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Modification of DNA is one of the growing fields in both
synthetic and bio-oriented chemistries because of its potential
application to gene therapy, biotechnology, and nanotechnology.1

Previously, we have synthesized various photoresponsive DNAs
tethering azobenzene or spiropyran, for the photoregulation of DNA
functions.2,3 With these modified DNAs, formation and dissociation
of the duplex or triplex is efficiently photoregulated by irradiating
with UV or visible light: planartrans-azobenzene (visible light
irradiation) stabilizes the duplex while nonplanarcis-azobenzene
(UV light irradiation) destabilizes the duplex.2a,d

One of our purposes with the modified DNAs is artificial
regulation of gene expression by photostimulation. For the regula-
tion of gene expression, an antisense strategy based on the
hybridization of target m-RNA with complementary DNA (antisense
DNA) has been widely adopted.4 According to Chiang,5 the
antisense effect involves scission of m-RNA hybridized with
antisense DNA by RNase H, as well as interruption of transcription
at the ribosome. Therefore, if the RNase H is efficiently photo-
regulated, photoregulation of gene expression based on the antisense
strategy is expected. In the present paper, azobenzene-tethered DNA
is applied to the photoregulation of RNase H activity by use of a
model reaction system.

RNase H hydrolyzes RNA only when it is hybridized to the
complementary DNA. Our strategy for the photoregulation of this
enzyme is illustrated in Scheme 1A. The system is composed of
RNA (substrate), antisense DNA without azobenzene, and corre-
sponding sense DNA incorporating azobenzene moieties. When
azobenzenes in the sense DNA adopt the trans form, it strongly
hybridizes to the antisense DNA, and thus RNase H does not digest
RNA (upper in Scheme 1A). UV light irradiation isomerizes
azobenzene moieties from the trans to cis form, and sense DNA is
released due to the instability of the sense/antisense duplex. The
released antisense DNA is hybridized to RNA, which should be
hydrolyzed by RNase H (lower in Scheme 1A). The actual model
reaction system used here is composed of 20-mer RNA attached
to fluorescein-4-isothiocyanate (FITC) at the 5′ terminal (RNA-20
as substrate), 20-mer native antisense DNA (C), and 20-mer native
(Azo-0) or modified DNA (Azo-n, n ) 1-5) as listed in Scheme
1B.6

RNA digestion by RNase H did not proceed at all without
antisense DNA, whereas the presence of antisense DNAC
efficiently promoted digestion of the substrate. Although weak
scission by RNase H was observed, RNA digestion was fairly
suppressed when native (Azo-0) or azobenzene-tethered DNA (Azo-
3) was hybridized with antisense DNAC in the reaction mixture
in the dark (see lanes 1 and 3 in Figure 1, compare blue bars of
Azo-0 and Azo-3 with that of C only in Figure 2).7 On UV

irradiation of the reaction mixture, however, RNA was efficiently
digested when azobenzene-tethered DNA was used as the sense
strand:8 the amount of digested RNA after UV irradiation for the
Azo-3/C system was more than 3-fold larger than in the dark. As
expected, no acceleration by UV irradiation was observed forAzo-
0/C without azobenzenes (compare lane 2 with 4 in Figure 1). Thus,
photoregulation of RNase H reaction was attained with azobenzene-
tethered DNA. With this system, off-to-on switching of RNA
digestion by UV light irradiation was also attained (see Figure 1
in the Supporting Information).

The photoregulating ability depended on the number of azoben-
zene moieties in the sense DNA. With anyAzo-n/C combination,
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Scheme 1. Illustration of the Strategy for the Photoregulation of
RNase H (A), and Sequences of DNA and RNA Used in This
Study (B)

Figure 1. PAGE analysis of the digestion ofRNA-20 by RNase H in the
presence ofAzo-n/C at 37 °C for 15 min. Lane 1,Azo-0/C in the dark;
lane 2,Azo-0/C after UV irradiation; lane 3,Azo-3/C in the dark; lane 4,
Azo-3/C after UV irradiation.
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digestion of RNA was suppressed in the dark, as shown by the
blue bars in Figure 2. This is due to the strong hybridization of
Azo-n with C when azobenzenes take the trans form: the melting
temperatures ofAzo-1/C, Azo-3/C, andAzo-5/C duplexes in the
trans form were 58.5, 61.1, and 60.8°C, respectively, with the same
buffer as for RNA digestion experiments.9 Introduction oftrans-
azobenzenes did not interfere with duplex formation.10 In contrast,
the RNA digestion rate increased with the number of azobenzenes
when UV light was irradiated, as shown by the red bars in Figure
2.11,12 This result is based on the fact that the duplex became
unstable in the cis form. Melting temperature uniformly decreased
with the number of azobenzenes when they took cis form:Tms of
Azo-1/C, Azo-3/C, and Azo-5/C duplexes were 54.6, 49.2, and
42.6 °C, respectively. Thus, the RNA digestion rate strongly
correlated with the melting temperatures, indicating thatC strand
released fromAzo-n by UV irradiation hybridizes withRNA-20,
which is thus digested by RNase H. Hybridization ofC with RNA-
20by UV light irradiation was also substantiated from the following
fluorescent experiment withRNA-20, Azo-4, andC-Dab involving
4-[4-dimethylaminophenylazo]benzoic acid (Dabcyl) chromophore
as a fluorescence quencher at the 3′ terminal.13 Before UV
irradiation, strong fluorescence from FITC was observed at 37°C
whereRNA-20 was isolated due to the hybridization ofC-Dab
with Azo-4. UV irradiation of this solution lowered the fluorescence
(compare red and blue lines in Figure 3A) becauseC-Dab released
by trans-to-cis isomerization hybridized withRNA-20, and the
Dabcyl on C-Dab quenched the fluorescence. As expected, no
quenching by UV irradiation was observed whenAzo-0 without
azobenzenes was used in place ofAzo-4 (Figure 3B).

In conclusion, photoregulation of RNase H activity was achieved
with azobenzene-tethered DNA. Photoregulating efficiency in-
creased with the number of incorporated azobenzenes. By use of
this system, photoregulation of gene expression based on the
antisense strategy is predicted.
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(6) The actual procedure of the reaction is as follows: first, a mixture of
sense and antisense DNAs was annealed in buffer solution (10 mM Tris-
HCl buffer (pH 8.0), 10 mM MgCl2, 50 mM NaCl, 1 mM 2-mercapto-
ethanol, 50µg/mL BSA) by heating at 90°C for 5 min and cooling to 37
°C for 30 min. After this annealing procedure, UV light was irradiated at
37°C for 30 min from a 6-W UV-A fluorescent lamp (FL6BL-A, Toshiba)
through a UV-D36C filter (from Asahi Technoglass). The intensity of
UV light was below 100µW cm-2. FITC-labeled substrate RNA (RNA-
20) and 3 U ofRNase H1 (Takara Bio Inc.; one U of RNase H in 15µL
corresponds to 16 nM) were then added to this solution, and the resulting
reaction mixture was incubated at 37°C. The total volume of the reaction
mixture was 15µL, and final concentrations of [Azo-n], [C], and [RNA-
20] were 0.1, 0.01, and 5µM, respectively. After 15 min, 5µL of the
reaction mixture was sampled and added to 5µL of loading buffer
containing EDTA (50 mM EDTA, 45 mM Tris-HCl, 45 mM borate, 7 M
urea) to terminate the reaction. Finally, 5µL of the resulting mixture was
subjected to electrophoresis on 20% polyacrylamide gel containing 7 M
urea. Imaging and quantification of the digested RNA was carried out on
a Fuji film FLA-3000G fluorescent analyzer.

(7) Weak scission of RNA was probably based on the gradual strand-exchange
of substrate RNA with sense DNA that was on antisense DNA.

(8) More than 80% of the substrate was digested after 60 min of incubation.
(9) For theTm measurements, the concentration of each DNA was 2µM.

The same buffer solution as that for RNA digestion (except for the absence
of BSA) was applied to theTm measurement.

(10) Note thatTm of Azo-0/C duplex was 57.1°C under the conditions
employed.

(11) Amount of digested RNA forAzo-5/C after UV irradiation was almost
the same as that ofC only, indicating that acceleration of digestion with
cis-azobenzenes became saturated under the reaction conditions employed.

(12) Kinetic parameters,Km andkcat, of the present reaction system under the
conditions described in ref 6 were determined as 9.4 nM and 0.13 s-1,
respectively, from Lineweaver-Burk plots.

(13) A mixture ofAzo-4 andC-Dab was annealed in the buffer solution (10
mM Tris-HCl buffer (pH 8.0), 10 mM MgCl2, 50 mM, NaCl) by heating
to 90°C for 5 min and cooling to 37°C for 30 min. The resulting duplex
solution was then added to theRNA-20 solution (same buffer solution
was used) in the UV cell. Final concentrations ofAzo-4, C-Dab, and
RNA-20 were 113, 75, and 75 nM, respectively. Fluorescence measure-
ments were carried out at 37°C before and after UV irradiation for 20
min at 37°C.
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Figure 2. Effect of the number of azobenzene moieties on the RNA
digestion at 37°C for 15 min in the dark (blue bars) or after UV light
irradiation (red bars) in the presence ofAzo-n/C duplex or antisenseC
strand only.

Figure 3. Change of the intensity of fluorescence at 37°C from FITC on
RNA-20 before (blue lines) and after (red lines) 20 min UV light irradiation
for Azo-4/C-Dab (A) and Azo-0/C-Dab (B) systems.
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