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Chapter 1. General Introduction

1-1 Properties of native DNAs

Deoxyribonucleic acid, DNA, is one of the famous biological molecules with
well-defined structure and properties. The function and the properties of DNAs have
been investigated in details since J. Watson and F. Crick discovered its unique double-
helical structure in 1953.* Canonical structure of double-stranded DNA is called B-form
DNA (or B-DNA), which has right-handed double-helical structure with 2 nm of
diameter, 3.4 A long per each base pair, and 10.5 base pairs per helix-turn (Fig. 1-1a, b).

The construction units of DNAs could be largely divided in two parts. One is the
backbone part which is composed of D-deoxyribose with phosphodiester bond linkage
(Fig. 1-1c). This backbone mainly determines the whole structure of double-helix. The
other is nucleobase, which contributes to the sequence selectivity on double-helix
formation. DNAs are composed of four types of nucleobases, Adenine (A), Thymine (T),
Guanine (G), and Cytosine (C). These nucleobases recognizes each other through
complementary hydrogen bondings between A-T and G-C which is so called
“Watson-Crick base pairing” (Fig.1-1d). Owing to the complementary hydrogen

bondings, DNA forms a double-helical structure with excellent sequence selectivity.
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Figure 1-1. The structure of a) Side view and b) top view of B-DNA. Chemical
structures of c) D-deoxiribose backbone and d) nucleobases with complementary
hydrogen bondings.

High sequence selectivity on duplex formation of DNAs plays an important role in
biological systems. It is well-known that DNA carries genetic information for almost all
of the living things. In the living cells, DNAs are replicated (during cell devision),
transcripted into RNAs, and RNAs are finally translated to proteins. During all these
routines, the genetic information of DNA is preserved through the complementary
hydrogen bonding of native nucleobases. Also, DNA analyses owe a great deal to the
sequence selectivity. For example, DNA amplification (polymerase chain reaction® for
famous), or many fluorescence signaling methods to detect target DNAs are achieved®®

depending on the sequence selective double-helix formation.



1-2 Application of DNA as a nanomaterial

Well-defined and sequence selective double-helix formation makes DNAs as very
attractive molecules not only in the biology related field but also in the field of
nanomaterial science. DNA nanotechnology has been of interest after pioneering work
by Seeman.®® For example, he reported a cube like DNA nanostructure formed by direct
self-assembly of complementarily designed DNAs (Fig. 1-2). Also, in 2006, Rothemund
reported an astonishing DNA nano-architecture so called “DNA-origami”.® He used
7,249 nt long virus genome DNA as a scaffold and folded it into the desired shape by
adding 200-250 kinds of complementary short DNAs (Fig. 1-3).

Today, numbers of DNA nanostructures or DNA nanomachines and their applications
have been reported.’®*® For example, direct observation of enzyme activity was
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Figure 1-2. The schematic illustration of formation of Seeman’s DNA cube. a)
self-assembly of four-way junction DNA into two dimensional array. b) Structure of
DNA cube. Reprinted from Ref. 7.



Figure 1-3. AFM image of DNA-origami structures. Reprinted from Ref. 9.

achieved using DNA nanostructure as a scaffold.***> Also, DNA nanoarchitectures are

promising tools in nanodelivery as drug delivery systems.'®*’

1-3 Functionalization of DNA by non-native molecules

As described above, DNA is a highly useful material both in the fields of
biotechnology and nanotechnology. As a material however, there are several drawbacks
of native DNAs.
1) Thermal stability: DNA duplex is stabilized by hydrogen bonding, London
dispersion force, and hydrophobic effect. These are all non-covalent interactions, and
hence, the double-helix formation of DNA is just reversible. While DNAs form a
double-helix at low temperatures, they dissociates into single-strands at high

temperatures. This reversibility is very important in the enzymatic systems to read out



or copy the sequence. DNA dependent DNA polymerases or RNA polymerases could
replicate or transcript single-stranded DNAs. Therefore, double-stranded DNASs have to
be temporarily dissociated into single-strands during enzymatic recognitions (anyway
thermally or enzymatically), and reversibly form double-helices. However, high
reversibility could be restated as flexibility or instability. From the point of view of
nanomaterial chemistry, such instability cause low yield of nano-architecting, and often
requires fine temperature control or cause low yields. Accordingly, high thermal
stability of the double-stranded structure is favorable for application of DNAs as a
nanomaterial.

2)  Sequence patterns: Each native nucleobases recognize the complemental
nucleobase through hydrogen bondings which has a lot to do with the sequence
selective duplex formation. However, there are only two complementary pairs in native
DNAs, A-T and G-C, which strictly limits the sequence patterns. Hence, the long
sequence is required for complicated systems, which might cause problems as
misrecognition or secondary structure formations. Therefore, with more additional kinds
of base pairs, the sequence designability should improve and more complicated
nanostructures could be constructed

3)  No functionality: Native nucleobases are chemically stable compounds and has no



special functionality other than base pairing. This chemical stability is an important
property for the living things to preserve the genetic information precisely for a long
while. On the other hand, this makes it difficult to functionalize the native nucleobases.
For example, direct chemical labeling, introduction of functional groups, chemical
crosslinking, and so on is difficult to perform as long as native nucleobases are used.
Also, native nucleobases are non-fluorescent. Ultrafast deactivation of nucleobases after
UV absorption contributes to the photostability of DNA. However, this non-fluorescent
property requires fluorescence labeling or hybridization of fluorescently labelled
complementary strands to observe the DNAs, which often affect the stability or
structures of it. These properties, chemical stability and non-fluorescent, strictly limits
the application of DNAs.

To overcome these drawbacks, chemists have been attempted to develop “artificial
base pairs” which could improve the properties of DNA. For example, artificial base
pairs with complementary hydrogen bonds have been reported.'®* Benner et al.
reported an artificial base pair with complementary hydrogen bondings, while their
hydrogen bonding patterns were different from native nucleobases (1 in Fig. 1-4).
Therefore, they had orthogonality with native nucleobases and expected to expand the

sequence patterns. Also, some of the artificial base pairs with hydrogen bondings were



H
QuuinnH—N N
/A

I4N /OIIIIIIIIIH\NQ

'-ﬁ
/ - o N’ N\2—< ©
/N H—N / “, o / N-—HnuulN/
S N =
o > N—HimnniQ N— IIIIO/ N
Base H o :
o H
1 (Ref. 19) 2 (Ref. 25)
CI) R
o=b-0 /l NP NN
D-Rib : N
-Ribose | \ ‘\\\N = O_ o
<N
I z
o 4 (Ref. 29)
3 (Ref. 27)
\\\\‘ "”r \\\\\
5 (Ref. 33) 6 (Ref. 37)

Figure 1-4. Examples of artificial base pairs tethered on D-ribose backbones.

reported to be fluorescent (2).2*% On the other hand, unique shape complementary
artificial base pairs, without any hydrogen bondings, were reported after pioneering
work by Kool et al.??® Though they no longer have complementary hydrogen bondings,
they selectively recognized the complementary bases through “shape fitting” of the
molecules (3). Furthermore, shape complementary artificial base pairs were able to
replicate using native enzymes, and hence, expected to expand the genetic alphabets.

Besides the shape complementarity, artificial base pairs without hydrogen bondings

29-32 33

stabilized by metal binding (4) or hydrophobic effects (5) were reported.



Interestingly, moreover, the base pairing of artificial base pairs are not limited to the
planner manner. There are several artificial base pairs which forms a =-stacked
conformation along the helix axis in the context of DNA duplex (6).>**° Though they do
not form an edge-to-edge faced structure as native nucleobases, they were found to
recognize each other and stabilized the DNA duplex. These artificial base pairs are often
called as “pseudo base pairs”.

Thus, various artificial base pairs were reported for stabilization, functionalization, or
sequence expansion of the DNA duplexes. However, most of the artificial base pairs
were tethered on native D-ribose backbones, which should cause difficulty in synthesis,
and also it limits the available molecules. On the other hand, the backbones of the
artificial base pairs could also be “artificial”, and not limited to the native D-riboses. For
example, native nucleobases tethered on non-native cyclic backbones are known to form
a stable duplex, as well as native D-ribose backbones***? (7-9 in Fig. 1-5). Furthermore,
the backbones are not only limited to the cyclic backbones. For example, native

nucleobases with non-native acyclic backbones as peptides**** (10), glycols* (11),

46,47 48,49

threoninols (12), and serinols (13) are known to form stable duplexes, even
though their structures were totally different from native backbones. Hence, all these

non-native linkers are potentially available as the backbone of the artificial base pairs.
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Figure 1-5. Examples of backbones of artificial nucleic acids.

According to these reports, our group has been developed several artificial base pairs
using acyclic D-threoninol as backbones (Fig. 1-6). D-Threoninol backbones allow us to
introduce various non-native molecules into DNA strands. And for example, we
reported that azobenzene derivatives introduced at complementary positions of the DNA
strands stabilize the DNA duplex through m-m interaction between the azobenzene
molecules (14 in Fig. 1-7).%° Also, we reported cationic stilbazole derivative stabilizes
the DNA duplex not only by ©-w interaction but also by electrostatic interaction between
positive charge of the dye and negative charge of phosphate anion of the backbone at
the counter strand (15).>! This cationic pseudo base pair was found stable enough to

connect between the DNA duplexes when they were introduced at the 5' overhang
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Figure 1-7. Examples of threoninol nucleotides.

positon of the DNA duplexes.>® Note that, this cationic pseudo base pair was thermally
far more stable than any native nucleobases. Furthermore, we reported photoreactive
pseudo base pairs using azobenzene derivatives with photoisomerization reactivity.>*>
Compound 16 were found to isomerize upon UV/Vis photo irradiation. Based on this

cis-trans isomerization, 16 served as a photoreactive pseudo base pair which stabilize

10



the DNA duplex through =-7 interaction at trans-form while the duplex was destabilized

or dissociated at cis-form due to their nonplanar structures. This cis/trans isomerization

of azobenzene successfully and reversibly controlled the hybridization/dissociation of

DNA duplex through UV/visible light irradiation. Thus, sequence expansion,

stabilization, and functionalization have been achieved by introducing various types of

artificial pseudo base pairs into DNA strands.

1-4 Purpose of this study

In this study, we developed several novel pseudo base pairs with unique

functionalities. These pseudo bases are expected to enlarge the application of DNA as a

nanomaterial.

First, we demonstrate hetero selective pseudo base pairs with electrostatically

complementary designs. Pseudo base pairs with high orthogonality with native

nucleobases allow us to expand the sequence patterns, and hence, to construct more

complicated hybridization based systems. To let them have high orthogonality with

native base pairs, we focused on the electrostatic complementarity of aromatic

molecules. We adopted electron-rich and electron-deficient aromatic molecules as

pseudo bases, and expected them to recognize each other hetero-selectively through

11



electrostatic interaction between the donor and acceptor residues.

In chapter 2, donor-acceptor pseudo base pair using azobenzene derivatives is

described. Their stability, selectivity, and the effect of chirality of the linkers were

investigated. And in chapter 3, another series of donor-acceptor pseudo base pair using

pyrene and anthraquinone is demonstrated. In this series, hetero-pairing of pseudo bases

were able to monitor through fluorescent measurements. Moreover, a totally artificial

hetero-duplex formation, that is, a hetero-duplex composed of pseudo base pairs only

was investigated using this pseudo base pair.

Second, we demonstrate pseudo base pairs with photo-crosslinking abilities. We

introduced two p-stilbazole moieties at complementary position of DNA duplex and

expected them to crosslink the DNA duplex through [2+2] photocycloaddition. The

reaction was investigated in details through UV-vis, HPLC, and NMR measurements,

which are demonstrated in chapter 4.

Additionally, the reactivities of various stilbene derivatives were investigated by

using DNA duplex as a scaffold in chapter 5. In chapter 4, [2+2] photodimerization of

stilbazoles were used to crosslink the DNA duplex. On the other hand, it was found that

this photo-crosslinking reaction could also be regarded as DNA scaffolded [2+2]

photodimerization of stilbene derivatives. Therefore, reactivities of various stilbene

12



derivatives were investigated using this DNA scaffolded approach. Moreover, not only
the reactivities of homo-photodimerizations (photodimerization between the same
derivatives), but also the reactivities of hetero-photodimerizaitons (photodimerization
between the different derivatives), which were almost impossible to examine in solution,

were investigated.
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Chapter 2. Development of a hetero-selective pseudo

base pair with electrostatically complementary design

2-1 Abstract

In chapter 2, we describe a novel pseudo base pair designed with electrostatic
complementarity. We adopted nitro- and dimethylamino- modified azobenzene
derivatives as an acceptor and a donor respectively. It was found that, acceptor/acceptor
or donor/donor pairs sufficiently stabilized the DNA duplex when they were introduced
at the complementary positions at the center of DNA duplexes. Also, they were able to
form a pseudo base pair at the 5’-overhang positon of the duplexes, which indicates they
served as a pseudo base pair without the cooperative assistance by native nucleobases.
Moreover, azobenzene pseudo base pairs showed a significant stabilization with
donor/acceptor pair, compared with donor/donor or acceptor/acceptor pairs.
Introduction of nitro group to the donor azobenzene drastically decreased the stability of
the hetero-pseudo base pair, which indicates that the donor/acceptor pair was certainly
stabilized by interaction between the donor and acceptor residues. Furthermore, this
hetero-pseudo base pair was found to recognize the chirality of the linkers and

right-handed donor formed stable pair with right handed-acceptor and vice versa.
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2-2 Introduction

DNA duplex is a molecular architecture with vast properties which allows them to
serve as an ideal scaffold to align non-native aromatic molecules. Complementary
hydrogen bondings and stacking interactions between native nucleobases, combined
with hydrophobic effects, contribute to the formation of the DNA duplex with
remarkable sequence specificity. And since native base pairs are stacked in well-defined
ladder-like fashions, DNA duplex could be exploited as a scaffold to arrange aromatic
residues in a precise manner. DNA duplex scaffold enables us to construct stacked
aggregate of aromatic molecules with well-defined and predicted structures, which
allows us to construct functional supramolecular aggregates with predicted structures, as
well as to prepare ideal system for theoretical investigation."® Indebt to ladder-like
stacked manner of DNA duplex scaffold, properties of aromatic non-native residues,

® energy transfer,”® or exciton coupling®'® has been

such as electron transfer,”
investigated in the context of DNA duplex.

On the other hand, non-native molecules aligned in the DNA duplex have capability
to serve as a “pseudo base pair”, that is, a non-native residues which stabilize the DNA

duplex as well as, or more than, the native nucleobases. For example, Leumann et al.

reported non-native aromatic molecules tethered on D-ribose scaffold serve as a pseudo
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base pair and stabilize the DNA duplex.*** Also, our group reported that aromatic
molecules tethered on D-threoninol scaffold serve as a pseudo base pair in the context of
DNA duplex, and found that they have high orthogonality with native nucleobases.***
These pseudo base pairs stabilize the DNA duplex through =-r interaction of the
aromatic rings, and there are several reports on pseudo base pairs using this kind of
interaction.

Previously, our group reported a stacked pseudo base pair with additional interaction
than m-stacking. In the report, we adopted p-methylstilbazolium as a pseudo base pair
and aligned them at the central position of the DNA duplex.*® The p-methylstilbazolium
pseudo base pairs were found to stabilize the duplex not only by n-stacking, but also by
electrostatic interaction between the positive charge of the dye and the negative charge
of the phosphate at the backbone of counter strand. This cationic base surrogate was
found to stabilize the duplex more than the GC pairs, which is the most stable pair in
nature. More interestingly, it was found that this cationic base pair was stable enough to
connect the DNA duplexes with only 3 mer pairs.’

However, reported stacked-type pseudo base pairs were all homo-selective and

hetero-selective recognition, the selective recognition and pairing between the different

residues, was yet difficult to achieve by stacked base surrogates. Nevertheless,
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hetero-selective pairing is just important recognition mode since it contributes to the
expansion of the sequence patterning and subsequent designing of complicated
hybridization-based systems. For example, only one pattern of pairing could be formed
with homo-pairs (Fig. 2-1a). In contrast, hetero-pairing leads to two patterns of pairing
on each pairs, and sequence pattern increases exponentially as the number of the pair
increases (Fig. 2-1b). Thus, hetero-pairing is a promising recognition mode which may
act as an additional base pair to diversify the sequence patterns.

In order to construct such hetero-recognition system, we focused on the electrostatic
complementarity of aromatic molecules.’*# In this chapter, we adopted donor- and
acceptor- modified azobenzene derivatives as a pseudo base pair and expected them to

stabilize the DNA duplex hetero-selectively through the electrostatic complementarity.

Homo

T ) N

Hetero

Figure 2-1. lllustration of pairing patterns of DNAs containing a) homo- or b)
hetero-selective pseudo base pairs,
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When the donor and acceptor residues were paired at the center of the DNA duplex, the

thermal stability of the duplex drastically increased with donor/acceptor pair compared

to donor/donor or acceptor/acceptor pairs. Moreover, this pseudo base pair showed an

excellent selective hetero-complexation even when they were introduces at 5' overhang

positions of the DNA duplex, where they are no longer forced to form a

hetero-aggregates.

2-3 Results and discussions

2-3-1 Photophysical properties and thermal stabilities of donor/acceptor

azobenzene pseudo base pairs

Here, p-nitroazobenzene (N) and Methyl Red (M) were used as an acceptor- and a

donor-type azobenzenes and expected them to recognize each other through their

electrostatic complementarity (Figs. S2-1a, b). Azobenzene residues were introduced

into the DNA strands through D-threoninol linker using standard solid-phase DNA

synthesis (Fig. 2-2). In this study, we investigated on two series of duplexes. First is

center series, which the azobenzene residues were introduced at the complementary

positions at the center of DNA duplexes (Scheme 2-1a). And second is overhang series,

which azobenzenes were introduced at 5 overhang positions of DNA duplexes (Scheme

2-1b). With the center series, we investigated the spectroscopic behavior and stability of
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N6éa: 5-GGTATCNNNNNNGCAATC-3' ‘HW/@/
N6b: 3-CCATAGNNNNNNCGTTAG-5' N

Méa: 5-GGTATCMMMMMMGCAATC-3' o=p-0r
Méb: 3-CCATAGMMMMMMCGTTAG-5' :

N6Oa: 5-NNNNNNGGTATCGCAATC-3' 5'

N

M6Oa: S5-MMMMMMGGTATCGCAATC-3' \"/@/ ’@
o]
-0

3 I

na: 5'-GGTATCGCAATC-3' j\
nb: 3'-CCATAGCGTTAG-5' o

o= FI’
3
Figure 2-2. Sequences and chemical structures of oligomers containing N or M residues.
A, G, C, and T represents 2’-deoxyribonucleotides.

Scheme 2-1. Schematic illustration of N/M hetero-pair formation in DNAs a) M6a/N6b,
and b) N60a/nb+M60a/nb.
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N/M hetero pair against N/N or M/M homo-pairs. And the selectivity of N/M hetero
pseudo base pair itself was investigated using the overhang series.

First, the spectroscopic character of N/M hetero-pairing compared to N/N or M/M
homo-pairs was investigated using center series sequences. The UV-vis spectra of

N6a/N6b or M6a/M6b showed a hypsochromic shift of the band as the temperature was
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lowered from 80 °C to 0 °C (Figs. 2-2a, b). Such hypsochromic shift is characteristic of
H-type homo-aggregation of the dyes, and hence, it was indicated that N or M residues
formed a cluster within DNA duplexes. Positive-negative cotton effect observed in CD
spectra indicated that N or M residues formed a right-handed helical structure within
DNA duplex (Figs. 2-3 ¢, d). This result is consistent with the previous report which

also indicated that the dyes tethered on D-threoninol linkers prefer to form right-handed
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Figure 2-3. UV-vis and CD spectra of a), c) N6a/N6b, and b), d) M6a/M6b (5.0 uM
each strand) at indicated temperatures. Conditions: 100 mM NaCl, 10 mM phosphate

buffer (pH 7.0).
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aggregates.

In contrast, M6a/N6b showed a distinct bathochromic shift of the band along the
lowering temperature (Fig. 2-4a). Bathochromic shift of the band could be assigned to
H-type hetero-aggregation of the dye molecules, suggesting that N and M residues

formed a hetero-aggregate and interacted with each other in M6a/N6b. In order to
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Figure 2-4. a) UV-vis spectra of M6a/N6b (5.0 uM each strand) at indicated
temperatures. b) Comparison of UV-vis spectra of M6a/N6b (red line) with the
mathematical sum (blue line) of single stranded N6b (orange broken line) and M6a
(green broken line) at 0 °C; strand concentrations 5.0 uM. ¢) CD spectra of M6a/N6b
(5.0 uM each strand) at indicated temperatures. Conditions: 100 mM NaCl, 10 mM
phosphate buffer (pH 7.0).
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confirm that the bathochromic shift was caused by the interaction between N and M
residues, the spectrum of M6a/N6b was compared with a sum spectrum of each single
strands. Blue line in Fig. 2-4b shows the sum spectrum of single stranded M6a and N6b
at 0 °C. Compared to this spectrum, the spectrum of M6a/N6b showed a bathochromic
shifted band around 340 and 450 nm respectively. From this result, it was confirmed
that the observed red shift in M6a/N6b certainly caused by the interaction between N
and M residues. Thus, it was indicated that N/M hetero-aggregate was formed in DNA
duplex, and their spectroscopic character was identified. Though CD spectra of
M6a/N6b were difficult to render, we believe they formed a right-handed aggregate as
well as N6a/N6b or M6a/N6b (Fig. 2-4¢).

Then, we measured the thermal stability of N/M hetero pair through melting
measurements of the duplex. Two melting temperatures (TyS) at different wavelength

were determined for each samples; 260 nm for hybridization of native DNA part (Tn2%%)

and 350-450 nm for aggregation of dye part (T,n™). Table 2-1 shows the obtained Tps
for each sequence. Compared to T,2* of native na/nb of 47.7 °C, all the three duplexes
containing homo- or hetero-azobenzene pairs showed higher T,,**’s of 76.7, 66.4 and

65.9 °C for N/M, N/N and M/M pairs respectively, which indicates that azobenzenes

served as a pseudo base pairs to stabilize the duplex. Noteworthy, M6a/N6b showed the
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Table 2-1. Melting temperatures of duplexes containing N or M residues.

Sequence T .20 e T2 Pcl
M6a/N6b 76.7 81.3
N6a/N6b 66.4 66.3
M6a/M6b 65.9 67.5
na/nb 47.7 n.d.M

[a] Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM each
oligomer strand. [b] Melting temperature determined from the absorbance at 260 nm. [c] Melting
temperatures determined from the absorbance due to N/M, 420 nm; N/N, 350 nm; M/M, 450 nm;
these wavelengths were those of most significant change for each series. [d] No absorption found
around 350-450 nm.

highest T2 among the three duplexes containing azobenzenes. This result clearly
indicates that N/M hetero-pair significantly stabilized the duplex more than N/N or
M/M homo-pairs. Moreover, interestingly, T,m®® was about 5 °C higher than T,2% with
Tm?®. Such coincidence indicates that the double-helix formation occurred M6a/Néb,
whilst N6a/N6b and M6a/M6b showed a coincidence between T,*¢ and cooperatively.
In other words, it was suggested that the dye part of M6a/N6b was so stable as to form

N/M hetero pair without hybridization of native DNA part at high temperatures.

2-3-2  Sequence selectivity of donor/acceptor pairs at overhang positions
From this result, it was suggested that N/M hetero pair could be formed without any
scaffolding by native DNAs. Then next, we investigated the spontaneous N/M hetero

pairing using the overhang series. With the overhang series, N or M residues were
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introduced at 5° overhang positions of DNA strands and the aggregation is no longer

assisted by native DNAs. Hence, the azobenzenes were allowed to form both homo- and

hetero-aggregates in the overhang series. We investigated the sequence selectivity,

whether the N/M hetero-aggregate is formed, through the spectroscopic measurements

of overhang series.

Firstly, we investigated the N/N or M/M homo-pairing abilities within overhang

series. As the temperature was lowered, hypsochromic shift of the bands, which were

very similar to that of center series, were observed with both N6Oa/nb and M60Oa/nb

(Fig. S2-2). When these spectra were compared to that of center series, they showed a

very good coincidence, which clearly indicates that N/N or M/M homo-pairs were

formed with overhang series (Fig. 2-5). CD measurements revealed that azobenzene
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Figure 2-5. a) Comparison of UV-vis spectra of N60Oa/nb (blue line) with N6a/N6b
(red line) at 0 °C. b) Comparison of UV-vis spectra of M6Qa/nb (blue line) with
M6a/M6b (red line) at 0 °C; Conditions: 5.0 uM each strands. 100 mM NaCl, 10 mM
phosphate buffer (pH 7.0).
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residues at 5° overhangs formed a right-handed aggregate as well as center series (Fig.
S2-3). Also, single-stranded N60Oa and M60Oa were found to form N/N or M/M
homo-pairs (Fig. S2-4 and Table S2-1), suggesting that the homo-azobenzene pairs are
stable enough to form an aggregate without scaffolding by native DNAs.

Then, UV-vis spectra for N/M hetero-pairing were measured by mixing the same
amount of N6Oa/nb and M60a/nb duplexes. UV-vis spectra of N60Oa/nb+M60a/nb
showed a bathochromic shift of the band along the lowering temperature which was
very similar to the spectral shift observed with center series (Fig. S2-5). Also, the
spectrum of N60Oa/nb+M60a/nb showed a red-shifted band compared to the sum
spectrum of N6Oa/nb and M6Oa/nb (Fig. 2-6a). Moreover, the spectrum of
N60a/nb+M60a/nb showed a good coincidence to M6a/N6b (Fig. 2-6b). From these
results, it was indicated that N/M hetero aggregate was selectively formed with
overhang series. In other words, selective hetero-pairing in overhang series suggests that
the thermal stability of N/M hetero-pair was far more stable compared to N/N or M/M
homo pairs. Then, we measured the melting temperatures of overhang series. Table 2-2

shows the results of melting measurements. When we look at the T,2%°

s, slight
stabilization about 3-6 °C were observed with azobenzene containing DNAs compared

to native na/nb. This stabilization seems quite natural since the azobenzene residues at
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Figure 2-6. a) Comparison of UV-vis spectra of N60Oa/nb+M60Oa/nb (red line) with
the mathematical sum (blue line) of single stranded N60a/nb (orange broken line) and
M60a/nb (green broken line) at 0 °C; strand concentrations 5.0 uM. b) Comparison od
UV-vis spectra of N6Oa/nb+M60a/nb (red line) with M6a/N6b (blue line) at 0 °C;
strand concentrations 5.0 uM. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH
7.0).

Table 2-2. Melting temperatures of overhang series containing N or M residues.™

Sequence T2 Pc™ T2 Pcl®
N6Oa/nb+M60a/nb 53.4 >80
N60Oa/nb 50.8 30.6
M60a/nb 50.2 27.6
na/nb 47.7 n.d.[

[a] Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM each
oligomer strand. [b] Melting temperature determined from the absorbance at 260 nm. [c] Melting
temperatures determined from the absorbance due to N/M, 420 nm; N/N, 350 nm; M/M, 450 nm;
these wavelengths were those of most significant change for each series. [d] No absorption found
around 350-450 nm.

5’ overhang position should stack with flanking native base pairs and repress the
destabilization caused by the breathing of terminus base pairs.”* On the other hand,
interestingly, while the homo-pairs, N60Oa/nb and M60Oa/nb, showed T,™*s of 30.6 and

27.6 °C respectively, the T»*¢ of N60Oa/nb+M60a/nb was extremely high as more than
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80 °C. Note that, no such drastic difference was observed between homo- and
hetero-pairs with center series. The reason for this should be due to the cooperative
effect of center series. With the homo-center series, double-helix formation of the DNA
part and the dye part occurs simultaneously, and hence, the azobenzene modified strands
should serve as an 18 mer long oligonucleotide sequence. This cooperative effect makes
it difficult to evaluate the intrinsic stability of N/N or M/M homo-pairs which the
hybridization of the DNA part and the dye part occurred simultaneously. On the other
hand, with the overhang series, hybridization of the DNA part and the dye part occurs
independently. Therefore, it could be considered that the intrinsic stabilities of the dye
part themselves were observed with overhang sequences.? So, it could be concluded
that the stability of N/M hetero-pair was far more stable than N/N or M/M homo-pairs.
Thus, it was indicated that N and M residues form a highly stable aggregate with

excellent selectivity without the scaffolding assist by native DNAs.

2-3-3  Confirmation of stabilization through electrostatic complementarity
Next, we investigated whether the extreme thermal stability of N/M pairs were due to
the electrostatic complementarity of N and M residues. In order to test that, nitro group

modified M residue, Nitro Methyl Red (R), was synthesized and introduced into DNA
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strands (Fig. 2-7). According to DFT calculation, R residue showed a lowered
n-electron density compared to M residues which induced by the electron withdrawing
nitro group (Figs. S2-1b, c). Therefore, if N/M pair was stabilized by their electrostatic
complementarity, the thermal stability of N/R pair should show lower thermal stability
compared to N/M pair. We investigated the thermal stability of N/R pair within center
or overhang series. Fig. 2-8a shows UV-vis spectrum of R6a/N6b. As the temperature
was lowered, the absorption band showed a bathochromic shift, which could be
assigned to N/R hetero pair formation. Also, the overhang series, N60Oa/nb+R60a/nb,
showed red-shifted band which was not observed with N60Oa/nb or R60a/nb only
(Figs. 2-8b, c). And the spectrum of N60Oa/nb+R60a/nb coincided with that of
R6a/N6b which indicates that N/R hetero-aggregate was formed selectively with N-,
R-overhang series (Fig.2-8d). Thus, it was confirmed that N/R hetero-aggregates were

selectively formed both with the center and the overhang series.

: o
o NN
R6a: 5-GGTATCRRRRRRGCAATC-5' iN NO,
R 0
9
0=P-0'

R60Oa: 5-RRRRRRGGTATCGCAATC-3'

Figure 2-7. Sequences and chemical structures of oligomers containing R residues. A,
G, C, and T represents 2’-deoxyribonucleotides.
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Figure 2-8. UV-vis spectra of a) R6a/N6b and b) N6Oa/nb+R60a/nb (5.0 uM each
strand) at indicated temperatures. ¢) Comparison of UV-vis spectra of R6a/N6b (red
line) with the mathematical sum (blue line) of single stranded N6b (orange broken line)
and R6a (green broken line) at 0 °C; strand concentrations 5.0 uM. d) Comparison od
UV-vis spectra of N60Oa/nb+R60a/nb (red line) with R6a/N6b (blue line) at 0 °C;
strand concentrations 5.0 uM. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH
7.0).

Then we measured the melting temperatures of N/R hetero series to compare their
thermal stability with N/M hetero series. Table 2-3 shows the results of melting
measurements of N/R hetero series. The center series at first, showed the T,,*® of 55.5
°C which was 10.0 °C less stable compared to that of M6a/N6b of 76.7 °C. And the

distinct difference between T,%¢ and T,2%°, as observed with M6a/N6b, was not
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Table 2-3. Melting temperatures of N/R hetero-series.

Sequence T 2% Pcp® T e
R6a/N6b 71.2 72.4
N60a/nb+R60a/nb 52.9 45.0

[a] Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM each
oligomer strand. [b] Melting temperature determined from the absorbance at 260 nm. [c] Melting
temperatures determined from the absorbance at 420 nm where the most significant change was

observed for N/R complexation.

observed with R6a/N6b, which suggests that the stability of /N/R complex was not
stable and the hybridization of DNA part and the aggregation of the azobenzenes
occurred simultaneously. Also, the T%¢ of N60a/nb+R60a/nb was 50.0 °C and 10 °C
lower than that of N6Oa/nb+M60a/nb of more than 80 °C. Thus, it was identified that
N/R hetero-pair is less stable compared to N/M hetero-pair both in center and overhang
series. This lower stability of N/R hetero-pair is very likely due to the less electrostatic
complementarity as we designed. From this result, it was suggested that electrostatic
complementarity is an important factor to form a stable donor/acceptor hetero-pair, and

hence, N/M hetero-pairs showed extremely high thermal stabilities.

2-3-4  Properties of L-threoninol linkers
Finally, we tried to add further recognition mechanism, which is orthogonal to

donor-acceptor recognition, to the N/M hetero-pairs in order to give them more versatile
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recognition. To expand the recognition mode of N/M hetero pairs, we focused on the
charity of the linkers. Here, L-threoninol linker was used in addition to D-threoninol
linker (Fig. 2-9). As described above, dyes tethered on D-threoninol linkers incline to
form right-handed helical structures, and vice versa.?***# According to this disposition,
we expected N and M residues to selectively recognize each other not only by
electrostatic complementarity but also by the chirality of the linkers as native
nucleobases with D-ribose backbones does not form a duplex with L-ribose backbones.
2627 gequences containing N or M residues tethered on L-threoninol (N, M,) are

shown in Fig. 2-10.

?
0=P-0- 0=

D-threoninol L-threoninol

Figure 2-9. Chemical structures of D-threoninol and L-threoninol.

oy iog
b ! Nay
NLBa: 5'-GGTATCN N N N N N GCAATC-3' N k[ T
L WwWg
o=|§—0'

Oz

L L L L L L

N 6b: 3-CCATAGN N N N N N CGTTAG-5'

L'LLLLL
M6a: 5-GGTATCM M M, M M M GCAATC-3' :
M6b:  3-CCATAGM M M M M M CGTTAG-5' 3 |

(R R R R R 5

N 60a: 5-NNNNNN GGTATCGCAATC-3'

| Py e e e T 8

M 60a: 5-M MM M M M GGTATCGCAATC-3'

LLLL L

7
Z’
Z
/

-

Q

ﬁ -
w lm‘ln—o
o]

Figure 2-10. Sequences and chemical structures of oligomers containing N_ or My
residues. A, G, C, and T represents 2’-deoxyribonucleotides.
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Firstly, we investigated the spectroscopic behavior, as well as thermal stabilities, of
L-threoninol series at the center position of DNA strands. Compared to D-threoninol
series, all three N_6a/N, 6b, M 6a/M_ 6b and N 6a/M, 6b showed very similar spectral
shift along the hybridization, hypsochromic- and bathochromic-shift for homo- and
hetero-pairs respectively, and their spectra at duplex state showed a good coincidence
with that of D-threoninol series (Figs. 2-11a, b, c). This coincidence indicates that
azobenzenes tethered L-threoninol linker formed well-stacked aggregates as well as
D-threoninol series. In contrast, CD spectra of L-threoninol series were totally different

from D-threoninol series. As described above, azobenzenes tethered on D-threoninol
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Figure 2-11. Comparison of UV-vis or CD spectra between a), ¢) N6a/N6b (blue line)
and N_6a/N_6b (green line), b), e) M6a/M6b (blue line) and M 6a/M, 6b (green line),
and c), f) M6a/N6b (blue line) and N_6a/M_6b (green line) at 0 °C; strand
concentrations 5.0 uM. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0).
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Table 2-4. Melting temperatures of center series with L-threoninol linkers.™

Sequence T .22 Pc™ T2 e
N, 6a/M_6b 70.9 735
N_6a/N, 6b 59.5 58.9
M, 6a/M_6b 65.0 65.8

[a] Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM each
oligomer strand. [b] Melting temperature determined from the absorbance at 260 nm. [c] Melting
temperatures determined from the absorbance due to N/M, 420 nm; N/N, 350 nm; M/M, 450 nm;

these wavelengths were those of most significant change for each series.

linkers incline to form right-handed aggregate, which was identified through
positive-negative cotton effect of homo-series. On the other hand, CD spectra of
L-threoninol series showed absolutely inversed CD signals compared to D-threoninol
series, which clearly indicate that the left-handed aggregates were formed with all three
N_6a/N_ 6b, M _6a/M_6b and N _6a/M_6b (Figs. 2-11d, e, f). Then we measured the
melting temperatures of L-threoninol series (Table 2-4). As a result, N 6a/M 6b

260 a5 70.9 °C among the three

containing N_/M_ hetero-pair showed the highest T
duplexes, while the Tn?*%s of N_6a /N_6b and M, 6a /M_6b were 59.5 °C and 65.0 °C
respectively. From this result, it was confirmed that the stabilization through
theelectrostatic complementarity of the azobenzene residues was still consistent with
L-threoninol linkers. On the other hand, when the melting temperatures of the

L-threoninol series in Table 2-4 were compared to that of D-threoninol series in Table

2-1, it was found that the melting temperatures of D-threoninol series were higher than
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L-threoninol series with all three N/N, M/M homo- and N/M hetero-pairs. This

difference is very likely due to the different helicity of the dye aggregates induced by D-

or L-threoinol linkers. As described above, azobenzenes tethered on D- or L-threoniol

linkers tended to form right- and left-handed duplexes respectively. And of course, the

native DNAs form right-handed duplexes. Therefore, it was suggested that right-handed

D-threoninol linkers were more preferable for right-handed native DNAs which is

unlikely to cause substantial structural disruption of the backbones and subsequent

entropic loss, and vice versa.

Then, we investigated the spectroscopic behavior and their conformations of

L-threoninol series at the 5' overhang position of DNA strands. We measured the UV-vis

spectra of N 60a/nb, M 60a/nb and N  60a/nb+M 60a/nb and compared them with

that of D-threoninol series. As a result, as well as center series, the UV-vis spectroscopic

behavior of L-threoninol-overhang series were very similar to that of D-threoninol series,

and the spectra of L-threoninol series at duplex state showed excellent coincidence with

D-threoninol series (Figs. 2-12a, b, c¢). Thus, it was confirmed that L-threoninol-

overhang series formed well-stacked aggregates as well as D-threoninol series. On the

other hand the CD spectra of L-threoninol were totally different from those of

D-threoninol series. As well as center series, the CD signals were definitely inversed
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Figure 2-12. Comparison of UV-vis or CD spectra between a), c) N6Oa/nb (blue line)
and N_60a/nb (green line), b), €) M60O/nb (blue line) and M _60a/nb (green line), and
c), f) N6Oa/nb+M60a/nb (blue line) and N, 60a/nb+M, 60a/nb (green line) at 0 °C;
strand concentrations 5.0 uM. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH
7.0).

with all three L-threoninol overhang series and was indicated that L-threoninol overhang
series formed left-handed aggregates as well as L-threoninol center series described
above (Figs. 2-12d, e, f). As thus, the spectroscopic behaviors of UV-vis and CDs of
L-threoninol-overhang series were very similar to L-threoninol center series.
Interestingly however, the results of melting measurements of L-threoninol-overhang
series showed distinct difference from center series. Table 2-5 shows the melting
temperatures of L-threoninol overhang series. As described above, it was found that

L-threoninol series were less stable than D-threoninol series when the center series. In
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Table 2-5. Melting temperatures of overhang series with L-threoninol linkers."

Sequence T .22 Pc™ T2 e
N_60a/nb+M,_60a/nb 51.0 >80
N, 60a/nb 52.8 322
M_60a/nb 49.4 27.6

[a] Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM each
oligomer strand. [b] Melting temperature determined from the absorbance at 260 nm. [c] Melting
temperatures determined from the absorbance due to N/M, 420 nm; N/N, 350 nm; M/M, 450 nm;

these wavelengths were those of most significant change for each series.

contrast, the melting temperatures of the L-threoninol overhang series almost coincided

with those of D-threoninol series (compare Tables 2-2 and 2-4). This result seems quite

reasonable since azobenzenes are located at outside of the DNA duplexes with the

overhang series and the structures at the overhang positions do not likely seem to affect

the structures of native DNA parts. Thus, it was confirmed that D-threoninol linkers are

preferable for center series to form stable duplexes, and both D- and L-threoninols

serveas well in overhang series.

2-3-5  Recognition ability between the linkers with different chiralities

Then finally, we investigated the recognition ability through the difference of

chirality between D- and L-threoninols. Here, N with D-threoninol and M with

L-threoninol linkers were used. First, we confirmed N/M_ hetero aggregate formation

through UV-vis measurements. Fig. 2-13a shows the result of N6a/M 6b duplex.

39



&
O

~

=

1 -
0.8
08
3 ! 3
c / c 0.6
506 g
§ ;‘ § 0.4
204 | 2"
02 p ! 0.2
~ /
N
0 . . . 0
300 350 400 450 500 550 600 300 350 400 450 500 550 600
Wavelength / nm Wavelength / nm

Figure 2-13. a) Comparison of UV-vis spectra of N6a/M_6b (red line) with the
mathematical sum (blue line) of single stranded N6a (orange broken line) and M 6b
(green broken line) at 0 °C; strand concentrations 5.0 pM. b) Comparison of UV-vis
spectra of N60Oa/nb+M 60a/nb (red line) with the mathematical sum (blue line) of
N6Oa/nb (orange broken line) and M 60a/nb (green broken line) at 0 °C; strand
concentrations 5.0 uM. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0).

Similar to the above described N/M or N./M_ hetero-pairs, red-shifted was observed
compared to the sum spectrum of each single strands. Such red-shift was also observed
with N60a/nb+M 60a/nb. Thus, it was indicated that N/M_ hetero aggregate were
formed, even though their chirality of the linkers were different. Then we investigated
the thermal stability of N/M_ hetero-pairs. Table 2-6 shows the result of melting
measurements. As a result, the melting temperature of N6a/M, 6b was 74.2 °C which
was in between of M6a/N6b (T, =76.7 °C) and N 6a/M_6b (T,=70.9 °C). Thus, it was
indicated that the duplex was most stabilized with D-/D-threoniol pair and least with

L-/L-threoninol pair. This result suggests that right handed D-/D-threoniol pair was
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Table 2-6. Melting temperatures of N/M hetero-series with L-threoninol linkers.

Sequence T .2 [°c® TPy
N6a/M,_6b 74.2 7.7
N60Oa/nb+M, 60a/nb 49.7 66.5

[a] Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM each
oligomer strand. [b] Melting temperature determined from the absorbance at 260 nm. [c] Melting
temperatures determined from the absorbance at 420 nm where the most significant change was

observed for N/M complexation.

most preferable for right handed DNA duplex as described above. And the higher
thermal stability of N6a/M_6b than N_6a/M_6b might be due to the less entropic loss
compared to left-handed N, /M, pair. Hence, the recognition ability through the
chiralities of the linkers was yet unclear through the measurements of center series. In
contrast, the melting temperature of N/M__ pairs at overhang position (T, =66.5 °C) was
far more lower than N/M or N_/M__ pairs (T, >80 °C). As described above, pseudo base
pairs introduced at overhang positions were not affected by the right-handed helicity of
native DNA parts. Therefore, the difference of melting temperature between N/M,
N./M., N/M_ pairs at overhang positions should represent the effect of recognition
ability through the chiralities of the linkers. Hence, it was indicated that N and M
residues recognizes each other not only by electrostatic complementarity but also by
chiralities of the linkers and D- or L-donors formed more stable pair with D- or

L-acceptors respectively.
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2-4 Conclusions

In summary, we successfully demonstrated hetero-selective pseudo base pair

formation using p-nitroazobenzene and Methyl Red. UV-vis measurements indicated

predicted homo- or hetero-aggregates were formed at the center positon of DNA duplex

and the duplex was significantly stabilized with hetero-pairs compared to homo-pairs.

Also, p-nitroazobenzene/Methyl Red pairs showed excellent sequence selectivity and

high thermal stability when they were introduced at 5' overhang positions. Nitro group

modification to the donor residues indicated that the high thermal stability of the

hetero-pairs were due to the electrostatic complementarity of the azobenzene residues.

Moreover, p-nitroazobenzene/Methyl Red pairs showed the sequence selectivity

through the chirality of the linkers. p-Nitroazobenzene tethered on right-handed

D-threoninol linkers formed a more stable duplex with Methyl Red tethered on

D-threoninol linkers, and also L- with L-. The donor/acceptor azobenzene pseudo base

pairs showed high thermal stability and excellent sequence selectivity, and also its

recognition through electrostatic complementarity or chirality of the linker are

orthogonal to the hydrogen bonding recognition of native nucleobases. Therefore, this

hetero-selective azobenzene pseudo base pair is a promising candidate which allows us

to construct more stable and complicated nano-architectures.
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2-5 Experimental section

Materials

All conventional phosphoramidite monomers, CPG columns, and reagents for DNA
synthesis 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.

Synthesis of ODNs

All the modified ODNs were synthesized on an automated DNA synthesizer (H-8-SE,
Gene World) by using phosphoramidite monomers bearing N, M, R, N, or M.
Syntheses of phosphoramidite monomers M and Z were reported previously. N was
synthesized as described in the Appendix Information. After workup, ODNs were
purified by reversed phase HPLC and characterized using a matrix-assisted laser
desorption ionization time-of-flight mass spectrometer (MALDI-TOF; Autoflex I,

Bruker Daltonics).
Spectroscopic Measurements

UV-vis spectra were measured on a Shimadzu UV-1800 equipped with programmed
temperature-controllers using 10-mm quartz cells. CD spectra were measured on a
JASCO model J-820 equipped with programmed temperature-controllers using 10-mm

quartz cells.
Melting Temperature Measurements

The melting curves were obtained with a Shimadzu UV-1800 by measuring the change
in absorbance at 260, 350, 400, 420, or 450 nm versus temperature. Both the heating
and the cooling curves were measured, and the melting temperatures (Tn) were
determined from the maximum in the first derivative of the melting curves. The shown
Tms were obtained from the average between the heating and the cooling, and only the

heating curves are shown. The temperature ramp was 0.2 °C min™*,
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2-7 Appendixes

Synthesis of p-nitroazobenzene phosphoramidite monomer

Q N NO.
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Scheme S2-1. Synthesis of phosphoramidite monomers tethering p-nitroazobenzene.
Reagents and conditions: a) NH4Cl, Zn, 2-methoxyethanol, FeCls, methanol, r.t., 30 min,
yield: 87.0%. b) Acetic acid, r.t.,, few days, yield: 49.0%. c) NaOHaqg, ethanol,
chloroform, r.t., overnight, yield: quant. d) DCC, HOBt, NEt;, DMF, r.t., overnight,
yield: 51.0%. e) (iPr),NP(CI)(OCH,CH,CN), NEts, THF, 0 °C, 20 min, yield: quant.

Compound 4 was synthesized according to the previous report. The phosphoramidite

monomer tethering p-nitroazobenzene was synthesized as follows:

Synthesis of Compound 1: To a stirred solution of ethyl-4-nitrobenzoate (20.0 mmol,
3.90 g) in 2-methoxyethanol (45 mL), NH4CI (30.0 mmol, 1.60 g) in water (12 mL) was
added. To the stirring mixture on water bath, Zn powder (52.0 mmol, 3.40 g) was
gradually added. After 30 min stirring, Zn powder was removed by filtration and the
solution was substituted with nitrogen gas. To the stirred solution, solution of FeCls;
(50.0 mmol, 8.11 g) in water (90 mL) and ethanol (25 mL) was added dropwise at -5 °C
under nitrogen atmosphere. After 40 min stirring, water (200 mL) was added and the
precipitated solid was collected by filtration. The obtained solid was used for next

reaction without further purification. Yield: 87.0%
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Synthesis of Compound 2: Compound 1 (17.4 mmol, 3.12 g) and 4-nitroaniline (28.0
mmol, 3.86g) were dissolved in glacial acetic acid (100 mL) and stirred for few days
under light shielding condition. After few days, ethyl acetate was added to the mixture
and the organic layer was washed with water, saturated solution of NaHCO3 (twice),
and brine. After drying over MgSQ,, the solvent was removed by evaporation. The
obtained residue was suspended in hexane (50 mL) and refluxed. To the suspension,
ethyl acetate was gradually added until the all solid dissolved. The solution was keeped
at 4 °C for overnight, and precipitate was collected by filtration. The obtained residue
was purified by silica gel column chromatography using toluene as eluent. Yield: 49.0%.
'H NMR [DMSO-ds, 500 MHz] =8.44 ppm (d, 2H, J= 9.0 Hz, aromatic protons),
0=8.18 ppm (d, 2H, J= 8.5 Hz, aromatic protons), 6=8.12 ppm (d, 2H, J= 7.0 Hz,
aromatic protons), 6=8.05 ppm (d, 2H, J= 8.0 Hz , aromatic protons), 6=4.43 ppm (q,
2H, J=7.5 Hz, CH3-CH,-O-CO-R), 6=1.34 ppm (t, 3H, J=7.5 Hz, CH3-CH,-O-CO-R).

Synthesis of Compound 3: To a stirred suspension of Compound 2 in ethanol (360 mL),
aqueous NaOH (2 mmol/L, 120 mL) was added, then chloroform was added until the all
solid dissolved. The solution was stirred for overnight under light shielding condition.
After overnight stirring, the solution was acidified with agqueous HCI to pH 5, and then
solvent was removed by evaporation. The obtained residue was suspended in water and
filtered. On filter, the residue was washed with water and dried in vacuo. Yield: quant.
'H NMR [DMSO-dg, 500 MHz] 8=13.4 ppm (s, 1H, R-CO-OH), §=8.50 ppm (m, 2H,
aromatic protons), 6=8.22 ppm (m, 2H, aromatic protons), 6=8.18 ppm (m, 2H,

aromatic protons), 6=8.08 ppm (m, 2H, aromatic protons).

Synthesis of Compound 5: To a stirred suspension of HOBt (2.24 mmol, 0.34 g), DCC
(2.58 mmol, 0.53 g) and Compound 3 (2.06 mmol, 0.56 g) in DMF, Compound 4 (1.72
mmol, 0.70 g) in DMF was added dropwise, and then stirred for overnight. To the
mixture, ethyl acetate was added and the organic layer was washed with saturated
aqueous solution of NaHCO3; and NaCl. After drying over MgSQ,, the solvent was
removed by evaporation, followed by silica gel column chromatography using hexane
and ethyl acetate as eluent (3% triethylamine was added). Yield: 51.0%. ‘H NMR
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[DMSO-dg, 500MHz] 6=8.50 ppm (d, 2H, J=8.5 Hz, aromatic protons), 6=8.34 ppm (d,
1H, J=9.0 Hz, -NH-CO-), 6=8.18 ppm (m, 4H, aromatic protons), 6=8.11 ppm (d, 2H,
J=8.5Hz, aromatic protons), 6=7.44 ppm (d, 2H, J=7.0 Hz, aromatic protons), 6=7.30
ppm (m, 6H, aromatic protons), 6=7.24 ppm (m, 1H, J=8.0 Hz, aromatic protons),
5=6.88 ppm (m, 4H, aromatic protons), 6=4.67 ppm (d, 1H, J=6.0 Hz, -OH), 6=4.17
ppm (m, 1H, HO-CH,-CH(NHR)-), 6=4.17 ppm (m, 1H, -CH(NHR)-), 6=4.07 ppm (m,
1H, HO-CH,-CH(NHR)-), 6=4.07 ppm (m, 1H, -CH(CH3)OH), 6=3.76 ppm (s, 6H,
-O-CHj3), 6=1.07 ppm (d, 3H, J=6.0 Hz, -CH(CH3)OH).

Synthesis of Compound 6: To a solution of Compound 5 (0.80 mmol, 0.53g) in dry
THF, triethylamine (4.0 mmol, 0.55 mL) was added and the solution was cooled to 0 °C.
To the solution, 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (1.6 mmol, 0.36
mL) was added dropwise at 0 °C. After 20 min of vigorous stirring on ice, ethyl acetate
was added and the organic layer was washed with saturated aqueous solution of
NaHCO3; and with NaCl. After drying over MgSQO,, the solvent was removed by
evaporation, followed by silica gel column chromatography using hexane and ethyl
acetate as eluent (3% triethylamine was added). Yield: quant.

Reference

1. Hara, Y.; Fujii, T.; Kashida, H.; Sekiguchi, K.; Liang, X.G.; Yoshida, Y.; Asanuma, H.
Angew. Chem. Int. Ed. 2010, 49, 5502 -5506.
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Fig. S2-1. Electrostatic potential surfaces of a) p-nitroazobenzene, b) Methyl Red, and
c) Nitro Methyl Red. DFT calculation: B3LYP/6-31G(d), solvent: water.
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Figure S2-2. UV-vis spectra of a) N6Oa/nb, and b) M60a/nb (5.0 uM each strand) at
indicated temperatures. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0).
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Figure S2-3. CD spectra of a) N6Oa/nb and b) M60a/nb (5.0 uM each duplex) at
indicated temperatures. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0).
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Figure S2-4. UV-vis spectra of a) N60Oa, and b) M60Oa (5.0 uM each strand) at
indicated temperatures. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0).
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Table S2-1. Melting temperatures of single-stranded overhang sequences.

Sequence T2 Pc™ T, °c]
N60Oa+M60a n.d. >80
N60a nd. 25.4
M60a n.d. 43.7

[a] Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM each
oligomer strand. [b] Melting temperature determined from the absorbance at 260 nm. [c] Melting
temperatures determined from the absorbance due to N/M, 420 nm; N/N, 350 nm; M/M, 450 nm;
these wavelengths were those of most significant change for each series. [d] No significant melting

temperature observed.
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Figure S2-5. UV-vis spectra of N6Oa/nb+M60a/nb (5.0 uM each duplex) at indicated
temperatures. Conditions: 100 mM NacCl, 10 mM phosphate buffer (pH 7.0).
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Table S2-2. Melting temperatures of N/N homo-series.”

Sequence T2 oc ™ T /°c
Nla/N1b 58.2 58.3
N2a/N2b 60.1 60.3
N3a/N3b 61.6 61.7
N6a/N6b 65.9 67.5
N_1la/N. 1b 50.2 50.1
N_2a/N 2b 51.4 51.7
N_3a/N_ 3b 54.6 54.8
N_6a/N_6b 59.5 58.9
N_1a/N1b 54.1 54.1
N_2a/N2b 54.3 54.3
N_3a/N3b 57.6 57.6
N_6a/N6b 59.5 58.9
N6Oa/nb 50.8 30.6
N6Oa n.d 254
N_60a/nb 52.8 32.2
N_60a n.d 31.6

[a] Sequences: Nna: 5-GGTATC(N),GCAATC-3' (n=1-3, 6); Nnb: 5-GATTGC(N),GCAATC-3'
(n=1-3, 6); N.na: 5-GGTATC(N,).GCAATC-3' (n=1-3, 6); N_nb: 5-GATTGC(N),GCAATC-3'
(n=1-3, 6); N60Oa: 5-(N)s§GGTATCGCAATC-3"; N 60a: 5-(N_)§GGTATCGCAATC-3'; nb: 5'-
GATTGCGATACC-3’; Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0),
5.0 uM each oligomer. [b] Melting temperature determined from the absorbance at 260 nm. [c]

Melting temperature determined from the absorbance at 350 nm.
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Table S2-3. Melting temperatures of M/M homo-series.”

Sequence T2 oc ™ T /°c
Mla/M1b 50.5 n.d.l
M2a/M2b 51.2 n.d.l
M3a/M3b 58.0 n.d.l
M6a/M6b 65.9 67.5
M. 1a/M_1b 41.8 43.1
M_2a/M_2b 44.9 455
M_3a/M_3b 51.4 51.2
M_6a/M_6b 65.0 65.8
M1a/M_1b 46.4 n.d.’
M2a/M, 2b 49.2 51.3
M3a/M_3b 56.4 56.4
M6a/M_6b 70.4 74.9
M60a/nb 50.2 27.6
M60a n.d 43.7
M_60a/nb 49.4 27.6
M_60a n.d 41.9

[a] Sequences: Mna: 5-GGTATC(M),GCAATC-3' (n=1-3, 6); Mnb: 5-GATTGC(M),GCAATC-3'
(n=1-3, 6); M_na: 5-GGTATC(M,),GCAATC-3' (n=1-3, 6); M nb: 5-GATTGC(M),GCAATC-3'
(n=1-3, 6); M60a: 5'-(M)sGGTATCGCAATC-3'; M 60a: 5'-(M_)e§GGTATCGCAATC-3"; nb: 5'-
GATTGCGATACC-3’; Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0),
5.0 uM each oligomer. [b] Melting temperature determined from the absorbance at 260 nm. [c]
Melting temperature determined from the absorbance at 450 nm. [d] Not measured. It should
coincide with T,,”*° since such results were observed with all other center series. [e] Hyperchromicity

was too slight to calculate the melting temperature.
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Table S2-4. Melting temperatures of N/M hetero-series.”

Sequence T2 oc ™ T /°c
Nla/N1b 55.5 56.1
N2a/N2b 60.5 60.9
N3a/N3b 64.9 65.3
M6a/N6b 76.7 81.3
N_1la/N. 1b 46.3 46.5
N_2a/N 2b 51.4 51.5
N_3a/N_ 3b 57.6 57.8
N_6a/M,6b 70.9 73.5
N_1a/N_ 1b 50.9 50.5
N_2a/N_ 2b 55.1 55.6
N_3a/N.3b 61.8 61.9
N6a/M_6b 74.2 77.7
N6Oa/nb + M60a/nb 53.4 >80
N6Oa + M60a n.d. >80
N_60a/nb + M 60a/nb 51.0 >80
N_60a + M, 60a n.d. >80
N60Oa/nb + M _60a/nb 49.7 66.5
N_60a + M, 60a n.d. 59.3

[a] Sequences: Refer Tables S2-3 and S2-4. Measurement conditions: 100 mM NaCl, 10 mM
phosphate buffer (pH 7.0), 5.0 uM each oligomer. [b] Melting temperature determined from the

absorbance at 260 nm. [c] Melting temperature determined from the absorbance at 400 nm.
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Chapter 3. Formation of a hetero-selective artificial

duplex stabilized by donor-acceptor interaction

3-1 Abstract

Here we report characterization of a novel hetero-selective DNA-like duplex of
pyrene and anthraquinone pseudo base pairs. The pyrene/anthraquinone pairs showed
excellent selectivity in hetero-recognition and even trimers were found to form a
hetero-duplex. Pyrene and anthraquinone moieties were tethered on acyclic
D-threoninol linkers and linked to adjacent residues using standard phosphoramidite
chemistry. When pyrene and anthraquinone were incorporated at pairing positions in
complementary strands of natural DNA oligonucleotides, the duplex was significantly
stabilized. Moreover, a pyrene hexamer and an anthraquinone hexamer formed a stable
artificial hetero-duplex without the assistance of natural base pairs. The
pyrene/anthraquinone pair was so stable that even trimers formed a hetero-duplex under

conditions in which natural DNA strands of three residues do not.
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3-2 Introduction

Each of the four nucleobases of natural DNA has a complementary base that enables
formation of a canonical B-type duplex. Over the past several decades, chemists have
attempted to prepare artificial duplexes that mimicking natural nucleic acids. A number
of de novo designed double helices have been reported by chemists in the field of
supramolecular and polymer chemistry.™ Nucleic acid chemists have also prepared
hetero-selective artificial base pairs by modifying natural nucleic acids. These base pairs
have expanded the genetic alphabet and have utility in DNA-based nanotechnology. For
example, artificial base pairs with unique hydrogen bonding patterns selectively form
hetero-pairs,>® and hetero-selective artificial base pairs with shape complementarity

have also been reported™™ Artificial base pairs stabilized by hydrophobic

14,15 16-21

interactions, n-stacking interactions, and via metal binding have also been
described;**** however, these non-natural bases pair homo-selectively.

We previously reported that azobenzene derivatives recognize each other through
n-stacking interactions in the context of a natural DNA duplex, and azobenzene
derivatives also show excellent orthogonality with native nucleobases.® We also

reported that pairs of a cationic stilbazole derivative strongly stabilize an otherwise

DNA duplex through n-stacking and electrostatic interactions.®® However,
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hetero-selective recognition was not achieved with these designs. Recently, Leumann et
al.,?” Iverson et al.,”® and Haner et al.”**° have reported n-stacked hetero-selective
pseudo base pairs using designs based on electrostatic complementarity. These
hetero-pairs introduced into the middle or at the termini of DNA duplexes were found to
stabilize the duplex than the homo-pairs. However, hetero-duplex formation of these
hetero-pairs in the absence of flanking DNA pairs has not been investigated.

Herein, we report a totally artificial duplex of de novo designed nucleotides. The
structure is completely different from that of natural nucleic acid duplexes, i.e., no
hydrogen bondings, no (deoxy) ribose. The hetero-selective pairings were stabilized by
donor-acceptor interactions between pyrene (P) and anthraquinone (Q). Since P and Q
residues function as electron donors and acceptors, respectively, P/Q hetero-pairs in the
context of a DNA duplex were more stable than homo pairs. Furthermore, these P and
Q residues were stable enough to form a completely artificial hetero-duplex. To the best
of our knowledge, this is the first report of a hetero-duplex stabilized by electrostatic

complementarity between pseudo base pairs.
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3-3 Results and discussions
3-3-1 Spectroscopic behaviors along the pyrene/anthraquinone hetero-pair
formation

Pyrene and anthraquinone were tethered on D-threoninol, and the oligomers were
synthesized using standard solid-phase DNA synthesis protocols (Fig. 3-1). Three types
of duplexes were investigated. Firstly, we incorporated P/Q pairs into the center of
DNA duplex (Scheme 3-1a). With this design, the P and Q residues form hetero-pairs
oriented by flanking natural base pairs; this type of duplex allows investigation of
spectroscopic behavior as previously described.** Oligomers were also synthesized to
allow evaluation of P/P and Q/Q homo-pairs. Second, P or Q residues were introduced

at the 5' end of the duplex (Scheme 3-1b). In this context, formation of the native duplex

5 (1)
Péa: 5-GGTATCPPPPPPGCAATC-3' %

P6b:  3-CCATAGPPPPPPCGTTAG-5' Ry O‘
Q6a:  5-GGTATCQQQQQQGCAATC-3' P o0 OO
Qsb:  3-CCATAGQQQQQQCGTTAG-5'

P60a: 5-PPPPPPGGTATCGCAATC-3'
Q60a: 5-QQQAAQQAGGTATCGCAATC-3'

5 (1) 0
Na:  5-GGTATCGCAATC-3' o
Nb:  3-CCATAGCGTTAG-5 6 Q{ j\N
(o]
0

]
0=P-0

3

Pn: 1-(P),-3' (n=3-6) ©
Qn: 1-(Q),-3' (n=3-8)

] -
0=P-0

ar

Figure 3-1. Sequences and chemical structures of oligomers synthesized in this study.
formed by P and Q oligomers only were studied (Scheme 3-1c). Hetero-duplex A, G, C,
and T represents 2’-deoxyribonucleotides.
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Scheme 3-1. Schematic illustration of P/Q hetero-pair formation in oligomers a)
P6a/Q6b b) P60a/Nb+Q60a/Nb, and c) P6/Q6.

” Emﬁmmmm = SN

and aggregation of the dye occur independently.®* Study of these oligomers allowed us
to evaluate the selectivity of hetero-pairing over homo-pairing. Finally, duplexes
formation was evaluated by comparing their spectroscopic behaviors with those of
designs in Scheme 3-1a and 3-1b.

First, we investigated the spectroscopic behaviors and the thermal stabilities of P/Q
pairs by analysis of the duplex formed by P6a and Q6b. The UV-vis spectra of
P6a/Q6b were characterized by distinct broadening of a band at around 340 nm as
temperature decreased from 90 °C to 0 °C (Fig. 3-2a). This band was not present in a
simple sum of the spectra of single- stranded P6a and Q6b at 0 °C (Fig. 3-2b). These
observations were characteristic to hetero-aggregate formation and it was indicated that

P and Q residues formed a hetero-aggregate within the duplex scaffold.** An absorption

59



a o7 b) o7 00
06 06 | 002
0 05 005 T 001
o] o P
5§04 §04 r 0
2 £ 400 450 500 550 600
203 303t
Q e

< <

0.2
0.1

02 p
01 r

\\\‘

. = 0
300 330 360 390 420 450

0

300 330 360 390 420 450

Wavelength / nm Wavelength / nm
c . d
) o7 0.03 ) 1.00
06 r ]
£ 0.95
05 t 8
8 50.90
§0,4 r 2
= 0.85
803 ¢ §
<02k g 0.80 ——P6/Q8
S ---P6
0.75
0.1 4 B
D 070 1 1 1 1 1 1 I
20 30 40 50 60 70 80 90
Wavelength / nm Temperature / °C

Figure 3-2. a) UV-vis spectra of P6a/Q6b (5.0 uM each strand) at indicated
temperatures. b) Comparison of UV-vis spectra of P6a/Q6b (red line) with the
mathematical sum (gray line) of single stranded P6a (blue broken line) and Q6b (green
dotted line) at 0 °C; strand concentrations 5.0 uM. c) Fluorescence emission spectra of
P6a/Q6b (green line) and P6a (blue broken line) at 0 °C; strand concentrations 1.0 pM
each. d) Melting profiles of P6a/Q6b monitored at 260 nm (black line) and 342 nm (red
broken line); strand concentrations 5.0 uM each. Conditions: 100 mM NaCl, 10 mM
phosphate buffer (pH 7.0).

band at 480 nm also appeared when P6a and Q6b were hybridized (Fig. 3-2b, inset).
This new band is characteristic of a charge-transfer complex, confirming that P and Q
residues interact in P6a/Q6b.  In the fluorescence emission spectra, strong emission
around 500 nm corresponding to excimer emission of pyrene was observed with single
stranded P6a. This emission was effectively quenched upon addition of Q6b (Fig. 3-2c).

We hypothesize that this significant quenching is due to the physical inhibition of
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pyrene excimer formation by anthraquinone residues®, followed by electron transfer
from excited pyrene to ground stated anthraquinone. The slight emission around 500 nm
in P6a/Q6b was probably due to pyrene-anthraquinone exciplex formation (vide infra).
We concluded from these results that P/Q hetero-pairing can be monitored both from
appearance of a charge-transfer band in UV-vis spectrum and quenching of excimer

emission in emission spectrum.®*%

3-3-2  Thermal stability of pyrene/anthraquinone pairs at the center position of
DNA duplexes

We further investigated the recognition ability of P and Q in a DNA duplex by
measuring the thermal stability of the P6a/Q6b duplex (Table 3-1). The melting
temperature was determined by monitoring the absorbance at 260 nm (Tn>%%). P6a/Q6b
was significantly more stable than Na/Nb, the native duplex without P and Q residues.
The T2 of P6a/Q6b was 77.1 °C, about 30 °C higher than that of Na/Nb (47.7 °C).
The duplexes designed to contain P/P or Q/Q pairs were also more stable than the
native duplex due to the m-stacking interactions (54.6 °C for P6a/P6b and 71.9 °C for
Q6a/Q6b). As P6a/Q6b was more stable than either P6a/P6b or Q6a/Q6b, the P/Q

hetero-pair was more stable than the homo-pairs in the context of a DNA duplex. The

61



Table 3-1. Melting temperatures of duplexes.

Sequence ol TYe [°C]
P6a/Q6b 77.1 78.2
P6a/P6b 54.6 54.2
Q6a/Q6b 719 71.8
Na/Nb 47.7 n.d.?
P6 Oa/Nb+Q6 Oa/Nb 56.1 55.3

P6 0a/Nb 50.1 n.d.®
Q6 Oa/Nb 54.7 n.d.

[a] Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5 uM each oligomer
strand. [b] Melting temperature determined from the absorbance at 260 nm. [c] Melting temperatures
determined from the absorbance due to P/P, 345 nm; Q/Q, 334 nm; P/Q, 342 nm; these wavelengths
were those of most significant change for each series. [d] No absorption found around 340 nm. [e]

No significant melting temperature observed.

melting profile of P6a/Q6b monitored at 342 nm was sigmoidal (Fig. 3-2d), and Tn®%,

the melting temperature obtained from analysis of this curve was almost the same as
T2, This indicates that the dye pairing and natural base pairings occurred
simultaneously.

We also investigated thermal stabilities of duplexes with one to five hetero-pairs
(Table S3-1-S3-3). When the number of dye pair was less than three, Pna/Qnb (n = 1,
2), the Ty, was similar to that of Qna/Qnb. We have reported that electron deficient
molecules stabilize a duplex when they are intercalated.>” Accordingly, Q/Q pairs
strongly stabilized the duplex through =-stacking interactions between Q residues and

the native nucleobases. As the numbers of P/Q pairs was increased, donor-acceptor
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interactions between P and Q dominated the duplex stability, and for Pna/Qnb (n =

3-6) the T, was higher than that of Qna/Qnb.

3-3-3  Thermal stability and sequence selectivity of pyrene/anthraquinone pairs

at overhang positions of DNA duplexes

Next, we investigated the hetero-recognition selectivity of P/Q pair using P60a/Nb

and Q60a/Nb in which the P and Q residues are located at the 5' ends of the oligomers

(Scheme 3-1b). If P/Q hetero-pairs are formed, the spectroscopic behavior of

P60a/Nb+Q60a/Nb should be similar to that of P6a/Q6b. UV-vis spectrum of

P60a/Nb+Q60a/Nb showed a charge-transfer band at 480 nm (Fig. S3-2a), indicating

charge-transfer complexation between P and Q residues. The spectrum of

P60a/Nb+Q60a/Nb was much different from summed spectra of P60Oa/Nb and

Q60a/Nb (compare black and gray lines in Fig. 3-3a) and very similar to that of

P6a/Q6b (Fig. 3-3b). In addition, efficient quenching of pyrene excimer emission was

observed in fluorescence spectra of P60a/Nb+Q60a/Nb (Fig. S3-2b). From these

results, we concluded that P and Q residues selectively formed P/Q hetero-pairs but not

homo-pairs. Thus, P and Q residues selectively paired without the assistance of a DNA

scaffold. Even three P/Q pairs were sufficient to form this type of duplex (Table S3-4).
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Figure 3-3. a) Comparison of UV-vis spectra of P60a/Nb+Q60a/Nb (red line) with
the mathematical sum (black line) of P60a/Nb (blue broken line) and Q60a/Nb (green
broken line) at 0 °C. b) Comparison of UV-vis spectra of P60a/Nb+Q60a/Nb (red
line) with the spectrum of P6a/Q6b (blue broken line) at 0 °C. Conditions: 100 mM
NacCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM each strand.

Interestingly, Tm®® of P60a/Nb+Q60a/Nb coincided with T2, indicating that duplex
formation and P/Q hetero-pair formation were synchronized. Therefore, hetero-pair
formation was likely facilitated by DNA duplex formation probably due to =n-stacking
interactions.®®  Single-stranded P60a and Q60a also formed a duplex (Fig. S3-3 and
Table S3-5), suggesting that the P/Q pair is stable enough to form a cluster without the

assistance of natural base pairs.

3-3-4  Totally artificial duplex formation composed of pseudo base pairs
We then investigated artificial duplex formation by P and Q oligomers (Scheme 3-1c¢).

The UV-vis spectrum of P6/Q6 differed from the summed spectra of single-stranded P6
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and Q6 (Figs. 3-4a, S3-4). A charge-transfer absorption band at 460 nm was observed
for P6/Q6. The slight hypsochromic shift compared with P6a/Q6b is probably due to
the absence of excitonic interactions with nucleobases (Fig. S3-5), which may also
cause hypsochromic shift in the fluorescence emission (Figs. 3-2c, 3-5a).%® *° These
results clearly indicate formation of hetero-pairs between P and Q residues.
Furthermore, P6/Q6 showed a sigmoidal melting profile and had a high melting
temperature (Tn®%: 69.7 °C); P6 or Q6 alone did not have sigmoidal melting curves (Fig.
3-4b). From these results, we concluded that P6 and Q6 formed a complex stabilized by

hetero-pairing of P and Q.
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Figure 3-4. a) Comparison of UV-vis spectrum of P6/Q6 (red line) with the

mathematical sum (black line) of spectra of the single-stranded P6 (blue broken line)

and Q6 (green broken line) at 0 °C. b) Melting profiles of P6/Q6 (red line), P6 (blue

broken line), and Q6 (green broken line) monitored at 342, 345, and 334 nm

respectively. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM
each strand.
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Next, we performed titration experiment to determine the stoichiometry of P6:Q6

binding; this analysis was based on the quenching of P6 excimer emission by Q6 (Fig.

3-5a).* As the concentration of Q6 was increased, fluorescence intensity decreased,

reaching a plateau after the ratio of equivalents of Q6 to P6 exceeded 1 (Fig. 3-5b).*

This result suggests that P6 and Q6 formed a 1:1 complex, that is, a duplex.*? Hence, a

hetero-duplex containing no natural base pairs and no ribose scaffold was successfully

prepared; this duplex is stabilized by electrostatic complementarity between pyrene and

anthraquinone.

*
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Figure 3-5. a) Fluorescence emission spectra of P6/Q6 (green line) and P6 (blue line) at
0 °C. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 1.0 uM each strand.
b) Titration of 1.0 uM P6 with Q6 over the range from 0 to 2.0 uM, excited at 350 nm

in 100 mM NaCl, 10 mM phosphate buffer (pH 7.0).
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3-3-5 Lifetime measurements of pyrene, anthraquinone pseudo bases

Curiously, the excimer emission of P6 was not completely quenched in the presence
of one equivalent of Q6 (Fig. 3-5a), and this slight emission was also observed in
P6a/Q6b and P60a/Nb+Q60a/Nb (Figs. 3-2c and S3-2b). We measured the
fluorescent lifetimes of these samples in order to investigate whether this emission
wascaused by single-stranded P6 (resulting from incomplete duplex formation) or from
the P/Q complex. Table 3-2 shows the results of lifetime measurements obtained using
a streak camera. In the three samples lacking anthraquinones, P6a, P60a/Nb, and P6,
two lifetime components of about 15 ns and 35 ns were observed. On the basis of

previous reports, these two lifetime components were assigned to partially stacked

Table 3-2. Lifetimes of fluorescent species.?

Sequence 7, [ns] 7, [ns] a, a, $

P6a 15 35 0.37 0.63 1.1
P6a/Q6b 0.76 4.4 0.46 0.54 1.2
P60a/Nb 13 33 0.36 0.64 1.1
P6 Oa/Nb+Q6 0a/Nb 0.47 51 0.39 0.61 13
P6 16 38 0.44 0.56 1.2
P6/Q6 0.47 3.8 0.38 0.62 1.1

[a] Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0); P6a: 100 uM P6a;
P6a/Q6b: 132.5 uM P6a, 267.5 uM Q6b; P60a/Nb: 100 uM P60a/Nb; P60a/Nb+Q60a/Nb: 132.5 uM
P60a/Nb, 267.5 uM Q60a/Nb; P6: 50 uM P6; P6/Q6: 132.5 uM P6, 267.5 uM Q6, excited at 390 nm.
Decay curves obtained from the integration of the region from 475 to 525 nm of streak images were fit to
a bi-exponential curve of a,exp(-t/z;)+aexp(-t/z;), where 7 is lifetime and o is pre-exponential factor of

lifetime component.
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excimer (15 ns) and fully stacked excimer (35 ns).*** The samples containing
anthraquinones showed completely different profiles. In all three samples involving
anthraquinones, P6a/Q6b, P60a/Nb+Q60a/Nb, P6/Q6, sub-nanosecond- to
nanosecond-order two-lifetime components (0.5-0.8 ns and 3-5 ns) were observed. The
absence of long lifetime components (15 and 35 ns) clearly demonstrated that the
pyrene excimer was not present in the P/Q hetero series duplexes. Furthermore,
steady-state fluorescence measurements revealed that the emission wavelength of the
P/Q hetero-complex slightly differed from those of the pyrene excimer series (Fig.
S3-6). Thus, the weak emission observed in P/Q hetero series samples was likely due to
exciplex-like emission from the pyrene-anthraquinone hetero-pairs, since no
fluorescence was observed by excitating at CT absorption which indicates that the

excited CT state is non-fluorescent.*

3-3-6 Thermal stability of totally artificial duplexes along the length of the
sequences

Finally, we investigated the effects of oligomer length on the stability of the P/Q
artificial duplex. Fig. 3-6 shows the melting curves and Tn,s of Pn/Qn (n=3-6)

determined from the change of absorbance at 342 nm. P6/Q6 had the highest melting
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Figure 3-6. Melting profiles of P6/Q6, P5/Q5, P4/Q4, and P3/Q3 monitored at 342 nm.
Conditions: 100 mM NacCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM each strand.

temperature (T,n™° 69.7 °C). This melting temperature was considerably higher than that
of the native DNA duplex with six G/C pairs (T,,*®® 39 °C)* and only 10 °C lower than

d¥es were61.9

that of P6a/Q6b containing the hetero-pairs and 12 natural base pairs. Tr,
°C and 45.9 °C for P5/Q5 and P4/Q4, respectively. To our surprise, the P3/Q3 duplex
had a Tn®® of 22.7 °C. Spectral shift and appearance of CT band in UV-vis spectra also
indicated a hetero-complexation unambiguously (Fig.S3-7). Native DNAs do not form
duplexes with fewer than 4 base pairs under the conditions employed in this study. No

dye of

duplex formation was observed with Pn or Qn (n=3-6) alone. Additionally, the T,
P3/Q3 was strongly dependent on concentration (Fig. S3-8), indicative of

inter-molecular complexation between P3 and Q3. P6/Q6 showed much different CD

signals from P6a/Q6b (Fig. S3-9), indicating that the stacked structure of P/Q pairs in
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P6/Q6 differs from that in P6a/Q6b. These results suggest that the conformation of the

P and Q residues in P6/Q6 optimized donor-acceptor interactions, whereas the

conformation of the hetero-pairs in P6a/Q6b differs from this optimum due to the

surrounding natural nucleobases.

3-4 Conclusions

In conclusion, we successfully designed and prepared novel artificial hetero-duplexes

using pyrene/anthragquinone pseudo base pairs. Pyrene/anthraquinone pairs significantly

stabilized the native DNA duplex, and the appearance of an absorption band at 480 nm

upon duplex formation clearly indicated that pyrene and anthraquinone formed a

charge-transfer complex. The pyrene/anthraquinone pairs showed excellent selectivity

in hetero-recognition when linked to the 5' ends of natural DNA. Furthermore, even

trimers of pyrene and anthraquinone formed a stable hetero-duplex.

Exceptionally-stable pseudo base-pair allowed a new hetero-duplex formation in

aqueous conditions; pyrene/anthraquinone pair includes no ribose scaffold, no hydrogen

bondings based on natural base-pairs, but stably forms duplex. The

pyrene/anthraquinone hetero-pairs will be useful in the field of supramolecular

chemistry and in nano-architectures and fluorescent probes.
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3-5 Experimental section

Materials

All conventional phosphoramidite monomers, CPG columns, and reagents for DNA
synthesis 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.

Synthesis of oligomers

All the modified oligomers were synthesized on an automated DNA synthesizer
(H-8-SE, Gene World) using phosphoramidite monomers bearing P or Q. The
oligomers Pn and Qn (n=3-6) were synthesized using P- or Q-modified CPGs. P- or Q-
modified CPGs were synthesized as described previously.** Phosphoramidite monomer
bearing P or Q were synthesized as described in the Appendix Information. After
workup, oligomers were purified by reversed-phase HPLC. The purification was
confirmed by HPLC and matrix-assisted laser desorption ionization time-of-flight
mass spectrometer (MALDI-TOF; Autoflex 11, Bruker Daltonics). MALDI-TOF MS
data for the synthesized oligomers: P6a, obsd 6017 (calcd for [P6a + H'], 6015); P6b,
obsd 6017 (calcd for [P6b + H™], 6015); Q6a, obsd 6057 (calcd for [Q6a + H'], 6051);
Q6b, obsd 6057 (calcd for [Q6b + H™], 6051); P60a, obsd 6016 (calcd for [P60a +
H*], 6015); Q60a, obsd 6054 (calcd for [Q60a + H'], 6051); P3, obsd 1124 (calcd for
[P3 + H'], 1124); P4, obsd 1519 (calcd for [P4 + H™], 1519);P5, obsd 1915 (calcd for
[P5 + H™], 1915); P6, obsd 2310 (calcd for [P6 + H'], 2310); Q3, obsd 1144 (calcd for
[Q3 + H™], 1142); Q4, obsd 1546 (calcd for [Q4 + H'], 1543); Q5, obsd 1948 (calcd for
[Q5 + H™], 1944); Q6, obsd 2350 (calcd for [Q6 + H'], 2345); Pla, obsd 4041 (calcd
for [P1a + H'], 4040); P1b, obsd 4041 (calcd for [P1b + H'], 4040); P2a, obsd 4437
(calcd for [P2a + H], 4435); P2b, obsd 4437 (calcd for [P2b + H'], 4435); P3a, obsd
4830 (calcd for [P3a + H'], 4830); P3b, obsd 4829 (calcd for [P3b + H'], 4830); P4a,
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obsd 5225 (calcd for [P4a + H'], 5225); P4b, obsd 5224 (calcd for [P4b + H'], 5225);
P5a, obsd 5621 (calcd for [P5a + H'], 5620); P5b, obsd 5622 (calcd for [P5b + H'],
5620); Q1a, obsd 4046 (calcd for [Q1a + H'], 4046); Qlb, obsd 4047 (calcd for [Q1b +
H*], 4046); Q2a, obsd 4450 (calcd for [Q2a + H'], 4447); Q2b, obsd 4448 (calcd for
[Q2b + H'], 4447); Q3a, obsd 4850 (calcd for [Q3a + H'], 4848); Q3b, obsd 4848
(calcd for [Q3b + H'], 4848); Q4a, obsd 5252(calcd for [Q4a + H'], 5249); Q4b, obsd
5252 (calcd for [Q4b + H™], 5249); Q5a, obsd 5655 (calcd for [Q5a + H'], 5650); Q5b,
obsd 5655 (calcd for [Q5b + H'], 5650); P30a, obsd 4833 (calcd for [P30a + H],
4830); P40a, obsd 5225 (calcd for [P40a + H'], 5225); P50a, obsd 5621(calcd for
[P50a + H'], 5620); Q30a, obsd 4850 (calcd for [Q30a + H'], 4848); Q40a, obsd
5252 (calcd for [Q40a + H'], 5249); Q50a, obsd 5654 (calcd for [Q50a + H'], 5650).
The extinction coefficients for P and Q residues: P; ,60=7.9%x10> m?/mol, &34,=1.6x10°
m?mol, Q; £60=2.3x10> m?/mol, &340=4.4%x10> m?/mol. On the determination of
concentrations, absorbance at 260 nm was used for P- or Q- DNA conjugates, and

absorbance at 342 nm or 340 nm were used for Pn and Qn (n=3-6) respectively.

Spectroscopic Measurements

UV-vis spectra were measured on a Shimadzu UV-1800 equipped with programmed
temperature-controllers using 10-mm quartz cells. CD spectra were measured on a
JASCO model J-820 equipped with programmed temperature-controllers using 10-mm
quartz cells. Fluorescence spectra were measured on a JASCO model FP-6500 equipped

with a microcell holder.

Melting Temperature Measurements

The melting curves were obtained with a Shimadzu UV-1800 by measuring the change
in absorbance at 260, 334, 342, or 345 nm versus temperature. Both the heating and the
cooling curves were measured, and the melting temperatures (Ty,) were determined from

the maximum in the first derivative of the melting curves. The shown T,,s were obtained
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from the average between the heating and the cooling, and only the heating curves are

shown. The temperature ramp was 0.2 °C min ™.

Time-Resolved Fluorescence 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
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.

Curve Fitting

Decay curves were obtained from the integration of the photon counts in the spectral
region from 375 to 425 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 azexp(—t/71) + azexp(—t/72).
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3-7 Appendixes

Synthesis of pyrene phosphoramidite monomer

DMTO |, O‘
N
U QO o "R SIE epes
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Scheme S3-1. Synthesis of phosphoramidite monomer tethering pyrene. Reagents and
conditions: a) EDC, HOBt, NEt;, DMF, rt, overnight, 785 %; b)
(iPr),NP(CI)(OCH,CH,CN), NEt3, THF, 0 °C, 20 min, 58.6 %.

Compound 1 was synthesized according to the previous report. The phosphoramidite

monomer tethering pyrene was synthesized as follows:

Synthesis of Compound 2: To a stirred solution of 1 (4.83 mmol, 1.97 g), triethylamine
(16.9 mmol, 2.36 mL), 1-hydroxybenzotriazole (8.56 mmol, 1.31 g), and
1-pyrenecarboxylic acid (483 mmol, 119 ¢g) in DMF was added
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (9.66 mmol, 1.85 g) and
the mixture was stirred overnight. The solvent was removed in vacuo. Then CHCI3 was
added, and the organic layer was washed with saturated aqueous solution of NaHCO3
and NaCl. After drying over MgSO,, the solvent was removed by evaporation, followed
by silica gel column chromatography using hexane and chloroform as eluent (3%
triethylamine was added). Yield: 78.5%.

'H-NMR [DMSO-ds, 500 MHz] & = 8.61 (d, J = 9.0 Hz, 1H), 8.50 (d, J = 9.0 Hz, 1H),
8.40 (m, 4H), 8.29 (m, 2H), 8.22 (m, 2H), 8.16 (t, J = 9.0 Hz, 1H), 7.53 (d, J = 8.5 Hz,
2H), 7.37 (m, 6H), 7.26 (m, 1H), 6.91 (m, 4H), 4.67 (d, J = 6.0 Hz, 1H), 4.41 (m, 1H),
4.05 (m, 1H), 3.76 (s, 6H), 3.51 (m, 1H), 3.15 (m, 1H), 1.16 (d, J = 8.0 Hz, 3H),
BC-NMR [DMSO-ds, 125 MHz] 6 = 130.2, 128.7, 128.4, 128.3, 127.7, 127.1, 127.0,
126.2, 125.8, 125.4, 124.9, 113.6, 113.6, 79.7, 66.2, 63.8, 55.8, 55.5, 20.8.
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Synthesis of Compound 3: N,N-diisopropylethylamine (5.0 mmol, 0.85 mL) and
2-cyanoethyl N,N-diisopropylchlorophosphoramidite (2.0 mmol, 0.46 mL) were added
to a solution of compound 2 (1.0 mmol, 0.635g) in dry CH,CIl, at 0 °C. After 20 min of
vigorous stirring on ice, an excess of ethyl acetate was added to the reaction mixture,
and the mixture was washed with saturated aqueous solution of NaHCO3 and with NaCl.
After drying over MgSQO,, the solvent was removed by evaporation, followed by silica
gel column chromatography using hexane and ethyl acetate as eluent (3% triethylamine
was added). Yield: 58.6%.*'P-NMR [DMSO-ds, 121 MHz] § =147.7, 147.6.

Synthesis of anthraquinone phosphoramidite monomer
(0]
o]
i LI
1 D
»N - 0 0
I 21
OH NC A~ orPey
4 5

Scheme S3-2. Synthesis of phosphoramidite monomer tethering anthragquinone.
Reagents and conditions:  (iPr),NP(CI)(OCH,CH,CN), NEts, CH,Cl,, 0 °C, 20 min,
69.5 %.

Compound 4 was synthesized according to the previous report.> The phosphoramidite
monomer tethering anthraquinone was synthesized as follows:

Synthesis of Compound 5: N,N-diisopropylethylamine (7.5 mmol, 1.2 mL) and
2-cyanoethyl N,N-diisopropylchlorophosphoramidite (3.0 mmol, 0.67 mL) were added
to a solution of compound 4 (1.5 mmol, 0.963g) in dry CH,Cl, at 0 °C. After 20 min of
vigorous stirring on ice, an excess of ethyl acetate was added to the reaction mixture,
and the mixture was washed with saturated aqueous solution of NaHCO3 and with NaCl.
After drying over MgSQO,, the solvent was removed by evaporation, followed by silica
gel column chromatography using hexane and ethyl acetate as eluent (3% triethylamine
was added). Yield: 69.5%.3'P-NMR [DMSO-ds, 121 MHz] § =148.0, 147.9.
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Fig. S3-1. Normalized fluorescence emission spectra of P6a/Q6b (green line) and P6a
(blue line) for 360-660 nm region. Emission in P6a/Q6b around 400 nm and 470 nm
could be assigned to the emission from monomeric pyrene and pyrene/anthraquinone

exciplex respectively. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 1.0
uM oligomer at 0 °C.
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Fig. S3-2. a) UV-vis spectra of P60a/Nb+Q60a/Nb at indicated temperatures in 100
mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM oligomer. b) Fluorescence
emission spectra of P60a/Nb+Q60a/Nb (green line) and P60a/Nb (blue line) in 100
mM NaCl, 10 mM phosphate buffer (pH 7.0), 1.0 uM oligomer at 0 °C.
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Fig. S3-3. a) UV-vis spectra of P60a/Q60a at indicated temperatures. b) Comparison
of UV-vis spectrum of P60a/Q60a (red line) with the mathematical sum (black line) of
the spectra of P60a (blue broken line) and Q60a (green broken line) in 100 mM NacCl,
10 mM phosphate buffer (pH 7.0), 5.0 uM oligomer at 0 °C. ¢) Fluorescence emission
spectra of P60a/Q60a (green line) and P60a (blue line) in 100 mM NaCl, 10 mM
phosphate buffer (pH 7.0), 5.0 uM oligomer at 0 °C. Conditions: 100 mM NaCl, 10 mM
phosphate buffer (pH 7.0), 1.0 uM oligomer.
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Fig. S3-4. UV-vis spectra of P6/Q6 at indicated temperatures. Conditions: 100 mM
NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM oligomer.
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Fig. S3-5. UV-vis spectra of P6a/Q6b (red line) and P6+Q6 (blue line) at 0 °C.
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Conditions: 100 mM NacCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM oligomer.
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Fig. S3-6. Normalized fluorescence emission spectra of a) P6a/Q6b (red line) and P6a
(black line), b) P60a/Nb+Q60a/Nb (red line) and P60a/Nb (black line), ¢) P6+Q6
(red line) and P6 (black line). Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH
7.0) at 0 °C. Oligomer concentrations were P6a, P60a/Nb, and P6 1.0 uM and Q6b,
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Fig. S3-7. a) UV-vis spectra of P3/Q3 (5.0 uM each strand) at indicated temperatures.
b) Comparison of UV-vis spectra of P3/Q3 (red line) with the mathematical sum (black
line) of single stranded P3 (blue broken line) and Q3 (green broken line) at 0 °C; strand
concentrations 5.0 pM. Conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0).
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Fig. S3-8. Melting profiles of P3/Q3 at indicated concentrations. Conditions: 100 mM
NaCl, 10 mM phosphate buffer (pH 7.0). Absorbance at 342 nm was monitored.
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Fig. S3-9. CD spectra of a) P6a/Q6b, b) P60a/Nb+Q60a/Nb, and c) P6+Q6, (red
lines in each graph) compared with the mathematically summed spectra of each
component strand (black lines in each graph). d) Comparison of CD spectra of P6a/Q6b,
P60a/Nb+Q60a/NDb, and P6+Q6. Conditions: 100 mM NaCl, 10 mM phosphate buffer

(pH 7.0), 5.0 uM oligomer at 0 °C.
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Table S3-1. Melting temperatures of center series oligomers with P/Q pairs./

Sequence T,,250/oc T /eckd
Pla/Qlb 59.2 58.5
P2a/Q2b 64.1 63.3
P3a/Q3b 69.7 69.5
P4a/Q4b 72.6 72.4
P5a/Q5b 75.6 75.3
P6a/Q6b 77.1 78.2

[a] Sequences: Pna: 5- GGTATC (P), GCAATC -3' (n=1-6) and Qnb: 3'- CCATAG (Q), CGTTAG
-5' (n=1-6). Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM
oligomer. [b] Melting temperature determined from the absorbance at 260 nm. [c] Melting

temperature determined from the absorbance at 342 nm.

Table S3-2. Melting temperatures of center series with P/P pairs.”

Sequence TmZGO /oc deye /oc [c]
Pla/P1b 51.1 51.4
P2a/P2b 48.5 47.9
P3a/P3b 49.7 49.4
P4a/P4b 53.7 56.4
P5a/P5b 55.2 54.3
P6a/P6b 54.6 54.2

[a] Sequences: Pna: 5'- GGTATC (P), GCAATC -3' (n=1-6) and Pnb: 3'- CCATAG (P), CGTTAG -5'
(n=1-6). Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM
oligomer. [b] Melting temperature determined from the absorbance at 260 nm. [c] Melting

temperature determined from the absorbance at 345 nm.
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Table S3-3. Melting temperatures of center series oligomers with Q/Q pairs."

Sequence T,,250/oc T, /°c
Q1la/Q1b 60.3 59.9
Q2a/Q2b 64.4 63.9
Q3a/Q3b 67.5 67.5
Q4a/Q4b 69.5 69.2
Q5a/Q5b 71.2 70.8
Q6a/Q6b 71.9 71.8

[a] Sequences: Qna: 5'- GGTATC (Q), GCAATC -3' (n=1-6) and Qnb: 3'- CCATAG (Q), CGTTAG
-5' (n=1-6). Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 uM
oligomer. [b] Melting temperature determined from the absorbance at 260 nm. [c] Melting

temperature determined from the absorbance at 334 nm.

Table S3-4. Melting temperatures of overhang series.

Sequence To2%0/oc M T8 /°C e
P30a/Nb+Q30a/Nb 54.8 31.0
P40a/Nb+Q40a/Nb 54.4 50.2
P50a/Nb+Q50a/Nb 55.3 53.2
P60a/Nb+Q60a/Nb 56.1 55.3
P30a/Nb 51.3 n.d.
P40a/Nb 51.8 n.d.
P50a/Nb 50.6 n.d.
P60a/Nb 50.1 n.d.
Q30a/Nb 554 n.d.
Q40a/Nb 54.9 n.d.
Q50a/Nb 55.0 n.d.
Q60a/Nb 54.7 n.d.

[a] Sequences: PnOa: 5- (P), GGTATCGCAATC -3' (n=3-6); Nb: 5- GATTGCGATACC-3’;
QnOa: 5- (Q), GGTATCGCAATC -3' (n=3-6). Measurement conditions: 100 mM NaCl, 10 mM
phosphate buffer (pH 7.0), 5.0 uM each oligomer. [b] Melting temperature determined from the
absorbance at 260 nm. [c] Melting temperature determined from the absorbance at 345 nm for P

series, 334 nm for the Q series, and 342 nm for the P/Q series.
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Table S3-5. Melting temperatures of single-stranded overhang sequences.

Sequence T,2%0/°C P! T, & / oC [el
P30a+Q30a n.d. n.d.
P40a+Q40a n.d. n.d.
P50a+Q50a n.d. 34.1
P60a+Q60a n.d. 45.6
P30a n.d. n.d.
P40a n.d. n.d.
P50a n.d. n.d.
P60a n.d. n.d.
Q30a n.d. n.d.
Q40a n.d. n.d.
Q50a n.d. n.d.
Q60a n.d. n.d.

[a] Sequences: PnOa: 5- (P), GGTATCGCAATC -3' (n=3-6) and QnOa: 5- (Q),
GGTATCGCAATC -3' (n=3-6). Measurement conditions: 100 mM NaCl, 10 mM phosphate buffer
(pH 7.0), 5.0 uM oligomer. [b] Melting temperature determined from the absorbance at 260 nm. [c]
Melting temperature determined from the absorbance at 345 nm for P series, 334 nm for Q series, and
342 nm for P/Q series.
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Chapter 4. Cross-linking of DNA duplex using [2+2]

photodimerization reaction of stilbazole derivatives

4-1 Abstract

In this study, we report a photo-cross-linking reaction between p-stilbazole
moieties. p-Stilbazoles were introduced into base-paring positions of complementary
DNA strands. The [2 + 2] photocycloaddition reaction occurred rapidly upon light
irradiation at 340 nm. Consequently, duplex was cross-linked and highly stabilized after
3 min irradiation. The CD spectrum of the cross-linked duplex indicated that the B-form
double-helical structure was not severely distorted. NMR analysis revealed only one
conformation of the duplex prior to UV irradiation, whereas two diastereomers were
detected after the photo-cross-linking reaction. Before UV irradiation, p-stilbazole can
adopt two different stacking modes because of rotation around the single bond between
the phenyl and vinyl groups; these conformations cannot be discriminated on the NMR
time scale due to rapid interconversion. However, photo-cross-linking fixed the
conformation and enabled discrimination both by NMR and HPLC. The artificial base
pair of p-methylstilbazolium showed almost the same reactivity as p-stilbazole,

indicating that positive charge does not affect the reactivity. When a natural nucleobase
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was present in the complementary strand opposite p-stilbazole, the duplex was
significantly destabilized relative to the duplex with paired p-stilbazole moieties and no
photoreaction occurred between p-stilbazole and the nucleobase. The p-stilbazole pair
has potential as a “third base pair” for nanomaterials due to its high stability and superb

orthogonality.

4-2 Introduction

Watson—Crick base pairs stabilize DNA duplexes through hydrogen-bonding and
stacking interactions. Extremely high orthogonality of base pairing is realized by strict
control of these two interactions. It has become possible to synthesize
oligodeoxyribonucleotides of essentially any sequence in an automated fashion. This
has made DNA an ideal material to construct nanostructures and nanodevices."? DNA
duplexes dissociate into single strands at high temperature. Although the reversibility is
essential for biological processes, such as replication and transcription, the heat lability
of DNA duplex in some cases restricts applications of DNA-based nanomaterials. To
make DNA nanomaterials more heat tolerant, it is necessary to increase the thermal
stability of DNA structures.®

Photo-cross-linking or photoligation has been widely studied not only for its
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biological relevance but also for nucleic detection and duplex stabilization.*” For
example, Lewis et al. reported photo-cross-linking system by introducing stilbene units
into main chain of a DNA duplex.® Fujimoto et al. reported several vinyldeoxyuridine
and vinylcarbazole derivatives that form adducts with natural nucleo-
bases.? Cross-linking has been used in SNP detection, DNA computing, and nano-
structure stabilization.’®** Furthermore, photoligation via [4 + 4] cycloaddition reaction
between anthracene moieties has been reported by Ihara et al. and other groups.*>*®
Herein, we propose a photo-cross-linking system using p-stilbazoles as an artificial
base pair. We have previously reported that planar molecules incorporated
via D-threoninol linkers serve as “artificial base pairs” to stabilize a DNA duplex.'® For
example, when azobenzene derivatives were introduced into the base-pairing positions
of both strands, the duplex was highly stabilized relative to the unmodified DNA due to

intermolecular stacking interactions.?**

Interestingly, this “base pair” showed high
orthogonality with natural base pairs. We have also reported that base pairs
of p-methylstilbazolium, which has a positive charge, stabilize duplexes even more
strongly than natural base pairs due to electrostatic interactions between the positive

charge onp-methylstilbazolium and the phosphate anion.?*? In this paper, we used the

photocycloaddition reaction between stilbazole derivatives to further improve the heat

89



tolerance of a DNA duplex.

p-Stilbazole derivatives are known to form dimers upon UV irradiation via a [2 + 2]
photocycloaddition reaction.?*?® Therefore, if a duplex containing an artificial base pair
of p-stilbazole moieties is irradiated with UV light, the p-stilbazoles should react with
each other and the duplex should be cross-linked (Scheme 4-1). If the p-stilbazole base
pair shows high orthogonality, p-stilbazoles could serve as a “third base pair” for
preparation of complex nanomaterials. Here, we introduced p-stilbazole moieties (B in
Figure 4-1) into DNA and investigated their photoreactivity and effect on duplex
stability. p-Methylstilbazolium (Z in Figure 4-1), which has a similar structure but a
positive charge, was also incorporated into DNA to investigate the effects of positive
charge on photoreactivity. Orthogonality of stilbazole moieties with natural base pairs

was also evaluated.

Scheme 4-1. Schematic Illustration of Photo-Cross-Linking via [2 + 2] Photocyclo-

addition Between p-Stilbazole Moieties
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Figure 4-1. Sequences of ODNSs synthesized in this study. Chemical structure of
p-stilbazole monophosphate is also shown.

4-3 Results and discussions

4-3-1 Photochemical Properties of p-Stilbazole Monophosphate and p-Stilbazole-
Modified DNA

We first investigated the photochemical properties of p-stilbazole monophosphate
(Bp in Figure 4-1) before evaluating photochemical properties in DNA. Figure 4-2a
shows the UV-vis spectra of Bp before and after photoirradiation. Before
photoirradiation, Bp showed peaks at 303 and 312 nm arising from the 7-7* transition
of trans p-stilbazole (black line). When the sample was irradiated with 340 nm UV light
for 1 min, these peaks immediately disappeared, and a new broad peak appeared at 297
nm due to photoisomerization to thecisform (purple line).?’ Thus, the

photoisomerization rate of free p-stilbazole is intrinsically very rapid. Further
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Figure 4-2. UV-vis spectra of (a) stilbazole monophosphate Bp and (b) Ba/Nbefore
and after UV irradiation (340 nm). T, of Ba/N was 43.2 °C. Solution conditions were
5.0 uM Bp, 5.0 uM DNA, 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 0 °C.

photoirradiation at 340 nm for 480 min resulted in a decrease in absorbance at around
300 nm and appearance of a peak at 247 nm (red line). These spectral shifts are due to
cyclization and subsequent oxidation to a benzoquinoline derivative as shown in
Scheme 4-2a.2% The cyclized product was detected by ESI-MS (see appendix). The peak
at around 300 nm did not disappear even after 480 min irradiation, indicating that the [2
+ 2] photocycloaddition reaction did not occur under these conditions. These results
show that photoirradiation of p-stilbazole potentially causes several side reactions but
not the desired [2 + 2] photocycloaddition (Scheme 4-2a).

In striking contrast, incorporation of p-stilbazole into DNA drastically suppressed these
side reactions. The Ba/N duplex with a stilbazole moiety in one strand of the DNA

duplex showed absorption maximum (Amax) at 327 nm (black line in Figure 4-2b). The
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Scheme 4-2. Photochemical Reaction Observed with (a) p-Stilbazole Monophosphate
and (b) p-Stilbazole Moiety in DNA Duplex
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peak did not change after irradiation at 340 nm for 5 min. Although the peak slightly
decreased after 30 min irradiation, these results clearly demonstrated that introduction
of p-stilbazole moiety into DNA strongly suppressed photoisomerization to cis form
(Scheme 4-2b). This is in sharp contrast to azobenzene, which can isomerize even
within DNA duplex.? This difference in isomerization is attributable to differences in
the isomerization mechanisms: Isomerization of the stilbene derivative proceeds
exclusively through rotation, whereas that of azobenzene occurs via both rotation and
inversion.®® Consistently, photoisomerization of stilbene derivatives is suppressed in
viscous solution, whereas isomerization of azobenzene is not affected significantly by
viscosity.® Within a DNA duplex, isomerization of p-stilbazole is presumably

suppressed by stacking interactions with natural base pairs.
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4-3-2  Photo-Cross-Linking of p-Stilbazole in DNA Duplex

The photochemical properties of the duplex Ba/Bb, which has B residues in
complementary positions on the two strands, were investigated in order to evaluate the
photo-cross-linking of p-stilbazole within a duplex.*? Before photoirradiation, the UV—
vis spectrum of the Ba/Bb duplex had a peak at 323 nm (Figure 4-3). A slight
hypsochromic shift compared with the single-stranded Ba (Amax 325 nm) indicated
that B residues formed an H dimer (Figure S4-1).% Upon irradiation at 340 nm for 3
min, the peak at 323 nm had completely disappeared. This disappearance of the n—m*
absorption band assigned to the p-stilbazole moieties strongly suggested that a [2 + 2]
photocycloaddition reaction between two p-stilbazole moieties had occurred. The

Amax OFf Ba/Bb did not shift upon photoirradiation, indicating that trans-to-cis
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Figure 4-3. UV-vis spectra of Ba/Bb before and after photoirradiation. Solution
conditions were 5.0 uM DNA, 100 mM NaCl, 10 mM phosphate bufter (pH 7.0), 0 °C.
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isomerization did not occur and that neither p-stilbazoles were in the cis form. Instead,
the trans forms reacted. Note that isomerization to the cis form causes a blue-shift in the
absorption spectrum as shown in Figure 4-2a.

The photo-cross-linked product of Ba/Bb was further analyzed by reversed-phase
HPLC (Figure 4-4). Before photoirradiation, two peaks corresponding to the
single-stranded forms of Ba and Bb were observed. After 3 min photoirradiation,
however, the two peaks disappeared and a new peak appeared at a shorter retention time.
MALDI-TOF MS analysis of this new peak proved it to be a photo-cross-linked duplex
(Figure S4-2). From these results, we conclude that a [2 + 2] photocycloaddition

reaction occurred between p-stilbazole moieties in the DNA duplex upon UV irradiation

at 340 nm.
5 min L
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Figure 4-4. HPLC chromatograms of Ba/Bb before and after indicated times of
photoirradiation.
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4-3-3  Structure of Photodimer of p-stilbazole

Photocycloaddition of stilbene derivatives usually produces several isomers.”* When the
stilbene derivatives are within a DNA scaffold, the orientations of p-stilbazoles should
be restricted, and thus the stereochemistry of photodimerized product should be
controlled. In order to investigate the structure of photo-cross-linked product,
the Bc/Bd duplex was analyzed by NMR. The imino region of the 1D spectrum
of Bc/Bd had six peaks corresponding to imino protons from the six natural base pairs
(Figure 4-5a). These sharp peaks indicated that hydrogen bonding of natural base pairs
was not disturbed by the presence of the p-stilbazole moieties. After irradiation at 340
nm, these peaks disappeared, and eight new peaks appeared. Although several peaks
overlap, the appearance of more than six peaks indicates that there are at least two
species in the photo-cross-linked product.

The aromatic regions of the 1D NMR spectra in D,O of Bc/Bd before and after
irradiation are shown in Figure 4-5b. In the nonirradiated sample, 11 peaks
corresponded to 4 vinyl and 8 phenyl protons of 2 p-stilbazole moieties.>* In the
spectrum of the irradiated sample, 4 peaks assigned to vinyl protons disappeared as
expected, and 12 new, partially overlapping peaks appeared. If the photo-cross-linked

product were a single species, only eight peaks should be observed. Hence, the
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Figure 4-5. 1H NMR spectra of B¢/Bd in (a) imino regions measured in H,O/D,0 and

(b) aromatic regions in D,O. White and black arrows in (b) indicate vinyl and phenyl
protons of the p-stilbazole moiety, respectively.

appearance of 12 peaks clearly shows that more than one species was produced upon
photoirradiation. Furthermore, TOCSY in D,0 gave eight cross-peaks in the aromatic
region after photoirradiation, whereas four cross-peaks were observed before
photoirradiation (Figure S4-3). These results undoubtedly show that there are two
diastereomers of the photo-cross-linked product. The existence of two diastereomers
was further supported by the appearance of two peaks in the HPLC chromatogram

of Bc/Bd after irradiation (Figure S4-4).%
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Previously, we prepared DNA duplexes containing heterodimers of azo compounds.
NMR structural analyses revealed that the dyes were stacked in an antiparallel manner
and located at 3 side of the complementary strand.”* Thus, p-stilbazole moieties in this
study are expected to adopt similar stacking structures. A trans-to-cis isomerization
within the duplex could be ruled out based on the fact that the Amax Of Ba/Bb did not
shift during photoirradiation (Figure 4-3). Furthermore, NMR and HPLC analyses
revealed that equal amounts of diastereomers were produced. Thus, we concluded that
the two observed products are diastereomers (Figure 4-6, right panel). The very fast
rotation around the single bond between phenyl and vinyl groups of p-stilbazole results
in the production of the two diastereomers upon irradiation. Before photo-

irradiation, p-stilbazole can adopt either of two stable stacking modes (Figure 4-6, left
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Figure 4-6. Presumed structures of diastereoisomers produced upon
photocycloaddition.
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panel). Since interconversion between the two conformers is rapid, NMR does not

distinguish these two conformers. Photo-cross-linking prevents interconversion and

fixes the conformation. As a result, duplexes containing each of these two “fixed”

conformers are observed both by NMR and HPLC. We have also conducted molecular

dynamics simulations of Ba/Bb (Figure S4-5). These simulations indicate that

the p-stilbazoles in Ba/Bb may adopt either of the possible conformations without

disturbing the overall B-form structure.

4-3-4  Thermal Stability of Photo-Cross-Linked Duplex

We next evaluated thermal stability of the cross-linked duplex. Melting curves

of Ba/Bb before and after photoirradiation are shown in Figure 4-7a. Before

photoirradiation, the T, of Ba/Bb was 46.4 °C (Figure 4-7a and Table 4-1), which was

8.2 °C higher than that of a native duplex without Bresidues (38.2 °C). The T, increased

to more than 80 °C after photoirradiation. Thus, thermal stability of duplex was

dramatically improved through photodimerization of the p-stilbazole moieties. The

overall structure of photo-cross-linked duplex was analyzed by CD spectroscopy

(Figure 4-7b). Before photoirradiation, positive exciton couplet was observed at around

260 nm, showing that natural nucleobases adopted B-form duplex. An induced CD was

ob served at 320 nm, indicating that the p-stilbazoles are located in the chiral
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Figure 4-7. UV-vis spectra of (a) stilbazole monophosphate Bp and (b) Ba/Nbefore
and after UV irradiation (340 nm). T, of Ba/N was 43.2 °C. Solution conditions were
5.0 uM Bp, 5.0 uM DNA, 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 0 °C.

Table 4-1. Comparison of Thermal Stabilities and Photoreactivities of Duplexes
Containing p-Stilbazole and p-Methylstilbazolium

IV G
sequence  before UV irradiation  after UV irradiation” k.,./min
Ba/Bb 46.4 >80 o |
Za/7Zb SL.S >80 1.5
Ba/Zb 49.7 >80 0.9

%Conditions: 5.0 uM DNA, 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 20 °C. buv light at
340 nm was irradiated for 30 (Ba/Zb), 60 (Ba/Bb) or 120 min (Za/Zb). T, of native duplex without

stilbazole was 38.2 °C. “Observed rate constant determined from initial slope of Figure 4-9.

environment of DNA duplex. This induced CD band disappeared upon light irradiation
because m—n* absorption of p-stilbazole at 325 nm disappears upon photocycloaddition.
In the cross-linked species, the CD couplet at 260 nm remained almost unchanged to

that prior to irradiation. These results indicated that overall B-form double-helical
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structure remained intact in spite of nonplanar structure of photo-

dimerized p-stilbazoles.?*

4-3-5  Effect of Positive Charge on Photo-Cross-Linking Properties

We then investigated photo-cross-linking of p-methylstilbazolium, a stilbazole
derivative containing a positive charge (Z in Scheme 4-1). The UV-vis spectra of a
duplex tethering these moieties, Za/Zb, are shown in Figure 4-8. Before
photoirradiation, an absorption maximum was observed at 340 nm. This peak
completely disappeared after photoirradiation for 3 min, unambiguously demonstrating
that the photocycloaddition reaction between Z moieties occurred. The

photo-cross-linking between Z moieties was further confirmed by HPLC and
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Figure 4-8. UV-vis spectra of (a) Za/Zb and (b) Ba/zZb before and after
photoirradiation. Solution conditions were 5.0 uM DNA, 100 mM NaCl, 10 mM
phosphate buffer (pH 7.0), 0 °C.
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MALDI-TOF MS analyses (Figure S4-6). The T, of Za/Zb before photoirradiation was
51.5 °C (Table 4-1 and Figure S4-7), about 5.1 °C higher than that of Ba/Bb (46.4 °C).
The high stability of the Z-Z pair is due to electrostatic interactions between phosphate
anions and cations of Z residues as we reported previously.”? In addition, cation—n
interaction should also contribute to the high stability. The T, of the Za/Zb increased to
over 80 °C after photoirradiation at 340 nm, demonstrating significant stabilization
upon photo-cross-linking of the Z-Z pair. We also investigated photocycloaddition of
the hetero combination between B and Z residues (Figure 4-8b). Absorption maxima
of B and Z residues at about 320 and 350 nm, respectively, simultaneously decreased
upon irradiation. Thus, the B—Z pair can be photo-cross-linked in the context of DNA
duplexes.

The observed rate constant of the reaction between p-methylstilbazolium residues
was also determined from UV-vis spectra (Table 4-1 and Figure 4-9). The observed rate
constants measured under the conditions of the same absorbance and light intensity are
a measure of the relative quantum vyields of reaction.®® The observed rate constant
of Za/Zb was 1.5 min*, which was almost the same order as that of the p-stilbazole

-1y 37
).

duplex (1.1 min The observed rate constant of hetero B-Z pair was also similar (0.9
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Figure 4-9. Reaction kinetics of Ba/Bb (red line), Za/Zb (blue line), and Ba/Zb (green
line) determined from UV-vis spectra. Absorbances of all duplexes were adjusted to be
almost the same (Ba/Bb: 0.186, Ba/Zb: 0.196, Za/Zb: 0.187).

min?). Thus, the cationic charge on the Z moiety did not significantly affect
photoreactivity. In photodimerization reactions of p-stilbazole and p-methylstilbazolium
not conjugated with DNA, the positive charge played important roles in both yield and
stereoselectivity.?* Although the positive charge does affect the association process of
stilbazoles, the “intrinsic” reactivity should be almost the same between p-stilbazole
and p-methylstilbazolium. In other words, intrinsic photoreactivity of molecules can be
evaluated by using DNA as a scaffold. Use of a DNA scaffold also allows reactivity of
hetero combinations to be investigated while excluding the corresponding homo

combinations.
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4-3-6  Orthogonality with Natural Nucleobases

In order to serve as artificial base pairs, orthogonality is one of the most important

prerequisites. Thus, we investigated orthogonality of B-B or Z-Z pairs with natural base

pairs. Melting temperatures of Xa/Xb duplexes (where X was A, T, G, C, B, or Z)

before photoirradiation are shown in Table 4-2. The B residue more strongly hybridizes

when the complementary residue is B than when it is a natural nucleobase. For

example, Ba/Bb had a T, of 46.4 °C, whereas duplexes of Ba with Ab, Th, Gb,

and Cb had much lower Tps (31.6, 34.0, 33.9, and 35.1 °C, respectively). These TS

were also significantly lower than those of duplexes with natural A-T or G-C pairs:

The T, of Aa/Tb (42.8 °C) was much higher than that of Ab/Bb (33.7 °C). The same

tendency was observed with Z-Z pairs (Table 4-2). These results clearly demonstrated

that B-B and Z-Z pairs show excellent orthogonality with natural nucleobases. In other

words, the B-B or Z-Z pair could be used as “third base pair” for construction of

DNA-based nanomaterials. The instability of a natural base paired with either B or Z is

attributable to the sizes of the B and Z moieties; these stilbazoles are much larger than

nucleobases, and intercalation of these moieties should cause steric hindrance

with D-ribose. In contrast, when B and Z moieties are paired, steric hindrance is likely

lessened by flexible D-threoninol linkers. In addition, strong intermolecular stacking
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Table 4-2. Orthogonality of B or Z Moiety with Natural Nucleobases before
Photoirradiation

T../%¢?
Aa Ta Ga Ca Ba Za
Ab 25.7 40.3 30.6 24.4 31.6 30.4
Tb 42.8 28.7 33.6 26.4 34.0 31.8
Gb 30.7 31.9 29.8 45.9 339 324
Cb 27.3 26.8 48.8 23.8 35.1 322
Bb 33.7 37.4 36.3 36.0 46.4 50.9
Zb 32.5 34.4 35.1 34.7 49.7 51.8

®Conditions: 5.0 pM DNA, 100 mM NacCl, 10 mM phosphate buffer (pH 7.0), 20 °C.

interactions between B and Z moieties should contribute to high stabilities of the
duplexes containing two of these residues.

Next, orthogonality in the photo-cross-linking reaction was evaluated. When
a B or Z moiety was located counter to A, T, G, or C, the UV-vis spectra did not change
even after photoirradiation for 30 min (Figure S4-9).> Spectra of Ba/N (Figure 4-2b)
and Za/N (Figure S4-10) did not change upon photoirradiation of the sample. This
indicates that neither B nor Z react with natural nucleobases, whereas fast reactions
occurred between B-B, Z-Z, and B-Z pairs. It has been reported that natural
nucleobases, especially pyrimidine bases, may cause [2 + 2] photocycloaddition

reactions. For example, a thymine dimer is formed upon UV irradiation that may induce
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point mutations.”’ Photo-cross-linking agents, such as psoralen, form interstrand
cross-link with thymine via photocycloaddition reactions.** In our design, the vinyl
group of p-stilbazole was located near the center of the natural base pair (Figure S4-11),
but the reaction sites of nucleobases (e.g., C5 and C6 of pyrimidine bases) are toward
the outside of the DNA duplex. Separation of vinyl group from pyrimidine inhibited

cycloaddition reaction between p-stilbazole and natural nucleobases.
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4-4 Conclusions

In conclusion, we have successfully developed artificial base pairs that can be

photo-cross-linked in the context of a DNA duplex. When a duplex with a pair of

p-stilbazoles located on opposite strands was irradiated with UV light, a [2 + 2]

photocycloaddition reaction occurred significantly stabilizing the duplex. Both UV-vis

spectra and HPLC analyses revealed that photo-cross-linking reaction was complete

within 3 min. NMR analyses indicated that two diastereomers are produced on

photo-cross-linking due to rotation of vinyl group. We have also demonstrated that

p-stilbazole and p-methylstilbazolium showed high orthogonality with natural

nucleobases in terms of both stability and photo-cross-linking reaction.

DNA has recently been used for construction of nanomaterials, such as

nanoarchitecture and devices. However, the two natural base pairs, A-T and G-C, are

not necessarily optimal in these materials. Furthermore, it is not necessary to mimic

natural nucleobases when DNA is chemically synthesized and used as materials. The

high stability and superb orthogonality of artificial base pairs of stilbazoles make them

candidates for use in DNA nanomaterials. The photo-cross-linking reaction contributes

remarkable stability to the DNA duplex. We believe that these pairs should be added to

the “genetic alphabet” of DNA-based nanomaterials.
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4-5 Experimental section

Materials

All the conventional phosphoramidite monomers, CPG columns, and reagents for DNA
synthesis were purchased from Glen Research. Other reagents for the synthesis of
phosphoramidite monomers were purchased from Tokyo Chemical Industry, Wako, and
Aldrich. Unmodified oligodeoxyribonucleotides (ODNs) were purchased from

Integrated DNA Technologies.

Synthesis of ODNs

All modified ODNs were synthesized on an automated DNA synthesizer (H-8-SE, Gene
World) by wusing phosphoramidite monomers bearing B or Z. Syntheses of
phosphoramidite monomers B and Z were reported previously.”? p-Stilbazole
monophosphate was synthesized as described in the appendix information. Sample
handling was conducted under dark conditions. After the workup, ODNs were purified
by reversed phase HPLC and characterized using a MALDI-TOF MS (Autoflex I,
Bruker Daltonics). Matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) data for the synthesized ODNs: Ba: obsd 3072 (calcd
for [Ba + H']: 3073). Bb: obsd 3112 (calcd for [Bb + H™]: 3113). Bc: obsd 2206 (calcd
for [Bc + H']: 2206).Bd: obsd 2126 (calcd for [Bd + H']: 2126). Za: obsd 3088 (calcd
for [Za + H']: 3088). Zb: obsd 3128 (calcd for [Zb + H™]: 3128).

NMR Measurements

NMR samples were prepared by dissolving lyophilized DNA in an H,O/D,0 9:1
solution containing 10 mM sodium phosphate (pH 7.0) to give a duplex concentration
of 1.0 mM. NaCl was added to give a final sodium concentration of 200 mM. NMR
spectra were measured with a Varian INOVA spectrometer (700 MHz) equipped for
triple resonance at a probe temperature of 275 K. Resonances were assigned by standard
methods using a combination of 1D, totally correlated spectroscopy (TOCSY) (60 ms of
mixing time), and nuclear Overhauser effect spectroscopy (NOESY) (150 ms of mixing
time) experiments. All spectra in the H,O/D,0 9:1 solution were recorded using the 3—

9-19 WATERGATE pulse sequence for water suppression.*
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Spectroscopic Measurements

UV spectra were measured on a JASCO model J-560 equipped with a programmed
temperature controller; 10 mm quartz cells were used. CD spectra were measured on a
JASCO model J-820 equipped with programmed temperature-controllers using 10 mm
quartz cells.

Measurement of the Melting Temperature

The melting curves were obtained with a JASCO model J-560 by measuring the change
in absorbance at 260 nm versus temperature. The melting temperature (T,,) 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 Ty,s agreed to within
2.0 °C. The temperature ramp was 1.0 °C min™*.

UV Irradiation

A xenon light source (MAX-301, Asahi Spectra) equipped with interference filters
centered at 341.5 nm (half bandwidth 9 nm, power density 0.15 mW/cm?) was used for
photo-cross-linking. The sample solution was added to a cuvette, and the temperature of
light irradiation was controlled using a programmable temperature controller.
Photoirradiation was conducted at 0 °C.

HPLC Analyses

A Merck LiChrospher 100 RP-18(e) column heated at 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 mixture 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 absorption.

Molecular Dynamic Simulation

The Insight 11/Discover 98.0 program package was used for conformational energy
minimization. The duplex tethering p-stilbazole was built from canonical B-form DNA
by a graphical program. The AMBER95 force field was used for the calculation. All the
structures were energy minimized to an RMS derivative of <0.001 kcal A™.
Computations were carried out on a Silicon Graphics O2+ workstation with the IRIX64
OS release 6.5.
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4-7 Appendixes
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Scheme S4-1. Synthesis of p-stilbazole monophosphate. Reagents and conditions: a)
1H-tetrazole, CH3CN, H,0, rt, overnight.; b) I, THF, pyridine, H,0, rt, 4 days.; ¢) TFA,
rt, 5 minutes.; d) NHsaq, rt, overnight.

The p-stilbazole monophosphate was synthesized as follows:

Compound 1 was synthesized according to the previous report.*

Compound 1 (61.1 mg, 0.075 mmol) was dissolved in CH3CN and 1H-tetrazole (0.051
g, 0.728 mmol) in 2ml of CH3CN was added. Then 8 ml of H,O was added. After
stirring for overnight, 185 ml of Oxidizing Solution (0.02 M iodine in
THF/pyridine/H,0, Glen Research) and ammonium hydroxide was added. After 3 days,
iodine (0.282g, 1.11 mmol) in THF was added. After stirring for overnight, excessive
amount of ammonium hydroxide was added and stirred for 3 hours, followed by partial

purification and detritylation conducted on Poly PakIl (Glen Research). Ammonium

113



hydroxide was added to the eluate and laid for overnight. Then the solvent was removed
by evaporation, and purified by HPLC. *H-NMR [D,0, 500 MHz] 6 = 7.82 (d, J = 8.5
Hz, 2H, aromatic protons), 7.71 (d, J = 8 Hz, 2H, aromatic protons), 7.67 (d, J = 8 Hz,
2H, aromatic protons), 7.61 (d, J = 6 Hz, 2H, aromatic protons), 7.52 (d, J = 16.5 Hz,
1H, -CH=CH- of trans isomer), 7.32 (d, 8 Hz, 2H, aromatic protons), 7.28 (d, 16.5 Hz,
1H, -CH=CH- of trans isomer), 7.25 (d, 6 Hz, 2H, aromatic protons), 6.94 (d, 12 Hz,
1H, -CH=CH- of cis isomer), 6.71 (d, 12.5 Hz, 1H, -CH=CH- of cis isomer), 4.46 (m,
2H, -CH(CH3)-OH of cis/trans isomers), 4.07 (m, 2H, -CH,CH(NH-)- of cis/trans
isomers), 3.77, 3.66 (each m, 2H, -CH,-OH of cis/trans isomers), 1.25, 1.23 (each d, 6.5
Hz, 3H, CH3;-CH- of cis/trans isomers). MS (ESI) Calcd for CigHxN,OP (M-H")

391.1059. Found 391.1073.

'Kashida, H.; Ito, H.; Fujii, T.; Hayashi, T.; Asanuma, H. J. Am. Chem. Soc. 2009, 131, 9928.

114



X1a:
X1b:
N:

B1c:
B1d:

5-GCATCXAGTC-3' (X=A,
3'-CGTAGXTCAG-5" (X=A,
3-CGTAGTCAG-%'

5-GGABGTC-3'
3'-CCTBCAG-5'

G
,G, ’ ’

0.4

0.3

o
[N

Absorbance

o
-

0
300

—Bla

320 340 360 380

Wavelength / nm

400

Fig. S4-1. UV-VIS spectra of Ba/Bb, Ba/N and single-stranded Ba. Conditions are as follows:
[ODN] = 5.0 uM, [NaCl] = 100 mM, pH 7.0 (10 mM phosphate buffer), 20 °C.
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Fig. S4-2. MALDI-TOFMS data of Ba/Bb (a) before and (b) after photoirradiation.
Calculated mass for [Ba+H"]:3073, [Bb+H"]:3113, [Ba/Bb+H"]:6184.
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Fig. S4-3. TOCSY spectra in D,O of Ba/Bb (a) before and (b) after photoirradiation.
Signals between phenyl protons of p-stilbazole were marked with dotted circles whereas
those between vinyl protons were marked with solid circles.
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Fig. S4-4. HPLC chromatograms of Bc/Bd (a) before and (b) after photoirradiation.

116



Fig. S4-5. Energy-minimized structures of two conformations of Ba/Bb, which
becomes two diastereomers upon photoirradiation. Relative orientations of p-stilbazole
moieties are shown at the bottom. The molecular dynamics simulation was conducted
by using Insightll/Discover package with amber force-field.
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Fig. S4-6. (a) HPLC chromatograms and (b) MALDI-TOFMS charts of Za/Zb before

and after photoi

rradiation.

(b) Calculated mass for [Za+H"]:3088, [Zb+H"]:3128, [Za/Zb+H"]:6215.
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Fig. S4-7. (a) Melting curves and (b) CD spectra of Za/Zb before (dotted line) and after
photoirradiation (solid line). Conditions are as follows: [ODN] = 5.0 [1M, [NaCl] = 100
mM, pH 7.0 (10 mM phosphate buffer), 0 °C.
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Fig. S4-8. Effects of flanking base pairs on rate constant of photocycloaddition
determined from UV-VIS spectra. The first order rate constants were 1.8 (Ba/Bb), 5.2
(Be/Bf), 0.3 (Bg/Bh) and 0.4 min™ (Ba/Bh). Conditions are as follows: [ODN] = 5.0
0OM, [NaCl] = 100 mM, pH 7.0 (10 mM phosphate buffer), 0 °C.
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Fig. S4-10. UV-VIS spectra of Za/N before and after photoirradiation. Conditions are as
follows: [ODN] = 5.0 OOM, [NaCl] = 100 mM, pH 7.0 (10 mM phosphate buffer), 0

°C.

Fig. S4-11. (a) Energy-minimized structures of Ba/N. Relative orientation of
p-stilbazole with respect to neighboring base pairs is shown in (b). Neighboring A-T and
G-C pairs in (b) are colored in blue and green, respectively. The molecular dynamics
simulation was conducted by using Insightll/Discover package with amber force-field.
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Chapter 5. Analysis of [2+2] photodimerization
reactivity of various stilbenes in the context of DNA

duplex

5-1 Abstract

A DNA duplex was used as a scaffold to evaluate intrinsic reactivity of [2+2]
photodimerization between stilbene derivatives; the duplex pre-organizes the
substrates avoiding the need for an association step. Unmodified stilbenes
were first introduced at base-pairing positions on complementary DNA strands.
The duplex was then irradiated with 340 nm UV light. HPLC analyses
revealed that [2+2] photodimerization proceeded rapidly without side reactions.
Thus, it was confirmed that the DNA duplex could be used as an ideal scaffold
for [2+2] photodimerization of stilbenes. Next, we examined
homo-photodimerization  abilities of various stilbene derivatives.
Homo-photodimerization of p-cyanostilbene, p-methylstilbazolium, and
p-stilbazole occurred efficiently, whereas homo-photodimerization of
p-dimethylaminostilbene and p-nitrostilbene did not proceed at all, probably

because the reaction was quenched by dimethylamino and nitro groups.
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Time-dependent density functional theory calculations revealed that excitation
energy was correlated with quantum vyield. We further investigated
hetero-photodimerization. These reactions were made possible by use of two
complementary oligodeoxyribonucleotides tethering different stilbene
derivatives. Reactivities in hetero-photodimerization were highly dependent on
the combination of derivatives. A high correlation was observed between the
quantum vyields and energy gaps of HOMO and LUMO between reactive
derivatives. Unexpectedly, nitrostilbene, which was non-reactive in
homo-photodimerization, cross-reacted with p-methylstilbazolium and
p-stilbazole, both of which had close HOMO or LUMO with nitrostilbene.
Evaluation of the intrinsic reactivity of homo- and hetero-photodimerization of

stilbene derivatives was made possible by use of DNA as a scaffold.

5-2 Introduction
The [2+2] photodimerization of stilbenes has been of interest since Ciamician and
Silver characterized dimerization of E-stilbene in 1902.! This photodimerization

is used for the synthesis of cyclobutane derivatives, in polymer syntheses, and in
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crosslinking.?®  The effects of concentrations' and solvents®® on
photodimerization of stilbenes have been evaluated and reactivities of several
stilbene derivatives have been investigated.” However, since most
photo-cycloadditions are conducted under conditions in which stilbene monomers
are dispersed in solvent, molecules must form an aggregate (or a cluster) prior to
the photoreaction. Hence, reactivities of stilbene derivatives are dependent on the
ability of these derivatives to aggregate. Furthermore, monomeric stilbene also
undergoes trans-to-cis photoisomerization, subsequent cyclization and
irreversible phenanthrene formation via oxidation. Accordingly, it was very
difficult to distinguish “intrinsic” reactivities from propensity to aggregate.
Although clusters have been prepared using nanocages or via attractive
interactions®'*, reactivities remain dependent on dimer aggregate formation.
Furthermore, to the best of our knowledge, it has not been possible to evaluate
hetero stilbene photodimerization (i.e. cross-reaction between the two different
derivatives).

Previously we developed a unique method for preparation of a dye assembly
within a DNA duplex.*>*® We utilize D-threoninol as a scaffold for the functional

molecule, and this residue can be introduced at any position and in any number in
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an oligodeoxyribonucleotide (ODN) or an oligoribonucleotide using standard

solid-phase synthesis techniques. Introduction of the base surrogates at

base-pairing positions of complementary strands allows controlled dimer

aggregate formation within the duplex. Heterodimers are prepared by hybridizing

two strands each of which involves a different dye. We demonstrated that

azobenzene dimer formation occurs in an anti-parallel manner scaffolded by

ODN duplexes using NMR structural analysis. That the duplex containing dimers

or higher order aggregates were unwounded relative to an unmodified duplex was

shown by circular dichroism analyses.

Here, we utilized an ODN duplex as a scaffold for systematic investigation of

[2+2] photodimerization between stilbene derivatives whose photoreactivities

have not yet been examined in detail. Introduction of stilbene derivatives into

base-paring positions of ODNs via D-threoninol allowed us to firmly fix homo-

and heterodimer aggregates before photo-irradiation. Upon 340 nm UV

irradiation, the [2+2] photodimerization of stilbene derivatives occurs and duplex

is crosslinked (Scheme 5-1). Recently, we examined photodimerization of

p-stilbazole derivatives to demonstrate that the surrogate via D-threoninol can

orthogonally pair with the same surrogate and serve as an artificial base pair for
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photo-crosslinking of an ODN duplex.!

We found that photodimerization
proceeds very efficiently in the duplex scaffold without other side reactions such
as photoisomerization and subsequent cyclization. This result strongly indicates
that photodimerization of these surrogates reflects intrinsic reaction ability. In the
present study, we investigated the photodimerization of six derivatives in DNA
duplexes.

Their intrinsic reactivities in homo- and hetero-photodimerizations were
systematically investigated to identify those factors that affect reactivity. We
believe that the results reported here complement theoretical investigations'® and
will contribute to better understanding of [2+2] photo-cycloaddition reactions.
This strategy will also provide new tools for photocrosslinking and photoligation

that will be used in biotechnology.*2®

N = VR & TR

bene O = T -
[, S8 S She

Scheme 5-1. Schematic illustration of [2+2] photodimerization inside a DNA duplex.
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5-3 Results and discussions

5-3-1 Photochemical Properties of Stilbene-Modified ODN and Analysis of [2+2]

Photo-dimerization of Homodimer Aggregate

Figure 5-1 show the chemical structures of the six stilbene derivatives studied. In

the present study, in addition to the previously reported stilbazole derivatives,

p-stilbazole (B) and p-methylstilbazolium (Z), we have newly synthesized

stilbene (S) and p-cyanostilbene (Scy), the stilbene derivatives that are known to

dimerize upon UV photo-irradiation. Moreover, we also synthesized

p-nitrostilbene (Sa) and p-dimethylaminostilbene (Sp); these derivatives have not

Xa: 5 -GCATCXAGTC-3' (X=S,S.,, Z B, S,, S,)
Yb: 3' -CGTAGYTCAG-5'(Y=S,S,,.Z B.S,.S,)
N. 3 -CGTAGTCAG-S

)
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) L L
H O H
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Figure 5-1. Sequences of ODNSs synthesized in this study and chemical structures of
stilbene derivatives.
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been previously characterized. These derivatives were linked to D-threoninols
and introduced into an ODN via phosphoramidite chemistry. Sequences of the
ODNs are also shown in Figure 5-1. First, we prepared the homodimer aggregate
of unmodified stilbene (S) that has been conventionally used for examining
photodimerization and investigated its intrinsic reactivity. Figure 5-2a shows
UV-vis spectra of the homo Sa/Sb duplex. Before photo-irradiation, Sa/Sb had
an absorption maximum at 322 nm, which was 13 nm shorter than that of a
duplex with a single S moiety (Sa/N; 335 nm). This hypsochromic shift indicates
that S moieties in Sa/Sb form an H aggregate before photo-irradiation. Similar
hypsochromic shifts were observed with all the homodimers examined in this

study (Fig. S5-1), demonstrating all derivatives formed a dimer aggregate
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Figure 5-2. UV-vis spectra of Sa/Sb (blue) and Sa/N (red). (b) Sa/Sb before and
after indicated duration of UV irradiation (340 nm). Solution conditions were 5.0
uM DNA, 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 20 °C.
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scaffolded by the DNA duplex before photo-irradiation. The absorption band
rapidly decreased as a function of irradiation time, and after 1 min, the absorption
band of S had completely disappeared (Fig. 5-2b). This disappearance of the m-n*
band strongly indicated that the [2+2] photodimerization occurred between the
two stilbene residues.

The photodimerization reaction was further analyzed by HPLC (Fig. 5-3).
Before photo-irradiation, two peaks that corresponded to the single-stranded Sa
and Sb were observed. After 3 min irradiation, the two peaks completely
disappeared and a new single peak appeared at a shorter retention time.
MALDI-TOF MS analysis confirmed that this new peak was a crosslinked Sa/Sb
duplex (Fig. S5-2). This result unambiguously demonstrates that the duplex was

crosslinked via [2+2] photodimerization of S without any side photoreaction. The

Cross-linked Sa/Sb Sb
\ \ // >

180 sec J "
0 sec J L
24 26

12 14 16 18 20 22

28 30
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Figure 5-3. HPLC chromatograms of Sa/Sb under conditions that denature the
duplex before and after 180 sec UV photo-irradiation (340 nm).
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peak may involve two diastereomers, derived from rotation of stilbenes as we
previously reported.*’

We also investigated thermal stability of the DNA duplex before and after
photodimerization. Before photo-irradiation, the T, of Sa/Sb was 42.4 °C (Fig.
S5-3). And after photo-irradiation, the T, increased to more than 80 °C,
confirming that the duplex is crosslinked. From these results, we concluded that
[2+2] photodimerization of stilbene occurred within the ODN duplex scaffold and
that trans-to-cis photoisomerization and subsequent cyclization were completely

suppressed.

5-3-2  Photodimerizations of Homodimer Aggregates of p-Cyanostilbene and
p-Nitrostilbene

Next, we investigated [2+2] homo-photodimerization of stilbene derivatives Scy and Sa
with electron-withdrawing substituents. The UV-vis spectra of the duplexes tethering
these moieties, Scna/Scnb and Saa/Sab, are shown in Fig. 5-4. Before photo-irradiation,
absorption maximum at 329 nm and 364 nm were observed for Scy and Sa, respectively.
Upon photo-irradiation of Scna/Scnb, the band at 329 nm rapidly decreased and the

band completely disappeared after 5 min of irradiation (Fig. 5-4a), which indicates that
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Figure 5-4. UV-vis spectra of (a) Scna/Scnb and (b) Saa/Sab before and after
indicated duration of UV irradiation (340 nm). Solution conditions were 5.0 uM
DNA, 100 mM NacCl, 10 mM phosphate buffer (pH 7.0), 20 °C. Note that UV
spectra in (b) after 0 sec and 1800 sec overlap with that after 3600 sec almost
completely.

0

[2+2] photodimerization of Scn occurred. This photodimerization was further
confirmed by HPLC and MALDI-TOF (Figs. S5-4, S5-5). In contrast,
photo-irradiation of Saa/Sab did not cause any change in the spectrum (Fig. 5-4b),

indicating that p-nitrostilbene did not photodimerize.

5-3-3  Photodimerization of p-Dimethylaminostilbene

We then investigated photodimerization of a stilbene derivative modified with an
electron donating group, Sp; the photodimerization behavior of this derivative has
not been previously analyzed. The pK; of the dimethylamino group of Sp is
around 7; therefore, we investigated the photodimerization of Sp in both

deprotonated (pH 9) and protonated (pH 5) states. At pH 9, the absorption
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maximum appeared at 370 nm, and the peak shifted to 321 nm at pH 5 due to
deconjugation resulting from protonation of the dimethylamino group. After 5
min of 340 nm irradiation of Spa/Spb at pH 9, no change was observed in the
band (Fig. 5-5a), demonstrating that p-dimethylaminostilbene, like p-nitrostilbene,
did not photodimerize. In striking contrast, when the protonated Spa/Spb duplex
(pH 5) was irradiated, the band at 321 nm rapidly decreased (Fig. 5-5b).
Photodimerization was also confirmed by HPLC and MALDI-TOF MS analyses;
no undesired photoreaction products were observed (Figs. S5-6, S5-7). Thus,
p-dimethylaminostilbene does not undergo [2+2] photodimerization in the

deprotonated state but efficiently photodimerizes in protonated state.
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Figure 5-5. UV-vis spectra of (a) Spa/Spb at pH 9.0 (10 mM Tris buffer) and (b)
Spa/Spb at pH 5.0 (10 mM MES buffer) before and after indicated duration of
UV irradiation (340 nm). Solution conditions were 5.0 uM DNA, 100 mM NacCl,
20 °C.
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5-3-4  Quantitative Comparison of the Reactivities of Homodimer Aggregates by
Quantum Yield

In order to compare intrinsic reactivities of these stilbene derivatives
quantitatively, we evaluated quantum yields of homo-photodimerization by using
the chemical actinometry method (Table 5-1 and Fig. 5-6). Quantum yields of
p-methylstilbazolium (Z) and p-stilbazole (B) are also shown. Among the six
stilbene derivatives, unsubstituted stilbene showed the highest quantum yield, ®
= 0.15. This quantum yield was lower than that of stilbene monomer in benzene
solution reported previously (®= 0.33)*. The lowered quantum vyield in the
duplex may be attributed to the difference of the solvents or to the quenching by

Table 5-1. Photochemical properties and quantum yields of homodimers of
stilbene derivatives.

Ima’/  Tm’/ HOMOY LUMOY AEY &

Sequence nm °C ev eV ev (><102)
Sa/Sb 322 424  —6.05 —1.72 4.33 15
Scna/Senb 329 53.8 —6.28 -2.16 4.12 2.2
Za/Zb 342 51.5 —6.81 —2.98 3.83 1.7
Ba/Bb 322 46.4  —6.39 -1.99 4.40 2.4
Spa/Spb(H')® 321 37.5 —6.33 -2.05 4.28 3.6
Spa/Spb’ 370 367 —5A7 —1.51 3.66 N/A
Saa/Sab 364 58.1 —6.37 -2.61 3.76 N/A

aAbsorption maximum in UV-vis spectrum. PMelting temperature of duplex before
photo-irradiation. ¢‘TD-DFT calculation values from pbelpbe/6-31G*, solvent: water.
dDifference in energies between LUMO and HOMO. ¢Measured at pH 5. fMeasured at
pH 9.
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Figure 5-6. Quantum vyields of homo-photodimerizations (bar graph) and
calculated excitation energies (line graph). AE=E| umo-Enomo-

adjacent nucleotides (vide infra). Protonated Sp (H") showed the second highest
quantum vyield (0.036); B, Z, and Scn showed almost the same quantum yields
(0.024, 0.017 and 0.022, respectively). In contrast, homodimer aggregates of both
Sa and Sp did not undergo photodimerization reaction at all; their quantum yields
were nil. Thus, quantum yields of homo-photodimerization are highly dependent
on substituents.

In order to elucidate the factors that determine reactivities of
homo-photodimerization of stilbene derivatives, we measured or calculated
several photochemical properties, which are listed in Table 5-1. There was no
correlation between quantum yields and Tps of duplexes. For instance,
Scna/Scenb had a higher Ty, (53.8 °C) than Sa/Sb (42.4 °C), likely due to

facilitated stacking interaction by the electron-withdrawing cyano group;
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however, the quantum yield of Scna/Scnb was far lower than that of Sa/Sb. Since
the photodimerization reaction was conducted at 20 °C, T, may not affect the
reaction as all duplexes should have been stable at this temperature. Interestingly,
however, we did observe a distinct correlation between quantum yield and
excitation energy (AE = LUMO-HOMO); the derivatives with higher AE showed
higher quantum yields, except for Sa and Sp (vide infra). For example, the S
moiety, which had the highest quantum yield of derivatives evaluated, also had
among the highest AE values. Caldwell predicted that high singlet energies are
favorable for photodimerization.’® # Our experimental results agree with this
prediction except for derivative B: the quantum yield of Ba/Bb was lower than
that of Sa/Sb, whereas its AE was higher than that of S. Protonation of pyridine
ring of B at pH 7 may affect the photodimerization efficiency.?®

As we noted above, quantum vyield of photodimerization of unmodified
stilbene in the duplex was lower than that in the benzene solution. We
hypothesize that the lower efficiency in the duplex is due to quenching by the
adjacent bases as quenching of fluorophores by electron transfer from
nucleobases, especially guanine, has been previously observed.?® In order to

investigate effects of the base neighboring the stilbene derivatives, ODNs
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tethering S, B, and Z moieties flanked by AT pairs were synthesized. The
quantum vyields for these modified duplexes were higher than those from
duplexes with GC pairs neighboring the stilbene derivatives (Table S5-1),
indicating that neighboring guanine quenched the excited state and inhibited the
photodimerization. Though this quenching might affect the photochemical
reaction in DNA duplex, quantum yields remained in the same order (S > B > Z),
irrespective of neighboring nucleobase. So, we concluded that the qualitative
analysis of the photoreactivities was not affected by the flanking native base
pairs.

Sa and Sp did not undergo photodimerization within the DNA duplex scaffold,
which can be explained by quenching of the excited state by nitro and
dimethylamino substituent groups.®® In the case of Sp, an electron on the
dimethylamino group would be intramolecularly transferred to form an
intramolecular charge transfer state after photo excitation, and this would
suppress the dimerization reaction. Intramolecular electron transfer quenches
fluorescence of dyes substituted with the dimethylamino group.®* Consistently,

protonation of dimethylamino group (Sp(H®), see Fig. 5-6) allowed
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photodimerization (quantum yield increased from nil to 0.036), which strongly
supports our hypothesis.

According to Rulliére et al., photo-excited 4-dimethylamino-4'-nitrostilbene
undergoes fast rotation of nitro group, which facilitates non-radiative decay of
excited state.*? In the case of Sa, which has a nitro group at the para-position,
similar fast rotation of nitro group likely resulted in non-radiative decay from an
excited state and suppressed photodimerization. For other stilbene derivatives,
quantum vyields of photodimerization correlated strongly with AE values,
although further theoretical investigations are required to validate the proposed

mechanism.

5-3-5 Cross-photodimerizations of Heterodimer Aggregates

Next, we investigated hetero [2+2] photodimerization, that is,
photodimerization between different stilbene derivatives, using the DNA duplex
as a scaffold to place different derivatives in proximity (Scheme 5-2).
Cross-photoreactivity between the different stilbene derivatives has not yet been
reported due to the difficulty in preparing the pre-organized heterodimer

aggregate. With our ODN strategy, heterodimer aggregates can be easily prepared
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Scheme 5-2. Schematic illustration of hetero [2+2] photodimerization using DNA
duplex as a scaffold.

Hetero Hetero
m@ﬁm aggregate dimerization
b = RN =
by hybridization of complementary DNA strands tethering different dyes. Here,
reactivities of hetero [2+2] photodimerization of combinations of the six stilbene
derivatives were systematically investigated by combining two complementary
ODNSs, each of which tethered a different stilbene derivative. We monitored
photodimerization between different derivatives using UV-vis spectroscopy upon

340 nm UV irradiation (Figs. S5-10-S5-16); calculated quantum yields are

summarized in Table 5-2.

5-3-6  Cross-photodimerization among the Reactive Derivatives
Cross-dimerization proceeded for all combinations of “reactive” derivatives (S,

Scny B, Z, Sp(H+)), although their reactivities significantly depended on the

counterpart. For instance, reactivity with S was in the order of S/S > S/Scn>

S/Sp(H™) > S/B > S/Z (see first column and first row of Table 5-2). Interestingly,
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Table 5-2. Photochemical properties and quantum yields of homodimers of
stilbene derivatives.

Y @ (x107)
Y S S /4 B Sa Sp”  Sp(H'?

S 15 7.9 0.08 2.4 N/A NA 6.0
S 8.9 B3 0.89 2.0 N/A NA 28
Z NA 014 1.7 1.4 0.02 N/A 0.8
B 2.8 1.3 1.6 2.4 0.01 N/A  0.28
Sa N/A N/A 008 004 NA NA N/A
Sp” N/A  N/A N/A N/A N/A N/A —
Sp(HY)’ 45 i 036 031 NA  — 3.6

8Absorption maximum in UV-vis spectrum. ®Melting temperature of duplex before
photo-irradiation. °TD-DFT calculation values from pbelpbe/6-31G*, solvent: water.
IDifference in energies between LUMO and HOMO. ®Measured at pH 5. ‘Measured at pH 9.

the order was completely different in the series of Z combination: The order of
reactivity was Z/Z > Z/B > Z/Scn > Z/Sp(H") > Z/S. This tendency was entirely
different from the reactivities in homo combinations, in which S/S showed the
highest reactivity (Table 5-2). The reactivity order of photodimerizaton was
highly correlated with the energy gap of the frontier orbitals between the
derivatives but was not correlated with T,s (Table S5-2). Figure 5-7a shows the
quantum yields of photodimerizations and energy gaps of frontier molecular
orbitals between S and each derivative (AHOMO or ALUMO). There were
significant correlations between the quantum yields and AHOMO and ALUMO.

The S/S homo combination with no energy gap showed the highest quantum yield,

140



whereas the S/Z pair with the largest energy gap showed the smallest quantum
yield. Similar trends were also observed in the reactivities of Scy combination as
shown in Fig. 5-7b. Except for the Scn/S combination, lower energy gaps were

correlated with higher cross-reactivities. The relatively high reactivity of S may

result from a high excitation energy of S or from less electron transfer from

native nucleobases to this derivative.
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Figure 5-7. Quantum yields of photodimerizations of (a) Sa/Yb, (b) Scna/Yb, (c)
ZalYb (X, Y=S, Z, Scn B, Sp(H")) duplexes (bar graphs) and energy gaps of
HOMO or LUMO (line graphs). The energy gaps are displayed in absolute value
and the axis is inverted.
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In striking contrast to S and Scn, Z showed the lowest quantum yield with S,
although S showed the highest reactivity among homo combinations (Figure
5-7¢). Z showed the highest quantum yield with Z in complementary strand. The
reactivities of Z also correlated with energy gaps. Derivatives B and Sp(H+)
showed similar correlations between quantum yields and energy gaps (Figs.
S5-17, S5-18). These results strongly indicate that the energy gap between the
two stilbene derivatives is an important factor determining reactivity of
heterodimerizations. Small energy gap is favorable for effective
photodimerization, and vice versa. Contributions of these frontier orbitals to the
reactivity of photodimerization seem reasonable, because both HOMO and
LUMO of each stilbene may interact intermolecularly for [2+2]

photodimerizations.*

5-3-7  Cross-reactivity of Non-reactive Nitro- or Dimethylaminostilbenes with
Other Reactive Derivatives
Neither Sa nor Sp underwent homo-photodimerizaiton. Surprisingly, however,

both B and Z cross-reacted with inactive Sa (Fig. 5-8), although the quantum
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yield was below 107 and very small amounts of side products were observed by

HPLC (Figs. S5-19, S5-20). In contrast, Sp did not cross-react with any of the
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Figure 5-8. UV-vis spectra of (a) Saa/Zb and (b) Saa/Bb before and after
indicated duration of UV irradiation (340 nm) time. Solution conditions were 5.0
uM DNA, 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 20 °C.

stilbene derivatives. These cross-reactivities cannot be explained simply by the
energy gap of HOMO or LUMO.

Irradiation with 340 nm light excites the stilbene derivative either in strand “a”
or “b” in the heterodimer aggregate because all the derivatives absorb at 340 nm.
For example, irradiation of X/Sp excites either X or Sp, but not both
simultaneously, to afford either X*/Sp or X/Sp*. In both cases, the excited state
should be quenched by inter- or intra-molecular charge transfer from
dimethylamino group. Accordingly, the heterodimer aggregate with Sp does not

undergo photodimerization irrespective of the energy gap of HOMO or LUMO.
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But in the case of a Sa heterodimer aggregate, the decay path of X*/Sp is

different from that of X/Sa*. In the X/Sp* state, Sa* should non-radiatively decay

in the same manner as it would in a So homodimer aggregate; fast rotation of the

nitro group will result in non-radiative decay from an excited state and

suppressed photodimerization. However, excited X* in X*/Sa cannot be

quenched by the fast rotation of nitro group. Resonance energy transfer (i.e. the

energy transfer from the excited species to the unexcited one) might facilitate

rapid migration between X*/Sa and X/Sa*, and some of X*/Sa may be decayed

non-radiatively via conversion to X/Sa*. In the X*/S, state, however, formation

of the cyclobutane ring can occur. Z and B were both reactive with Sa because

either HOMO or LUMO levels were close; AHOMO of B/S, and ALUMO of

ZISn were 0.02 and 0.37 eV, respectively. Accordingly, B and Z

cross-photodimerized with Sa although their intrinsic reactivities were far smaller

than that of S.

At present, we cannot propose a clear intermediate or pathway for the

photodimerization reactions of these stilbene derivatives. The intermediate

electronic state of the radical ion pair as depicted in Fig. S5-21 is also possible.
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3435 Theoretical calculations and ultrafast spectroscopic measurements will

provide important clues to understanding these interesting phenomena.
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5-4 Conclusions

We have successfully developed a new methodology to evaluate the [2+2]

photodimerization reactivities of various stilbene derivatives by using a DNA

duplex as a scaffold. When a duplex tethering a stilbene pair at its center was

irradiated with 340 nm UV light, photodimerization occurred rapidly. UV-vis and

HPLC analyses revealed that photodimerization proceeded selectively and no

side reactions occurred. Protonated p-dimethylaminostilbene and p-cyanostilbene

also dimerized upon photo-irradiation, whereas p-nitrostilbene and deprotonated

p-dimethylaminostilbene were inactive. Time-dependent density functional

theory calculations indicated that excitation energy is correlated with efficient

homo-photodimerization. Homo-photodimerization of p-dimethylaminostilbene

and p-nitrostilbene probably did not proceed due to quenching by dimethylamino

and nitro groups, respectively. We also investigated the reactivity of

hetero-dimerization controlled by hybridizing DNA strands tethering different

derivatives. The quantum vyields of hetero-dimerization showed excellent

correlation with the energy gaps of frontier molecular orbitals. Furthermore, we

have unexpectedly found that non-reactive nitrostilbene could photodimerize with

stilbazole or methylstilbazolium. This observation will lead to further
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experimental and theoretical mechanistic studies and this strategy should prove

useful for photocrosslinking and photoligation in biotechnology applications.

Although photocycloadditions are extensively applied in biological fields such as

crosslinking of nucleic acids®*®*®’

, their detailed reactivities between nucleobases
and crosslinkers are still not known. Our results on hetero-photodimerization

might illustrate their reactivities by focusing on energy gaps of HOMO or LUMO

between nucleobases and crosslinkers.
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5-5 Experimental section

Materials

All conventional phosphoramidite monomers, CPG columns, and reagents for
DNA synthesis were purchased from Glen Research. Other reagents for the
syntheses of phosphoramidite monomers were purchased from Tokyo Chemical
Industry, Wako, and Aldrich. Unmodified ODNs were purchased from Integrated
DNA Technologies.

Synthesis of ODNs

All the modified ODNs were synthesized on an automated DNA synthesizer
(H-8-SE, Gene World) by using phosphoramidite monomers bearing S, Scn, Z, B,
Sa, or Sp. Syntheses of phosphoramidite monomers B and Z were reported
previously.'” S, Scn, Sa, and Sp were synthesized as described in the Appendix
Information. Samples were handled under dark to avoid photoreaction in ambient
light. After workup, ODNs were purified by reversed phase HPLC and
characterized using a matrix-assisted laser desorption ionization time-of-flight
mass spectrometer (MALDI-TOF; Autoflex Il, Bruker Daltonics). MALDI-TOF
MS data for the synthesized ODNSs: Sa, obsd 3071 (calcd for [Sa + H'], 3072);
Sb, obsd 3111 (calcd for [Sb + H'], 3111); Scna, obsd 3098 (calcd for [Scna +
H™], 3097); Scnb, obsd 3137 (calcd for [Scnb + H'], 3136); Saa, obsd 3117
(calcd for [Saa + H'], 3116); Sab, obsd 3157 (calcd for [Sab + H'], 3157); Spa,
obsd 3114 (calcd for [Spa + H'], 3115); Spb, obsd 3155 (calcd for [Spb + H'],
3155).

Spectroscopic Measurements

UV-vis spectra were measured on a JASCO model V-560 equipped with a

programmable temperature controller; 10-mm quartz cells were used.

Measurement of the Melting Temperature
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The melting curves were obtained with a Shimadzu UV-1800 by measuring the
change in absorbance at 260 nm versus temperature. 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
Tms from these curves agreed to within 2.0 °C. The temperature ramp was 0.5 °C

min 2.

Chemical Actinometry

Quantum vyields were determined by wusing 3,4-dimethoxynitrobenzene
actinometry as reported by Zhang et al.®® Conversion rate was calculated from the
UV-vis spectra at each irradiation time, and the quantum yields were determined
by calculating the ratio between initial slope and absorbed photons determined by

actinometry.

UV Irradiation

A xenon light source (MAX-301, Asahi Spectra) equipped with interference
filters centered at 340.0 nm (half bandwidth 10 nm, power density 0.15 mW/cm?)
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.

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 mixture of 50 mM ammonium formate and acetonitrile
(50/50, vlv; 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.
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Scheme S5-1. Synthesis of phosphoramidite monomers tethering stilbene,
p-cyanostilbene, p-nitrostilbene, and p-dimethylaminostilbene. Reagents and conditions:
a) Pd(OAc),, PPhs, NMez, DMF, 100 °C, overnight, S: 52.2%, Scn: 52.2%, Sa: 72.6%.
b) EDC, HOBt, NEt;, DMF, r.t., overnight, S: 69.2%, Scn: 92.5%, Sa: 53.6%, Sp:
57.5%. c) (iPr),NP(CI)(OCH,CH,CN), NEt;, THF, 0 °C, 20 min, S: 92.3%, Scn: 68.5%,
Sa: 77.8%, Sp: 65.2 %.

Compound 1 (R = NMe,) and compound 2 were synthesized according to the previous
reports.” 2 The phosphoramidite monomers tethering stilbene (S), p-cyanostilbene (Scw),

p-nitrostilbene (Sa), and p-dimethylaminostilbene (Sp) were synthesized as follows:

General Procedure for Synthesis of Compound 1 (except for R = NMe,)

To a stirred solution of iodobenzene (2.04 g, 10 mmol), 4-bromobenzonitrile (1.82 g,
10 mmol), or 4-bromonitrobenzene (2.02 g, 10 mmol) in DMF (30 mL) was added
4-vinylbenzoic acid (1.48 g, 10 mmol), palladium(ll) acetate (22.4 mg, 1 mol%),
triphenylphosphine (52.5 mg, 2 mol%) and triethylamine (15 mL). After the reaction
mixture was heated at 100 °C overnight, the solvent was removed by evaporation and
filtered with ethyl acetate. The obtained residue was used in the next reaction without
further purification. S: (Yield: 52.2%) *H-NMR [DMSO-ds, 500 MHz] §=7.97 (d, J =
8.5 Hz, 2H, aromatic protons), 7.76 (d, J = 8.5 Hz, 2H, aromatic protons), 7.68 (d, J =
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8.5 Hz, 2H, aromatic protons), 7.40 (m, 5H, aromatic protons and vinyl protons).
BC-NMR [DMSO-ds, 125 MHz] 6 = 168.6, 142.9, 138.1, 132.4, 131.2, 131.0, 130.3,
129.7, 128.9, 128.3, 127.9. HRMS(FAB) (m/z): [M]" Calcd for CysH1,0, 224.0832;
found 224.0838. Scn: (Yield: 52.2%) *H-NMR [DMSO-ds, 500 MHz] §=8.00 (d, J = 8.5
Hz, 2H, aromatic protons), 7.90 (d, J = 8.5 Hz, 2H, aromatic protons), 7.87 (d, J = 8.5
Hz, 2H, aromatic protons), 7.80 (d, J = 8.5 Hz, 2H, aromatic protons), 7.61 (d, J = 17
Hz, 1H, vinyl proton), 7.53 (d, J = 17 Hz, 1H, vinyl proton). **C-NMR [DMSO-ds, 125
MHz] & = 168.5, 142.9, 142.1, 135.6, 134.2, 132.6, 131.7, 131.3, 131.1, 130.7, 128.9,
128.5, 127.7, 120.4, 111.5. HRMS(FAB) (m/z): [M]" Calcd for C16H1:NO, 249.0784;
found 249.0760. Sa: (Yield: 72.6%) ‘*H NMR [DMSO-ds, 500MHz] §=8.30 (d, J = 8.5
Hz, 2H, aromatic protons), 8.01 (d, J = 8.5 Hz, 2H, aromatic protons), 7.95 (d, J = 8.5
Hz, 2H, aromatic protons), 7.82 (d, J = 8.5 Hz, 2H, aromatic protons), 7.66 (d, J = 17
Hz, 1H, vinyl proton), 7.61 (d, J = 17 Hz, 1H, vinyl proton). **C-NMR [DMSO-dg, 125
MHz] 6 = 168.5, 148.0, 145.0, 142.0, 133.6, 132.1, 131.3, 131.1, 130.2, 129.5, 129.2,
128.6, 127.7, 125.5. HRMS(FAB) (m/z): [M]" Calcd for CysH13NO4 269.0683; found
269.0585.

General Procedure for Synthesis of Compound 3

To a stirred solution of 1 (1.0 equiv) and triethylamine (2.8 equiv) in DMF was added
HOBt (1.6 equiv), EDC (1.6 equiv) and 2 (1.2 equiv), and the mixture was stirred
overnight. Ethyl acetate was added, and the organic layer was washed with saturated
aqueous solution of NaHCO3; and NaCl. After drying over MgSQ,, the solvent was
removed by evaporation, followed by silica gel column chromatography using hexane
and ethyl acetate as eluent (3% triethylamine was added). S: (Yield: 69.2%) *H-NMR
[DMSO-dg, 500 MHz] 8=8.06 (d, J = 9.0 Hz, 1H, -NHCO-), 7.96 (d, J = 8.5 Hz, 2H,
aromatic protons of stilbene), 7.76 (d, J = 8.5 Hz, 2H, aromatic protons of stilbene),
7.68 (d, J = 8.5 Hz, 2H, aromatic protons of stilbene), 7.46-7.23 (m, 14H, aromatic
protons of DMT and stilbene and vinyl protons), 6.88 (m, 4H, aromatic protons of
DMT), 4.63 (d, J = 6.0 Hz, 1H, -OH), 4.18 (m, 1H, -CH,-CH(NH-)-CH(CH3)), 4.08 (m,
1H, -CH(CHg3)-OH), 3.76 (s, 6H, -C¢H4-OCHj3), 3.26, 3.01 (m, each 1H, -CH,-ODMT),
1.06 (d, J = 6.5 Hz, 3H, -CH(CH3)-OH). *C-NMR [DMSO-ds, 125 MHz] & = 167.6,
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159.4, 146.6, 141.2, 138.2, 137.4, 137.3, 134.9, 131.6, 131.2, 130.2, 129.5, 129.3, 129.2,
129.0, 128.1, 128.0, 127.6, 114.5, 86.6, 66.7, 64.5, 56.7, 56.4, 21.8. HRMS(FAB) (m/z):
[M]* Calcd for CyH3sNOs 613.2823; found 613.2801. Scn: (Yield: 92.5%) *H-NMR
[DMSO-dg, 500 MHz] 6=8.10 (d, J = 9.0 Hz, 1H, -NHCO-), 7.99 (d, J = 8.0 Hz, 2H,
aromatic protons of p-cyanostilbene), 7.90 (d, J = 8.5 Hz, 2H, aromatic protons of
p-cyanostilbene), 7.87 (d, J = 8.5 Hz, 2H, aromatic protons of p-cyanostilbene), 7.81 (d,
J = 8.5 Hz, 2H, aromatic protons of p-cyanostilbene), 7.59 (d, J = 16.5 Hz, 1H, vinyl
proton), 7.47 (d, J = 16.5 Hz, 1H, vinyl proton), 7.44-7.26 (m, 9H, aromatic protons of
DMT), 6.88 (m, 4H, aromatic protons of DMT), 4.64 (d, J = 6.0 Hz, 1H, -OH), 4.18 (m,
1H, -CH2-CH(NH-)-CH(CHa)), 4.07 (m, 1H, -CH(CHa3)-OH), 3.76 (s, 6H, -C¢H4-OCHy),
3.27, 3.01 (m, each 1H, -CH,-ODMT), 1.06 (d, J = 6.5 Hz, 3H, -CH(CH3)-OH).
C-NMR [DMSO-ds, 125 MHz] & = 167.5, 159.4, 146.6, 143.0, 140.5, 137.3, 137.2,
135.7, 134.1, 132.8, 131.2, 129.9, 129.4, 129.2, 129.1, 128.8, 128.7, 128.2, 128.0, 114.5,
111.3, 86.6, 66.7, 64.5, 56.7, 56.4, 21.8. HRMS(FAB) (m/z): [M]" Calcd for C4;H3gN20s
638.2775; found 638.2799. Sa: (Yield: 53.6%) 'H NMR [DMSO-ds, 500 MHz] 6=8.30
(d, J = 9.0 Hz, 2H, aromatic protons of p-nitrostilbene), 8.11 (d, J = 8.5 Hz, 1H,
-NHCO-), 8.00 (d, J = 8.5 Hz, 2H, aromatic protons of p-nitrostilbene), 7.95 (d, J = 8.5
Hz, 2H, aromatic protons of p-nitrostilbene), 7.83 (d, J = 8.5 Hz, 2H, aromatic protons
of p-nitrostilbene), 7.65 (d, J=17 Hz, 1H, vinyl protones), 7.60 (d, J=17 Hz, 1H, vinyl
protones), 7.45-7.22 (m, 9 H, aromatic protons of DMT), 6.87 (m, 4 H, aromatic protons
of DMT), 4.64 (d, J=6.0 Hz, 1H, -OH), 4.18 (m, 1H, -CH,-CH(NH-)-CH(CHz)), 4.08
(m, 1H, -CH(CHs;)-OH), 3.76 (s, 6H, -CsHs-OCHj3), 3.27, 3.02 (m, each 1H, -CH,-
-ODMT), 1.07 (d, J=6.0 Hz, 3H, -CH(CHs)-OH). *C-NMR [DMSO-dg, 125 MHz] & =
167.5, 159.4, 147.9, 146.6, 145.2, 140.4, 137.4, 137.2, 135.8, 133.8, 131.2, 129.5, 129.4,
129.2, 129.0, 128.3, 128.0, 125.5, 114.5, 86.6, 66.7, 64.5, 56.7, 56.4, 21.8. HRMS(FAB)
(m/z): [M]" Calcd for CoHsgN,O; 658.2674; found 658.2675. Sp: (Yield: 57.5%) 'H
NMR [DMSO-ds, 500 MHz] =7.99 (d, 1H, J=8.5 Hz, -NHCO-), 7.92 (d, 2H, J=8.5 Hz,
aromatic protons of p-dimethylaminostilbene), 7.67 (d, 2H, J=8.5 Hz, aromatic protons
of p-dimethylaminostilbene), 7.51 (d, 2H, J=9.0 Hz, aromatic protons of
p-dimethylaminostilbene), 7.44-7.22 (m, 10 H, aromatic protons of DMT and vinyl
proton), 7.01 (d, 1H, J=16.5 Hz, vinyl proton), 6.88 (m, 4 H, aromatic protons of DMT),
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6.77 (d, 2H, J=9.0 Hz, aromatic protons of p-dimethylaminostilbene), 4.62 (d, 1H,
J=6.5 Hz, -OH), 4.17 (m, 1H, -CH,-CH(NH-)-CH(CHj3)), 4.08 (m, 1H, -CH(CH3)-OH),
3.76 (s, 6H, -C¢Hs-OCHg), 3.26, 3.02 (m, 1H, -CH,-ODMT), 2.99 (s, 6H,
-CgH4-N(CHs) ), 1.06 (d, 3H, J=6.0 Hz, -CH(CH3)-OH). *C-NMR [DMSO-ds, 125
MHz] & = 167.6, 159.6, 159.5, 159.4, 151.7, 146.6, 142.1, 137.3, 133.8, 132.0, 131.1,
129.3, 129.2, 129.1, 128.0, 126.9, 126.0, 124.0, 114.7, 114.5, 113.6, 87.0, 86.6, 76.4,
66.7, 64.5, 59.4, 56.6, 56.5, 56.4, 21.8. HRMS(FAB) (m/z): [M]" Calcd for C42H44sN20s
656.3245; found 656.3246.

General Procedure for Synthesis of Compound 4

Triethylamine (5.0 equiv) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite
(2.0 equiv) were added to a solution of compound 3 (1.0 equiv) in THF at 0 °C. After 20
min of vigorous stirring on ice, an excess of ethyl acetate was added to the reaction
mixture, and the mixture was washed with saturated aqueous solution of NaHCOj3; and
with NaCl. After drying over MgSO,, the solvent was removed by evaporation,
followed by silica gel column chromatography using hexane and ethyl acetate as eluent
(3% triethylamine was added). S: (Yield: 92.3%) *'P NMR [DMSO-ds, 121 MHz]
8=147.9, 147.7 ppm. Scn: (Yield: 68.5%) *'P NMR [DMSO-ds, 121 MHz] 8=147.9,
147.7 ppm. Sa: (Yield: 77.8%) *P NMR [DMSO-ds, 121 MHz] 6=147.9, 147.7. Sp:
(Yield: 65.2%) *'P NMR [DMSO-ds, 121 MHz] =147.9, 147.7.
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Fig. S5-1. UV-vis spectra of Xa/Yb and Xa/N duplexes (X, Y = Scn, Z, B, Sa or Sp).
Conditions are as follows: [ODN] = 5.0 uM, [NaCl] = 100 mM, pH 7.0 (10 mM
phosphate buffer), pH 9.0 (10 mM Tris buffer) for Sp, pH 5.0 (10 mM MES buffer) for

Sp(H*), 20 °C.
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Fig. S5-2. MALDI-TOF MS charts of Sa/Sb before and after 180 sec UV irradiation
(340 nm). Calculated mass for [Sa+H"]:3072, [Sb+H"]:3112, [Sa/Sb+H"]:6182.

Fig. S5-3. Melting curves of Sa/Sb before (broken line) and after 340 nm UV
irradiation for 180 sec (solid line). Conditions are as follows: [ODN] = 5.0 uM, [NaCl]
=100 mM, pH 7.0 (10 mM phosphate buffer).
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Table S5-1. Neighboring base pair dependence of quantum yields of S, Z and B.

Xa: 5'-GCATC XAGTC-3'

Yb: 3-CGTAG Y TCAG-5'

@ (x10%)
S Z B Xc: 5-GCACT X AGTC-3'
Xa/Yb 15 L7 24 Yd: 3-CGTGA Y TCAG-5'
Xe/Yd 23 69 10 Xe: 5-GCATC X GATC-3
Xe/Yt 12 0.56 0.77
Yf: 3-CGTAG Y CTAG-5'
(X,Y=S,2ZB)
16 0.0
15 A -1.0
= ~—a —A-———a— 2.0
g4 Tt 30 _
Z3 ] | 40 ©  --a--LUMO
e —&— HOMO
2 A - -5.0
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Fig. S5-8. Quantum vyields of homo-photodimerizations (bar graph) and calculated
energy level of LUMO and HOMO.
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Fig. S5-9. Quantum vyields of homo-photodimerizations (bar graph) and calculated
excitation energies (line graph). AE=E, ymo-Enomo. B was measured at pH 9. The
quantum yield of B at pH9 was 5.3.

159



04 | Osec
¥ 03
o
(1]
2
g 0.2
<
0.1
0
300 320 340 360 380 400
Wavelength / nm
Ba/Sb
0.4

Absorbance
o
[\

Osec

340 360 380 400
Wavelength / nm

SDa/Sb

Absorbance
o
[\ ¥

Osec

——300sec

——1800 sec

O 1
300 330

360 390 420 450 480
Wavelength / nm

Absorbance

Absorbance

Absorbance

o
~

ot
w
T

o
]
T

0sec

——180sec
——600sec
—1200 sec
—1800 sec

300 320 340 360 380 400
Wavelength / nm

SAa/Sb

0sec

—300 sec

—1800 sec

o
=
T

0 1 1 | 1
300 330 360 39 420 450

Wavelength / nm

Spa/Sb (H*)

Osec

——10sec

0.1

300 330 360 390 420 450
Wavelength / nm

Fig. S5-10. UV- vis spectra of Xa/Sb duplexes (X = Scn, Z, B, Sa or Sp) before and
after indicated duration of UV irradiation (340 nm). Conditions are as follows: [ODN] =
5.0 uM, [NaCl] = 100 mM, pH 7.0 (10 mM phosphate buffer), pH 9.0 (10 mM Tris
buffer) for Sp, pH 5.0 (10 mM MES buffer) for Sp(H™), 20 °C.
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Fig. S5-11. UV- vis spectra of Xa/Scnb duplexes (X = S, Z, B, Sa or Sp) before and
after indicated duration of UV irradiation (340 nm). Conditions are as follows: [ODN] =
5.0 uM, [NaCl] = 100 mM, pH 7.0 (10 mM phosphate buffer), pH 9.0 (10 mM Tris
buffer) for Sp, pH 5.0 (10 mM MES buffer) for Sp(H™), 20 °C.
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Fig. S5-12. UV- vis spectra of Xa/Zb duplexes (X = S, Scn, B, Sa or Sp) before and
after indicated duration of UV irradiation (340 nm). Conditions are as follows: [ODN] =
5.0 uM, [NaCl] = 100 mM, pH 7.0 (10 mM phosphate buffer), pH 9.0 (10 mM Tris
buffer) for Sp, pH 5.0 (10 mM MES buffer) for Sp(H™), 20 °C.
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Fig. S5-13. UV- vis spectra of Xa/Bb duplexes (X = S, Scn, Z, Sa or Sp) before and
after indicated duration of UV irradiation (340 nm). Conditions are as follows: [ODN] =
5.0 uM, [NaCl] = 100 mM, pH 7.0 (10 mM phosphate buffer), pH 9.0 (10 mM Tris
buffer) for Sp, pH 5.0 (10 mM MES buffer) for Sp(H™), 20 °C.
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Fig. S5-14. UV- vis spectra of Xa/Sab duplexes (X = S, Scn, Z, B or Sp) before and
after indicated duration of UV irradiation (340 nm). Conditions are as follows: [ODN] =
5.0 uM, [NaCl] = 100 mM, pH 7.0 (10 mM phosphate buffer), pH 9.0 (10 mM Tris
buffer) for Sp, pH 5.0 (10 mM MES buffer) for Sp(H™), 20 °C.
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Fig. S5-15. UV- vis spectra of Xa/Spb duplexes (X = S, Scn, Z, B or Sp) before and
after indicated duration of UV irradiation (340 nm). Conditions are as follows: [ODN] =
5.0 uM, [NaCl] = 100 mM, pH 9.0 (10 mM Tris buffer), 20 °C.
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Fig. S5-16. UV- vis spectra of Xa/Spb (H") duplexes (X = S, Scn, Z, B or Sa) before
and after indicated duration of UV irradiation (340 nm). Conditions are as follows:
[ODN] = 5.0 uM, [NaCl] = 100 mM, pH 5.0 (10 mM MES buffer), 20 °C.
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Table S5-2. Melting temperatures of duplexes in homo and hetero combinations.

T/ °C?
Sa Scaa Za Ba Spa Spa®  Spa(H")

Sb 42.4 46.5 51.1 453 48.6 39.4 36.0
Scnb 46.0 53.8 55.4 49.0 56.3 47.7 405
Zb 49.7 54.4 53.6 50.4 56.2 475 422
Bb 44.9 49.5 52.0 46.1 51.3 41.2 423
Sab 47.9 56.4 57.2 51.3 58.1 47.4 41.4
Spb” 39.6 47.6 48.8 41.4 48.1 375 .

Spb(H*)° 35.0 39.8 44.7 44.2 425 : 36.7

“Conditions: 5.0 pM DNA, 100 mM NaCl, pH 7.0 (10 mM phosphate buffer). "Measured at pH
9 (Tris buffer). "Measured at pH 5 (MES buffer).

Fig. S5-17.
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Quantum yields of photodimerizations of Ba/Yb duplexes (bar graph) and

energy gaps of HOMO or LUMO (line graphs). The energy gaps are displayed in
absolute value and the axis is inverted. Note that, B should be protonated at pH 5 and
hence, Ba/Spb (H") showed similar reactivity with Za/Spb (H").
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Fig. S5-18. Quantum yields of photodimerizations of Spa/Yb (H") duplexes (bar
graph) and energy gaps of HOMO or LUMO (line graphs). The energy gaps are
displayed in absolute value and the axis is inverted. Note that, B should be protonated at
pH 5 and hence, Spa/Bb (H") showed similar reactivity with Spa/Zb (H").
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Fig. S5-19. HPLC chromatograms of Saa/Bb before and after 300 min photo-irradiation
(340 nm).
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Fig. S5-20. HPLC chromatograms of Saa/Zb before and after 180 min UV irradiation
(340 nm).
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Fig. S5-21. Schematic energy diagram of the (a) A excited state and (b) B excited state
in A/B hetero dimer aggregate. (c) Electron transfer from A (higher energy level) to B
(lower energy level) may result the same radical ion pair state.
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