs = A/(A + 4°), which was estimated as the fraction of

stacked form of dyads in solution.

13E*-Base Kes
3E**-Base*
kCR' kCR
Unstacked Stacked
hv 3E*+ 3E** Base"
Base*
3E-Basel v R, ~7590A VY R,~34-50A4

Figure 1-7. Proposed schematic energy diagram of CS and CR of 3E dyads (12-15). Ry and
Rs are the distance between 3E and nucleobase (A, C, T, and U) in the stacked*>* and

30,34

unstacked forms®*", respectively. kcg and kcgr- are the CR rate constants in the stacked and

unstacked forms, respectively.

It is evident from the estimated rate constants, the kcs value became larger with an increase
in the —AGcs value and the kcg value became smaller with an increase in the —AGcr value,
thereby indicating that both CS and CR processes in 1-15 comply with the Marcus theory.
%3¢ This relationship became clear when the observed rate constants were plotted against the
~AG (-AGcs and —~AGcg) values (Figure 1-8). It is noted that for 12-15, only kcg values of the
stacked form were included in Figure 1-8. According to the Marcus theory, the electron-

transfer rate (ker) can be expressed using eq. (1-3).%
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In eq. (1-3), 4s is the solvent reorganization energy, V is the electronic coupling, S is the
electron-vibration coupling constant given by eq (1-4), and (w) is the averaged angular
frequency. In eq. (1-4), Ay is the internal reorganization energy. Along with our previous
report,'? the rate constants of CS and CR processes were well-reproduced by the Marcus
theory with the parameters similar to the ones of hole injection and recombination
processes.>” For CS and CR processes in photosensitizer-nucleotide dyads, this result yields
valuable insights that the dynamics of oxidation and reduction of nucleobases by
photosensitizers show driving force dependence similar to each other at room temperature.
Slightly larger electronic coupling for electron injection (0.050 eV) than hole injection (0.043
eV) is also interesting because it suggests slightly larger interaction between LUMOs of

donor and acceptors.

—AG (eV)

Figure 1-5. AG (AGcs and AGcr ) dependence of ket (Kcs @ and kcgr ©). Numbers close to the
marks indicate compounds. The solid and hollow black squares are the 2T dyads.*? The solid
and hollow red circles are the dyads 1-5. The solid and hollow green circles are corresponded
to the dyads 8—10. The solid and hollow orange circles are corresponded to the dyads 12-15.
The solid blue line was calculated by egs. (3) and (4) using /s, Ay, V, and %<w> of 0.20, 1.10,
0.050, and 0.19 eV, respectively.*® The solid pink line was calculated using /s, Ay, V, and
fi<w> of 0.23, 0.99, 0.043, and 0.19 eV, respectively.*’
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Conclusion

By using strongly electron-donating oligothiophenes as electron donors, a panoramic
survey of CS and CR processes in dyads with all natural nucleobases as electron acceptors
was accomplished on the basis of the Marcus theory. In addition, the conformation effect on

CR was found.
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Chapter 2. Sequence Dependence of Excess-Electron Transfer in DNA:
Chapter 2-1. How Does Guanine—Cytosine Base Pair Affect Excess-Electron
Transfer in DNA?

Abstract

Charge transfer and proton transfer in DNA have attracted wide attention due to their
relevance in biological processes and so on. Especially, excess-electron transfer (EET) in
DNA has strong relation to DNA repair. However, our understanding on EET in DNA still
remains limited. Herein, by using a strongly electron-donating photosensitizer, trimer of 3,4-
ethylenedioxythiophene (3E), and an electron acceptor, diphenylacetylene (DPA), two series
of functionalized DNA oligomers were synthesized for investigation of EET dynamics in
DNA. The transient absorption measurements during femtosecond laser flash photolysis
showed that guanine:cytosine (G:C) base pair affects EET dynamics in DNA by two possible
mechanisms: the excess-electron quenching by proton transfer with the complementary G
after formation of C* and the EET hindrance by inserting a G:C base pair as a potential
barrier in consecutive thymines (Ts). In the present paper, the author provided useful
information based on the direct kinetic measurements, which allowed us to discuss EET

through oligonucleotides for the investigation of DNA damage/repair.
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Introduction

The mechanisms and dynamics of charge transfer (CT) over long distances in DNA, which
possesses well-ordered continuously n-n stacking nucleobases, have attracted the attention of
scientists for decades.™ From a mechanistic viewpoint, CT can be classified as hole transfer
(HT), an oxidative process, and excess electron transfer (EET), a reductive process. Both
oxidation and reduction of DNA are essential also from a biological viewpoint. It is well-
known that the oxidation of DNA promotes oxidative damage.*® In contrast, the reduction of
DNA can repair DNA lesions such as cyclobutane thymine—thymine (T-T) dimers.” Thus,
thorough investigation of CT in DNA will provide important biological insights.

Recently, numerous reviews have provided detailed summaries of the sequence-dependent
dynamics of HT through guanine (G) and adenine (A), which exhibit relatively low oxidation
potentials.»?®® In contrast, only limited data are available on EET, in which thymine (T) and
cytosine (C) act as charge carriers, due to their relatively high reduction potentials.® To study
the dynamics of EET in DNA, researchers have employed excess electron injection by

1,10

electrochemical methods™*® and radiolysis.***® Photochemical methods based on photo-

induced electron transfer (PET) are also commonly used in biochemical studies in vitro.

Several research groups have performed photochemical product analyses of EET and have

elucidated the hopping mechanism.*'*%

These results indicate that EET is a sequence-dependent process. It has been also noted that
pH affects the dynamics of EET in DNA. Because the protonated C radical anion, which can
be generated by proton transfer from the complementary base, G, or from surrounding water

molecules, will limit or terminate EET.**?22%2° Thys, T is considered to be a primary excess

27-29

electron carrier. Steenken and co-workers“"™ proposed a proton-transfer reaction pathway for

the G:C base pair radical anion (G:C* base pair) as shown in Scheme 2-1-1, which is a

thermodynamically favorable process and has been supported by various experimental®®®!

and theoretical studies.?*

¢ ,

Q--=--- H=N
H_

H H
H=N
2 2 k=35 N7
NN - _ 7
N 7 N-H------ N — N (N N— N e
RON= )N, RN [
N=H------ O R N—H---=-- of

H H

Scheme 2-1-1. Proposed proton-transfer reaction pathway for G:C*~ base pair.’
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Although the rate constant of proton transfer in G:C*" base pairs (ket) was theoretically
calculated to be 10" s%* it has not been determined directly. Furthermore, limited
information is available on the effect of G:C base pairs on EET dynamics. To clarify the
dynamics of EET in DNA, a femtosecond laser flash photolysis study of a donor-DNA.-
acceptor system is necessary. One of the key steps in the study of EET in DNA by
photochemical techniques is injection of excess electrons to DNA from a photo-sensitizing
electron donor. For the transient absorption measurements, generation of the donor radical
cation with a strong absorption band is preferable. The injected excess electrons are expected
to migrate through the DNA by hopping mechanism, and then are trapped by an electron
acceptor attached to the DNA. To date, various photo-sensitizing electron donors have been

used for the excess electron injection to DNA, such as stilbenediether,**’

22-23,38-39

pyrene and its
derivatives, phenothiazine,?* and oligothiophenes***?. In our previous report, our lab
used a bithiophene derivative as a photo-sensitizing electron donor, and the author expected
the excess electron hopping rate among consecutive Cs to be 10°-10%° s, which is slower
than the excess electron hopping rate among Ts.** However, the sequence dependence of EET
in DNA has not been clarified because of insufficient donor ability of a bithiophene
derivative. In addition, EET through G:C pair has been discussed by experiments based on
the product analysis, which hardly provided kinetic information.'®% In the present paper, the
author synthesized DNA oligomers containing 3E, a trimer of 3,4-ethylenedioxythiophene
(EDOT), as a photo-sensitizing electron donor with sufficient donor-ability and
diphenylacetylene (DPA) as an electron acceptor (Figure 2-1-1), and examined them by
femtosecond laser flash photolysis. This study clarifies the role of G:C base pairs in the
dynamics of EET in DNA. In addition, dynamics in G:C* base pairs is estimated
experimentally to clarify its role in EET in DNA.
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Figure 2-1-1. Structures of 3E, DPA, and DNA oligomers (C3, C4, T3, CTT, TCT, and
TTC). The gap between the 5’ and 3’ indicates a missing phosphate linker between two

nucleobases in nicked dumbbell structure.

Experimental Section

DNA synthesis. 3E and DPA were prepared and converted to their phosphoramidite
derivatives by a procedure previously reported.**“?** All reagents were purchased from Glen
Research (USA). All DNA oligomers were synthesized on an Applied Biosystems 3400 DNA
synthesizer with standard solid-phase techniques and purified on a JASCO HPLC with a
reversed-phase C-18 column with an acetonitrile/ammonium formate (50 mm) gradient. The
DNA dyads were characterized by MALDI-TOF mass spectroscopy (Table 2-1-1).

Table 2-1-1. MALDI-TOF MS and melting temperature (T,,) * of the DNA oligomers.
MALDI-TOF MS Tm, MALDI-TOF MS Tm

DNA DNA
Calculated  Found °C Calculated Found °C

C3 283350 283254 42 CTT 2833.47 283520 41

C4 3451.60 345285 47 TCT 2833.47 2835.21 40

T3 283148 2833.06 36 TTC 2833.47 2835.85 40

 Measured in buffer solution (0.1 M NaCl and 10 mM sodium phosphate, pH 7.0 + 0.1) at a

heating rate of 0.5 °C/min.
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Apparatus. Steady-state absorption, fluorescence, circular dichroism (CD) spectra, and
melting temperature profiles were measured using a Shimadzu UV3100PC, Horiba
FluoroMax-4P, JASCO CDJ720, and Shimadzu UV2700, respectively. The subpicosecond
transient absorption spectra were measured by the pump and probe method using a
regeneratively amplified Ti:sapphire laser (Spectra Physics, Spitfire Pro F, 1 kHz) pumped by
a Nd:YLF laser (Spectra Physics, Empower 15).*> The seed pulse was generated by the
Ti:sapphire laser (Spectra Physics, MaiTai VFSJ-W). Samples were excited using the 400 nm
laser pulse, which was the second harmonic generation of the output of the amplifier. The
supercontinuum was generated by focusing output of the amplifier on a sapphire plate. The
chirp was corrected by a home-made program based on the optical Kerr effect cross

correlation method.*® The time resolution of the present system is ~300 fs.

Results and Discussion

All DNA oligomers were synthesized as indicated in the experimental section. Steady-state
absorption spectra are shown in Figures 2-1-2a. A clear peak at approximately 260 nm
corresponds to the nucleobases. Absorption bands indicating DPA were observed at

approximately 300-350 nm, %40+

whereas absorption bands at approximately 350-430 nm
are attributable to 3E.**** The circular dichroism (CD) spectra of DNA oligomers are shown
in Figures 2-1-2b. In this region (< 300 nm), the CD spectra of all DNA oligomers are similar
to those of DNA with a B-type duplex structure.*®*’ The unclear spectra in the 225-300 nm
region for TCT and TTC might be due to the slight difference from complete B-form
structure. However, in the 350-430 nm region, a negatively induced CD indicating a 3E
chromophore was confirmed for all DNA oligomers.*® Thus, the author assumed that these
sequences are almost B-form structures in all cases based on these reasons.

Fluorescence from the 3E of the DNA oligomers was observed by selective excitation of
3E at 385 nm, as shown in Figures 2-1-2c. It is clear that fluorescence intensity largely
depends on the neighboring nucleobase. A similar phenomenon was reported in our previous
paper, which confirmed that the rate constant for charge separation (CS) between the singlet
excited 3E and the neighboring nucleobase strongly depends on the driving force for CS.*
Notably, the fluorescence intensity of the DNA oligomer was weaker than that of the dyad of
3E and the corresponding nucleobase. This finding indicates that in the nicked dumbbell
DNA 3E is held in close proximity to the nucleobase, while 3E in the dyad is not always held

at close to nucleobase resulting in incomplete fluorescence quenching in the dyad. In the
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present study, quantitative analysis of CS rate on the basis of the fluorescence quantum yield
was not carried out, because the delayed fluorescence, which is caused by the charge
recombination (CR) process, is included in the steady state measurements.*** Thermal
dissociation profiles are shown in Figure 2-1-2d. The melting temperatures of DNA

oligomers are shown in Table 2-1-1.
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Figure 2-1-2. (a) Absorption, (b) circular dichroism, (c) fluorescence spectra (1ex = 385 nm),
and (d) thermal dissociation profiles of DNA oligomers (~10> M) C3 (red), C4 (green), T3
(blue), CTT (purple), TCT (orange), and TTC (pink) in buffer solution (0.1 M NaCl and 10
mM sodium phosphate, pH 7.0 + 0.1) at 298 K. Fluorescence spectra of 3E (black dash line).

Absorbance of the sample was matched at Aex.

The dynamics of EET in the DNA oligomers were investigated by transient absorption
measurements during femtosecond laser flash photolysis, using a 400-nm laser pulse, which
selectively excites 3E, the electron-donating photosensitizer in the DNA oligomers. The
transient absorption spectra from the laser flash photolysis of C3 and C4 are shown in Figure

2-1-3.
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Figure 2-1-3. Transient absorption spectra during the laser flash photolysis of (a) C3 and (b)
C4 upon excitation with 400-nm femtosecond laser pulse. (b) Species-associated spectra
obtained by global fitting using a double exponential function for (¢c) C3 and (d) C4 (red: n
(3E*"—G:C*), black: 7 (3E*"—G(—H) :C(H)*) and normalized by intensity at 540 nm (green:
3E*", blue: G(—H) :C(H)®).

The dynamics of EET in the DNA oligomers were investigated by transient absorption
measurements during femtosecond laser flash photolysis, using a 400-nm laser pulse, which
selectively excites 3E, the electron-donating photosensitizer in the DNA oligomers. The
transient absorption spectra from the laser flash photolysis of C3 shown in Figure 2-1-3a, will
be discussed as a representative example. Immediately following excitation, C3 showed an
absorption band at 620 nm, which can be attributed to the singlet excited 3E generated by the
laser pulse.*? An absorption band at 540 nm caused by 3E radical cation (3E°*") appeared
within 1 ps after excitation, indicating rapid excess electron injection from the singlet excited
3E to C.** It should be noted that the singlet excited 3E would be quenched by only C in C3
and C4 according to our previous paper.*? Thus, the author excluded the possibility of G*:C
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formation. With a delay after the excitation pulse, an absorption band at 580 nm was
observed. Based on the theoretical study of one-electron-reduced G:C base pairs, the
absorption band at 580 nm can be attributed to G(—H) :C(H)®, the product of proton-transfer
reaction of G:C*~ base pair.”® Transient absorption spectra at 10 ps — 2 ns after excitation in
460 — 740 nm region were analyzed by global analysis assuming generation and decay of
two-components (Figure 2-1-3c). In Figure 2-1-3c, the species-associated spectrum for the
faster component (t;) is attributed to 3E*"—G:C*", and that for the slower component (1) is
attributed to 3E*"—G(—H) :C(H)®. The absorption band due to G(—H) :C(H)* (blue line in
Figure 2-1-3c) was obtained by subtracting the absorption band of 3E*" (green line) from the
spectra of t, component. Although contributions of 3E*" and G(—H) :C(H)*® were confirmed

38-4051 \vjas not observed.

in Figure 2-1-3c, DPA*", which causes an absorption band at 500 nm,
It indicated that the excess electrons did not reach DPA, as shown in Figure 2-1-4, due to the

stability of the proton transfer product. Similar results were confirmed in C4.

1B ey _ GC<(GC),

‘LkPT
kcr1/ G(=H)"C(H)-(GC),
DPA

kcr2
JE "

Figure 2-1-4. Proposed schematic energy diagram for CS from the singlet excited 3E to C
followed by proton transfer and CR processes. kcs is the rate constants for CS from the
singlet excited 3E to C. kcry is the initial CR between C radical anion and 3E*". ket is proton
transfer. kcgz is CR process between 3E*" and the proton transfer product. The energy
difference between G:C*~ and G(-H) :C(H)* is ~0.21 eV,?” which is similar to that between
G:C* and DPA (Ered-c — Ereg-opa = 0.23 eV). 2%

The rate constants for CS (kcs) was evaluated from decay of 3E* and formation of 3E°*".
The initial CR between the nucleobase radical anion and 3E*" (kcry), proton transfer (Ke),
and recombination between 3E°*" and the proton transfer product (kcrz) were determined by

global analysis and estimated yield of the products, and are listed in Table 2-1-2.
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Table 2-1-2. Rate constants of CS from the singlet excited 3E (kcs), initial charge
recombination of 3E*—C*  (kcry), proton transfer in G:C* base pair (ker), and CR of
G(—H) :C(H)* (kcro)-

DNA ks () keri* (S kei' (S kerd ()

C3 1.1x10%  11x10"  2.7x10% 3.3 x 10°
C4 1.1x10%  10x10% 25x10% 2.5 % 10°

2 Estimated error is less than 10%.

Both kcs and kcry are almost identical to the values for DNA dyads reported in our
previous paper.* Since kcgrs is on the order of 10 s while PT is on the 10 s%, CR is the
major competing process of proton transfer in G:C*™ base pair (Figure 2-1-4) in consecutive
Cs, C3 and C4. Both experimental?”*! and theoretical**** studies have suggested that proton
transfer is thermodynamically favorable in G:C*™ base pair. The reaction pathway for the CR
of G(—H) :C(H)* was proposed by Steenken et al., as shown in Scheme 2-1-2.2” Compared to
neutral G or any other nucleobases, deprotonated G is expected to be oxidized easily. Thus,
CR with 3E*" to generate a radical pair may be possible. On the basis of the pK data,?’ the
proton transfer in G(—H) :C(H)*® generating G:C*" base pair will take 10 ns, which is not in
accordance with kcgr, supporting the reaction pathway shown in Scheme 2-1-2. To the best of
our knowledge, this is the first direct measurement of the dynamics of proton transfer in
35,50

G:C* base pair. The estimated ket value was concordant with the theoretical predictions.
It should be noted that neither fast ket nor kcgry resulted in DPA®™ generation.

H H
N O------ H-N N O------ H-N
Cy< N Dt R
N/ N-H--meo- Ne- — R,N N=====- H-N
RO \= N N= NN
N—H------ O R N—H--=--= 0
H H i
H H
N O------ H=N N O---- H=-N’
N/ Nt ) —— Nl NN
R N= /N R N=— /)N
N=H-=====~ 0 N—H------ o]
H H

Scheme 2-1-2. Proposed reaction pathway for the CR of G(-H) :C(H)*.%’
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The effect of G:C pairs in EET was further examined using DNA oligomers that
incorporated both A:T and G:C pairs. The transient absorption spectra observed during the
laser flash photolysis of TCT, T3, CTT, and TTC using a 400-nm femtosecond laser pulse
are shown in Figure 2-1-5. Here, the transient absorption spectra of TCT will be discussed as
an representative case. Generation of 3E*" within 1 ps was confirmed (Figures 2-1-5a). An
additional absorption band was confirmed at approximately 500 nm, which indicates
generation of DPA°®". Due to the overlap of absorption band of 3E*" and DPA®", the author
used global fitting assuming two species. The species-associated spectrum (Figure 2-1-5b) for
the faster component (t1) is attributed to 3E*"—DNA® —DPA, and that for the slower
component (t,) is attributed to 3E*"—~DNA-DPA®", whereas contribution of the proton
transfer products was not observed. In the present case, the rate of the fast component can be
attributed to the sum of initial CR between 3E*" and T* (kcr1) and ket (Table 2-1-3). The
kcrr and ket were determined on the basis of the generation yields. The slower decay
component in the DNA oligomers can be attributed to the rate of CR of 3E*" and DPA*~
(kgeT). Similar results were observed in T3, CTT, and TTC, as shown in Figures 2-1-5c-h.
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Figure 2-1-5. Transient absorption spectra during the laser flash photolysis of (a) TCT (c) T3,
(e) CTT, and (g) TTC upon excitation with 400-nm femtosecond laser pulse. Species-
associated spectra obtained by global fitting using a double exponential function for (b) TCT
(d T3, () CTT, and (h) TTC. (black: = (3E*"-DNA*-DPA) and red: n
(3E*"-DNA-DPA*Y))
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Table 2-1-3. Rate constants for CS from the singlet excited 3E (kcs), initial CR between
3E*"-DNA*" (kcr1), DPA* generation (ket), CR of 3E*"~DNA—-DPA*" (kge), and quantum
yield of excess-electron transfer.

DNA kes® (s ker® (570) ker® (s keer” (S ) Peer®

T3  15x10% 99x10° 49x10"° 20x10® 0.33
CTT 12x10"% 78x10"° 22x10° 14x10"° 022
TCT 14x10%  76x10"° 24x10®° 15x10° 024
TTC 15x10% 75x10" 25x10®° 15x10° 0.25

? Estimated error is less than 10%. ° Estimation error is less than 5%. @get = ket /(Ket + ker),
which was estimated as the quantum yield of excess-electron transfer in DNA oligomers. The

estimation error is less than 10%.

From Table 2-1-3, it is clear that kcs and kcgry were similar to the values reported for the
dyads.*? From the ker value of T3, the excess electron hopping rate in consecutive Ts (Kinta.1)

is estimated to be 22 x 10'° s~ on the basis of the random walk model as shown in Eq (2-1-
1) 52,53

AN) = (1/2knop)N° (2-1-1)
where z(N) is the time required for N hopping steps, i.e, ket * and Knop IS the rate constant for
a single hopping between neighboring Ts. The krnop reported here is higher than that
reported previously,®*° because the slightly larger driving force required for electron
injection from the singlet excited 3E will cause structural fluctuations which would assist the
hopping process and enhance ker.>* Notably, an intervening G:C base pair in the consecutive
Ts slowed down the ket value to ~50%, regardless of the position of the G:C base pair in the
DNA oligomers. In addition, the yield of formation of DPA®~ with respect to the initial 3E*"
generation showed a decrease of ~30% in CTT, TCT, and TTC.

In Figure 2-1-6, two possible energetic diagrams for EET in TCT are shown: Mechanism
in Figure 2-1-6a is based on the facts that the reduction potential of C is more negative than
that of T by 0.09 V and the generation of G(—H) :C(H)® was negligible in the transient
absorption spectra during the laser flash photolysis. Thus, C is assumed to be an electron
carrier in Figure 2-1-6a. On the other hand, mechanism in Figure 2-1-6b assumes that C acts
as a spacer or a barrier for electron tunneling. In the case of mechanism shown in Figure 2-1-

6a, the electron transfer from G:C* base pair to T (keet2) should be slightly faster than the
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proton transfer in G:C* base pair (ker ~10° s™), to explain the reduced quantum yield for
generation of DPA®". As shown in Figure 2-1-6a, keet2 is expected to be faster than keers,
although a large difference is not expected, due to the smaller difference in the reduction
potentials of C and T. These conditions are possible when taking the fast krnop value
observed in T3 into account (10* s™%), which is faster than the proton transfer in G:C*~ base
pair (ket ~10™ s7%). Due to the smaller difference in the reduction potentials of C and T, keers
and keer2 should be similar to kr.op and is expected on the order of 10* s (From eq. (1),
Kintra.c = Keer = keerz = (342) x ker = 1 x 10M s7%). Thus, the absence of PT can be explained
by the slightly faster Kinya-c than ker, while multiple Cs can completely trap an excess electron
as seen in C3 and C4. Therefore, the quenching ability of a single G:C pair in consecutive Ts

is insufficient to terminate EET completely.

(a) (b)
13E* == Kcs KeETH Keer2 13E* ==\ Kcs
NN =,
T c T — T T S—
DPA DPA
3E =— ker1 keert = Kingra-c 3E — kers Kic

Figure 2-1-6. Proposed schematic energy diagrams of EET in TCT where C acts as (a) a
carrier or (b) a spacer. Other processes are also indicated. kcs is the rate constants for CS from
the singlet excited 3E to C. kcr; is the initial CR between the nucleobase radical anion and
3E*". keera is ET process from T radical anion to C. keer is ET process from C radical anion

to T. ki.c is ET process between Ts with inserting a G:C base pair.

Another mechanism, in which the G:C base pair acts as a spacer for tunneling (Figure 2-1-

1,52%% the excess

6b), is also plausible. Based on the one-dimensional random walk mode
electron hopping rate in both T3 (Kingat = 22 x 10° s ) and TCT (kec = 4.9 x 10 s, where
two T act as hopping stones) can be estimated; thus, Kinga-1 = 4.5 xke.c. Previously, our lab
reported HT in DNA with consecutive Gs through an intervening A:T base pair and found
that the presence of an intervening A:T base pair slowed the rate of HT by a factor of
~100.% In contrast, the author found that in TCT, an intervening G:C base pair where two T
act as hopping stones slowed EET rate by only a factor of 4.5. The smaller effect of C in
consecutive Ts for EET can be explained on the basis of the barrier height to be

overcomed.®*” A spacer A provides an energy barrier with a height of ~0.5 eV for HT in
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consecutive Gs, whereas the energy barrier formed by C in consecutive Ts is ~0.1 eV.°
Moreover, according to the electron-transfer theory, the electron transfer rate (ke;) depends on

the donor—acceptor distance (Rpa), as shown in Eq. (2-1-2),%%%°

ket = ko % exp(-BRDA) (2-1-2)
where B is the damping factor and Rpa is the distance between two Ts in the present
discussion. Thus, the minor distance dependence of EET in DNA oligomers can be explained
by the small damping factor, calculated to be 0.43 A™*, which was similar to the value

reported in our previous paper.**
Conclusion

The author studied the role of a G:C base pair in dynamics of EET in DNA using a
femtosecond laser flash photolysis technique and successfully observed sequence-dependent
EET through oligonucleobases including G:C pair. First, the dynamics of the proton-transfer
reaction of G:C* base pair were confirmed for the first time. The ket was determined to be
on the order of 10" s, which suggests that the rapid excess-electron trapping by proton
transfer in G:C*  base pair limits the participation of C in EET in DNA. This finding
indicates that T plays a major role as an excess-electron carrier. Second, the author found that
the rate of EET in DNA oligomers is affected by the involvement of a G:C base pair: one G:C
pair in consecutive Ts decreased the rate of EET to ~50%. Thus, it is clear that EET by
hopping is sequence-dependent and occurs faster in consecutive Ts than Cs. Deeper studies
are currently in progress with direct measurement of EET rates in various DNA sequences to

improve our understanding in mechanisms for EET in DNA.
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Chapter 2-2. Dynamics of Excess-Electron Transfer via Alternating
Adenine: Thymine Sequences in DNA

Abstract

In this study, the author present the results of our investigation into the sequence-dependent
excess-electron transfer (EET) dynamics in DNA, which plays an important role in DNA
damage/repair. There are many published studies on EET in consecutive adenine:thymine
(A:T) sequences (Tn), but those in alternating A:T sequences (ATn) remain limited. Here,
two series of functionalized DNA oligomers, Tn and ATn, were synthesized with a strongly
electron-donating photosensitizer, a trimer of ethylenedioxythiophene (3E), and an electron
acceptor, diphenylacetylene (DPA). Laser flash photolysis experiments showed that the EET
rate constant of AT3 is 2 times lower than that of T3 due to the lack of n-stacking of Ts in
AT3. Thus, it was indicated that excess-electron hopping is affected by the interaction

between LUMOs of nucleotides.
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Introduction

The dynamics of charge transfer in DNA by either oxidative hole transfer (HT) or
reductive excess-electron transfer (EET) have attracted the attention of scientists for decades
because of their relevance to DNA damage/repair, which is important for all living
organisms.’™ Positive charges, holes, are mainly at guanine (G) or adenine (A) nucleotides
and thus migrate through the HOMOs in DNA. On the other hand, negative charges, excess
electrons, migrate through the LUMOs of cytosine (C) or thymine (T) in DNA.*® To date,
numerous papers employing photochemical product analysis have provided information
about the dynamics of EET through intrastrand T and C due to their relatively high reduction
potentials in DNA.?** According to these results, it has been indicated that EET is a
sequence-dependent process. It was confirmed that the protonated C radical anion, which can
be generated by proton transfer from the complementary base, G, or from surrounding water
molecules, will limit or terminate EET.®* Thus, T is considered to be a primary excess
electron carrier. Several groups including us reported the dynamics of intrastrand EET in
DNA through adenine:thymine (A:T) sequences,”*®?! however, investigations on interstrand
EET in alternating A:T sequences in DNA, in which interaction between the LUMOs of Ts
does not exist, are still limited. For example, Carell and co-workers reported an interstrand
EET in PNA:DNA double strands based on product analysis.??> Their qualitative results
showed that an interstrand EET can efficiently proceed in PNA:DNA double strands,
indicating EET in PNA:DNA is somewhat influenced by the precise stacking situation. On
the other hand, for interstrand HT in DNA, Lewis’s group reported that the efficiency of
interstrand HT in DNA is lower than that of intrastrand HT by a factor of 4 due to the lack of
interaction between the HOMOs of As, based on laser flash photolysis studies.?® Our Lab
reported similar results in our previous report.* Thus, direct measurement of the dynamics of
EET in DNA by laser flash photolysis is essential for a quantitative understanding of
interstrand EET.

In the present study, the author used femtosecond laser flash photolysis technique to
examine intrastrand and interstrand EET dynamics in DNA oligomers, Tn and ATn, which
possess consecutive and alternating A:T sequences, respectively. One of the key steps in the
study of EET in DNA by laser flash photolysis technique is injection of excess electrons to
DNA from a photosensitizing electron donor. For the transient absorption measurements,
generation of the donor radical cation with a strong absorption band is preferable. The

injected excess electrons are expected to migrate through the DNA by hopping mechanism,
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and then are trapped by an electron acceptor attached to the DNA. As a photosensitizing
electron donor and an electron acceptor for end-cap modified DNAs, a trimer of
ethylenedioxythiophene (3E) and diphenylacetylene (DPA) were used, respectively (Figure
2-2-1), because 3E and DPA were found to accomplish efficient excess electron injection and
trapping, respectively.'?>?" In this study, the author clarifies the role of LUMO interaction in
the dynamics of EET in DNA.

O O
AWAREEA\WARNCL ° )= HN-H'OH
3
RN RN DPA
3E
— 3E | — 3E —
— 3E— —3E— A T A T
3E LA T A T FA T T A—
AT A T sLA T{sLT A{s-A T{sL-A T
AT 3 —A T3 —-A T{3—A T3 —T A—
[A T |:A T LA T T A A T+ A T—
DPA DPA —DPA— —DPA— '—ppa— “—ppA—

AT3 T4 AT4 T5 ATS
Figure 2-2-1. Structures of 3E, DPA, and DNA oligomers. The gap between the 5’ and 3’

indicates a missing phosphate linker between two nucleotides in nicked dumbbell structure.
Experimental Section

DNA synthesis. 3E and DPA were prepared and converted to their phosphoramidite
derivatives by the similar procedures as previously reported.**??" All reagents were
purchased from Glen Research (USA). All DNA oligomers were synthesized on an Applied
Biosystems 3400 DNA synthesizer with standard solid-phase techniques and purified on a
JASCO HPLC with a reversed-phase C-18 column with an acetonitrile/ammonium formate
(50 mm) gradient. The DNA oligomers were characterized by MALDI-TOF mass
spectroscopy (Table 2-2-1).
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Table 2-2-1. MALDI-TOF MS and melting temperature (Ty,) of the DNA oligomers.
MALDI-TOF MS T, MALDI-TOF MS T,
DNA DNA
Calculated  Found °C Calculated Found °C
T3 2831.48 2833.06 36 AT3 283148 2833.01 40
T4 344857 3453.07 45  AT4 3448.57 3450.22 43
T5 4065.66 4068.36 48  AT5 4065.66 4069.03 48
# Measured in buffer solution (0.1 M NaCl and 10 mM sodium phosphate, pH 7.0 + 0.1) at a

heating rate of 0.5 °C/min.

Apparatus. Steady-state absorption, fluorescence, circular dichroism (CD) spectra, and
melting temperature profiles were measured using a Shimadzu UV3100PC, Horiba
FluoroMax-4P, JASCO CDJ720, and Shimadzu UV2700, respectively. The subpicosecond
transient absorption spectra were measured by the pump and probe method using a
regeneratively amplified Ti:sapphire laser (Spectra Physics, Spitfire Pro F, 1 kHz) pumped by
a Nd:YLF laser (Spectra Physics, Empower 15).? The seed pulse was generated by the
Ti:sapphire laser (Spectra Physics, MaiTai VFSJ-W). Samples were excited using the 400-nm
laser pulse, which was the second harmonic generation of the output of the amplifier. The
supercontinuum was generated by focusing output of the amplifier on a sapphire plate. The
chirp was corrected by a home-made program based on the optical Kerr effect cross
correlation method.?® The time resolution of the present system is ~300 fs.

Results and Discussion

The DNA oligomers were synthesized as indicated in the experimental section, and
characterizations of the DNA oligomers by HPLC and MALDI-TOF MS. Steady-state
absorption spectra are shown in Figure 2-2-2a. A clear peak at approximately 260 nm
corresponds to the nucleotides. Similar to our previous results, absorption bands indicating
DPA were observed at approximately 300-350 nm, whereas absorption bands at
approximately 350-430 nm are attributable to 3E.*%>?"3° CD spectra of the DNA oligomers
are shown in Figure 2-2-2b. In the region shorter than 300 nm, the CD spectra of all DNA
oligomers are similar to those of DNA with a B-type duplex structure.’***®* The unclear
spectra in the 225-300 nm region for T4 and AT4 might be due to the slight difference from
complete B-form structure. However, in the 350-430 nm region, a negatively induced CD
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indicating a 3E chromophore was confirmed for all DNA oligomers, including T4 and

AT4.13% These findings indicate that the DNA oligomers are almost B-form structures.

Fluorescence from the 3E of the DNA oligomers was observed by selective excitation of 3E

at 385 nm, as shown in Figure 2-2-2c.

0.3
(a) — T3
] —ATS
_ —T4
35 02- AT4
= —T5
8 AT5
S
S 0.1 <\
(72}
2
<
0.0 -

T T T T
250 300 350 400
Wavelength (nm)

(c)

N
x
-
o
)
1

3x10° -

2x10° =

1x10° =

Fluorescence Intensity (CPS)

-=--3E

—ATS

s T
AT4

—T5
AT5

Absorbance

'} AE e e
0 || I =l
350 400 450 500 550
Wavelength (nm)

1
600 650

CD (mdeg)

/',‘

—
s TS
i T4
AT4
—T5
AT5

250

T Y T
300 350
Wavelength (nm)

400 450

30

40 50 60
Temperature (°C)

70

Figure 2-2-2. (a) Absorption, (b) circular dichroism, (c) fluorescence spectra (1ex = 385 nm),
and (d) thermal dissociation profiles of DNA oligomers (~10° M) T3 (red), AT3 (green), T4
(blue), AT4 (yellow), T5 (purple), and AT6 (orange) in buffer solution (0.1 M NaCl and 10
mM sodium phosphate, pH 7.0 + 0.1) at 298 K. Fluorescence spectra of 3E (black dash line).

Absorbance of the sample was matched at Aey.

The fluorescence quenching caused by charge separation (CS) between 3E in excited

singlet state (*3E") and the neighboring nucleotide T, the primary quencher, was confirmed.

Notably, the fluorescence intensity of the DNA oligomer was weaker than that of the dyad of

3E and the corresponding nucleotide, indicating that in the DNA oligomers, 3E was close to

the nucleotide, whereas in the dyads the position of 3E with respect to the nucleotide was

flexible.?” The correlation between fluorescence quantum yield and the CS rate constant was
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not discussed due to the delayed fluorescence, which was caused by the charge recombination
(CR) process.**'®?" Thermal dissociation profiles for the DNA oligomers (Figure 2-2-2d)
indicate that with increasing the number of base pair in DNA the T, becomes higher.

The dynamics of EET in the DNA oligomers were investigated by transient absorption
measurements during femtosecond laser flash photolysis using a 400-nm laser pulse, which
selectively excites 3E in the DNA oligomers. The transient absorption spectra of AT3, AT4,
and AT5 are shown in Figure 2-2-3. On the other hand, the transient absorption spectra of T3,
T4, and T5 are shown in Figure 2-2-4. Immediately following the excitation, AT3 showed an
absorption band at 620 nm, which can be attributed to '3E" generated by the laser pulse. ™%’
An absorption band at 540 nm caused by 3E®" appeared within 1 ps after excitation,
indicating rapid excess electron injection from *3E" to T.*?” An additional absorption band
was confirmed at around 500 nm, which indicates generation of DPA®".?% Due to the
overlap of the absorption bands of 3E*" and DPA*", global fitting was applied to the spectra
at 1 ps — 1 ns after excitation assuming two species. The species-associated spectrum (Figure
2-2-3b) for the faster component (1) is attributed to 3E*"—~DNA®* —DPA, and the slower
component (t2) is attributed to 3E*'—~DNA-DPA®". However, DPA®" generation was not
observed in AT4 and AT5 as shown in Figure 2-2-3c, d, e and f. Thus, the species-associated
spectrum for the faster component (t1) of AT4 (Figure 2-2-3d) is attributed to 3E*"—(T*)Ts
in AT4, and the slower component (t,) is attributed to 3E*™—T5(T*") in AT4 (Figure 2-2-5a).
Similar results were found in AT5 (Figure 2-2-5b). In the present case, t; can be attributed to
the sum of the initial charge recombination (CR) between 3E°*" and the neighboring T*~ (kcg)
and EET in DNA (ket) (Table 2-2-2). kcg and ket were determined from the t; value and the
generation yield of 3E*"~DNA-DPA®". 1, can be attributed to kger, i.e., the CR rate constant
of 3E*"-DNA-DPA® for AT3, and 3E*"—T5(T*") for AT4. The estimated rate constants are

summarized in Table 2-2-2.
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Figure 2-2-3. Transient absorption spectra during the laser flash photolysis of (a) AT3, (c)
AT4, and (e) AT5 upon excitation with 400-nm femtosecond laser pulse. Species-associated
spectra obtained by global fitting using a double exponential function for (b) AT3, (d) AT4,
and (f) ATS (black: 71, red: n», and blue: normalized spectra of 7. © and 7, correspond to

(ker + ket) ™ and kger %, respectively).
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Figure 2-2-4. Transient absorption spectra during the laser flash photolysis of (a) T3, (c) T4,
and (e) T5 upon excitation with a 400-nm femtosecond laser pulse. Species-associated
spectra obtained by global fitting using a double exponential function for (b) T3, (d) T4, and

(F) TS5 (black: 71, red: n, and blue: normalized spectra of 7. 77 and 7, correspond to (kcr +

ker) ' and kger 1, respectively).
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Figure 2-2-5. EET products in (a) AT4 and (b) AT5 by laser flash photolysis.

Table 2-2-2. Rate Constants (Kcs, Ket, Kcr, and kggt) in DNA Oligomers.
DNA ke (57 ker? (573 ket 5D Keer (50)
T3¢  15x10%  99x10°  49x10®  2.0x10"
AT3  15x10%® 94x10° 24x10"°  88x10°

T4 14x10%  20x10"  30x10"°  3.0x10%
AT4  14x10% 20x10"  14x10"  1.4x10%
T5 1.6x10%  20x10"  29x10"°  3.2x10Y
AT5  15x10%® 36x10" 15x10°  1.6x10"

2 Estimated error is less than 10%. ° Estimated error is less than 5%. ¢ Reference 11. ¢ Not

observed.

It is clear that the kcs values were similar to the reported ones, which indicate that '3E"
was quenched by CS to generate 3E*" and T*".**%" DPA®™ generation in AT4 and AT5 was
negligible because CR between 3E*" and DNA®~ was faster than the EET process through the
Ts. Similar results were observed in T4, and T5 (Figure 2-2-4). Therefore, the CR process
limits the quantum efficiency of EET through both consecutive and alternating A: T sequences
when the DNA length was longer than 17.0 A (4-base pairs intervening between 3E and
DPA). In T3 and AT3, 3E*—T;—DPA*" was observed, indicating that excess electrons did
reach DPA, as indicated in Figure 2-2-6. Although an excess electron did not reach DPA,
excess electron seems to reach the 4th T from 3E (Figure 2-2-5) because of the similarity in
the kger values of AT4 and ATS5. For T4 and T5, the similarities in the ket and kger values
were also confirmed, indicating the formation of 3E*™—T5(T*") in T4 and 3E*"—T3(T*)T in
T5. These results support our hypothesis that the range for excess-electron transfer for both
interstrand and interstrand in 3E-DNA—DPA can be up to 13.6 A but not longer than 17.0 A
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when using 3E as the photosensitizer, i.e. the kger rate limits the extent of EET. In addition, it
was suggested that EET in DNA is more efficient in Ts with continuous zn-stacking than in Ts
without stacking, because the kget values of T4 and T5 are larger than those of AT4 and AT5,
respectively.

(a) ®) d
13E*-T,-DPA interstrand hopping: n m_
k e kinter-T
CS . —_— kinter-T \ e
1_ T T k\3Eo+_T3-DPA'_ _ﬂ n_
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Figure 2-2-6. (a) Proposed schematic energy diagram of EET by T-hopping in AT3. (b)
Illustration of excess-electron hopping in DNA through alternating and consecutive A:T

sequences.

The excess electron hopping rate in both consecutive and alternating Ts can be estimated

on the basis of the random work model (eq 2-2-1), * 3¢

AN) = (1/2knop)N° (2-2-1)
where 7(N) is the time required for N hopping steps, i.e., ket *, and knop s the rate constant for
a single hopping between neighboring nucleotides for intrastrand (Kina-1) Or interstrand (Kinter-
1) EET. The excess electron hopping rates in AT3 (Kinter-7) and T3 (Kinya)™ Were estimated to
be 1.1 x 10 s and 2.2 x 10* s7%, respectively. Hence, Kineer.r = 0.5 x Kinga. (Figure 2-2-6b).
These results indicate that interstrand EET in DNA is limited by insufficient interaction
between the LUMOs of Ts. Thus, with increasing DNA length, the excess-electron hopping
process is more easily terminated in alternating A:T sequences than in consecutive T
sequences.

As mentioned previously, it is reported that the quantum efficiency of HT through 3 base
pairs of alternating A:T is 4 times smaller than that of consecutive As.? In AT3, on the other
hand, the quantum efficiency of EET is 0.20, which is smaller than T3 (0.33)* by a factor of
1.6. Thus, EET in DNA is less affected by the alternating sequence of nucleotides than HT in
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DNA, probably due to efficient interactions of LUMOSs in the case of EET. These results
indicate the relatively small difference in efficiency of interstrand and intrastrand EET in

DNA, which is consistent with strand cleavage studies.?

Conclusion

To the best of our knowledge, the present paper provides the first investigation of
interstrand EET dynamics in alternating A:T sequences in DNA oligomers by laser flash
photolysis. These results showed that both rate constant and efficiency of interstrand EET are
almost 2 times lower than those of intrastrand EET due to the lack of n-stacking of Ts. Thus,
it is clear that EET by stepwise hopping is a sequence-dependent process. However, the
relatively small difference between interstrand and intrastrand EET indicates that EET
through LUMOs of nucleotides is more efficient than HT through HOMOSs of nucleotides in
DNA.
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Chapter 2-3. Sequence-Dependent Photocurrent Generation through Long-

Distance Excess-Electron Transfer in DNA

Abstract

Due to the well-ordered continuously n stacking of nucleobases, DNA is considered as a
biomaterial for charge transfer in biosensors and so on. For cathodic photocurrent generations
caused by hole transfer in DNA, it has been confirmed to be sensitive to DNA structure and
base pair stacking. However, such information has not been investigated for anodic
photocurrent generations caused by excess-electron transfer in DNA. In the present study, the
author used the photoelectrochemical technique to measure the anodic photocurrent
generation of DNA films on Au electrode to clarify the dynamics of excess-electron transfer
in DNA. Our results indicate that sequence dependence of photocurrent generation is caused
by long-distance excess-electron transfer in DNA, which is dominated by the hopping

mechanism.
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Introduction

DNA has attracted much attention as a biomaterial for charge transfer (CT) since the first
suggestion of DNA conductivity." In recent years, due to the highly sensitive for DNA
structure such as mismatches and lesions that perturb the m stacking between base pairs,
several studies on DNA sensors assembled by DNA-modified electrodes for detection of
DNA damage in vitro using electrochemical techniques have been reported.? On the other
hand, due to the state of the arts of organic solar cells, based on photon-to-electron
conversions in 7 stacking multicromophores, the photoelectrochemical technique has also
showed wide applications on DNA sensors with new mode of signal transduction compared
to conventional electrochemical techniques.* Moreover, DNA is expected to be a scaffold for
building a one-dimension array with © stacking, which can conduct electrons efficiently.”® In
addition, understanding of oxidative CT, hole transfer (HT), is important to explaining
biological phenomena such as DNA damages.>*° In contrast, reductive CT, excess-electron
transfer (EET), can be considered as a key process that closely relates to the repair of
damaged DNA such as T-T lesions.™! Since the photoelectrochemical technique can be
operated at a low applied potential to ensure the orientation of DNA films,**? the
photoelectochemical device shows its prospects as a platform for studying CT in DNA.

To date, several groups including us have been studied cathodic photocurrent generation of
DNA films on electrode to realize sequence dependence of HT in DNA.**** However, to our
knowledge, such experiments have not been performed to study long-distance EET in DNA.
For EET in DNA, thymine (T) and cytosine (C) are considered as electron carriers in the
energetic aspects.’® Although sequence dependence of EET in DNA has been clarified by
employing donor—DNA-—acceptor system with short sequence using laser flash

photolysis,*"*8

it is still unclear for long-distance EET in DNA. Here, the author prepared
three kinds of 3E-modified DNA oligomers (ATn, CT6 and GT6, Figure 2-3-1) to
understand sequence dependence of photocurrent generation caused by long-distance EET in

DNA.

62



(a) 3I'E_lAT‘_[Al_GAG ATn
| TAJ—[T|]—|CTC}]—CgH{,S—SC¢H,OH  n = 0-5
n 10-2n

—[cAl-G|

3E
— CT 6— C—C6H128—SC6H120H CT6
—[cal-c

3E

6
) GRADN_
C5H123—SCGH120H . = 3
m_ lActlvatlon d %
CgHy2SH RWR

oot o o O O
Immobilization \ / \_/
OH

CeH125—] Au electrode

Figure 2-3-1. (a) DNA oligomers used in this study. (b) Preparation process of DNA films.
Experimental Section

Synthesis of DNA oligomers. The sensitizers, 3E, was prepared and converted to its
phosphoramidite derivatives by similar procedure as previously reported.’*?° All reagents
were purchased from Glen Research (USA). All DNA oligomers were synthesized on an
Applied Biosystems 3400 DNA synthesizer with standard solid-phase techniques and
characterized by MALDI-TOF mass spectroscopy (Table 2-3-1). The DNA oligomers were
purified on a JASCO HPLC with a reversed-phase C-18 column with acetonitrile/50 mM
ammonium formate gradient.

Preparation of DNA films on Au electrode. As shown in Figure Figure 2-3-1b, a DNA
oligomer was activated by cleaving the disulfide linkage using 100 mM DDT (dithiothreitol),
pH 8.5, at room temperature for 30 minutes. The crude activated DNA oligomers were
purified using HPLC and then stored in solution A (20 mM Na phosphate buffer, 100 mM
NaCl, and 10 mM TCEP (tris(2-carboxyethyl)phosphine), pH 7.0 £ 0.1). Au electrodes (0.02
cm?® in area) were successively polished and etched by similar procedure as previously

reported.?? The electrodes were then immersed by in 10 uM solutions of activated DNA in
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buffer solution A for 12-18 hr at room temperature. Subsequently, the modified electrodes
were washed with 10 mM Tris buffer (pH 7.6), backfilled with the 10 mM solution of 6-
mercapto—1-hexanol (MCH) in buffer solution A for 30 min, and then washing with Tris
buffer to obtain the DNA films on Au electrode. For determining the surface coverage of
DNA films on electrode, the author employed the method established by Tarlov and
coworkers by chronocoulometry using [Ru-(NHs)e]** as a redox label.?* The surface coverage

of the DNA films are summarized in Table 2-3-1.

Table 2-3-1. MALDI-TOF MS and melting temperature (T,,) of the DNA oligomers and

Surface coverage of the DNA films on Au electrode.

DNA  Calculated Found Tm?(°C)  Coverage” (pmol cm™)
ATO 8907.392 8905.462 76 2.70+£0.21
ATl 8907.392 8905.960 74 3.08+£0.24
AT2 8907.392 8903.467 72 2.97 £ 0.29
AT3 8912.372 8908.219 70 241+£0.21
AT4 8907.392 8905.416 70 2.73+£0.25
AT5 8907.392 8910.459 69 2.52+£0.22
CTé6 8912.372 8910.167 83 3.64 £ 0.27
GT6 8909.384 8913.245 88 3.07£0.25

2 Measured in ~2 x 10~ M solution (0.1 M NaCl and 10 mM sodium phosphate, pH 7.0 + 0.1)
at a heating rate of 0.5 °C/min from 10 °C to 100 °C) with the absorbance at 260 nm recorded
in 60 s intervals. ® Coverage of the DNA films on electrode was determined by Tarlov’s

method.?°

Apparatus. All samples of DNA oligomers were prepared in buffer solution B (10 mM
sodium phosphate and 100 mM NaCl, pH 7.0 + 0.1). Steady-state absorption, circular
dichroism (CD) spectra, and melting temperature profiles were measured using a Shimadzu
UV3100PC, JASCO CDJ720, and Shimadzu UV2700, respectively. The CD spectra of DNA
oligomers were average data from ten scans, collected from 400 nm to 225 nm with a
scanning rate of 100 nm min~*. A standard three-electrode configuration, consisting of a gold
electrode, an Ag/AgCI (saturated KCI) reference electrode, and a platinum wire auxiliary
electrode in an electrochemical cell, was used for all electrochemical measurements using

electrochemical analyzer (ALS, model 660B). Differential pulse voltammetry (DPV)
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experiments were carried out at room temperature in buffer solution. The
photoelectrochemical measurements were performed in buffer solution B by a Compact
xenon lamp 300W (HAL-320W, Asahi Spectra) equipped with a band-pass filter (A > 400
10 nm). Photocurrents were monitored upon the irradiation at a bias voltage of —0.2 V vs

Ag/AgCI with 100 uM ascorbic acid.
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Figure 2-3-2. (a) Circular dichroism spectra, (d) thermal dissociation profiles, and (c)
absorption spectra of DNA oligomers (~10° M) ATO (red), AT1 (orange), AT2 (yellow),
AT3 (green), AT4 (olive), AT5 (blue), CT6 (gray), and GT6 (black) in buffer solution B at
298 K. (d) DPV of electrodes modified with DNA oligomer ATO measured in buffer solution
B.

For all DNA oligomers, formation of a B-type duplex structure under the experimental
condition was indicated by circular dichroism (CD) and melting temperature (Tp)
measurements (Figure 2-3-2a and b). Steady-state absorption spectra of all DNA oligomers
(Figure 2-3-2c) show that all DNA oligomers exhibit absorption bands due to 3E (390 and

410 nm) as well as that of nucleotides (around 260 nm).'"*8%° Moreover, the DNA
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modification on electrodes was confirmed by measurements of DPV (differential pulse
voltammetry), showing that the oxidation at around 0.42 V generates a distinct radical cation
of 3E, 3E*" (Figure 2-3-2d).%
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Figure 2-3-3. Photocurrent response of electrodes modified with DNA oligomers. Irradiation

time: 10s.

Photocurrent measurements of the DNA films on Au electrode were carried out using
Compact xenon lamp 300W (HAL-320W, Asahi Spectra) equipped with a band-pass filter (A
> 400 = 10 nm). Thus, only 3E was excited according to absorption spectra of all DNA
oligomers. To avoid the change of DNA film morphology, a potential of 200 mV versus
Ag/AgCl was applied.’ A stable anodic photocurrent appeared immediately upon irradiation
of DNA films on Au electrode (Figure 2-3-3). Moreover, the author found the DNA films
were stable during the photocurrent measurements for more than 100 s (Figure 2-3-3) under
the experimental condition without morphology change.> A comparison of photocurrent
generations of DNA films is shown in Figure 2-3-4.
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Figure 2-3-4. Normalized photocurrent density of DNA films. Error bars represent the

standard deviation from five experiments.

It is clear that the normalized photocurrent density (lp) results are strongly sequence-
dependent. In ATn, the Ip decreases obviously as the number of alternating A: T base pair (n)
increases. According to our previous paper,*® this tendency can be originated by interstrand
EET in DNA which is limited by insufficient interaction between the LUMOs of Ts. On the
other hand, it showed a strong suppression in both CT6 and GT®6, indicating that the excess-
electron hopping between T in both sequences are affected by a single G:C base pair, as
mentioned in our previous paper.*’

Energetic diagrams of the photocurrent generation of DNA films on Au electrode are
shown in Figure 2-3-5. Photoexcitation of 3E vyields a charge separation state by excess-
electron injection from the singlet excited 3E, '3E*, to T. The electron migrates through T
then followed by hopping to the Au electrode to yield photocurrents. 3E*" is reduced in the
presence of ascorbic acid, AA, as an electron-donating sacrifice, to regenerate 3E. The redox
levels of the components participate in the photocurrent generation are presented in Figure
3.101923 Notably, due to the strong sequence dependence of photocurrent generation and the
energetic aspects showed in Figure 2-3-5, photocurrent generation of DNA films can be
dominated by EET in DNA through T. Thus, from Ip, the author determined relative quantum
yield of EET (®re) and the rate constant of EET (ket) of DNA films, summarized in Table 2-
3-2.
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Figure 2-3-5. Energetic diagram of photocurrent generation of DNA film on Au electrode in

the presence of ascorbic acid (AA). Potential versus Ag/AgCI.

Table 2-3-2. Normalized Photocurrent Density (Ip), Relative Quantum Yield of EET (dy),
and the Rate Constant of EET (ket) of DNA Films.
DNA [*(NnAcm™®) @ ket (s

ATO 175+18 100 3.1x10°°
ATl  162+12 093  29x10%¢
AT2  147+14 084  26x10°°
AT3 13.0+16 074  23x10%¢
AT4  120+22 069  21x10%
AT5  11.9+22 068  2.1x10%¢
CT6  6.3+08 036  1.1x10%¢
GT6  33+10 019  58x10%

Normalized by coverage of DNA films on electrode to be 1 pmolcm™. ® Yields of the EET
relative to that of ATO based on Ip. ¢ Estimated on the basis of the random walk model and

CI)rel-

From the single-step excess-electron hopping rate (kr.qop = 2.2 x 10™ s7%) of consecutive

Ts (thymines) reported in our previous papers,”'18

the rate of excess-electron transfer (ker)
for ATO is estimated to be 3.1 x 10° s™* on the basis of the random work model as shown in
Eq (2_3_1)’24,25

AN) = (1/2knop)N° (2-3-1)
where z(N) is the time required for N hopping steps, i.e, ket * and kr.4op is the rate constant

for a single hopping between nucleobases (N = 12). On the other hand, the author employed
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®y as the factor of ket for AT1-5, CT6, and GT6. Thus, in the case of AT1, ket for AT1 can
be estimated to be (ker for ATO0) x (@ for AT1) = (3.1 x 10° s7%) x (0.93) = 2.9 x 10° 5%,
From Table 1, it shows that the ket of ATn are influenced by the base pair stacking but
similar to each other, indicating that the relatively small difference in efficiency of interstrand
and intrastrand EET in DNA.'® From ATS5, the stepwise hopping rate (knop) can be estimated
as 1.5 x 10™ s7* on the basis of the random walk model (eq. 2-3-1).2*% This result is similar
to our previous reported value (1.1 x 10* s%) for interstrand EET in alternating A:T
sequences. However, the ket of CT6 and GT6 are dramatically smaller than those of ATn,
due to the insertion of single G:C base pair between consecutive Ts. To clarify this point, the
author proposed two mechanisms for understanding sequence dependence of EET in CT6
and GT6, respectively in Figure 2-3-6.

For CT6 and GT6, two mechanisms for EET with kinetic constant of stepwise hopping
(Kintra-c @and Kingra-g) and tunneling (ki.c and ki.g) are shown in Figure 2-3-6a, b, ¢, and d,
respectively. Although a large energetic difference is not expected between T and C (0.09
V),16 the upward Kintra-c, Which should be smaller than the downward ones, are discussed in
the mechanism that C is assumed to be an electron carrier in CT6 (Figure 2-3-6a). Thus, Kintra-
c can be determined as 8.0 x 10™ s, It is clear that Kinga.c is similar to previous reported
value (1.0 x 10" s™) obtained by laser flash photolysis.'” Another mechanism, in which C is
assumed to be a spacer (Figure 2-3-6b), ke.c can be determined as 2.0 x 10° s* (From eq. 2-
3-1, kic = (6%/2) x ket = 2.0 x 10" s71). However, ke.c reported here is smaller than previous
reported value (4.9 x 10'° s™) by 2.5 times.!” On the other hand, it is unlikely possible for the
upward electron hopping in GT6 due to a large energetic difference between T and G (0.62
V,'® Figure 2-3-6c) when G is assumed to be an electron carrier. Another mechanism, in
which G is assumed to be a spacer, k. can be determined as 1.0 x 10*° s* (Figure 2-3-6d).
However, like intrastrand EET in CT6, interstrand EET in GT6 should be expected when C
acts as an electron carrier (Figure 2-3-6f and e). The author found Kinwer-c (4.2 x 10 s7) is
smaller than kinwa-c by a factor of 0.5 due to the insufficient interaction between LUMOs of
nucleobases, which is consistent to our previous results for interstrand and intrastrand EET
through A:T sequence.® Thus, the author concludes the hopping mechanism plays an
important role in sequence dependence of EET in DNA according to both the new results
obtained by the photoelectrochemical technique and the previously reported values obtained

by laser flash photolysis.

69



Il=—l——1
t-G

rmd s
k intra-C

(f)

E/

K inter—(/
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Notably, these result are not conflict to our previous results showed proton transfer of

G:C* base pairs would terminate the EET in DNA when C acts as an electron carrier because

the rate of proton transfer of G:C*™ base pair (ker = 2.6 x 10'° s 1" is slightly smaller than

both Kinga-c and Kineer-c. In addition, the estimated stepwise hopping of approximately ~10%° s™*

can be used to calculate charge mobility (x) as a value to be ~10° cm?® V' * s}, which is
higher than that oh HT (~10° cm? V! s™).%® Thus, with the respect to bioelectronics, EET in

DNA is more promising for the applications than HT in DNA, which relates DNA

damages.>*?
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Conclusion

To the best of our knowledge, this is the first study that applying photoelectrochemical
technique to study the dynamics of EET in DNA. Our results show sequence-dependent EET
in DNA dominates photocurrent generation of DNA films on Au electrode. Although Ip of
CT6 and GT6 were found to be smaller than those of ATn, however, due to the small
difference in the reduction potential of C and T, C was found to be as an electron carrier when
a single G:C base pair inserts in consecutive Ts regardless C is next to T or not. The author
expects the photoelectrochemical technique will facilitate deeper investigations on dynamics
of EET in DNA.
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Chapter 3. Fluctuation Effect on Excess-Electron Transfer in DNA: Excess-
Electron Transfer in DNA by Fluctuation-Assisted Hopping Mechanism

Abstract

The dynamics of excess-electron transfer in DNA have attracted the attention of scientists
from all kinds of research fields due to their importance in biological processes. To date,
several studies on excess-electron transfer in consecutive adenine (A) :thymine (T) sequences
in donor—DNA-—acceptor systems have been published. However, the reported excess-electron
transfer rate constants for consecutive Ts are in the range of 10'°-10" s depending on
photosensitizing electron donors, which provided various driving forces for excess-electron
injection to DNA. In this study, the author employed a strongly electron-donating
photosensitizer, a dimer of 3,4-ethylenedioxythiophene (2E), and an electron acceptor,
diphenylacetylene (DPA), to synthesize a series of modified DNA oligomers (2-Tn) to
investigate excess-electron transfer dynamics in donor-DNA-acceptor by using femtosecond
laser flash photolysis. The relation between free energy change for charge injection and
excess-electron transfer rate among consecutive Ts was discussed based on the new results
and the previously reported values. the author found that the intrinsic excess-electron hopping
rate constant ((3.8 + 1.5) x 10* s™) in DNA is consistent with the fluctuation frequency of
the DNA sugar backbone and bases (3.3 x 10* s™) and concluded that the structural

fluctuation plays an important role in the dynamics of excess-electron transfer in DNA.
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Introduction

Charge transfer in DNA with well-ordered nucleobases realizing continuously n-n stacking
has attracted the attention of scientists for decades.™ Numerous results from both theoretical
and experimental studies suggest that electron-deficient intermediates generated by one-
electron oxidation of DNA, i.e. the hole, can migrate among guanine (G) and adenine (A),>™**
on the other hand, excess-electron transfer in DNA can occur through cytosine (C) and
thymine (T) due to their relatively high reduction potentials.”*** Understanding of the
mechanisms underlying oxidative and reductive charge transfers in DNA is critical to explain
DNA damage/repair.®*® From this view point, several mechanisms based on various
theoretical and experimental results have been proposed.®

To date, there are several studies on hole transfer in DNA. These studies employed systems
such as donor—-DNA-acceptor system and the results have revealed that both tunneling and
hopping mechanisms are included in hole transfer in DNA. Usually, the rate of a single step
electron/hole transfer through spacers by the tunneling mechanism can be expressed as an

exponential function of the donor—acceptor distance (Rpa) as described by eq (3-1),>*%%

kirr = ko % exp(-BRpa) (3-1)
where B is the damping factor and kg is a temperature-dependent factor. For hole transfer by
the tunneling mechanism, B has been determined as 0.3-1.0 A™*, and well reported values in
previous studies are in the range of 0.7-0.8 A 1.*3'*# The variation in the reported values
can be attributed to factors such as donor—acceptor energetics.?> However, in some cases of
hole transfer in DNA, B values as small as 0.1 A * have also been reported.”*?* Such small
values indicate that the multistep hopping mechanism is operative.?***?® The hopping
mechanism indicates the occurrence of multiple hole tunneling processes through DNA, and
realizes long-range hole transfer over several hundreds of angstroms.>® Thus, hole transfer in
DNA via the hopping mechanism can be described by a single-step hopping rate. Our lab has
determined the single-step hole hopping rate constant through a consecutive A sequence as 2
x 10 s in a donor-DNA-acceptor system by the nanosecond laser flash photolysis.?®
Lewis et al. also reported G-to-G and A-to-A hole hopping rate constants as 4.3 x 10° and 1.2
x 10° s%, respectively.?” Thus, single-step hole hopping takes several tens to hundreds
picoseconds.

In contrast to hole transfer, the nature of excess-electron transfer in DNA by the hopping

mechanism is relatively less understood. Several research groups have determined the 3 value
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of excess-electron transfer through Ts as 0.1-0.3 A~ in accordance with the hopping
mechanism.?®* Our research group has studied a series of modified DNAs to estimate single-
step excess-electron hopping rates directly by using femtosecond laser flash photolysis
techniques. For this purpose, various donor-DNA-acceptor systems have been synthesized.**
% As a photosensitizing electron donor, oligothiophenes (2T, 3T, 4T, 2E, and 3E) and
aminopyrene derivative (APy) were employed, while diphenylacetylene (DPA) was used as
an electron acceptor (Figure 3-1).*° The redox and spectroscopic properties of
photosensitizing electron donors are summarized in Table 3-1.
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Figure 3-1. Structures of photosensitizing electron donors (2T, 3T, 4T, APy, 2E, and 3E)

and electron acceptor (DPA).

Table 3-1. Driving forces for electron injection from the singlet excited electron donor to
thymine (-AGcs) and DPA (-AGgr), and absorption peak positions in the singlet excited state
(s1) and radical cation state (A*") of 2T, 3T, 4T, APy, 2T, 2E, and 3E.

Donor  —AGcs® (eV) —AGgr® (8V)  Asy (nm) 2*" (hm)

APy’ 0.24 0.38 500-600 509
2T¢ 0.16 0.30 503 445
3T® —0.13 0.01 605 585
474 0.09 0.23 >700 675
2E® 0.63 0.77 530 445
3E° 0.35 0.49 620 540

aUnit: V versus NHE. ® From reference 46. ¢ From reference 41. ® From reference 43. ¢ From

reference 41.
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From a series of the studies, the excess-electron hopping rate constant among consecutive
Ts was determined to be in the order of 10'°-10" s™.**® These results indicate that the
photosensitizing electron donor affects not only the excess-electron injection rate,****° but
also the hopping rate, although the factor governing this phenomenon is not clear.

In the present study, the author synthesized DNA oligomers (2-Tn) containing 2E as a
photosensitizing electron donor and DPA as an electron acceptor (Figure 3-2), and examined
them by femtosecond laser flash photolysis, because 2E realizes the largest driving force for
excess-electron injection to DNA and is expected to cause a larger effect on excess-electron
hopping than other electron donors. This study was aimed at the clarification of the energetic
aspects of excess-electron transfer dynamics in donor-DNA-acceptor systems. The role of

structural fluctuation in the excess-electron transfer in DNA is also discussed.
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Figure 3-2. The DNA oligomers 1-6, 2-Tn (2-T3, 2-T4, 2-T5, and 2-T6), 2-D, and 2-A. For
1, 2, 5, 6, and 2-Tn, the gap between the 5’ and 3’ indicates a missing phosphate linker

between two nucleobases in nicked-dumbbell structure.
Experimental Section

DNA synthesis. 2E and DPA were prepared and converted to their phosphoramidite
derivatives by a similar procedure as reported.*"** All the reagents were purchased from Glen

Research (USA). All the DNA oligomers were synthesized on an Applied Biosystems 3400

DNA synthesizer with standard solid-phase techniques and were characterized using MALDI-

76



TOF mass spectroscopy (Table 3-2). The DNA oligomers were purified on a JASCO HPLC

with a reversed-phase C-18 column with acetonitrile/50 mM ammonium formate gradient.

Table 3-2. MALDI-TOF MS and melting temperature (T,,) of the DNA oligomers.

MALDI-TOF MS T, MALDI-TOF MS T,
DNA DNA
Calculated  Found °C Calculated Found °C

2-T3 2692508 2691486 30 2-T6 4548.822  4542.762 50
2-T4  3310.674 3308578 34 2-D 4106.013  4104.626 85
2-T5 3927.939 3925.6/0 48 2-A 4090.808  4086.706 88

2 Measured in ~2 x 10~ M solution (0.1 M NaCl and 10 mM sodium phosphate, pH 7.0 + 0.1)
at a heating rate of 0.5 °C/min from 10 °C to 100 °C) with the absorbance at 260 nm recorded

in 60 s intervals.

Apparatus. All DNA oligomer samples were prepared in buffer solution (0.1 M NaCl and
10 mM sodium phosphate, pH 7.0 £ 0.1). Steady-state absorption, fluorescence, circular
dichroism (CD) spectra, and melting temperature profiles were measured using a Shimadzu
UV3100PC, Horiba FluoroMax-4P, JASCO CDJ720, and Shimadzu UV2700, respectively.
The CD spectra of DNA oligomers were the average data from ten scans, collected from 400
nm to 225 nm with a scanning rate of 100 nm min*. The time-resolved transient absorption
spectra of all DNA oligomers were measured by the pump and probe method using a
regeneratively amplified Ti:sapphire laser (Spectra Physics, Spitfire Pro F, 1 kHz) pumped by
a Nd:YLF laser (Spectra Physics, Empower 15).°® The seed pulse was generated by the
Ti:sapphire laser (Spectra Physics, MaiTai VFSJ-W). DNA oligomers were excited using the
350-nm laser pulse, which was generated by an optical parametric amplifier. The
supercontinuum was generated by focusing the output of the amplifier on a sapphire plate.
The chirp was corrected by a homemade program based on the optical Kerr effect cross

correlation method.>* The time resolution of the present system is ~300 fs.

Results and Discussion

In the steady-state absorption spectra shown in Figures 3-3a, a clear peak at around 260 nm
for all the DNA oligomers is dominated by base pairs absorption. As the number of A:T base

pairs increases, this peak increases in absorbance with a slightly blue shift for 2-Tn. In

77



wavelengths longer than 300 nm, the absorption spectra of 2-Tn are equivalent to the sum of
those for DPA® and 2E.***° From the absorption spectra of 2-D and 2-A, it is clear that the
only 2E absorbs photons at 340-360 nm. Thus, transient absorption measurements were
performed using an excitation pulse at 350 nm to excite 2E without the interference of

excited intermediates of DPA.
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Figure 3-3. (a) Absorption, (b) circular dichroism spectra, (c) thermal dissociation profiles,
and (d) fluorescence spectra (fex = 340 nm) of DNA oligomers (~10> M) 2-T3 (black solid
line), 2-T4 (red solid line), 2-T5 (green solid line), 2-T6 (blue solid line), 2-D (black dash
line), and 2-A (red dash line) in buffer solution (0.1 M NaCl and 10 mM sodium phosphate,
pH 7.0 £ 0.1) at 298 K. Fluorescence spectra of 2E in Methanol (orange solid line).

Absorbance of the sample was matched at Aex.

In the circular dichroism (CD) spectra of all DNA oligomers (Figure 3-3b), a positive band
at around 280 nm and a negative band at around 250 nm were observed, indicating that all
DNA oligomers possess a B-form structure.***"***® Moreover, thermal dissociation profiles

for the synthetic DNA oligomers (Figure 3-3c) indicate that with the increasing of number of
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base pairs in DNA, the profile and T, become clearer and higher, respectively. Thus, the
author can point out that the B-form structure is responsible for the transient phenomena
found with transient absorption measurements during femtosecond laser flash photolysis,
which is consistent with previous reports. ***/

Fluorescence from 2E of the DNA oligomers was measured by selective excitation of 2E at
340 nm (Figure 3-3d). It is clear that the fluorescence intensities of 2-Tn and 2-D are lower
than that of 2E, regardless of the length of the DNA oligomers, which indicates that the
fluorescence quenching is mainly due to excess-electron injection to adjacent T, and that the

contribution of DPA is limited because of the distance between 2E and DPA.
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Figure 3-4. (a) Transient absorption spectra of 2-D during the laser flash photolysis with 350-

nm femtosecond laser pulse at 295 K. (b) Species-associated spectra obtained by global

fitting using a double exponential function for 2-D (black: 71 ((kcs) ™, from '2E*—DNA to
2E*"-DNA*®"), and red: = ((kcr) ", from 2E**—DNA to ground state 2E-DNA).

The dynamics of excess-electron transfer in the DNA oligomers were investigated by
transient absorption measurements during femtosecond laser flash photolysis by using a 350-
nm laser pulse, which selectively excites 2E (Figures 3-4). Immediately following excitation,
the absorption band of *2E* was found at 530 nm for 2-D (Figure 3-4a).** The decay of the
530 nm band and the rise of the 445 nm band attributable to the 2E radical cation (2E*")
occurred within 1-2 ps, indicating rapid excess-electron injection to the adjacent T (charge
separation, CS).* The kes and ker values of 2-D were determined by global fitting assuming
two species, i.e., '2E*—DNA and 2E**-DNA"®~ (Figure 3-4b).
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On the other hand, 2-Tn showed an additional absorption band at around 510 nm after

decay of 12E*, suggesting the generation of DPA°®~ by excess-electron transfer (ET) (Figure

3_5) .43-49
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Figure 3-5. Transient absorption spectra (a) 2-T3, (b) 2-T4, (c) 2-T5, and (d) 2-T6 during the
laser flash photolysis with 350-nm femtosecond laser pulse at 295 K.

Spectral changes after the generation of 2E*" were analyzed by global fitting assuming two
species (Figure 3-6). The species-associated spectrum for the faster component (t1) is
attributed to 2E*"—DNA®* —DPA, and that for the slower component (t,) is attributed to
2E*"-DNA-DPA*", as is evident from the absorption band around 510 nm. As the number of
base pair increases, the absorption intensity of 2E*"—~DNA—-DPA®~ decreases. From the ratio
of the absorption intensity of 2E*"—~DNA-DPA®" and 2E*'—~DNA°®* —DPA, the generation
yield of 2E*"—-DNA—-DPA*" after excess-electron transfer was calculated. To the best of our
knowledge, 2-T6 with 6 A:T base pairs is the longest DNA (23.8 A) that showed excess-
electron transfer products by transient absorption measurements during femtosecond laser

flash photolysis.
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Figure 3-6. Species-associated spectra obtained by global fitting using a double exponential
function for (a) 2-T3, (b) 2-T4, (c) 2-T5, and (d) 2-T6 (Black: n, red: . n» and »

correspond to (ke + ker) * and kger 2, respectively).

The rate constants of excess-electron injection to the adjacent T (kcs), initial charge
recombination (CR) between the nucleobase radical anion and 2E*" (kcg), and charge
recombination between 2E®*" and DPA®" (kger) indicated in Figure 3-7 were estimated as
follows, and are summarized in Table 3-3. In the case of 2-Tn, the kcs value is considered
equivalent to that of 2-D. After generation of 2E°*", decay profiles can be analyzed by
assuming two decaying components. The rate of the fast decaying component can be
attributed to the sum of kcg and ket. The kcr and ket values were determined by considering

the generation yield. The slow decaying component in the DNA oligomers can be attributed

to kBET-
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Figure 3-7. Schematic energy diagram for excess-electron transfer from 2E to DPA in 2-T6.

Table 3-3. Rate Constants (kcs, ket, kcr, and kget) in DNA Oligomers.

DNA  kes*(sY) ke (5 ke'(sY ke’ (8
2-D  16x10%  1.3x10" - -

2-T3  16x10” 50x10° 53x10°  95x10°
2-T4 16x10% 40x10® 27x10"°  3.1x10°
2-T5  16x10%  77x10® 19x10"°  1.8x10°
2-T6 16x10% 63x10° 1.9x10"°  1.4x10°

& Estimation error is less than 10%

. P Estimation error is less than 5%. ¢ Not observed.

It is clear that the kcs values were similar to the reported value for the 2E—T dyad,** which

indicates that '2E* was quenched
2-T5 and 2-T6 were lower than
cannot be ignored. Therefore, the
through Ts in DNA. Applying eq

low distance dependence was

by CS to generate 2E** and T". DPA® generation yields in
that in 2-T3 because fast CR between 2E°* and DNA™
CR process limits the efficiency of excess-electron transfer
. (3-1) to ket of 2-Tn tentatively, B = 0.10 + 0.031 A™* of

confirmed. Similar P values have been determined by

photochemical product analysis of excess-electron transfer using flavin-sensitized cleavage of

the T-T cyclobutane dimer (0.1
thymine oxetane (0.16 A ™, by Di

1 A™, by Carell et al.),”® flavin-sensitized cleavage of
ederichsen et al.),* Ir(111)-sensitized loss of bromide from

5-bromouracil (0.12 A, by Barton et al.),** and pyrene-derivatives-sensitized loss of
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bromide from 5-bromouracil (0.22-0.26 A, by Lewis et al.).*** These smaller B values
indicate that a multi-step hopping mechanism, which shows weak distance dependence,
should be operative in 2-Tn. The author concluded that excess-electron transfer in 2-T6, as a
representative case, occurs by a multi-step hopping mechanism consisting of photoinduced
electron injection (kcs), stepwise electron hopping (knop), and electron trapping by DPA (Kirap).
It should be noted that ket is expected to be lower than kyap and thus excess-electron hopping
is a rate determining step, so knop Can be estimated on the basis of the one-dimensional

random walk model (eq 3-2),2"°

1(N) = (1/2kpop)N* (3-2)
where z(N) is the time required for N hopping steps, i.e., ket *, and Knop is the rate constant for
a single hopping between neighboring nucleobases. The excess-electron hopping rate
constant in 2-Tn is estimated to be (2.6 + 0.5) x 10" s™. The estimated ko is larger than
those reported previously.***

From a series of studies of excess-electron transfer in DNA using 2-Tn and 1-6, the author
found the knop Values to be in the order of 10'°-10" s™.%** Structural fluctuation of DNA can
be pointed out as a factor contributing to the various hopping rates.®**** For the CS process
with larger ~AGcs, larger thermal energy is expected to deposit on DNA, resulting in larger
structural fluctuation of DNA. To verify this point, the ~AGcs dependence of Inkne, was
examined by using estimated values (Figure 3-8). The linear nature of these plots indicates
that the ~AGcs is an essential parameter for kyop. Notably, the intercept of the linear fit ((3.8 +
1.5) x 10" s should correspond to the hopping rate for a non-energy assisted (-AGcs = 0)
excess-electron transfer in DNA, i.e. intrinsic hopping rate. Interestingly, the intrinsic
hopping rate agrees with the reported value for the DNA sugar backbone and base motions,
which occur with periods as short as 30 ps at 303 K,®*®! suggesting that the excess-electron
hopping is dominated by the structural dynamics of the DNA.%2%
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Figure 3-8. Dependence of Inknop on —AGcs. A, B, and C are data from DNA oligomers 1 and

2,3 and 4, and 5 and 6,***° respectively.

It should be noted that the structural dynamics of DNA can also be affected by
environmental fluctuations such as reorganization of water molecules and/or counter ions
surrounding the DNA to stabilize a radical anion nucleobase.®*® Both theoretical and
experimental results have shown that the time scale of water molecule motions is about 10—
30 ps.®® As they reorient for accommodating the DNA including the sugar backbone and
the bases, the reported time scale should be similar to the intrinsic hopping rate. Thus, the
author concludes that the thermally activated structural fluctuations induce motions of the
backbone sugars and bases to propel the radical anion from one nucleobase to the next. These
results indicate that structural fluctuation plays an important role in the dynamics of excess-
electron transfer in DNA and that the rate of excess-electron transfer can be enhanced by
thermally activated structural fluctuations.

In hole transfer in DNA, two mechanisms for hole hopping have been proposed, i.e.,
migration of localized radical cation of nucleobase and migration of polaron, where a radical
cation resides in a delocalized structure comprised of nucleobases.® The migration of polaron
in DNA was found to be influenced by the motion of the Na* ions and the water molecules
and was named as the gating mechanism.”>"* On the other hand, thermal fluctuations were
also found to assist hole hopping on each nucleobase via continuous oxidative processes by
some research groups including ours.”*"* Fiebig and colleagues found the time scale for this

motion to be 10-100 ps.”* As mentioned above, the author found that the excess-electron
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hopping is dominated by the structural dynamics of DNA with a similar time scale. Thus, it
should be preferably agreed that a fluctuation-assisted hopping mechanism prevails in both

hole and excess-electron transfer in DNA.

Conclusion

To the best of our knowledge, this is the first study suggesting the role of a fluctuation-
assisted hopping mechanism in excess-electron transfer in DNA. The author confirmed that
excess-electron transfer in DNA is governed by the hopping mechanism and successfully
observed that the rate of excess-electron transfer can be enhanced with an increase in the
driving force for CS, which is equivalent to the thermal energy transferred to DNA, which
causes structural fluctuation. Thus, a fast charge hopping rate due to structural fluctuation
realized a long excess-electron transfer distance in the nicked-dumbbell donor-DNA-
acceptor system. Moreover, the estimated intrinsic hopping rate was consistent with the
experimental and theoretical results, indicating that the fluctuation-assisted hopping
mechanism prevails not only in excess-electron transfer but also in hole transfer in DNA.
These results provide new insights into excess-electron transfer in DNA by the hopping

mechanism.
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Comparison of Hole Transfer and Excess-Electron Transfer in DNA

Here, the HT and EET in DNA are compared based on the rate constants reported and
obtained in this dissertation (Table 1, vide infra). It is necessary to compare HT and EET in
DNA each other, since understanding the dynamics of HT and EET is key issue for advance
research or application related to DNA electronics. The rate constants of HT and EET in
DNA were summarized as shown in Table 1, vide infra.

By means of dye-modified DNA oligomers or tuned oxidation potential of nucleobases,
HT in DNA have been investigated so far as described in this chapter. The rate constant of
single step hole hopping step for G to G (G-hopping) was determined to be 4 x 10° s™* by
Lewis group. Our group also determined the rate constant of single step hole hopping step for
A to A (A-hopping) to be 2 x 10™ s™*. The rate constant of the A-hopping process is much
larger than that of the hopping between consecutive G bases (4 x 10° s*) because the
different oxidation potential of G and A. As mentioned previously in chapter of introduction,
the hole hopping rate can be changed depending on its oxidation potential. Moreover, the rate
constant can be changed by stacking of nucleobases and sequence difference, too. For
example, the rate constant of GTG and GAG were reported considerably smaller than the rate
constant for consecutive G bases or A bases (see table 1, vide infra). Because the oxidation
potential of A is lower than that of T, the hole transfer for GAG sequence is expected to be
faster than that for GTG sequence. The rate constant of hole hopping was also reported that
comparison between interstrand and intrastrand hole hopping process. The reported
intrastrand hole hopping (GCG) rate was somewhat slower than that of GG because the hole
hopped across C base, however, that of interstrand hole hopping was faster than that of
intrastrand hole hopping process across to C. Lewis and coworkers reported that the tunneling
energy gap considerably affect hole hopping process across to C in GCG. They concluded
that a small tunneling energy gap is originated by the lower oxidation potential of the
intervening bases. These results are consistent with our reported works and shown in Table 1,

vide infra.
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Table 1. Comparison of the hopping rate constants for HT and EET in DNA.

Rate constant of hole hopping Rate constant of excess-electron hopping
G-hopping | *GG | 4x10°s™ T-hopping [ *TT 4x10"°st
Lewis et al. JACS Majima et al. JACS 2011
2010
6x10"s!
Majima et al. Chem.
Comm. 2012
2.2 x 10" s™
Majima et al. J. Phys.
Chem. B 2015
2.6x10"s™
Majima et al. submitted
"GAG |5x10's" °TGT | 1.0x10°s™
Lewis et al. Nature 2000 Majima et al. prepartion
6x10"s™ ‘TiGTs | 42x107s™
Majima et al. PNAS AC,A | Majima et al. prepartion
2004
"GTG |1x10°s™ "TCT | 4.9x10°s™
Majima et al. PNAS Majima et al. J. Phys.
2004 Chem. B 2015
‘TiCTs | 1.0x 10" s
AGA | Majimaetal. J. Phys.
Chem. B 2015
GiICG; | %G, >G, |[4x10° TAT: [°T,>T, 11 x 10%
C G,C | and st A TA and st
G,—>G; Majima et T,—>T3 Majima et
(inter- al. PNAS (inter- al. Chem.
strand 2006 strand —Eur. J.
hopping) hopping) | 2015
®G>G; | 1x10° °T,—>T; | not
(intra- s (intra- reported
strand Majima et strand
hopping) al. PNAS hopping)
2006
2 A-hopping 2x10"st * C-hopping not reported
(AA) Majima et al. JACS (CC)
2004
1x10°s™
Lewis et al. JACS
2010

# Corresponds to interstrand hopping rate constant through same nucleobases.
® Corresponds to hopping rate constant across one nucleobase.
¢ Corresponds to interstrand hopping rate constant through different nucleobases.

However, the rate constants of excess-electron hopping were reported very recently
compared to those of hole hopping. Our lab determined the rate constant of excess-electron
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hopping through consecutive Ts in DNA to be 4 x 10" s *and 6 x 10" s *in our previous
work and 2.2 x 10" s*and 2.6 x 10" s™ as described in Chapter 2 and 3, respectively. The
varied rate constants of excess-electron hopping were originated by increasing the driving
force for excess-electron injection from the excited electron donor. The driving force for
excess-electron injection can be equivalent to the thermal energy transferred to DNA, which
causes structural fluctuation. These results revealed that excess-electron hopping process
through consecutive Ts is faster than hole hopping process via consecutive Gs and As.
Moreover, C can still be an excess-electron carrier although excess-electron hopping process
through consecutive Cs is difficult to be observed due to the competitive proton transfer

process in G:C*, described in Chapter 2-1.

kintra-C

kinter-V \kinter-fy

3’ 5

Figure 1. The basic hopping processes of EET in DNA and their rate constants. Kinga-1 1S
intrastrand T-hopping. Kiner-t N interstrand T-hopping. Kinwa-c 1S intrastrand TCT-hopping.
Kinter-c 1S interstrand TCT-hopping.

Similar to hole transfer, excess-electron transfer is also sequence-dependent. Thus, the
effect of intervening bridge base between primal excess-electron carriers, for example, TCT,
TGT, and TAT was studied (Figure 1). Because the reduction potential of C is higher than that
of T, the excess-electron transfer for TCT sequence is slower than that for consecutive Ts,
described in Chapter 2-1. The rate constant of excess-electron hopping is reported that
comparison between interstrand and intrastrand excess-electron hopping process, described in
Chapter 2-2. As describing in Chapter 2-3, the interstrand excess-electron hopping (4.2 x 10%°
st in TGT) rate is slower than that of intrastrand excess-electron hopping (1.0 x 10* s, in
TCT) due to the lack of LUMO interaction. However, in another mechanism, the excess-
electron hopping across G and C in TGT (1.0 x 10 s%) and TCT (4.9 x 10% s,
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respectively, are considerably affected by the tunneling energy gap originally from the
reduction potential of G and C, respectively.

To fully understand CT in DNA, it is necessary to investigate both HT and EET in DNA as
mentioned previously. However, the comparison values reported in this dissertation can be
changed depending chromophores, structural change, which is arrangement of base pairs in
DNA, its oxidation or reduction potential and so on. Thus, various dye-modified DNA
sequences have to be synthesized and examined by using femtosecond laser flash photolysis
and photoelectrochemical technique to determine i) the rate constant of excess-electron
hopping through consecutive C’s in DNA, ii) the rate constant of excess-electron hopping
through non-B DNA, and iii) the temperature dependence of EET in DNA. The mechanisms
and dynamics of EET in DNA will become clear in the near future.
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General Conclusion

Throughout this dissertation, the mechanism and dynamics of EET (excess-electron
transfer) in DNA have been thoroughly examined by photo-induced charge separation using
femtosecond laser flash photolysis and photoelectrochemical technique.

In Chapter 1, the author developed various oligothiophenes as electron-donating
photosensitizers for investigation EET in DNA using femtosecond laser flash photolysis. By
use of strongly electron-donating oligothiophenes as electron donors, a panoramic survey of
CS (charge separation) and CR (charge recombination) processes in dyads with all natural
nucleobases as electron acceptors was accomplished on the basis of the Marcus theory. In
addition, the conformation effect on CR was found, though major contribution of the stacked
form was indicated in our results.

In Chapter 2-1, the author studied the role of a G:C base pair in dynamics of EET in DNA
and observed sequence-dependent EET through oligonucleobases including G:C pair using a
femtosecond laser flash photolysis technique. First, the dynamics of the PT (proton transfer)
process of G:C*~ base pair were confirmed for the first time (ker ~ 10'° s7%). It suggests the
rapid excess-electron trapping by proton transfer in G:C*™ base pair limits the participation of
consecutive Cs in EET in DNA. Second, the author found the rate constant of single-step
hopping in DNA oligomers is affected by the involvement of a G:C base pair: one G:C pair in
consecutive Ts decreased the rate constant of single-step hopping to ~50%.

In Chapter 2-2, the interstrand EET dynamics in DNA through alternating A:T base pairs
was investigated to clarify the effect of LUMO interaction on EET in DNA. Both rate
constant and efficiency of interstrand EET are almost 2 times lower than those of intrastrand
EET, due to the lack of n-stacking of Ts.

In Chapter 2-3, the author investigated the sequence dependence of photocurrent
generation through long-distance EET in DNA by using photoelectrochemical techniques.
According to our results, sequence dependence is essential for the photocurrent generation
through DNA films on the Au electrode. Moreover, C was found to be as an electron carrier
when a single G:C base pair inserts in consecutive Ts regardless C is next to T or not, though
T was expected to play a major role as an excess-electron carrier.

In Chapter 3, the author confirmed that EET in DNA is governed by the hopping
mechanism and successfully observed that the rate of excess-electron transfer can be

enhanced with an increase in the driving force for charge separation, which is equivalent to
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the thermal energy transferred to DNA. The author also found that the estimated intrinsic
hopping rate ((3.8 + 1.5) x 10" s™!) was consistent with the experimental and theoretical
results, such as the frequency for DNA sugar backbone and base motions (3.3 x 10" s™).

In short, the author successfully synthesized new electron donors and used dyad systems
for evaluation of their electron donating ability. In addition, the author found the
conformation of dyads is important for the CR process. Second, dynamics of EET in DNA
has been confirmed to be strongly sequence-dependent. In addition, an agreement obtained
between the results of photocurrent generation and those of femtosecond laser flash
photolysis indicates electrical conduction in DNA originates from electron transfer through
nucleobases via hopping mechanism. Third, the author found that the effect of fluctuation on
excess electron hopping in DNA as an important factor, indicating that the fluctuation-
assisted hopping mechanism prevails in EET in DNA. Moreover, the author has improved the
EET distance to be 23.8 A in the measurements using femtosecond laser flash photolysis.

To conclude, the author quantitatively studied the dynamics of EET in DNA by using
femtosecond laser flash photolysis and photoelectrochemical technique and found that EET
in DNA is sequence-dependent. The author believes these significant findings bring new
insight into the dynamics and mechanisms of EET in DNA for researcher in the field of DNA
and charge transport of conducting materials. Taken the understanding of EET in DNA from
these experiments by using femtosecond laser flash photolysis and photoelectrochemical
technique, the studies on EET in DNA and further improvements on bioelectronics will be

developed over the next few decades.

N 4, Photoelectrochemical technique

O\_/O 2E O\_/O 3E O\_/O

R = CH,CH,CH,0H

23.8 A

<€ )
Q\

Laser flash photoly5|s

meki EETL

mter T |ntra C |nter-C/

ALLINL]

3’ 5

94



List of Publications

Driving Force Dependence of Charge Separation and Recombination Processes in Dyads
of Nucleotides and Strongly Electron-Donating Oligothiophenes

Shih-Hsun Lin, Mamoru Fujitsuka, Mayuka Ishikawa, and Tetsuro Majima.

J. Phys. Chem. B 2014, 118 (42), 12186-12191.

How Does Guanine—Cytosine Base Pair Affect Excess-Electron Transfer in DNA?
Shih-Hsun Lin, Mamoru Fujitsuka, and Tetsuro Majima.
J. Phys. Chem. B 2015, 119 (25), 7994-8000.

Dynamics of Excess-Electron Transfer through Alternating Adenine:Thymine Sequences
in DNA

Shih-Hsun Lin, Mamoru Fujitsuka, and Tetsuro Majima.

Chem. —Eur. J., 2015, 21 (45), 16190-16194.

Excess-Electron Transfer in DNA by Fluctuation-Assisted Hopping Mechanism
Shih-Hsun Lin, Mamoru Fujitsuka, and Tetsuro Majima.
J. Phys. Chem. B, 2016, 120 (4), 660-666.

Sequence-Dependent Photocurrent Generation through Long-Distance Excess-Electron
Transfer in DNA

Shih-Hsun Lin, Mamoru Fujitsuka, and Tetsuro Majima.

Submitted.

95



Acknowledgements

The author would like to express the deepest appreciation to Professor Tetsuro Majima for
his supervision with valuable suggestions and encouragements during the doctor course.

The author also wishes to express his sincere gratitude to Associate Professor Mamoru
Fujitsuka for his helpful advices and deeply discussion. The author is deeply grateful to
Associate Professor Kiyohiko Kawai, Assistant Professor Yasuko Osakada, Specially-
Appointed Professor Mikiji Miyata, and Specially-Appointed Professor Akira Sugimoto for
their helpful suggestions on his research.

The author expresses his appreciation to Professor Ikuya Shibata and Associate Professor
Tadashi Mori, and all Professors of Department of Applied Chemistry, Graduate School of
Engineering, Osaka University for their fruitful suggestions and comments on this
dissertation.

The author sincerely thank to Associate Professor Tadao Takada, Specially-Appointed
Assistant Professor Sooyeon Kim, Dr. Man Jae Park, Mr. Atsushi Tanaka, and Miss Mayuka
Ishikawa for their kindly supports on his experiments. The author also thanks Miss Sanae
Tominaga for her kindly helps on document preparation.

The author is grateful working with Dr. Peng Zhang and sincerely hopes for his brightly
future of his research career. It is also his pleasure to work with members of Professor
Majima’s research group, including Dr. Zaizhu Lou, Mr. Tatsuya Ohsaka, Mr. Chao Lu, Mr.
Ossama A. Elbanna, Mr. Xiaowei Shi, Miss Xiaoyen Cai, Miss Ayaka Kuroda, Mr. Kota
Nomura, Mr. Yoji Yamamoto, Mr. Yuma Ichinose, Mr. Yang Zhou, Miss Jie Xu, and the past
members of Professor Majima’s research group.

Finally, the author expresses to sincerely thank to his family for their continuous

encouragements enabled him to complete this study.

Shih-Hsun Lin
2016

96



