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and organisms by their effects on critical biomolecules. Some

of these compounds, such as porphyrins and flavins, are
endogenous and are thought to play a role in photocarcinogen-
esis because their reaction products may cause misreplication

(b)
light dark

of DNA.! Flavin derivatives, such as riboflavin or flavin
mononucleotide (FMN), can induce photooxidative DNA dam-
age via the generation of an 8-hydroxydeoxyguanosine
intermediate* In contrast to DNA, little is known about the
effect of photosensitizers on RNA. Particularly, it is unknown
whether RNA is a target for the photoinduced cleavage by
flavins or flavin derivatives.

Here we report that isoalloxazine derivatives, such as lumi-
flavin (1), riboflavin (2), and FMN @) (Scheme 1) can cleave
RNA molecules with overwhelming specificity at G base pairs
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Figure 1. (a) Secondary structure of the FMN-binding RNA aptamer
FMN-2, as confirmed by chemical-probing analysis. The isoalloxazine
binding site is indicated by the boxed region. The two cleavage sites
(CS) at the two @J wobble pairs present in this RNA are marked. (b)
Cleavage of 5%%P-end-labeled RNA FMN-2 by 206M FMN (3) in

via a photoinduced mechanism. Recently, we have isolated ancleavage buffer (250 mM NaCl, 50 mM Tris-HCI, pH 7.6, 12 mM

RNA aptamer by in vitro selectidnihat specifically recognizes
the isoalloxazine moiety & in solution® During the structural
characterization of this aptamédesignated as FMN-2 (Figure
1a), we discovered that isoalloxazine derivatives induce stran
breakage at the' ®f the uracil of GU wobble base pairs in an
oxidative photocleavage reaction.
observed with high specificity in other RNA molecules contain-
ing G-U pairs embedded within a helix and doest require an
FMN or isoalloxazine aptamer binding site in the RNA. The
specificity of the cleavage reaction is confirmed by testing yeast
tRNAMet yeast tRNA and several synthetic oligonucleotides
in isoalloxazine-induced photocleavage.

Incubation of the 53?P-end-labeled RNA FMN-2 with 200

uM 3 leads to a 53 nt cleavage product, as shown in Figure 1b.

The cleavage occurs downstream of U53, which is part of a
G-U wobble base pair within an 11 base pair helical region.
The constitution of this stem and thelGbase pair was proven
by chemical modification analysfs.In the secondary structure,

a second @J wobble base pair is formed by G43 and U6.
Cleavage of the'send-labeled RNA at this position could not

This strand breakage is

MgCl,) upon irradiation with light at various times and in the dark. (c)
Photoinduced cleavage of-ZP-end-labeled RNA FMN-2. Abbrev-
iations: T1 RNase T1-sequencing ladder; K, control, incubation for 1

dh at 25°C in cleavage buffer withous; FMN, incubation with 200

uM 3 for 1 h at 25°C in cleavage buffer; OH, alkaline hydrolysis
ladder. The cleavage sites correspond to products which terminate at
A8 and U55, respectively.
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cleavage phenomenon was first observed. The two affectdd G
pairs are located outside the well-defined 35mer flavin binding
site of the aptamer. However, to exclude that th&) Gpecific
cleavage in this RNA was a function of the specific aptamer
binding site for the isoalloxazine ring, we constructed a truncated

be resolved in the gel. To test whether cleavage also occurs afRNA version of this RNA, designated as FMN-2.del, in which

the 3 of U6, we incubated the'&nd-labeled RNA FMN-2 with

the complete FMN binding site (A67 to G85) was substituted

3. Two cleavage products were obtained, one correspondingPy @ GNRA loop and tested it in the cleavage reaction. The

to a cut at the 3of U53 and another one corresponding to
cleavage at the'3of U6 (Figure 1c). The strand breakage

RNA FMN-2.del had completely lost its affinity fat—3; the
formation of the 11 base pair stem was confirmed by chemical

reaction proceeds in a time dependent manner. FurthermoreModification analyses. FMN-2.del was cleaved at exactly the
cleavage can only be detected upon irradiation with visible light, S2Me site as FMN-2. This result clearly shows that the cleavage
whereas no product is formed in the dark even at an incubation féaction does not require the FMN recognition site contained
time o 2 h (Figure 1b). Isoalloxazine derivativds-3 were in the aptamers. We aIS(_) confirmed the generahty of the
all found to promote RNA photocleavage in the same fashion. cléavage mechanism by using yeast tRRéAwhich contains a

At this stage of our experiments, all cleavage reactions had Single USXG65 wobble base pair in the T-stem and yeast

been performed with the RNA aptamer FMN-2 in which the tRNA"which contains a G469 pair in the acceptor stem. A
single cleavage site at U51 in tRN¥&! and at U69 in tRNARe

respectively, was observed, while no other position in these
RNAs was affected by the photosensitizer.

In the RNAs described so far, the removed nucleoside
downstream of the uracil of the cleavedzbase pair was either
a guanosine or a cytosine. To find out whether cleavage occurs
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accordance with an oxidative cleavage mechariist. The
product analysis performed here shows that théeBnini
generated during the cleavage of RNAD#gre the same as the
ends produced in an oxidative cleavage mechanism.

The chemistry of oxidative cleavage processes also involves
the removal of the attacked nucleoside!? Comparison of
the position of the cleavage bands for tHe &d 3-labeled
substrates relative to the RNase T1-sequencing lanes (Figure
o ur . po 2b) shows that the’'8abeled product terminates at residue U53,
o on { \° } o on' oy* whereas the'dabeled product ends at U55. This observation
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uracil of the GU base pair, G54, is removed in the cleavage
process, indicative of an oxidative cleavage mechanfs#s.

—3abeled In contrast to the sharp bands obtained with théaBeled
1 b RNAs, we generally observed that the cleavage products derived
- from the 3-labeled RNAs were not well resolved in the
polyacrylamide gel. Thus, the cleavage reaction appears to
S'labeled oxidatively degrade the sugar in the nucleic a@@idin these
N b o mechanisms, different'@ermini are generate.
B L S 0L Interestingly, the cleavage reaction absolutely requires the
i presence of divalent metal ions, independent of the photosen-
—= . sitizer molecule used. In the presence of alkaline earth metal
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gy ions, such as Mg, C&", SP*, and B&" and also Z&" and
- C* at concentrations above 1.0 mM, the reaction is able to
o proceed equally well. No difference in the cleavage intensity

G50~

i ] ] ~ was found when reactions contained 2.0 mM EDTA with
Figure 2. Analysis of the end groups generated during the flavin- pivalent metal ions supplemented to the desired effective
induced strand breakage reaction. (a) Mechanisms of hydrolytic and ~gncentration. Although at present the exact role of the metal
oxidative cleavage reactions of RNA. In hydrolytic pathways, the 2 ion is unclear, we propose that it might be required first to
hydroxyl group of the nucleotide located upstream of the cleavage site mediate the re,cognition of the-G base pair by the isoalloxazine

participates in a nucleophilic attack on the phosphorus atom of the : - . . .
cleaved phosphodiester bond resulting iri,8 Zyclic phosphate group Zgg\}astﬁ,%ond' might act as a Lewis acid during triplet state

and a 5-hydroxyl group at the ends of the cleaved strands. During L _ e L.
oxidative cleavage processes, typically the ribose ring is destroyed Surprisingly little is known about specificity and even activity

which leads to the loss of one nucleotide and the formatiori-cdird of photosensitizer-induced RNA cleavage. The only known
5'-phosphate termiri? (b) Cleavage of 5 and 3-32P-end-labeled RNA example showing that RNAs are affected by photosensitizers
FMN-2 with 200 uM FMN (3) and visible light fo 1 h at 25°C. is the psoralen-induced photocrosslinkihgf various positions
Abbreviations: T1, RNase T1-sequencing ladder; K, control, incubation in ribosomal RNAs, tRNAs, and the spliceosome. The photo-
without 3; OH, alkaline hydrolysis ladder; FEDTA, FeEDTA/H,0, reaction of psoralens with RNA, however, occurs via a
oxidative cleavage. completely different mechanism than the cleavage mechanism

described here.

the uracil. Cleavage occurred independently of the residue |n summary, these results demonstrate 1he3 promote
located at the ‘3of the uracil involved in the @J base pairing.  photoinduced RNA cleavage, with an unexpected selectivity at
To analyze the end groups formed in the photocleavage G-U wobble pairs within RNA helices. The photoreaction
reaction, the migration of the product oligonucleotides was results in the removal of one nucleoside downstream of the uracil
compared with those obtained in a hydrolytic and oxidative residue. The effect absolutely requires bivalent metal ions. Our
cleavage reactioh.In a hydrolytic mechanism, the-Rydroxyl study thus represents the first example in which a structure motif
group of the nucleoside which is located at thédihe cleaved =~ made of an unusual base pair in an RNA is specifically
phosphodiester bond carries out a nucleophilic attack on therecognized and affected by a low-molecular-weight molecule.
phosphorus atom. This attack results in strand breakage and
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