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serinol nucleic acid (SNA)†

Keiji Murayama, * Ayaka Ikeda, Fuminori Sato and Hiroyuki Asanuma *

Photoresponsive nanomachines are attractive components of functional nanodevices and nanosystems.

To develop new photoresponsive nucleic acid-based nanomachines, we conjugated 8-pyrenylvinylgua-

nine (PVG) to a serinol linker and incorporated it into an acyclic xeno nucleic acid, serinol nucleic acid

(SNA). The two PVG residues incorporated into SNA underwent interstrand photocycloaddition upon

447 nm light irradiation in the duplex state, whereas previously reported 8-pyrenylvinyladenine (PVA)

formed both intrastrand and interstrand photodimers. The PVG photodimer was converted to monomers

by irradiation with 350 nm light. This photoreaction enabled reversible photoregulation of the formation

and dissociation of the SNA/RNA duplex, although some byproducts were generated due to the slower

photoreaction of PVGs than that of PVAs. In contrast, when a single PVG was incorporated into SNA, the

interstrand photocycloaddition and cycloreversion were remarkably fast and effective in the single-

stranded state. We utilized this to demonstrate a photocaging system that achieves one-way photoswitch-

ing of hybridization ability. The powerful photocycloaddition properties of PVG-SNA are expected to find

applications in new photoresponsive nanodevices and nanosystems.

Introduction

DNA nanotechnology offers an attractive platform for realizing
highly functional nanodevices and biological tools, such as
DNA nanostructures,1 DNA computing systems,2 DNA-based
nanomachines,3 and molecular robotics.4 Chemical modifi-
cations on nucleobases and additional incorporation of func-
tional molecules into DNA strands facilitate the development
of stimuli-responsive systems triggered by metal ions,5 pH,6

and photoirradiation,7 providing powerful systems for the
design of novel nanomachines based on nucleic acids.

To overcome the limitations of conventional DNA nano-
technology, it is essential to utilize xeno nucleic acids (XNAs)8

with modified backbone structures that exhibit high resistance
to enzymatic and chemical degradation and unique hybridiz-
ation properties distinct from those of natural nucleic acids. In
fact, several examples of nanotechnology utilizing XNAs have
been reported, demonstrating greater functionality than those
utilizing DNA.9 We previously reported a reversible photoregu-
lation of duplex formation and dissociation of serinol nucleic

acid (SNA),10 an acyclic XNA, by introducing two 8-pyrenylviny-
ladenine (PVA) residues.11 When blue light is irradiated onto
the duplex composed of SNA containing two PVA residues and
complementary RNA, a [2 + 2] photocycloaddition reaction
occurs between the two PVA residues, causing the duplex to dis-
sociate into single strands (Fig. 1A). On the other hand, upon
UV light irradiation, the PVA photodimer undergoes photocy-
cloreversion to regenerate monomeric PVA, enabling the re-for-
mation of the duplex. This system shows promise for the devel-
opment of photon-driven nanomachines and photocontrolla-
ble biological tools that use XNAs as building blocks. However,
these strategies are limited to photoresponsive modification of
the adenine base, requiring two adjacent adenines to design a
photocontrollable system, which limits the range of applicable
sequences.

We report on the photoregulation of SNA containing a
photoresponsive nucleobase, 8-pyrenylvinylguanine (PVG)
(Fig. 1B). The synthesis of PVG incorporated into deoxyribose
has already been reported.12 Ogasawara demonstrated that
PVG-modified DNA can be used as a photoswitch for G4 for-
mation via the trans–cis isomerization of PVG, which was suc-
cessfully applied to photoregulation of a transcription
system.13 We hypothesized that two adjacent PVG residues con-
jugated with a flexible SNA strand are more likely to cause a
photocycloaddition than cis-isomerization as in the case of
PVA, which should lead to a photoregulation system different
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from the DNA-PVG system based on a trans–cis isomerization.
Therefore, we synthesized a novel PVG-SNA phosphoramidite
monomer and incorporated it into the SNA strand, evaluated
the photoreactivity of the PVG residue, and compared it with
the PVA modification.

Results and discussion
Synthetic procedures for the PVG monomer

First, we prepared a phosphoramidite monomer of PVG-SNA
according to Fig. 2. The N-9 position of 2-amino-6-chloropur-
ine was converted to the benzyl ester form of compound 1,
and then the 6-position was substituted with oxygen to con-
struct the guanine structure 3. The formamidine protection on
the 2-amino group resulted in an unexpected ester exchange
from benzyl ester to ethyl ester 4, but we continued the syn-
thesis. After 8-bromination with NBS, the CuI/CsF-mediated
Stille reaction14 was carried out to obtain the 8-vinylguanine
skeleton 6. The Heck reaction with 1-bromopyrene followed by
hydrolysis gave 2-protected-PVG 8. After coupling with DMTr-L-
serinol, the desired phosphoramidite monomer 10 was suc-
cessfully obtained using conventional phosphoramidite chem-
istry. The SNA strand with two PVG residues was synthesized
using a DNA synthesizer, with each SNA monomer prepared as
reported previously.10

Comparison of the photoreactivity between PVG and PVA intro-
duced into the SNA strand

The melting temperature of the SNA-2PVG/RNA-2C duplex was
40.4 °C (Fig. 3A), which is slightly higher than that of
SNA-2PVA/RNA-2U (31.0 °C, Fig. S1†). The stabilization of the
duplex is probably caused by the strong stacking interaction of

PVGs, as will be explained later. This result shows that
SNA-2PVG and RNA-2C form a duplex at room temperature,
suggesting that the PVG substitution does not suppress duplex
formation. Subsequently, the photoreactivity of PVG in the SNA
strand was evaluated (Fig. 3). Upon 447 nm light irradiation of
the SNA-2PVG/RNA-2C duplex at 20 °C, the absorption band at
around 400 nm decreased with the irradiation time, followed
by the appearance of a new absorption band at around
330–360 nm, which was attributed to the pyrene moiety
(Fig. 3B). The isosbestic points were 329 and 361 nm. This be-
havior is similar to the photocycloaddition of PVA residues in
the SNA-2PVA/RNA-2U duplex, indicating that PVG residues also
form a photodimer via photocycloaddition rather than cis-iso-
merization under the same conditions (Fig. S2†).12 When the
photodimer of PVG was irradiated with 350 nm UV light, the
absorption bands of the monomeric PVG were restored
(Fig. 3C), indicating a cycloreversion reaction similar to that of
PVA. We confirmed that pyrimidine dimers are not generated
even when exposed to 350 nm light for 30 minutes under the

Fig. 2 Synthesis of a phosphoramidite monomer of PVG-SNA 10. (i)
Benzyl bromoacetate, DIPEA, DMF, 0 °C to r.t., and o.n., (ii) K2CO3,
DABCO, benzyl alcohol, 80 °C, and 16 h, (iii) TFA, DCM, r.t., and 1 h, (iv)
N,N-dimethylformamide diethyl acetal, EtOH, 50 °C, and 16 h, (v) NBS,
DMF, r.t., and 2 h, (vi) Pd(PPh3)4, tributyl(vinyl)tin, CuI, CsF, DMF, 55 °C,
and 4 h, (vii) 1-bromopyrene, Pd(Ac)2, PPh3, NEt3, DMF, 110 °C, and 3 h,
(viii) NaOH, 1,4-dioxane, MeOH, EtOH, H2O, r.t., and 20 min, and (ix)
DMTr-L-serinol, DMT-MM, NEt3, DMF, and 0 °C for 20 min to r.t. for 1 h,
and (x) 2-cyanoethyl N,N-diisopropylchlorophosphoramidite, NEt3,
CH2Cl2, 0 °C, and 30 min.

Fig. 1 Schematics of (A) previous work on the SNA strand modified
with PVA residues and (B) this work on the SNA strand modified with PVG
residues.
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present conditions (Fig. S12†). However, the kinetics of the
photocycloaddition of SNA-2PVG/RNA-2C were rather slow com-
pared to SNA-2PVA/RNA-2U: the half-life of the photodimeriza-
tion of PVAs was about 10 s (Fig. 3D), while that of PVGs under
the same conditions was over 10 min. Furthermore, the
efficiency of cycloreversion also differed: 79% of the PVA photo-
dimer was converted to monomers after 10 min of UV
irradiation, whereas only 67% of the PVG photodimer was con-
verted to monomers even after 30 min of UV irradiation
(Fig. 3E).

To understand the reason for the different behavior of PVG
and PVA, we performed denaturing PAGE analysis before and

after light irradiation (Fig. 4A and B). To visualize the SNA
strand, the entire gel was irradiated with 350 nm light after
electrophoresis to restore the fluorescence of the monomeric
PVG/PVA and detected using an imaging analyzer with a blue
laser. Note that both PVG and PVA are emissive upon blue light
excitation. In the case of SNA-2PVA/RNA-2U, irradiation with
447 nm light resulted in the appearance of two bands and the
disappearance of the original band. The lower and the upper
bands are assigned to the intrastrand and the interstrand
crosslinking products, respectively (Fig. 4A). Under the present
conditions employed, PVAs were able to crosslink not only
intrastrand but also interstrand. This fact suggests that a
dimer of the SNA-2PVA/RNA-2U duplexes is formed as an inter-
mediate via association between PVAs in the duplexes.
Subsequent irradiation with 350 nm light significantly reduced
these bands and regenerated the original band of SNA-2PVA
due to cycloreversion. In contrast, irradiation of SNA-2PVG/

Fig. 3 (A) Chemical structures of SNA units, sequences used in this
study, and schematics of the irradiation experiment. (B) Absorption
spectra of SNA-2PVG/RNA-2C before irradiation and at the indicated
times of irradiation with 447 nm light. (C) Absorption spectra of
SNA-2PVG/RNA-2C before irradiation, after 1 h of irradiation with
447 nm and after irradiation for the indicated times with 350 nm light.
Irradiation was performed at 20 °C. (D) and (E) The ratio of monomeric
PVG in SNA-2PVG/RNA-2C (purple circles) and that of monomeric PVA in
SNA-2PVA/RNA-2U (blue triangles, Fig. S2† for UV spectra) as a function
of irradiation time: (D) with 447 nm light and (E) with 350 nm light.
Before irradiation with 350 nm light, PVG and PVA were crosslinked by
irradiation with 447 nm light for 1 h and 10 min, respectively. The ratio
of the monomers was calculated from the absorbance at 400 nm.

Fig. 4 (A) and (B) Gel-shift assay with denaturing PAGE. (A) SNA-2PVA/
RNA-2U duplex, (B, left) SNA-2PVG/RNA-2C duplex, and (B, right)
SNA-2PVG single strand. The fluorescence of PVG and PVA was detected
upon excitation using a 473 nm laser and a long-path filter (510 nm). (C)
Illustration of different mechanisms of photocycloaddition between PVG
and PVA. (D) The ratio of monomeric PVG in SNA-2PVG single strands
upon irradiation with 447 nm (red circles) and 350 nm (blue squares)
light. (E) Melting profiles of SNA-2PVG/RNA-2C before (black line) and
after irradiation with 447 nm light (purple line) and 350 nm light (blue
line).
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RNA-2C with 447 nm resulted in two additional bands in
addition to the remaining unreacted SNA-2PVG strand (Fig. 4B,
left). The upper high-intensity band is attributed to the
product of interstrand crosslinking because it showed signifi-
cantly reduced mobility compared to intrastrand-crosslinked
SNA-2PVA. The lower band originated from unidentified by-pro-
ducts. Importantly, no band could be attributed to the intras-
trand PVG-dimer, suggesting that intrastrand crosslinking of
PVG was strongly suppressed. Upon irradiation with 350 nm
light, the crosslinking product was converted to SNA-2PVG with
PVG monomers, whereas the by-products remained. Unlike
SNA-2PVA/RNA-2U, the SNA-2PVG/RNA-2C duplex may facilitate
a static stacking interaction between the interstrand PVGs to
form a dimer of the duplexes prior to photocrosslinking
(Fig. 4C). In this case, it is difficult for PVG to adopt the necess-
ary conformation for crosslinking, due to the rigid structure of
the duplexes and the electrostatic repulsion between them.

This hypothesis was supported by the results of the
irradiation experiments in the absence of complementary
RNA. Irradiation with 447 nm light for single-stranded
SNA-2PVG showed significantly faster photocrosslinking than
in the duplex state (Fig. 4D and Fig. S3†). The reaction half-life
for photocycloaddition was approximately 1 min, which is
about 10 times faster than that of the duplex state. The
efficiency of the cycloreversion reaction for SNA-2PVG was also
improved: approximately 80% of the crosslinked PVG was con-
verted to the monomer by irradiation with 350 nm light for
20 min. Denaturing PAGE revealed that the main product of
photoirradiation on single-stranded SNA-2PVG was also only
the interstrand crosslinking product and that the formation of
by-products was inhibited (Fig. 4B, right). The rapid photocy-
cloaddition of single-stranded SNA-2PVG can be explained by
the fact that the single-stranded state facilitates the interaction
between PVGs on different strands due to the smaller electro-
static repulsion and that the flexibility of the single strand
makes the dimerized structure of consecutive PVGs suitable for
photocrosslinking reactions compared to the rigid duplex
state. As a result, the efficiency of cycloreversion was also
enhanced due to the relative suppression of the irreversible
side reaction during irradiation with 447 nm light. The con-
centration dependence of the photocrosslinking kinetics pro-
vided further evidence for the interstrand reaction of PVGs. The
crosslinking rate of 1 µM SNA-2PVG with 447 nm light was
found to be slower than that of 5 µM SNA-2PVG (Fig. S3 and
S4†). We conclude that two PVGs introduced into the SNA
strand undergo photocycloaddition reactions in an interstrand
manner.

Although the reaction mechanism was different from what
we expected, we hypothesized that the photoreaction of PVGs
would enable photoregulation of duplex formation. In
SNA-2PVA/RNA-2U, which induces both intrastrand and inter-
strand crosslinks, clear photoregulation of duplex formation
and dissociation was observed, which was reversible and con-
sistent with our previous results (Fig. S5†).11 Irradiation of the
SNA-2PVG/RNA-2C duplex with 447 nm light at 20 °C led to the
complete disappearance of the sigmoidal melting curve, indi-

cating effective dissociation of the duplex by interstrand photo-
cycloaddition of PVGs (Fig. 4E, purple line). Upon irradiation of
the photoadduct with 350 nm light, the sigmoidal curve par-
tially recovered, supporting the re-formation of the duplex
(Fig. 4E, blue line). However, PVG-SNA showed poor reversibil-
ity of the photoreaction (Fig. S6†), which is likely due to an un-
identified by-product formed during the irradiation.

Although the precise mechanism remains unclear, it is pos-
tulated that PVG has a favorable orientation in photocycloaddi-
tion reactions, enabling it to photocrosslink solely via inter-
strand PVG dimerization (Fig. 4C). In addition, the strong
stacking interaction between PVGs facilitates interstrand
association during the photoreaction (Fig. S7†). The formation
of by-products could be the reason for the low cycloreversion
efficiency of the PVG system compared to the PVA system.

Single PVG incorporated into the SNA strand for effective inter-
strand photocrosslinking

By focusing on the strong stacking property and selective inter-
strand photocycloaddition between PVGs, we hypothesized that
the SNA strand carrying a single PVG should undergo inter-
strand crosslinking and form a 4-arm branched SNA (Fig. 5A).
We therefore prepared SNA-1PVG, which carried only a single

Fig. 5 (A) Schematic of the photoreaction of single-stranded SNA-1PVG
under light irradiation. (B) Absorption spectra of single-stranded
SNA-1PVG before and after irradiation for the indicated times with
447 nm light. (C) Absorption spectra of single-stranded SNA-1PVG
before irradiation, after 1 h of irradiation with 447 nm light and after
irradiation for the indicated times with 350 nm light. Irradiation was per-
formed at 20 °C. (D) The ratio of monomeric PVG in SNA-1PVG single
strands after irradiation at 447 nm (red circles) and 350 nm (blue
squares). (E) Gel shift assay using denaturing PAGE before and after the
light irradiation of the SNA-1PVG single strand.
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PVG residue in the SNA strand, and recorded its absorption
spectra after photoirradiation (Fig. 5B and C). Upon irradiation
of single-stranded SNA-1PVG with 447 nm light, a slight blue
shift of the absorption band was observed, which was attribu-
ted to the cis-isomer of PVG. It subsequently disappeared with
the appearance of the pyrene band (Fig. 5B). The isosbestic
point was not observed. Presumably, PVG in SNA-1PVG pro-
motes rapid trans-to-cis isomerization of PVG, and cis-PVG is
also excited and reverted to the trans form, causing photocros-
slinking upon irradiation with 447 nm light. SNA-2PVG invol-
ving consecutive PVGs probably suppresses cis isomerization
through strong stacking interaction between PVGs. The reaction
rate of photocycloaddition for single stranded SNA-1PVG was as
fast as that for single-stranded SNA-2PVG (Fig. 5D). Although
cis-isomerization competed with photocrosslinking, the photo-
cycloaddition reaction was remarkably fast. Fujimoto et al.
reported that [2 + 2] photocycloaddition of 3-cyanovinylcarba-
zole (CNVK) occurred only with the trans isomer.15 In addition,
the [2 + 2] photocycloaddition reaction is generally selective for
trans-isomers.16 We therefore hypothesize that cis PVG may also
need to revert to the trans form prior to photocycloaddition
(Fig. S8†). However, since some stilbene derivatives have been
reported to undergo photodimerization between trans- and cis-
isomers,7h,17 it cannot be completely ruled out that the cis-PVG
may undergo a [2 + 2] photocycloaddition reaction. Upon
irradiation of the photocrosslinked SNA-1PVG with 350 nm
light, the initial absorption band of PVG was rapidly restored,
demonstrating that SNA-1PVG underwent highly effective
cycloreversion compared to SNA-2PVG (Fig. 5C and D).
Repeated irradiation experiments revealed that an effective
photoreaction occurred for at least 5 cycles without severe
photobleaching (Fig. S9†). Denaturing PAGE also confirmed
the selective formation of the interstrand crosslinking product
and the effective back reaction (Fig. 5E). The concentration
dependence of the photoreaction confirmed an interstrand
crosslinking reaction between PVGs: the difference in kinetics
between 1 µM and 5 µM was approximately fivefold (Fig. S10
and S11†).

Photocaging strategy of PVG-tethered SNA for the photoactiva-
tion of hybridization with RNA

We demonstrated the one-way photoswitching of the hybridiz-
ation ability of SNA-1PVG by photocycloreversion using the pre-
dimerized strand (Fig. 6A). The single-stranded SNA-1PVG was
irradiated with 447 nm light for 20 min to ensure complete
photodimerization. Complementary RNA (RNA-2C) was then
added, and the melting temperature was measured. The
melting profile showed no transition, clearly indicating that
the photocrosslinked SNA-1PVG had lost its hybridization
ability (Fig. 6B). After irradiating this sample with 350 nm
light for 10 min, a sigmoidal curve was observed due to duplex
formation. Thus, we confirmed that the photocaging strategy
with pre-crosslinked SNA-1PVG is feasible. We also confirmed
that a single modification with PVA is applicable to the photo-
caging strategy (Fig. S13†).

Experimental
Materials

Reagents for the synthesis of the PVG phosphoramidite
monomer were purchased from Tokyo Kasei Co., Ltd, Wako
Pure Chemical Industries, Ltd, and Aldrich. The reagents for
oligomer synthesis and Poly-Pak II cartridges were purchased
from Glen Research. The column for HPLC purification was
purchased from Kanto Chemical Co., Ltd. RNA strands were
purchased from Hokkaido System Science Co., Ltd.

Photoirradiation

447 nm light-emitting diodes (LEDs; CCS) and a xenon light
source (MAX-301, Asahi Spectra) equipped with interference
filters centered at 350 nm was used for photoirradiation. The
sample solution was added to a cuvette, and the temperature
during the light irradiation was controlled using a program-
able temperature controller. All photoirradiation experiments
were conducted at 20 °C.

Spectroscopic measurements

UV/vis spectra were measured using a JASCO model V-730
spectrometer equipped with a programable temperature con-
troller; 10 mm quartz cells were used. The sample solutions
contained 100 mM NaCl and 10 mM phosphate buffer (pH
7.0). The duplex concentration was 5.0 µM, and the experi-
ments were performed in a 10 mm quartz cell.

Melting-temperature measurements

The melting curves of all nucleic acid duplexes were obtained
using a JASCO model V-730 spectrometer equipped with a pro-
gramable temperature controller by measuring the change in
absorbance at 260 nm versus temperature. The melting curves
for heating and cooling were recorded, and the average
maximum value of their first derivatives was determined to be
the melting temperature (Tm). The solution conditions were
(unless otherwise noted) 100 mM NaCl, 10 mM phosphate
buffer (pH 7.0), and 5.0 µM oligonucleotide.

Fig. 6 (A) Schematic illustration of the photocaging strategy using the
pre-crosslinked SNA-1PVG dimer. (B) Melting profiles of the duplex of
pre-crosslinked SNA-1PVG and RNA-2C (purple line) and after irradiation
with 350 nm light (blue line).
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Denaturing PAGE

Samples were loaded into the wells of a denaturing gel (20%
acrylamide, 8 M urea, and 1 × TBE). Electrophoresis was per-
formed at 4 W and r.t. for 2 h. The gels were irradiated with
350 nm light after electrophoresis to recover the fluorescence
of the monomeric PVG and PVA. The gels were analyzed using a
Typhoon FLA 9500 with a 473 nm laser and an LPB filter
(510 nm).

Synthesis of compound 1. A suspended solution of 2-amino-
6-chloropurine (5.00 g, 29.5 mmol) and N,N-diisopropyl-
ethylamine (5.53 mL, 32.5 mmol) in dry DMF was stirred in an
ice bath for 10 min. Then, benzyl bromoacetate (5.55 g,
35.4 mmol) was added to the solution. After stirring for 1 h in
an ice bath, stirring was done again at ambient temperature
overnight. After evaporation, the residue was suspended in
EtOH and filtered to collect the solid. The solid was washed
with diethyl ether and dried in vacuo to afford 1 (6.77 g, 73%).
1H-NMR [DMSO-d6, 500 MHz] δ = 8.12 (s, 1H), 7.41–7.32 (m,
5H), 7.00 (s, 1H), 5.17 (s, 1H), 5.06 (s, 1H). 13C-NMR [DMSO-d6,
125 MHz] δ = 168.1, 160.4, 154.7, 149.9, 143.9, 135.8, 129.0,
128.8, 128.6, 123.4, 67.2, 44.5. HRMS (FAB) calcd for
C14H12ClN5O2 (M + H+): 318.0758. Found 318.0761.

Synthesis of compound 2. Under a N2 atmosphere, benzyl
alcohol (35 mL) was added to compound 1 (6.79 g,
21.4 mmol), K2CO3 (3.00 g, 21.4 mmol), and 1,4-diazabicyclo
[2.2.2]octane (0.240 g, 2.14 mmol). The mixture was stirred at
80 °C for 16 h. After cooling to room temperature, chloroform
was added to the mixture, which was then washed with water.
The water layer was washed with chloroform, and the com-
bined organic layer was subsequently washed with brine. The
collected organic layer was evaporated. The residue was sus-
pended with diethyl ether and then filtered to afford 2 as a
solid (5.21 g, 63%). 1H-NMR [DMSO-d6, 500 MHz] δ = 7.86 (s,
1H), 7.52–7.31 (m, 10H), 6.53 (s, 1H), 5.50 (s, 1H), 5.18 (s, 2H),
5.01 (s, 2H). 13C-NMR [DMSO-d6, 125 MHz] δ = 168.4, 160.5,
160.3, 155.1, 140.6, 137.1, 135.9, 129.0, 128.9, 128.7, 128.54,
128.52, 113.7, 67.4, 67.1, 44.3. HRMS (FAB) calcd for
C21H19N5O3 (M + H+): 390.1566. Found 390.1560.

Synthesis of compound 3. Compound 2 (5.21 g, 13.4 mmol)
was dissolved in a trifluoroacetate : CH2Cl2 = 1 : 1 solution and
stirred for 1 h at room temperature. After brief evaporation,
the residue was co-evaporated with acetonitrile three times.
The residue was suspended in diethyl ether and then filtered
to afford 3 as a solid (4.91 g, >100%). 1H-NMR [DMSO-d6,
500 MHz] δ = 10.88 (br, 1H), 7.88 (s, 1H), 7.40–7.32 (m, 5H),
6.72 (br, 1H), 5.19 (s, 1H), 4.97 (s, 1H). 13C-NMR [DMSO-d6,
125 MHz] δ = 167.8, 156.3, 154.3, 151.3, 137.9, 135.4, 128.6,
128.4, 128.1, 67.1, 44.5. HRMS (FAB) calcd for C14H13N5O3 (M
+ H+): 300.1096. Found 300.1094.

Synthesis of compound 4. N,N-Dimethylformamide diethyl
acetal (40 mL, 164 mmol) was added to compound 3 (4.91 g,
13.4 mmol), which was suspended in EtOH. The mixture was
stirred for 16 h at 50 °C. After evaporation, it was re-precipi-
tated by the addition of a small amount of cold ethyl acetate
and then cooled in an ice bath. The precipitate was collected

by filtration and dried in vacuo to afford 4 (2.67 g,
68%).1H-NMR [DMSO-d6, 500 MHz] δ = 11.29 (br, 1H), 8.52 (s,
1H), 7.79 (s, 1H), 4.95 (s, 2H), 4.17 (q, 2H), 3.13 (s, 3H), 3.02 (s,
3H), 1.22 (t, 3H). 13C-NMR [DMSO-d6, 125 MHz] δ = 168.5,
158.5, 158.1, 157.8, 150.6, 139.4, 119.3, 61.8, 44.2, 41.1, 35.1,
14.5. HRMS (FAB) calcd for C12H16N6O3 (M + H+) 293.1362.
Found 293.1343.

Synthesis of compound 5. Compound 4 (2.67 g, 9.13 mmol)
was dissolved in dry DMF. N-Bromosuccinimide (1.96 g,
11.0 mmol) in dry DMF was added dropwise to the solution.
The mixture was stirred for 2 h under a N2 atmosphere. The
reaction was quenched by the addition of 5% Na2S2O4 aq. (dry
DMF : 5% Na2S2O4 aq. = 1 : 1) in an ice bath. After stirring for
5 min, the solution was extracted with chloroform and
Na2S2O4, and the organic layer was collected. The water layer
was washed with chloroform. The combined organic layer was
evaporated. The residue was suspended in small amounts of
chloroform and large amounts of diethyl ether. The precipitate
was collected by filtration and dried in vacuo, yielding 5
(3.11 g, 92%).1H-NMR [DMSO-d6, 500 MHz] δ = 11.46 (br, 1H),
8.59 (s, 1H), 4.91 (s, 2H), 4.20 (q, 2H), 3.15 (s, 3H), 3.03 (s, 3H),
1.23 (t, 3H). 13C-NMR [DMSO-d6, 125 MHz] δ = 167.6, 158.9,
158.2, 156.9, 151.9, 123.0, 119.6, 62.2, 44.7, 41.2, 35.2, 14.5.
HRMS (FAB) calcd for C12H15BrN6O3 (M + H+): 371.0467.
Found 371.0482.

Synthesis of compound 6. Compound 5 (700 mg,
1.89 mmol), tetrakis(triphenylphosphine)palladium(0)
(320 mg, 0.28 mmol), copper(I) iodide (70 mg, 0.38 mmol),
and cesium fluoride (570 mg, 3.78 mmol) were suspended in
dry DMF. Tributyl(vinyl)tin (1.1 mL, 3.78 mmol) was then
added to the solution and the mixture was stirred at 55 °C for
4 h. The solution was filtered using Celite to remove the in-
soluble solid. After evaporation, the residue was purified by
silica gel column chromatography (CHCl3 : MeOH = 20 : 1),
yielding 6 (280 mg, 47%). 1H-NMR [DMSO-d6, 500 MHz] δ =
11.33 (s, 1H), 8.57 (s, 1H), 6.71 (m, 1H), 6.17 (s, 1H), 5.47 (d,
1H), 5.06 (s, 2H), 4.17 (q, 2H), 3.14 (s, 1H), 3.03 (s, 1H), 1.21 (t,
3H). 13C-NMR [DMSO-d6, 125 MHz] δ = 167.9, 158.2, 157.4,
157.2, 150.8, 145.3, 123.6, 119.5, 118.9, 61.5, 42.7, 40.7, 34.7,
14.0. HRMS (FAB) calcd for C14H18N6O3 (M + H+) 319.1518.
Found 319.1534.

Synthesis of compound 7. A solution of triphenylphosphine
(66 mg, 0.22 mmol), palladium acetate (40 mg, 0.18 mmol),
and triethylamine (1.05 mL) in dry DMF was stirred at 60 °C
under a N2 atmosphere until the color of the solution turned
red. Then, 1-bromopyrene (320 mg 1.14 mmol) dissolved in
dry DMF was added to the reaction mixture, followed by com-
pound 6 (280 mg, 0.88 mmol) in dry DMF. The solution was
refluxed at 110 °C for 3 h. The solution was filtered using
Celite to remove the insoluble solid. After the evaporation, the
residue was purified by silica gel column chromatography
(CHCl3 : MeOH = 20 : 1) to afford 7 (220 mg, 48%). 1H-NMR
[DMSO-d6, 500 MHz] δ = 11.42 (br, 1H), 8.74 (d, 1H), 8.65–8.10
(m, 10 H), 7.58 (d, 1H), 5.29 (s, 1H), 4.21 (s, 2H), 3.17 (s, 3H),
3.05 (s, 3H), 1.24 (t, 3H). 13C-NMR [DMSO-d6, 125 MHz] δ =
168.6, 158.6, 157.9, 157.6, 151.5, 146.6, 131.5, 131.4, 130.8,
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130.5, 129.2, 128.7, 128.6, 128.2, 127.9, 127.0, 126.2, 125.9,
125.7, 124.8, 124.5, 124.3, 123.0, 120.1, 117.3, 61.9, 43.4, 41.2,
35.2, 14.5. HRMS (FAB) calcd for C30H26N6O3 (M + H+):
519.2144. Found 519.2173.

Synthesis of compound 8. Sodium hydroxide (34 mg,
0.84 mmol) in a H2O : EtOH = 1 : 1 solution was added to a
stirred solution of compound 7 (220 mg, 0.42 mmol) in 1,4-
dioxane : MeOH = 2 : 1 solution. The reaction mixture was
stirred for 20 min at room temperature. After the addition of a
large amount of H2O, the pH was adjusted to 2–3 using 1 N
HCl aq. The solid was collected by filtration using diethyl
ether to afford 8 (150 mg, 86%). 1H-NMR [DMSO-d6, 500 MHz]
δ = 11.63 (br, 1H), 8.86 (d, 1H), 8.73–8.79 (m, 10H), 7.62 (d,
1H), 5.22 (s, 1H), 3.19 (s, 3H), 3.06 (s, 3H). 13C-NMR [DMSO-d6,
125 MHz] δ = 169.1, 158.2, 157.5, 156.5, 150.5, 146.1, 131.4,
131.0, 130.3, 129.4, 128.5, 128.4, 127.4, 126.6, 125.9, 125.6,
125.3, 124.3, 123.9, 122.4, 118.1, 66.4, 43.2, 40.9. HRMS (FAB)
calcd for C28H22N6O3 (M + H+): 491.1831. Found 491.1836.

Synthesis of compound 9. To a stirred solution of com-
pound 8 (0.15 g, 0.36 mmol) and triethylamine (three drops)
dissolved in DMF, 1M DMTr-L-serinol10 in DMF (0.33 mL,
0.33 mmol) was added. 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMT-MM) (0.16 g, 0.50 mmol)
was added to the solution at 0 °C, and stirred for 20 min at
0 °C, followed by an additional hour at room temperature.
20 mL of CHCl3 was added to the solution and stirred for
10 min. The solution was extracted with CHCl3 and sat.
NaHCO3 aq. twice. After evaporation, the residue was purified
by silica gel column chromatography (CHCl3 : MeOH = 20 : 1,
1% triethylamine) to afford 9 (190 mg, 61%). 1H-NMR [DMSO-
d6, 500 MHz] δ = 11.38 (br, 1H), 8.71–8.08 (m, 12H), 7.43–7.13
(m, 9H), 6.75 (m, 4H), 5.06 (dd, 2H), 4.81 (t, 1H), 4.07 (m, 1H),
3.642, 3.638 (s*2, 3H), 3.54 (m, 2H), 3.03 (m, 2H), 2.98 (s, 3H),
2.82 (s, 3H). 13C-NMR [DMSO-d6, 125 MHz] δ = 166.4, 157.93,
157.90, 157.5, 157.0, 151.3, 146.3, 145.0, 135.8, 135.7, 131.0,
130.8, 130.4, 130.1, 129.7, 129.6, 128.4, 128.2, 128.1, 127.73,
127.66, 127.4, 126.5, 125.7, 125.4, 125.2, 124.3, 124.1, 123.6,
122.5, 119.7, 117.2, 113.0, 85.2, 62.4, 60.8, 55.0, 54.9, 51.3,
44.3, 34.6. HRMS (FAB) calcd for C52H47N7O6 (M + H+):
866.3666. Found 866.3697.

Synthesis of compound 10. Compound 9 (190 mg,
0.22 mmol) and triethylamine (0.13 mL, 1.1 mmol) were dis-
solved in dry dichloromethane under nitrogen. 2-Cyanoethyl
diisopropylchlorophosphoramidite (70 µL, 0.33 mmol) was
added dropwise to the solution at 0 °C. After stirring the
mixture at room temperature for 30 min, it was subjected to
silica gel column chromatography (CHCl3 : acetone = 3 : 1 con-
taining 3% triethylamine). The products were then dissolved
in a small amount of dry CHCl3 and re-precipitated three
times from hexane, yielding compound 10 (170 mg, 73%).
Prior to synthesis of SNA using a DNA synthesizer, compound
10 was dried by co-evaporation with a mixture of dry aceto-
nitrile and dry dichloromethane. 1H-NMR [DMSO-d6,
500 MHz] δ = 11.39 (br, 1H), 8.72–8.10 (m, 12H), 7.42–7.14 (m,
10H), 6.76 (m, 4H), 5.08 (d, 2H), 4.19 (m, 1H), 4.07 (m, 1H),
3.70–3.55 (m, 10H), 3.42 (m, 1H), 3.10 (m, 2H), 2.99, 2.98 (s*2,

3H), 2.83, 2.80 (s*2, 3H), 2.61 (m, 2H), 1.02 (m, 6H), 0.93 (m,
3H). 13C-NMR [DMSO-d6, 125 MHz] δ = 166.4, 158.0, 157.9,
157.8, 157.5, 157.0, 151.2, 146.3, 144.9, 135.6, 135.5, 131.0,
130.8, 130.4, 130.1, 129.7, 129.6, 128.4, 128.2, 128.1, 127.7,
127.6, 127.4, 126.5, 125.7, 125.4, 125.2, 124.3, 124.0, 123.5,
122.5, 119.7, 118.8, 117.3, 113.0, 85.2, 62.0, 58.2, 58.1, 54.9,
44.2, 42.4, 42.3, 34.6, 32.1, 29.6, 24.3, 24.2, 24.1, 19.8, 19.7.
31P-NMR [DMSO-d6, 202 MHz] δ = 146.9, 146.6. HRMS (FAB)
calcd for C61H64N9O7P (M + H+) 1066.4744. Found 1066.4730.

Synthesis and purification of oligonucleotides

SNA phosphoramidite monomers involving T, G, A, and C were
synthesized following reported procedures.9 SNA oligomers
(SNA-2PVG and SNA-1PVG) were synthesized using an NTS M-6-
MX_A12N DNA/RNA synthesizer (Nihon Techno Service Co.,
Ltd) using phosphoramidite chemistry. For the coupling of all
SNA monomers, the incubation time was extended to 600 s.
The concentrations of the SNA phosphoramidite monomers
were adjusted to 0.1 M for 10 (PVG) and G, and 0.075 M for T,
A, and C. 10 (PVG) was dissolved in a dry CH2Cl2 : acetonitrile =
1 : 1 solution. The synthesized oligonucleotides were purified
using Poly-Pak cartridges. The collected residue was further
purified by reversed-phase HPLC (Kanto Chemical, Mightysil
RP-18 GPII column). After purification, the synthesized oligo-
nucleotides were characterized by MALDI-TOF MS. The prepa-
ration of SNA-2PVA was described in a previous report.11a

Conclusions

We synthesized a PVG-linked SNA as a photoresponsive system.
A previous report showed that PVA-SNA favored the formation
of intrastrand photodimers upon irradiation with blue light.
In contrast, PVG selectively formed interstrand photodimers at
a slower reaction rate, likely due to the different orientation
favouring photocycloaddition. The interstrand crosslinking
and cycloreversion of SNA-2PVG/RNA-2C enable the photoregu-
lation of the dissociation and formation of duplexes upon
light irradiation. The formation of by-products during
irradiation of the SNA-2PVG/RNA-2C duplex may prevent the
photoreaction from being reversible. In contrast, the inter-
strand photocycloaddition and cycloreversion of single-
stranded SNA-1PVG were sufficiently fast and effective com-
pared to the SNA-2PVG/RNA-2C duplex. Ogasawara et al.
reported a photoregulation system using the trans–cis photoi-
somerization of PVG-DNA, but the photocrosslinking property
of PVG was not described.12 The rigid cyclic structure of the
DNA scaffold could suppress photocycloaddition, while the
flexible acyclic SNA scaffold probably enables interstrand
photocycloaddition with high efficiency. As we have demon-
strated, effective and reversible interstrand crosslinking
between PVGs is useful as a component of photoreactive
materials such as photocaging systems. In particular, PVG-SNA
is a suitable candidate as a photocrosslinker for various
materials that respond to visible light, instead of other photo-
crosslinkers,18 because PVG-SNA facilitates effective inter-
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molecular photocrosslinking even at µM concentrations due to
strong stacking interactions. The powerful photocycloaddition
properties of PVG-SNA promise applications in new photore-
sponsive nanodevices and advanced applications, such as
chemical artificial intelligence.19
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