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Chapter 1. General Introduction

1-1 Forster resonance energy transfer (FRET)

Forster resonance energy transfer (FRET) is a nonradiative mechanism of energy
transfer from a donor fluorophore to an acceptor via electronic dipole-dipole coupling. [!!
If the acceptor is a fluorophore, the acceptor emits light even though the donor has been
excited. The FRET efficiency varies depending on both relative distance and orientation
between the donor and acceptor. The rate constant of FRET (kgr, energy transfer by

Forster mechanism) represented by the following equation (1):

B 91n10 K2
BT ™ 128 m5n4 N,79 RS

[ FowesGyrtaa ©

where 7 is a refractive index, N is the Avogadro constant, 79 is radiative decay time
of donor, and R is the distance between donor and acceptor. f, and &, are donor
emission spectra (normalize to 1) and acceptor absorption spectra.

The orientation factor, 2, is calculated from the below equation (2):

k% = (cos B — 3 cos By, cos 0,)? (2)
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Figure 1-1.

(A) Schematic of the orientation factor x°. (B) The orientation factor simplifies to k% =
cos 7% and varies between 0 and 1 when the fluorophores lie in parallel planes.
(Reprinted from Ref. 2.)

In FRET, there is no need for electron clouds to overlap between the two molecules,
and energy transfer occurs even when the intermolecular distance is 10 nm. Due to its
distance-dependence, FRET has been widely used as a “ruler” in chemistry and biology."!
Specifically, the interaction between proteins ) and the distance between molecules *!
are clarified by FRET. However, the orientation dependence of FRET has usually not
been taken into consideration, since it is difficult to precisely control the orientation of
the fluorophores. To prevent the dye from fixing in an unexpected orientation, FRET
systems are often designed with long linkers attached to the fluorophore to minimize

orientation dependence °/,
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Figure 1-2.

Schematic of a FRET system that utilizes long linkers to prevent dye from fixing in an

unexpected orientation. (Reprinted from Ref. 5.)

1-2 Application of FRET using DNA -structure analysis-

DNA scaffolds have been used to investigate orientation dependence of FRET. [%]
DNA is an effective scaffold as it forms a rigid double helical structure, enabling control
of dye orientation. For example, Wilhelmsson and co-workers developed 2~ -
deoxyadenosine analogues qANI1 (donor) and gAnitro (acceptor) and the FRET

orientation dependence was observed by simply replacing adenine with the analogues. [
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Figure 1-3.

Structure of qA, qAN1 (base paired with thymine (T)), and qAnitro. (Reprinted from
Ref.7a)
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Figure 1-4.

The experimental FRET efficiency showed good agreement with the theoretical efficiency.
(Reprinted from Ref.7a)

In another example, a FRET system using fluorescent thymidine and cytosine analogs

has also been reported. ["

FRET pair in double-stranded DNA
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(A: Acceptor)

Figure 1-5.

Schematic of sequence and chemical structure of fluorescent thymidine and cytosine
analogs. Photographs of FRET DNA in tubes and a structural model of the DNA are also
shown. (Reprinted from Ref.7b)

Previous our research also showed a useful DNA-based FRET system, in which
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pyrene and perylene were introduced into DNA via D-threoninol. ¥l We have succeeded
in control of fluorophores’ orientations in DNA duplex as expected so that distance and
orientation dependences of FRET efficiency were observed in this system. It is useful in

that a wide range of dyes can be introduced.
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Figure 1-6.

Schematic of sequence design and chemical structure. Photographs showing changes in

FRET efficiency are also shown. (Reprinted from Ref. 8)

The distance and orientation dependences FRET system employing the DNA

scaffold enables detailed structural parameters to be obtained in solution.

X-ray crystallography and nuclear magnetic resonance (NMR) are powerful tools for

analysis of DNA structures, but these techniques require a large amount of sample and

are time consuming. Further, the X-ray crystal structures revealed may not reflect the

structures found in biological milieu. Structural analysis of using a cryo-electron

microscopy has also recently received broad attention due to the development of sample
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Figure 1-7.

Schematic of sample preparation for cryo-EM. (Reprinted from Ref.9)

It allows the analysis of the structure of biopolymers in solution. However, it has not

yet become widespread as a general analytical method, and a simple structural analysis

method is required.



1-3 Energy migration(homo-FRET)

Excitation energy migration (EM), also called excitation energy hopping or homo
Forster resonance energy transfer (homo-FRET), is energy transfer among identical
fluorophores. This type of transfer is a key process in natural photosynthesis since
excitation energy can be transported without losing photon energy. In natural light-
harvesting complexes, absorbed energy migrates first among a number of identical
chlorophyll molecules and subsequently transfers to reaction center. Natural light-
harvesting complexes achieve efficient solar energy conversion by tuning energy
migration efficiency. ']

Energy migration is also important in artificial light-harvesting systems, chemical
sensing, photon energy conversion, and analyses of biomolecular probes. 213 It has been
shown that EM efficiencies can be controlled to some extent through positioning of

fluorophores via covalent or non-covalent bonds.
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Figure 1-8.

Structure of metal-organic frameworks (MOFs) with pyrene and porphyrin. in which

energy migration was studied. (Reprinted from Ref. 15)

However, precise control of distance and orientation of fluorophores over a wide
range and an achievement of intended high efficiency EM still remains challenging.

DNA spontaneously forms a well-defined right-handed double helix, in which four
nucleobases are aligned according to the sequence. Arrays of non-natural molecules with
pre-determined size, distance, and even sequence can be easily prepared by incorporating
unnatural monomer into DNA through covalent bonding. '!7TDNA has been widely used
as a platform to prepare fluorophore arrays, ['%22] and recently, photonic arrays and
circuits based on DNA nano-structures have been reported. [23-26

In these structures, EM and hetero FRET play crucial roles in efficient energy

harvesting and transport. [27-37]
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Figure 1-9.

a) Normalized fluorescence emission spectra with acceptor inside ( ring A1, red line) and
outside ( ring A2, black line) the donor ring, b) Normalized fluorescence emission spectra
of corresponding donor-acceptor pairs with donor fixed at D1 and acceptor at A1(D1-Al,
red line) and at A2(D1-A2, black line.) (Reprinted from Ref. 35)
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Figure 1-10.

Upper: Schematic of the dual rail DNA structure consisting of the self-assembly of seven
DNA oligos, each depicted by a separate color. Lower: Schematic of the dual rail DNA
structure showing the double crossover motif and positioning of the Cy3 and Cy3.5
fluorophores. (Reprinted from Ref. 36)

Several research groups, including ours, have utilized DNA scaffolds to quantify

orientation and distance dependence of hetero FRET from a donor to an acceptor [*#1. On



the other hand, distance and orientation dependences of energy migration between
identical fluorophores have not been elucidated. In EM, energy migration occurs among
the identical fluorophores, and each fluorophore can function both as a donor and an
acceptor. Such symmetry among the fluorophores makes it impossible to separate donor
and acceptor emission. Time-resolved anisotropy measurement has been used to analyze
EM; however, the analyses are model dependent, and kinetic parameters cannot be
determined directly. %]

14 Purpose of this study

In this study, we developed several FRET applications by using orientation-dependent
FRET system.

In chapter 2, we report the analysis results of differences in structures and flexibilities
of nicked and gapped DNA duplexes. Differences in structures and flexibilities of DNA
duplexes play important roles on recognition by DNA binding proteins. We introduced
pyrene and perylene at the center of the DNA duplex via D-threoninol, and investigated
DNA duplexes with nick and gaps, which are key intermediates in DNA repair systems.
By taking advantage of orientation-dependent FRET, effects of gap size on structures and

flexibilities were successfully revealed. Since our method is facile and sensitive, it could

be widely used to analyze DNA structures containing damages and non-natural molecules.

10



In chapter 3, we used another fluorophore pair (perylene and Cy3) and investigated

the structure of DNA containing a stilbene cluster. This pair allows analysis of large DNA

structures and DNA duplex containing photoreactive molecules. Stilbene has unique

photophysical properties and we also developed photo-switches by introducing clusters

of stilbene derivatives into DNA. However, the structures of DNA containing stilbene

clusters remain unclear.

In chapter 4 and 5, we experimentally analyzed the mechanism of energy transfer

between identical fluorophores. In order to solve the problem that the fluorescence

intensity and lifetime of the identical fluorophores do not change even if energy transfer

occurs, a quencher is placed adjacent to one of the fluorophores. This attempted to

distinguish the same fluorophores. The distance and orientation dependence of energy

transfer was investigated from the fluorescence intensity and lifetime.
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Chapter 2. Analysis of structures and flexibilities of
nicked and gapped DNA duplexes by using orientation-

dependent FRET system

2-1 Abstract

In chapter 2, we report the analysis results of differences in structures and flexibilities
of nicked and gapped DNA duplexes by using orientation-dependent FRET system.
Differences in structures and flexibilities of DNA duplexes play important roles on
recognition by DNA binding proteins. This chapter presents a novel method for structural
analyses of DNA duplexes. We first analyzed canonical B-form duplex to validate this
method and the experimental FRET efficiencies were in excellent agreement with
theoretical values calculated based on the reported parameters. We then investigated DNA
duplexes with nick and gaps, which are key intermediates in DNA repair systems. Effects
of gap size on structures and flexibilities were successfully revealed. Since our method is
facile and sensitive, it could be widely used to analyze DNA structures containing

damages and non-natural molecules.
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2-2 Introduction

Structural anomalies in DNA double-helical structures play important roles in
biological processes. For example, DNA repair enzymes to find damaged sites among a
huge number of intact base pairs. This DNA repair is also an important factor in genome
editing technology. Genomes cleaved by the CRISPR / Cas9 system are genetically edited
when DNA repair errors occur.!l Recent studies have indicated that DNA-binding
proteins can recognize differences in structures and flexibilities of DNA duplexes. >3 We
previously reported a novel distance and orientation dependent FRET system in which
donor and acceptor are incorporated into DNA through D-threoninol linkers.[*! Here, we
applied this FRET system for analyses of DNA double helical structures. In contrast to
the previous study, we determined structural parameters of various DNA structures from
experimentally determined FRET efficiencies. We first analyzed the canonical B-form
double helix by using orientation-dependent FRET and then evaluated nicked and gapped
DNA duplexes, which are key intermediates in DNA repair systems. %! Not only the
structures but also the flexibility of DNA in solution were revealed using orientation-
dependent FRET. To the best of our knowledge, differences between both structures and
flexibilities of nicked/gapped duplexes are revealed for the first time. Sequences of

oligonucleotides used in this study are shown in Figure 2-1.
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RnP1: 5'-ATCAGTPATGTATGTATGTATTCACCGTAGTCA-3'
RnP2: 5'-ATCAGTATGTPATGTATGTATTCACCGTAGTCA-3'
RnP3: 5'-ATCAGTATGTATGTPATGTATTCACCGTAGTCA-3'
RnP4: 5'-ATCAGTATGTATGTATGTPATTCACCGTAGTCA-3'

cRnE1: 3'-TAGTCATACATACATACATAAGTGGECATCAGT-5'
cRnE2: 3'-TAGTCATACATACATACATAAGTGEGCATCAGT-5'
cRnE3: 3'-TAGTCATACATACATACATAAGTEGGCATCAGT-5'
cRnE4: 3'-TAGTCATACATACATACATAAGETGGCATCAGT-5'

cRnE1s: 3'-GGECATCAGT-5"
cRnE2s: 3'-TGEGCATCAGT-5"'
cRnE3s: 3'-GTEGGCATCAGT-5"
cRnE4s: 3'-AGETGGCATCAGT-5"

Nt23: 3'-TAGTCATACATACATACATAAGT-S'
Nt22: 3'-TAGTCATACATACATACATAAG-5'
Nt21: 3'-TAGTCATACATACATACATAA-5'
Nt20: 3'-TAGTCATACATACATACATA-S'
Nt19: 3'-TAGTCATACATACATACAT-5'
Nt18: 3'-TAGTCATACATACATACA-5'

Nt17: 3'-TAGTCATACATACATAC-5'

Figure 2-1.

a) Chemical structures of donor and acceptor. b) Sequences of oligonucleotides used in
this study. Schematic illustrations of canonical and nicked/gapped duplexes are also

shown.

Pyrene and perylene were incorporated into DNA via D-threoninol as a donor and an

acceptor, respectively. In general, it was difficult to control dye orientation because dyes

were usually introduced into terminal or extrahelical positions of DNA. On the other hand,

molecules can intercalate between base pairs when they are introduced into the middle
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positions of DNA through D-threoninol.l”) Therefore, their orientations can be strictly
controlled through stacking interaction with neighboring base pairs. No abasic sites were
incorporated at the counter positions of dyes because we have revealed that additional
incorporation of dyes does not distort DNA structures. We varied the number of base pairs
between the pyrene donor and the perylene acceptor and measured FRET efficiencies.
The FRET plot of the efficiency versus the number of base pairs was then fit to structural
parameters obtained based on a cylinder model of the B-form duplex. There are several
advantages of our method; (i) detailed structural parameters in solution can be easily
obtained by using not only distance dependence but also orientation dependence of FRET.
(i1) Since orientation is strictly controlled in our FRET system, experimental FRET
efficiencies showed excellent agreement with theoretically calculated values (vide infra).
Therefore, even bending and flexibility of DNA duplex can be estimated by monitoring
deviations from the cylinder model. (iii) Dye pairs with relatively long Forster radius can
be used with our method so that large DNA structures can be analyzed (Studies using

different dye pairs are shown in chapter 3).
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2-3 Results and discussions

2-3-1 Structural analysis of a canonical duplex

We first analyzed the structure of a canonical duplex to validate the accuracy of our

method. We synthesized four strands tethering pyrene (RnP1-4) and four complementary

strands tethering perylene (cRnE1-4) shown in Figure 2-1. The two base pairs flanking

pyrene were identical in all duplexes, and this resulted in pyrene quantum yields that were

within experimental error for all duplexes (Figure S2-1). The number of base pairs

between the two dyes can be varied from 4 to 19 bp by combining these strands

appropriately (Table S2-1). We measured fluorescent emission spectra of duplexes

(Figure S2-2) and calculated FRET efficiencies from decrease in donor emission. FRET

efficiency between dyes in canonical duplexes as a function of distance in base pairs is

not monotonous, but periodic, demonstrating orientation dependence of FRET (Figure 2-

2b). Three variables were used to calculate FRET efficiencies: rise, rotation, and the sum

of angles between dyes and neighboring base pairs (Figure 2-1a).
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Figure 2-2.

Analysis of structural parameters of a canonical DNA duplex. a) Equations used for
calculation of distance and angle between dyes. b) FRET plot of a canonical DNA duplex.
The x-axis is the number of base pairs between donor and acceptor. Experimental data
are shown as circles. The line is FRET efficiencies theoretically calculated by using

determined parameters shown in the inset.

Parameters were determined by using least-squares method. Theoretically calculated
FRET efficiencies using these parameters are shown in a line in Figure 2-1b. It should be

noted that a large error from a theoretically calculated value was observed at 8 bp.
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Although we calculated FRET efficiencies by assuming that the relative angle between
dyes has a Gaussian distribution, large differences at base pair separations other than 8 bp
were still observed (Figure S2-3). Therefore, we concluded that the difference at 8 bp was
not caused by the incomplete fixation of dye orientations. It was reported based on a
theoretical analysis that the point dipole approximation fails when the distance between
molecules is short. Consequently, the orientation factor cannot be zero even if molecules
are perpendicular.® We believe that large difference between the experimentally
determined FRET efficiency at 8 bp and the efficiency expected based on the cylindrical
model is due to a non-zero orientation factor caused by failure of dipole approximation.
From this reason, we did not use FRET efficiency at 8 bp to determine structural
parameters. For other base pair separations, experimental values agreed well with the
curve generated based on the model of B-form DNA (Figure 2-2b), clearly demonstrating
that orientation of dyes is strictly controlled in our system. The rise per base pair
calculated based on FRET data was 3.6 = 0.03 A and rotation per base pair was 32 + 1°,
almost identical to those of a canonical B-form DNA duplex (3.4 A and 34°, respectively).
The difference of the rise could be explained by a refractive index. There is an inversely
proportional relationship between the rise and the refractive index. If the refractive index

is set to 1.5, rise per base pair decreases to 3.4 A. The difference of rise per base pair
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indicates that the refractive index of natural base pairs are higher than 1.4. In contrast,
rotation angle is not dependent on physical parameters. X-ray crystallography has shown
that rotation angle is highly dependent on sequence although averaged angle is usually
34-36°.1!] Therefore, the difference from typical rotation angle could be due to its
strong sequence dependence. To the best of our knowledge, an orientation dependent
FRET system showing such an excellent agreement with theory over a long distance has
not been reported previously. We also analyzed a duplex containing an A-tract using a
similar system (Figure S2-4). In the case of A-tract duplex, larger differences between
experimental FRET efficiencies and calculated values based on the B-form cylinder
model were observed. In particular, the observed efficiencies at longer distance were
higher than expected values. As reported previously, an A-tract induces a bend in DNA
[12-14] 50 that the actual distance between donor and acceptor is shorter than expected from
the cylinder model. Although more detailed investigation is required to clarify the detailed

structure of A-tract, bending was clearly detected by using our FRET system.

2-3-2 Structural analysis of DNA duplexes with nicks
We subsequently analyzed DNA duplexes with nicks and gaps using our FRET system.

Nicked and gapped duplexes were prepared by hybridizing short acceptor-containing
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strands (cRnE1s-4s) and donor-containing strands (RnP1-4) with a longer DNA (Nt17-
23) as shown in Figure 2-1. Fluorescent emission spectra and emission intensities of
nicked duplexes are shown in Figure S2-5a and S2-5e. FRET efficiencies of nicked
duplexes showed a nonmonotonous dependence on the number of base pairs between

donor and acceptor dyes (Figure 2-3).

1
0.9 Nick
\

0.8 \\ Stacked Unstacked
507 | 1 74+10 % 26+10 %
3 06
% 0.5 —@—Nicked duplex
u'_J 04 F —@— Canonical duplex
X o3 | = = =Averaged orientation

0.2 +

01 f

0 1
0 5 10 15 20
n/bp
Figure 2-3.

FRET plot of nicked (blue) and canonical (red) duplexes. The blue line curve was

generated by assuming 26% of duplexes adopt an unstacked.

This indicated that the relative orientation between the donor and the acceptor was

not averaged. The positions of minima and maxima in the FRET plot were the same as
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those of canonical duplex, showing that despite the nick, the duplex maintains a canonical
B-form duplex geometry. However, the nicked duplex had lower maximum and higher
minimum FRET efficiencies compared with canonical duplex. This weakened orientation
dependence strongly indicated that the nick imparted flexibility. The higher flexibility of
nicked duplex was also observed by using other methodologies such as gel
electrophoresis and NMR.!">!81 We analyzed the conformational flexibility of nicked
duplex by simply assuming an equilibrium between stacked and unstacked duplex

(7.1 Our calculations indicated that when 26% of duplexes adopted an

conformations.
unstacked structure at the nick, calculated efficiencies showed better agreement with
experimental values. This is a rough calculation because it is difficult to estimate the
precise orientation factors of unstacked structure. However, we believe this assumption
is useful to estimate relative flexibilities of various DNA structures. From these results,
we concluded that a nicked duplex has higher conformational flexibility than the
canonical duplex. X-ray crystallography demonstrated that nicked duplex adopts B-form
duplex.?® Our study also indicates that the nicked duplex adopts a B-form conformation

in solution and was able to provide a measure of the enhanced flexibility of a nicked DNA

duplex relative to that of an intact duplex
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2-3-3 Structural analysis of DNA duplexes with gaps

We then investigated the structure of gapped duplexes. Fluorescent emission spectra
and emission intensities of gapped duplexes are shown in Figure S2-5b~d and S2-5f~h.
The FRET plot of a duplex with a single nucleotide gap is shown in Figure 2-4a. The
minima in the FRET plots were different in nicked duplexes and the duplexes with 1-nt
gaps; a minimum was observed at 8 bp with the nicked duplex and at 6 nt with 1-nt gapped
duplex. This shift strongly indicated that insertion of a gap altered the orientation between
the two dyes. As an orientation dependence of FRET efficiency was observed with 1-nt
gapped duplexes, the two duplex regions separated by a 1-nt gap are stacked. The
difference in dye orientation from the nicked duplex is probably due to rotation and/or
bending at the gap. Actually, NMR analysis indicated that there are two conformations
with 1-nt gapped duplex; one is close to B-DNA and the other is kinked.!'®] Interestingly,
the decline of FRET efficiency was observed at 6, 10 and 14 nt in the case of 1-nt gapped
duplex. Because we used four kinds of gapped sequences (¢cRnE1s-4s and Nt19-22) as
shown in Table S2-4, this result indicated that structure of 1-nt gapped DNA duplex

depends on its sequence.
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a) FRET plots of nicked duplex and duplex with a 1-nt gap. Red line shows the fitting
curve used to determine structural parameters of canonical duplex. Dotted line shows
theoretical curve assuming averaged orientation of dyes in canonical duplex. b) FRET
plots of duplexes with 2-nt and 3-nt gaps. Curve in orange was calculated by assuming
FRET efticiencies of 3-nt gapped duplexes were dependent not on orientation but on
distance between dyes. Determined structural parameters of duplex with 3-nt gap at 20°C
are shown in inset. See Figure S2-7 for structural parameters determined from FRET

efficiencies at 0°C.

The FRET plot of structure with the 2-nt gap showed smaller orientation dependence.
FRET efficiency monotonously decreased as the number of nucleotides between the dyes
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increased (Figure 2-4b, green circles). Thus, stacking interactions between two duplexes
is very weak when there is a 2-nt gap. Almost no orientation dependence was observed
when the gap was 3 nt (Figure 2-4b, orange circles), suggesting little stacking and an
averaged dye orientation. Similar results were reported by using gel electrophoresis where
electrophoretic mobility decreased by insertion of two or more nucleotide gap.['”-*!] We
estimated the length of 3-nt gap and of the complex of the three oligonucleotides by
assuming a random orientation. FRET efficiencies of duplexes with 3-nt gaps were in
excellent agreement with a model based on this assumption (Figure 2-4b, orange circles
and line). The length of 3-nt gap was estimated to be 23 = 1 A, indicating that the gapped
bases are stretched. Masuko et al. previously reported an equation to calculate the length
of gap by using distance dependent FRET system.!??! According to their equation, the
length of 3-nt gap was calculated as 19.1 A, which is shorter than our result. We also
measured emission spectra and determined FRET efficiencies at 0°C (Figure S2-7). A
total of 3-nt gapped duplexes at 0°C showed higher FRET efficiencies than those at 20
°C, and the length of 3-nt gap at 0 °C was estimated as 19 + 2 A. These results indicated
that breathing effect of acceptor strand or high mobility of 3-nt gap might contribute to
the stretching of DNA. In contrast, length of double-helical portion increases by 2.8 + 0.2

A per base pair, which was much shorter than canonical duplex (3.6 = 0.03 A). The rise
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represents the averaged increment of the distance between a donor and an acceptor and
the decrease is probably due to the movement of 3-nt gap inserted between double helixes.
From these results, we concluded that two duplexes move freely when a 3-nt gap is
inserted between the regions.
2-3-4 Melting temperatures (7ms) of duplexes determined by FRET

In order to further investigate the stacking interaction between two double helixes,
melting temperatures (7ms) of the duplexes were determined using FRET. Melting curves
were obtained by monitoring emission intensity at 500 nm with excitation wavelength of
345 nm so that only hybridization of short perylene-containing strand was monitored
(Figure S2-8). This allowed the stacking interaction between the two helixes to be
evaluated since the melting temperature of perylene-containing strand depends on
whether the two duplexes stack. The 7Tms of nicked duplexes were much higher than those
of gapped duplexes, supporting our hypothesis that a stable stacking interaction occurs in
the nicked duplexes (Figure 2-5). The Tms of the duplexes with 1 and 2-nt gaps were
within experimental error although 7 of cRnE3s slightly decreased. This result indicated
that stacking interaction between two duplexes separated by 1-nt gap is weak whereas its

23

strength partially depended on its sequence.””’! Furthermore, 3-nt gapped duplexes

showed same Twms as 2-nt gaped duplexes, supporting that two duplexes are no longer
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stacked 1in those structures. Overall, the melting analyses support the conclusions drawn

from FRET that the duplexes do not stack strongly when separated by a gap of 2 nt.
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Figure 2-5.

Melting temperatures of strand containing perylene in the context of nicked or gapped
duplex. These melting temperatures were determined from melting curves obtained by
monitoring 500 nm emission with 345 nm excitation such that only melting of the

perylene-containing strand is observed.
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2-4 Conclusions

We developed a novel method for analyses of DNA structures by using the
orientation-dependent FRET system. Structural parameters of canonical B-form duplex
were precisely obtained by using this system. Large deviation from a cylinder model
probably due to bending was observed with A-tract duplex. Moreover, differences in
structures and flexibilities among nicked and gapped duplexes were revealed in detail.
Although nicked duplex has high flexibility, it maintains a canonical B-form geometry.
However, insertion of 1-nt gap altered the dye orientation although orientation
dependence was still observed. 2-nt and 3-nt gapped duplexes showed almost no
orientation dependence in FRET plot, indicating weak stacking between two duplexes
separated by a gap. DNA repair enzymes, such as ligases and DNA polymerases, can
recognize nicked or gapped duplexes, although the recognition of gaps depends on the
gap size. ?*?7] Differences in structure and flexibility, which were revealed in this study,
likely enable recognition by these enzymes. Importantly, our results demonstrated that the
orientation of dyes is strictly controlled in our FRET system. Furthermore, other dye pairs
can be incorporated into DNA via D-threoninol. We believe our FRET system will prove
to be a facile and versatile tool for analysis of DNA structures in solution. This system

could, for example, be used to analyze structures of DNA duplexes with various types of
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damage, such as radiation-induced lesions, epigenetically modified nucleobases, and non-

28,29

natural molecules. ?*2°) Moreover, structural changes in DNA duplexes induced by

protein binding could be analyzed using this FRET system.
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2-5 Experimental section

Materials

All conventional phosphoramidite monomers, CPG columns, and reagents for DNA
synthesis, and Poly-Pak Il cartridges were purchased from Glen Research. Other reagents
for the syntheses of phosphoramidite monomers were purchased from Tokyo Chemical
Industry, Wako, and Aldrich. Unmodified oligonucleotides were purchased from
Integrated DNA Technologies. Native oligodeoxyribonucleotides (ODNs) were
purchased from Integrated DNA Technologies. ODNs tethering pyrene or perylene were
synthesized on an automated DNA synthesizer (H-8-SE, Gene World) as we reported
previously. B3 ODNs were purified by reversed-phase HPLC and characterized by

MALDI-TOF MS (Autoflex Il, Bruker Daltonics) and HPLC.

The MALDI-TOFMS data for the modified DNA were as follows: RnP1: Obsd.
10220 (Calcd. for [RnP1+H*]: 10220). RnP2: Obsd. 10219 (Calcd. for [RnP2 +H]:
10220). RnP3: Obsd. 10220 (Calcd. for [RnP3 +H*]: 10220). RnP4: Obsd. 10220 (Calcd.
for [RnP4 +H"]: 10220). cRnE1: Obsd. 10257 (Calcd. for [cCRNnE1 +H™]: 10257). cRnE2:
Obsd. 10257 (Calcd. for [cCRNnE2 +H"]: 10257). cRnE3: Obsd. 10257 (Calcd. for [cRnE3

+H™]: 10257). cRnE4: Obsd. 10257 (Calcd. for [cRnE4 +H™]: 10257). AtP1: Obsd.
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10297 (Calcd. for [AtP1+H*]: 10300). AtP2: Obsd. 10300 (Calcd. for [AtP2 +H™]:
10300). AtP3: Obsd. 10298 (Calcd. for [AtP3 +H*]: 10300). AtP4: Obsd. 10299 (Calcd.
for [AtP4 +H*]: 10300). AtP5: Obsd. 10300 (Calcd. for [AtP5 +H*]: 10300). CAtEL:
Obsd. 10168 (Calcd. for [cAtE1 +H']: 10170). cAtE2: Obsd. 10169 (Calcd. for [cCAtE2
+H*]: 10170). cAtE3: Obsd. 10169 (Calcd. for [cAtE3 +H']: 10170). cRnE1s: Obsd.
3184 (Calcd. for [cRnNE1s +H™]: 3184). cRnE2s: Obsd. 3487 (Calcd. for [cRnE2s +H*]:
3488). cRNE3s: Obsd. 3816 (Calcd. for [cCRNE3s +H*]: 3817). cRnE4s: Obsd. 4130

(Calcd. for [cRnE4s +H]: 4130).

Fluorescence measurements

Fluorescence spectra were measured on JASCO models FP-6500 or FP-8500. The
excitation wavelength was 345 nm Band widths were 3 nm (FP-6500) or 2.5 nm (FP-
8500) for excitation and emission. Before measurements, sample solutions containing
DNA duplex were heated at 80 °C, then slowly cooled down to 20 or 0 °C at a rate of
4 °C min’t. Fluorescence spectra were measured at 80 to 20 or 0 °C at 10 °C intervals
after 4 min incubations. Sample solutions contained 100 mM NaCl, 10 mM phosphate
buffer, pH 7.0. Concentrations of ODNs were 0.2 uM donor strand (RnP1-4 or AtP1-5)

and 0.4 uM acceptor strand (cCRnE1-4 or cAtE1-3). For analyses of nicked and gapped
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duplexes, 0.2 uM donor strand (RnP1-4), 0.4 uM acceptor strand (CRnE1s-4s) and 0.6

uM Nt23-17 were used.

Melting Temperature Measurements

The melting curves were measured with a UV-1800 (Shimadzu) by monitoring 260 nm
absorbance versus temperature. For nicked or gapped duplex, the melting curve was
obtained with a JASCO model FP-6500 by measuring emission intensity at 500 nm with
345 nm excitation. The melting temperature (Tm) was determined from the maximum in
the first derivative of the melting curve. Both the heating and the cooling curves were
measured, and the calculated Tm agreed to within 1.0 °C. The temperature ramp was
0.5 °C min. The sample solutions for melting analyses from absorbance contained 100
mM NacCl, 10 mM phosphate buffer, pH 7.0, 1.0 uM each DNA. The sample solutions
for melting analyses from emission contained 100 mM NaCl, 10 mM phosphate buffer,
pH 7.0, 0.2 uM donor strand (RnP1-4), 0.4 uM acceptor strand (CRnE1s-4s) and 0.6 uM

Nt23-17.
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Calculation of FRET efficiency

FRET efficiency (®r) was experimentally calculated from the following equations (1):

Pr=1- IDA/ID (1)

where Ipa is emission intensity of a duplex containing a donor and an acceptor at 405 nm,

and Ip is that of donor only duplex at 405 nm. Emission intensities were measured 20°C.

Each emission intensity was normalized at the intensity of 80°C in order to eliminate the

effects of concentration errors. Error bars of FRET efficiencies show standard deviations

of three independent experiments.

Determination of structural parameters

FRET efficiency (&) was theoretically calculated from the following equations (2)~ (4):

1

P = wRe @)
Ry = 0.2108[J(D)r’*n~*d ]/ (3)
k% = (cosO; — 3 cos B, cos 0,)? (4)
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where R is the distance between donor and acceptor, and Ro is a Forster radius (the
distance where @7 = 0.5). J(4) is integral of spectral overlap between donor emission and
acceptor absorption at A nm. n is a refractive index, which is typically assumed to be 1.4
for biomolecules, B2 and @p is a donor quantum yield. The orientation factor, x?, was
calculated from the above equation, where 6r is the angle between transition dipoles of
donor and acceptor, and fp and 64 are the angles between these dipoles and the separation

vector.

In our FRET system of duplex, donor and acceptor are in parallel planes since they are
intercalated into the DNA duplex. Thus, the orientation factor is simply represented by

the following equation (5):

k% = cos?0; (5)

By using these equations, FRET efficiency was calculated from the distance (R) and the

angle (6r) between dyes.

For analyses of double helical structures, we used three variables, rise per base pair (a in
A), angle per base pair (b in °) and the angle between dyes and flanking base pairs (C in
°). Consequently, the distance and the angle can be expressed by using the number of base

pairs (n) between donor and acceptor as follows (6) and (7):
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R=axn+1) (6)

0 =bx(n—1)+c (7

These three variables were determined by fitting experimental FRET efficiencies with
values calculated from these equations. Values were determined from the least-squares
method using Solver tool in Microsoft Excel. Errors were estimated from standard errors

calculated by using KaleidaGraph (Synergy software).

For analyses of nicked duplex, we assumed an equilibrium between stacked and
unstacked structures. In the stacked structure, the structure was assumed to be the same
as that of the duplex without a nick. In unstacked duplex, a randomized orientation («? =
2/3) was assumed. Percentages of stacked and unstacked structures were estimated using
the least-squares method using the Solver tool in Excel. For analyses of duplexes with 3-
nt gaps, we assumed that the orientation was not fixed and, thus, that the orientation factor

(x?) was 2/3. The distance (R) was calculated from the following equation (8):

R=dxn—-1)+e (8)

where d (in A) is rise per base pair in duplexed portion of 3-nt gapped structure. And, e

(in A) is the length of 3-nt gap (i.e. the distance between duplex regions).
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2-7 Appendxes
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Figure S2-1. a) Emission spectra of pyrene in DNA duplex (RnP1-4/cRnN). cRnN is a
native DNA without an acceptor. b) Absorption spectra of acceptor strands. RnN is a

native DNA without a donor.

cRnN: 5'-TGACTACGGTGAATACATACATACATACTGAT-3'
RnN: 5'- TCAGTATGTATGTATGTATTCACCGTAGTCA-3'
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Figure S2-2. a) Emission spectra and emission intensities of canonical duplexes. b)

Emission intensities of pyrene were monitored at 405 nm, whereas those of perylene were

monitored at 530 nm.
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with various standard deviations (c). b) Comparison of experimentally-determined FRET
efficiencies of canonical duplex (red circles) with calculated values assuming Gaussian
distribution (6=34°; blue circles). Although FRET efficiencies at 8bp agreed with each
other, large differences at other points were still observed. Distribution of the relative

angle between dyes at ¢ of 34° is also shown.
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Figure S2-4. Analysis of DNA duplex containing A-tract. a) Sequence design. The
number of A:T base pairs was varied from 4 to 18. b) Emission spectra of duplexes. c)
Emission intensities of pyrene were monitored at 405 nm, whereas those of perylene were
monitored at 530 nm. d) FRET plot of A-tract duplex (blue circles). Fitting curve of A-
tract duplex based on a cylinder model is shown in a blue line. Results of canonical

duplexes are also shown for comparison.
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Figure S2-5. Emission spectra and emission intensities of nicked and gapped duplexes.
a-d) Fluorescence emission spectra of nicked duplex and duplexes with 1, 2, and 3-nt
gaps. e-h) Emission intensities of nicked duplex and duplexes with 1, 2, and 3-nt gaps.
Emission intensities of pyrene were monitored at 405 nm, whereas those of perylene were
monitored at 530 nm.
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Figure S2-7. Temperature dependence of FRET plots of nicked or gapped duplexes.
Determined parameters for 3-nt gapped duplex at 0 and 20 °C are also shown in the inset

of d).

46



RnP3/cRnE1s RnP3/cRnEZ2s

5 s4r
s 3F —— Nick ©
-‘:% 2ntGap ‘%
| o = 3
Q (6]
= Control =
8 2 8
@ 5
] g2
o o
o o
35 3
i i@

1 1

| | | | | | 1 | | 1

10 20 30 40 50 60 10 20 30 40 50 60
Temperature / °C Temperature / °C
4 -

4 RnP3/cRnE3s . RnP3/cRnE4s
3 a
= =
= £
§ 3 g
= k=
8 8
g 5 9
4 o
S E;
o o

1L

| |
10 20 30 40 50 60 10 20 30 40 50 60
Temperature / °C Temperature / °C

Figure S2-8. Melting curves of nicked or gapped duplexes monitored by FRET.

47



Table S2-1. FRET efficiencies and melting temperatures of canonical duplexes.

Distance  Sequence D72 Tm/°CP
RnP1 ATCAGTPATGTATGTATGTATTCACC-GTAGTCA 57,37

19 bp ( ' 0.014+0.007 713
cRnE1l TAGTCA-TACATACATACATAAGTGGECATCAGT (375")
RnP1 ATCAGTPATGTATGTATGTATTCAC-CGTAGTCA 57,37

18 bp (  0.037+0.007 68.6
cRnE2 TAGTCA-TACATACATACATAAGTGEGCATCAGT (375")
RnP1 ATCAGTPATGTATGTATGTATTCA-CCGTAGTCA 57 .37

17 bp ( ) 007540005 70.0
cRnE3 TAGTCA-TACATACATACATAAGTEGGCATCAGT (375")
RnP1 ATCAGTPATGTATGTATGTATTC-ACCGTAGTCA 57,37

16 bp ( Y 042740016 712
cRnE4 TAGTCA-TACATACATACATAAGETGGCATCAGT (375")
RnP2 ATCAGTATGTPATGTATGTATTCACC-GTAGTCA 57,37

15 bp ( ) 011240012 703
cRnE1 TAGTCATACA-TACATACATAAGTGGECATCAGT (375")
RnP2 ATCAGTATGTPATGTATGTATTCAC-CGTAGTCA 57 .37

14 bp ( ) 0.067+0.018 66.5
cRnE2 TAGTCATACA-TACATACATAAGTGEGCATCAGT (375")
RnP2 ATCAGTATGTPATGTATGTATTCA-CCGTAGTCA 57,37

13bp ( ) 0.096+0.017 66.9
cRnE3 TAGTCATACA-TACATACATAAGTEGGCATCAGT (375")
RnP2 ATCAGTATGTPATGTATGTATTC-ACCGTAGTCA 57,37

12 bp ( ) 0208+0011 68.1
cRnE4 TAGTCATACA-TACATACATAAGETGGCATCAGT (375")
RnP3 ATCAGTATGTATGTPATGTATTCACC-GTAGTCA 57 .37

11 bp ( ) 0508+0018 71.2
cRnE1l TAGTCATACATACA-TACATAAGTGGECATCAGT (375")
RnP3 ATCAGTATGTATGTPATGTATTCAC-CGTAGTCA 57,37

10 bp ( ) 058340019 68.4
cRnE2 TAGTCATACATACA-TACATAAGTGEGCATCAGT (375")
RnP3 ATCAGTATGTATGTPATGTATTCA-CCGTAGTCA 57,37

9 bp ( ) 0.484+0.009 69.0
cRnE3 TAGTCATACATACA-TACATAAGTEGGCATCAGT (375")
RnP3 ATCAGTATGTATGTPATGTATTC-ACCGTAGTCA 57 .37

8 bp ( ' 0ass+0011 69.7
cRnE4 TAGTCATACATACA-TACATAAGETGGCATCAGT (375")
RnP4 ATCAGTATGTATGTATGTPATTCACC-GTAGTCA 57,37

7bp ( ) 080240004 66.8
cRnE1 TAGTCATACATACATACA-TAAGTGGECATCAGT (375")
RnP4 ATCAGTATGTATGTATGTPATTCAC-CGTAGTCA 57,37

6 bp ( ) 0.944+0001 64.4
cRnE2 TAGTCATACATACATACA-TAAGTGEGCATCAGT (375")
RnP4 ATCAGTATGTATGTATGTPATTCA-CCGTAGTCA 57 .37

5 bp ( ' 0.978+0.001 65.0
cRnE3 TAGTCATACATACATACA-TAAGTEGGCATCAGT (375")
RnP4 ATCAGTATGTATGTATGTPATTC-ACCGTAGTCA 57,37

4bp ( ) 0.979+0.001 66.4
cRnE4 TAGTCATACATACATACA-TAAGETGGCATCAGT (375")
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Table S2-2. FRET efficiencies and melting temperatures of A-tract duplexes.

Distance Sequence Ot Tm/°C?
18b AtP1  ATCAGTAPAAAAAAAAAAAAAAAAAA-ATAGTCA (57-3") 0.07 585
P CAtEl TAGTCAT-TTTTTTTTTTTTTTTTTTETATCAGT (375") ' '
17b AtP2  ATCAGTAAPAAAAAAAAAAAAAAAAA-ATAGTCA (57-3") 011 611
P CAtEl TAGTCATT-TTTTTTTTTTTTTTTTTETATCAGT (375") ' '
16b AtP3  ATCAGTAAAPAAAAAAAAAAAAAAAA-ATAGTCA (57 -37) 0.20 613
P CAtEl TAGTCATTT-TTTTTTTTTTTTTTTTETATCAGT (37<5") ' '
15b AtP4  ATCAGTAAAAPAAAAAAAAAAAAAAA-ATAGTCA (57-3") 023 610
P CAtEl TAGTCATTTT-TTTTTTTTTTTTTTTETATCAGT (375") ' '
14b AtP5  ATCAGTAAAAAPAAAAAAAAAAAAAA-ATAGTCA (57 -3"7) 0.19 613
P CAtEl TAGTCATTTTT-TTTTTTTTTTTTTTETATCAGT (37<5") ' '
13b AtP1  ATCAGTAPAAAAAAAAAAAAA-AAAAAATAGTCA (57-53"7) 014 581
P CAtE2 TAGTCAT-TTTTTTTTTTTTTETTTTTTATCAGT (375") ' '
12b AtP2  ATCAGTAAPAAAAAAAAAAAA-AAAAAATAGTCA (5" -3"7) 0.32 611
P CAtE2 TAGTCATT-TTTTTTTTTTTTETTTTTTATCAGT (37<5") ' '
11b AtP3  ATCAGTAAAPAAAAAAAAAAA-AAAAAATAGTCA (57 -3"7) 057 614
P CAtE2 TAGTCATTT-TTTTTTTTTTTETTTTTTATCAGT (37<5") ' '
10b AtP4  ATCAGTAAAAPAAAAAAAAAA-AAAAAATAGTCA (57-53"7) 0.66 60.9
P CAtE2 TAGTCATTTT-TTTTTTTTTTETTTTTTATCAGT (375") ' '
9b AtP5  ATCAGTAAAAAPAAAAAAAAA-AAAAAATAGTCA (57 -3") 0.60 613
P CAtE2 TAGTCATTTTT-TTTTTTTTTETTTTTTATCAGT (37<5") ' '
8h AtP1  ATCAGTAPAAAAAAAA-AAAAAAAAAAATAGTCA (5" -3"7) 0.46 58.6
P CAtE3 TAGTCAT-TTTTTTTTETTTTTTTTTTTATCAGT (37<5") ' '
7b AtP2  ATCAGTAAPAAAAAAA-AAAAAAAAAAATAGTCA (57-3"7) 0.83 613
P CAtE3 TAGTCATT-TTTTTTTETTTTTTTTTTTATCAGT (375") ' '
6b AtP3  ATCAGTAAAPAAAAAA-AAAAAAAAAAATAGTCA (57 -3"7) 0.94 612
P CAtE3 TAGTCATTT-TTTTTTETTTTTTTTTTTATCAGT (37<5") ' '
5h AtP4  ATCAGTAAAAPAAAAA-AAAAAAAAAAATAGTCA (57 -3") 0.97 611
P CAtE3 TAGTCATTTT-TTTTTETTTTTTTTTTTATCAGT (37<5") ' '
ib AtP5  ATCAGTAAAAAPAAAA-AAAAAAAAAAATAGTCA (57-3"7) 0.96 62.2
P CAtE3 TAGTCATTTTT-TTTTETTTTTTTTTTTATCAGT (375") ' '

? Determined from a melting profile by monitoring absorbance at 260 nm.
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Table S2-3. FRET efficiencies of nicked duplexes.

Distance Sequence dr?
19 nt RnP1 ATCAGTPATGTATGTATGTATTCACC-GTAGTCA (57537)

0.017 £0.008
(19 bp) Nt23/cRnEls TAGTCA-TACATACATACATAAGTGGECATCAGT (375")
18 nt RnP1 ATCAGTPATGTATGTATGTATTCAC-CGTAGTCA (57537)

0.046 £ 0.018
(18 bp) Nt22/cRnE2s  TAGTCA-TACATACATACATAAGTGEGCATCAGT (375")
17 nt RnP1 ATCAGTPATGTATGTATGTATTCA-CCGTAGTCA (57-3"7)

0.091 £ 0.019
(17 bp) Nt21/cRnE3s  TAGTCA-TACATACATACATAAGTEGGCATCAGT (37<5")
16 nt RnP1 ATCAGTPATGTATGTATGTATTC-ACCGTAGTCA (57537)

0.137 £ 0.006
(16 bp) Nt20/cRnE4s  TAGTCA-TACATACATACATAAGETGGCATCAGT (375")
15 nt RnP2 ATCAGTATGTPATGTATGTATTCACC-GTAGTCA (57-3"7)

0.110 £ 0.027
(15 bp) Nt23/cRnEls  TAGTCATACA-TACATACATAAGTGGECATCAGT (37<5")
14 nt RnP2 ATCAGTATGTPATGTATGTATTCAC-CGTAGTCA (57537)

0.068 £ 0.015
(14 bp) Nt22/cRnE2s  TAGTCATACA-TACATACATAAGTGEGCATCAGT (37<5")
13 nt RnP2 ATCAGTATGTPATGTATGTATTCA-CCGTAGTCA (57-3"7)

0.102 £ 0.014
(13 bp) Nt21/cRnE3s  TAGTCATACA-TACATACATAAGTEGGCATCAGT (37<5")
12 nt RnP2 ATCAGTATGTPATGTATGTATTC-ACCGTAGTCA (57-3"7)

0.288 £ 0.013
(12 bp) Nt20/cRnE4s  TAGTCATACA-TACATACATAAGETGGCATCAGT (37<5")
11 nt RnP3 ATCAGTATGTATGTPATGTATTCACC-GTAGTCA (57537)

0.475 £ 0.001
(11 bp) Nt23/cRnEls  TAGTCATACATACA-TACATAAGTGGECATCAGT (37<5")
10 nt RnP3 ATCAGTATGTATGTPATGTATTCAC-CGTAGTCA (57-3"7)

0.533+0.011
(10 bp) Nt22/cRnE2s  TAGTCATACATACA-TACATAAGTGEGCATCAGT (375")
9nt RnP3 ATCAGTATGTATGTPATGTATTCA-CCGTAGTCA (57-3"7)

0.518 + 0.006
(9 bp) Nt21/cRnE3s  TAGTCATACATACA-TACATAAGTEGGCATCAGT (37<5")
8 nt RnP3 ATCAGTATGTATGTPATGTATTC-ACCGTAGTCA (57-3")

0.456 + 0.004
(8 bp) Nt20/cRnE4s ~ TAGTCATACATACA-TACATAAGETGGCATCAGT (37<5")
7nt RnP4 ATCAGTATGTATGTATGTPATTCACC-GTAGTCA (57-3"7)

0.757 £ 0.007
(7 bp) Nt23/cRnEls  TAGTCATACATACATACA-TAAGTGGECATCAGT (37-5")
6 nt RnP4 ATCAGTATGTATGTATGTPATTCAC-CGTAGTCA (57-3"7)

0.888 £ 0.008
(6 bp) Nt22/cRnE2s  TAGTCATACATACATACA-TAAGTGEGCATCAGT (37<5")
5nt RnP4 ATCAGTATGTATGTATGTPATTCA-CCGTAGTCA (57-3")

0.955 +0.001
(5 bp) Nt21/cRNnE3s  TAGTCATACATACATACA-TAAGTEGGCATCAGT (37<5")
4 nt RnP4 ATCAGTATGTATGTATGTPATTC-ACCGTAGTCA (57-3"7)

0.967 + 0.001
(4 bp) Nt20/cRnE4s  TAGTCATACATACATACA-TAAGETGGCATCAGT (37<5")

 Standard deviation was determined from three independent experiments.
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Table S2-4. FRET efficiencies of 1-nt gapped duplexes.

Distance Sequence Dr?
19 nt RnP1 ATCAGTPATGTATGTATGTATTCACC-GTAGTCA  (5'-3") 0.030 + 0.017
(18 bp+1Gap) Nt22/cRnEls  TAGTCA-TACATACATACATAAG GGECATCAGT (37<5") DR
18 nt RnP1 ATCAGTPATGTATGTATGTATTCAC-CGTAGTCA  (5'-3") 0.054 + 0.016
(17 bp+1Gap) Nt21/cRnE2s  TAGTCA-TACATACATACATAA TGEGCATCAGT (37<5") R
17 nt RnP1 ATCAGTPATGTATGTATGTATTCA-CCGTAGTCA  (5'-37) 0.109 + 0.015
(16 bp+1Gap) Nt20/cRnE3s  TAGTCA-TACATACATACATA GTEGGCATCAGT (375") DR
16 nt RnP1 ATCAGTPATGTATGTATGTATTC-ACCGTAGTCA  (5'-37) 0.118 + 0.014
(15 bp+1Gap) Ntl9/cRnE4s  TAGTCA-TACATACATACAT AGETGGCATCAGT (37<5") R
15 nt RnP2 ATCAGTATGTPATGTATGTATTCACC-GTAGTCA  (5'-37) 0103 +0.023
(14 bp+1Gap) Nt22/cRnEls  TAGTCATACA-TACATACATAAG GGECATCAGT  (37<5') U
14 nt RnP2 ATCAGTATGTPATGTATGTATTCAC-CGTAGTCA  (5'-37)

0.117 £ 0.016
(13 bp+1Gap) Nt21/cRnE2s  TAGTCATACA-TACATACATAA TGEGCATCAGT (37<5")
13 nt RnP2 ATCAGTATGTPATGTATGTATTCA-CCGTAGTCA  (5'-37) 0.225 + 0.022
(12 bp+1Gap) Nt20/cRnE3s  TAGTCATACA-TACATACATA GTEGGCATCAGT (375") e
12 nt RnP2 ATCAGTATGTPATGTATGTATTC-ACCGTAGTCA  (5'-3") 0.352 + 0.009
(11 bp+1Gap) Nt19/cRnE4s  TAGTCATACA-TACATACAT AGETGGCATCAGT (375") DA
11 nt RnP3 ATCAGTATGTATGTPATGTATTCACC-GTAGTCA  (5'-37)

0.431 +0.003
(10 bp+1Gap) Nt22/cRnEls  TAGTCATACATACA-TACATAAG GGECATCAGT (37<5")
10 nt RnP3 ATCAGTATGTATGTPATGTATTCAC-CGTAGTCA  (5'-37) 0.386 + 0.027
(9bp+1Gap)  Nt21/cRnE2s  TAGTCATACATACA-TACATAA TGEGCATCAGT  (37<5') DR
9nt RnP3 ATCAGTATGTATGTPATGTATTCA-CCGTAGTCA  (5'-37) 0.477 +0.007
(8 bp+1Gap)  Nt20/cRnE3s  TAGTCATACATACA-TACATA GTEGGCATCAGT  (37<5') T
8nt RnP3 ATCAGTATGTATGTPATGTATTC-ACCGTAGTCA  (5'-37)

0.643 +0.009
(7 bp+1Gap)  Nt19/cRnE4s  TAGTCATACATACA-TACAT AGETGGCATCAGT (375")
7 nt RnP4 ATCAGTATGTATGTATGTPATTCACC-GTAGTCA  (5'-37) 0.721 + 0.008
(6 bp+1Gap)  Nt22/cRnEls  TAGTCATACATACATACA-TAAG GGECATCAGT  (37<5') B
6 nt RnP4 ATCAGTATGTATGTATGTPATTCAC-CGTAGTCA  (5'-37) 0.690 + 0.039
(5bp+1Gap)  Nt21/cRnE2s  TAGTCATACATACATACA-TAA TGEGCATCAGT  (37<5') DR
5nt RnP4 ATCAGTATGTATGTATGTPATTCA-CCGTAGTCA  (5'-37)

0.914 +0.008
(4 bp+1Gap)  Nt20/cRnE3s  TAGTCATACATACATACA-TA GTEGGCATCAGT (375")

# Standard deviation was determined from three independent experiments.
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Table S2-5. FRET efficiencies of 2-nt gapped duplexes.

Distance Sequence Dr?
19 nt RnP1 ATCAGTPATGTATGTATGTATTCACC-GTAGTCA  (5'-3") 0.052 + 0.015
(17 bp+2Gap) Nt21/cRnEls  TAGTCA-TACATACATACATAA GGECATCAGT (37<5") DR
18 nt RnP1 ATCAGTPATGTATGTATGTATTCAC-CGTAGTCA  (5'-3") 0.047 + 0.002
(16 bp+2Gap) Nt20/cRnE2s  TAGTCA-TACATACATACATA TGEGCATCAGT (37<5") R
17 nt RnP1 ATCAGTPATGTATGTATGTATTCA-CCGTAGTCA  (5'-37) 0.076 + 0.004
(15 bp+2Gap) Nt19/cRnE3s  TAGTCA-TACATACATACAT GTEGGCATCAGT (37<5") DR
16 nt RnP1 ATCAGTPATGTATGTATGTATTC-ACCGTAGTCA  (5'-37) 0.110 + 0.013
(14 bp+2Gap) Ntl18/cRnE4s  TAGTCA-TACATACATACA AGETGGCATCAGT (37<5") R
15 nt RnP2 ATCAGTATGTPATGTATGTATTCACC-GTAGTCA  (5'-37) 0.134 + 0018
(13 bp+2Gap) Nt21/cRnEls  TAGTCATACA-TACATACATAA GGECATCAGT (375") B
14 nt RnP2 ATCAGTATGTPATGTATGTATTCAC-CGTAGTCA  (5'-37)

0.132 £ 0.017
(12 bp+2Gap) Nt20/cRnE2s  TAGTCATACA-TACATACATA TGEGCATCAGT (37<5")
13 nt RnP2 ATCAGTATGTPATGTATGTATTCA-CCGTAGTCA  (5'-37) 0.210 + 0.016
(11 bp+2Gap) Nt19/cRNE3s  TAGTCATACA-TACATACAT GTEGGCATCAGT (375") e
12 nt RnP2 ATCAGTATGTPATGTATGTATTC-ACCGTAGTCA  (5'-3") 0.287 +0.012
(10 bp+2Gap) Nt18/cRnE4s  TAGTCATACA-TACATACA AGETGGCATCAGT (375") DR
11 nt RnP3 ATCAGTATGTATGTPATGTATTCACC-GTAGTCA  (5'-37)

0.361 + 0.011
(9 bp+2Gap)  Nt21/cRnEls  TAGTCATACATACA-TACATAA GGECATCAGT (37<5")
10 nt RnP3 ATCAGTATGTATGTPATGTATTCAC-CGTAGTCA  (5'-37) 0.372 40013
(8 bp+2Gap)  Nt20/cRnE2s  TAGTCATACATACA-TACATA TGEGCATCAGT (375") DR
9nt RnP3 ATCAGTATGTATGTPATGTATTCA-CCGTAGTCA  (5'-37) 0.504 + 0.008
(7 bp+2Gap)  Nt19/cRnE3s  TAGTCATACATACA-TACAT GTEGGCATCAGT (375") DR
8nt RnP3 ATCAGTATGTATGTPATGTATTC-ACCGTAGTCA  (5'-37)

0.615 +0.008
(6 bp+2Gap)  Nt18/cRnE4s  TAGTCATACATACA-TACA AGETGGCATCAGT (375")
7 nt RnP4 ATCAGTATGTATGTATGTPATTCACC-GTAGTCA  (5'-37) 0.693 + 0.006
(5bp+2Gap)  Nt21/cRnEls  TAGTCATACATACATACA-TAA GGECATCAGT (375") DA
6 nt RnP4 ATCAGTATGTATGTATGTPATTCAC-CGTAGTCA  (5'-37) 0.651 + 0.026
(4 bp+2Gap)  Nt20/cRnE2s  TAGTCATACATACATACA-TA TGEGCATCAGT (375") DR

 Standard deviation was determined from three independent experiments.
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Table S2-6. FRET efficiencies of 3-nt gapped duplexes.

Distance Sequence Dr?
19 nt RnP1 ATCAGTPATGTATGTATGTATTCACC-GTAGTCA  (5'-3") 0.043 + 0,010
(16 bp+3Gap) Nt20/cRnEls  TAGTCA-TACATACATACATA  GGECATCAGT (37<5") R
18 nt RnP1 ATCAGTPATGTATGTATGTATTCAC-CGTAGTCA  (5'-3") 0.062 + 0.010
(15 bp+3Gap) Ntl9/cRnE2s  TAGTCA-TACATACATACAT TGEGCATCAGT (37<5") DR
17 nt RnP1 ATCAGTPATGTATGTATGTATTCA-CCGTAGTCA  (5'-37) 0.076 + 0.018
(14 bp+3Gap) Nt18/cRNnE3s  TAGTCA-TACATACATACA  GTEGGCATCAGT (37<5") DR
16 nt RnP1 ATCAGTPATGTATGTATGTATTC-ACCGTAGTCA  (5'-37) 0104 + 0.011
(13 bp+3Gap) Ntl7/cRnE4s  TAGTCA-TACATACATAC AGETGGCATCAGT (37<5") R
15 nt RnP2 ATCAGTATGTPATGTATGTATTCACC-GTAGTCA  (5'-37) 0139 + 0.013
(12 bp+3Gap) Nt20/cRnEls  TAGTCATACA-TACATACATA  GGECATCAGT (375") DR
14 nt RnP2 ATCAGTATGTPATGTATGTATTCAC-CGTAGTCA  (5'-37)

0.137 £ 0.021
(11 bp+3Gap) Nt19/cRnE2s  TAGTCATACA-TACATACAT TGEGCATCAGT (37<5")
13 nt RnP2 ATCAGTATGTPATGTATGTATTCA-CCGTAGTCA  (5'-37) 0214 + 0.012
(10 bp+3Gap) Nt18/cRNE3s  TAGTCATACA-TACATACA  GTEGGCATCAGT (375") T
12 nt RnP2 ATCAGTATGTPATGTATGTATTC-ACCGTAGTCA  (5'-3") 0.262 + 0.006
(9 bp+3Gap)  Ntl7/cRnE4s  TAGTCATACA-TACATAC AGETGGCATCAGT (375") e
11 nt RnP3 ATCAGTATGTATGTPATGTATTCACC-GTAGTCA  (5'-37)

0.367 + 0.014
(8 bp+3Gap)  Nt20/cRnEls  TAGTCATACATACA-TACATA  GGECATCAGT (37<5")
10 nt RnP3 ATCAGTATGTATGTPATGTATTCAC-CGTAGTCA  (5'-37) 0.386 + 0.015
(7 bp+3Gap)  Ntl9/cRnE2s  TAGTCATACATACA-TACAT TGEGCATCAGT (375") DR
9nt RnP3 ATCAGTATGTATGTPATGTATTCA-CCGTAGTCA  (5'-37) 0.576 + 0.010
(6 bp+3Gap)  Ntl8/cRnNE3s  TAGTCATACATACA-TACA  GTEGGCATCAGT (375") DR
8nt RnP3 ATCAGTATGTATGTPATGTATTC-ACCGTAGTCA  (5'-37)

0.717 £ 0.005
(5bp+3Gap)  Ntl7/cRnE4s  TAGTCATACATACA-TAC AGETGGCATCAGT (375")
7 nt RnP4 ATCAGTATGTATGTATGTPATTCACC-GTAGTCA  (5'-37) 0.697 +0.002
(4 bp+3Gap)  Nt20/cRnEls  TAGTCATACATACATACA-TA  GGECATCAGT (375") DR

# Standard deviation was determined from three independent experiments.
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Table S2-7. Melting temperatures of nicked and gapped duplexes monitored by FRET.

Sequence Tm/°C?
RnP3/cRnE1ls RnP3 ATCAGTATGTATGTPATGTATTCACC-GTAGTCA (57-37) 46.0
nick Nt23/cRnEls  TAGTCATACATACA-TACATAAGTGGECATCAGT (37<5") '
RnP3 ATCAGTATGTATGTPATGTATTCACC-GTAGTCA (57-37)
1-base Gap 36.1
Nt22/cRnEls  TAGTCATACATACA-TACATAAG GGECATCAGT (37<5"7)
9-base Ga RnP3 ATCAGTATGTATGTPATGTATTCACC-GTAGTCA (57-3") 155
P Nt21/cRnEls  TAGTCATACATACA-TACATAA GGECATCAGT (375") '
RnP3 ATCAGTATGTATGTPATGTATTCACC-GTAGTCA (57-37)
3-base Gap 35.9
Nt20/cRnEls  TAGTCATACATACA-TACATA  GGECATCAGT (37<5"7)
RnP3 ATCAGTATGTATGTPATGTATTCACC-GTAGTCA (57-3")
control 30.2
CcRnE1s GGECATCAGT (37<5")
RnP3/cRnE2s RnP3 ATCAGTATGTATGTPATGTATTCAC-CGTAGTCA (57-37) 424
nick Nt22/cRNnE2s  TAGTCATACATACA-TACATAAGTGEGCATCAGT (375") ’
1-base Ga RnP3 ATCAGTATGTATGTPATGTATTCAC-CGTAGTCA (57-37) 130
P Nt21/cRnE2s  TAGTCATACATACA-TACATAA TGEGCATCAGT (375") '
2-base Ga RnP3 ATCAGTATGTATGTPATGTATTCAC-CGTAGTCA (57-37) 137
P Nt20/cRNnE2s  TAGTCATACATACA-TACATA TGEGCATCAGT (375") '
RnP3 ATCAGTATGTATGTPATGTATTCAC-CGTAGTCA (57-37)
3-base Gap 33.7
Nt19/cRnE2s  TAGTCATACATACA-TACAT TGEGCATCAGT (37<5"7)
control RnP3 ATCAGTATGTATGTPATGTATTCAC-CGTAGTCA (57-37) 310
cRNE2s TGEGCATCAGT (375") '
RnP3/cRnE3s RnP3 ATCAGTATGTATGTPATGTATTCA-CCGTAGTCA (5753") 49.1
nick Nt21/cRnE3s TAGTCATACATACA-TACATAAGTEGGCATCAGT (375") '
RnP3 ATCAGTATGTATGTPATGTATTCA-CCGTAGTCA (57-37)
1-base Gap 41.6
Nt20/cRNnE3s  TAGTCATACATACA-TACATA GTEGGCATCAGT (37<5")
2-base Ga RnP3 ATCAGTATGTATGTPATGTATTCA-CCGTAGTCA (57-37) 193
P Nt19/cRNnE3s  TAGTCATACATACA-TACAT GTEGGCATCAGT (375") '
3-pase Ga RnP3 ATCAGTATGTATGTPATGTATTCA-CCGTAGTCA (57-37) 397
P Nt18/cRNnE3s  TAGTCATACATACA-TACA GTEGGCATCAGT (375") '
control RnP3 ATCAGTATGTATGTPATGTATTCA-CCGTAGTCA (57-37) 164
cRNE3s GTEGGCATCAGT (37<5") ’
RnP3/cRnE4s RnP3 ATCAGTATGTATGTPATGTATTC-ACCGTAGTCA (57-37) 523
nick Nt20/cRnE4s TAGTCATACATACA-TACATAAGETGGCATCAGT (37<5") '
1-base Ga RnP3 ATCAGTATGTATGTPATGTATTC-ACCGTAGTCA (57-37) 45.0
P Nt19/cRnE4s  TAGTCATACATACA-TACAT AGETGGCATCAGT (375") '
RnP3 ATCAGTATGTATGTPATGTATTC-ACCGTAGTCA (57-37)
2-base Gap 44.8
Nt18/cRnE4s  TAGTCATACATACA-TACA AGETGGCATCAGT (37<5")
RnP3 ATCAGTATGTATGTPATGTATTC-ACCGTAGTCA (57-37)
3-base Gap 44.6
Ntl7/cRnE4s  TAGTCATACATACA-TAC AGETGGCATCAGT (37<5"7)
control RnP3 ATCAGTATGTATGTPATGTATTC-ACCGTAGTCA (57-37) 435
cRNE4s AGETGGCATCAGT (37<57) '

?Determined from a melting profile by monitoring emission intensity at 500 nm with 345

nm excitation.
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Chapter 3. Structural analysis of photoactive DNA by

using Perylene-Cy3 FRET system

3-1 Abstract

In chapter 3, we describe a novel DNA-based FRET system for structural analyses by
perylene and Cy3 as a donor and an acceptor. We introduced perylene and Cy3 at the
termini of the DNA duplex via D-threoninol, and evaluated FRET efficiencies.
Experimentally obtained FRET efficiencies were in good agreement with theoretical
values calculated based on canonical B-form DNA model. This agreement showed that
the FRET efficiency reflected the structure of the DNA duplex. Thus, the FRET efficiency
between perylene and Cy3 can be used to obtain structural information of nucleic acids.
Due to the relatively long Forster radius, this system can be used to analyze large DNA
structures, and duplexes containing photo-reactive molecules can be analyzed since
perylene can be excited with visible light. The system was used to analyze a DNA duplex
containing stilbene, demonstrating that in the region of the stilbene cluster the duplex
adopts a ladder-like structure rather than helical one. On the other hand, it was also
suggested that another stilbene cluster is stacked in a right-handed helical manner. Upon

photodimerization between stilbene residues, FRET efficiencies indicated the reaction
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does not disturb DNA duplex. This FRET system will be useful for analysis of

photoreactions of nucleobases as well as a wide range of nucleic acid structures.

3-2 Introduction

We developed an orientation-dependent FRET system by introducing dyes into DNA
through D-threoninol.!! In chapter 2, differences in structures of nicked and gapped DNA
duplexes were successfully revealed using this FRET system.?! In other report, binding
of nucleosides to gapped DNA was also be analyzed.*! However, the FRET system using
pyrene-perylene pair has two disadvantages. First, the Forster radius between pyrene and
perylene is relatively short (33.8 A, around 11 bp, when assuming random orientation).
For example, DNA decoys, antisense oligonucleotides, and siRNAs, which are attracting
attention as oligonucleotide therapeutics, are around 20 bp. Such larger structures cannot
be analyzed. Second, excitation and emission wavelengths of pyrene are in UV region. It
makes difficult to analyze DNA, which contains UV absorbing molecules, such as
adducted nucleobases.'¥ Therefore, a FRET pair that works at longer wavelength is
desirable.

We herein report a novel FRET system using perylene and Cy3 as a donor and an

acceptor, respectively. Perylene emission has a large spectral overlap with Cy3 absorption
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(Figure 3-1). The calculated Forster radius of perylene-Cy3 pair, assuming randomized

orientation, is 56.8 A(about 17 bp), which is much longer than that of pyrene-perylene

pair.
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2 ©
- ——Cy3 absorption S
5§15 g
= £
" o
o 1 2
= ©
w ?
o
0.5 S
=
e
0 2 2
450 500 550 600
Wavelength/nm
Figure 3-1.

Spectral overlap between perylene fluorescence and Cy3 absorption.

Moreover, the excitation wavelength of perylene is 425 nm. Owing to these properties,
it should be possible to analyze structures containing UV absorbing molecules. In order
to use this pair for detailed structural analyses of nucleic acids, orientation dependence as
well as distance dependence of FRET must be observed. Therefore, we first investigated
orientation dependence of the perylene-Cy3 pair using a native DNA duplex. We then

used this FRET pair to analyze structures of DNA duplexes containing stilbene moieties.
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Stilbene has unique photophysical properties and has been used as a photo-switch."]
Moreover, the stilbene cluster has recently been used in aggregation-induced emission
materials.l%) Stilbene has been incorporated into DNA for sensing, crosslinking, and
stabilization.l”] We also developed photo-switches by introducing clusters of stilbene
derivatives into DNA.®®! The structures of DNA containing stilbene clusters remain
unclear, although clustered structures of dyes significantly affect their spectroscopic
behaviors, as indicated by observed J- and H- aggregation.[! Herein, we investigated the
structure of DNA containing a stilbene cluster using perylene-Cy3 FRET. It is noteworthy
that the pyrene-perylene pair cannot be used in this case since photodimerization and/or
photo-isomerization reactions between stilbene moieties occur upon UV light excitation
of pyrene. We also evaluated the structural change that occurs upon photodimerization of

stilbene moieties, which could be used to stabilize DNA duplexes and nano structures.
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3-3 Results and discussions
3-3-1 Orientation dependence of FRET between perylene-Cy3 pair

DNA duplexes tethering perylene(E) and Cy3(Y) at opposite termini were first
prepared to confirm the orientation dependence of FRET (0aE/0bY to 7aE/7bY in Figure
3-2). Perylene and Cy3 were conjugated with D-threoninol via an amide bond, and these
D-threoninol monomers were incorporated into DNA.['% D-Threoninol was used as a
linker as it results in a defined dye orientation.['!! The dyes were attached at termini of
DNA due to relatively large size of Cy3 compared with pyrene. The number of base pairs
(bps) between dyes was changed from 12 to 19 so that the orientation and distance

between dyes varied periodically.

‘naE: 5-EGGTATC N, GCAATC-3' . _~7
nbY: 3-CCATAG N', CGTTAGY-5'
nb: 3'-CCATAG N', CGTTAG-5'

S, OO RO
» 0 0 pp— .
naE/nbY °%=°  Perylene (E) Cy3 (Y)

Figure 3-2.

Sequences used in this study of FRET between perylene (E)-Cy3 (Y) and schematics of

analyzed duplexes. Chemical structures of dyes are also shown.

Fluorescent emission spectra of naE/nb duplexes were measured to calculate FRET
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efficiencies. Spectra of duplexes containing only perylene (raE/nb) were also measured

as controls (Figure S3-1 in Supporting Information). Representative data for duplexes

containing 12 base pairs are shown in Figure 3-3a. Strong perylene emission was

observed with 0aE/0b, whereas the emission was substantially less in the duplex

containing Cy3 (0aE/0bY). A peak of Cy3 emission at 570 nm was also observed with

0aE/0bY. These results demonstrated efficient FRET from perylene to Cy3. Figure 3-3b

shows the fluorescence spectra of naE/nbY, and intensities of perylene emission are

summarized in Figure 3-3c. In general, fluorescence intensity of perylene decreased as

the number of base pairs between the dyes increased. However, fluorescence intensity

changed non-monotonously; emission intensity of the 14-bp duplex 2aE/2bY was higher

than intensities of the 13- and 15- bp duplexes 1aE/1bY and 3aE/3bY, respectively.
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Figure 3-3.

a) Fluorescent emission spectra of DNA duplexes containing perylene and Cy3
(0aE/0bY) and only perylene (0aE/0b). b) Fluorescent emission spectra of DNA duplexes
containing perylene and Cy3 (raE/nbY). c) The change in the fluorescence intensity of

perylene as a function of the number of base pairs (raE/nbY).

FRET efficiencies were calculated from decreases in donor emission. Figure 3-4 shows
FRET efficiencies of maE/mbY (circles). The FRET efficiency did not change
monotonously as the number of base pairs between perylene and Cy3 increased. These
results clearly showed that FRET depended not only on distance but also orientation. The
experimentally determined efficiencies were compared with values calculated based on

Forster theory for B-form DNA (rise: 3.2 A/bp, rotation: 34°/bp; Figure 3-4, red line) or
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for a random orientation (Figure 3-4, dotted line).
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Figure 3-4.

FRET efficiencies of naE/nbY duplexes. Theoretical curves calculated based on the
canonical B-form DNA cylinder model (red line) and the k2=2/3 model (dotted line) are

also shown.

Since the persistence length of DNA duplex was reported as 50 nm,!') DNA duplex
prepared in this study can be regarded as a rigid cylinder. The theoretical curve based on
fixed orientation showed better agreement with experimental values than that based on
random orientation. These agreements led us to conclude that each fluorophore was
stacked with the neighboring base pair and that the dye orientation was fixed. Furthermore,
the introduction of perylene and Cy3 into the DNA increased the melting temperature
(Tw). The T of 0a/0b was 47.7°C, whereas that of 0aE/0bY was 57.3°C (Table 3-1).
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Table 3-1. FRET efficiencies and melting temperatures of duplexes tethering dyes.

Sequence o7 Tm (°C)
OaE EGGTATCGCAATC (5°—>3) 0.854 573
ObY CCATAGCGTTAGY (3’5" ' '
0a GGTATCGCAATC (553 _ g
0b CCATAGCGTTAG (3’5" :
laE EGGTATCAGCAATC (5°—-3) 0.660 )
1bY CCATAGTCGTTAGY (375" :

1b CCATAGTCGTTAG (3°<5) - -
2aE EGGTATCCAGCAATC (5°—-3) 0,508 )
2bY CCATAGGTCGTTAGY (3’<5) '

2b CCATAGGTCGTTAG (3°<5) - -
3aE EGGTATCTCAGCAATC (5°—>3) 0,622 )
3bY CCATAGAGTCGTTAGY (3’<5) '

3b CCATAGAGTCGTTAG (3°<5) - -
daE EGGTATCGTCAGCAATC (5°—3) 0.643 )
4bY CCATAGCAGTCGTTAGY (3’5 '

4b CCATAGCAGTCGTTAG (35 i i
5aE EGGTATCCGTCAGCAATC (5°—-3) 0534 )
5bY CCATAGGCAGTCGTTAGY (3’5" '

5b CCATAGGCAGTCGTTAG (35 : i
6aE EGGTATCTCGTCAGCAATC (5°—>3) 0.336 )
6bY CCATAGAGCAGTCGTTAGY (35" :

6b CCATAGAGCAGTCGTTAG (375 i i
7aE EGGTATCTTCGTCAGCAATC (5°—>3) 0.227 )
7bY CCATAGAAGCAGTCGTTAGY  (3°<5) '

7b CCATAGAAGCAGTCGTTAG (3°<5) - -

This result supported the hypothesis that the dyes stack with the terminal base pairs.

On the other hand, larger discrepancy was observed with 14- and 19-bp duplexes. We also

calculated theoretical values by assuming that 50% of chromophores in random

orientation and 50% in fixed orientation (Figure 3-5). Although large discrepancy was

still observed, calculated values showed better agreement with experimental values,

suggesting some portion of chromophores is in stacked-unstacked equilibrium.
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FRET efficiencies of naE/nbY duplexes. Theoretical curves calculated based on cylinder

model (red line) and random orientation (dotted line) are shown. Blue line was calculated
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by assuming an equilibrium between fixed (50%) and random orientation (50%).

Lifetimes of perylene in 19-bp duplexes (7aE/7b and 7aE/7bY) were also determined

via time-resolved fluorescence measurements (Figure 3-6 and Table 3-2).
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Fluorescence decay profiles of perylene emission in 7aE/7bY and 7aE/7b duplexes.

Table 3-2. FRET efficiencies and melting temperatures of duplexes tethering dyes.

Sequence T s <t>(ns) | Or <« | O, 0 | O

T1 (ns) (s) o o X
7aE/7bY | 0936 |6.52 |0.38 |0.62 |1.09 | 6.08 0.230 | 0.226 | 0.227
7aE/7b 1.10 843 1037 1063 |1.18 | 7.90 - - -

[a] FRET efficiency calculated by using mean lifetimes (<t>).

[b] FRET efficiency calculated by using longer lifetimes (T2).

[c] FRET efficiency determined from static measurements.

Both duplexes showed two lifetimes. The longer lifetimes are consistent with values
reported previously.['*) The shorter lifetimes could be attributable to quenching via

intermolecular interaction since perylene residues are attached at termini of DNA
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duplexes. Such intermolecular interaction between aromatic compounds at DNA termini
has also been reported in previous reports !4l The FRET efficiency of 19-bp duplex
determined from longer lifetimes was 0.226, which agreed with that from steady-state
measurements (0.227). FRET efficiency using mean lifetimes also showed almost the
same value (0.230), indicating the effects of the minor species on FRET efficiency are
marginal. In addition, acceptor lifetimes increased by introducing a donor (Figure S3-2
and Table S1). These data confirmed that the perylene-Cy3 pair can be used to obtain

nucleic acid structural information.

3-3-2 Structural analysis of stilbene modified DNA by using FRET system
Next, we analyzed the structure of DNA containing a stilbene cluster using the
perylene-Cy3 FRET pair. We first evaluate the properties of DNA duplexes tethering

stilbene residues but not perylene and Cy3 (Xma/Xnb in Figure 3-7).
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XmaE: 5-EGGTATC X, GCAATC-3' m=0~3
XnbY: 3-CCATAG X, CGTTAGY-5' n=0~3

Xma: 5-GGTATC X,, GCAATC-3' m=0~3
Xnb: 3-CCATAG X, CGTTAG-5' n=0~3

n

XmaE/XnbY °%=%"  Perylene (E) Cy3 (Y) Stilbene (X)
Figure 3-7.

Sequences used in this study of structural analysis of stilbene modified DNA and

schematics of analyzed duplexes. Chemical structures of dyes are also shown.

Stilbene (X) residues were incorporated into DNA by using stilbene phosphoramidite
monomer as we reported previously. B X residues were introduced into the counter
position with each other so that they form a dye cluster.!!> The Ty, increased as the number
of stilbene residues increased, suggesting that stacking interactions between dyes was
stabilizing (Table 3-3). In addition, a hypsochromic shift was observed as the number of
stilbene residues increased (Figure S3-3.), showing that stilbene moieties form H

aggregates.l’]
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Table 3-3. FRET efficiencies and melting temperatures of duplexes containing stilbene
(X) residues.

Sequence o7 Tm (°C)
X1aE EGGTATCXGCAATC (5°>37) 0.808 579
ObY CCATAG CGTTAGY (3’5" ' '
Xla GGTATCXGCAATC (5—3") ] 495
Ob CCATAG CGTTAG (3’5" '
X1aE EGGTATCXGCAATC (5°—37) 0.766 54.0
X1bY CCATAGXCGTTAGY (3’57 ' -
Xla GGTATCXGCAATC (5°>37) ) 485
X1b CCATAGXCGTTAG (3°5") '
X2aE EGGTATCXXGCAATC (5°=37) 0.721 556
X1bY CCATAG X CGTTAGY (3’5" ' '
X2a GGTATCXXGCAATC (5°537) ) 50.7
X1b CCATAG X CGTTAG (3°5") '
X2aE EGGTATCXXGCAATC (5°=3") 0.642 579
X2bY CCATAGXXCGTTAGY (3’5" ' '
X2a GGTATCXXGCAATC (5°537) ) 541
X2b CCATAGXXCGTTAG (3°<5") '
X3aE EGGTATCXXXGCAATC (5°=3") 0.606 58.0
X2bY CCATAGXX CGTTAGY (3°5") ' '
X3a GGTATCXXXGCAATC (5°=3") ) 559
X2b CCATAGXX CGTTAG (3’5" '
X3aE EGGTATCXXXGCAATC (5°=3") 0.558 58.4
X3bY CCATAGXXXCGTTAGY (3°5") ' '
X3a GGTATCXXXGCAATC (5°=3") ) 574
X3b CCATAGXXXCGTTAG (3°<5") '

Next, we studied DNA duplexes with perylene and Cy3 attached at the termini and also

containing one to six stilbene moieties (XmaE/XnbY). Duplexes containing perylene but

not Cy3 (XmaE/Xnb) were prepared as controls. Decreased donor emission and

increased acceptor emission were observed upon the introduction of the acceptor as

representatively shown in Figure 3-8a. Emission spectra of XmaE/XnbY duplexes are

shown in Figure. 3-8b, and their emission intensities are summarized in Figure 3-8c.
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Figure 3-8.

a) Fluorescent emission spectra of DNA duplexes containing one stilbene residue.
X1aE/ObY has both the donor and acceptor, whereas X1aE/Ob has only donor. b)
Fluorescent emission spectra of DNA duplexes containing various number of stilbene
residues (XmaE/XnbY). c) Effects of the number of stilbene residue on the donor
emission intensity Sequences used in this study of structural analysis of stilbene modified

DNA and schematics of analyzed duplexes.

Interestingly, the emission spectra of XmaE/XnbY changed monotonously as the

number of stilbene moieties increased; stronger perylene emission was observed for

longer duplexes. This behavior is in striking contrast to that observed with natural base

pairs (compare with Figure 3-3). This indicates that upon addition of stilbene pairs, the

relative orientation between the donor and acceptor did not change.
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FRET efficiencies were calculated by comparing these spectra with those of
XmaE/Xnb (Figure S3-4). FRET efficiencies also showed monotonous change as the
number of stilbene moieties in the DNA duplex were increased (Figure 3-9, circles). The
change in efficiency was distinct from that expected assuming a helical model using
parameters of B-form DNA duplex (Figure 3-9, dotted line). The experimental data
showed much better agreement with a theoretical curve assuming that stilbene moieties
form a non-helical ladder-like cluster (Figure 3-9, red line). These results suggest that

stilbene moieties are stacked in non-helical manner consistent with previous studies of

azobenzene derivatives incorporated within DNA duplexes. ['**]
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Figure 3-9.

FRET efficiencies of XmaE/XnbY duplexes. Theoretical curves calculated based on the

B-form helical model (dotted line) and the ladder-like model (red line) are also shown.
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3-3-3 Structural changes upon photodimerization between stilbene residues
We analyzed structural changes upon photodimerization between stilbene residues
using the perylene-Cy3 FRET system. We previously reported that [2 + 2]
photodimerization between stilbene residues occurs in DNA duplex (Figure 3-10a). (8]
However, the structure changes induced by photodimerization were not characterized.
X1aE/X1bY was irradiated with 340 nm UV light, and the reaction was monitored via
absorption spectrometry (Figure S3-5a). There was a decrease in intensity of m-m*
absorption bands due to [2+2] photocycloaddtion with a plateau after 90 seconds. As
shown by HPLC analyses (Figure S3-5b), only the expected photocrosslinked product
was observed after UV irradiation, demonstrating that the reaction proceeded without any
side reactions. The fluorescent emission spectra of X1aE/X1bY with and without UV
irradiation are shown in Figure 3-10b. Quite interestingly, almost no change in fluorescent
emission was observed upon UV irradiation; FRET efficiency after irradiation was 75.8%,
whereas that before irradiation was 76.6%. These results clearly demonstrate that
photodimerized stilbene can be accommodated within a DNA duplex, indicating that
stilbene residues could be used to stabilize DNA nano-structures, such as DNA origami,

without structural disturbance.
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Figure 3-10.

a) [2+2] Photocycloaddition reaction between stilbene moieties. b) Fluorescent emission
spectra of X1aE/X1bY before (orange) and after (red) UV irradiation (90 sec). Spectrum
of X1aE/X1b is shown as a control (black).

3-3-4 Structural analysis of stilbene with spacers (1,3-propanediol) modified
DNA by using FRET system
We have previously reported two different dye clusters with and without spacers (S,

(152] Although they have different physical properties,

1,3-propanediol) in DNA duplexes.
structural information of dye clusters with spacers has not been revealed in detail. Finally,

we analyzed different stilbene clusters with spacers (1,3-propanediol) using the perylene-

Cy3 FRET pair. (XSma/XSmb in Figure 3-11)
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XSmakE: 5' -EGGTATC (XS)m GCAATC-3' m=0~3
XSmbY: 3'-CCATAG (SX)m CGTTAGY-3' m=0~3

6
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0 o)_E /\
%™ Perylene (E) Cy3 (Y) Stilbene (X) Spacer (S)

Figure 3-11.

Sequences used in this study of structural analysis of stilbene modified DNA and

schematics of analyzed duplexes. Chemical structures of dyes are also shown.

X and S were introduced into the counter position with each other so that they form a

dye cluster. The melting temperatures (7m) of all duplexes had higher than 40 °C (Table

3-4.), however, lower than that of 0a/0b (without stilbene and spacer). This was different

from the result of Xma/Xnb. The introduction of spacers may have weakened the stacking

interaction. On the other hand, a hypsochromic shift was also observed as the number of

stilbene and spacer increased (Figure S3-6.), showing that stilbene moieties form H

aggregates.
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Table 3-4. FRET efficiencies and melting temperatures of duplexes containing stilbene
(X) and spacer (S).

Sequence o7 Tm (°C)
XlaE EGGTATCXGCAATC (5°—>3) 0.742 532
S1bY CCATAGSCGTTAGY (3’5" ' '
X1a GGTATCXGCAATC (5537 _ Py
S1b CCATAGSCGTTAG (3’5" :
XSIaE  EGGTATCXSGCAATC (5=3)  ose2 488
XSIbY  CCATAGSXCGTTAGY (375" : :
XSla GGTATCXSGCAATC (5°—>3) ) 426
XS1b CCATAGSXCGTTAG (3’<5) '
XS2aE  EGGTATCXSXSGCAATC (5=3)  oes2 458
XS2bY CCATAGSXSXCGTTAGY (3’<5) ' '
XS2a GGTATCXSXSGCAATC (5°—-3) ) 43.4
XS2b CCATAGSXSXCGTTAG (3°<5) '
XS3aE  EGGTATCXSXSXSGCAATC 5=3)  oess  aae
XS3bY CCATAGSXSXSXCGTTAGY (3’<5) ' '
XS3a GGTATCXSXSXSGCAATC (5°—-3) ) a4.4
XS3b CCATAGSXSXSXCGTTAG (3°<5) '

Next, we analyzed the structure of X clusters with spacers (XSmaE/XSmbY,

respectively). Each duplex was labeled with E and Y at its 5'-termini. Duplexes

containing perylene but not Cy3 (XSmaE/XSmb) were prepared as controls. As an

example, Figure3-12a shows a difference of fluorescent emission spectra with and

without Cy3 (XS1aE/XS1bY and XS1aE/XS1b). Fluorescent Emission spectra of

XSmaE/XSmbY duplexes are shown in Figure 3-12b, and their emission intensities are

summarized in Figure 3-12c.
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Figure 3-12.

a) Fluorescent emission spectra of DNA duplexes containing one stilbene residue.
XS1aE/XS1bY has both the donor and acceptor, whereas XS1aE/XS1b has only donor.
b) Fluorescent emission spectra of DNA duplexes containing various number of stilbene
residues (XSmaE/XSmbY). c) Effects of the number of stilbene residue on the donor
emission intensity Sequences used in this study of structural analysis of stilbene modified
DNA and schematics of analyzed duplexes.

In contrast to the stilbene clusters without spacers, the fluorescence intensity of the

donor did not change monotonically (compare with Figure 3-8). It is clear from Figure 3-

12c that not only distance but also orientation dependence was observed. This result

suggested that the structure is different with and without the spacers. To discuss this

structure in more detail, we compared the measured FRET efficiency with the theoretical
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curve.

FRET efficiencies were calculated by comparing these spectra with those of
XSmaE/XSmb (Figure S3-7). Figure 3-13 depicts the FRET efficiencies of stilbene
clusters with spacers (XSmaE/XSmbY). Theoretical curves calculated based on B-form
helical model (dotted line) and the ladder-like model (red line) are also shown. The right-
handed helical model was considered to be based on canonical B-form DNA (Rise: 3.2 A
/ bp, Rotation: 34°), which corresponded to one stilbene per one base pair. FRET
efficiency plots of XSmaE/XSmbY did not match the theoretical curves based on the
ladder-like model. It is hard to say that it matches the B-from model. However, the
orientation dependence of FRET efficiency suggested that stilbene residues are stacked
in a helical manner. This result leads to the conclusion that structural differences of

stilbene clusters are successfully analyzed by using FRET system of perylene and Cy3.
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Figure 3-13.

FRET efficiencies of XSmaE/XSmbY duplexes. Theoretical curves calculated based on
the B-form helical model (dotted line) and the ladder-like model (red line) are also shown.
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3-4 Conclusions

In conclusion, we have developed a new FRET system using perylene as a donor and

Cy3 as an acceptor. Perylene and Cy3 were attached to the termini of native DNA

duplexes via D-threoninol, and FRET efficiencies were determined. Orientation

dependence of FRET was observed as the number of base pairs in the duplex was

increased. Therefore, the perylene-Cy3 pair can be used to obtain structural parameters

of nucleic acids.

The structural effects of a stilbene cluster within a DNA duplex were also analyzed

using this FRET pair. FRET efficiencies changed monotonously as the number of stilbene

residues was increased. This indicated that within the DNA duplex scaffold, the stilbene

pairs form a ladder-like cluster. Since perylene can be excited with visible light, we were

able to use the perylene-Cy3 FRET pairs to analyze the structural changes that result from

upon [2+2] photodimerization. Photodimerization did not distort the structure.

The perylene-Cy3 pair characterized here has a larger Forster radius. Therefore, this

system can be used to analyze larger complexes whereas the previous pyrene-perylene

pair is more suitable to investigate the small local conformational changes. Moreover,

perylene-Cy3 pair could also be utilized to analyze structural change caused by

photochemical damage of DNA. For example, natural pyrimidine bases form cyclobutane
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pyrimidine dimers upon UV irradiation, yielding several stereoisomeric products.['®! The
present FRET system will be able to detect such photolesions because its efficiency is
highly dependent on relative distance and orientation. The present results also
demonstrated that orientation can be precisely controlled by attaching dyes at the termini
of a DNA duplex via D-threoninol. Other FRET pairs could be incorporated into DNA

through D-threoninol.
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3-5 Experimental section

Oligonucleotide synthesis

All conventional phosphoramidite monomers, CPG columns, reagents for DNA
synthesis, and Poly-Pak Il cartridges were purchased from Glen Research. Other reagents
for the synthesis of phosphoramidite monomers were purchased from Tokyo Chemical
Industry, Wako, and Aldrich. Native oligodeoxyribonucleotides (ODNSs) were purchased
from Integrated DNA Technologies or Hokkaido System Science Co., Ltd.
Phosphoramidite monomers tethering peryleneld Cy3ltl or stilbenel”! were
synthesized according to our previous reports. Modified ODNs were synthesized by
employing these phosphoramidite monomers and standard DNA monomers on an
automated DNA synthesizer (H-8-SE, Nihon Techno Service). ODNs were purified by
reversed-phase HPLC and characterized by MALDI-TOF MS (Autoflex Il, Bruker

Daltonics) and HPLC.

Fluorescence measurements

Fluorescence spectra were measured on JASCO models FP-6500 or FP-8500. The

excitation wavelength was 425 nm for naE/nbY and 450 nm for XmaE/XnbY and

80



XSmaE/XSnbY. Band widths were 3 nm (FP-6500) or 2.5 nm (FP-8500) for excitation

and emission. Before measurements, sample solutions containing DNA duplex were

heated at 80 °C, then slowly cooled down to 20 °C at a rate of 4 °C min-1. Fluorescence

spectra were measured at 80 to 20 °C at 10 °C intervals after 4 min incubations. Emission

spectra were measured at 20 °C. Sample solutions contained 100 mM NaCl, 10 mM

phosphate buffer, pH 7.0. Concentrations of ODNs were 1.0 uM for ODNs tethering

perylene (naE, XmaE, XSmaE) and 2.0 uM for those tethering Cy3 (nbY, nb, XnbY,

Xnb, XSnbY and XSnb). We used two-fold excess amount of acceptor strand to reduce

the effects of emission from single-stranded donor strand.

Fluorescence lifetime measurements

Decay profiles of donor fluorescence at 500 nm and acceptor fluorescence at 650 nm were

monitored with 445 nm excitation at room temperature by a time-correlated single-photon

counting apparatus (Hamamatsu, Quantaurus-Tau). Before measurements, sample

solutions containing DNA duplex were heated at 80 °C, then slowly cooled down to 20 °C.

Lifetimes were measured at 20 °C. Sample solutions contained 100 mM NaCl, 10 mM

phosphate buffer, pH 7.0.
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Measurement of absorption spectra and melting temperatures

Absorption spectra were measured on a JASCO model V-530, V-550, or V-560. The
sample solutions contained 100 mM NacCl, 10 mM phosphate buffer, pH 7.0, 5.0 uM each
strand. Absorption spectra were measured at 20 °C. The melting curves were measured
with a UV-1800 (Shimadzu) by monitoring 260 nm absorbance versus temperature. The
Tm was determined from the maximum in the first derivative of the melting curve. Both
the heating and the cooling curves were measured, and the calculated Tm agreed to within
1.0 °C. The temperature ramp was 0.5 °C min'. The sample solutions contained 100 mM

NaCl, 10 mM phosphate buffer, pH 7.0, 5.0 uM each strand.

UV irradiation

A xenon light source (MAX-301, Asahi Spectra) equipped with interference filters
centered at 340 nm (half bandwidth 10 nm, power density 0.15 mW cm2) was used for
photoreaction. The sample solution was added to a cuvette, and the temperature of light
irradiation was controlled using a programmable temperature controller. Photo-

irradiation was conducted at 20 °C.
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HPLC analyses

A Merck LiChrospher 100 RP-18(e) column heated to 50 °C was used for HPLC analyses.
The flow rate was 0.5 mL min~*. A solution of 50 mM ammonium formate (solution A)
and a solution of 50 mM ammonium formate and acetonitrile (50/50, v/v; solution B)
were used as mobile phases. A linear gradient of 5-35% solution B over 30 min was

employed. HPLC chromatograms were monitored at 260 nm.

Calculation of FRET efficiency

FRET efficiency (®;) was experimentally determined from the decrease in donor

emission:

dr=1- IDA/ID (1)

where Ipa is maximum emission intensity of a duplex containing a donor and an acceptor
(about 485 nm), and Ip is that of donor-only duplex. Emission intensities were measured
at 20 °C. In order to eliminate the effects of concentration errors, each emission intensity
was normalized by the intensity at 80 °C, at which all duplexes dissociate into single

strands.
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FRET efficiency from lifetime measurements (& ,) was determined from the following

equation:

D, = 1—1pa/Tp (2

where 1, Is the lifetime of perylene in a duplex containing a donor and an acceptor

(7raE/7TbY), and 7 is that in a donor-only duplex (7aE/7Db).

Calculation of theoretical curves

FRET efficiency (&7) was calculated from the following equations:

1

P = wRe ®)
Ry = 0.2108[J (D) k*n~*dp]/6 (4)
k% = cos?0; (5)

where R is the distance between donor and acceptor, and Ro is a Forster radius (the
distance where @7 = 0.5). J(4) is integral of spectral overlap between donor emission and
acceptor absorption at A nm. n is a refractive index, which is typically assumed to be 1.4

for biomolecules, and @p is a donor quantum yield. The orientation factor, x?, was
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calculated from the above equation, where 6r is the angle between transition dipoles of
donor and acceptor.

By using these equations, FRET efficiency was calculated from the distance (R) and
the angle (6r) between dyes. We used typical parameters of B-form DNA duplex; rise per
base pair (3.2 A), angle per base pair (34°). The angle between dyes and flanking base
pairs was determined to be 9° by fitting calculated FRET efficiencies with experimentally
obtained efficiencies. The orientation factor (x?) of 2/3 was used to calculate the
theoretical curve assuming averaged orientation. For the structural analyses of duplex
containing stilbene residues, the distance between stilbene residues was set to 3.2 A,
which is the same as the distance between base pairs in a B-form duplex. The angle
between stilbene residues was set to 0° in the ladder-like model, whereas 34° was used

for the B-form helical model.
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3-7 Appendixes
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Figure S3-1. Fluorescent emission spectra of DNA duplexes containing perylene and Cy3
(naE/nbY) or only perylene (raE/nb). Intensities of 7aE/7bY and 7aE/7b were much

different from those of other duplexes since these spectra were measured with different
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Figure S3-2. Fluorescence decay profiles of Cy3 emission in 7aE/7bY and 7a/7bY

duplexes.
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Figure S3-4. Fluorescent emission spectra of stilbene clusters containing perylene and
Cy3 (XmaE/XnbY) or only perylene (XmaE/Xnb).
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Figure S3-5. (a) UV-Vis spectra of X1aE/X1bY with UV irradiation for the indicated
times. (b) HPLC chromatograms of X1aE/X1bY before and after UV irradiation for 90
seconds (A:B=95:5—65:35, linear gradient 30 min). A solution of 50 mM ammonium
formate (solution A) and a solution of 50 mM ammonium formate and acetonitrile (50/50,

v/v; solution B) were used as mobile phases.
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Figure S3-7. Fluorescent emission spectra of stilbene clusters containing perylene and

Cy3 (XSmaE/XSmbY) or only perylene (XSmaE/XSmb).

Table S3-1. Acceptor lifetimes and FRET efficiencies for 19-bp duplexes.

Sequence | t1(ns) |12(ns) | o2 * <> (ns)

7aE/7bY | 0.592 | 4.74 0.59 0.41 1.12 | 4.11
7a/7TbY | 0477 | 2.06 0.71 0.29 0.99 | 1.49
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Chapter 4. Study of energy migration between the

identical chromophores by using a DNA scaffold

4-1 Abstract

In chapter 4, we report energy migration between the identical chromophores
(perylene) enabled by breaking symmetry. Energy migration is a necessary process in
both natural and artificial photosynthesis. However, the distance and orientation
dependence of energy migration have not been experimentally investigated in detail. Here
we propose a method to investigate energy migration by using DNA scaffold. Two
fluorophores are introduced into a DNA duplex and one quencher is placed next to one of
the fluorophores. This design enables asymmetrization of identical fluorophores and
allows one fluorophore to behave as an acceptor. The emission intensities and lifetimes
decrease depending on the efficiency of energy migration. Distance and orientation
dependence are successfully observed and the measured excitation energy transfer
efficiencies are in excellent agreement with those calculated based on the Forster theory.
We also demonstrate that multi-step energy migration among four fluorophores can be
estimated from the theory. These results may provide a basis for design and preparation

of efficient light-harvesting photonic devices and chemical probes.
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4-2 Introduction

In chapter 2 and 3, we developed an orientation-dependent FRET system and analyzed

structure of various DNA duplexes including DNA containing stilbene moieties.

Fluorophores introduction via D-threoninol enabled this analysis by controlling dye

orientation.

Excitation energy migration (EM) or homo Forster resonance energy transfer (homo-

FRET) indicates energy transfer between the identical fluorophores. This type of transfer

is a key process in natural photosynthesis. However, distance and orientation dependences

of EM have not been elucidated because EM occurs among the identical chromophores,

and each chromophore can function both as a donor and an acceptor. In chapter 4, we

describe a system for analysis of EM using a DNA scaffold in which the symmetry

between the identical fluorophores is broken. Our design is depicted in Figure 4-1. Two

identical fluorophores are introduced into the DNA duplex. The distance between the two

fluorophores is controlled by changing the number of intervening base pairs. A quencher

is located next to one of two fluorophores in the DNA duplex, which makes that particular

fluorophore non-emissive so that the quenched fluorophore functions not as a donor but

as an acceptor. Since absorbed energy on this fluorophore is no longer transferred, EM

efficiency can be quantified by measuring the decrease of emission intensity and lifetime
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as hetero FRET. In this chapter, we elucidate distance and orientation dependence of
energy migration by using this system. Multi-step energy migration among four
fluorophores is also analyzed. To our knowledge, this is the first study to experimentally
reveal the distance and orientation dependence of energy migration among identical

chromophores.

Energy Migration

——Perylene
absrgrphon

N

—— Anthraquinone
absorption

——Perylene
emission

aa | |

°' =0 O'b’° Wavelength / nm
Perylene(E) Anthraqumone(Q)

5/10‘M‘cm’

Figure 4-1.

Schematic illustration of EQ duplex and chemical structures of E and Q residues.

Absorption and emission spectra of perylene and anthraquinone are also shown.

4-3 Results and discussions
4-3-1 Sequence design in this study

Perylene(E) and anthraquinone(Q) (Figure 4-1) were selected as the fluorophore and
the quencher, respectively, for these experiments for three reasons. First, anthraquinone

quenches perylene emission very efficiently as we reported previously [!]. Therefore, back
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energy transfer from the quenched fluorophore that is next to the quencher to the emissive
fluorophore can be neglected. Second, anthraquinone absorption has almost no overlap
with perylene emission (Figure 4-1) so that hetero energy transfer from perylene to
anthraquinone, which disturbs the quantitative analyses of energy migration, does not
occur. Third, these molecules have planar structures, and therefore stack with natural base
pairs. For the introduction of these chromophores, D-threoninol is one of the best linkers
to facilitate intercalation of these molecules into DNA duplex 2!,

Sequence design to investigate orientation and distance dependence of EM is
schematically illustrated in Figure 4-2, and the actual sequences are listed in Table S4-1.
We introduced one perylene residue into a 32-mer DNA (strands E1-E4). One perylene
or one anthraquinone residue was introduced into split complementary strands (cE1s-
cE3s or cQE1-cQEA4, respectively). By hybridizing three strands, nicked duplexes with
two perylenes, one of which is located in opposite anthraquinone, were prepared (duplex
EQ-E). The number of base pairs between perylene and anthraquinone were varied from
2 to 13 (see Table S4-1 for details). Control duplexes with one perylene residue or one
perylene-anthraquinone pair (duplexes E and EQ, respectively) were prepared by using
native strands (NE, ¢NE or ¢NEs). We previously showed that incorporation of planar

molecules via D-threoninol does not distort the double helical structure >! and that dyes
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are stacked with a base pair at 5' side when they are introduced into the base-pairing
position®!. Accordingly, in our design, anthraquinone is located between two perylenes
in the EQ-E duplex, and the distance between anthraquinone and perylene is the same in

EQ-E and Q-E duplexes (see Figure 4-2).

NE
VW[\’\’”W’ ‘ EQ-E duplex
grylr |, L,; /) (EmIcQEmIcEns)
or
Em(m=1-4)
U rd ! [,] U lr E duplex
’ . (NE/cNE/cEns)
+
waulla 5 e EQ duplex
onen  Aear I (EmIcQEm/cNES)
cQEm cEns
(m=1-4) (n=1-3)
or or
wdm] naml Q-E duplex
J] ﬂ ﬂ w X (NE/cQEm/cEns)
cNE cNEs

Figure 4-2.

[lustration of EQ-E, E, EQ and Q-E duplexes. These duplexes can be prepared by
changing the combination of the three strands.

4-3-2 Investigation of perylene separated from anthraquinone

First, we evaluated the effects between perylene and anthraquinone prior to the study

of energy transfer between perylene. As we described in chapter 4-3-1, the absorption of

anthraquinone has almost no overlap with perylene emission, and it is considered that

hetero energy transfer from perylene to anthraquinone does not occur. To demonstrate this
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idea, we measured the steady-state emission spectra (Figure 4-3) and the absorption

spectra (Figure 4-4) of Q-E duplexes.

250 - ——E duplex
-.-‘ " v
i
m |
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= Q-E duplex
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- 1 o L
8 LY_)
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§ — 3 bp
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0

1 - J
550 600 650
Wavelength / nm

o 1
450 500

Figure 4-3.

Fluorescent emission spectra of Q-E duplex (2~5bp) and E duplex. Effects of quenching

of perylene emission by anthraquinone with 2 to 5 bp separation is shown.

Emission intensity of Q-E duplex with a 2-base-pair separation was much lower than
that of control E duplex, whereas quenching was not detectable when residues were
separated by 3 or more base pairs. Anthraquinone quenches the perylene fluorescence
through not FRET but electron transfer. Thus, separation of perylene and anthraquinone

with more than two base-pairs no longer reduces the perylene emission.
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Figure 4-4.

Absorption spectra of several duplex (2bp). Effects of excitonic interaction between

perylene and anthraquinone in the case of 2bp separation is shown.

We also measured the absorption spectra in the case of 2bp separation between perylene
and anthraquinone. The results are shown in Figure 4-4. Absorption spectra of Q-E duplex
(red line) showed completely agreement with the summed spectra (dotted line) of duplex
with a perylene moiety (blue line) and duplex with an anthraquinone moiety (yellow line).
This data indicated no effects of excitonic interaction between perylene and
anthraquinone in the case of 2bp separation. These results have prompted us to conclude
that quenching by anthraquinone can be neglected when the distance between perylene

and anthraquinone is more than 2bp.
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4-3-3 Investigation of perylene next to anthraquinone

We also investigate effects of perylene next to anthraquinone. The absorption spectra
are shown in Figure 4-5. Absorption spectra of Q-E duplex (red line) did not show
agreement with the summed spectra (dotted line) of duplex with a perylene moiety (blue
line) and duplex with an anthraquinone moiety (yellow line), slight hypsochromism was

observed. This is interpreted as being derived from the excitonic interaction *!.

03r —— E4/cQE4/cNES
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400 420 440 460 480 500
Wavelength / nm

Figure 4-5.

Absorption spectra of several duplex. Effects of excitonic interaction between perylene
and anthraquinone in the case of cluster is shown. This small hypochromicity is derived

from the excitonic interaction.

In order to investigate the effects of this change on energy migration between two
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perylenes, we calculated the spectral overlap.

a) J(A)=8.01x103(M " cm ! nm?)
3 - —Perylene absorption
E4/cNE/cNEs
—— Perylene emission
NE/cNE/cE3s

[A8]

e/ 104 M- enr!

=
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Wavelength / nm

b)  J(1) =8.03x103(M ™ cm* nm?)

3 - ——Perylene absorption
E4/cQE4E/cNEs

2 - .ﬂmm
—— Perylene emission
NE/cNE/cE3s
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350 400 450 500 550 600 650
Wavelength / nm

Figure 4-6.

Absorption and normalized fluorescent emission spectra of perylene and anthraquinone
in the case of (a) energy transfer from perylene to perylene and (b) energy transfer from

perylene to perylene next to anthraquinone.
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Slight hypsochromism was observed in the absorption spectrum of Q-E duplex,

however, its effect on spectral overlap was <1%. Therefore, we concluded that optical

property of quenched perylene is virtually identical to that of the unquenched on.

4-3-4 Melting temperatures (7ms) of duplexes

We measured melting temperatures (7ms) of duplexes and confirmed that duplexes

were stable below 20 °C (Table 4-1). Incorporation of perylene and/or anthraquinone

residues resulted in duplexes more stable than the appropriate control duplexes, indicating

that there are stacking interactions of perylene and anthraquinone with neighbouring

natural base pairs.

Table 4-1. Effects of incorporation of perylene onto the duplex stability.

Sequence Twn/°C
E1l TGACTACEGGTGAATACATACATACATACTGAT (5'—-3") 603
cQE1 ACTGATGQCCAC (3'«<5" ‘
E2 TGACTACGEGTGAATACATACATACATACTGAT (5'—-3") 541
cQE2 ACTGATGCQCAC (3'«<5" ‘
E3 TGACTACGGETGAATACATACATACATACTGAT (5'—-3") 527
cQE3 ACTGATGCCQAC (3'<5") '
E4 TGACTACGGTEGAATACATACATACATACTGAT (5'-3" 56.5
cQE4 ACTGATGCCAQC (3'«5") ’
E1 TGACTACEGGTGAATACATACATACATACTGAT (5'—-3") 53.0
cNE ACTGATG CCAC (3'<5") '
E2 TGACTACGEGTGAATACATACATACATACTGAT (5'-3" 48.7
cNE ACTGATGC CAC (3'«5") ’
E3 TGACTACGGETGAATACATACATACATACTGAT (5'—-3") 45.4
cNE ACTGATGCC AC (3'<5") '
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E4 TGACTACGGTEGAATACATACATACATACTGAT (5'—3" 50.8
cNE ACTGATGCCA C (3'<5") '
NE TGACTAC GGTGAATACATACATACATACTGAT (5'—>3" 543
cQE1 ACTGATGQCCAC (3'«5" ’
NE TGACTACG GTGAATACATACATACATACTGAT (5'—3") 496
cQE2 ACTGATGCQCAC (3'<5") '
NE TGACTACGG TGAATACATACATACATACTGAT (5'—>3" 487
cQE3 ACTGATGCCQAC (3'<5") '
NE TGACTACGGT GAATACATACATACATACTGAT (5'—-3") 48.7
cQE4 ACTGATGCCAQC (3'<5") '
NE TGACTACGGTGAATACATACATACATACTGAT (5'—3" 45 4
cNE ACTGATGCCAC (3'<5" '
NE TGACTACGGTGAATACATAC ATACATACTGAT (5'—>3" 60.7
cEls TTATGTATGETATGTATGACTA (3'<35" ’
NE TGACTACGGTGAATAC ATACATACATACTGAT (5'—-3") 60.6
cE2s TTATGETATGTATGTATGACTA (3'<5" )
NE TGACTACGGTGA ATACATACATACATACTGAT (5'—>3" 595
cE3s TETATGTATGTATGTATGACTA (3'<35" ’
NE TGACTACGGTGAATACATACATACATACTGAT (5'—3" 543
cNEs TTATGTATGTATGTATGACTA (3'<35" ’
4-3-5 Quantitative analysis of energy migration between two perylenes

From the results in chapters 4-3-2 to 4-3-4, we conclude that this sequence design is

suitable for studying energy migration between the identical chromophores from the

following points.

-When perylene and anthraquinone are separated by 3 bases or more, the effect of

quenching can be ignored.

-The optical properties of perylene in contact with anthraquinone are substantially

identical to that of the unquenched on.

-At 20 °C, all chains form a stable duplex.
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We compared emission spectra of E, EQ and EQ-E duplexes. In the EQ-E duplexes

the perylene and the anthraquinone are separated by from 2 to 13 base pairs. The E duplex

had a strong emission (Figure. 4-7a), whereas virtually no emission was observed with

the EQ duplex (Figure. 4-7b), demonstrating the efficient quenching of perylene by

anthraquinone. The duplexes in the EQ-E series had much lower emission than the E

duplex (Figure. 4-7c¢).
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Figure 4-7.

Emission spectra of (a) E duplexes, (b) EQ duplexes and (c) EQ-E duplexes.
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A representative result for the duplex with a 5-base-pair separation between
fluorophores is shown in Figure 4-8a. This quenching clearly demonstrated the
occurrence of energy migration between two perylenes. Similar quenching was observed
with all the other EQ-E duplexes (Figure S4-1), and their emission intensities are

summarized in Figure 4-8b.
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Figure 4-8.

a) Fluorescence emission spectra of EQ-E, E and EQ duplexes with 5-base-pair

separation. b) Fluorescence emission intensities and lifetimes of EQ-E duplexes.
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Generally, emission intensity increased as the number of base pairs increased; however,
maxima of emission intensity were observed when 8 and 13 base pairs separated the
fluorophores. A 5-base-pair cycle of similar emission intensity was observed with hetero
FRET from pyrene to perylene that corresponds to a half turn of the B-form DNA
duplex™>!. Our result indicated that energy migration between identical chromophores
also exhibits orientation dependence.

We also performed time-resolved fluorescence measurements and representative
results of the duplex with 5-base-pair spacing are shown in Figure 4-9 (see Figure S4-2

for decay curves of other duplexes).
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Figure 4-9.

Fluorescence lifetime measurements of EQ-E and E duplexes with 5-base-pair separation.
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The EQ-E duplex showed much faster decay than the E duplex, indicative of

quenching due to energy migration. We also monitored decay of EQ duplexes; however,

lifetimes could not be determined as decay was too rapid. Lifetimes of EQ-E duplexes

are shown in Table 4-2 and Figure 4-8b (lifetimes of control duplexes are listed in Table

S4-2).

Table 4-2. Lifetimes and EM efficiencies of EQ-E duplexes.

bp Ti(ns) Ta(ns) o o2 ¥ On  Dn

2 . - - - 082 -

3 0.36 7.51  0.67 033 122 071 0.96

4 025 7.63 058 042 1.08 0.76 0.97

5 0.43 727 056 044 1.08 0.72 0.95

6 3.12 745 0.64 036 120 0.57 0.66

7 7.51 - 1 - 1.10 0.22 0.19
8 8.46 - 1 - 1.31 0.18 0.09
9 7.76 - 1 - 1.20 022 0.17
10 7.88 - 1 - 1.22 025 0.19
11 8.66 - 1 - .22 0.15 0.11
12 9.74 - 1 - 1.18 0.03 0.00
13 9.74 - 1 - 1.18 0.00 0.00

“Lifetimes cannot be determined due to fast decay.
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Although two lifetimes were observed when fluorophores were 3 to 6 base pairs apart,

the longer lifetimes are attributed to emission from perylene in residual single strands.

We used the shorter lifetimes for calculation of energy migration efficiencies. We

calculated EM efficiencies from the decrease of emission intensities and lifetimes (@i

and Ot in Table 4-2, respectively). @11 and ®t2 generally decreased as the distance

between two perylenes increased. The lifetimes exhibited similar trends as emission

intensities with the longest lifetimes observed at intervals of about 5 base pairs, also

demonstrating the orientation dependence of energy migration. The difference between

@1 and D2 at short distances is relatively large; @12 values are above 0.95 with 3 to 5

base pairs between fluorophores, whereas @t values are about 0.7. We hypothesized that

these differences are due to the emission from excess perylene strands. Although perylene

strands (Em and cEnms in Figure 4-2) of the same concentration were used for

measurements, emission from perylene in the excess single strands lowered the apparent

@r1. In contrast, lifetime measurements can discriminate emission of excess single strands

from that of EQ-E duplex.
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4-3-6 Comparison with Forster theory

These experimentally determined efficiencies were compared with values calculated
from Forster theory. Distance, orientation factor, and spectral overlap were determined
and used for the calculation of migration efficiency. Regarding spectral overlap, we
ignored the effects of anthraquinones, as shown in chapter 4-3-3. Molecular modelling of
EQ-E duplexes indicated that perylene and anthraquinone are stacked between base pairs
without disturbing double helical structure (Figure 4-10a). The angle between perylene
and the neighbouring base pairs were estimated from curve fitting and molecular
modelling (Figure 4-10b). We used a cylinder model where the distance increased by 3.3
A per base pair and the angle by 33° per base pair (Figure 4-10c). The increment of
distance due to anthraquinone was assumed to be the same as for a natural base pair (3.3
A). The theoretically calculated EM efficiencies are shown in Figure 4-11. The theoretical
curve showed the same tendency as experimental values. Especially, @t values showed
excellent agreement. We also measured @t at various temperatures (Figure S4-3), and
values were almost the same irrespective of temperature. The insensitivity to temperature
indicated that effects of dynamics and disorder are marginal under the conditions
employed. These results clearly demonstrated that the energy migration between two

perylenes strictly obeys Forster theory. Thus, these results provided the first experimental
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validation of Forster theory for the calculation of efficiencies and rate constants of energy

migration.

Figure 4-10.

Molecular modelling and cylinder model of EQ-E duplexes. a) Molecular modelling of
EQ-E duplexes with 13- and 2-base-pair separations. Perylene and anthraquinone
moieties are shown in CPK model and colored in green and red, respectively. b) Relative
orientations of two perylene moieties in EQ-E duplexes. Angles between perylene
moieties and neighbouring base pairs are 97 © and 95 ° for 13-base-pair and 2-base-pair
separations, respectively. ¢) Cylinder model of DNA duplex for theoretical calculation of
EM efficiencies. Distance and angle increase by 3.3 A and 33° per base pair in this model,

respectively. Fluorescence lifetime measurements of EQ-E and E duplexes with 5-base-

pair separation.
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Figure 4-11.

Dependence of EM efficiency on the number of base pairs between two perylene moieties.
Experimentally obtained efficiencies from emission intensities and lifetimes are shown
in blue and red circles, respectively. Theoretically calculated values assuming random or
fixed orientations are shown in black and red lines, respectively. Error bars of @11 show

standard deviation of three independent fluorescence measurements.

4-3-7 Analysis of energy migration among four perylenes

We then used a similar system to investigate multi-step energy migration among four

perylenes. A schematic of the experimental design is illustrated in Figure 4-12 (see Table

S4-3 for DNA sequences).
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Figure 4-12.

Sequence design to investigate multi-step energy migration.

Four perylenes were introduced into DNA at 3- nucleotide intervals in strand 4E. The

complementary strand, ¢Q, has one anthraquinone opposite the terminal perylene of 4E.

When 4E is hybridized with ¢Q, emission from the three perylenes located distant from

the anthraquinone should be quenched through multi-step energy migration. Therefore,

energy migration among four perylenes can be monitored by analysis of emission

intensity and lifetime. We also synthesized DNA strands tethering perylene residues at

different positions (1E-1 to 1E-4) as controls. The controls showed similar emission

intensities when each was hybridized with a complementary strand without a quencher

(cN) as shown in Figure 4-13. 4E/cN showed almost identical intensity to the sum of

intensities of 1E-1/cN, 1E-2/¢N, 1E-3/cN and 1E-4/cN.
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Figure 4-13.

Emission spectra of 4E/cN, 1E-1/¢cN, 1E-2/cN, 1E-3/cN, 1E-1/cN duplexes, which
contain no quenchers. Sum of the spectra of 1E-1/¢N, 1E-2/cN, 1E-3/cN and 1E-4/cN

are also shown.

The emission intensity of 1E-1/ ¢Q was almost nil, whereas other combinations were
the same as 1E duplex without Q (Figure 4-14). The 4E/cQ duplex with four fluorophores
had much lower emission than the sum of the emission from each perylene (Figure 4-14,
compare red line with dotted line). This large difference between 4E/cQ and the sum is

clear evidence of multi-step energy migration among four perylenes.
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Figure 4-14.

Fluorescence emission spectra of 4E/c¢Q, 1E-1/¢Q, 1E-2/cQ, 1E-3/cQ and 1E-4/c¢Q. Sum
of spectra of 1E-1/¢Q, 1E-2/¢Q, 1E-3/cQ and 1E-4/¢Q is also shown.

The higher T, of 4E/¢Q than those of control duplexes (1E-1/¢Q to 1E-4/cQ) indicated
that base pairing of natural base pairs is not severely disturbed upon the introduction of
non-natural residues (Table S4-4). We also performed time-resolved fluorescence
measurements, and decay curves of 4E/cQ and 4E/cN are shown in Figure 4-15. 4E/cN
showed a mono exponential decay with a lifetime of 8.40 ns (Table 4-3). In contrast,
biexponential decay with lifetimes of 1.19 ns and 3.80 ns was observed for 4E/cQ. The

decrease in lifetime associated with the incorporation of anthraquinone clearly

demonstrates the efficient energy migration among four perylenes.
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Fluorescence lifetime measurements of 4E/cQ and 4E/cN duplexes.

Table 4-3. Lifetimes and EM efficiencies of EQ-E duplexes.

11 (ns) 12 (ns) o o2

X2

OELQy 119 380 027 073

SHERQ 005 142 030 070

4E/cN 8.40 - 1 ]
1E-1/cQ . - - -
1E-2/cQ 8.06 - 1 ]
1E-3/cQ 9.74 ; 1 )
1E-4/cQ 9.22 - 1 )

1.06

1.23

1.03

1.23

1.28

“Lifetimes cannot be determined due to fast decay.
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We simulated the fluorescence decay of 4E/cQ from the non-coherent energy hopping
mechanism based on Férster theory (8], The decay curve of each perylene can be
simulated by solving differential equations using migration and decay rate constants. Rate
constants of intrinsic decays of each perylene were determined from lifetimes; the
exception was the decay rate of the perylene adjacent to anthraquinone, which was
estimated from emission intensity. Energy migration rate constants were calculated using
decay rates and migration efficiencies (Table S4-5). Migration efficiencies were
calculated from Forster theory by using the distances and orientation factors between
perylenes, which were determined from molecular modelling (Figure 4-16b). Simulated
decay curves of the four perylenes are shown in Figure 4-16a. The resultant decay curve
of each perylene depended on its position. The perylene located far from anthraquinone
had the slowest decay, whereas the perylene located to the 5’ side of anthraquinone had
the fastest (Figure 4-16a). Interestingly, the average curve of four perylenes, which
corresponds to the overall decay curve of 4E/cQ, could be fitted with a biexponential
curve with lifetimes of 0.05 and 1.42 ns (Table 4-3 and Figure S4-4). A 0.05-ns lifetime
is too short to be detected by our apparatus. In contrast, observed lifetime of 1.19 ns is in
good agreement with the simulated lifetime (1.42 ns). The longer lifetime (3.80 ns) might

be due to excess single strand or to structural disorder; either would result in incomplete
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migration. These results indicated that even efficiency and rate constants of multi-step

energy migration can be estimated using Forster theory.
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Figure 4-16.

a) Simulated decay curve of 4E/cQ. Time evolution of excited population of each
perylene is also shown. Numbering of perylenes is schematically illustrated in the inset.
b) Molecular modelling of 4E/cQ duplex. Perylene and anthraquinone moieties are

shown in CPK model and are coloured in green and red, respectively.
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4-4 Conclusions

Here we clarified the distance and orientation dependence of energy migration in detail.
We demonstrated that energy migration between identical chromophores strictly obeys
Forster’s theory. Our system can be used to determine and predict efficiencies and rate
constants of energy migration steps of various chromophoric arrays. Recent studies have
revealed that coherent coupling plays important roles in efficient energy transport in
natural photosynthesis [*!%!. Since our system is simple but robust , it could be used to
analyse other fluorophores such as Cy3 or thiazole orange '!. Furthermore, it could be
used to investigate energy migration processes in strongly coupling regimes. We also
demonstrated that multi-step migration can also be estimated from the theory. Energy
migration is used in many applications such as light-harvesting antennae, logic gates,

2] In order to achieve the best

chemical sensing, and photon energy conversion
performance of these devices, it is necessary to tune rate constants of each energy

transport step precisely. The present results may provide a framework for design and

preparation of photonic devices, circuits, and sensors with desirable properties.
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4-5 Experimental section

Oligonucleotide synthesis

All conventional phosphoramidite monomers, CPG columns, reagents for DNA

synthesis, and Poly-Pak Il cartridges were purchased from Glen Research. Other reagents

for the synthesis of phosphoramidite monomers were purchased from Tokyo Chemical

Industry, Wako, and Aldrich. Native oligodeoxyribonucleotides (ODNSs) were purchased

from Integrated DNA Technologies or Hokkaido System Science Co., Ltd. ODNs

tethering perylene or anthraquinone were synthesized on an automated DNA synthesizer

(H-8-SE, Gene World) as we reported previously. ODNs were purified by reversed-phase

HPLC and characterized by MALDI-TOF MS (Autoflex I, Bruker Daltonics) and HPLC.

The MALDI-TOF MS data for the modified DNA were as follows: E1: Obsd. 10257

(Calcd. for [E1+H*]: 10257). E2: Obsd. 10257 (Calcd. for [E2+ H™]: 10257). E3: Obsd.

10257 (Calcd. for [E3+ H*]: 10257). E4: Obsd. 10256 (Calcd. for [E4+ H*]:10257).

cQEL1: Obsd. 3703 (Calcd. for [cQE1+ H*]: 3702). cQE2: Obsd. 3703 (Calcd. for

[cQE2+H™]: 3702). cQE3: Obsd. 3703 (Calcd. for [cQE3+ H']: 3702). cQE4: Obsd.

3703 (Calcd. for [cQE4+H™]: 3702). cEls: Obsd. 6905 (Calcd. for [cE1s+H"]: 6908).

cE2s: Obsd. 6908 (Calcd. for [cE2s+H™]: 6908). cE3s: Obsd. 6908 (Calcd. For [cE3s+
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H*]: 6908). 4E: Obsd. 12227 (Calcd. for [4E+H*]: 12233). 1E-1: Obsd. 10897 (Calcd.
for [LE-1+H*]: 10898). 1E-2: Obsd. 10895 (Calcd. for [1E-2+H*]: 10898). 1E-3: Obsd.
10892 (Calcd. for [LE-3 +H*]: 10898). 1E-4: Obsd. 10896 (Calcd. For [LE-4+H"]: 10898).

cQ: Obsd. 10822 (Calcd. for [cQ+H™]: 10823)

Fluorescence measurements

Fluorescence spectra were measured on JASCO models FP-6500 or FP-8500. The
excitation wavelength was 427 nm Band widths were 3 nm (FP-6500) or 2.5 nm (FP-
8500) for excitation and emission. Before measurements, sample solutions containing
DNA duplex were heated at 80 °C, then slowly cooled down to 0 °C at a rate of 4 °C min-
1. Fluorescence spectra were measured at 80 to 0 °C at 10 °C intervals after 4 min
incubations. Emission spectra were measured at 0 °C. Sample solutions contained 100
mM NaCl, 10 mM phosphate buffer, pH 7.0. Concentrations of oligonucleotides were 1.0
KM for those tethering perylene (E1 to E4, cE1s to cES3s, 4E, 1E-1 to 1E-4) and 1.5 uM
quencher strands (cQE1 to cQE4, cQ). For control measurements, concentrations of
native strands were 1.0 uM for NE and cNEs and 1.5 pM for cNE and cN. We used
excess amount of quencher strands to reduce the effects of emission from single-stranded

donor strand.
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Fluorescence lifetime measurements

A pulse at 780 nm was generated by a Ti: sapphire laser system (Spectra-Physics,
Tsunami; 3950-L.2S, fwhm 150 fs, 82 MHz). The repetition rate was reduced to 4 MHz
by a pulse selector (Spectra-Physics Model 3980). The exciting source was a laser with
wavelength converted to 390 nm by passage through SHG crystals. Fluorescence
emission was captured by a streak camera (Hamamatsu C4334) operating in photon

counting mode. Measurements were performed at room temperature.

Measurement of absorption spectra and melting temperatures

Absorption spectra were measured on a JASCO model V-530, V-550, or V-560. The
sample solutions contained 100 mM NaCl, 10 mM phosphate buffer, pH 7.0, 5.0 uM each
strand. Absorption spectra were measured at 0 °C. The melting curves were measured
with a UV-1800 (Shimadzu) by monitoring 260 nm absorbance versus temperature. The
Tm was determined from the maximum in the first derivative of the melting curve. Both
the heating and the cooling curves were measured, and the calculated Trm agreed to within

1.0 °C. The temperature ramp was 0.5 °C min. The sample solutions contained 100 mM
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NaCl, 10 mM phosphate buffer, pH 7.0, 1.0 uM (for data shown in Table 4-1) or 2.0 uM

(for data shown in Table S4-4) each strand.

Calculation of FRET efficiency

Energy transfer efficiency was calculated from steady-state fluorescence (®t1) or

fluorescent lifetimes (®2). @11 was calculated from the following equation:

_Ip+lg-I

Oy =2 1)

Ip=Ig

where 1, 1o and Ip are emission intensities of EQ-E duplex, EQ duplex and E duplex,

respectively. When energy transfer between two perylenes does not occur, | should be

equal to Ip plus Ig so that dt1 becomes zero. In contrast, when excitation energy of

perylene at distant position perfectly transfers to perylene next to anthraquinone, the

intensity of the perylene should be the same as that of the quenched one. Therefore, |

should be equal to 2 Ig. In this case, @1 becomes unity (Figure S4-5).

The energy migration efficiency, ®t2, was determined from fluorescence lifetime

measurements. For duplexes containing one fluorophore with no quencher (E duplex),

the fluorescent lifetime (tp) can be represented as follows:
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L= kp + kg )

D

where kr and kg1 are an emissive rate constant and a non-radiative decay rate, respectively
(Figure S4-6). 1, which is a lifetime of EQ-E duplex, can be represented by using the

energy migration rate constant (ki):
1
== ke + kg + kay 3)

Lifetimes of EQ duplexes could not be determined in time-resolved fluorescence
measurements with our apparatus. Besides, emission intensity of EQ duplexes was much
lower than those of E duplexes, indicating quenching by anthragquinone occurs very
rapidly. Therefore, we ignored the decay rate of quenched perylene (ka2) because it is
much larger than other rate constants. By using equations (2) and (3), energy transfer

efficiency from fluorescent lifetimes (®11) can be simply calculated as follows:

il S (4)

by, = ——t
T2 ™ kptkptkay .

Energy minimization based on molecular mechanics.

The energy minimization for the molecular structure model of DNA duplexes tethering
perylene and anthraquinone was carried out using MacroModel (MacroModel, version

11.6; Schrodinger) applying the AMBER force field. Duplexes were constructed from
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canonical B-form DNA duplex by using a graphical programme. The water solvent effects
were simulated using the analytical Generalized-Born/Surface-Area (GB/SA) model.

Convergence threshold was set to 0.05 kJ A~ mol ™.

Theoretical calculation of energy transfer efficiencies based on Forster theory

Energy transfer efficiency was calculated from the following equations:

1

P = wRe ®)
Ry = 0.2108[J (D) r*n~*dp]/6 (6)
k% = cos?Oy (7

where R is the distance between donor and acceptor, and Ro is a Forster radius (the
distance where @7 = 0.5). J(4) is integral of spectral overlap between donor emission and
acceptor absorption at A nm. n is a refractive index, which is typically assumed to be 1.4
for biomolecules, and @p is a donor quantum yield. The orientation factor, «?, was
calculated from the above equation, where 6 is the angle between transition dipoles of

donor and acceptor.
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Theoretical transfer efficiency can be calculated from the distance and angle between two
chromophores. Rise and typical twist angle of B-form duplex, 3.3 A per base pair and 33°
per base pair, respectively, were used to calculate the distance and the angle between dyes.
These parameters were determined by fitting theoretically calculated efficiencies with
experimental data, and the resultant values are consistent with reported parameters [13.14]
In our design, anthraquinone is located between two perylenes. Therefore, we
hypothesized that the distance between perylenes and anthraquinone was also 3.3 A. We
assumed an angle of 52° between dyes angles based on an estimate from molecular
modelling and curve fitting. When anthraquinone was introduced into the counter position
of perylene, slight hypochromic effect was observed in UV-vis spectrum (Figure 4-5),

which were used to calculate spectral overlap integral (Figure 4-6).

Simulation of multi-step energy migration

Energy migration among four perylenes was simulated by solving the following
differential equations.

% = _(k12 + k13 + k14 + kdl)Pl + k21P2 + k31P3 + k41P4_ (8)
% = —(k21 + k23 + k24 + de)PZ + k12P1 + k32P3 + k42P4 (9)
% = _(k31 + k32 + k34 + kdg)P3 + k13P1 + k23P2 + k43p4 (10)
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dapP,
dt

= —(kyg1 + kaz + kg3 + kqa) Py + k1aPy + kyyPy + k3uPs (11)

where Py is probability of nth perylene being excited, kmn is rate constant of energy
transfer from mth perylene to nth perylene (see Figure 4-16a for the number of perylenes),
and kan is rate constant of intrinsic decay of nth perylene. knms were calculated from
equations (5) to (7). Distances and orientation factors were calculated based on molecular
modelling shown in Figure 4-16b. For simplicity, it was assumed that constants of
forward transfers were equal to those of reverse transfer (i.e., Kmn = Knm). Kaz2, kaz and Kaa
were calculated from fluorescence lifetimes of 1E-2/cQ, 1E-3/cQ and 1E-4/cQ,
respectively. Since kg1 cannot be determined directly due to fast decay of 1E-1/cQ, we
estimated kq1 from its fluorescence intensity (Figure 4-14, green line). Since intensity of
1E-1/cQ is about one thousand times lower than that of 1E-1/cN, we used 1.00 x 10! st
as kq1. We also confirmed that small difference of kq1 does not significantly affect the
results of the simulation. Rate constants used for the simulation are listed in Table S4-5.
Differential equations were solved by using Isode function in GNU Octave 4.2.1. The
simulated fluorescence lifetime of 4E/cQ was calculated by fitting the biexponential

curve to the averaged decay curve (Figure S4-4).
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Figure S4-1. Comparison of emission spectra of EQ-E (red lines), E (blue lines), EQ

(orange lines) and Q-E duplexes (green lines) at each distance.
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Figure S4-2. Fluorescence lifetime measurements of EQ-E (red lines), E (blue lines) and

Q-E duplexes (green lines) at each distance.

134



’ —Averaged orientation
—Cylinder model
e O, (Lifetime)
0.8 o ®_ (Steady state) 0°C
e O®_ (Steady state) 10 °C
>06‘ A~ N (Cbam; abkada) AN OO
% . e WT‘I\ Lcauy dle ALV A )
O
2
Woat
0.2+
0 L 1 1 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Distance / bp

Figure S4-3. Effects of temperature on EM efficiency of perylene determined from

steady-state fluorescence measurements.
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EQ-E duplex K hvkr k. hv

Figure S4-6. Schematic illustration of definition of rate constants.
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Table S4-1. Sequences of EQ-E, E, EQ, Q-E duplexes prepared in this study.

bp Sequence
5 E4 TGACTACGGTEGA ATACATACATACATACTGAT (5'-3")
CQE4/cE3s ACTGATGCCAQCTETATGTATGTATGTATGACTA (3'<5")
3 E3 TGACTACGGETGA ATACATACATACATACTGAT (5'53")
CQE3/cE3s ACTGATGCCQACTETATGTATGTATGTATGACTA (3'<5'")
. E2 TGACTACGEGTGA ATACATACATACATACTGAT (5'-3")
CQE2/cE3s ACTGATGCQCACTETATGTATGTATGTATGACTA (3'<5")
c El TGACTACEGGTGA ATACATACATACATACTGAT (5'53")
CQEl/cE3s ACTGATGQCCACTETATGTATGTATGTATGACTA (3'<5'")
. E4 TGACTACGGTEGAATAC ATACATACATACTGAT (5'53")
o i > CQE4/cE2s ACTGATGCCAQCTTATGETATGTATGTATGACTA (3'<5'")
m HHHIIIH . E3 TGACTACGGETGAATAC ATACATACATACTGAT (5'53")
" [ - CcQE3/cE2s ACTGATGCCQACTTATGETATGTATGTATGACTA (3'<5")
2-13 bp
g E2 TGACTACGEGTGAATAC ATACATACATACTGAT (5'53")
EQ-E duplex CcQE2/cE2s ACTGATGCQCACTTATGETATGTATGTATGACTA (3'<5'")
5 El TGACTACEGGTGAATAC ATACATACATACTGAT (5'-3")
CQEl/cE2s ACTGATGQCCACTTATGETATGTATGTATGACTA (3'<5")
10 E4 TGACTACGGTEGAATACATAC ATACATACTGAT (5'-3")
CcQE4/cEls ACTGATGCCAQCTTATGTATGETATGTATGACTA (3'<5'")
11 E3 TGACTACGGETGAATACATAC ATACATACTGAT (5'-3")
CQE3/cEls ACTGATGCCQACTTATGTATGETATGTATGACTA (3'<5")
15 E2 TGACTACGEGTGAATACATAC ATACATACTGAT (5'-3")
cQE2/cEls ACTGATGCQCACTTATGTATGETATGTATGACTA (3'<5'")
13 El TGACTACEGGTGAATACATAC ATACATACTGAT (5'-3")
CQEl/cEls ACTGATGQCCACTTATGTATGETATGTATGACTA (3'<5")
NE TGACTACGGTGA ATACATACATACATACTGAT (5'53")
e ey l'af cNE/cE3s ACTGATGCCACTETATGTATGTATGTATGACTA (3'<5")
ZEEE HHII.I[ NE TGACTACGGTGAATAC ATACATACATACTGAT (5'53")
- R - cNE/cE2s ACTGATGCCACTTATGETATGTATGTATGACTA (3'<5")
E 1
duplex NE TGACTACGGTGAATACATAC ATACATACTGAT  (5'-3")
cNE/cEls ACTGATGCCACTTATGTATGETATGTATGACTA (3'<5")
E4 TGACTACGGTEGAATACATACATACATACTGAT (5'53")
CcQE4/cNEs ACTGATGCCAQCTTATGTATGTATGTATGACTA (3'<5")
e S e E3 TGACTACGGETGAATACATACATACATACTGAT (5'-3")
CQE3/cNEs ACTGATGCCQACTTATGTATGTATGTATGACTA (3'<5")
- A E2 TGACTACGEGTGAATACATACATACATACTGAT  (5'-3")
EQ duplex CQE2/cNEs ACTGATGCQCACTTATGTATGTATGTATGACTA  (3'<5')
El TGACTACEGGTGAATACATACATACATACTGAT (5'-3")
CQEl/cNEs ACTGATGQCCACTTATGTATGTATGTATGACTA (3'<5")
5 NE TGACTACGGT GA ATACATACATACATACTGAT (5'-3")
CQE4/cE3s ACTGATGCCAQCTETATGTATGTATGTATGACTA (3'<5'")
5 NE TGACTACGG TGA ATACATACATACATACTGAT (5'-3")
CQE3/cE3s ACTGATGCCQACTETATGTATGTATGTATGACTA (3'<5'")
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NE TGACTACG GTGA ATACATACATACATACTGAT (5'-3")
CQE2/cE3s ACTGATGCQCACTETATGTATGTATGTATGACTA  (3'<5')
NE TGACTAC GGTGA ATACATACATACATACTGAT (5'-3")
CQE1/cE3s ACTGATGQCCACTETATGTATGTATGTATGACTA  (3'<5'")
: T - NE TGACTACGGT GAATAC ATACATACATACTGAT (5'-3"')
CQE4/cE2s ACTGATGCCAQCTTATGETATGTATGTATGACTA  (3'<5')
2.9 bp NE TGACTACGG TGAATAC ATACATACATACTGAT (5'-3")
CQE3/CE2S ACTGATGCCQACTTATGETATGTATGTATGACTA (3'<5")
Q-E duplex
NE TGACTACG GTGAATAC ATACATACATACTGAT (5'-3"')
CQE2/cE2s ACTGATGCQCACTTATGETATGTATGTATGACTA  (3'<5')
5 NE TGACTAC GGTGAATAC ATACATACATACTGAT (5'-3"')
CQE1/cE2s ACTGATGQCCACTTATGETATGTATGTATGACTA  (3'<5'")

Table S4-2. Sequences of EQ-E, E, EQ, Q-E duplexes prepared in this study.

T

T2

bp Sequence o o  f O On
(ns) (ns)
2  E4/cQE4/cE3s -* - - - - 082 -
3 E3/cQE3/cE3s 036 7.51 0.67 033 1.22 0.71 0.96
4 E2/cQE2/cE3s 025 7.63 0.58 042 1.08 0.76 0.97
5 E1/cQE1/cE3s 043 7.27 0.56 0.44 1.08 0.72 0.95
6 E4/cQE4/cE2s 3.12 7.45 0.64 036 1.20 0.57 0.66
EQ-E 7 E3/cQE3/cE2s 7.51 - 1 - 1.10 022 0.19
duplex 8 E2/cQE2/cE2s 8.46 - 1 - 131 0.18 0.09
9 E1/cQE1/cE2s 7.76 - 1 - 120 022 0.17
10 E4/cQE4/cEls 7.88 - 1 - 122 025 0.19
11 E3/cQE3/cEls 8.66 - 1 - 122 0.15 0.11
12 E2/cQE2/cEls 9.74 - 1 - 1.18 0.03 0.00
13 El/cQEl/cEls 9.74 - 1 - 1.18 0.00 0.00
- NE/cNE/cE3s 887 - 1 - 120 - -
E - NE/cNE/cE2s 931 - 1 - 132 - -
duplex
- NE/cNE/cEls 974 - 1 - 114 - -
3 NE/cQE3/cE3s 733 - 1 - 106 - -
QE -, NE/cQE2/cE3s 727 - 1 - 117 - -
WpleX 5 NE/eQEVCE3s 730 - 1 - 127 - -
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Table S4-3. Sequences of EQ-E, E, EQ, Q-E duplexes prepared in this study.

Sequence

S

E GCCTETGAEAGAETGAETGCTACGATGTTCTAAATGCC (5'—3"

JHUHORCRCHN

¢Q  CGGAACT TCT ACTQACGATGCTACAAGATTTACGG (35"
WWIWO’TW* 1E-1  GCCTTGAAGATGAETGCTACGATGTTCTAAATGCC (5'-3")
. ¢Q  CGGAACTTCTACTQACGATGCTACAAGATTTACGG (35

l]IIII'I'III'I'IIEMFH'I.E}III' " 1E-2 GCCTTGAAGAETGA TGCTACGATGTTCTAAATGCC (5'>3"
R Q  CGGAACTTCT ACTQACGATGCTACAAGATTTACGG (35"

o

(ORI TamY  1E:3  GCCTTGAEAGATGA TGCTACGATGTTCTAAATGCC (53"
b SO il
I ] Q CGGAACT TCTACTQACGATGCTACAAGATTTACGG (3'<5")

o

(IO 1E-4  GCCTETGAAGATGA TGCTACGATGTTCTAAATGCC (53"
A e ol
I Aoy ) CGGA ACTTCTACTQACGATGCTACAAGATTTACGG (3'<5")

Whilitar it il S GCCTETGAEAGAETGAETGCTACGATGTTCTAAATGCC  (5'—3))
01000 OHH00 <0l
I ) L] L N CGGA ACT TCT ACT ACGATGCTACAAGATTTACGG (35"

IIIH'I'IHIIIIHII'IHMHIIII' 1E-1  GCCTTGAAGATGAETGCTACGATGTTCTAAATGCC (5'>3"
I ) ¢cN  CGGAACTTCTACT ACGATGCTACAAGATTTACGG (35"
IIIII'I'IIIIIIHII.HIIIHIIII' 1E-2 GCCTTGAAGAETGATGCTACGATGTTCTAAATGCC (5'>3"
il cN CGGAACTTCT ACTACGATGCTACAAGATTTACGG (3'—5")
IIIII'I'IHII.IEIIIHIIIHIIII' 1E-3  GCCTTGAEAGATGATGCTACGATGTTCTAAATGCC (5'>3"
il ¢N  CGGAACT TCTACTACGATGCTACAAGATTTACGG (3'—5")
IIIH'I.HII'IEII'II!I'H'III' 1E-4 GCCTETGAAGATGATGCTACGATGTTCTAAATGCC (5'>3"

DL IEERANIRRa0n cN CGGA ACTTCTACTACGATGCTACAAGATTTACGG (3'—5"

140



Table S4-4. Duplex stability and lifetimes of duplexes tethering perylene.

T (ns) 12 (ns)

Tw/°C

NN =

1.19 3.80 027 0.73  1.06

4E/cQ

1.03

8.06 -

73.4

wao T
waeo  TITTERINNL

waeo NI

1.23

1.28

9.22 -

74.2

JINCSIURUHN
HHALAN

1.23

8.40 -

77.9

E/cN

4

1.01

9.39

.6

71

E-1/cN

1

1.17

L

woen [PV
vy VTN

E-2/cN

1

9.74 -

72.6

8.36

72.3
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Table S4-5. Rate constants of perylenes used for the simulation.

kai 1.00 x 10" 571
ka2 1.24 x 108 57!
ka3 1.03 x 108 571
kas 1.08 x 108 571
kiz 2.94 x10% 57!
ki3 1.63 x 108 57!
kis 2.32x107s!
k21 2.94 x 10° 57!
ko3 2.20 x 10° 57!
k24 2.05x 108571
ksi 1.63 x 108 571
ks> 220 x 10° 57!
k34 1.32x10%s7!
ka1 2.32x107 !
ka2 2.05x 108571
k3 1.32 x 107 57!

142



Chapter 5. Quantitative analyses of homo FRET

between two pyrenes

5-1 Abstract

In chapter 5, we report energy transfer between the identical chromophores (homo
FRET), following chapter 4. However, we treat pyrene as another chromophore, and the
big difference is that we analyze homo FRET that occurs at the same time as hetero FRET.

Homo-FRET has been difficult to analyze since neither emission intensity nor lifetime
changes with the occurrence of energy transfer. Herein we used a DNA scaffold and a
quencher, anthraquinone, to analyze homo FRET between pyrene moieties. Homo-FRET
was detected by monitoring quenching of pyrene emission and the decrease in the
fluorescence lifetime of pyrene. Homo-FRET efficiencies could be calculated by
excluding effects of hetero FRET. The experimentally determined efficiencies showed an
excellent agreement with Forster theory. These results will inform design of novel
molecular probes and light-harvesting antennae.
5-2 Introduction

In the case of energy transfer between two different chromophores, a process known

as hetero-FRET, FRET efficiency can be easily determined by monitoring emission
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intensity and/or lifetime. In sharp contrast, FRET between identical molecules, or homo-
FRET, is usually difficult to analyze because neither fluorescence intensity nor lifetime
are altered due to the energy transfer.

In chapter 4, we report a method that employs a DNA scaffold to analyze homo-FRET
of perylene using a quencher.! Our basic design is shown in Figure 5-la. Two
fluorophores and a quencher are introduced into the DNA scaffold. As a result, the
quenched fluorophore works not as a donor but as an acceptor. Herein we used this system
to analyze homo-FRET between pyrene moieties. Pyrene is widely used due to its high
quantum yield and distinct excimer emission upon aggregation. Although several groups,
including ours, have incorporated multiple pyrene moieties into DNA to prepare pyrene
clusters *! , homo-FRET of pyrene has not been investigated in detail.

Anthraquinone was previously reported to be a good quencher of pyrene."* Pyrene and
anthraquinone were introduced into DNA through D-threoninol because this linker allows
control of the orientation of molecules.”) In contrast to perylene, hetero-FRET from
pyrene to anthraquinone must be taken into account because the absorption spectrum of
anthraquinone has a small overlap with emission spectrum of pyrene (Figure 5-1a). In
order to assess homo-FRET efficiency quantitatively, a series of duplexes were prepared

(Table S5-1). Each set in the series involved four duplexes (Figure 5-1b). The PQ-P
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duplex has a pyrene-anthraquinone pair that are not separated by any base pairs and a
pyrene separated from the anthraquinone by 2 to 13 base pairs; in these duplexes both
homo- and hetero-FRET occur. The P duplex that has a single pyrene was used as a
control since self-quenching does not occur with pyrene residues are separated by more
than 1bp>1l. The PQ duplex has an adjacent pyrene-anthraquinone pair. Finally, the Q-P
duplex contains one anthraquinone and one pyrene separated by 2 to 13 base pairs. When
two dyes are introduced into base pairing position as PQ duplex, each dye is stacked with
the neighboring base pair at 5’ sides as illustrated in Figure 5-1al]. Therefore, the distance
between pyrene and anthraquinone is the same as that between PQ-P and Q-P duplexes.
These duplexes were prepared by hybridizing three strands. In chapter2, we report that
orientation dependence of hetero-FRET kept intact in the case of nicked duplex. The
number of base pairs between two pyrenes can be changed from 2 bp to 13 bp by

hybridizing strands tethering dyes at different positions (Table S5-1).
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Figure 5-1.

a) Schematic illustration of analyses of homo-FRET using DNA scaffolds. UV/Vis
absorption and normalized emission spectra of pyrene and anthraquinone in DNA are also
shown. b) Illustration of PQ-P, PQ, Q-P, and P duplexes. Photochemical parameters of

each duplex are also shown schematically.

5-3 Results and discussions

5-3-1 Melting temperatures (7ms) of duplexes

Melting analyses revealed that all duplexes had melting temperatures (7ws) higher
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than 40°C (Table S2), indicating that the duplexes are stably formed below 20°C. Because
the dyes are intercalated between base pairs, the Tins of duplexes containing dyes were

higher than the 7i»s of the native duplexes.

5-3-2 Emission spectra of each set of duplexes
Emission spectra of each set of duplexes with 2 to 13 base pairs between dyes were
measured (representative results of duplexes with dyes separated by 5 base pairs are

shown in Figure 5-2).

P duplex
L L
wrse SN

— 350 | Q-P duplex
3 |
] ]
S o | SN
@ 250 |
5 PQ-P duplex
< 200 |
2 007 A0
8 b
g 100 k- PQ duplex
[+)
= \

0

350 400 450 500 550

Wavelength (nm)
Figure 5-2.

Emission spectra of PQ-P, PQ, Q-P, and P duplexes with 5-base-pair separation.
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The P duplexes had the highest emission, whereas PQ duplexes showed no emission

indicating that anthraquinone is an efficient quencher of pyrene (Figure 5-3).
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Figure 5-3.

Emission spectra of (a) P and (b) PQ duplexes. Magnified spectra of PQ duplexes are

also shown

The quenching is probably due to electronic coupling and/or excitonic interaction

because slight hypochromism was observed upon clustering (Figure 5-4).%!

148



a) ——  NP/cQP4/cP3s

7l E@@E

= NP/cNP/cP3s

mv
- o
Vm‘“
- )

- Sum
(NP/CNP/cP3s+ . )

0 1 1 I 1 +
300 320 340 360 380 400 .

Wavelength (nm)

Absorbance
o

b)

— P4/cNP/cNPs

Absorbance
o

--------- Sum
(P4/cNP/CNPs+

0 -
Wavelength (nm)

Figure 5-4.

Effects of excitonic interaction between pyrene and anthraquinone on the absorption

spectra in the case of (a) 2-base-pair separation and (b) cluster formation.

The Q-P duplexes showed lower emission than P duplexes due to hetero-FRET from
pyrene to anthraquinone. The PQ-P duplexes exhibited even lower emission than Q-P
duplex indicative of homo-FRET between the two pyrenes. The degree of quenching
depended on the number of base pairs separating the anthraquinone-pyrene pair from the

lone pyrene (Figure S5-1). When the number of separating base pairs was 12 or 13, the
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intensity of PQ-P duplex was only slightly lower than that of corresponding Q-P duplex.

5-3-3 Lifetime measurements of each set of duplexes

The evidence of homo-FRET was also obtained from lifetime measurements.

Representative results with the 5-base-pair separation are shown in Figure 5-5.
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Figure 5-5.

Fluorescence decay curves of PQ-P, PQ, Q-P, and P duplexes with 5-base-pair

separation.

The control P duplex with 5- base-pair separation had a fluorescent lifetime of 11.1 ns.

The Q-P duplex decayed more rapidly with a lifetime of 7.76 ns; this indicated that there

is slight hetero-FRET between pyrene and anthraquinone. The lifetime further decreased

to 4.56 ns for the PQ-P duplex. The difference between Q-P and PQ-P duplexes shows
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that homo-FRET occurs efficiently when 5 base pairs separate the dye pair from the lone
pyrene. The lifetime of PQ duplex could not be determined because of extremely fast
decay; this was the case for all PQ duplexes. The data for all P, Q-P, and PQ-P duplexes

are shown in Figure S5-2 and lifetimes are listed in Table 5-1.

Table 5-1. Lifetimes of PQ-P duplexes. !

bp PQ-P duplex Q-P duplex P duplex

[b] t(ns) 12(ns) oL a2 ¥ 1w (ns) e (ns)  oa a2 a w(ns)  w 4
2 -[c] -[c] - - - -[c] -[c] - - - 11.12 1 1.17
3 1.28 5.08 0.97 0.03 1.06 1.74 5.08 0.71 0.29 0.92 10.25 1 111
4 5.21 - 1 - 1.09 6.42 - 1 - 1.20 10.69 1 1.08
5 4.56 - 1 - 1.03 7.76 - 1 - 1.14 11.12 1 117
6 5.29 - 1 - 1.03 7.82 - 1 - 1.12 10.25 1 111
7 7.21 - 1 - 1.29 9.13 - 1 - 1.15 10.69 1 1.08
8 10.00 - 1 - 1.14 10.60 - 1 - 117 11.12 1 117
9 9.65 - 1 - 124 9.74 - 1 - 1.21 10.25 1 111
10 10.17 - 1 - 1.24 10.60 - 1 - 1.26 10.69 1 1.08
11 10.25 - 1 - 1.06 10.94 - 1 - 1.19 11.12 1 117
12 9.91 - 1 - 122 10.51 - 1 - 1.30 10.25 1 111
13 10.08 - 1 - 112 10.51 - 1 - 1.25 10.69 1 1.08

[a] o is amplitude of lifetime component and x2is chi-squared value obtained by the fitting
program. [b] Number of base pairs separating the pyrene—anthraquinone pair from the

lone pyrene. [c] Lifetimes could not be determined due to fast decay.

For duplexes with 3-base-pair separation, the decay curves had two components. The
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longer fraction was attributed to emission from pyrene in excess single strands. Therefore,

we used the shorter lifetimes for the calculation of FRET efficiency. As the number of

base pairs increased, the difference between lifetimes of Q-P and P duplexes decreased,

indicating the decline of hetero-FRET efficiency. The difference between PQ-P and Q-P

duplexes also decreased, demonstrating that homo-FRET efficiency decreased as the

number of base pairs increased.

5-3-4 Quantitative analysis of energy migration between two pyrenes

The observed FRET efficiencies are due to both homo-FRET and hetero-FRET. In our

duplex series, hetero-FRET efficiencies also depend on the number of base pairs.

Therefore, we calculated the actual homo-FRET efficiencies by excluding the effects of

hetero-FRET as detailed in the Experimental Section. Table 5-2 lists the efficiencies of

homo-FRET, steady-state fluorescence values (@), and fluorescent lifetimes (@r2). The

homo-FRET efficiency decreased as the number of base pairs increased; however, non-

monotonous behavior was observed. For example, o and o, of the set of duplexes with

5 base pairs between the dye pair and the isolated pyrene were higher than those of the

duplexes with 4-base-pair spacing. Minima of efficiency were observed at 4- and 9-base-

pair spacings. This 5- base-pair cycle corresponds to a half-turn of B-form duplex. Thus,
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homo-FRET between pyrenes strongly depends on the relative orientations of dyes,

similarly to hetero-FRET as reported in previous reports. [437]

Table 5-2. Homo-FRET efficiencies PQ-P duplexes.

bp D1 D2

2 0.95 + 0.02 -

3 0.73+0.03  0.68 +0.02
4 043+0.03 0284001
5 0.62+0.00  0.50 +0.00
6 043+0.04 03840.01
7 0314004 0244001
8 0.0940.01  0.06 +0.01
9 0014001 0.01+0.01
10 0.02+0.02 0.04+0.01
11 0.12+0.05 0.06 +0.01
12 0.06 +0.03  0.06 +0.01
13 0.04+0.01 0.04+0.01

5-3-5 Comparison with Forster theory

The experimentally determined homo-FRET efficiencies were compared with values

calculated from Forster theory. Experimental efficiencies showed excellent agreement

with theoretical values based on fixed orientation (Figure 5-6).
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Figure 5-6.

Plots of homo-FRET efficiency versus the number of base pairs between the two pyrene
moieties. Experimentally obtained efficiencies from emission intensities and lifetimes are
shown in blue and red circles, respectively. Theoretically calculated values assuming
random or fixed orientations are shown in black and red lines, respectively. Error bars are

standard deviations of three independent fluorescence measurements.

There was better agreement with @, than @n. In the case of steady-state measurements,
emission from species other than correctly formed duplex could affect FRET efficiency.
For example, the presence of excess amount of quenched pyrene would raise apparent or.

Such effects can be excluded with lifetime measurements because lifetimes of such
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species are usually different from those of correctly organized species; lifetimes of PQ
duplexes are much shorter than those of PQ-P duplexes. o1 was also determined at
different temperatures and values were within experimental error and consistent with
theory (Figure S5-3). Based on these results, we concluded that homo-FRET between
pyrenes strictly obeys Forster theory. Forster distance assuming a random orientation of
pyrene homo-FRET was calculated to be 22.9 A, whereas that of perylene homo-FRET
was 29.6 A. The longer distance for perylene is due to the larger overlap between
absorption and emission spectra than occurs in the spectra of pyrene (Chapter 4 Figure 4-
6). These results indicate that homo-FRET efficiency can be tuned by selecting

fluorophores with appropriate Stokes’ shifts.
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5-4 Conclusions

In conclusion, homo-FRET between pyrenes was investigated in detail using DNA

scaffold. In contrast to perylene homo-FRET, which we evaluated in chapter 4, for pyrene,

the hetero-FRET from pyrene to anthraquinone must be taken into account. We calculated

homo-FRET efficiencies by ruling out effects of hetero-FRET. The calculated efficiencies

agreed with calculated values based on Forster theory. These results clearly demonstrate

that homo-FRET can be correctly evaluated even if hetero-FRET simultaneously occurs.

Since the method that employs DNA scaffolds is easy and robust, it can be used to

evaluate homo-FRET of various fluorophores quantitatively. Homo-FRET is a key

process in natural and artificial photosynthesis and in molecular probes and photonic

circuits in which energy can be transported without losing photon energy. The results

described here should be useful in design of artificial light harvesting antennae and

molecular probes.
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5-5 Experimental section

Oligonucleotide synthesis

All conventional phosphoramidite monomers, CPG columns, reagents for DNA
synthesis, and Poly-Pak Il cartridges were purchased from Glen Research. Other reagents
for the synthesis of phosphoramidite monomers were purchased from Tokyo Chemical
Industry, Wako, and Aldrich. Native oligodeoxyribonucleotides (ODNSs) were purchased
from Integrated DNA Technologies or Hokkaido System Science Co., Ltd. ODNs
tethering perylene or anthraquinone were synthesized on an automated DNA synthesizer
(H-8-SE, Gene World). ODNs were purified by reversed-phase HPLC and characterized

by MALDI-TOF MS (Autoflex 11, Bruker Daltonics) and HPLC.

The MALDI-TOF MS data for the modified DNA were as follows: P1: Obsd. 8686
(Calcd. for [P1+H]: 8686). P2: Obsd. 8684 (Calcd. for [P2+ H*]: 8686). P3: Obsd. 8686
(Calcd. for [P3+ H*]: 8686). P4: Obsd. 8687 (Calcd. for [P4+ H*]:8686). cQP1: Obsd.
4630 (Calcd. for [cQP1+ H™]: 4629). cQP2: Obsd. 4632 (Calcd. for [cQP2+H*]: 4629).
cQP3: Obsd. 4630 (Calcd. for [cQP3+ H']: 4629). cQP4: Obsd. 4629 (Calcd. for
[cQP4+H"]: 4629). cP1s: Obsd. 4369 (Calcd. for [cP1s+H™]: 4370). cE2s: Obsd. 4367

(Calcd. for [cP2s+H™]: 4370). cP3s: Obsd. 4371 (Calcd. For [cP3s+ H*]: 4370).
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Fluorescence measurements

Fluorescence spectra were measured on JASCO models FP-6500 or FP-8500. The

excitation wavelength was 345 nm Band widths were 3 nm (FP-6500) or 2.5 nm (FP-

8500) for excitation and emission. Before measurements, sample solutions containing

DNA duplex were heated at 80 °C, then slowly cooled down to 0 °C at a rate of 4 °C min-

1. Fluorescence spectra were measured at 80 to 0 °C at 10 °C intervals after 4 min

incubations. Emission spectra were measured at 0 °C. Sample solutions contained 100

mM NaCl, 10 mM phosphate buffer, pH 7.0. Concentrations of ODNs were 1.0 uM for

ODN: s tethering pyrene (P1-4 and cP1s-cP3s) and 1.5 uM for quencher strands (cQP1-4

and cNP). For control measurements, concentrations of native strands NP and cNP were

1.0 uM and concentrations of cNPs strands were 1.5 uM. Fluorescence spectra were not

normalized by extinction coefficients.

Fluorescence lifetime measurements

A pulse at 780 nm was generated by a Ti:sapphire laser system (Spectra-Physics,

Tsunami; 3950-L2S, fwhm 150 fs, 82 MHz). The repetition rate was reduced to 4 MHz

by a pulse selector (Spectra-Physics Model 3980). The exciting source was a laser with
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wavelength converted to 390 nm by passage through SHG crystals. Fluorescence
emission was captured by a streak camera (Hamamatsu C4334) operating in photon
counting mode. Measurements were performed at room temperature. Decay curves were
obtained from the integration of the photon counts in the spectral region from 400 to 500
nm in the streak image. The fluorescence decay curve was analyzed by using the U8167-
01 program (Hamamatsu). The decay curves were fitted with the bi-exponential function

a1exp (-t/t1) + oxexp(-t/t2)

Measurement of absorption spectra and melting temperatures

Absorption spectra were measured on a JASCO model V-530, V-550, or V-560. The
sample solutions contained 100 mM NaCl, 10 mM phosphate buffer, pH 7.0, 5.0 uM each
strand. Absorption spectra were measured at 0 °C. The melting curves were measured
with a UV-1800 (Shimadzu) by monitoring 260 nm absorbance versus temperature. The
Tm was determined from the maximum in the first derivative of the melting curve. Both
the heating and the cooling curves were measured, and the calculated Trm agreed to within
1.0 °C. The temperature ramp was 0.5 °C min. The sample solutions contained 100 mM

NaCl, 10 mM phosphate buffer, pH 7.0, 1.0 uM.
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Calculation of FRET efficiency

Energy transfer efficiency was calculated from steady-state fluorescence (®t1) or
fluorescent lifetimes (®12). The apparent homo-FRET efficiency, &1 ', was

experimentally calculated from the following Equation (1):

Ipo+lo-I
®,, = petle” (1)
Ipg—Iq

where |, Ig and Ip are emission intensities of PQ-P duplex, PQ duplex and P duplex,
respectively (Figure 5-1). When energy transfer between two pyrenes does not occur, |
should be equal to Ipg plus lg so that ®t1" becomes zero. In contrast, when excitation
energy of pyrene at distant position perfectly transfers to pyrene next to anthraquinone,
the intensity of the pyrene should be the same as that of the quenched one. Therefore, |

should be equal to 2 lq. In this case, ®11" becomes unity (Figure S5-4).

The apparent homo-transfer efficiency, ®t1’, is affected by hetero-transfer from pyrene
to the adjacent anthraquinone, and hetero-transfer from the pyrene at the distant position
to anthraquinone also affects ®t1'. In order to compare efficiencies of homo-FRET

between different sequences, the actual efficiency @1 was calculated from Equation (2):

Drqr
cDTl == L (2)

Ip
I_DQ(l_d’T1’)+¢T1’
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where Ip is emission intensity of the P duplex.

The homo-FRET efficiency, @12, was determined from fluorescence lifetime
measurements. For P duplexes that contain one fluorophore and no quencher, the
fluorescent lifetime (zp) can be represented as follows [Eq. (3)]:

1

—=kr+ka 3

o

where k; and kg, are an emissive rate constant and a non-radiative decay rate,
respectively. The rate constants of homo-transfer (k.) and hetero-transfer (k,) must be
taken into account in duplexes with two pyrenes and one anthraquinone. Lifetimes of PQ
duplexes could not be determined in time-resolved fluorescence measurements with our
apparatus. Emission intensities of PQ duplexes were much lower than those of P duplexes,
indicating that quenching by anthraquinone occurs very rapidly. Therefore, we ignored
the decay rate of the quenched pyrene (k,,) because it is much larger than the other rate
constant. Therefore, 7, which is a lifetime of PQ-P, can be represented using k, and k,
[Eq. (4)]:

1
—=ke+kgt+ke+ka (4)
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where k, , the rate constant of the hetero-transfer, can be calculated by measuring a

fluorescent lifetime of Q-P duplex (zpq) [EQ. (5)]:

= = kg + ks + kgy (5)

TDQ

Apparent homo-transfer efficiency (®t2") can be calculated from Equations (3-5) to give

Equation (6):

ke _ D

1-2 (6)

o' =——7——=
kitkq+ks+kas pQ

®t7’ is also affected by hetero-transfer from pyrene to anthraquinone. The actual homo-
transfer efficiency ®1> was calculated by excluding effects of hetero-transfer using

Equation (7):

D

k¢ TDQ Dry! 7
D T ‘L'DQ
ketkgtkgr (1——1_ )+_‘r - (1=Dpy )+ Dy

Theoretical calculation of energy transfer efficiencies based on Férster theory

Energy transfer efficiency was calculated from the following equations:

1
O = S GRee ®)

Ro = 0.2108[J(D)r’n~*d ]/ 9)
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K? = cos?0; (10)

where R is the distance between donor and acceptor, and Ro is a Forster radius (the
distance where @7 = 0.5). J(4) is integral of spectral overlap between donor emission and
acceptor absorption at A nm. n is a refractive index, which is typically assumed to be 1.4
for biomolecules, and @p is a fluorescence quantum yield of pyrene. The orientation
factor, x?, was calculated from the above equation, where &t is the angle between
transition dipoles of donor and acceptor.

Theoretical transfer efficiency can be calculated from the distance and angle between two
chromophores. Typical rise and twist angle of B-form duplex, 3.2 A/base pair and
33°/base pair were used to calculate distance and angle between dyes (Figure S5-5). In
our design, anthraquinone is located between two pyrenes. Therefore, we hypothesized
that the distance between pyrene increased by 3.2 A for each additional base pair between
the dye pair and the lone pyrene. The dye angle, which is the sum of angles between
fluorophores and neighboring base pairs, was assumed to be 4°, which was estimated

from curve fitting and molecular modelling.
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Figure S5-1. Emission spectra of PQ-P (red lines), P (blue lines), PQ (orange lines), and
Q-P duplexes (green lines) with indicated separations in base pairs (bp) between the

pyrene-anthraquinone pair and the lone pyrene.
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Figure S5-2. Fluorescence lifetime measurements of PQ-P (red lines), P (blue lines) and
Q-P duplexes (green lines) with indicated separations in base pairs (bp) between the

pyrene-anthraquinone pair and the lone pyrene.
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Table S5-1. Sequences of pyrene modified DNA used in this study

Distance Sequence
b P4 CAGGCTAGATAATPAT ATAAGTGACCTC (5'->3")
P cQP4/cP3s GTCCGATCTATTAQTAPTATTCACTGGAG (3'<35"
P4 CAGGCTAGATAATPATA TAAGTGACCTC (5'->3")
3 bp ' i
cQP4/cP2s GTCCGATCTATTAQTATPATTCACTGGAG (3'<35"
4b P4 CAGGCTAGATAATPATAT AAGTGACCTC (5'—3"
P cQP4/cPls GTCCGATCTATTAQTATAPTTCACTGGAG (3'<5"
P3 CAGGCTAGATPAATAT ATAAGTGACCTC (5'->3")
5 bp ' v
cQP3/cP3s GTCCGATCTAQTTATAPTATTCACTGGAG (3'<5"
“ 6b P3 CAGGCTAGATPAATATA TAAGTGACCTC (5'—3"
P cQP3/cP2s GTCCGATCTAQTTATATPATTCACTGGAG (3'<5"
7b P3 CAGGCTAGATPAATATAT AAGTGACCTC (5'-3"
. P cQP3/cPls GTCCGATCTAQTTATATAPTTCACTGGAG (3'<5"
P2 CAGGCTAPGATAATAT ATAAGTGACCTC (5'-3"
8 bp ' v
cQP2/cP3s GTCCGATQCTATTATAPTATTCACTGGAG (3'<5"
PQ-P duplex b P2 CAGGCTAPGATAATATA TAAGTGACCTC (5'—3"
P cQP2/cP2s GTCCGATQCTATTATATPATTCACTGGAG (3'<5"
10b P2 CAGGCTAPGATAATATAT AAGTGACCTC (5'-3"
P cQP2/cPls GTCCGATQCTATTATATAPTTCACTGGAG (3'<5"
b Pl CAGGPCTAGATAATAT ATAAGTGACCTC (5'—3"
P cQP1/cP3s GTCCQGATCTATTATAPTATTCACTGGAG (3'<5"
12b Pl CAGGPCTAGATAATATA TAAGTGACCTC (5'-3"
P cQP1/cP2s GTCCQGATCTATTATATPATTCACTGGAG (3'<35"
13b Pl CAGGPCTAGATAATATAT AAGTGACCTC (5'—3"
P cQP1/cPls GTCCQGATCTATTATATAPTTCACTGGAG (3'<5"
NP CAGGCTAGATAATATAT AAGTGACCTC (5'-3"
cNP/cPls GTCCGATCTATTATATAPTTCACTGGAG (3'<35"
NP CAGGCTAGATAATATA TAAGTGACCTC (5'>3"
cNP/cP2s GTCCGATCTATTATATPATTCACTGGAG (3'«5"
NP CAGGCTAGATAATAT ATAAGTGACCTC (5'>3"
cNP/cP3s GTCCGATCTATTATAPTATTCACTGGAG (3'«5"
P4 CAGGCTAGATAATPATATAAGTGACCTC (5'-3"
cQP4/cNPs ~ GTCCGATCTATTAQTATATTCACTGGAG (3'<35"
’ l ' l ' P3 CAGGCTAGATPAATATATAAGTGACCTC (5'>3"
I ' I . ' cQP3/cNPs  GTCCGATCTAQTTATATATTCACTGGAG (33"
P2 CAGGCTAPGATAATATATAAGTGACCTC (5'—3"
cQP2/cNPs ~ GTCCGATQCTATTATATATTCACTGGAG (3'«5"

PQ duplex

Pl CAGGPCTAGATAATATATAAGTGACCTC (5'>3"
c¢QP1/cNPs  GTCCQGATCTATTATATATTCACTGGAG (3'«<5"
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Distance Sequence
b NP CAGGCTAGATAAT AT ATAAGTGACCTC (5'->3")
P cQP4/cP3s GTCCGATCTATTAQTAPTATTCACTGGAG (3'<35"
b NP CAGGCTAGATAAT ATA TAAGTGACCTC (5'->3")
P cQP4/cP2s GTCCGATCTATTAQTATPATTCACTGGAG (3'<35"
4b NP CAGGCTAGATAAT ATAT AAGTGACCTC (5'—3"
P cQP4/cPls GTCCGATCTATTAQTATAPTTCACTGGAG (3'<5"
5h NP CAGGCTAGAT AATAT ATAAGTGACCTC (5'->3")
P cQP3/cP3s GTCCGATCTAQTTATAPTATTCACTGGAG (3'<5"
< b NP CAGGCTAGAT AATATA TAAGTGACCTC (5'—3"
P cQP3/cP2s GTCCGATCTAQTTATATPATTCACTGGAG (3'<5"
7b NP CAGGCTAGAT AATATAT AAGTGACCTC (5'-3"
P cQP3/cPls GTCCGATCTAQTTATATAPTTCACTGGAG (3'<5"
b NP CAGGCTA GATAATAT ATAAGTGACCTC (5'-3"
P cQP2/cP3s GTCCGATQCTATTATAPTATTCACTGGAG (3'<5"
Q-P duplex ob NP CAGGCTA GATAATATA TAAGTGACCTC (5'—3"
P cQP2/cP2s GTCCGATQCTATTATATPATTCACTGGAG (3'<5"
10b NP CAGGCTA GATAATATAT AAGTGACCTC (5'-3"
P cQP2/cPls GTCCGATQCTATTATATAPTTCACTGGAG (3'<5"
b NP CAGG CTAGATAATAT ATAAGTGACCTC (5'—3"
P cQP1/cP3s GTCCQGATCTATTATAPTATTCACTGGAG (3'<5"
12b NP CAGG CTAGATAATATA TAAGTGACCTC (5'-3"
P cQP1/cP2s GTCCQGATCTATTATATPATTCACTGGAG (3'<35"
13b NP CAGG CTAGATAATATAT AAGTGACCTC (5'—3"
P cQP1/cPls GTCCQGATCTATTATATAPTTCACTGGAG (3'<5"
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Table S5-2. Melting temperatures of duplexes used in this study..

Sequence Tm/°C
P1 CAGGPCTAGATAATATATAAGTGACCTC (5'—>3") 45.0
cQPI GTCCQGATCTATTAT (3«3 '
P2 CAGGCTAPGATAATATATAAGTGACCTC (5'>3" 53.5
cQP2 GTCCGATQCTATTAT (3'<5" '
P3 CAGGCTAGATPAATATATAAGTGACCTC (5'—>3") 53.2
cQP3 GTCCGATCTAQTTAT (35" '
P4 CAGGCTAGATAATPATATAAGTGACCTC (5'—>3") 51.9
cQP4 GTCCGATCTATTAQT (35" '
P1 CAGGPCTAGATAATATATAAGTGACCTC (5'—3") 441
cNP GTCC GATCTATTAT (3'«5") '
P2 CAGGCTAPGATAATATATAAGTGACCTC (5'—>3" 48.4
cNP GTCCGAT CTATTAT (35" '
P3 CAGGCTAGATPAATATATAAGTGACCTC (5'—>3" 485
cNP GTCCGATCTA TTAT (35" '
P4 CAGGCTAGATAATPATATAAGTGACCTC (5'—3") 47.8
cNP GTCCGATCTATTA T (3'«5") '
NP CAGG CTAGATAATATATAAGTGACCTC (5'—>3" 45.8
cQPl1 GTCCQGATCTATTAT (33" '
NP CAGGCTA GATAATATATAAGTGACCTC (5'—>3" 48.9
cQP2 GTCCGATQCTATTAT (3«35 '
NP CAGGCTAGAT AATATATAAGTGACCTC (5'—3") 51.3
cQP3 GTCCGATCTAQTTAT (3'«5") '
NP CAGGCTAGATAAT ATATAAGTGACCTC (5'—>3" 51.8
cQP4 GTCCGATCTATTAQT (35" '
NP CAGGCTAGATAATATATAAGTGACCTC (5'—>3" 45.4
cNP GTCCGATCTATTAT (35" '
NP CAGGCTAGATAATATAT AAGTGACCTC (5'—3") 476
cPls ATAPTTCACTGGAG (35 '
NP CAGGCTAGATAATATA TAAGTGACCTC (5'—>3" 43.8
cP2s ATPATTCACTGGAG (35" '
NE CAGGCTAGATAATAT ATAAGTGACCTC (5'—>3" 471
cP3s APTATTCACTGGAG (35" '
NE CAGGCTAGATAATATATAAGTGACCTC (5'—>3") 43.1
cNPs ATATTCACTGGAG (35 '
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