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Flavin-oligonucleotide conjugates: sequence specific photocleavage of DNA
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A flavin–oligonucleotide conjugate forms a stable triple helix
with a double-stranded DNA sequence of HIV-1, and
selectively photocleaves it at the 3A-G of a GG doublet
located 7 bases away from the flavin position.

Oligonucleotides can be used as selective inhibitors of gene
expression.1 Binding to double-stranded DNA results in short
triple helix formation which can block transcription.2 Moreo-
ver, attachment to the oligonucleotide of a reactive group that
can irreversibly damage the target DNA in a site-specific
fashion should potentiate the inhibitory properties of the
oligonucleotide.2,3

As a substituent of triple helix forming oligonucleotides
(TFOs), flavins such as riboflavin 1 (vitamin B2, Fig. 1) have
the advantage of displaying low toxicity and might be activated
in vivo by diaphorases to produce oxygen species to damage a
DNA target.4 Flavin–TFOs might also be useful tools for in
vitro studies: riboflavin is one of the most efficient natural

photosensitizers, and has previously been shown to induce
DNA oxidation5 and selective RNA cleavage.6 Upon irradia-
tion, netropsin–flavin conjugates are sequence-specific DNA-
cleaving molecules,7 and flavin–peptide conjugates are able to
repair a cyclobutane uracil dimer incorporated into an oligonu-
cleotide.8 Here, we show that flavin–oligonucleotide conjugates
selectively photocleave a double stranded DNA target present in
the HIV-1 genome and display original DNA photosensitisation
properties.

The flavin–TFO conjugates 3 and 4 (Fig. 1) were prepared as
previously described.9 The selected 16-mer TFO sequence has
been previously shown to allow triple helix formation with
duplexes containing the sixteen consecutive bases of the
polypurine tract (PPT, Fig. 1) of the HIV-1 genome.10 The
target duplex was obtained from a 241-mer PCR fragment
cloned into a pGEM-3Z plasmid. That the triple helix, formed
upon hybridisation of the flavin–oligonucleotide conjugate 4 or
the corresponding oligonucleotide 6 to the target duplex, was
located as predicted was shown from footprinting experiments
(data not shown). The protection of the whole PPT sequence of
the 241 base pair fragment from hydrolysis by DNase I
increased with increased amounts of both oligonucleotides. It
should be noted that only the flavin–TFO conjugate 4 gave rise
in the absence of irradiation to a large cleavage enhancement
selectively at the guanine residue located 7 bases downstream of
the triplex-duplex junction. This could be due to a local
deformation of the duplex specifically induced by the flavin–
TFO.

Triplexes were irradiated for 60 min with UV light and both
strands of the target were analyzed by electrophoresis. The
observed photocleavage was highly selective as it occurred
exclusively on strand 1 and at the closest DNAse I-sensitive GG
sequence, located 7 bases downstream of the triplex–duplex
junction (Fig. 2, lane 13). No cleavage on strand 2 could be
detected in spite of the presence of a GG sextuplet. With the free
flavin 2, alone (lane 7) or in the presence of the flavin-free TFO
6 (lane 11), the photocleavage occured at all G multiplets. No
cleavage was observed with the flavin-free TFO (lane 9).

In all cases, irradiation was absolutely required as no reaction
occured in the dark (lanes 6, 8, 10, 12). It is interesting to note
that the flavin system is very photoreactive; a low intensity light
source is able to induce the cleavage (365 nm, 5 mW cm22, 100
W UV or desk lamp). DNA cleavage was monitored by gel
electrophoresis after removal of the major part of spermine by
precipitation. Reaction yields were found to depend on the
heating time before electrophoresis in the presence of urea (pH
8), suggesting that base damage was heat-labile. Whereas only
25% of the target was cleaved after 3 min heating at 90 °C, the
yield was greater than 50% after 30 min heating. Further
treatment with 1 M piperidine at 90 °C for 30 min did not
increase this yield significantly.

To further characterize the reaction, we used 39-mer
oligonucleotides as the target duplex containing the PPT
sequence (Fig. 1). Again, a remarkably time- and light-
dependent selective cleavage was obtained, with the labile site
almost exclusively located at the 3A-guanine of the 5A-GG-3A

Fig. 1 Structures and sequences (phosphodiester linkages). d(C): 5-methyl-
2A-deoxycytidine; DNA target: PPT sequence in a 39 or 241 base pair duplex
present in the HIV-1 genome. The arrows indicate the sensitive GG
doublet.
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sequence of the target (data not shown). Longer irradiation
times also generated a minor amount of cleavage at the 5A-
guanine. While alkaline treatment did not significantly affect
gel profiles, treatment of the irradiated samples with the enzyme
formamidopyrimidine-DNA glycosylase (Fpg) before electro-
phoresis revealed a second type of damage. The latter, most
likely due to the formation of 8-oxo-7,8-dihydro-2A-deox-
yguanosine (8-oxodGuo),11 was detected exclusively at the 5A-
guanine of the same sensitive 5A-GG-3A sequence (data not
shown).

Similar results were obtained with the flavin–oligonucleotide
conjugate 3. These results provide the first indication of the
potential of flavin–oligonucleotide conjugates as selective
DNA photocleaving agents. Cleavage of a viral target occured
at only one GG site among 26 G multiplets present in the duplex
target (with a total of 111 G). It is likely that the observed DNA

damage is the result of electron transfer from guanine to the
photoexcited flavin acceptor,12 in agreement with GG doublets
being the most efficient donors.13 In addition to this high
selectivity, this system displays several original features which
have yet to be understood: (i) both the 3A- and 5A-G of the GG
doublet are damaged while previous studies indicated a higher
sensitivity for the 5A-G,13 and (ii) the reactive doublet is several
bases away from the presumed flavin site. Whether the reaction
is made possible by a local bending of the HIV DNA in the
proximity of the PPT boundary, thus allowing a direct
interaction between the flavin and the GG doublet (direct H-
abstraction from the sugar or electron transfer), or by a long-
range electron transfer14 is a fascinating question which remains
to be elucidated.

We thank Jacques Laval for the gift of Fpg, and financial
support from Agence Nationale de la Recherche sur le SIDA
(ANRS) is gratefully acknowledged.
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Fig. 2 Phosphoimager picture of a 12% denaturing polyacrylamide gel
showing the cleavage products of a 241 base pair duplex DNA target (10 nM,
Fig. 1), labeled on strand 1 at the 3A-end, alone (lanes 4,5) or incubated with
10 mM of the flavin 2 (lanes 6,7), the flavin-free TFO 6 (lanes 8,9), both 2
and 6 (lanes 10,11) or the flavin–TFO conjugate 4 (lanes 12, 13). Irradiated
samples (lanes 5, 7, 9, 11, 13) are compared to dark samples (lanes 4, 6, 8,
10, 12). Sequencing reactions: T (lanes 1, 16), [G+A] (lanes 2, 15), G (lanes
3, 14). Hybridisation: overnight at room temperature, 20 mM Tris, pH 6.8,
5 mM MgCl2, 0.25 mM spermine, 0.5 mg ml21 of calf thymus DNA;
irradiation (365 nm): 1 h at 4 °C, precipitation in EtOH and then heating in
urea (7 M, pH 8, 10 mM Tris, 1 mM EDTA) at 90 °C for 5 min. The vertical
line shows the presumed position of the flavin–TFO with the flavin moiety
at the 5A-end. The arrows show the unique site of damage in the case of 4.
The starting DNA material contained one contaminant (asterisk).
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