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Abstract: Azobenzene was additionally introduced into side chain of T7 promoter for the photocontrol of
transcription reaction by T7 RNA polymerase (T7 RNAP). When a single azobenzene molecule was
introduced into the T7 promoter either at the loop-binding region of the RNAP (=7 to —11 position) or at
the unwinding region (—1 to —4 position), transcription was suppressed in the trans-form but proceeded
faster in the cis-form. The amount of transcripts after UV irradiation with respect to that in the dark was
1.5—2.0-fold. Kinetic analysis of the transcription reaction revealed that the photoregulatory mechanism
was different in these positions. The photoisomerization of an azobenzene at the loop-binding region primarily
affected K. On the other hand, the isomerization of an azobenzene at the unwinding region mainly affected
kear. Still more clear-cut photoregulation was achieved when two azobenzenes were introduced into both
loop-binding and unwinding regions, respectively: transcription proceeded 7.6-fold faster after UV irradiation
than that in the dark. This synergistic effect was observed only when two azobenzenes were introduced
into these two different regions, respectively, and introduction of them into the same loop-binding region
drastically lowered the transcription activity. The cooperation of two azobenzenes at loop-binding and
unwinding regions would contribute to the clear-cut photoregulation of transcription.

Introduction plant-phytochrome-based light-switchable gene promoter sys-
e . . tem, were applied to the photoregulatfoRreviously, we have

_ Artificial control of biofunction is one of the currently gy hesized azobenzene-tethered DNA, and primer elongation
important and attractive themes for post-genomé &ecently, by DNA polymerase or RNA digestion by RNase H has been
much attention has been focused on the artificial control of gene successfully photoswitchédThese are based on the photo-
expression because of thgir potential applications to r_'anOteCh'reguIation of the formation and dissociation of DNA duplex.
nology as well as cell biology and pharmacoldgyarious  ag eyidenced by NMRirans-azobenzene intercalates between
external stimuli, such as light, heat, electric field, and pH, were the base-pairs and thus stabilizes the duplex by stacking
applied to control gene expressidmmong these stimuli, ieraction? On the contrary, nonplanafs-azobenzene signifi-
photocontrol of gene expression has been investigated due 0.5y destabilizes the duplex, which is dissociated to the two
its advantages on controlling the gene expression spatially andsmgle strands. This dynamic change of hybridization is suitable

temporally; photocaged nucleic acids and other ligenasa for the photoregulation of gene expression based on the antisense
TRCAST, The University of Tokyo strategy.
1397 : In the present paper, we propose another strategy for the
§ Present address: Department of Molecular Design and Engineering, photoregulation of gene expression with the azobenzene-tethered
Graduate School of Engineering, Nagoya University, Chikusa, Nagoya 464- DNA. Azobenzene is introduced into the promoter region of

8603, Japan.
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incorporated azobenzenes. This strategy is based on the chang8cheme 1. Sequences of T7 Promoters and Modified DNAs

of local structure of DNA duplex around azobenzenes by trans  SYnthesized in This Study

cis isomerization, not on the basis of the photoregulation of o Teromoter

hybridization. Far below th&n, dissociation of the duplex does  (N)Non-template 5'- ATAATACGACTCACTATAGGGAGGAAGATAGAGCA -3
not occur even in the cis-form, but the local structure of the (T) Template 3'- TATTATGCTGAGTGATATCCCTCCTTCTATCTCGT -5'
duplex around azobenzene changes by the treissisomer- rLsgoig:i"ding :Jer;vig:ding

ization, which would affect the interaction between DNA and

the enzyme. In a preliminary communicatibme have dem-

- 17 -1 -7 -4 141
onstrated that this strategy worked well for the photoregulation u;g 5' -ATAATACGACTXCACTXATAGGGAGGARGATAGAGCA-3!
F . P : : -8-3 5' -ATAATACGACXTCACTXATAGGGAGGAAGATAGAGCA-3"'
of trgnscnpﬂon. tra.mscrlpn.on is suppressgd in the trans-form N-9-3 5 ' - ATAATACGAXCTCACTXATAGGGAGOAAGATAGAGCA -3
and is accelerated in the cis-form with a simple half dupl_ex_ as N#1 5 -ATAATACGACTCACTATARGGGAGGAAGATAGAGCA-3 "
a model system. Here, we use full duplex for the transcription w| N-1  5'-ATAATACGACTCACTATXAGGGAGGAAGATAGAGCA-3'
of T7 RNAP, and photoregulatory efficiency was investigated 2| N2 5'-ATAATACGACTCACTAXTAGGGAGGAAGATAGAGCA-3!
. d il b h . th . t. f b . th 3 N-3 5'-ATAATACGACTCACTXATAGGGAGGAAGATAGAGCA-3'
in detal y ¢ .anglng _e pOSI Ion o an azobenzene In € ZI N-7 5'-ATAATACGACTXCACTATAGGGAGGAAGATAGAGCA-3'
promoter. Kinetic analysis revealed that photoregulatory mech- N-8 5'-ATAATACGACKTCACTATAGGGAGGAAGATAGAGCA-3'
anism depended on its position. On the basis of this analysis, a N-9 5'-ATAATACGAXCTCACTATAGGGAGGAAGATAGAGCA-3!
. . . N-10 5'-ATAATACGXACTCACTATAGGGAGGAAGATAGAGCA-3'
new modified promoter involving two azobenzenes was o
designed for the efficient photoregulation. It was found that L N-Nt 5'-ATAATACGACTCACTATAGGGAGGAAGATAGAGCA-3"
clear-cut photoregulation was achieved with two azobenzenes T-Nt 3! -TATTATGCTGAGTGATATCCCTCCTTCTATCTCGT -5
introduced into both loop-binding and unwinding regions, T+l 3' - TATTATGOTGAGTGATATXCCCTCOTTCTATCTOGT -5
respectively. w| T 3'-TATTATGCTGAGTGATAXTCCCTCCTTCTATCTCGT-5'
.“E’ T-2 3'-TATTATGCTGAGTGATXATCCCTCCTTCTATCTCGT-5"
Results “m’ T-3 3'-TATTATGCTGAGTGAXTATCCCTCCTTCTATCTCGT-5"
| T-7 3'-TATTATGCTGAXGTGATATCCCTCCTTCTATCTCGT-5'
. . T-8 3'-TATTATGCTGXAGTGATATCCCTCCTTCTATCTCGT-5'
Introduction of Azobenzene into T7 Promoter for Photo- T 3'-TATTATGCTXGAGTGATATCCCTCCTTCTATCTCGT-5 !
regulation of Transcription. Azobenzene was additionally L T-10 3'-TATTATGCXTGAGTGATATCCCTCCTTCTATCTCGT-5"

introduced into either the nontemplate strand (N-series) or the
template strand (T-series) onthreoninol as shown in Scheme ¢ o
138 In this study, various azobenzene-tethered T7 promoters were X {:L.Wﬁ‘r@‘”\h _@
used by combination of the N-series and T-series strands o
(Scheme 1). The azobenzene moiety in the T7 promoter duplex
reversibly isomerized either by UV or by visible light irradiation
under the reaction conditions (see Figure S1 in the Supporting
Information). For example, almost all of the incorporated
azobenzene moiety &f-9/T-Nt took the trans-form in the dark
or after visible-light irradiation, whereas 32% of azobenzene
was isomerized to the ef®rm by UV irradiation? Because the
Tm values of these promoter duplexes were around°Gg
trans—cis isomerization did not induce dissociation of the duplex
at 37°C. Most of the photoregulatory transcription experiments
were carried out under these conditions.

T7 promoter consists of two functional regions, RNAP
recognition region (from the-11 to —4 site) and unwinding
region (from the—4 to —1), as shown in Scheme 1. Especially,

the bases from—1_1 tq —7 are knpwn to be bound by loop in photoregulatory efficiency of transcriptien defined as the ratio
T7 RNAP (loop-binding region in Scheme 1). The duplex in ot 16 amount of transcript after UV irradiation with respect to
the unwinding region will be melted by T7 RNAP. Our strategy 5t i, the dark afte2 h incubation, depended on the position.
is to introduce azobenzene into these two functional domains Highesta was observed foK-10/T-Nt, although transcription
for effective photoregulation of transcription. A typical time activity itself was about one-fifth of natural promotdd-(t
course of the transcription by T7 RNAP either in the dark T-Nt). With N-7, N-8, and N-9, relatively high transcription
(UV —) or after UV irradiation (UV+) is shown in Figure 1 5 iy was maintained, and theix was around 1.52.0.

with N-9/T-Nt tethering an azobenzene between the positions py,qqrequlated transcription was also observed when an azoben-
—9 and —10 on the nontemplate strand. Although transcript

5'-

0:p-OH
-3

azobenzene has higher activity than the tfomm. It should

be noted that UV irradiation did not at all affect the transcription
reaction with natural T7 promoter that has no azobenzene (see
naturalN-Nt/T-Nt promoter in Figure 2).

Photoregulation of Transcription with Modified Promoter
Tethering Single Azobenzene to the Loop-Binding Region.
Similar acceleration of transcription by transis isomerization
was also observed when an azobenzene was introduced from
—10 to —7, where the specificity loop of RNAP was reported
to be bound strongly (see the top of Schemé'1jrespective
of the position of azobenzene, the transcription process was
accelerated by UV irradiation as shown in Figure 2. However,

increased with time in both UW or UV —, its rate was (10) As depicted in Figure 1a, T7 RNAP produced two main transcripts. The
; . Fat _ lower band corresponded to the normal 17-mer transcript, and the upper
_dlfferer?t. transc_nptlon proceeded 1.5-fold faSter_ aft(_er uv band corresponded to the 18-mer, which involved an uncoded extra base
irradiation than in the dark Thus, N-9/T-Nt tetheringcis- at the terminal. In the present study, the amount of transcript was calculated
as the sum of both bands, because this extra base will not affect the
translation step. This one-base extension is always observed with T7
(8) Asanuma, H.; Tamaru, D.; Yamazawa, A.; Liu, M. Z.; Komiyama, M. RNAP: (a) Milligan, J. F.; Groebe, D. R.; Witherell, G. W.; Uhlenbeck,
ChemBioChen2002 8, 786-789. O. C. Nucleic Acids Res1987 15, 8783-8798. (b) Milligan, J. F.;
(9) Although photoisomerization showed sequence dependency, abeut 20 Uhlenbeck, O. CMethods Enzymoll989 180 51—-62. (c) Pleiss, J. A,;
40% of the azobenzene was isomerized to thdais by UV irradiation Derrick, M. L.; Uhlenbeck, O. CRNA 1998 4, 1313-1317.

under the conditions employed for all of the azobenzene-tethered T7 (11) Cheetham, G. M. T.; Jeruzalmi, D.; Steitz, T. Mature 1999 399, 80—
promoters used in this study. 83.
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(a) Incorporation of Azobenzene in the Unwinding Region.
Figure 3 shows the transcription by RNAP with a promoter
tethering an azobenzene downstream frem to +1 (an
azobenzene between the positiersand+1) where the duplex

wH+ 2208 e - . R is reported to be melted by RNAP.Interestingly, when an
RNA azobenzene was introduced into the nontemplate strand of this

Reaction
Time (min) 20 40 60 90 120

e A region, transcription was hardly suppressed in the cis-form as
W (-) e & = . compared to the naturdl-Nt/T-Nt promoter (see gray bars in
Figure 3a). Rather, the activity bF-3/T-Nt was a little bit higher

(b) than natural promoter without an azobenzene. On the contrary,
transcription was interfered in the trans-form, especially with
the N-3 tethering an azobenzene betweeB and —4. As a
result, the largest photoregulatory efficienay € 1.5) was
observed withN-3/T-Nt. Unlike the promoter tethering an
azobenzene to the nontemplate stranes@xies), the transcrip-
tion activity rather decreased in case that an azobenzene was
introduced into the template strand (see Figure 3b). Furthermore,
photoregulation was not observed fbr2 and T-3 at all.

Kinetic Analysis of the Photoregulation of Transcription.
As described in the previous sections, transcription activity was
higher incis-azobenzene than in the trans-form. Here, kinetic
assays were performed with-9/T-Nt and N-3/T-Nt as well
as naturalN-Nt/T-Nt by Michaelis-Menten plots of a tran-
scription rate as a function of the concentration of the
0 " ] I ; " ' promoteri? Interestingly, the curves of these two promoters were
o - « SR o TR - o O - o sl ¢ Sl 72 entirely different (compare Figure 4a with b), indicating that
Time (min) an azobenzene iMN-9 and N-3 played a different role of
Figure 1. Time course of the transcription at 3€ with a combination of photoregulation (see Figure _82 for the pIotsN)ﬂ\lt/T-Nt).'
N-9/T-Nt either in the dark or after UV irradiation. (a) PAGE patterns of F"0M these plotsky, and kear in both the trans- and the cis-
main products of RNA in the dark (UW) or after UV irradiation (UV+). forms could be calculated as in Table 1. ComparisoiN ¢
(b) Quantitative plots of the amount of incorporaté@-labeled ATP in with N-Nt revealed thaK, of N-9 was 1 order larger than that
the dark ©) or after UV irradiation Q). of N-Nt, wherea, of N-3 was almost the same wifk-Nt,
demonstrating that tethering an azobenzene at a specific loop-
zene was incorporated into the template strand of the promoterbinding region strongly interfered the binding of RNAP.
(Figure 2b, Fseries). In contrast witN-7 andN-8, transcription Furthermore, photoisomerization changed different kinetic
activity was lowered when an azobenzene was introduced intoparameters in each promoter: for the9/T-Nt, trans—cis

ATP incorporation (uM)

the opposite strand of the same position (comper@/T-Nt, isomerization did not changdea; but changed,. In contrast,
N-8/T-Nt with N-Nt/T-7, N-Nt/T-8 in Figure 2). keat doubled by trans-cis isomerization with a smaller change
(@) (b)
uv - + - + - * - + ! 1 age uv - + - + - + - + LI
RNA - Sl - %@ 40 w—a RNA e s vl S
i N- Nt N-7 N-8 N-9 N- 10 1 T-Nt T-7 T-8 T-9 T-10
' 57 {11 ablls
1| it Mt
0.9 1.5 03
§os o= 2.3 2.3 -+ S 08 2.1
g %7 s un § 07 T
£ 06 % 0.6 1.4
; 0.5 o 05
5 04 % 0.4 2.7
£ 03 3.0 AL 25
02 0.2
il
0 0

Figure 2. Photocontrol of transcription reaction with a promoter tethering single azobenzene to the (a) nontefpliates (a template strand) and (b)
template strandN-Nt as a nontemplate strand) in the T7 RNAP loop-binding region in the dark-{Uwhite bars) and after UV irradiation (UW, gray

bars) at 37C afte 2 h incubation. Photoregulatory efficienoy defined as the ratio of the amount of transcript after UV irradiation with respect to that in

the dark afte 2 h incubation, was also listed in the figure. Upper parts show the PAGE pattern of the main products, and lower parts show their quantitative
analyses. Relative conversion is defined as the ratio of the amount of RNA produced with respect to that of the natural provndteMt() in the dark

at 37°C afte 2 h incubation.
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(a) (b)
uv =11\ E=IAH (= PSR O = AR R =31 0 0 il s et M it
- P . . Bl =
RNA o SEs suas 2ol oo RNA i e e
N- Nt N+1 N-1 N-2 N-3 T-Nt T+1 T-1 T-2 T-3
1.3 1.3
1.2 o 1.4 1.5 1.2
: 1.1
1'1_ I I 0O =09 _I_ _I_ 1 JoCiT:
s M T 5 .
g 09 T § 09
® 08 B ¢ 08
5 0.7 s 07
$ 0.6 ; 0.6
4 =
s %2 oINS <2
S 0.4 o 0.4
{03 0.3 2.7
0.2 0.2
0.1 01
0 0
Figure 3. Photocontrol of transcription reaction with a promoter tethering single azobenzene to the (a) nontefltates (a template strand) and (b)

template strand\-Nt as a nontemplate strand) in the T7 RNAP unwinding region in the dark-(UWhite bars) and after UV irradiation (UV, gray bars)

at 37°C aftea 2 h incubation. Photoregulatory efficieney defined as the ratio of the amount of transcript after UV irradiation with respect to that under
dark afte 2 h incubation, was also listed in the figure. Upper parts show the PAGE pattern of the main products, and lower parts show their quantitative
analyses. Relative conversion is defined as the ratio of the amount of RNA produced with respect to that of the natural préindteMt() in the dark

at 37°C afte 2 h incubation.
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Figure 4. Michaelis-Menten plots of the transcription reaction (ATP
incorporation rate) by T7 RNAP as a function of the concentration of
promoter with (a)N-9/T-Nt and (b)N-3/T-Nt in the dark ©) and after
UV irradiation (1) at 37°C. The concentration of T7 RNAP was kept 0.15
uM. From a set of the data, a single set of the best-fit valueKfoand

keat Was obtained as listed in Table 1. In each figure, MichagMenten
curves, predicted from these setskgf andk.a, are also superimposed.

0
0

02 04 06 08 1

of Ky, for N-3/T-Nt. These results demonstrate that an azoben-
zene at the loop-binding region of the promoter controlled the
binding affinity and an azobenzene at the unwinding region

Table 1. Kinetic Parameters for N-9/T-Nt and N-3/T-Nt Promoters
Determined from the Michaelis—Menten Plots of Figure 4

promoter azobenzene Kn/1076M Keas™t Kea Kn/108 M~1 572
N-Nt/T-Nt& 0.30 0.34 1.1
N-9/T-Nt trans-form 4.13 0.22 0.053

cis-form 2.26 0.21 0.093
N-3/T-Nt trans-form 0.19 0.24 1.3
cis-form 0.14 0.37 2.6

aSee Figure S2 for the actual Michaetidlenten plots.

applications, still more clear-cut photoregulation of transcription
should be required. The above kinetic analysis revealed that an
azobenzene in a different region of the promoter played a
different role in the photoregulation, which prompted us to
introduce two azobenzenes into loop-binding and unwinding
regions, respectively. This combination significantly raised the
o with reasonable transcription activity as shown in Figure 5a.
For example,N-9-3/T-Nt involving two azobenzenes (see
Scheme 1 for the sequence) in the nontemplate strand interfered
transcription strongly under dark (UV): the amount of
transcript was below one-tenth with respect to that of natural
N-Nt/T-Nt. However, transcription fairly accelerated after UV
irradiation, resulting in high photoregulatory efficienay €

7.6). It should be noted that the dierm kept a reasonably high
transcription activity (see gray bar Nf9-3/T-Nt in Figure 5a).
Similarly, other combinationsN-7-3/T-Nt, N-8-3/T-Nt, and
N-3/T-9 involving two azobenzenes in both nontemplate and
template strands, respectively) also attained high photoregulatory
efficiency.

Photoregulatory efficiency was also high even when two
azobenzenes were introduced into the loop-binding region only
(see Figure 5b). However, transcription activity after UV
irradiation was so small that it was about one-tenth of the natural
promoter. These results indicate that high photoregulatory
efficiency was compatible with reasonable activity only when

changed the transcription rate constant (NTP incorporation rate).qyq az0henzenes were introduced into both specific recognition

Incorporation of Two Azobenzenes into T7 Promoter for
Still More Effective Photoregulation. Although photoregula-
tion of transcription was possible, photoregulatory efficiency
o was at most 2.0 withN-7/T-Nt or N-8/T-Nt. For the practical

1012 J. AM. CHEM. SOC. = VOL. 128, NO. 3, 2006

(12) Here, simple steady-state kinetic formalism depicted in Scheme S1 was
assumed according to the literature. (a) McClure, W.ARnu. Re.
Biochem1985 54, 171-204. (b) Martin, C. T.; Coleman, J. Biochemistry
1987, 26, 2690-2696.
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Figure 5. Photocontrol of transcription reaction with a promoter tethering two azobenzenes (a) to both the loop-binding and the unwinding regionlyrespective
or (b) to only the loop-binding region either in the dark (UY, white bars) or after UV irradiation (U, gray bars) at 37C afte 2 h incubation.
Photoregulatory efficiency, defined as the ratio of the amount of transcript after UV irradiation with respect to that in the darR hftacubation, was

also listed in the figure. Relative conversion is defined as the ratio of the amount of RNA produced with respect to that of the natural NrO{®t&t ]

in the dark at 37C aftea 2 h incubation.

and unwinding regions, respectively, each of which plays a between the adjacent base-pairs and fairly stabilized the duplex.
different role in the transcription. Further NMR analysis revealed that nonplanarazobenzene
also intercalated between the base-paiamd interfered with
the adjacent base-pairing (see Figure S4). These analyses suggest
Photoisomerization of Azobenzene in the T7 Promoter.  that cis-azobenzene induces much larger disordering of the
Photoregulatory transcription was achieved by introducing duplex than does the trans-form. W4 of cis-N-9 was smaller
azobenzene(s) into the T7 promoter, and its efficiency was than that of the trans-forngjs-N-9 bound to the RNAP stronger
quantitatively analyzed. In each experiment, almost all of the than did the trans-form. In the trans-form, an azobenzene was
azobenzene in the promoter took the trans-form in the dark or strongly intercalated between the adjacent base-pairs, and thus
after visible light irradiation, whereas about 30% was isomerized binding of the specificity loop to this region, such as recognition
to the cis-form under the present photoirradiation conditfons. of G-9 at template strand by R756 in the loop, was considerably
Therefore, all of the quantitative data faris-azobenzene” are  inhibited as schematically illustrated in the left of Figure 6. In
apparent values because they include 70%t@ns-azoben- case of the cis-form, presumably loosely intercalatgst
zene”. Far below thdy, trans—cis isomerization was rather  azobenzene would be forced to flip out by RNAP, or forced to
suppressed due to the stacking interaction. To raise the cis-change its position in a manner that RNAP could fit (see right
isomerization efficiency, UV irradiation at higher temperature of Figure 6). As a result, transcis isomerization decreaseg
(especially higher thaifm) or much stronger UV irradiation  and thus accelerated the transcriptién.
(such as a Xenon lamp as a light source) is effective. (i) Unwinding Region. When an azobenzene was incorpo-
Effect of the Position of Azobenzene in the T7 Promoter rated into the template stran@i{1 to T-3 in Figure 3b), both
on the Transcription. (i) Loop-Binding Region. Most of the the trans- and the ciorms significantly deactivated the
photoresponsive promoter tethering an azobenzene showedranscription. According to Steitz et Hibase-pairs from-4 to
trans-off and cis-on switching irrespective of the position in —1 (unwinding region) are melted by T7 RNAP and the
the promoter. However, photoregulatory efficiency and tran- template strand is directed into the catalytic site of transcription
scription activity fairly depended on the position. Furthermore, (see Figure S3b). Because the template strand at the unwinding
kinetic analysis revealed that the photoregulatory mechanismregion was strongly bound by the RNAP, azobenzene in this
was different in the position of an azobenzene as summarizedstrand would interfere the binding either in the trans- or in the
in Table 1. In the case d4-9/T-Nt, tethering an azobenzene at cis-form.
the loop-binding region, tranis isomerization did not change In contrast, introduction of azobenzene into the nontemplate
Keat but Ky, indicating that affinity of RNAP to the promoter  strand N+1 to N-3 in Figure 3a) did not much suppress the
was photoregulated. Steitz et al. reported the high-resolution transcription activity in thecis-form as compared to natural
crystal structure of T7 RNAP promoter compféxdemonstrat- promoter, whereas the trans-form suppressed transcription. A
ing that three amino acids in the specificity loop strongly interact kinetic study onN-3/T-Nt revealed that this photoregulatory
with G-11 (nontemplate), G-9 (template), and A-8 (template) effect was attributed téca; not K. Our result is similar with
from major groove through hydrogen bonds (see Figure S3a). the previous kinetic study carried out by Martin et al., reporting
An azobenzene iN-9, located between 6C at—9 and A-T that deletion of the nontemplate as far upstream as position
at —10 positions, interrupted the binding of T7 RNAP due to

the steric hindrance either in the trans- or in the cis-form. and (13) Distinct NOE betweenis-azobenzene and the imino proton of the adjacent
! base-pair was observed. Furthermore, these imino proton signals were

Discussion

thusKy, increased as compared MoNt/T-Nt. broadened due to the steric hindrance of intercalaizdzobenzene. See
; ; ; _ Figure S4.
Accordlng to the previous NMR analySIS of azobenzene (14) A similar photoregulatory mechanism will work for a serie\sh (7 <

tethered DNA dupleX, planar trans-azobenzene intercalated n < 10) promoters tethering an azobenzene at this region.
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Figure 6. Proposed mechanism for the changeKaf by trans—cis isomerization of azobenzene at the specificity loop-binding redib&/T-Nt) of the

promoter. In the trans-form (left), strongly intercalated azobenzene interfered the binding of RNAP, vadireezadenzene (right) would be forced to flip
out and facilitated the binding of RNAP.
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"

o

—
[l

—
-

Non-template  Template - _ would be strongly interfered. Yet tran<is isomerization
- |T:T[ [ facilitated the binding of RNAP (loop-binding region) and the
J | melting of the unwinding region, which switched the transcrip-
o ‘]:3*—" J tion on1® When two azobenzenes were introduced at the loop-
o C= EH=) binding region such aN-7/T-9 combination, they significantly
Ht —— ) disordered the original promoter duplex at the loop-binding
¥ '_*Ly_ [F=3 region where RNAP strictly recognizes. Therefore, binding of

, RNAP to the promoter would be strongly interfered either in
trans-azobenzene cis-azobenzene . ..
DNA duplex the trans- or the cis-form, and thus transcription was suppressed.
unwinding OFF N In conclusion, we have devised novel photoresponsive

Figure 7. Proposed mechanism for the acceleration of transcription by artificial promoters. By using the azobenzene-tethered promoter
trans—cis isomerization of azobenzene, which is tethered at the unwinding ’

region of the promoter. In the trans-form (left), duplex is firmly formed  tra@nscription can be efficiently and reversibly photoregulated.
and unwinding by RNAP is interrupted. On tramsis isomerization (right), The cis-trans isomerization of azobenzene by UV or visible
melting of this region is facilitated due to the steric hindrance of nonplanar light provides two different states of the promoter, which allows
cis-azobenzene. on—off switching of RNA production. These photoresponsive
promoters would be powerful tools for application in genetic
therapy and photoswitching nanodevices, as well as mechanistic
analysis of proteirr DNA interaction.

does not much affect the binding({), but leads to a 2-fold
increase irkca:° In other words, dissociation of the nontemplate
strand at around the unwinding region facilitates NTP incor-
poration without changing the affinity of RNAP to the promoter. Experimental Section

According to our previous S_Wdy on the azobenzene-tethered Materials. All of the conventional phosphoramidite monomers, CPG
DNA, trans-azobenzene stabilizes the duplex witigazoben-  cojumns, the reagents for DNA synthesis, and Poly-Pak cartridges were
zene destabilizes Tt.Trans—cis isomerization facilitates the  purchased from GLEN RESEARCH Co. T7 RNAP was purchased from
dissociation of the duplex. Assumedly, the duplex would be Takara Bio Inc. Enzyme concentration was determined by optical
firmly formed in the trans-form that prevented the melting, while density at 280 nm with an extinction coefficient of 1.4 1P M~!
melting of unwinding region was facilitated in the cis-form to cm™

accelerate the transcription (NTP incorporation), as illustrated ~ Synthesis and Purification of Promoter DNAs All promoter DNAs
in Figure 7. used in this study were synthesized using an automated DNA

L . synthesizer (Applied Biosystems model 394) by typical phosphoramidite
Synergistic Effect of the Two Azobenzenes in T7 Promoter chemistry. The synthesized oligonucleotides were purified by Poly-

onthe Photoregulatlon.Clear-cut.photoregula.tlon was achieved Pak cartridges followed by gel electrophoresis, and then desalted by
when two azobenzenes were introduced into both the 100p- reyersed-phase HPLC (Merck LiChrospher 100 RP-18(e) column).
binding and the unwinding regions, respectively. Photoregulatory Modified DNAs tethering the azobenzene moiety were synthesized from
efficiency a of N-9-3/T-Nt expected from the product of those  the corresponding phosphoramidite mononfefhe concentration of

of N-9/T-Nt andN-3/T-Nt (o. = 1.5 for both promoters) was  oligonucleotides was determined by measuring the absorbance at 260
about 2. Yet the experiment result & 7.6) far exceeded this ~ nm and using the integrated extinction coefficient of bases at 260 nm:
estimation. Thus, the synergistic effect of two azobenzenes for dA = 15200, dT= 8400, dG= 12 010, dC= 7050 and azobenzene
the efficient photoregulation is conclusive. Because two azoben- ésidue= 4100 M™* cm™%. All of the modified oligonucleotides used
zenes were introduced into the different regions, they did not We'® characterized by MALDI-TOFMS (Bruker AutoFLEX mass

. . . spectrometer in positive ion mode).
conflict with each other but cooperated the photoregulation. In N-Nt. Obsd: 10 866.6 (Calcd: 10 867.4J-Nt. Obsd: 10 624.0

FhIS case, reasonaply high transcription act|V|ty_was malntal_ned (Calcd: 10 626.0)N+1. Obsd: 11239.1 (Calcd: 11 242.5)-1.
in the cis-form. This cooperated photoregulation was mainly
attributed to the strong suppression of transcription in the trans- (16) In the double-incorporated azobenzene case, susHa8/T-Nt, we think

R that the most active species for the transcription after UV irradiation is the
f‘?rm- Assumedly’ strongly intercalated t\mns'_aquenzenes doubled cis isomer (ctscis isomer) whose population is about 10% of the
disordered the promoter duplex, and thus binding of RNAP total promoter. However, the possibility that only one cis isomer—(cis
trans or transcis), which exists in about 40% of the population, also
contributes to the effective transcription cannot be ruled out.
(15) (a) Maslak, M.; Martin, C. TBiochemistry1993 32, 4281-4285. (b) (17) King, G. C.; Martin, C. T.; Pham, T. T.; Coleman, JBiochemistryL986

Ujvéri, A.; Martin, C. T. Biochemistryl996 35, 14574-14582. 25, 36-40.
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Obsd: 11 248.2 (Calcd: 11 242.5\-2. Obsd: 11 238.8 (Calcd: or DeltaGragh (SPSS Inc.). In this experiment, the concentration of
11 242 .5)N-3.Obsd: 11 241.9 (Calcd: 11 242.5)-7.Obsd: 11 238.6 T7 RNAP was kept constant at 0.18/4. Other conditions were the

(Calcd: 11 242.5).N-8. Obsd: 11243.1 (Calcd: 11 242.5N-9. same as described above.
Obsd: 112415 (Calcd: 11 242.5)-10. Obsd: 11 242.7 (Calcd: Photoisomerization of the Azobenzene Tethered to T7 Promoters.
11 242.5).N-7-3. Obsd: 11618.3 (Calcd: 11 617.6)-8-3. Obsd: The trans-cis photoisomerization was achieved by using the UV light

11618.1 (Calcd: 11617.6)-9-3.0Obsd: 11 618.1 (Calcd: 11617.6).  from a 6W UV-A fluorescent lamp (FL6BL-A, Toshiba) to irradiate
T+1. Obsd: 11001.0 (Calcd: 11001.1J-1. Obsd: 11000.9  the sample through a UV-D36C filter (from Asahi Technoglass) for 1
(Calcd: 11 001.1).T-2. Obsd: 11000.7 (Calcd: 11 001.1)-3. min. The intensity of the UV light was below 10@J s* cm2
Obsd: 11001.5 (Calcd: 11001.1)-7. Obsd: 11000.7 (Calcd:  The cis—~trans isomerization was achieved by irradiation with visible
11 001.1)T-8. Obsd: 11 000.9 (Calcd: 11 001.1}9. Obsd: 109995 Jight from a Xenon lamp (UV Spot Light Source: HAMAMATSU

(Calcd: 11 001.1)T-10. Obsd: 10 998.3 (Calcd: 11 001.1). PHOTONICS) for 1 min through a L-42 filter (from Asahi Techno-
Transcription Reaction by T7 RNAP. Conditions for the T7 RNAP  giass). For the photoregulatory experiments, UV light was irradiated

reaction were as follows: [T7 RNAP (from TaKaR&3]50 unit in 20 before the incubation was started at 7.

uL (corresponding to 0.16M), [ a-32P]JATP] = 2 «Ci in 20 uL, [each

NTP] = 0.5 mM, [each strand of the promoter} 2.0 uM, and Acknowledgment. This work was supported by Precursory

[spermidine]= 2 mM. Tris-HCI buffer (40 mM, pH 8.0) containing  Research for Embryonic Science and Technology (PRESTO),
'ci!thltothrel_tcil G ”}'\f) Mlgct:’f (Z‘LmM)t' andl l\tlac'l[ @ c’j“M) was use?.d _ Japan Science and Technology Agency (JST). Partial support
Irst, a mixture or template and nontemplate strands was anneale |nb : : : e P
o ; . y a Grant-in-Aid for Scientific Research from the Ministry of
10'mM Tris-HCI buifer (pH 8.0) with 10 mM NaCl by heating at 95 Education, Culture, Sports, Science and Technology, Japan, and

°C for 3 min and cooling to 37C for 30 min. The mixture was then . S .
further cooled on ice, and stock solution involving NTPs and%P] The Mitsubishi Foundation (H.A.)) and Rotary Yoneyama

ATP was added. After the addition of T7 RNAP, the reaction mixture Memorial Foundation (M.L.) is also acknowledged.

was incubated at 37C for 2 h to achieve transcription. During the . . ) ) .
reaction, a small amount of this mixture was sampled at desired SUPPOrting Information Available: Supplemental Figure S1

intervals, and transcription was stopped by adding dye solution (UV—Vis spectra of the azobenzene-tethered T7 promoter
containing 80% formamide, 50 mM EDTA, and 0.025% bromophenol duplex), Figure S2 (MichaetisMenten plots of the transcription
blue (in the same volume as the sampled reaction mixture). This mixture reaction withN-Nt/T-Nt), Figure S3 (interaction between T7
was then subjected to electrophoresis on 20% polyacry&aimhM urea promoter and T7 RNAP), Figure S4 (local structure of DNA
gel. The full-length RNA separated on the gel was analyzed with a duplex around azobenzene), and Scheme S1 (kinetic model for
FLA-3000 bio-imaging analyzer (Fuji Photo-Film). runoff in vitro transcription by T7 RNAP). This material is

For the MichaelisMenten analysis, transcription was carried out 4, aijaple free of charge via the Internet at http://pubs.acs.org.
by changing the concentration of promoters. Data analysis and

presentations were carried out with Kaleidagraph (Synergy Software) JA055983K
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