タイトル

Light-controlled gene expression using caged DNA with an affinity tag

別タイトル

親和性タグを導入したケージドDNAを用いた遺伝子の機能発現の光制御

作成者（著者）

寺岡, 葵

公開者

東邦大学

発行日

2014.03

掲載情報

東邦大学大学院理学研究科 博士論文. 61.

資料種別

学位論文

内容記述

主査: 古田寿昭 /

著者版フラグ

ETD

報告番号

32661甲第743号

学位授与年月日

2014.03.20

学位授与機関

東邦大学

メタデータのＵＲＬ

https://mylibrary.toho-u.ac.jp/webopac/TD32056274

東邦大学審査学位論文（博士）

Light-controlled gene expression using
caged DNA with an affinity tag

Aoi Teraoka
Supervisor: Professor Toshiaki Furuta

Department of Biomolecular Science,
Graduate School of Science, Toho University

March 2014

Contents
Introduction

2-4

Results and discussion
1. Synthesis of Bio-Bhc-diazo

5

2. Caging and uncaging of dsDNA (50 bp)

6 - 8

3. Affinity purification of caged DNAs
with Streptavidin Magnetic Beads

9 - 18

4. Transfection of caged dsDNAs

19 - 26

5. Optimization of the condition

27 – 43

Conclusion

44
45 – 68

Material and method
Acknowledgements

69
70 – 72

Reference

1

Introduction
There are many genes with biological functions that are not yet understood. This is an important
gap in the research field of life science, molecular medicine and pharmacological science as some of
these biological functions relate to diseases. Therefore, if we could control gene expression, we
might be able to provide a new experimental method that contributes to the progress of these
research fields. Typically, when the function of a gene of interest is investigated, gene modified
animals, like a transgenic mouse, are utilized 1). But with this method, we cannot investigate a
physiological role of gene function when the gene of interest can only be expressed with no spatial
and temporal localization. Hence in this study, I aimed to develop caged DNAs that could
photochemically control gene function.
Caged compounds are molecules with an active site that is protected by a photo-releasable
protecting group. Photoirradiation of the caged molecule results in deprotection of the protecting
group and restoration of the active molecule. Because light can be introduced into any place and at
any time, we can observe or manipulate the molecular behavior in a simulated physiological
condition 2). In our laboratory, we developed a coumarin type photo-releasable protecting group
possessing high photo reactivity under one- and two-photon excitation conditions, and developed
caged compounds of neurotransmitters or second messengers to analyze cellular functions without
causing any damages to cells or tissues (Fig. 1).3)

Figure 1. Chemical structures of coumarin type photo-releasable protecting group
Caged compounds of DNA or RNA (caged oligonucleic acid) enable photo-manipulation of gene
expression. The reported synthetic methods of caged oligonucleic acids can be classified into three
types (Fig. 2). Type A is a method for preparing caged oligomers using a monomer of nucleic acid
derivative to modify a photo-releasable protecting group. Caged compounds of ribozyme 4), siRNA 5)
and morpholino-oligo

6)

have been synthesized by this method. Type B is a method for preparing

photo-cleavable short hairpin-like oligos in which a biological function of oligonucleotide is
suppressed by its complementary oligonucleotide derivative. This method has been used to make
caged compounds of antisense nucleic acids7), morpholino-oligos8), and negatively charged peptide
nucleic acids (ncPNA) 9). These two methods were used to synthesize caged compounds of short
2

oligonucleic acids that are less than 100 base, therefore the reported application of the methods were
limited to suppression of gene functions. Type C is a method to modify full length DNA or RNA by
a precursor of a caging group (caging agent). If we could provide an adequately designed caging
agent, then caged DNA or RNA could be prepared in a biological laboratory. Moreover, preparing
caged compounds of plasmid DNA or mRNA coding for the gene of interest will be possible.
However, there exist only a few studies that reported activating expression of target genes10).

Type A: Caged monomers

Type B: Photo-cleavable linkers

solid phase
monomer synthesis
Caged DNA or RNA
(caged)

Caged DNA or RNA

Type C: Caging agents

mRNA

caging
agent

Figure 2. Methods for synthesis of caged oligo nucleic acids
With consideration for the problems associated with caging reactions of plasmid DNAs, I
determined two problems with the caging of plasmid. First, we could not separate caged plasmids
from the unmodified plasmids. Second, we could not suppress the gene function when the site of
caging was unrelated to the expression of the gene. To solve the problems, I designed a suitable
caging agent for the photochemical manipulation of the gene of interest in mammalian cells. I
reported that caging of dsDNAs with Bio-Bhc-diazo (Fig. 3) was possible

10b, 11)

. Furthermore,

affinity separation of caged DNA using biotin-avidin interaction was performed and photo-mediated
control of gene function in cultured mammalian cells was demonstrated12).
We synthesized Bio-Bhc-diazo that had a biotin tag, and investigated its functionality (Fig. 3).

Figure 3. Bhc-diazo derivatives used in this study
In this study, I synthesized a Key Building Block, NHS-Bhc-hydrazone, which enabled me to
3

synthesize caged nucleotides endowed with additional functional units. The Key Building Block
comprises three components: an amine reactive NHS ester moiety, a photoactive Bhc group, and a
tosylhydrazone moiety as a precursor of the phosphate reactive diazomethyl group (Fig. 4). There
are two advantages to introducing a biotin tag to the NHS ester moiety. First, caged DNAs can be
detected by chemiluminescence using avidin-HRP. Second, caged DNA can be separated via the
interaction between the biotin tag and streptavidin magnetic bead.

Figure 4. Modular caged compound
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Results and discussion
1. Synthesis of Bio-Bhc-diazo

Scheme 1. Synthesis of Key Building Block
Reaction of 1 and tert-butyl bromoacetate in the presence of N,N-diisopropylethylamine gave 2
in 99% yield. Next, C4 hydroxymethyl group was oxidized to give aldehyde 3 in 93% yield.
Compound 4 was synthesized by transformation of formyl group to tosylhydrazone, which is a
precursor of diazo moiety. Then tert-butyl ester of 4 was deprotected by TFA to give5 in 64% yield.
Finally, 5 and N-hydroxysuccinimide were condensed by DIPCI, and the Key Building Block 6
(NHS-Bhc-hydrazone) was synthesized in 73% yield.
Next, a biotinylated amine was introduced to N-hydroxysuccinimidyl ester moiety of
NHS-Bhc-hydrazone (6). Biotin is known for its specific binding to avidin, and is used for the
labeling, detection, and affinity purification of proteins13), and for targeting of a medicine for specific
position in vivo14). Furthermore, many biochemical applications were reported for this method, so the
utilization of caged compounds with a biotin tag is expected to have universal applications.
Bio-Bhc-diazo (7) was synthesized from a reaction of 6 and 5’-(biotinamido)-pentylamine with
triethylamine in 70% yield (Fig. 5). The following experiments were performed using the
Bio-Bhc-diazo.

Figure 5. Synthesis of Bio-Bhc-diazo
5

2. Caging and uncaging of dsDNA (50 bp)
First, we tested reactions of a short linear dsDNA and Bio-Bhc-diazo to determine whether
Bio-Bhc-diazo can attach covalently to free phosphate groups in nucleotides. Therefore, we used 50
bp dsDNAs as a model oligonucleotide.The existence of biotin in the Bio-Bhc modified dsDNAs
was visually confirmed using chemiluminescence detection with a streptavidin-HRP conjugate.

(1) Purification of caged DNA with Min Elute PCR Purification Kit
dsDNAs (10 µM) and Bio-Bhc-diazo diluted in DMSO were reacted at 37 °C for 24 hr. The low
molecular weight organic materials including excess Bio-Bhc-diazo and its decomposed products
were separated from the reaction mixtures using the MinElute Purification Kit. The eluted solutions
were analyzed by polyacrylamide gel electrophoresis. The DNAs were detected by fluorescent
staining (Fig. 6a). The same gel was blotted on a nylon membrane. The existence of Bio-Bhc group
was visualized on the nylon membrane through chemiluminescence detection (Fig. 6b).
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Figure 6. Bio-Bhc modified dsDNA (50 bp)
Polyacrylamide gel electrophoresis stained by (a) SYBR Gold and (b) avidin-HRP/luminol. Lane 1:
TE solution (no treatment), lane 2: 0 (DMSO treatment), lane 3: Bio-Bhc-diazo/ dsDNA=200/1, lane
4: 2000/1, lane 5: 20000/1
The bands were observed in the same position in Fig. 6a and b. Therefore we concluded that
Bio-Bhc-diazo attach covalently to phosphate groups of the dsDNA.
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Figure 7. Luminescence intensities of the band of Fig. 6b

(2) Photolysis of caged dsDNA with UV light
As a result of section (1), it is possible to modify the linear dsDNAs with Bio-Bhc-diazo and
clarify that the amount of the caged dsDNA increases as the concentration of Bio-Bhc-diazo
increases. Following this discovery, we further investigated whether caged dsDNA became uncaged
upon photoirradiation.
dsDNAs (10 µM) and Bio-Bhc-diazo diluted in DMSO were reacted at 37°C for 24 hr. The low
molecular weight organic materials including excess Bio-Bhc-diazo and its decomposed products
were separated from the reaction mixtures using the MinElute PCR Purification Kit. The eluted
solution were exposed to 350-nm UV light (2 mW/cm2) and subjected to electrophoresis analysis.
The DNAs were detected by fluorescent staining (Fig. 8a). The same gel was blotted on a nylon
membrane to detect the existence of biotin (Fig. 8b).
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Figure 8. Uncaging of dsDNA with UV light
Polyacrylamide gel electrophoresis stained by (a) SYBR Gold and (b) avidin-HRP/luminol. Caged
dsDNAs were irradiated at 350 nm for the indicated irradiation time. Lane 1: intact dsDNA (not
irradiated), lane 2: Bio-Bhc modified dsDNA (not irradiated), lane 3: 1 min, lane 4: 3 min, lane 5: 5
min.We used RPR 350 nm (2 mW/cm2) as the light source.
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Figure 9. Luminescence intensities of the band of Fig. 8b
The luminescence intensities of the band correspond to the biotin-labeled DNA decreasing as the
irradiation time increased.
Based on those results, the modification of oligonucleotides with Bio-Bhc-diazo and deprotection
upon photoirradiation were confirmed.
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3. Affinity purification of caged DNAs with streptavidin Magnetic Beads
In this chapter, I address the purification of caged DNA using a magnetic bead coated with avidin.
During the study, I encountered some technical difficulties in preparing caged plasmid DNAs with
existing caging agent, Bhc-diazo2h,

10b)

. To achieve satisfactory suppression of the target gene

through the caging reaction, large molar excess of Bhc-diazo (i.e., molar ratio of the diazo and
plasmid DNA was more than 106 to 1) had to be used. Otherwise, a substantial number of the protein
molecules would be expressed without exposure to UV light. A very small amount of the protein
expression was observed from the caged plasmid DNAs prepared from the large excess of Bhc-diazo,
even after prolonged exposure to UV light. This was probably due to the substantial number of
caging groups, all of which must be cleaved upon photolysis, attaching to a single plasmid molecule
(Fig. 10).
hn
high concentration

small amount of protein
mixture of randomly
caged plasmids

hn
Plasmid DNA

low concentration

protein expression without photoirradiation

Figure 10. The problem for caging of plasmid DNAs
To overcome the problems, I designed a practically useful method for preparing caged DNAs
using Bio-Bhc-diazo. Because the biotin group can be used as an affinity tag for detection and
purification. Bio-Bhc modified DNAs can be purified from the reaction mixture by following a
streptavidin coated magnetic bead separation protocol (Fig. 11).

9

Figure 11. Affinity purification of Bio-Bhc-caged DNA using streptavidin magnetic bead

(1) Affinity purification of caged plasmid DNAs
First, I tested reactions of plasmid DNA and Bio-Bhc-diazo to address the following primary
questions: (1) whether the Bio-Bhc-modified plasmid DNAs can be separated from the crude
reaction products, including the unmodified intact plasmid DNAs using a streptavidin magnetic bead
separation protocol and (2) whether the purified Bio-Bhc modified plasmid DNAs act as caged
plasmid DNAs. To address the first question, Bio-Bhc-diazo was mixed with a plasmid
DNApRL-SV40 coding for renilla luciferase (Rluc). The low molecular weight organic materials,
including excess Bio-Bhc-diazo and its decomposed products, were separated from the reaction
mixtures using gel permeation chromatography. The Bio-Bhc modified plasmid DNAs thus obtained
were subjected to affinity separation using a streptavidin magnetic bead. The supernatants and eluted
fractions after the addition of an excess amount of biotin were analyzed by an agarose gel
electrophoresis. The DNAs were detected by fluorescent staining (Fig. 12a). Almost no differences
were observed between the bands from the original plasmid DNA (lane 1 in Fig. 12a) and from the
reaction mixtures (lanes 4 and 7 in Fig. 12a). The results indicate that both strands of the plasmid
DNA were not cleaved during the modification reactions. The same gel was blotted on a nylon
membrane. The existence of biotin was visualized on the nylon membrane via chemiluminescence
detection using a streptavidin-HRP conjugate (Fig. 12b). The supernatants included almost no
biotin-modified DNAs (lanes 5 and 8 in Fig. 12b), although luminescent bands were detected in the
eluted fractions (lanes 6 and 9 in Fig. 12b), indicating that the Bio-Bhc group was attached
covalently on the plasmid DNAs and the modified plasmid DNAs were separated from the crude
reaction mixtures. A substantial amount of the DNA remained unmodified when a lower molar ratio
(6 mM) of Bio-Bhc-diazo was used (lanes 4 and 5).
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Figure 12. Affinity purification of Bio-Bhc-caged pRL-SV40 using a streptavidin magnetic bead
Agarose gel electrophoresis stained by (a) SYBR Gold and (b) avidin-HRP/luminal. The plasmid
was reacted with the indicated molar of Bio-Bhc-diazo solution in DMSO. The aliquots from the
crude mixtures of caging reaction (A), the supernatant (B), and the eluted fractions (C) of magnetic
10

bead treatment were applied.
To address the second question, the Bio-Bhc modified plasmid DNAs were introduced into
cultured mammalian cells to test whether the expression of the Rluc gene was suppressed by the
covalent modification of the Bio-Bhc group. The plasmid DNA, pRL-SV40 (100 nM in TE Buffer),
was reacted with 6 mM (final concentration) of Bio-Bhc-diazo. The Bio-Bhc modified plasmid
DNAs were purified by the streptavidin bead treatment. HeLa cells were co-transfected with the
purified Bio-Bhc plasmid DNA and a plasmid coding for firefly luciferase (pGL3-SV40). After 24 hr,
the cells were lysed and the expression levels of the luciferases were quantified by following a
standard dual luciferase assay protocol. Surprisingly, almost no suppression of the Rluc gene
expression was observed (data not shown). Despite the expectation that all of the purified plasmid
DNAs that were stochastically modified would attach onto the phosphate moieties of dsDNAs, the
position of this modification can vary in each plasmid DNA molecule. Some might be on the coding
sequence and some on the other regions. Based on those results, we assumed that the modification
should be on an appropriate sequence in the promoter region or a coding region. Otherwise,
transcription of the gene of interest would not have been suppressed.
To test this hypothesis and to achieve effective suppression through the modification reaction, I
used a linear dsDNA having minimal sequences for expression (Fig. 13). A 1975 bp linear dsDNA
(linear RL), which includes a SV-40 early enhancer/promoter (7-418), the Rluc reporter gene
(694-1629) and a SV40 late poly A signal (1671-1872) was prepared using either a restriction
enzyme or PCR amplification.

Figure 13. Affinity purification of Bio-Bhc-caged linear RL using streptavidin magnetic bead
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(2) Affinity purification of caged linear RL
1) Preparation of linear RL
<Restriction enzyme>
First, we tried to create linear RL using restriction enzyme.

Figure 14. The map of pRL-SV40

a) Cleavage with BamHI and BglⅡ

b) Cleavage with BamHI, BglⅡ and BcnI
(bp)
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Figure 15. Cleavage of pRL-SV40 with the restriction enzymes
Restriction digestion with (a) BamHI, BglⅡand (b) BcnI. Panel (a): The plasmid DNA was
cleaved with two restriction enzymes. Lane 1, pRL-SV40 (intact plasmid DNA); lane 2-3, the
plasmid DNA cleaved with BamHI and BglⅡ. Panel (b): The plasmid DNA was cleaved with three
restriction enzymes. Lane 1, pRL-SV40 (intact plasmid DNA); lane2-3, the plasmid DNA cleaved
with BamHI, BglⅡand BcnI.

The plasmid DNA cleaved with two restriction enzymes (BamHI and BglⅡ) separated in two and
positioned themselves in almost the same place on the gel (Fig. 15a). This led us to conclude that the
extraction of the linear RL was impossible.
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To address this problem, we used three restriction enzymes to eliminate the unnecessary sequence
to allow for the classification of the objective sequence with agarose gel electrophoresis (Fig. 15b).
The band corresponding to linear RL was observed (1883 bp) and was extracted with the QIAquick
Gel Extraction Kit from the gel. This method enabled us to prepare the linear RL with high purity.
However, this method was not practically useful because the amount of purified DNA produced was
not enough.

<PCR>
Next, we tried to create linear RL using PCR amplification.

Figure 16. The schematic of the linear RL sequence amplified by PCR
Linear RL (Fig. 16) was amplified from pRL-SV40, the unnecessary primers were removed via
the reaction mixture, and then it was concentrated with the MinElute PCR Purification Kit. This
eluted fraction was analyzed by an agarose gel electrophoresis. The DNAs were detected by
fluorescent staining (Fig. 17).
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marker

1
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Figure 17. The ampulified linear RL by PCR
Lane 1: pRL-SV40, lane 2: linear RL created by pRL-SV40 and three restriction enzymes, lane 3:
linear RL amplified by PCR.
The band of amplified linear RL (1975 bp) was located in the expected position on the gel (Lanes
13

2 and 3 in Fig. 17). I used this linear RL as it is, despite the observance of some unspecified bands,
because the concentration of these unspecified bands could be decreased by using the QIAquick Gel
extraction Kit.

2) Synthesis and affinity based purification of Bio-Bhc caged linear RL
The 1975 bp linear RL was reacted with an indicated molar of Bio-Bhc-diazo at 37 °C for 1 hr.
The reaction mixture was subjected to affinity separation using a streptavidin magnetic bead. Results
shown in Fig. 18 closely resembled those of the plasmid DNA (Fig. 12).
a)

Bio-Bhc-diazo (mM)
6
30

b)
0

6

Bio-Bhc-diazo (mM)
30

0

B

C

B

C

B

C

B

C

B

C

B

C

marker 1

2

3

4

5

6

1

2

3

4

5

6

(bp)
3000
2000

Figure 18. Affinity purification of Bio-Bhc linear RL
Agarose gel electrophoresis stained by (a) SYBR Gold and (b) avidin-HRP/luminal. Linear dsDNA
was reacted with the indicated molar of Bio-Bhc-diazo solution in DMSO. The aliquots from the
supernatant (B) and the eluted fractions (C) of the magnetic bead treatment were applied. The molar
ratio of 6 mM Bio-Bhc-diazo to linear RL was equivalent to 774 to 1, and of 30 mM Bio-Bhc-diazo
was 3870 to 1.
The supernatant of the bead treatment included the substantial amount of linear RL on which no
biotin group was attached (lane 1 and 3 in Figs. 18a and 18b). The streptavidin-captured linear RL
were eluted after EDTA/formamide (1:19) treatment. The eluted fraction included Bio-Bhc modified
dsDNA (lanes 2 and 4 in Figs. 18a and 18b). The results indicated that it is possible to purify the
caged linear RL by streptavidin magnetic bead.
To investigate the time for the appropriate caging reaction, the 1975 bp linear RL was reacted
with 6 mM Bio-Bhc-diazo for various reaction times. I examined the appropriate time for caging
from the appearance of the unmodified linear RL in supernatants and the caged linear RL in eluted
fractions.
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<1 hr>
The caged linear RL was observed in the eluted fraction (lane A-3 in Fig. 19).

a) SYBR Gold

b) Avidin-HRP/luminol
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Figure 19. Linear RL caged with Bio-Bhc-diazo for 1 hr
The linear RL caged with 6 mM of Bio-Bhc-diazo (A) and non-caged linear RL (B). Lane 1: the
aliquots from the supernatant, lane 2: the aliquots from the buffer after bead washing, lane 3: the
eluted fraction.

<20 hr>
The caged linear RL was observed in the eluted fraction (lane A-2 in Fig. 20). Almost all the
linear RL was caged because the supernatant could not be observed (lane A-1 in Fig. 20). However,
in this condition, caged linear RL was hard to elute because there was too much Bio-Bhc-diazo
attached to the DNA for elution to occur over a long reaction period of time.
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Figure 20. Linear RL caged with Bio-Bhc-diazo for 20 hr
The linear RL caged with 6 mM of Bio-Bhc-diazo (A) and non-caged linear RL (B). Lane 1: the
aliquots from the supernatant, lane 2: the eluted fraction.
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<3 hr>
The bands were observed in the aliquots of the supernatant and the eluted fraction (Fig. 21). In
this condition, caged linear RL was easy to elute from the magnetic bead compared to the case of 20
hr.
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Figure 21. Linear RL caged with Bio-Bhc-diazo for 3 hr
The linear RL caged with 6 mM of Bio-Bhc-diazo (A) and non-caged linear RL (B). Lane 1: the
aliquots from the supernatant, lane 2: the eluted fraction.

<5 hr>
Results shown in Fig. 22 closely resemble those of Fig. 21.
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Figure 22. Linear Rl caged with Bio-Bhc-diazo for 5 hr
The linear RL caged with 6 mM of Bio-Bhc-diazo (A) and non-caged linear RL (B). Lane 1: the
aliquots from the supernatant, lane 2: the aliquots from the buffer after bead washing, lane 3: the
eluted fraction.
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<7 hr>
The band could not be observed for the aliquots from the supernatant (lane A-1 in Fig. 23).
However, the band for the eluted fraction was observed (lane A-2 in Fig. 23) and there were more
eluted caged DNA than in Fig. 20.
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Figure 23. Linear RL caged with Bio-Bhc-diazo for 7 hr
The linear RL caged with 6 mM of Bio-Bhc-diazo (A) and non-caged linear RL (B). Lane 1: the
aliquots from the supernatant, lane 2: the eluted fraction.
These results indicate that the amount of unmodified DNA from the supernatants decreased as the
reaction time increased, and approximately 20% of the linear RL became modified within 3 hr. After
20 hr, almost all the DNA were modified. Because the unmodified DNA can be removed from the
reaction mixture through affinity separation, we chose 3 hr as the reaction time.
Additional experiments were performed to ascertain whether non-specific capture of linear RL on
the streptavidin magnetic bead is negligible. The linear RL was subjected to the magnetic bead
treatment. The supernatants and the eluted fractions after the biotin treatment or the
EDTA/formamide treatment were applied to an agarose gel electrophoresis. The dsDNAs were
visualized by SYBR Gold staining (Fig. 24). Nearly quantitative recovery of the linear RL was
observed in the supernatants (lanes 1-9 in Fig. 24).
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Figure 24. Agarose gel electrophoresis of linear RL after the streptavidin magnetic bead treatment
The linear RL was added to the magnetic bead and stood at room temperature for 15 min. Lanes 1-3:
linear RL, lanes 4-9: the supernatants of the bead treatment, lanes 10-12: the eluted fractions with 10
mM biotin treatment, lanes 13-15: the eluted fractions with the formamide/EDTA treatment.
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4. Transfection of caged dsDNAs
Next, the Bio-Bhc modified linear RL were introduced into HeLa cells. Firstly, I examined the
method for quantifying the concentration of caged linear RL.

(1) Densitometry of caged DNA
1) Nano Drop
I tried to quantify the concentration of caged linear RL using Nano Drop.

Figure 25. Concentration determination of linear RL
In Fig. 25, the peaks of 260 nm and 330 nm indicate the absorbance of the caging agent. The
concentration of the DNA could be calculated by a value of A260. However, it is impossible to
calculate the concentration of caged linear RL because the peaks of absorbance of DNA and the
caging agent overlapped in this spectra.

2) Standard curve
An alternative method for quantifying the concentration of caged linear RL, was tested. The
linear RL was electrophoresed with amounts in the magnitude of 2.5 ng, 5 ng, 7.5 ng, 10 ng, 12.5 ng,
and 15 ng. The DNAs were detected by fluorescent staining and the luminescence intensities of the
band were measured. This was conducted five times and the average was graphed in Fig. 26. I made
a linear expression, y=3.27x (R2=0.670, y represents the intensity of the bands in SYBR Gold
staining, x represents the concentration of linear RL), produced by the least-squares method, under a
limitation that the line must pass through the origin. After this, we calculated the concentration of
linear RL with this standard curve 1.

19

Figure 26. Standard curve 1

(2) Co-transfection study
1) Transfection of randomly caged linear RL
First, I introduced randomly caged linear RL and a plasmid coding for firefly luciferase
(pGL3-SV40) into HeLa cells. After 24 hr, the cells were lysed and the expression levels of the
luciferases were quantified by following a standard dual luciferase assay protocol. The results
indicate that randomly caged linear RL could not suppress the expression of Rluc compared to intact
linear RL (Fig. 27).

Figure 27. Relative expression levels of Rluc from randomly caged linear RL (n=6)
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2) Transfection of caged linear RL and uncaging with UV light
To confirm the effect of caging, the Bio-Bhc modified linear RLs were introduced into the HeLa
cells. The expression levels of Rluc were quantified and expressed as the relative intensity to those
from the same amount of unmodified linear RL (Fig. 28). The relative expression of Rluc from the
purified caged linear RL was about one fifth to one forth. Next, the cells were exposed to 350nm UV
light (2 mW/cm2) for 5 min. The relative expression levels of Rluc were restored to about 80% of

Relative intensity of
luciferase expression(%)

those from the same amount of unmodified DNA. The effect of the purification is noteworthy.
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Figure 28. Relative expression levels of Rluc from caged linear RL
HeLa cells were transfected with unmodified and Bio-Bhc modified linear RL coding for Rluc. The
expression level of Rluc from the unmodified linear RL was quantified following a standard dual
luciferase assay protocol. Percentages of the expression were normalized to this group.

3) Confirmation of reproducibility
The standard curve 1 was used in the experiment described above. However, I constructed the
new standard curve because the intensity might reach a plateau at around a band intensity of 40 at
concentrations of dsDNA higher than what is displayed on curve 1 (Fig. 29).To account for this
issue, I made a new standard curve 2 (y=4.058x, R2=0.930) and confirmed the reproducibility of the
results from section 2) (Fig. 30).
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Figure 29. Reconstruction of standard curve

Figure 30. Standard curve 2
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<Not-irradiated DNA samples>
I calculated the concentration of each sample and introduced them into the HeLa cells. After 24
hr, the cells were lysed and the expression levels of the luciferase were quantified by following a
standard dual luciferase assay
protocol.

Figure 31. Transfection of caged linear RL (1)

Figure 32. Transfection of caged linear RL (2)
In Fig. 31 and Fig. 32, the suppression of the expression was confirmed in caged linear RL
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purified using a magnetic bead, and the relative expression levels of Rluc were equal to Fig. 28. The
number of modified linear RL in randomly caged linear RL varied among reactions, because the
caging reaction randomly occurred.

<Irradiating UV light>
I calculated the concentration of each sample and introduced them into HeLa cells. After 24 hr,
the cells were lysed and the expression levels of the luciferase were quantified.

Figure 33. Uncaging of caged linear RL (1)
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Figure 34. Uncaging of caged linear RL (2)

The restoration of expression was reconfirmed in Fig. 33 and Fig. 34. From the above,
transfection of purified caged linear RL into HeLa cells results in the suppression of the expression
of Rluc while the restoration of expression can be conducted with photoirradiation.

(3) Uncaging of caged linear RL
To investigate whether the Bio-Bhc-diazo was deprotected from caged DNAs with
photoirradiation, we performed the following experiments.
The linear RL was reacted with the Bio-Bhc-diazo for 3 hr and was subjected to affinity
separation using a streptavidin magnetic bead. The eluted sample was exposed to 350nm UV light (2
mW/cm2) for the indicated times and subjected to electrophoretic analysis (Fig. 35).
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Figure 35. Uncaging of caged linear RL with UV light
Agarose gel electrophoresis stained by (a) SYBR Gold and (b) avidin-HRP/luminol. Purified
caged linear RL was irradiated at 350 nm for the indicated irradiation time. Lane 1: Bio-Bhc
modified linear RL (not irradiated), lane 2: 5 min, lane 3: 10 min, lane 4: 30 min, lane 5: 60 min.

Figure 36. Luminescence intensities of the band of Fig. 34b
The luminescence intensities of the bands corresponding to the biotin-labeled DNA decreased
after 60-min irradiation (lanes 1 and 5 in Fig. 35b), whereas the fluorescently stained bands (lanes
2-5 in Fig. 35a) remained almost the same as that of the non-irradiated DNA (lane 1 in Fig. 35a). The
results indicate that photo-deprotection of the Bio-Bhc group was achieved without causing any
detectable damage to the parent dsDNA molecules.
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5. Optimization of the condition
From these experimental results, we proved the following three conclusions: (1) the Bio-Bhc
modified dsDNAs were separated from the unmodified DNA following a standard streptavidin
magnetic bead separation protocol; (2) the caged linear RL suppressed the expression of Rluc in
mammalian cells; (3) the expression levels of Rluc restored after photoirradiation. Despite these
results, it was revealed that the expression of Rluc was not completely suppressed (Figs. 28, 31, 32).
I assumed two hypotheses. First, the bound Bio-Bhc-groups cannot completely inhibit
transcription reaction because they attach to the phosphate groups in nucleotides. Second, the further
limitation of the binding site is necessary.
To begin with, the first hypothesis needs to be explained. The present caging reaction is the
reaction of the diazomethyl moiety of Bio-Bhc-diazo and the phosphate group of nucleotides. This
method may not stop RNA polymerases because the phosphate groups exist on the outside of the
DNA strand (see the figure on the left in Fig. 37). To overcome this problem, I attempted to
introduce streptavidin to the Bio-Bhc group, which will inhibit the RNA polymerases due to the
steric effects of the streptavidin.

Figure 37. Introduction of streptavidin as a steric hindrance
An explanation for the second hypothesis is as follows. I suspect that the caging in the more
limited site of linear RL is necessary for the complete suppression of gene expression. The linear RL
consists of three regions; promoter region, coding region, and poly A (Fig. 16). The ratio of the
promoter region and the coding region is three to seven, because the length of the promoter region is
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about 400 bp and the coding region to poly A is about 1200 bp. From this, the caging of the coding
region in linear RL may result in suppression of the Rluc expression, and the caging of the promoter
region may result in no-suppression. To overcome this problem, it is necessary to prepare the DNAs
such that the coding region and/or the promoter region is modified with Bio-Bhc-diazo, and to
investigate the expression levels of luciferase in the cells that are transfected with the
site-specifically caged linear RL.

(1) Enhancement of caging effect by introducing steric hindrance

Figure 38. Introduction of steric hindrance to the Bio-Bhc caged dsDNAs
To perform this experiment, the Bio-Bhc modified DNAs were mixed with His-streptavidin to
introduce a bulky molecule. This mixture was subjected to affinity separation using the column
fixing metal ions, like nickel or cobalt, and the caged DNAs binding His-streptavidin (His-caged
DNA) were separated in eluted fraction (Fig. 38). Accordingly, we tried affinity separation of
His-caged DNAs using various columns.

1) Ni-NTA Spin Kit
The 1975 bp linear RL was reacted with Bio-Bhc-diazo at 37 °C for 3 hr. Organic materials with
low molecular weight, including excess Bio-Bhc-diazo and its decomposed products, were separated
from the reaction mixtures using the MinElute PCR Purification Kit. The purified solution was
mixed with His-streptavidin for 20 hr at room temperature and subjected to affinity separation using
the Ni-NTA Spin Kit. The eluted solution was analyzed by agarose gel electrophoresis and the DNAs
were detected by fluorescent staining. Nevertheless, the bands for the flow-through fraction and
eluted fraction were not observed.
To simplify the experimental protocol, we performed the same experiment using the 50 bp
dsDNAs chemically introduced biotin into the 3’end of the main chain (3’-biotin dsDNA) instead of
linear RL. However, the bands for the flow-through fraction and the eluted fraction were not
observed either. I performed electrophoresis with the sample reacted with His-streptavidin and
observed a smear, suggesting that excess amount of His-streptavidin unspecifically reacted with
SYBR Gold.
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For this reason, we considered a detection method of DNAs instead of using fluorescence
staining (SYBR Gold).
FITC-3’- biotin dsDNAs were reacted with His-streptavidin for 2 hr, and the reaction mixture
was subjected to electrophoresis. As a result, the fluorescence of FITC-3’-biotin dsDNAs were
unobservable at around 50 bp. But following detection of fluorescence, I performed CBB staining
using the same gels. Yet, the band could not appear. This reason was that due to the minute size of
the proteins, there were simply not enough for CBB staining.
I suspected there was interaction between the DNAs and nickel ion, which caused not only the
flow-through fraction but also the eluted fraction to evade detection. To confirm this, FITC-3’-biotin
dsDNAs were subjected to affinity separation using the Ni-NTA Spin Kit and the obtained fractions
were electrophoresed. The gels were stained with SYBR Gold following the observation of
fluorescence of the FITC. As a result, a smear existing at the side of high molecular weight was
observed in the lane of the flow-through fraction. We conclude this result means that nickel and the
DNAs formed a complex.

2) HisPur Cobalt Spin Column
First, I confirmed whether cobalt and DNAs did not form a complex. The FITC-3’-biotin
dsDNAs were introduced into the HisPur Cobalt Spin Column and collected the flow-through
fraction and the eluted fraction. These samples were electrophoresed and stained with SYBR Gold
following observation of the fluorescence of FITC. Indeed, cobalt did not interact with the DNAs as
indicated by the band at 50 bp in the flow-through lane.
Next, linear RLs were reacted with Bio-Bhc-diazo at 37 °C for 3 hr. The reaction mixture was
reacted with His-streptavidin for 1 hr and separated using the HisPur Cobalt Spin Column. The
flow-through fraction and the eluted fraction were electrophoresed and stained by SYBR Gold. The
result of this was that the no bands were observed in the eluted fraction, but instead, in the
flow-through fraction. These bands were near by the well and in the same position as the results
from linear RL.
For these results, we thought the caged linear RL that did not bind to His-streptavidin would be
leftover. Therefore, we observed that the amount of caged linear RL and His-caged linear RL
increased or decreased with the change in the amount of His-streptavidin. The caged linear RLs were
mixed with His-streptavidin at indicated molar ratio and purified with the HisPur Cobalt Spin
Column. The flow-through fractions were electrophoresed and stained by SYBR Gold, and the
intensities of the bands were observed using Image J software (Fig. 39).
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Figure 39. The change in the amount of His-caged linear RL with increases in the amount of
His-streptavidin
In Fig. 39, there is no interrelationship in the luminescence nearby the well (band 1). The
intensity of the band that appeared in the same place as that of the linear RL (band 2) increased (x0
to x2 in Fig. 39)even though I had hypothesized that the intensity of band 2 decreases as the intensity
of band 1 increases. I postulated the reason behind this to be that band 2 may be the objective
complex, whereas I had previously thought band 1 was the objective one. Following this finding, I
extracted band 2 in the gel, and introduced the extracted DNAs to the mammalian cells.

3) Co-transfection
The 1975 bp linear RL was reacted with Bio-Bhc-diazo at 37 °C for 3 hr. The mixture was mixed
with His-streptavidin for 1 hr at room temperature and subjected to affinity separation using the
HisPur Cobalt Spin Column. The flow-through fraction and eluted fraction was separated by agarose
gel electrophoresis and the DNAs were detected by SYBR Gold. The bands were observed 3.5 cm
below the upper end of the gel. I excised the detected bands and DNAs were extracted using the
QIAquick○R Gel Extraction Kit. HeLa cells were co-transfected with the extracted DNAs and a
plasmid coding for firefly luciferase (pGL3-SV40). After 24 hr, the cells were lysed and the
expression levels of the luciferases were quantified by following a standard dual luciferase assay
protocol. The relative intensities of the luciferase are shown in Fig. 40.
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Figure 40. The changes of expression levels of luciferase by introduction of His-caged linear RL
(1)
In Fig. 40, no emissions of the luciferase were observed in the cell lysate that introduced band 1
or band 2. I thought this was attributed to the non-introduction of DNAs to HeLa cells or the steric
effects of His-caged linear RL. To confirm whether the DNAs were not lost upon using the Gel
Extraction Kit, we performed the following experiment.
The intact linear RL (100 ng/well), the linear RL extracted using the Gel Extraction Kit (200
ng/well), the extracted flow-through sample using the Gel Extraction Kit (band 2, 200 ng/well), and
pGL3-SV40 (100 ng/well) were introduced into the HeLa cells. After 24 hr, the cells were lysed and
the expression levels of the luciferases were quantified by following a standard dual luciferase assay
protocol. The relative intensities of the luciferase are shown in Fig. 41.
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Figure 41. The changes of expression levels of luciferase by introduction of His-caged linear RL
(2)
The results show that the amount of DNAs decreased to one-twentieth of the original amount via
Gel Extraction. Furthermore, the efficiency of Gel Extraction varied with each experiment. Thus, the
amount of the DNAs could not be accurately estimated and we could not understand the reason why
the luciferase expression notably decreased; the steric effects of His-caged linear RL; the introduced
DNAs were less.

4) Other investigations
Since I was not able to confirm the existence of the eluted DNAs by using the HisPur Cobalt
Spin Column, an investigation into the actual existence of the eluted DNAs in the eluted fraction was
required. After the linear RL was caged with Bio-Bhc-diazo, the reaction mixture was mixed with
His-streptavidin for 1 hr and purified using the HisPur Cobalt Spin Column. The eluted fraction was
exposed to 350nm UV light and subjected to electrophoresis analysis. As a result of the staining by
SYBR Gold, we confirmed that the DNAs did not elute.
Next, I observed whether the band of His-Streptavidin/Bio-Bhc caged DNAs (His-caged DNAs)
migrates at a higher apparent molecular weight relative to the intact DNAs. The 50 bp dsDNAs were
reacted with Bio-Bhc-diazo and the mixture was purified with the Min Elute PCR Purification Kit.
The purified caged DNAs were then reacted with His-streptavidin for 1 hr and the reaction mixture
was subjected to affinity separation using the HisPur Cobalt Spin Column. After separation, the
His-caged DNA (not purified), the flow-through fraction, and the eluted fraction were
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electrophoresed and stained by SYBR Gold. As a result, the His-caged DNAs (not purified) and the
flow-through fraction shifted to the side with high molecular weight relative to the intact DNAs.
However, the eluted fraction could not be observed.
I thought the detection of the His-tag fusion proteins would be a convenient tool, thus we tried to
detect it using the His-Detect In-Gel-Stain. Despite these efforts, I could not observe the band of
proteins. Therefore, we performed the following experiment to confirm the amount of protein that is
required for detection.
An undiluted solution of His-streptavidin was subjected to electrophoresis analysis, and the gel
was stained by His-Detect In-Gel-Stain. As a result, an abundant amount of His-streptavidin was
necessary in order to be detected using the His-Detect In-Gel-Stain. Therefore, this method didn’t
work well in my experiments
We had already investigated whether the amount of His-streptavidin and His-caged linear RL
were interrelated in section 2). Similarly, dsDNAs that were modified with biotin in the 3’ end
(3’-biotin dsDNA) were reacted with His-streptavidin in various ratios, electrophoresed without
affinity separating, and stained by SYBR Gold. As a result, the band was observed at 50 bp and
situated around the well. Furthermore, the emission near the well gradually strengthened as the
amount of His-streptavidin increased.
In summary, the testing of the first hypothesis is inconclusive as the methods required to assess it
need to be optimized. Therefore, I tried to tackle the second hypothesis.
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(2) Preparation of linear RL coding region of which was selectively caged
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Figure 42. The schematic of site selectively caging linear RL
First, the strategy behind the investigation of the second hypothesis needs to be explained (Fig.
42). The two sequences that have the sequence cleaved with PstI are amplified by PCR; the
sequence containing the promoter region (P-linear RL) and the coding region (C-linear RL). After
amplification, these two DNAs are cleaved with PstI and unilateral DNA is caged with
Bio-Bhc-diazo. Ligation of these two DNA fragments will produce a site selectively caged DNA.

1) Estimation of the number of Bio-Bhc group that bound to caged linear RL
Our laboratory published a paper on the caging of mRNA with Bhc-diazo, and this paper
concluded that approximately thirty Bhc group bound to the 1000 bp of dsDNAs 10b). I assume that
the site selectivity of caging is insignificant, if several tens or hundreds of Bio-Bhc group is bound to
linear RL. Therefore, the number of Bio-Bhc group on a single Bio-Bhc caged linear Rl molecule
was estimated.
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To perform the experiments, I investigated the molar ratio of caged DNAs to the unmodified
DNA, after separation by the magnetic bead treatment. The linear RL was reacted with
Bio-Bhc-diazo in 37 °C for 3 hr, and purified using the MinElute PCR Purification Kit. After
purification, the sample was subjected to affinity separation using a streptavidin magnetic bead, and
the flow-through fraction and eluted fraction were concentrated using the Min Elute PCR
Purification Kit before electrophoresis analysis. The DNAs were then stained by SYBR Gold (Fig.
43), and each band quantified in Fig. 44.
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Figure 43.Affinity separation of caged linear RL
Lane R: intact linear RL, lane 1: the aliquots from the supernatant, lane 2: the eluted fractions.

Figure 44. Quantified luminescence intensities of the bands from Fig. 43
For the caged linear RL reacted for 3 hr, 60% of the DNA was in flow-through fractions and 12%
in the eluted fractions.
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Next, the linear RL and Bio-Bhc-diazo were mixed at 37 °C for some indicated time. The mixture
was purified using the MinElute PCR Purification Kit. The purified samples and the defined
amounts of 3’-biotin dsDNAs were spotted onto a nylon membrane. This membrane was then baked
at 80°C for 2 hr and the luminescence was detected with avidin-HRP/luminol (Fig. 45). The
intensities of the chemiluminescence from the each dot of 3’-biotin dsDNAs were quantified and
plotted to make a standard curve (Figs. 46 and 47).

Figure 45. Dot blots of the Bio-Bhc caged linear RL
The biotinylated dsDNA (3’-biotin dsDNAs) were applied to the nylon membrane in lanes 1 and 2.
Lane 1-a: 1 nM, lane 1-b: 5 nM, lane 1-c: 10 nM, lane 1-d: 20 nM, lane 2-a: 50 nM, lane 2-b: 100
nM, lane 2-c: 200 nM, lane 2-d: 500 nM. The randomly caged linear RLs were applied in lanes 3-6.
The dsDNAs were reacted with Bio-Bhc-diazo in the following timeframes; 1 hr (lane 3); 3 hr (lane
4); 5 hr (lane 5); 20 hr (lane 6).
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Figure 46. Intensities of the dots from lanes 1-2
The left panel represents the intensities of each dot in lanes 1-2. The right panel represents the
intensities of the dots from 1-20 nM.
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Figure 47. The intensities of the dots of randomly caged DNAs
I confirmed that the amount of caged linear RL increased with the increase in reaction time (Fig.
45 and 47).
From these results, I estimated the number of Bio-Bhc-diazo that bound to one molecule of linear
RL. First, from the length of linear RL (1975 bp), the molecular weight calculated. The DNAs that
existed in one dot on the membrane was about 200 ng, because 10% of linear RL solution (that
included 2000 ng of linear RL) was used. From these results, I could calculate the amount of the
DNA molecule in one dot. Moreover I measured, from Fig. 43 and 44, the ratio of caged DNAs in
the 3 hr caging sample, so I could valuate the amount of caged linear RL in one dot (a). Moreover, I
can quantify the amount of biotin in each dot (b). Finally, by comparing (a) and (b), the number of
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biotin bound to one linear RL could be estimated. Bio-Bhc-diazo bound to one molecule of linear RL
is calculated to 2 to 8 molecules in the 3 hr caging sample.
It was found that in the 3 hr caging sample, a small amount of Bio-Bhc-diazo was attached to one
molecule of linear RL. Therefore, the hypothesis that the position of caging is important was
substantiated.

2) Development of P-linear RL and C-linear RL
Next, I prepared P-linear RL and C-linear RL. They are the fragment DNA with one
PstI-cleavable site; the fragment containing the promoter region (P-linear RL) and the coding region
(C-linear RL). These two fragment DNAs were amplified by PCR using KOD-Plus-Ver.2. After
amplification by PCR, these fragments were analyzed by an agarose gel electrophoresis, and the
DNAs were detected by fluorescent staining (Figs. 48 and 49).
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Figure 48. P-linear RL
The annealing of primer DNAs was performed at the indicated temperatures. Lane 1: 85 °C, lane 2:
83.7 °C, lane 3: 81.3 °C, lane 4: 77.6 °C, lane 5: 72.6 °C, lane 6: 69.1 °C, lane 7: 66.6 °C, lane 8:
65 °C.
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Figure 49. C-linear RL
The annealing of primer DNAs was performed at the indicated temperatures. Lane 1: 73.6 °C, lane
2: 71.3 °C, lane 3: 67.6 °C, lane 4: 62.6 °C, lane 5: 59 °C, lane 6: 56.6 °C, lane 7: 55 °C.
By comparing the results to the marker, I concluded that the desired DNAs fragments were
amplified.

3) Cleavage with restriction enzyme and ligation
The two DNA fragments were then subjected to cleavage by the restriction enzyme, PstI. The
DNAs were added to the mixture of PstI and buffer, and heated at 37 °C for 1 hr. After the reaction,
this mixture was heated further at 75 °C for 10 min to deactivate the restriction enzyme before being
purified by the MinElute PCR Purification Kit.
Next, I performed ligation of these DNAs to confirm whether desired linear RL could be
prepared. These two DNAs, P-linear RL and C-linear RL, were mixed in various ratios and subjected
to ligation reaction at 16 °C for 30 min using the DNA Ligation Kit<Mighty Mix>. After the reaction,
DNAs were analyzed by an agarose gel electrophoresis and the DNAs were detected by fluorescent
staining (Fig. 50).
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Figure 50. The ligation of P-linear RL and C-linear RL
Lane 1: P-linear RL cleaved by Pst I, lane 2: C-linear RL cleaved by PstI, lanes 3 - 7: DNAs gained
by ligation reaction, lane 8: linear RL (1975 bp).
Lanes 3 - 7 represent the mixtures of P-linear RL and C-linear RL with DNAs by the indicated
ratios; lane 3: 1:1, lane 4: 2.1, lane 5: 3:1, lane 6: 5:1, lane 7: 10:1.
In addition to the desired linear RL, two self-ligated products (P-linear RL/P-linear RL and
C-linear RL/C-linear RL) were observed (lanes 3-7 in Fig. 50). I considered cleaving the objective
band from this gel, but the cleavage could not implemented because the desired band existed near
other bands. Therefore, an alternate method must be considered.

4) Development of method for preparing SfiI-linear RL
To prevent production of self-ligated DNAs, I considered new methods for the selective
preparation of the desired linear RL (Fig. 51).
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Figure 51. The new schematic of site selective caging of SfiI-linear RL

The first part of the strategy needs to be explained. To develop the fragment that has the sequence,
SfiI A site, which can be cleaved with SfiI, the fragment is amplified by PCR using a primer
containing the SfiI A site. Prepared fragments (SfiI-SV40 and SfiI-RL) are cleaved with SfiI. Because
SfiI requires two restriction sites, we must add to the reaction mixture a short DNA containing the
sequence, SfiI B site that can be cleaved with SfiI. Following cleavage with SfiI, the coding region
fragment is modified with Bio-Bhc-diazo, and is ligated to the promoter region fragment. Using this
method, site selectively caged DNA, SfiI-linear RL, can be prepared.
The second part of the strategy will now be explained. This strategy uses a triplex forming oligo
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(TFO) when caged SfiI-RL is ligated to the promoter region fragment.
To investigate whether the first strategy is available, I performed the following experiments. A
primer having SfiI A site for developing a promoter region fragment with the SfiI A site (SfiI-SV40)
and a coding region fragment with the SfiI A site (SfiI-RL) was used (Fig. 52).
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Figure 52. The fragment of SfiI-SV40 and SfiI-RL amplified by PCR
Lane 1, SfiI-SV40 (556 bp); lane 2, SfiI-RL (1458 bp)
By comparing the results with the marker, I concluded that the desired DNA fragments,
SfiI-SV40 (556 bp) and SfiI-RL (1458 bp) were prepared, as shown in Fig. 52.
The oligo DNAs, SfiI-SV40 and SfiI-RL, were mixed with SfiI and reacted at 50 °C for 15 min.
After the reaction, this reaction mixture was purified using the MinElute PCR Purification Kit to
remove the restriction enzyme and short oligo DNA fragments. The cleaved fragments were then
mixed in the DNA Ligation Kit<Mighty Mix>(SV40:RL = 1:3) and the reaction mixture was
incubated at 16 °C for 30 min.
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Figure 53. Confirmation of SfiI-linear RL
Lane 1: SfiI-SV40 cleaved with SfiI, lane 2: SfiI-RL cleaved with SfiI, lane 3: SfiI-linear RL, lane 4:
1975 bp linear RL
As shown in Fig. 53, the SfiI-linear RL (1988 bp) was detected (lane 3 in Fig. 53). I introduced
this SfiI-linear RL into HeLa cells, and confirmed the expression of luciferase. It was therefore
concluded that preparation of SfiI-linear RL was successful.
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Conclusion
We have reported the synthesis and use of caged mRNAs using Bhc-diazo as a phosphate
selective caging agent10b, c). However, there are a few reports in literature of the light-controlled gene
expression in living cells

10, 11)

. To develop a practical method for the light-control of gene

expression in cultured mammalian cells, I synthesized a diazo compound with a biotin tag
(Bio-Bhc-diazo), and performed a caging reaction of dsDNA and uncaging by photo irradiation.
Furthermore, I performed affinity separation of caged DNAs using a streptavidin magnetic bead and
observed the expression levels of luciferase by introducing caged linear RL into mammalian cells.
I developed a new and facile method for the preparation of caged DNA using a linear dsDNA and
Bio-Bhc-diazo. Circular and linear dsDNAs were modified covalently with the photolabile Bio-Bhc
group without causing any detectable damage to the parent dsDNAs. The Bio-Bhc modified dsDNAs
were separated from the unmodified DNA following a standard streptavidin magnetic bead
separation protocol. Results of biological testing of the Bio-Bhc DNAs suggest that modification
should be done on appropriate sites, such as a promoter region and a coding sequence, in order to
achieve practically useful suppression of the gene expression. Therefore, a new caged DNA was
prepared from a linear dsDNA having a minimal sequence of gene expression and Bio-Bhc-diazo.
The expression of Rluc from the purified Bio-Bhc modified linear RL was suppressed by
approximately 25% compared to those from unmodified DNA in cultured mammalian cells.
Exposure to UV light restored the Rluc expression from the caged DNA to almost the same level as
unmodified linear RL.
Next, I considered that perhaps the expression could be suppressed by limiting the caging site in
linear RL. I investigated the number of Bio-Bhc-diazo bound to one molecule of linear RL.
Consequently, 2 to 8 of the Bio-Bhc groups were bound to 1975 bp linear RL. This suggests that site
selective caging might affect suppression of the expression.
Because phosphate moieties in nucleotides react exclusively with Bio-Bhc-diazo to produce
photo-releasable derivatives12c), the present method should be applied to preparing caged RNAs as
well as caged DNAs and provide a method for spatio-temporal control of protein functions with
practical usefulness.
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Material and method
1. Synthesis of Bio-Bhc-diazo
General
All reagents and solvents were purchased from commercial sources and used without further
purification. Flash column chromatography was carried out using 43-60 mesh silica gel (silica gel 60,
Merck). NMR spectra were recorded on a BruckerBiospinAvance 300M at 300 MHz for 1H and 75
MHz for 13C with a deuterated solvent as and TMS as an internal standard. IR spectra were recorded
on a Thermo Nicolet Avatar 320 in ATR mode. Analytical HPLC was run on an Agilent HP 1100
system with DAD detection and preparative HPLC on a JASCO PU9800 system with UV detection.
Mass spectra were recorded on a SHIMADZU LCMS-2010 for ESI.

Synthesis of 6-Bromo-7-(tert-butoxycarbonylmethoxy)-4-hydroxymethylcoumarin
(2)
To a stirred suspension of 1 (1.9516 g, 7.20 mmol) in CH3CN (20 mL) was added
N,N-diisopropylethylamine (1380 L, 7.92 mmol) and tert-butyl bromoacetate (1116 L,
7.56 mmol). The reaction mixture was stirred at an ambient temperature for 2 days. The
reaction was quenched with adding 0.5 M citric acid and diluted with chloroform. The
organic layer was separated, dried over anhydrous MgSO4, filtered and concentrated
under reduced pressure to give 2.7355 g (7.10 mmol, 99% yield, colorless solid) of 2.
HNMR (CDCl3)1.51 (9H, s), 4.58 (2H, s), 4.91 (2H, s), 6.51 (1H, s), 7.26 (1H, s),
7.71 (1H, s)
1

CNMR (CDCl3)28.1, 60.7, 66.3, 83.4, 101.2, 107.9, 110.3, 112.5, 127.9, 153.0,
154.1, 156.8, 160.7, 166.3
13

FT-IR (neat) 1759, 1721, 1713, 1605, 1367, 1249, 1230, 1150, 1107, 1089 cm-1
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H NMR spectrum of 2
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13

C NMR spectrum of 2

Synthesis of 6-Bromo-7-(tert-butoxycarbonylmethoxy)-4-formylcoumarin (3)
To a stirred suspension of PCC (229.1 mg, 1.06 mmol) in CH2Cl2 (50 mL) was added 2
(269.0 mg, 0.698 mmol) in CH2Cl2 (5 mL). The reaction mixture was stirred at an
ambient temperature for 90 min. The reaction was quenched with adding diethyl ether
(50 mL). The resulted precipitate was filtered off through a short silica gel column and
washed thoroughly with CH2Cl2. The combined filtrate was evaporated under vacuum
to yield 247.7 mg (0.646 mmol, 93% yield, colorless solid) of 3.
HNMR (CDCl3)1.51 (9H, s), 4.68 (2H, s), 6.73 (1H, s), 6.78 (1H, s), 8.86 (1H, s),
10.05 (1H, s)
1

CNMR (CDCl3)28.1, 66.3, 83.5, 100.9, 101.2, 109.2, 109.5, 123.7, 130.7, 142.6,
155.1, 157.6, 160.0, 166.1, 191.2
FT-IR (neat) 1738, 1727, 1710, 1603, 1369, 1236, 1152, 1074 cm-1
13
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H NMR spectrum of 3
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13

C NMR spectrum of 3

Synthesis of 6-Bromo-7-(tert-butoxycarbonylmethoxy)-4-formylcoumarin
p-tosylhydrazone (4)
To a stirred solution of 3 (231.7 mg, 0.61 mmol) in EtOH (4 mL) was added
p-toluenesulfonylhydrazine (123.0 mg, 0.66 mmol). After 48h of stirring at 40 °C, the
resulted precipitate was collectedby filtration, washed with EtOH and dried under
vacuum to yield 212.9 mg (0.39 mmol, 64% yield, colorless solid) of 4.
HNMR (DMSO-d6)1.44 (9H, s), 2.37 (3H, s), 4.96 (2H, s), 6.67 (1H, s), 7.13 (1H, s),
7.48 (2H, d, J = 7.0 Hz), 7.84 (2H, d, J= 7.0 Hz), 7.94 (1H, s), 8.84 (1H, s), 12.30 (1H,
s)
1

CNMR (DMSO-d6)20.94, 27.58, 65.78, 81.83, 101.72, 106.60, 110.43, 116.65,
127.20, 129.93, 130.56, 135.37, 142.34, 143.97, 144.13, 154.27, 156.29, 159.51, 166.64
FT-IR (neat) 1749, 1708, 1693, 1604, 1161, 1071 cm-1
13
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H NMR spectrum of 4
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C NMR spectrum of 4

Synthesis of 6-Bromo-7-carboxymethoxy-4-formylcoumarin p-tosylhydrazone (5)
A solution of 4 (555.3 mg, 1.01 mmol) in CH2Cl2 (2 mL) and trifluoroacetic acid (1 mL)
was stirred at an ambient temperature for 2 h. The reaction mixture was evaporated
under vacuum to give 501.0 mg of 5. The crude compound 5 was used in the next
reaction without further purification.
HNMR (DMSO-d6)2.38 (3H, s), 5.00 (2H, s), 6.60 (1H, s), 7.14 (1H, s), 7.47 (2H, d,
J=8.4 Hz), 7.84 (2H, d, J=8.4 Hz), 7.95 (1H, s), 8.83 (1H, s), 12.32 (1H, s)
1

CNMR (DMSO-d6)21.01, 65.48, 101.79, 106.65, 110.42, 116.66, 127.27, 130.01,
130.61, 135.44, 142.43, 144.06, 144.21, 154.35, 156.47, 159.57, 169.11
13

FT-IR (neat) 2359, 1761, 1727, 1677, 1600, 1421, 1203, 1167, 1106, 1075 cm-1
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1

H NMR spectrum of 5

52

13

C NMR spectrum of 5

Synthesis of 6-Bromo-7-[(2’,5’-dioxo-1’-pyrrolidinyl)oxycarbonylmethoxy]-4formylcoumarrin p-tosylhydrazone (6)
To a stirred suspension of 5(501.0 mg) in AcOEt (10 mL) was added
N-hydroxysuccinimide (140.0 mg, 1.21 mmol) and N,N’-diisopropylcarbodiimide (187
L, 1.21 mmol) and the stirring was continued at an ambient temperature for 4days
under Ar atmosphere. The solvent was removed by vacuum evaporation. The residue
was washed with chloroform to give 6 (437.0 mg, 0.738 mmol,73% yield from 4, light
yellow solid).
HNMR (DMSO-d6)2.37 (3H, s), 2.84 (4H, s), 5.64 (2H, s), 6.64 (1H, s), 7.26 (1H, s),
7.47 (2H, d, J=8.0 Hz), 7.84 (2H, d, J=8.0 Hz), 7.95 (1H, s), 8.86 (1H, s), 12.33 (1H, s)
1

CNMR (DMSO-d6)21.01, 23.26, 63.95, 102.21, 106.54, 111.12, 117.16, 127.26,
130.02, 130.83, 135.43, 142.31, 143.98, 144.22, 154.25, 155.51, 159.45, 164.60, 169.86
FT-IR (neat)1737, 1731, 1606, 1200, 1165, 1123, 1084, 922 cm-1
HRMS (FAB+) Calcd for C23H19O9N3BrS: 592.0025. Found: 592.0006.
13
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H NMR spectrum of 6
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C NMR spectrum of 6

Synthesis of Bio-Bhc-diazo (7)
To stirred solution of EZ-Link Pentylamine-Biotin (Piers, 13.4 mg, 40.7mol) and Et3N
(5.7L, 41mol) was added 6 (22.2 mg, 37.5mol)in DMF (0.5 mL). The stirring was
continued at an ambient temperature for 12 h. The solvents and the volatile materials
were evaporated under vacuum to yield the products as an approximately 7 to 3 (molar
ratio) mixture of 6 and 7. The products were subjected to the next reaction without
further purification.
To a stirred suspension of 6 (from the reaction described above) in MeOH (1.5 mL) was
added Et3N (5.7 L, 41 mol). After 2.5 h, the resulted yellowish precipitate was
collected by filtration, washed with a small amount of methanol and dried under
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vacuum to yield 16.6 mg (25.6 mol, 70% yield from 6, yellow solid) of 7.
1
HNMR (DMSO-d6)1.25-1.65 (12H, m), 2.04(2H, t, J=7.0 Hz), 2.57 (1H, d, J= 12
Hz), 2.81 (1H, dd, J= 12 & 5.0 Hz), 3.00 (2H, m), 3.07-3.14 (2H, m), 4.12 (2H, m), 4.28
(1H, m), 4.73 (2H, s), 5.81 (1H, s), 6.37 (1H, s), 6.44 (1H, s), 6.68 (1H, s), 7.02 (1H, s),
7.74 (1H, t, J= 5.5 Hz), 8.00 (1H, t, J= 5.5 Hz), 8.08 (1H, s)
CNMR (DMSO-d6)23.62, 25.22, 27.92, 28.11, 28.55, 28.72, 35.10, 38.15, 38.23,
45.86, 48.49, 55.33, 59.07, 60.92, 67.90, 97.49, 101.83, 106.58, 110.67, 127.53, 146.31,
153.45, 156.88, 159.14, 162.58, 166.06, 171.68
FT-IR (neat) 2358, 2338, 2089, 1736, 1707, 1420, 1151 cm-1
ESI-MS (positive) m/z 649.60 (75%, C27H3379BrN6O6S + H+), 651.60 (100%,
13

C27H3381BrN6O6S + H+)
HRMS (FAB+) Calcd for C27H33O6N6BrS:649.1444. Found:649.1426.

1

H NMR spectrum of 7
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13

C NMR spectrum of 7
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2. Caging and uncaging of dsDNA (50 bp)
(1) Synthesis of caged DNA with MinElute PCR Purification Kit
Table 1
10 M dsDNA

Bio-Bhc-diazo

DMSO

×0

0.5 L

―

9.5 L

×200

0.5 L

2.5 L (400M)

7 L

×2000

0.5 L

0.5 L (20 mM)

9 L

×20000

0.5 L

5.0 L (20 mM)

4.5 L

To indicated molar solution of Bio-Bhc-diazo in DMSO was added
(sense strand: AGCTAGTCATGCGATCTCTTCTCTTCCTTCTCTTCTAATGCACGT
AACGG) in a TE buffer (Table 1). The solution was gently mixed by pipetting and
allowed to stand at 37 °C for 24 h in the dark place. The reaction mixture was subjected
to the MinElute PCR Purification Kit (QIAGEN) to remove the excess Bio-Bhc-diazo,
its decomposed materials, and DMSO. The eluted solutions were analyzed by 15%
polyacrylamide gel electrophoresis (TBE buffer, 7 mA, 30 min). The gels were stained
using a fluorescent dye (SYBR Gold nucleic acid gel stain, InvitrogenTM) to visualize
the dsDNAs (Fig. 6a). Then the same gels were blotted onto nylon membranes (Hybond
N+; Amersham Biosciences Corp.). The biotin labeled DNAs were detected by
incubation with an avidin-HRP conjugate (Pierce Chemiluminescent Nucleic Acid
Detection Module; Thermo Scientific). Luminescence was detected using a gel
documentation system (LAS-1000 Plus; Fuji Film, Japan) (Fig. 6b). Luminescence
intensity of the bands was quantified using Image J software.

(2) Phorolysis of caged dsDNA with UV light
To a 20-mM solution of Bio-Bhc-diazo in DMSO (12 µL) was added 10 M dsDNA
in a TE buffer (1.2µL). The solution was gently mixed by pipetting and allowed to stand
at 37 °C for 24 h in the dark place. The reaction mixture was purified as described in the
previous section. The eluted caged dsDNA samples were transferred into thin walled
PCR tubes and irradiated at 350 nm using four PRP 350 nm lamps. The products were
analyzed by 15% polyacrylamide gel electrophoresis (TBE buffer, 7 mA, 30 min).
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3. Affinity purification of caged DNAs with Streptavidin Magnetic Beads
(1) Affinity purification of caged plasmid DNAs
To a solution (9.0 µL) of Bio-Bhc-diazo in DMSO (6.7 mM) was added pRL-SV40
(1.5 µL, 1043 ng/L) in a TE buffer. The solution was gently mixed by pipetting and
allowed to stand at 37 °C for 1 hr in the dark place. The excess Bio-Bhc-diazo was
removed by applying the reaction mixture to a gel permeation chromatography (Micro
Bio-spin P-30 Tris RNase Free; Bio Rad). The eluted fraction was added to a suspension
of streptavidin magnetic beads (New England Bio Labs) in a wash/binding buffer (250
L) in a 1.5-mL tube and stood at room temperature for 15 min. The 1.5-mL tubes were
set into a magnetic rack (MagnaRack; Invitrogen Corp., USA). The supernatant was
discarded to a 1.5-mL tube (fraction 2). The beads were washed three times with a
wash/binding buffer (250 L each). To the beads was added 25 L of an elution buffer,
20 mM biotin in 50 mM Tris-HCl buffer (pH 8). The suspension was heated at 70 °C
for 5 min and cooled on an ice for 1 min. The supernatant was collected in another
1.5-mL tube (fraction 3).
The obtained fractions were analyzed using 1% agarose gel electrophoresis. An
aliquot (10 L) of the fractions was mixed with 2 L of Fermentas 6×DNA Loading
Dye (Thermo Scientific) and loaded into each lane on the gel. The gel was
electrophoresed (TAE buffer, 100 V, 30 min).

(2) Affinity purification of caged linear RL
1) Preparation of linear RL
<Restriction enzyme>
BamHI and BglⅡ
The reaction of restriction enzyme was carried out by the following condition, 2 L
of 10×H Buffer, 1L of BamHI (10 units/µL), 1L of BglⅡ (10 units/µL), 2 L of the
template pRL-SV40 (417 ng/L), and 14 µL of MillQ water to fill. The reaction mixture
was incubated at 37 °C for 1 hr. The reaction was quenched by mixing 10×DNA loading
buffer (containing SDS) and was analyzed using 1% agarose gel electrophoresis. The
gel was electrophoresed (TAE buffer, 100 V, 30 min) and stained using a fluorescent dye
(SYBR Gold) to visualize the fragment (Fig.15a). The gel containing the desired DNA
fragment (approximately 1800 bp) was excised and was transferred into SUPRECTM-01
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(TaKaRa). The tube was centrifuged at 10000 rpm at 4 °C for 10 min. For ethanol
precipitation, 400 L of 70% ethanol was added to the eluted fraction, and the mixture
was centrifuged at 10000 rpm for 10 min at 4 °C. The supernatant was removed and the
DNA was recovered as a pellet.
BamHI , BglⅡand BcnI
The reaction was performed as described above.
<PCR>
The linear RL was amplified from the pRL-SV40 using primers linRLSV40f
(5’-TATGGAAAAACGCCAGCAAC-3’) and linRLSV40r (5’-AAAGTGCCACCT
GGATCCTT-3’). The primers were synthetic oligo DNAs purchased from FASMAC
(Japan). Polymerase chain reaction (PCR) was carried out using KOD-Plus-Ver. 2
(Toyobo Co. Ltd., Japan) including KOD-Plus- (1 U/L), 10×PCR Buffer for
KOD-Plus-Ver.2, 25 mM MgSO4 and 2 mM dNTPs. Each PCR reaction mix (100 L)
contained 10 L of the 10 × PCR buffer, 10 L of 2 mM dNTPs, 6 L of 25 mM
MgSO4, 3 L of each primer (10 M in TE buffer), 20 ng of the template pRL-SV40
(40 ng/L), 2 U of the KOD-Plus- (1 U/L), and 65.5 L of MilliQ water to fill. The
PCR conditions were 1 cycle of 2 min at 94 °C, followed by 40 cycles of denaturation
(10 s at 98 °C), annealing (30 s at 58 °C), and extension (2 min at 68 °C) using a
thermal cycler (iCycler;Bio-Rad Laboratories, Inc., USA). Five sets of the PCR
products (total of 500 L volume) were combined and subjected to membrane
purification tubes (MinElute PCR purification Kit; Qiagen Inc., USA) to remove the
primers and the template plasmid DNA. The PCR products were quantified by
measuring the absorbance at 260 nm using a spectrophotometer (V630BIO; Jasco,
Japan). A typical concentration of the linRL-SV40 was 1200 ng/L (20 L).

2) Synthesis and affinity-based purification of Bio-Bhc caged linear RL
A linear dsDNA linear RL (2 µL, 1000 ng/µL in TE buffer)was reacted with 18 µL
of Bio-Bhc-diazo (6.7 mM in DMSO) at 37 °C for 3 hr in a dark place. The reaction
mixture was purified by MinElute PCR purification Kit. The eluted fraction (10 µL)
was added to streptavidin magnetic beads. The separation was performed following a
similar procedure as described above except for elution steps. To the beads was added
25 µL of a mixture of 10 mM EDTA (pH 8) and formamide (1:19 in volume). The
suspension was heated at 65 °C for 2 min and cooled on ice for 1 min. The supernatant
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was collected in a 1.5-mL tube (fraction C). The elution process was repeated once. The
supernatants were combined, subjected to the MinElute PCR purification Kit to remove
formamide-EDTAand used in electrophoretic analysis or the transfection study.
To optimize the preparation, linear RL was reacted with Bio-Bhc-diazo for the
indicated reaction times. The supernatants and eluted fractions of the magnetic beads
treatment were analyzed using agarose gel electrophoresis (1% agarose, TAE buffer,
100 V, 30 min).
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4. Transfection of caged DNA
(1) Densitometry of caged DNA
1) Nano Drop
Caging reactions and affinity purification was performed using 6.7-mM solution of
Bio-Bhc-diazo in DMSO (9 µL) and 400 ng/µL linear RL in a TE buffer (1 µL) as
described above. After magnetic beads separation, absorption spectra of eluted fraction
were measured using a spectrophotometer (ND-1000; Nano Drop).

2) Standard curve
Each solution of linear RL (2.5 ng/L, 5 ng/L, 7.5 ng/L, 10 ng/L, 12.5 ng/L,
and 15 ng/L) was mixed with loading buffer and loaded into each lane of a 1% agarose
gel. The gel was electrophoresed (TAE buffer, 100 V, 30 min). This experiment was
repeated five times. The intensities of the bands corresponding to linear RL were
visualized using a fluorescence staining (SYBR Gold) and quantified. The averages of
five experiments were plotted with SD against the concentration of linear RL (Fig. 26).
(2) Co-transfection study
1) Transfection of randomly caged linear RL
2) Transfection of caged linear RL and uncaging with UV light
3) Confirmation of reproducibility
HeLa cells were cultured at 37 °C in a 5% CO2 atmosphere in Dulbecco’s modified
Eagle’s medium (DMEM, GIBCO, USA) supplemented with 20% fetal bovine serum
(FBS). Cells were trypsinized, resuspended in DMEM and transferred into 24-well
plates (Tissue Culture Plate, 353047; BD Falcon, USA) at a density of 50000 cells per
well in a volume of 500L. After 24 hr of growing, the media were changed to 500
L/well of a reduced serum media Opti-MEM (GIBCO, USA). A plasmid DNA coding
for a firefly luciferase (pGL3; Promega Corp.) and a linear dsDNA coding for a renilla
luciferase (linear RL or Bio-Bhc-caged linear RL) were mixed with a lipofection
reagent (Lipofectamine 2000; Invitrogen Corp., USA). Transfection was performed
following the manufacturer’s standard protocol. A typical condition is as follows. For
each transfection, a mixture of 300 ng of the Bio-Bhc-caged linear RL and 300 ng of the
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pGL3 in Opti-MEM (total volume of 150 L) was prepared in a 1.5-mL tube. In a
separate tube, 2.4 L of Lipofectamine 2000 was mixed with 147.6L of Opti-MEM
and incubated for 5 min at room temperature. The Lipofectamine 2000 solution was
combined with the diluted oligo DNAs and incubated for 20 min at room temperature.
The Lipofectamine 2000-oligo DNAs complex (100 L per well) was added to the cells
in the 24-well plate. The cells were incubated in the presence of the lipofection complex
at 37 °C in a 5% CO2 atmosphere for 3 hr. For the UV treated cells, the media
containing lipofection complex were replaced with 500 L of Opri-MEM (no phenol
red). The cells were irradiated through the bottom of the plate at 350 nm for 5 min using
four RPR 350-nm lamps (2 mW/cm2). The media were changed to 500 L of DMEM
(10% FBS). The cells were cultured at 37 °C for an additional 24 hr and lysed. The
amount of Rluc expression was quantified using a dual luciferase reporter assay system
(PicaGene Dual Luciferase Assay Kit, Toyo Ink Co. Ltd., Japan) by a luminometer
(TD-20/20; Turner BioSystems, USA). The procedure was performed following the
manufacturer’s standard protocol.

(3) Uncaging of caged linear RL
Caging reaction and affinity purification was performed using 20-mM solution of
Bio-Bhc-diazo in DMSO (18 µL) and 500 ng/µL linear RL in a TE buffer (2 µL) as
described above. After magnetic beads separation, the eluted samples were transferred
into thin walled PCR tubes and irradiated at 350 nm using four PRP 350 nm lamps for
the indicated irradiation time.
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5. Optimization of the condition
(1) Enhancement of caging effect by introducing steric hindrance

1) Ni-NTA Spin Kit
3’-biotin dsDNA
To 1L of 3’-biotin dsDNA (0.5 M)was added 4 L of His-streptavidin (5.88×10-2
nmol/µL, COSMO BIO, Japan). The mixture was allowed to stand at ambient
temperature for 20 h. The reaction mixture was applied to Ni-NTA Spin Kit (Qiagen),
and the obtained fractions were analyzed using 1% agarose gel electrophoresis (TAE
buffer, 100 V, 30 min).
FITC-3’-biotin dsDNA
To 1L of FITC-3’-biotin dsDNA (10 M) was added 68 L of His-streptavidin
(5.88×10-2 nmol/µL). The mixture was allowed to stand at ambient temperature for 2 h.
The reaction mixture was analyzed by 10% polyacrylamide gel electrophoresis (TBE
buffer, 10 mA, 60 min).
A 10-M solution of FITC-3’-biotin dsDNA (10 L) was applied to a Ni-NTA Spin
Kit. The eluted fractions were analyzed by 15% polyacrylamide gel electrophoresis
(TBE buffer, 10 mA, 50 min).

2) HisPur Cobalt Spin Column
<FITC-3’-biotin dsDNA>
10 L of FITC-3’-biotin dsDNA (10 M) was applied to HisPur Cobalt Spin
Column (Thermo Scientific) and purified fractions were analyzed by 15%
polyacrylamide gel electrophoresis (TBE buffer, 10 mA, 50 min). The gels were
irradiated 365 nm UV light and taken a picture. After observation of FITC luminescence,
the gels were stained using a fluorescent dye (SYBR Gold) to visualize the dsDNAs.
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<linear RL>
To a 6.7-mM solution of Bio-Bhc-diazo in DMSO (114 µL) was added 400 ng/µL
linear RL in TE buffer (6 µL). The solution was gently mixed by pipetting and allowed
to stand at 37 °C for 3 h in dark place. The reaction mixture was mixed with
His-streptavidin by the indicated molar ratio in Fig. 39 and allowed to stand at ambient
temperature for 1 h. The reaction mixture was applied to HisPur Cobalt Spin Column
and obtained fractions were analyzed using1% agarose gel electrophoresis. The gel was
electrophoresed (TAE buffer, 100 V, 30 min) and stained using fluorescent dye (SYBR
Gold) to visualize the linear RL.

3) Co-transfection
To a 6.7-mM solution of Bio-Bhc-diazo in DMSO (19 µL) was added 400 ng/L
linear RL in TE buffer (1 µL). The solution was gently mixed by pipetting and allowed
to standat 37 °C for 3 h in dark place. The reaction mixture was mixed with 2 L of
His-streptavidin (5.88×10-2 nmol/µL) and allowed to stand at ambient temperature for
1 h. The reaction mixture was purified by HisPur Cobalt Spin Column. The bands
containing DNA in the gel were excised from gel and were purified using QIAquick Gel
Extraction Kit. The transfection study was performed as described above.

4) Other investigation
To a 6.7-mM solution of Bio-Bhc-diazo in DMSO (19 µL) was added 400 ng/L
linear RL in TE buffer (1 µL). The solution was gently mixed by pipetting and allowed
to stand at 37 °C for 3 h in dark place. The reaction mixture was mixed with 2L of
His-streptavidin (5.88×10-2 nmol/µL) and allowed to stand at ambient temperature for
1 h. The reaction mixture was purified by HisPur Cobalt Spin Column and obtained
fractions were transferred into thin walled PCR tubes and irradiated at 350 nm using
four PRP 350 nm lamps for 5 min. The products were analyzed using1% agarose gel
electrophoresis. The gel was electrophoresed (TAE buffer, 100 V, 30 min) and stained
using fluorescent dye (SYBR Gold) to visualize the linear RL.
Caging reactions of 50 bp dsDNA were performed using a 1-mM solution of
Bio-Bhc-diazo in DMSO (0.5 µL) and 0.5-µM 50 bp dsDNA in TE buffer (1 µL)
at37 °C for 24 h. The reaction mixture was purified by Min Elute PCR Purification Kit.
The eluted fractions were mixed with 4L of His-streptavidin (5.88×10-2 nmol/µL) and
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allowed to stand at ambient temperature for 1 h. The reaction mixture was purified by
HisPur Cobalt Spin Column and obtained factions were analyzed by 15%
polyacrylamide gel electrophoresis. The gel was electrophoresed (TBE buffer, 10 mA,
60 min) and stained using fluorescent dye (SYBR Gold) to visualize the linear RL.

(2) Preparation of linear RL coding region of which was selectively caged
1) Estimation of the number of Bio-Bhc group that bound to caged linear RL
Caging reactions were performed as described in section (2)-2). The reaction
mixture was purified by Min Elute PCR Purification Kit. The one-tenth of eluted
fractions (0.85 L for1 hr, 0.90 µL for 3 hr, 0.85 µL for 5 hr, 0.85 µL for 20 hr) were
spotted on a nylon membrane (Hybond N+; Amersham Biosciences Corp.). To fix
the nucleic acids to the membrane, the membrane was baked at 80 °C for 2 hr. The
biotin labeled DNAs were detected by incubation with an avidin-HRP conjugate.
Luminescence was detected using a gel documentation system (Molecular Imager
Chemi Doc XRS+ with Image Lab Software, Bio-Rad ).

2) Development of P-linear RL and C-linear RL
P-linear RL
The P-linear RL was amplified from the pRL-SV40 using primers P-linRLf
(5’-TATGGAAAAACGCCAGCAACGCGGCCTTTTTAC-3’) and P-linRLr (5’-GA
TACTTACCTGCCCAGTGCCTCACGAC-3’). PCR was carried out using
KOD-Plus-Ver.2. Each PCR reaction mix (200 L) contained 20 L of the 10×PCR
Buffer for KOD-Plus-Ver.2, 20 L of 2 mM dNTPs, 12 L of 25 mM MgSO4, 6 L of
each primer (10 M in TE buffer), 40 ng of the template pRL-SV40 (10 ng/L), 4 U of
the KOD-Plus- (1 U/L), and 128 L of MilliQ water to fill. The PCR conditions were
1 cycle of 2 min at 94°C, followed by 30 cycles of denaturation (10 s at 98 °C),
annealing (30 s at 65-85 °C), and extension (35 s at 68°C) using a thermal cycler (T100
Thermal Cycler; Bio-Rad Laboratories, Inc., USA). The products were analyzed
using1% agarose gel electrophoresis (TAE buffer, 100 V, 30 min).
The obtained PCR products were purified by Min Elute PCR purification Kit. The
PCR products were quantified by measuring the absorbance at 260 nm using a
spectrophotometer.
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C-linear RL
The C-linear RL was amplified from the pRL-SV40 using primers C-linRLf
(5’-CGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAG-3’)
and
C-linRLr
(5’-AAAGTGCCACCTGGATCCTTATCGATTTTACCAC-3’). PCR was carried out
using KOD-Plus-Ver.2. The PCR conditions were 1 cycle of 2 min at 94°C, followed by
30 cycles of denaturation (10 s at 98°C), annealing (30 s at 55-73.6 °C), and extension
(90s at 68°C) using a thermal cycler. The products were analyzed using1% agarose gel
electrophoresis (TAE buffer, 100 V, 30 min).

3) Cleavage with restriction enzyme and ligation
The reaction of restriction enzyme was carried out following conditions: each
reaction mixture (54 L) contains 6 L of 10×H buffer, 3 L of PstI(10 units/µL), the
template DNA (3 L of P-linearRL (888 ng/µL) or 2.7 L of C-linear RL (920ng/µL),
and MilliQ water to fill.
Table 2
P-linear RL
25 fmol
50 fmol

2 ng/µL

75 fmol
125 fmol
250 fmol

C-linear RL
4.26 µL
8.52 µL
1.278 µL

20 ng/µL

2.13 µL
4.262 µL

Mighty Mix
5.54 µL

18 ng/µL
1.279 µL

9.80 µL
2.56 µL
3.41 µL
5.54 µL

The restriction fragments of P-linear RL and C-linear RL were mixed. A ligase
(DNA Ligation Kit <Mighty Mix>, TaKaRa) was added to the fragments (Table 2). The
mixture was incubated at 16 °Cfor 30 min. The obtained products were analyzed using
1% agarose gel electrophoresis (TAE buffer, 100 V, 30 min).

4) Development of the method for the preparation of SfiI-linear RL
<SfiI-SV40>
The SfiI-SV40 was amplified from the pRL-SV40 using primers linSV40f2
(5’-TATGGAAAAACGCCAGGAACGCGGCCTTTTTAC-3’)
and
SfiI-SV40-r2
(5’-GAACTGGGCCGTAATGGCCTGCAGCTTAAGTTC-3’). PCR was carried out
using KOD-Plus-Ver.2. The PCR conditions were 1 cycle of 2 min at 94°C, followed by
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30 cycles of denaturation (10 s at 98°C), annealing (30 s at 75 °C), and extension (34s at
68°C) using a thermal cycler. The products were analyzed using 1% agarose gel
electrophoresis (TAE buffer, 100 V, 30 min).
<SfiI-RL>
The SfiI-RL was amplified from the pRL-SV40 using primers SfiI-RL-f2
(5’-GATATTCGGCCATTACGGCCGAAGTTGGTCGTG-3’)
and
linRLRev34
(5’-AAAGTGCCACCTGGATCCTTATCGATTTTACCAC-3’). PCR was carried out
using KOD-Plus-Ver.2. The PCR conditions were 1 cycle of 2 min at 94°C, followed by
30 cycles of denaturation (10 s at 98°C), annealing (30 s at 70 °C), and extension (90 s
at 68°C) using a thermal cycler. The products were analyzed using1% agarose gel
electrophoresis (TAE buffer, 100 V, 30 min).
<Restriction enzyme>
The reaction of restriction enzyme was carried out following conditions: each
reaction mixture (50L) contains5 L of CutSmart Buffer, 1L of SfiI (10 units/µL),
about 1 g of SfiI-SV40 or SfiI-RL and 33 bp oligo DNAs in total, and MillQ water to
fill. The reaction mixture was incubated at 50 °C for 15 min and was subjected to a Min
Elute PCR Purification Kit. The eluted solutions were quantified by measuring the
absorbance at 260 nm using a spectrophotometer.
<Ligation>
Table 3
SfiI-SV40
7.5 fmol

SfiI-RL
7.5 fmol
15 fmol

1 ng/µL
2.5 µL

22.5 fmol

6 ng/µL

37.5 fmol

Mighty Mix
1.154 µL

3.65 µL

2.31 µL

4.81 µL

3.46 µL

5.96 µL

5.77µL

8.27 µL

The restriction fragmentsSfiI-SV40 and SfiI-RL were mixed with a ligase (DNA
Ligation Kit <Mighty Mix>, TakaRa) (Table 3). The mixture was incubated at 16°C for
30 min. The obtained products were analyzed using 1% agarose gel electrophoresis
(TAE buffer, 100 V, 30 min).
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