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By introducing two azobenzene moieties into both RNA
polymerase binding region and TATA region in the promoter
of the SP6 RNA polymerase simultaneously, clear-cut photo-
regulation of the transcription reaction was achieved either under
dark or by UV irradiation.

Artificial regulation of gene expression is one of the current
important and attractive themes for post-genome era.1 Recently,
much attention has been focused on the artificial regulation of
gene-expression because of its potential applications to cell biol-
ogy as well as pharmacology.2 They can also provide new useful
tools for investigating the mechanisms underlying DNA recogni-
tion and bioreactions.

Previously, we have synthesized photo-responsive DNAs
carrying azobenzene moieties in the side chain for the photo-reg-
ulation of gene-expression. With these modified DNAs, forma-
tion and dissociation of its duplex and triplex were efficiently
photo-regulated.3 We also demonstrated that introduction of an
azobenzene moiety into the appropriate region of the promoter
is effective for the photo-regulation of transcription reaction
by T7 RNA polymerase (RNAP):4 transcription was fairly sup-
pressed when an azobenzene took trans-form, whereas it pro-
ceeded efficiently on its isomerization from trans- to cis-form.
This successful photo-regulation with T7 RNAP prompted us
to investigate whether the present strategy for the photo-regula-
tion, based on the modification of the promoter, is applicable to
another RNAP or not. For this purpose, we use SP6 RNAP in-
stead of T7 RNAP for the photo-regulation of transcription reac-
tion. It is demonstrated that transcription by SP6 RNAP is also
photo-regulated by the azobenzene-tethered SP6 promoter. Fur-
thermore, still more effective photo-regulation is achieved by in-
troducing two azobenzene moieties into the specific positions of
the promoter.

SP6 RNAP belongs to a member of single subunit DNA-de-
pendent phage RNAPs as T7 RNAP does, while both RNAPs
have different promoter sequences with each other. As shown
with the italic letters in Scheme 1, the SP6 promoter consists
of 17 base pairs and involves two different regions: one is RNAP
binding region (from �17 to �5) and the other is TATA region
(from �4 to �1). All the DNAs used for the transcription reac-
tion are listed in Scheme 1. Azobenzene-modified promoters
were prepared from the corresponding phosphoramidite mono-
mer by use of D-threoninol as a linker in a similar manner as re-
ported previously.3b Transcription reaction was carried out ac-
cording to the literature.5,6

When a native DNA duplex, Native-N/Native-T, was used
as a promoter, full-length 32P-labeled transcript (17mer RNA)
was efficiently produced either under dark or after UV irradia-
tion for 1min. The transcription rate on UV irradiation
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Scheme 1. Sequences of SP6 promoter used in this study, and
experimental procedure of transcription by SP6 RNAP.

Native-N/Native-T Native-N/Azo-T Azo-N/Native-T

1 2 3 4 5 6

Dark UV on Dark UV on Dark UV on

17 mer RNA

(A)

(B) 

Native-N/Native-T Native-N/Azo-T Azo-N/Native-T
0.00

0.01

0.02

0.03

0.04

0.05

C
on

ve
rs

io
n

Dark UV on

Figure 1. Photo-regulation of transcription reaction with various
SP6 promoters at 37 �C under dark and after 1min UV irradiation.
Transcription reaction was carried out for 2 h. (A) PAGE patterns
for the in vitro transcription products of 17mer RNA. Lane 1, 2:
Native-N/Native-T, lane 3, 4: Native-N/Azo-T, lane 5, 6: Azo-
N/Native-T. (B) Quantitative plots of the results shown in the Fig-
ure 1A. Conversion is defined as the ratio (radioactivity of full-
length product)/(total radioactivity of all the oligo- and mononu-
cleotides in the gel). White bars: under dark conditions; gray bars:
after 1min UV irradiation.
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(300 nm < � < 400 nm) was the same as that under dark (com-
pare lane 1 with lane 2 in Figure 1A). On the contrary, when
Native-N/Azo-T duplex involving one azobenzene moiety at
RNAP binding region was used as a promoter, photo-irradiation
affected the transcription rate. Transcription was fairly sup-
pressed under dark and was accelerated by UV irradiation (com-
pare lane 3 with lane 4 in Figure 1A).7 As a result, the ratio of the
amount of transcript prepared after UV irradiation to that ob-
tained under dark was 1.5. Similar results were also obtained
when an azobenzene was introduced into another RNAP binding
region (data not shown).8 These results coincide with the T7
RNAP case,4 indicating that trans-azobenzene tends to suppress
the transcription reaction by RNAP compared with cis-azoben-
zene. Suppression of the transcription by trans-azobenzene
was also observed when an azobenzene was introduced to TATA
region (compare lane 5 with lane 6 in Figure 1A). With Azo-N/
Native-T combination, the ratio of transcript after UV irradia-
tion to that under dark was 1.8.

Although photo-regulation of transcription was possible
with SP6 RNAP, difference of the transcription rate between
trans- and cis-form was below 2.0 when only one azobenzene
moiety was introduced to the promoter. In order to achieve effec-
tive on-off switching by light irradiation, still larger change of
transcription rate by light irradiation should be desirable. For this
purpose, two azobenzene moieties are introduced into the SP6
promoter. When Azo-N and Azo-T (each of them involves one
azobenzene) were combined, distinct synergistic effect of pho-
to-regulation was observed. As shown in Figure 2, transcription
was strongly interfered under dark (lanes 1–4 in Figure 2A). In
contrast, transcription efficiently proceeded when UV light
was irradiated to this reaction mixture for 1min prior to the in-
cubation (lanes 5–8 in Figure 2A). The ratio of transcript after

UV irradiation to that under dark was 3.0 at 2 h and it became
much larger when the incubation was continued (see Figure
2B).9 It should be noted that the difference of transcription
between UV irradiation and under dark condition with Azo-N/
Native-T or Native-N/Azo-T combination was below 2.0 (see
Figure 1). This fact indicates that incorporation of multiple azo-
benzenes is one of the promising strategies to raise the
difference.

In conclusion, transcription reaction by SP6 RNAP is photo-
regulated especially with modified promoter involving two azo-
benzenes at both TATA and RNAP binding regions. With this
photo-responsive promoter, photo-regulation of in vitro transla-
tion is also expected.

This work was supported by Precursory Research for
Embryonic Science and Technology (PRESTO), Japan Science
and Technology Agency (JST). Partial supports by a Grant-in-
Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology, Japan, and The
Mitsubishi Foundation (for H. A.) are also acknowledged.

References and Notes
1 a) J. D. Watson, N. H. Hopkins, J. W. Roberts, J. A. Steitz, and A. M.

Weiner, ‘‘Molecular Biology of the Gene,’’ 4th ed., Benjamin/
Cummings, Menlo Park, CA, USA (1987). b) P. B. Dervan, Bioorg.
Med. Chem., 9, 2215 (2001). c) D. Praseuth, A. L. Guieysse, and C.
Hélène, BBA-Gene Structure and Expression, 1489, 181 (1999). d)
D. A. Braasch and D. R. Corey, Biochemistry, 41, 4503 (2002).

2 a) M. Murata, W. Kaku, T. Anada, N. Soh, Y. Katayama, and M.
Maeda, Chem. Lett., 32, 266 (2003). b) T. Wada, N. Minamimoto,
Y. Inaki, and Y. Inoue, J. Am. Chem. Soc., 122, 6900 (2000). c) H.
Ando, T. Furuta, R. Y. Tsien, and H. Okamoto, Nat. Genet., 28, 317
(2001). d) A. Murakami, Y. Yamamoto, M. Namba, R. Iwase, and T.
Yamaoka, Bioorg. Chem., 29, 223 (2001).

3 a) H. Asanuma, X. Liang, T. Yoshida, A. Yamazawa, and M.
Komiyama, Angew. Chem., Int. Ed. Engl., 39, 1316 (2000). b) H.
Asanuma, T. Takarada, T. Yoshida, D. Tamaru, X. Liang, and M.
Komiyama, Angew. Chem., Int. Ed. Engl., 40, 2671 (2001). c) X.
Liang, H. Asanuma, and M. Komiyama, J. Am. Chem. Soc., 124,
1877 (2002).

4 H. Asanuma, D. Tamaru, A. Yamazawa, M. Liu, and M. Komiyama,
ChemBioChem, 8, 786 (2002).

5 a) I. Hirao, T. Ohtsuki, T. Fujiwara, T. Mitsui, T. Yokogawa, T. Okuni,
H. Nakayama, K. Takio, T. Yabuki, T. Kigawa, K. Kodama, T.
Yokogawa, K. Nishikawa, and S. Yokoyama, Nat. Biotechnol., 20,
177 (2002). b) T. Ohtsuki, M. Kimoto, M. Ishikawa, T. Mitsui, I. Hirao,
and S. Yokoyama, Proc. Natl. Acad. Sci., 98, 4922 (2001).

6 Promoters (non-template DNA and template DNA as shown in
Scheme 1) were annealed in 10mM Tris-HCl buffer (pH 7.5) contain-
ing 10mM NaCl by heating at 95 �C for 3min and cooling to 37 �C for
30min. Transcription was carried out in 20mL of 40mM Tris-HCl
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Figure 2. Time course of transcription reaction at 37 �C under
dark and after UV irradiation with SP6 promoter by the combina-
tion of Azo-N and Azo-T. (A) PAGE patterns of the full-length
product. Lanes 1–4: t = 60, 120, 180, 240min under dark. Lanes
5–8: t = 60, 120, 180, 240min after UV irradiation. (B) Quantita-
tive plots of the results shown in the Figure 2a. Closed circles: after
1min UV irradiation; open circles: under dark conditions.
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