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Branched oligodeoxyribonucleotides (ODNs) are key molecules in constructing nano-scale structures such as DNA
lattices, dendrimer-like DNA as well as DNA devices including DNA walkers, DNA memory, and DNA computer. In
this paper, two types of highly efficient methods were used to construct the comb-like DNA by using template-directed
reversible DNA photocrosslinking via 5-(2-carbamoylvinyl)-20-deoxyuridine (cvU). The efficiency and thermodynamic
stability of three types of reversible DNA photocrosslinked, linear ODN, single-branched ODN (50-end) and single-
branched ODN (mid) reported previously, were also compared. The results show that the most efficient one of the three
is a single-branched ODN (50-end), despite its low thermodynamic stability. In addition, we also showed that this reversi-
ble photocrosslinking method is applicable to nanotechnology by constructing comb-like DNA. This method should
have great potential in nanotechnology by serving as a platform for fabrication and synthesis, because their sizes and
structures can be changed through the alteration of building blocks. We believe that this method is versatile and may
find a myriad of applications in the nano-biotechnology field.

Because of the experiments of Seeman et al.,1 the potential
of using DNA as a construction material for synthetic nano-
meter-scale objects has been recognized within bioorganic
chemistry. In particular, branched ODNs have become key
molecules for constructing nano-scale architectures and de-
vices. Branched DNA molecules have various uses in signal
amplification technology2 and in several types of nanotech-
nology such as DNA computing,3 DNA nano architectures,4

DNA sensors,5 and nanoelectronic devices.6 DNA lattices7

and dendrimer-like DNA8 have been constructed from a rich
set of branched DNA. Various autonomous DNA walker de-
vices based on DNA cleavage and ligation of branched DNA
using various enzymes have also been explored.9

There are two types of branched DNA, topologically dou-
ble-stranded branched DNA complexes assembled from linear
DNA polymers (branch junction motifs),10 as reported by
Seeman et al., and covalently single-stranded branched DNA
polymers.11 The strucutre of the covalently branched DNA
is resistant to high temperature. In contrast, the thermal sta-
bility of the topologically branched DNA is relatively low be-
cause of self-assembly of programmed sequences according to
Watson–Crick complementarity. Most covalently branched
DNA has been chemically on solid supports using phospho-
ramidites containing a branched structural unit. Such branched
DNA has several practical disadvantages such as the limited
symmetry of the branched sequences and structural restriction.

These methods cannot be used to create single-stranded comb-
like DNA, although the dendrimer-like DNA has been readily
synthesized. There is a universal need to find a new method to
synthesize couple covalently and asymmetrically sequenced
branched coupled DNA that can be widely used as a platform
for building DNA nanodevices and architectures.

Here, we report highly efficient methods for constructing
comb-like DNA by using template-directed12 reversible DNA
photocrosslinking via 5-(2-carbamoylvinyl)-20-deoxyuridine
(cvU). We have been studying artificial DNA bases, for exam-
ple cvU shown in Fig. 1, as a tool for photochemical DNA
manipulation13 and succeeded in not only the synthesis of
complex DNA structures, such as branched DNA, end-capped
DNA, and padlocked plasmid DNA,14 but also mutant

Fig. 1. Template-directed reversible DNA photocrosslink-
ing via cvU. Irradiation at 366 nm caused the formation
of a cyclobutane ring between the vinyl group of cvU
and the pyrimidine ring at 30-end in DNA. Conversely,
photoirradiation at 312 nm cleaved the cyclobutane ring.
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detection.15 Recently, we have developed a method that can di-
rectly process DNA similar to RNA processing and another
method to synthesize R-shaped DNA as a unique structure of
lariat DNA.14a Photochemical ligation can be performed effec-
tively even in an extremely tight space unlike enzymatic
ligation, without crucial conformation change.16

Three typical reversible DNA photocrosslinks via cvU are
shown in Fig. 2. The first one is a linear ODN (L-ODN); an
ODN containing cvU at the 50-end and one containing a pyrimi-
dine ring at the 30-end are irradiated at 366 nm in the presence
of a template, producing a linear combination between the two
ODNs. Second is a single-branched ODN (50-end) [SB-ODN
(50-end)]; SB-ODN (50-end) can also be synthesized in a simi-
lar way to L-ODN, i.e. an ODN containing cvU at the 50-end
and an ODN containing a pyrimidine ring at internal residue
are irradiated at 366 nm in the presence of a template, produc-
ing a branched combination between the two ODNs. The last
one is a single-branched ODN (mid) [SB-ODN (mid)]; this
type has recently been examined as a more useful and highly
efficient method to synthesize branched ODN, based on
template-directed DNA photocrosslinking in which cvU is
contained in the midstream of the ODN. In this paper, these
three types of photocrosslinks were compared based on aspects
of efficiency and thermodynamic stability. Moreover, the
feasibility of the reversible photocrosslinking method for con-
structing comb-like DNA (shown in Fig. 3) was demonstrated
through the synthesis of single-stranded double-branched
ODN (DB-ODN) using the two means of constructing SB-
ODN as described above.

Results and Discussion

Construction of Three Typical Structures by Reversible
DNA Photocrosslinking. The ODNs used in this study are
summarized in Table 1. cvU-containing ODNs were synthe-

sized using standard phosphoramidite chemistry on a DNA
synthesizer using nucleoside phosphoramidite of cvU. Follow-
ing deprotection and oligomer purification, ODNs containing
cvU were characterized by analyzing the nucleoside composi-
tion and MALDI-TOF MS. To obtain the formation efficiency
of L-ODN, SB-ODN (50-end), and SB-ODN (mid), we initially
constructed these structures individually. When ODNs (ODN
1a + ODN 1b/ODN 1c for L-ODN, ODN 1a + ODN 2b/
ODN 1c for SB-ODN (50-end), and ODN 3a + ODN 3b/
ODN 1c for SB-ODN (mid)) were irradiated at 366 nm for
3 h on ice, we observed the rapid appearance of the peak for
L-ODN, SB-ODN (50-end), and SB-ODN (mid), in 96%,
94%, and 96% yields, respectively, as determined by capillary
gel electrophoresis (CGE), and the concomitant disappearance
of the starting ODNs except the template ODN (Fig. 4). These
photoproducts were purified by HPLC and identified by
MALDI-TOF MS, indicating that the photoproducts were L-
ODN, SB-ODN (50-end), and SB-ODN (mid). Enzymatic

Fig. 2. Schematic illustration of three typical reversible
DNA photocrosslinking for the construction of DNA
nano-structures. (A) Construction of linear ODN (L-ODN),
(B) Single-branched ODN [SB-ODN (50-end)], cvU was
contained at the 50-end in branch ODN and (C) Single-
branched DNA [SB-ODN (mid)], cvU was contained at
the midstream in base ODN.

Fig. 3. Idealized drawing for the construction of a comb-
like single-stranded oligonucleotide based on the tem-
plate-directed reversible photocrosslinking. Base-DNA
and branch-DNA were photoligated by irradiating at 366
nm in the presence of a template. Irradiation at 312 nm
caused the ligated product to revert to the original DNA.

Table 1. Oligodeoxynucleotides (ODNs) Used in This
Study

Sequences (50–30)

ODN 1a cvUGCGTCAG
ODN 1b CGAGTCGT
ODN 1c CTGACGCAACGACTCG
ODN 2b CGAGTCGTGAAAAA
ODN 3a AAAAAGcvUGCGTCAG
ODN 3b CGAGTCGT
ODN 4a cvUGACAG
ODN 4b cvUGCGTG
ODN 4c AAAGGACGC(A)17ACTGTGCAAAAAA
ODN 4d CTCACAGCGTCC
ODN 4e CACGCAGCACAG
ODN 5a AAAGcvUGCGTGAAAGcvUGCGTG
ODN 5b CAGTGT
ODN 5c CACGCAACACTG
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digestion of each isolated photoproducts followed by HPLC
analysis indicated the formation of dA, dC, dG, and dT in a
ratio of 2:4:6:2 (L-ODN), 7:4:4:2 (SB-ODN (50-end)), and
7:4:4:2 (SB-ODN (50-end)) together with a new product (Data
not shown). Irradiation of the purified photocrosslinked prod-
ucts at 312 nm for 15min caused the rapid disappearance of
the photoproducts and formation of the original ODNs. CGE
analysis of the 312 nm irradiated mixture confirmed the clean
formation of ODN 1a + ODN 1b, ODN 1a + ODN 2b, and
ODN 3a + ODN 3b from L-ODN, SB-ODN (50-end), and
SB-ODN (mid), respectively, as shown by the migration time
(Fig. 4). Analysis by MALDI-TOF MS of the newly formed
ODNs also indicated that these ODNs were ODN 1a +
ODN 1b for L-ODN, ODN 1a + ODN 2b for SB-ODN (50-
end), and ODN 3a + ODN 3b for SB-ODN (mid). Figure 5
showes a comparison of photo-reactivity with L-ODN versus
SB-ODN (50-end) versus SB-ODN (mid). For each photoreac-
tion, highly efficient photocrosslinking was clearly observed
upon irradiation at 366 nm for 3 h, and photo-splitting was ob-
served upon irradiation at 312 nm for 15min with >90% con-
version. The formation of SB-ODN (mid) was nearly two
times slower than that of SB-ODN (50-end) at the beginning.

Interestingly, the branched crosslinking of SB-ODN (50-end)
was faster than L-ODN. Conversely, the photo-splitting of SB-
ODN (mid) was the fastest, and SB-ODN (50-end) was the
slowest. The difference in reactivity is attributed mainly to
the positional relation between cvU and T. In fact, an appro-
priate distance and a parallel arrangement between the vinyl
group in cvU and T are needed to obtain the high reactivity.

Thermodynamic Experiments. To examine the thermo-
dynamic properties of complexes, the melting temperature of
various concentrations of the complexes containing native
duplex, L-ODN, SB-ODN (50-end), and SB-ODN (mid) were
measured to prepare van’t Hoff plots. The thermodynamic
parameters of these complexes are summarized in Table 2.
For both SB-ODNs, i.e., SB-ODN (50-end) and SB-ODN
(mid), the Tm values decreased by 14.4–15.0 �C as compared
to those of the native duplex (between ODN 1c and comple-
mentary strand, 50-d(CGAGTCGTTGCGTCAG)-30), where
as the Tm values of L-ODN decreased by 11.6 �C as compared
to those of the native duplex. The differences in the enthalpy
and entropy changes between the native duplex and L-ODN
were 11.2 kJmol�1 and 30.7 Jmol�1 K�1, respectively. In con-
trast, the differences in the enthalpy and entropy changes

Fig. 4. Schemes and CGE analysis for each types of template-directed reversible photocrosslinking (A) of L-ODN, (B) of SB-ODN
(50-end) and (C) of SB-ODN (mid). (D) CGE analysis for reversible construction of the L-ODN, a) ODN 1a + ODN 1b/ODN 1c,
before photoirradiation; b) Irradiation to reaction mixture at 366 nm for 1 h (96% yield); c) Purification of the L-ODN after 366 nm
irradiation; d) Irradiation to purified L-ODN at 312 nm for 15min (94% conv.). (E) CGE analysis for reversible construction of the
SB-ODN (50-end), a) ODN 1a + ODN 2b/ODN 1c, before photoirradiation; b) Irradiation to reaction mixture at 366 nm for 1 h
(96% yield); c) Purification of the SB-ODN (50-end) after 366 nm irradiation; d) Irradiation to purified SB-ODN (50-end) at 312 nm
for 15min (91% conv.). (F) CGE analysis for reversible construction of the SB-ODN (mid), a) ODN 3a + ODN 3b/ODN 1c,
before photoirradiation; b) Irradiation of the reaction mixture at 366 nm for 3 h (95% yield); c) Purification of the SB-ODN
(mid) after 366 nm irradiation; d) Irradiation of the purified L-ODN at 312 nm for 15min (94% conv.).
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between the native duplex and both SB-ODNs were 13.1–
13.6 kJmol�1 and 36.0–37.6 Jmol�1 K�1, respectively. In the
cases of the complexes of both SB-ODNs, the Tm values of
the SB-ODNs complexes had large differences in both enthal-
py and entropy changes from those of the native or L-ODN du-
plexes, indicating that the duplex between SB-ODN and ODN
3a causes a larger deformation than the L-ODN duplex. The
changes in the enthalpy terms may be attributed to the signifi-
cant decrease in the hydrogen bondings around the position
where the photocrosslinking occurred. In addition, the changes
in the entropy term may be attributed to the disordered struc-
ture of the duplex around the photocrosslinking position. The
decrease in the thermodynamic properties for SB-ODN is
due to fluctuation of the extra branch. From this point, the base
ODN (ODN 2b and ODN 3a) is probably bent at the photo-
crosslinking point rather than the template ODN 1c being bent,
shown in Figs. 4B and 4C.

Construction of DB-ODN by Two Strategies. Finally, to
demonstrate the usability of photocrosslinking for the con-
struction of a DNA nano-structure, we examined the effects
of the construction of double-branched ODN (DB-ODN),
using the two strategies used in the synthesis of SB-ODN
(Fig. 6). Figure 7 presents an autoradiogram of a denaturing
polyacrylamide gel electrophoresis for the photoreaction of
strategy 1. Polyacrylamide gel electrophoresis was chosen
for following the photocrosslinking process instead of CGE
because of using the relatively long base stand. When ODNs
4a–4c were irradiated at 366 nm for 1 h in the presence of tem-
plates ODN 4d and 4e, the expected 51-mer DB-ODN (50-end)
was produced (Lane 2), and the resulting photoproduct quanti-
tatively reverted to the original ODNs upon at 312 nm irradia-
tion (Lane 3). On the other hand, when ODN 4c was irradiated

at 366 nm without either of the branch components (Lane 4;
without ODN 4a and ODN 4d, Lane 6; without ODN 4b and
ODN 4e, Lane 8; without ODN 4d, Lane 9; without ODN 4e),
SB-ODN (50-end) formed. Figure 8 shows a CGE profile of
the photoirradiated mixture of ODN 5a and ODN 5b in the
presence or absence of template ODN 5c (Strategy 2). It shows
the clean and efficient formation of the expected 32-mer DB-

Table 2. Thermodynamic Parameters for Duplex Formationa)

Tm/
�C �Tm/

�C �H�/kJmol�1 ��H�/kJmol�1 �S�/Jmol�1 K�1 ��S�/Jmol�1

K�1

�G�
298K/kJ
mol�1

Nativeb) 63.2 — �37:4 — �105 — �6:17
L-ODN 51.6 �11:6 �26:2 +11.2 �74:3 +30.7 �4:05

SB-ODN (50-end) 48.8 �14:4 �23:8 +13.6 �67:4 +37.6 �3:74
SB-ODN (mid) 48.2 �15:0 �24:3 +13.1 �69:0 +36.0 �3:71

a) Determined in 50mM dimethylarsinate and 100mM NaCl, pH 7.0. A ramp rate of 0.5 �Cmin�1 with hold time of 5min was used
over the temperature range of 20 to 80 �C to record the DNA melting curve. b) Native stands for a duplex between ODN 1c and
complementary strand, 50-d(CGAGTCGTTGCGTCAG)-30.

Fig. 6. Schematic drawing for (A) Strategy 1 in which DB-
ODN (50-end) was made from two branch ODNs, ODN 4a
and ODN 4b, containing cvU at 50-end, and (B) Strategy 2
in which DB-ODN (mid) was made from base ODN 5a
containing two cvU at midstream (C) Structure for two
types of single-stranded DB-ODN produced by Strategy
1 and Strategy 2. Tail of both branches in DB-ODN (50-
end) are 30-end, while that are 50-end in DB-ODN (mid).

Fig. 5. Time course of (A) photocrosslinking and (B) photo-splitting of L-ODN ( ), SB-ODN (50end) ( ), and SB-ODN (mid) ( )
as followed by CGE analysis.
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ODN (mid) and the complete disappearance of ODN 5a and
ODN 5b (Fig. 8A); however, no photoproduct was observed
in the absence of template ODN 5c (Fig. 8B). The isolated
new product was characterized by MALDI-TOF MS and enzy-
matic digestion. Irradiation of DB-DNA (mid) at 312 nm re-
sulted in complete reversion to ODN 5a and ODN 5b, as de-
termined by MALDI-TOF MS (Fig. 8C). DB-ODN (mid) was
synthesized and reverted to the original ODNs through the
SB-ODN (mid) at the upstream cvU or downstream cvU. We
observed these peaks clearly at the beginning of the irradiation
at 366 or 312 nm around 80min at Figs. 8A and 8C.

Conclusion

In the three typical reversible DNA photocrosslinking via
cvU, there was a difference in the reaction rate during irradia-
tion at 366 or 312 nm, although highly efficient photocrosslink-
ing and photo-splitting were clearly observed by irradiation
at 366 nm for 3 h and 312 nm for 15min, respectively. The
amount of SB-ODN (mid) was nearly half that of SB-ODN
(50-end) at the beginning. We also demonstrated the feasibility
of the reversible photocrosslinking method for constructing
DNA nano-structure, as evidenced by the synthesis of single-
stranded DB-ODN using two strategies. Both strategies effi-
ciently afforded DB-ODN upon irradiation at 366 nm without
any side reaction, and cleavage upon irradiation at 312 nm.
This demonstration indicates that we can conceptually con-
struct single-stranded comb-formed DNA from a long base-
DNA and some branch DNA, which could not be created by
previous methods. Future studies will involve the synthesis
of more than 100-mer base DNA by introducing cvU via an
enzymatic PCR method. These methods are well suited to pre-
pare DNA nanodevices such as the DNA walker, DNA com-
puter, and DNA memory as well as nano architectures such
as two- and three-dimensional DNA structures. We believe

that this method is versatile, and there should be a myriad of
applications for it in the nano-biotechnology field.

Experimental

Materials. 2-Cyanoethoxybis(diisopropylamino)phosphine
was purchased from Aldrich. The reagents for the DNA synthe-
sizer such as I2 solution (I2/H2O/pyridine/tetrahydrofuran, 3:2:
19:76) A-, G-, C-, and T-�-cyanoethylphosphoramidites, 1H-
tetrazole, acetonitrile, and CPG support were purchased from
Glen Research. Artificial ODNs were synthesized on an Applied
Biosystems 3400 DNA/RNA synthesizer. Native ODNs were

Fig. 7. Autoradiogram of a denaturing polyacrylamide gel
electrophoresis of the photoreaction of ODN 4a, ODN 4b,
and 32P-50-end-labeled ODN 4c in the presence or absence
of template ODN 4d or ODN 4e on ice. Lane 1, ODN
4a + ODN 4b + ODN 4c/ODN 4d + ODN 4e, before
photoirradiation; lane 2, irradiation of lane 1 at 366 nm for
1 h (quant); lane 3, irradiation of lane 2 at 312 nm for 0.5 h
(quant); lane 4, ODN 4b + ODN 4c/ODN 4e, irradiation
at 366 nm for 1 h (95%); lane 5, irradiation of lane 4 at
312 nm for 0.5 h (quant); lane 6, ODN 4a + ODN 4c/
ODN 4d, irradiation at 366 nm for 1 h (95%); lane 7, irra-
diation of lane 6 at 312 nm for 0.5 h (quant); lane 8, ODN
4a + ODN 4b + ODN 4c/ODN 4e, irradiation at 366 nm
for 1 h (95%); lane 9, ODN 4a + ODN 4b + ODN 4c/
ODN 4d, irradiation at 366 nm for 1 h (88%).

Fig. 8. CGE analysis for reversible photocrosslinking of
DB-ODN (mid). DB-ODN (mid) was synthesized through
the SB-ODN (mid) at the upstream cvU or downstream
cvU. These peaks were clearly observed at the beginning
of the irradiation with 366 nm and 312 nm. (A) Construc-
tion of DB-ODN (mid) by irradiation at 366 nm for 4 h;
>99% yield, reaction mixture containing ODN 5a +
ODN 5b/ODN 5c (B) Irradiation at 366 nm in the absence
of template ODN 5c, No SB-ODN (mid) and DB-ODN
(mid) was observed. (B) Irradiated at 366 nm for 4 h;
>99% yield (C) Photo-splitting of purified DB-ODN by
irradiation at 312 nm for 15min; >99% conversion.

2128 Bull. Chem. Soc. Jpn. Vol. 80, No. 11 (2007) BCSJ AWARD ARTICLE



purchased form Hokkaido System Science. Calf intestine alkaline
phosphatase (AP) was purchased from Promega. Nuclease P1 was
purchased from Yamasa. Irradiation was performed by using
Funakoshi transilluminator (TFL-40, 366 nm, 25W) or Funakoshi
transilluminator (TR-312R/J, 312 nm, 25W).

Oligonucleotide Synthesis and Characterization. cvU was
synthesized from 5-iodo-20-deoxyuridine using a previously re-
ported procedure.11c cvU-containing ODNs were prepared by using
the �-cyanoethylphosphoramidite method on controlled pore glass
supports using an Applied Biosystems, 3400 DNA synthesizer
and the standard method. After automated synthesis, the oligomers
were deprotected by treating with concentrated aqueous ammonia
at 65 �C for 5 h and purified by HPLC on a Nacalai Tesque,
COSMOSIL 5C18-AR-2 (10:0� 250mm2). The eluent was 0.05
M ammonium formate containing 5–12% acetonitrile, and the
elution was performed with a linear gradient of 30min and a
flow rate of 3.0mLmin�1. ODNs containing modified nucleotides
were fully digested with calf intestine alkaline phosphatase (50
UmL�1), snake venom phosphodiesterase (0.15UmL�1) and P1
nuclease (50UmL�1) at 37 �C for 4 h. The digested solutions were
analyzed by HPLC on a Nacalai Tesque, COSMOSIL 5C18-AR-2
(4:6� 150mm). the eluent was 0.05M ammonium formate
containing 3–20% acetonitrile, and elution was performed with
a linear gradient of 30min and a flow rate of 1.0mLmin�1. The
concentration of each ODNs were determined by comparing
the peak areas with the standard solution containing dI, dC, dG,
and dT at a concentration of 0.1mM. The molecular mass of
the ODNs was determined by MALDI-TOF MS. 50-d(cvUGCG-
TCAG)-30 (ODN 1a) Calcd. for [M + H]þ: 2480.45, Found:
2480.46, 50-d(AAAAAGcvUGCGTCAG)-30 (ODN 3a) Calcd.
for [M + H]þ: 4376.94, Found: 4376.99, 50-d(AAAGcvUGCG-
TGAAAGcvUGCGTG)-30 (ODN 5a) Calcd. for [M + H]þ:
6357.20, Found: 6358.09, 50-d(CGAGTCGT)-30 (ODN 1b) Calcd.
for [M + H]þ: 2425.62, Found: 2425.62, 50-d(CGAGTCGTG-
AAAAA)-30 (ODN 2b) Calcd. for [M + H]þ: 4320.88, Found:
4320.88, 50-d(CAGTGT)-30 (ODN 5b) Calcd. for [M + H]þ:
1805.34, Found: 1805.07, 50-d(CTGACGCAACGACGACTCG)-
30 (ODN 1c) Calcd. for [M + H]þ: 4851.22, Found: 4851.22,
50-d(CACGCAACACTG)-30 (ODN 5c) Calcd. for [M + H]þ:
3598.67, Found: 3598.71.

Preparation of 32P-50-End-Labeled ODN. ODN 4c (400
pmol, strand concentration) was 50-end-labeled by phosphoryla-
tion with 4mL of [�-32P] ATP and 4mL of T4 polynucleotide
kinase using standard procedures. The 50-end-labeled ODNs were
recovered by precipitating with ethanol and further purified by
15% denaturing gel electrophoresis and isolated by the crush
and method.

Photoreaction of L-ODN. A reaction mixture containing 50-
d(cvUGCGTCAG)-30 (ODN 1a), 50-d(CGAGTCGT)-30 (ODN 1b)
(each 20mM), and 50-d(CTGACGCAACGACTCG)-30 (ODN 1c)
(25mM) in 50mM sodium dimethylarsinate buffer (pH 7.0) and
100mM NaCl was irradiated with a transilluminator at 366 nm
at 0 �C for 3 h. Purification was performed on a Nacalai Tesque,
COSMOSIL 5C18-AR-2 (4:6� 150mm2). The eluent was 0.05
M ammonium formate containing 5–10% acetonitrile, and the
elution was performed with a linear gradient of 30min and a flow
rate of 1.0mLmin�1, at 50 �C. The purified L-ODN were deter-
mined by MALDI-TOF MS. Calcd. for [M + H]þ: 4907.32,
Found: 4907.31. A solution containing isolated photoligated L-
ODN in a quartz capillary cell was irradiated at room temperature
with a transilluminator at 312 nm for 15min. After irradiation,
the aliquot was collected and subjected to CGE analysis.

Photoreaction of SB-ODN (50-end). A solution containing
50-d(cvUGCGTCAG)-30 (ODN 1a), 50-d(CGAGTCGTGAA-
AAA)-30 (ODN 2b) (each 20mM), and 50-d(CTGACGCAAC-
GACTCG)-30 (ODN 1c) (25 mM) in 50mM sodium dimethylarsi-
nate buffer (pH 7.0) and 100mM NaCl was irradiated at 366 nm at
0 �C for 3 h. SB-ODN (50-end) was purified on a Nacalai Tesque
COSMOSIL 5C18-AR-2 (4:6� 150mm2) and its molecular mass
was determined by MALDI-TOF MS. Calcd. for [M + H]þ:
6802.58, Found 6802.61. A solution containing isolated photoli-
gated SB-ODN (50-end) in a quartz capillary cell was irradiated
at room temperature with a transilluminator at 312 nm for 15min.

Photoreaction of SB-ODN (mid). A solution containing 50-
d(AAAAAGcvUGCGTCAG)-30 (ODN 3a), 50-d(CGAGTCGT)-
30 (ODN 3b) (each 20mM), and 50-d(CTGACGCAACGACTCG)-
30 (ODN 1c) (25mM) in 50mM sodium dimethylarsinate buffer
(pH 7.0) and 100mM NaCl was irradiated at 366 nm at 0 �C for
3 h. SB-ODN (mid) was purified on a Nacalai Tesque COSMOSIL
5C18-AR-2 (4:6� 150mm2) and its molecular mass was deter-
mined by MALDI-TOF MS. Calcd. for [M + H]þ: 6802.58,
Found: 6802.59. A solution containing isolated photoligated
SB-ODN (mid) in a quartz capillary cell was irradiated at room
temperature with a transilluminator at 312 nm for 15min. After
irradiation, the aliquot was collected and subjected to CGE
analysis and MALDI-TOF MS. 50-d(CGAGTCGT)-30 (ODN 3b)
Calcd. for [M + H]þ: 2425.62, Found: 2425.45.

Photoreaction of DB-ODN (50-end). A reaction mixture con-
taining 32P-50-end-labeled 50-d(AAAGGACGC(A)17ACTGTGC-
AAAAAA)-30 (ODN 4c), 50-d(cvUGACAG)-30 (ODN 4a), and
50-d(cvUGCGTG)-30 (ODN 4b) (each 20mM) in the presence
or absence of 50-d(CTCACAGCGTCC)-30 (ODN 4d) and 50-
d(CACGCAGCACAG)-30 (ODN 4b) (each 25mM) in 50mM
sodium dimethylarsinate buffer (pH 7.0) in a quartz capillary cell
was irradiated at 0 �C with transilluminator (366 nm) under other-
wise identical conditions. To the reaction mixture was added
10mL of loading buffer to quench the reaction and the sample
(1–2mL, ca. 2{4� 103 cpm) was loaded onto 15% polyacrylamide
and 7M urea denaturing gel and electrophoresed at 700V for
30min. The gel was dried and exposed to X-ray film with inten-
sifying sheets at �80 �C.

Photoreaction of DB-ODN (mid). A solution containing 50-
d(AAAGcvUGCGTGAAAGcvUGCGTG)-30 (ODN 5a) 20mM, 50-
d(CAGTGT)-30 (ODN 5b) 40mM, and 50-d(CACGCAACACTG)-
30 (ODN 5c) 50mM in 50mM sodium dimethylarsinate buffer
(pH 7.0) and 100mM NaCl was irradiated at 366 nm at 0 �C for
4 h. Purification was performed on a Nacalai Tesque, COSMOSIL
5C18-AR-2 (4:6� 150mm). The eluent was 0.05M ammonium
formate containing 4–12% acetonitrile, and the elution was per-
formed with a linear gradient of 60min and a flow rate of 1.0
mLmin�1, 50 �C. The molecular mass of the purified DB-ODN
were determined by MALDI-TOF MS. Calcd. for [M + H]þ:
9971.69, Found: 9971.67. A solution containing isolated photoli-
gated DB-ODN in a quartz capillary cell was irradiated at room
temperature with a transilluminator at 312 nm for 15min. After
irradiation, the aliquot was collected and subjected to CGE
analysis and MALDI-TOF MS. 50-d(AAAGcvUGCGTGAAAG-
cvUGCGTG)-30 (ODN 5a) Calcd. for [M + H]þ: 6357.20, Found:
6358.21, 50-d(CAGTGT)-30 (ODN 5b) Calcd. for [M + H]þ:
1805.34, Found: 1805.34.

MALDI-TOF/MS Analysis. MALDI-TOF mass spectra
were measured on a Voyager-DE PRO-SF BioSpectrometry�
Workstation from Applied Biosystems (Foster City, USA) with
acceleration voltage of 20 kV, in positive mode. Each sample

S. Ogasawara et al. Bull. Chem. Soc. Jpn. Vol. 80, No. 11 (2007) 2129



was analyzed using a 3-hydroxypicolinic acid matrix and the data
was calibrated using a two-point internal standard.

Capillary Gel Electrophoresis (CGE) Analysis. The prog-
ress of each photoreaction was monitored by capillary gel electro-
phoresis (CGE) on a Beckman Coulter, P/ACE� MDQ equipped
with UV absorbance detector. Separations were performed at an
applied voltage of 20 kV and a temperature of 30 �C and were
detected by monitored using their absorbance at 254 nm.

Melting Temperature Measurement. After photoligation,
melting temperatures were measured by using a Beckman Coulter
DU800 spectrometer. The absorbance of the sample (0.5–3.0mM
strand concentration, 50mM sodium cacodylate buffer (pH 7.0)
and 100mM NaCl) was monitored at 260 nm from 20 to 80 �C at
a heating rate of 0.5 �C per min. The melting temperatures were
determined using the derivative method incorporated in the DU
800 application software.

Enzymatic Digestion. After the purification of photoproducts
by HPLC, SB-ODN (mid) and DB-ODN were fully digested with
calf intestine alkaline phosphatase (50UmL�1), snake venom
phosphodiesterase (0.15UmL�1) and P1 nuclease (50UmL�1) at
37 �C for 4 h. The digested solutions were analyzed by using
HPLC on a Nacalai Tesque COSMOSIL 5C18-AR-2 (4:6� 150

mm2). The eluent was 0.05M ammonium formate containing
3–20% acetonitrile, and the elution was performed with a linear
gradient of 30min and a flow rate of 1.0mLmin�1.
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