ORGANIC
LETTERS

Phototriggers for Nucleobases with e

Improved Photochemical Properties 4717-4720

Toshiaki Furuta,* '"* Takayoshi Watanabe, T Satoshi Tanabe, T Jun Sakyo, T and
Chie Matsuba T

Department of Biomolecular Science and Research Center for Materials with
Integrated Properties, Toho Usersity, 2-2-1 Miyama, Funabashi,
Chiba 274-8510, Japan

furuta@biomol.sci.toho-u.ac.jp

Received August 28, 2007

ABSTRACT
Br
RO
2 L.
0~ "NH =N RO
H
O | (gN hv | N/l%o 0
- . +
e} N/&o H,0 HO o 5 |
HO
0 OH ©
OH
Bhcmoc-dC (R=H) @e =900 at 350 nm, &, = 0.35 GM at 740 nm
Bmcmoc-dC (R=CH3;) @¢=1600 at 350 nm
Synthesis and photochemical properties of new photoremovable protecting groups for nucleobases are described. Four caged 2 "-deoxycytidines

(dCs) were synthesized, and their photochemical properties were measured under simulated physiological conditions. Two new coumarin-
caged dCs show better photochemical and photophysical properties than those of the caged dCs having previously reported caging groups.

Oligonucleotides and their synthetic analogues have beenfunctional molecules that can be activated by applying
recognized as tools that can control and manipulate geneexternal triggers, thereby enabling manipulation of gene
functions. Antisense oligos, antigene molecules, aptamers,expression, transcription activation, and translation inhibition
mMiRNAs, siRNAs, and non-coding RNAs are examples. A with high spatie-temporal resolution.

specific method for controlling function of these regulatory  Results of a previous study show that nucleobéses,
oligonucleotides is desirable to realize conditional activation internucleotide phosphatésr hydroxyl groups on ribose
or knockdown of genes of interest. These regulatory oligos
recognize their target sequences of DNAs or RNAs and give  (2) (a) Alvarez, K,; Vasseur, J. J.; Beltran, T.; Imbach, J.JLOrg.

a perturbation to their physiological functions. The process ﬁ?eg?fslgagsﬁi'nféiﬁ-é?eﬁ.e'”fr?{' r &gggﬁ'g" Séb'gfi'(’;")’"ﬂbﬁ;rtsn‘g"’vg'?e'
is mostly initiated by a complementary double-strand forma- silverman, S. KAngew. Chem., Int. E®005 44, 7305. (d) Krock, L.;

tion via base-to-base recognition. Heckel, A.Angew. Chem., Int. EQR005 44, 471. (e) Heckel, A.; Mayer,
. .G.J. Am. Chem. So@005 127, 822. (f) Lusic, H.; Young, D. D.; Lively,
Caged compounds are molecules designed so that theify ‘o ’. peiters, A.Org. Lett. 2007, 9, 1903.
biological functions will be temporarily masked and reac-  (3) (a) Monroe, W. T.; McQuain, M. M.; Chang, M. S.; Alexander, J.

; ; ; ; S.; Haselton, F. Rl. Biol. Chem1999 274, 20895. (b) Ghosn, B.; Haselton,
tivated by applying exterqal trlggers_such as ultraviolet light. F'R. Gee, K. R.. Monroe, W. TPhotochem. PhotobioR005 81 953.
Caged compounds of oligonucleotides would serve as new(c) Ando, H.; Furuta, T.; Tsien, R. Y.; Okamoto, Nat. Genet2001, 28,

317. (d) Ando, H.; Furuta, T.; Okamoto, Methods Cell. Biol2004 77,

T Department of Biomolecular Science. 159. (e) Shah, S.; Rangarajan, S.; Friedman, SArlew. Chem., Int. Ed.

* Research Center for Materials with Integrated Properties. 2005 44, 1328. (f) Nguyen, Q. N.; Chavli, R. V.; Marques, J. T.; Conrad,

(1) See, for example: Goeldner, M., Givens, R. S., BEymamic Studies P. G., Jr.; Wang, D.; He, W.; Belisle, B. E.; Zhang, A.; Pastor, L. M.;
in Biology: Phototriggers, Photoswitches and Caged Biomolecillékey- Witney, F. R.; Morris, M.; Heitz, F.; Divita, G.; Williams, B. R.; McMaster,
VCH: New York, 2005. G. K. Biochim. Biophys. Act2006 1758 394.
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ringst can be modified using photolabile protecting groups. ological solution (pH 7.2). Second, results of a previous study
Protection of nucleobases is advantageous when the compleshowed that the photolysis quantum yield of the Bhc group
mentary double-strand formation must be controlled. The was larger than that of other coumarin cages including the
collection of photoremovable protective groups designed for (7-diethylaminocoumarin-4-yl)methyl (DEACM) group {R

preparing caged compounds has been growing, reported = H, R? = EtN in Figure 1)%2 Third, the Bhc group has no
caging groups available for caged nucleobases are of onlystereocenters. In addition, we have reported Bhc-caged
two types: o-nitrobenzyl (NB-type) and 2e(nitrophenyl)- compounds of neurotransmittersecond messengersnd
ethyl (2-NPE-type) group5. MRNAs 349 All have improved photochemical properties

Although the reported compounds are useful for photo- for both one- and two-photon excitation conditions; they were
control of DNA or RNA structures and functions, NB- and used in either live cells, brain slices, or the whole body. We
2-NPE-type phototriggers present inherent drawbacks. Bothadded Bmc group, which is the 7-methoxy analogue of the
groups have their absorption maxima at around 290 nm, Bhc group, into an entry to see if free hydroxyl group in the
which results in poor absorption of uncaging light, typically Bhc group is necessary for photolysis efficiency. In addition,
of 330—-385 nm. To overcome this shortage, introducing if we were able to add a substituent in this position without
alkoxy substituents into the phenyl ring can give a longer sacrificing any photolysis efficiency, the synthetic scheme
absorption maximum with higher molar absorptivity. The would be simplified, and an additional function would be
introduction of alkoxy substitutions somehow reduces the tethered.
photolysis quantum yield; for that reason, the overall For this study, three types of caging groups were intro-
photolysis efficiency of the alkoxylateatnitrobenzyl group duced into C-4 exocyclic amine in deoxycytidine as car-
is almost identical to that of the parent compounds. Further- bamates to give four caged dCs (Figure 2). Photochemical
more, both NB- and 2-NPE-types need introduction of
substituents on the carbon atenor 5 to the leaving groups
to achieve improved photolysis quantum yields. Conse-

quently, the carbon atoms form an asymmetric center and Ry RenH
produce a pair of diastereomers when the group is used to N N A
produce a caged compound of a chiral molecule. Chromato- f\l ¢ /)N
graphic separation of the diastreomers is necessary to avoid o NTN

HO
the resultant complexity. HO o o
The purpose of this study is to develop new caged

. . OH
compounds of nucleobases having improved physical and OH
chemical properties. To achieve that goal, we investigated ~ 12 BhomocdC  2b: Bricioc-dA
the utility of coumarin-type protecting groups as photo- 1c: NvOC-dC
. . . 1d: NPPOC-dC
triggers for nucleobases. Among the coumarin-based caging
groups reportédwere chosen (6-bromo-7-hydroxycoumarin- RO id
4-y)methyl (Bhc) group (R= Br, R2 = OH in Figure 1J j\ o o
Re 7 © H,CO o)l\ 2 0
= O Ij\ﬂ O)j\
o) H3CO NOZ CH3
a: Bhcmoc (R'=H) c:NvoC d: NPPOC
X b: Bmcmoc (R'=CH;)
X 1
(:fx ©\/V Rm Figure 2. Structures of the caged nucleosides tested in this study.
NO, NO, R? 0" o
NB-type 2-NPE-type Coumarin-type

properties of the caged dCs were measured under the same
Figure 1. Phototriggers for caged compounds. X denotes a leaving reaction conditions, so that a direct comparison of their
group. photolysis reactivity could be made.

Two coumarin-type protecting groups, (6-bromo-7-hydroxy-
coumarin-4-yl)methoxycarbonyl (Bhcmoc) and (6-bromo-
7-methyoxycoumarin-4-yl)methoxycarbonyl (Bmcmoc), were
introduced into 2deoxycytidine (dC) using the temporal

for the following reasons. First, Bhc group has its absorption
maximum at around 370 nm with large molar absorptivity
(emax= 17,000-19,000 M*cm™) under a simulated physi-

(8) (a) Suzuki, A. Z.; Watanabe, T.; Kawamoto, M.; Nishiyama, K.;

(4) (&) Chaulk, S. G.; MacMillan, A. MNucleic Acids Resl998 26, Yamashita, H.; Ishii, M.; lwamura, M.; Furuta, Drg. Lett.2003 5, 4867.
3173. (b) Pitsch, S.; Weiss, P. A.; Wu, X.; Ackermann, D.; Honegger, T. (b) Furuta, T.; Takeuchi, H.; Isozaki, M.; Takahashi, Y.; Kanehara, M;
Helv. Chim. Actal999 82, 1753. Sugimoto, M.; Watanabe, T.; Noguchi, K.; Dore, T. M.; Kurahashi, T.;

(5) Mayer, G.; Heckel, AAngew. Chem., Int. EQ006 45, 4900. lwamura, M.; Tsien, R. YChemBioChen2004 5, 1119. (c) Nishigaki,

(6) Furuta, T. InDynamic Studies in Biology: Phototriggers, Photo-  T.; Wood, C. D.; Tatsu, Y.; Yumoto, N.; Furuta, T.; Elias, D.; Shiba, K_;
switches and Caged Biomolecul&oeldner, M., Givens, R. S., Eds.; Wiley- Baba, S. A.; Darszon, ADev. Biol. 2004 272, 376. (d) Wood, C. D

VCH: New York, 2005. Nishigaki, T.; Furuta, T.; Baba, S. A.; Darszon, A.Cell Biol. 2005 169,

(7) Furuta, T.; Wang, S. S.; Dantzker, J. L.; Dore, T. M.; Bybee, W. J.; 725.
Callaway, E. M.; Denk, W.; Tsien, R. YProc. Natl. Acad. Sci. U.S.A. (9) Ando, H.; Kobayashi, M.; Tsubokawa, T.; Uyemura, K.; Furuta, T.;
1999 96, 1193. Okamoto, H.Dev. Biol. 2005 287, 456.
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protection protocdf-%via the corresponding chloroformates || NG

to yield two new caged dCs: Bhcmoc-dGa and Bmcmoc-
dC (@b) (Scheme 1). Similarly, N-(6-nitrovertryloxycar-

Scheme 1. Synthesis of Bmcmoc-d@b
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bonyl)-dC, NVOC-dC 10% and 4N-[2-(2-nitrophenyl)-
propoxy]carbonyl-dC, NPPOC-dCld) were synthesized.

Figure 3. HPLC traces for the photolysis & (measured at 260
nm). Samples were analyzed after the specified irradiation time.

photolysis throughout the reaction (see also Figure S2 in
Supporting Information). Therefore, we can calculate pho-
tolytic quantum yields from the decay curves using the
equation® = 1/(I x 1Q%tgny), in Which | is the incident
light intensity in einstein c? s, € is the molar absorptivity

of each substrate at irradiated wavelength intidm=1, and
toos IS the time to reach 90% conversién.

Since the coumarin-type caging groups have no stereogenic

center, bothHla and1b were obtained as a single diastereo-
mer, wheread&d was obtained as a mixture of two diastereo-
mers and was subsequently used as a mixture.

The absorption properties of the caged dCs are summarized

in Table 1. Ther—a* absorption bands that are responsible

Table 1. Selected Photophysical and Chemical Properties of
Caged Nucleosides

Amax (M) €max (x 104 ¢ D350° Degs0°  Ourao?
la 292, 370 1.00, 1.40 0.084 900 0.35
1b 292, 329 1.13, 0.99 0.30 1600
1c 293, 346 1.33, 0.60 1.0 x 1073 6
1d 290 1.07 0.38 150
2b 269, 330 1.41, 0.96 0.24 1200
2c 269, 363 1.55, 0.49 1.1 x 1073 5

aMolar absorptivity (M1 cm™1). P Quantum yields for disappearance
of starting materials upon 350-nm irradiation in KMOPS (pH 7.2) containing
0.1% DMSO.¢ Product of the photolysis quantum yield and molar absorp-
tivity at 350 nm.9 Two-photon uncaging action cross section at 740 nm.

for the photolysis reaction lie at 370 nm fba and 329 nm
for 1b, indicating that alkylation of 7-OH on coumarin ring
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Figure 4. Time course for photolysis of the caged cytidines.
Samples (16° M) were irradiated at 350 nm (10 mJ/s) under
simulated physiological conditionda (red, a), 1b (black,m), 1c
(green,®), 1d (purple, ®).

Because the samples were irradiated continuously with
constant light intensity, the decay curves reflect the amount
of photolyzed caged cytosines during the specified irradiation
time. The faster decay curves represent higher photolysis
efficiency. Interestingly, the photolysis quantum yieldlbf
is 4 times greater than that @B, consequently the overall

engenders a nearly 40-nm blue-shift of the band. All caged photolysis efficiency®essg, the product of photolysis quan-
dCs studied were photolyzed to yield the parent dC and tum yield and molar absorptivity at the irradiated wavelength
photobyproducts upon 350-nm irradiation under a simulated (350 nm in this experiment) dfb is 2x as large as that of

physiological condition (aqueous buffer solution at pH 7.2).

la (Table 1). Although the reason for the difference in

For example, the HPLC traces shown in Figure 3 indicate quantum yields betweeta and1lb remains unclear, similar

the almost quantitative production of dC and (6-bromo-7-

enhancement was observed for (7-methoxycoumarin-4-yl)-

hydroxycoumarin-4-ylymethanol as a photo-byproduct. The methyl (MCM) (Rt = H, R> = OCH; in Figure 1) ester of
photolytic consumption of each of the caged dCs can be cAMP (MCM-cAMP); ® = 0.12 for MCM-cAMP and 0.062
approximated by single-exponential decay (Figure 4), sug- for its 7-hydroxyl counterpart (HCM-cAMPY. The ®e¢

gesting no undesired secondary effect that interferes with values of the coumarin-caged ddsiand1b) were markedly

(10) Ti, G. S.; Gaffney, B. L.; Jones, R. A. Am. Chem. Sod.982
104, 1316.

Org. Lett, Vol. 9, No. 23, 2007

(11) Tsien, R. Y.; Zucker, R. SBiophys. J.1986 50, 843.
(12) Furuta, T.; lwamura, MMethods Enzymoll998 291, 50.
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larger than those of other caged d@s &nd1d) at 350 nm, 1050 cnt* s photon?) at 740 nm, 0.19 GM at 760 nm, 0.18
which is advantageous for cell biological applications GM at 780 nm, and 0.16 GM at 800 nm. The values
because cell damage caused by UV irradiation must bemeasured here are similar to those of other Bhc-caged
diminished. compounds reported by our groUff, and are sufficiently
Although wavelengths of 350 nm and longer are desirable high to be useful for cell biological applications.
as an uncaging light source, it would be fair to make a  Finally, we tested whether the observed advantages of the
comparison to other wavelength ranges. All compounds showcoumarin cage in photochemical properties hold for puri-
two absorption maxima: one at around 290 nm and one atnergic nucleosides. Therefore, we synthesized caged adeno-
a longer wavelength (except fad). The shorter one at 290  sines Bmcmoc-dAZb) and NVOC-dA @c).?2 The overall
nm corresponds to the cytosine base; therefore, the longerphotolysis efficiency of2b summarized in Table 1 was as
ones absorbed by the protective groups must be responsibléarge as that olb and more than 200 times larger than that
for the photolysis reaction. Assuming that photolysis quantum of 2c for 350-nm irradiation.
yields are independent of the irradiated wavelength as long Results of this study demonstrate that photolysis quantum
as the same absorption bands are excited, we can estimatgields of caged cytidines were determined under the same
action spectra of uncaging efficiencpe at the longer reaction condition, which enables us to make quantitative
absorption bands (Figure 5). The photoreactivitylofis comparisons of their photochemical properties. The photo-
lytic efficiency of coumarin-caged nucleosides having

I Bhcmoc and Bmemoc groups on their nucleobases was

higher than those of NB- and 2-NPE-type caged compounds,

_:: meaning that we can reduce the uncaging light intensity with
1c the coumarin-caged nucleosides to minimize cell damage
- 1d caused by UV irradiation. The Bhcmoc-caged nucleosides

can be uncaged under a two-photon excitation condition with
practically high uncaging action cross section. In addition,
the coumarin-type caging groups have no stereo centers.
Consequently, when chiral molecules are caged, complexity
arising from diastereomer formation is avoided. Data reported
here should provide clues to facilitate selection of appropriate

Figure 5. Calculated uncaging action spectra of the caged cytidines. caged compounds of nucleobases.

Uncaging efficiency, @
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