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ABSTRACT

We describe a synthetic route for incorporating a photocleavable (PC) DABSYL moiety and fluorescein at adjacent cytidines in the middle of

a 25-mer oligodeoxynucleotide. In hybridization studies, both fluorescein and the photocleavable DABSYL reduced the Tn about 6 °C separately.
UV irradiation (355 nm, 2 min) removed the PC-DABSYL moiety, which increased the fluorescence intensity 51-fold and restored the melting
temperature. Caged fluorescent oligodeoxynucleotides (CFOs) will allow many DNA processes to be controlled with light.

Controlling cellular chemistry with photoactivatable “caged” with most biological samples. To achieve photomediated
compounds has been an active area of research for almostiene activationin vivo, researchers circumvented this
three decade'sCaged DNA and RNA would have particular  problem by incorporating multiple near-UV caging agents
utility for biological investigations, but these compounds into large coding regions of DNA or RNAHowever, such
have not yet been fully developed, due, in part, to the caging strategies required prolonged photoillumination to
challenges of accommodating a delicate photocleavableproduce activated nucleotides from heterogeneous mixtures.
moiety during oligonucleotide solid-phase synthesis. In an To cage DNA in a site-specific manner, the 6-nitroveratryl-
effort to create DNA oligonucleotides whose function can oxycarbonyl (NVOC) group was attached to th&position
be modulated with light, we have developed a new synthetic of thymidine and incorporated directly into oligonucleotide
route for the site-specific incorporation of a photolabile solid-phase synthestsUnfortunately, the NVOC group
leaving group. The additional attachment of a nearby proved to beoo stable, requiring irradiation fb h toreveal
fluorophore permits quantitative measurements of the un- the unmodified oligonucleotide. Recently, the photocleavable
caging vyield, which facilitates botin witro andin vivo 1-[5-(aminomethyl)-2-nitrophenyl]ethanol linker (PC) was
experiments. attached to the 5-position of -Beoxyribouridine triphos-

The utility of caged RNA for enzymatic studies was first phaté and was also incorporated near theeBd of a DNA
demonstrated by modulating the reactivity of a single 2 oligonucleotide®. The heterobifunctional PC linker has high
hydroxyl in the hammerhead ribozyme systéidowever, -
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Figure 1. (A) Design of CFO with simultaneous triggering of

uncaging and fluorescence. (B) Fluorescence spectra ofIGB®@5
uM in SSC buffer, pH 7) at increasing irradiation time, (355

nm, 0—3 min;Aex 491 nm). Inset: Photolysis was99% complete

by 3 min.

photocleavage efficiency at UV wavelengths (3885 nmY

fluorophore. The photocleavable linker modified with a
dimethylamino-azobenzenesulfonyl (DABSYL) quencher can
be attached after solid-phase synthesis to any DNA base with
a pendant amine. To demonstrate this chemistry and the
efficiency of photocleavage, we made CFD with a
DABSYL group and adjoining fluorescein, where the fluo-
rophore reports on the caged state of the DNA (Figure 1).
One long-term goal of these studies is to generate caged
antisense molecules that bind their complementary target and
fluoresce when triggered with light. As a proof-of-principle,
oligodeoxynucleotides were synthesized to target the gene
for chordin, a signaling protein important in establishing the
dorsoventral axis in zebrafish and many other vertebrate
organisms?

To our knowledge, CFQ is the first example of a caged
oligonucleotide whose photoactivation can be monitored in
real time by fluorescence spectroscopy. Photochemical bond
cleavage was achieved with modest exposure to UV light
(355 nm, 36 mW/cr), releasing PC-DABSYL and CO
Removal of the PC-DABSYL unit was 95% complete after
2 min, as determined by a fluorometer (Figure 1B). HPLC
analysis confirmed this result, where photocleavage of the
hydrophobic PC-DABSYL group froml shortened its
retention time on the C18 column from 11.3 to 6.1 min
(Figure 2). Photogeneration @fto reveal the aminoethyl-
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Figure 2. HPLC analysis of CFQL, before (above) and after 3
min of photolysis 4ir 355 nm). Detection channel: 260 nm.

deoxycytidine occurred rapidly and was concomitant with a
51-fold increase in fluorescence at 520 nm. This corresponds
to >98% quenching efficiency of fluorescein by DABSYL,

in agreement with other oligonucleotide-quenched probes that
similarly employ this donoracceptor pait! Spectral overlap

between the donor fluorescein emission and acceptor DAB-

and allows the attachment of a wide variety of fluoro- SYL absorption leads to efficient intramolecular resonance

phores’® quenchers,or biomoleculeto the oligonucleotide.
Here, we report a general approach for the convergent (g ) Bai, x.; kim, S.; Li, Z.; Turro, N. J.; Ju, Nucleic Acids Res.
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containing both the 2-nitrophenyl PC linker and a reporter Rothschild, K. JProc. Natl. Acad. Sci. U.S.A995,92, 7590—7594. (c)
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(8)) Pellois, J.-P.; Hahn, M. E.; Muir, T. Wl. Am Chem. So@004,
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energy transfer (RET) at distances approximating the Forstermelting temperature virtually identical to its cogna?e

distanceR, = 39 A22However, in CFQL, the short distance

Incorporation of both PC-DABSYL- and fluorescein-modi-

between donor and acceptor, as well as the high quenchingfied deoxycytidines into the middle dfproduced the lowest
efficiency, strongly suggests a contact-mediated quenchingTm,, 66 °C. This represents a°@ destabilization relative to

mechanisni?
Caged oligodeoxynucleotides and 3 (Table 1) were

Table 1. Oligodeoxynucleotides with Melting Temperatures
T

66.0 (0.2) 66.8 (0.3)
67.3(0.2)
69.4 (0.5) 74.2(0.2)
69.1(0.2)
74.6 (0.3)
75.1(0.4)

sequence (5' — 3')¢ T post?

ATCCACAGCAGCZYCTCCATCATCC
ATCCACAGCAGCXYCTCCATCATCC
ATCCACAGCAGCZCCTCCATCATCC
ATCCACAGCAGCYCCTCCATCATCC
ATCCACAGCAGCXCCTCCATCATCC
ATCCACAGCAGCCCCTCCATCATCC
Tg GGATGATGGAGGGGCTGCTGTGGAT

S OUR WN -

a Modified nucleosides in boldX, aminolinked dC;Y, fluoresceinated
aminolinked dC;Z, PC-DABSYL aminolinked dCP T,, measured after
complete photocleavage of PC-DABSYL. Uncertainties in parentheses.

synthesized by first incorporating 2-aminoethyl deoxycytidine
into the oligonucleotide, and, after solid-phase synthesis,
subsequently attaching the photocleavable DABSYL unit.
The aminolinked dC provides a convergent strategy for
attaching a variety of electrophiles under mild conditiéhs,

as the final step in CFO synthesis. The photolabile DABSYL
unit was covalently attached to the amine under mild

the native duplex6-Tg.

Association between fluorescein and DABSYL appears
to stabilize thel-Tg duplex, causing thé&y, to increase by
only 1 °C upon photocleavage of the DABSYL moiet¥,
= 66.0°C for 1-Tg vs 66.8°C for photolyzed1-Tg and
67.3 °C for 2-Tg. Such stabilization may occur through
hydrogen bonding or hydrophobic interactions, as has been
seen previously for other fluorophore-quencher pdiiigus,
future efforts to prevent DNA hybridization with blocking
groups must consider the position and number of photo-
cleavable moieties on the oligonucleotide, in addition to their
hydrophobicity and charge.

The pendant aminoethyl group on deoxycytidine has
remarkably little effect on the hybridization energy: compare
5-Tgand6-Tg (AT, = —0.5°C). Collectively, the data from
Table 1 suggest that the PC-DABSYL group and resulting
amino-linked photochemical product have little effect on
DNA duplex structure. Because only subtle structural
changes occur at the DNA backbone and the large DABSYL
moiety occupies the major groove, this linker and leaving
group provide an attractive route for modulating the binding
of many proteins. Experiments directed along these lines are
currently underway.

The ability to photoactivate CFOs on the seconds-to-
minute time scale is well suited for maimyvivo applications,

conditions in 50—54% yield. Yields were further improved sjince it minimizes damage to the biological sample and
by increasing the duration of the reaction, and unreacted maximizes spatial and temporal resolution. On the basis of
oligonucleotide was readily recovered by HPLC. The CFO yv—vis spectra, roughly 60% of the absorbed light between
synthesis serves as a mild alternative to the convertible 340 and 360 nm in CFQ is due to absorption by the
nucleoside approach for modifying bases in the middle of a 2-nitrophenyl PC linker, with DABSYL and fluorescein
synthetic oligodeoxynucleotid€.We believe that this cur-  making much smaller contributions. Our results show that
rently offers the best route for incorporating photolabile thjs is sufficient for quantitative photocleavage of the PC
leaving groups into the middle of a synthetic oligodeoxy- |inker, and activation can be monitored by fluorescence both
nucleotide. . _ in zitro andin zivo.

In B-DNA, the non-base-paired substituent on thé N CFO 1 is stable in ambient light over several minutes,

position of dC extends into the center of the major groove. \yhich facilitates its synthesis and handling. This compound
Thus, the modifications to dC were expected to show only |, 4¢ microinjected into living zebrafish embryos while

a modest steric effect in duplex formation to the target 25- ;;;uminated with a standard light microscope; no apparent
mer chordin sequenc&g. Oligodeoxynucleotides with PC- jhcrease in fluorescence was observed even 24 h later,
DABSYL-modified dC,3, and fluorescein-modified d@, indicating that the DABSYL moiety remained intact until
ex_h|b|ted melting tgmperaturgs°6: Iowe.r.tha.n unmod|f|eq iradiated with UV light. Complete uncaging df was

6 in complexes withTg. This destabilization energy IS 5chieved in living zebrafish embryos within milliseconds
comparable to most single-site mismatches and smgle—basqjsing a UV ion laser (Coherent II, 351 nm, 80 mW) and
modificat?ons observed in DNA duplexé%® Photolysis of inverted confocal microscope. However, tinezivo fluo-
3for 5 min at 355 nm to generateproduced the expected  egcence intensity proved to be difficult to quantify, due to
increase in melting termperaturdy, = 74.2°C for photo-  ncomitant photobleaching at high laser power. Addition-
lyzed 3 vs 74.6°C for 5. Irradiation of1 also yielded a 41y the attenuated fluorescence of CE@ade it impossible

to localize the oligonucleotide within the embryo prior to
photolysis.

However, photoactivation of CFOwith a low-power UV
lamp identified regions within the embryo that had incor-
porated the compound 24 h postfertilization (Figure 3).
Confocal laser scanning microscopy using a 32 anode
photomultiplier tube for fluorescence detection (Zeiss 510

(12) Stryer, L.Annu. Rev. Biochen1978,47, 819—846.

(13) Marras, S. A. E.; Kramer, F. R.; Tyagi, Sucleic Acids Re2002,
30, e122.

(14) (a) Markiewicz, W. T.; Groeger, G.; Roesch, R.; Zebrowska, A.;
Markiewicz, M.; Klotz, M.; Hinz, M.; Godzina, P.; Seliger, Blucl. Acids.
Res.1997, 25, 3672—3680. (b) Pieles, U.; Sproat, B. S.; Lamm, G. M.
Nucl. Acids. Res1990,18, 4355—4360.

(15) MacMillan, A. M.; Verdine, G. LJ. Org. Chem1990,55, 5931—
5933.
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In conclusion, a synthetic route for photoactivatable
oligodeoxynucleotides has been developed that will facilitate

g 12 the site-specific incorporation of many different fluorophores,
S 1000 1 ig:; quenchers, and biologically active molecules. The utility of
& 98 the 1-[5-(aminomethyl)-2-nitrophenyl]ethanol PC linker has
= ﬁg ] been validated for cellular studies on the basis of its general
‘.-:,, e Ak stability, efficient photocleavage, and low phototoxicity. With
g ol a careful choice of leaving groups, it will be possible to
O B21 G542 5td: 635: 1807 generate CFOs for which binding to nucleic acids or proteins
Wavelength (nm) can be modulated with light.
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