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ABSTRACT cross-linking occurred botlin vitro and in vivo. In these
experiments a mutant of the target sequence was used to

Triple helix-forming oligonucleotides covalently linked demonstrate that the inhibitory effect was due to triple helix
to psoralen can be specifically cross-linked to both formation (.3,16).

strands of DNA at the triplex—duplex junction following In the present work, we have used a 15mer psoralen—

UVirradiation. We have previously shown thata 15mer oligonucleotide conjugate directed to the ILe2tomoter carried
psoralen—oligonucleotide conjugate forming a triple by a plasmid vector to directly detect triple helix formation inside
helix on the promoter of the a subunit gene of the human cells. An amplified primer extension assay has been
interleukin-2 receptor inhibits transcription of reporter developed to quantitate the site-specific psoralen photoadducts on
plasmids transfected |nt0.I|V|ng cells after irradiation. DNA.

In the present work, we directly demonstrate covalent DNA polymerases are efficiently stopped at covalently modified
triple helix formation at the target site inside cells. A bases in DNA 20,21). Recently it was shown that triple
primer extension assay using Taq polymerase was helix-forming oligonucleotide clamps coupled to a psoralen
developed to quantitate the DNA which had reacted derivative induced, after irradiation, a stop of elongation at the
with the psoralen of the triple helix-forming oligo- photoaddition site 29). In the present work, the use of Taq
nucleotuje. Photoaddition of the psoralen at the DNA polymerase which is stopped at psoralen-induced mono- and
target site was demonstrated, not only when the bi-adducts Z0) allowed detection of photoproducts on an

preformed triplex was electroporated inside cells, but electroporated plasmid and to demonstrate triple helix formation
also when the oligonucleotide was added to the culture inside cells

medium after plasmid electroporation and before

irradiation of the cells. MATERIALS AND METHODS

INTRODUCTION Plasmids and oligonucleotides

Oligopyrimidine and oligopurine oligonucleotides have beerrhe plasmid constructs containing wild-type and mutant I-2R
shown to bind to the major groove of duplex DNA atpromoter regions (positions —352 to +110) were described
polypurine-polypyrimidine sequences forming ipler helical  previously (,13; see Fig.1). The psoralen derivative of the
structure (-5). Intermolecular triplex-forming oligonucleotides 15mer oligonucleotide (Pso-15meC; see Bigvas synthesized
have been shown to inhibit transcription in several systems at t4¢ previously describedd). Unmodified oligonucleotides were
level of either elongatiorb¢10) or initiation through inhibition  purchased from Eurogentec (Belgium). They were purified on
of transcription factor binding3(11,12). Several reports have denaturing polyacrylamide gels.
described the effect of oligonucleotides in eukaryotic cells
(9,12-17). However, in all these experiments there was no diregl, o1qinduced cross-linking experimentsn vitro
demonstration of triple helix formation inside cells.
Psoralen—oligonucleotide conjugates can be used to cross-liRflasmids were incubated with various concentrations of
both strands of the target in a sequence-specific matB)@g)  Pso-15meC in the indicated buffer and irradiated using a Xenon
Covalent triple helix can efficiently inhibit transcription of reportedamp (150 W) in a Cunow housing system. The light was filtered
plasmids transfected into living cells, as previously demonstratéigrough a Pyrex filter to remove radiation below 310 nm. A filter
on the promoter of tha subunit of the interleukin-Zeceptor removing radiation below 390 nm (Type GG 395; Schott) was
(IL-2Ra) (13). Inhibition was observed when UV-induced added to obtain a majority of mono-adducts. The conditions of
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and DNA was extracted, precipitated and digested Miitll
endonuclease as described.

e 1430 - Triplex formation in cellsSamples of 10cells transfected with
; e IL-2Ra CAT plasmid (5pg) were incubated at 3T. After

} 15 min, 2QuM Pso-15meC was added. Cells were irradiated after
s 1 h incubation. Nuclei were isolated before DNA extraction and
il s &k cleavage witiMball endonuclease.

/ \ - Linear amplified primer extension assay
Butkst {ER-ZRTEnTE} Fy
! T - A The Mbdl endonuclease cleaves the template in the K-2R
:.::::::Tmn“:::::c |mm;: ::::::zz:_:“ promoter sequence 24 nt downstream of then@ of the
' i 4 oligopyrimidine strand of the triple helix target sequence (see
Fig. 1). A primer (21pu) corresponding to a sequence beginning
114 nt upstream of thibadl site and 90 nt upstream of the
oligopurine tract %end (Fig. 1) was used for extension
[Erozalen paozontduacal reactions.This primer, 21pu (8 nM), wasdbeled withy-32P and
mixed with DNA sample in 50l extension reaction buffer [16
mM (NHg)2SOy, 67 mM Tris—HCI, 1.5 mM MgG| 0.01%
Tween 20], 1 mM each dNTP and 2.5 U Tag polymerase

Rt
N
=
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e

L e i) | LR (Eurobio) were added and samples were overlaid withl50
c;?:‘;:‘:::zizz -.I :.I h': : mineral oil. The primer extension reactions were performed in a
1 L] . . . . g
* thermal cycling unit (Hybaid) under the following conditions:

95°C for 2 min, 58C for 55 s, 72C for 2 min; 25 cycles were
Figure 1.(Top) Plasmid construct containing the IL@Bromoter region (352  performed. Samples were separated after ethanol precipitation by
to +110) (see 13). TH indicates the position of the oligopurine—oligopyrimidineelectrophoresis on an 8% polyacrylamide denaturing gel. The gel
15 bp sequence. After cleavage wiitthall, the primer 21pu (SACTCAGCT- was dried and analyzed using a Molecular Dynamics

TATGAAGTGCTGG-3) was used for replication experiments. The products of : . .
replication corresponding to the covalent reaction of psoralen on the templatglﬂlosphorlmager to quantitate the primer extension stops at the

(90 nt, b) and unreacted template (114 nt, a) are represented at the top of tRg0toaddition sites.
figure. Bottom) Schematic representation of the psoralen bi-adducts obtained
with Pso-15meC. The psoralen linked to thpt®sphate of the oligonucleotide Quantitation of the p| asmid photoproducts

preferencially reacts with the two thymines at th€#A\-3' site of the duplex.
The plasmid IL-2R CAT (1 pg) was incubated with 1AM
Pso-15meC oligonucleotide, irradiated and digested &t @ih

DNA concentration, buffer incubation, temperature and time offil éndonuclease liberating a 37 bp fragment containing the triple
irradiation are indicated in the figure legends. helix site (Fig. 3A). Samples were electrophoresed on a
denaturing 20% polyacrylamide gel. After migration the gel was
. _ blotted on a nylon membrane (Hybond; NAmersham) in
Transfection experiments 10x SSC. Membrane was prehybridized for 2 h atC45n

5% SSC, 0.1% SDS, 2Q@/ml sonicated and denaturated herring
Preformed triplexiL-2Ra CAT plasmid (5ug) was preincubated sperm DNA. Hybridization of '532P-labelled oligonucleotide
for 2 h at 4C with 20pM Pso-15-meC oligonucleotide in id  25pu (complementary to the purine-rich strand of the target) or
buffer containing 10 mM KkPQy, pH 6, 0.1 M NaCl. Samples 25py (complementary to the pyrimidine-rich strand of the target)
of 107 cells (tumor T cell line C8166) were transfected by(10 pmol) was performed i8BSC, 5% SDS, in the presence of
electroporation as previously describéd)( After 15 min at 10 ug/ml denatured and sonicated herring sperm DNA, for 12 h
37°C, cells were irradiated at @, washed three times with PBS at 47 C. The membrane was washed twicexiSZC, 0.1% SDS
and nuclei were isolated under mild lysis conditions (5 min on ider 45 min at room temperature and analyzed using a Molecular
in a buffer containing 0.4% Nonidet P-40, 10 mM Tris—HCI, pH 7.5Dynamics Phosphorimager. Hybridization of a control oligo-
10 mM NacCl, 3 mM Mg, centrifuged for 5 min at 5@at4°C  nucleotide complementary to another fragment of the cleaved
and washed three times in PBS with 10 mM MYCThis  plasmid allowed us to normalize the quantity of DNA.
procedure was performed to eliminate extracellular plasmid
(which could interfere in the extension reaction). Nuclei wer@ligonucleotide stability and cellular uptake
lysed with 0.5% SDS. After proteinase K digestiond/nl, 2 h . . - .
at 37C), total DNA was extracted in phenol/chloroform For oligonucleotide uptake and stability studies, BP C8166

saturated with 0.3 M sodium acetate, precipitated twice with 5 vBE!lS were incubated at 3Z with 10 pM oligonucl_eotide;
ethanol and digested wiMboll endonuclease (0.2 . Pso-15 meC in 79l RPMI 1640, 20 mM HEPES with 10%
heat-inactivated fetal calf serum. After various times of

Triplex formation in isolated nuclebamples of 10cells were incubation cells were centrifuged. The oligonucleotide was
transfected with IL-2B CAT plasmid (5ug). After 15 min at  extracted from the culture medium with phenol/chloroform
37°C nuclei were isolated and incubated witluROPso-15meC  saturated with 0.3 M sodium acetate and precipitated with
at 37C in PBS with 10 mM Mg@Glin a final volume of 10Ql.  ethanol. The cell pellet was washed three times in PBS, lysed in
After various incubation times nuclei were irradiated for 30 mii0 mM Tris—HCI, pH 7.2, 10 mM NaCl, 2 mM MgC0.1% SDS
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and treated with proteinase K (1p@/ml) for 1 h at 37C. A 12 ATCG %24 58 7
Oligonucleotide was extracted with phenol/chloroform saturated

with 0.3 M sodium acetate and precipitated with ethanol. Samplesa —#
were electrophoresed in a denaturing 20% acrylamide gel. After
migration the gel was blotted on a nylon membrane and
hybridized with 532P-labelled 15mer AS RGAGGGA- 3
GAGGAAAA-3') complementary to Pso-15 meC. ::‘
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RESULTS AND DISCUSSION
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Detection of photoproducts on a plasmid templati vitro

A pyrimidine oligonucleotide—psoralen conjugate was previously
shown to induce cross-linking of the two DNA strands after
irradiation when it formed a triple helix, provided that there was
a 3-TpA-3 step at the triplex—duplex junctiobgj. Analysis of
cross-linked products showed that thé&'4furan) double bond
mainly reacts with the thymine adjacent to the oligopurine target
sequence. The resulting mono-adduct can absorb light at
wavelengths near 365 nm and form a bi-adduct (Ejg.
Mono-adducts involving the psoralen 3—4 (pyrone) double bond
cannot be converted into bi-adducts. B 104

The efficiency and specificity of triple helix formation with
psoralen—15mer conjugates were studied on plasmid dLE2R
with a sensitive detection method using Taq DNA polymerase
primer extension. After triple helix formation and irradiation, the
plasmid was digested with the endonuclédisdl. Extension of
the radiolabelled primer 21pu yielded a full-length product of
114 nt (Fig.d). An arrest of Taqg DNA polymerase by a psoralen
adduct should give rise to a truncated product of 90 nt.

When irradiation was omitted, or in the absence of third strand,
only a 114 nt product was obtained (Figlanes 3 and 4). This 0 T i ' ' ' y
fragment corresponded to termination of DNA synthesis at the o2 q R 1w 1z
Mball site. In the presence of the triplex-forming oligonucleotide Peo-18meC (L)
and after irradiatiol\(> 310 nm), a band appeared corresponding
to termination of synthesis at the adenine preceeding the thymine
which had reacted with the psoralen on the template strand. THjitgure 2. Detection of covalent psoralen adducts using a primer extension assay

and the plasmid as a templa#e) Gel electrophoresis of the replication products.

result is in agreement with those obtained with triple heIIX'The purine strand of the plasmid digested Wittoll was replicated using the

forming oligonucleotide clamps using 'mOdiﬁed T7 DNA primer 21pu (see Fig. 1). The plasmid ILe2RAT (lanes 3-7) or IL-2& CATm
polymerase (Sequenas@p). A second minor band one base (lanes 1 and 2) was incubated &@@or 2 h in 10 MM KHPQy, pH 6.5, 0.1 M
before the major stop appeared when irradiation time walaCl, in the presence of 1 Pso-15meC (lanes 1,2 and 4-7). Samples were

; ; irradiated § > 310 nm) for 1 (lane 5), 5 (lane 6) or 10 min (lanes 1-3 and 7). Lane
increased (Fng, lane 6)' The same phenomenon has bee is the non-irradiated control. Lanes A, T, C and G, Sanger sequence of the

previously observed by Sage and Moustacthiysing T4 DNA synthesized strand. The position of the arrest afliiol digestion site is shown
polymerase and DNA reacted with free psoralen. In experiments§ arrow a, the arrest at the TpA photoaddition site is shown by ar@yEfect
performed with the mutated plasmid IL-@RCATm, which of increasing concentrations of Pso-15meC on the fraction of elongation product
cannot form a triple helix (seB, no stop of polymerase was Stopped at the photoaddition site (arrow b in A).
detected at the TpA site (Fig. lane 2). This showed that both
stops observed in the wild-type plasmid were specific and due to
triple helix formation. Since two other TpA sites were present on
the DNA fragment, the absence of stop at these sites for lotigeir renaturation during primer hybridization at°65 The
irradiation times provided evidence for the specificity of psoraletemplate fraction which actually reacts with psoralen should
reaction at the duplex—triplex junction directed by oligotherefore be underestimated by the primer extension method. To
nucleotide binding to its target sequence. test this hypothesis, experiments were performed where mono-
The intensity of the truncated product reached a plateau aftatducts were selectively produced by irradiation in the presence
6 min irradiation ah > 310 nm. In subsequent experiments, amf a filter which removed radiations below 390 nm. Replication
irradiation period of 10 min was adopted. With an excess of thirest at the photoaddition site was determined on the plasmid
strand oligonucleotide a plateau of 65% truncated product wagposed for 10 min to irradiation in the presence of the filter
reached. Polymerization conditions with Tag DNA polymeraséFig. 2B). A plateau corresponding to 85% polymerase stop was
(denaturation at 9% and polymerization at 72) allowed reached. This value is in accordance with previous studies
dissociation of the three strands attached to the psoralen, but shewing that 85% of furane side mono-adducts were formed on
cross-link between the two strands of DNA is expected to favotire oligopurine- containing strand of a comparable sequegce (
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Figure 3. Detection of photoaddition products on plasmid IlaZBAT. (A) Schematic representationTdfl cleavage sites on the plasmid (indicated by arrows). A

37 bp fragment, containing the oligopurine-oligopyrimidine sequence was obtained by cleavage/eh8%l. The sequences of the oligonucleotides used as probes

for hybridization experiments are indicatel8)) $outhern blot offil-digested plasmid hybridized with oligonucleotide 25pu (lanes 1 and 2) or 25py (lanes 3 and 4).
The plasmid incubated with LM Pso-15meC was irradiated for 10 min in the presence of a filter removing radiation below 390 nm (lanes 1 and 3) or in the absen
of the filter @ > 310 nm) (lanes 2 and 4). A schematic representation of the photoaddition products is given on the left-gnicheiger¢entage of each adduct

was calculated from a quantitative analysis of the bands shown in (B).

To confirm that the primer-induced replication method allowedligonucleotides to probe the different species after gel electro-
us to quantitate photoproducts, experiments were performetioresis (Fig3B, lanes 1, 2 and 3, 4 respectively; see Materials
using another method of detection. After preincubation with thend Methods). Quantitative analysis of photoproducts 8&j.
oligonucleotide and irradiation &t> 310 nm oA > 390 nm, the showed that the presence of bi-adducts led to a slight underes-
plasmid was cleaved at 85 with the endonucleasg&fil  timation of the psoralen reaction when Tag polymerase was used
(Fig. 3A). Photoproducts were revealed on the purine anth detect photoproducts. When irradiation was performed without
pyrimidine strands using radiolabelled 25mer complementagy filter A > 310 nm), the maximum of polymerase arrest at the
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_ howrr af s 1 @ & B85 1 % 8 Triplex formation inside cells
insubatlen -
-'" m """* ;i The plasmid IL-2R CAT was transfected together with
. Pso-15meC into C8166 cells by electroporation. This cell line

constitutively expresses the Tax protein, which transactivates
IL-2Ra gene transcriptior26-29).

Transfected cells were irradiated 15 min after electroporation.
To avoid any contamination by external plasmid or plasmid
associated with the cell membrane, plasmid DNA was extracted
from nuclei and photoproducts were detected by primer extension

I I (Fig. 5A). When cells were irradiated for 30 min (15 min after
transfection), a significant fraction of the plasmid was detected as
Figure 4. Oligonucleotide stability and cellular uptake. Pso-15meC unpro- cross-linked to the 0"9°”U,C!e°t"?'e' a_S shown by ,the $t0p of
tected at the'@nd was incubated with C8166 cells and was extracted from thePOlymerase at the photoaddition site (BAj). Of the purine-rich
medium (I) or from cells (Il) as described in Materials and Methods. After strand, 30% had reacted with the psoralen linked to the
ifCtFOP:gfeifn:hE%ee'n‘;V;S fzé’btr;]‘ﬂzgic‘)mltgr;lecficgolfgfc'fd(:égosf‘;Cl'gr’]téféel)Iigonucleotide after 30 min irradiation. To confirm that the
mer , - . . -
Materials and Merihods). T?]le time of oligonucleotide?ncubation with tﬂe cellséit’nal was due to intracellular plasmid, th.e same experiment was
is indicated at the top of the gel in hours. The position of intact Pso-15mec iP€rformed after treatment of the cells with DNase | to degrade
indicated by the arrows. membrane-bound plasmids before isolating the nuclei. The
fraction of the plasmid template that had reacted with psoralen
and the signal intensity were similar to those obtained when cells
photoaddition site was 65%. Under the same conditions, 75% wére not treated with DNase | (data not shown). These
photoproducts (mostly bi-adducts) were detected on the purine-riekperiments showed that the triple helical complex prefoimed
strand by hybridization of radiolabelled 25py (P2, lane 2). vitro was stable, at least to a certain extent, within the cells.
However, in the presence of the filtkr( 390 nm) more than 80% However, the fraction of plasmid which was covalently modified
of the purine-rich strand had reacted with the psoralen, formirgy the psoralen was lower (50%) than that obtainedtro
mostly mono-adducts, in agreement with the plateau at 85(B5%). Several mechanisms can account for this difference.
observed in the primer extension assay (see2Big.From these Thirty minutes irradiation might not be sufficient within cells to
results, it was clear that the primer extension assay using a temptegch the plateau; the triplex may partially dissociate during
irradiated with a filter X > 390 nm) was suitable for quantitating electroporation or inside the cells. Previous studies have shown
psoralen—DNA mono-adducts. that CAT gene expression directed by the IlaZiRomoter was
inhibited after irradiation of HSB2 cells transfected with plasmid
in the presence of Pso-15meG)( The extent of inhibition was
70% when cells were irradiated 15 min after electroporation.
Oligonucleotide stability and uptake were studied by incubating Experiments were then performed to demonstrate triplex
cells or nuclei with the psoralen 15mer conjugate. After variodormation inside cells. To eliminate the problem of oligo-
times of incubation, oligonucleotide extracted from the cells waglcleotide penetration into the cells, triple helix formation on the
purified and analysed on a polyacrylamide gel (see Materials apthsmid template was first demonstrated in isolated nuclei
Methods). The gel was subsequently blotted and hybridized twhtained from cells electroporated with plasmid in the absence of
32p-jabelled oligonucleotide complementary to the 15methe oligonucleotide. The results are shown in Fig#eWhen
sequence of Pso-15meC (15AS). This method avoided theclei of electroporated cells were incubated for 1 h with
problem of2P release due to phosphatase activity in the cell afiRso-15meC, photoaddition products were detected. A significant
allowed us to study cell uptake and degradation’'ofabd fraction of the target reacted with the psoralen derivative, since
3'-modified oligonucleotides. 30% of the template was cross-linked to the oligonucleotide after

The Pso-15meC degradation profile in the cell line C8166 80 min irradiation. When nuclei were incubated for 2 h with the
presented in Figuré. After 2 h incubation, 50% of Pso-15meC oligonucleotide before irradiation, the fraction of photoproducts
remained intact in the medium. This oligonucleotide wasvas significantly reduced (Fi§B). This result is in accordance
5'-protected by psoralen and was probably degraded Myith the kinetics of degradation of the Pso-15meC oligonucleotide
3'-exonucleases and also by endonucleases. Degradation prodircthe presence of nuclei. These experiments showed that the
(shorter than 10 nt) could not be detected by hybridization of tigple helix was formed inside nuclei, indicating that the
labelled complementary oligonucleotide. The oligonucleotide wasigonucleotide was able to find its target in the nuclear
extracted from cells at different times of incubation and analyseshvironment. As observed when triplex was preformed outside
by gel electrophoresis (Figl). The intact Pso-15meC was the cells, the fraction of template which reacted with the
recovered from C8166 cells after 30 min incubation. Theligonucleotide did not exceed 30%. It has been previously
intracellular oligonucleotide concentration was maximal after 2 shown that oligonucleotides are quickly incorporated in isolated
incubation. This result, in accordance with several reports, showadclei 30), but an important fraction of the recovered oligo-
that full-length oligonucleotide persisted for several hours withinucleotide was associated with nuclear prot€ihS®).
cells (4,23-25). When incubated with isolated nuclei, the After demonstrating triple helix formation in isolated nuclei,
3'-unmodified Pso-15meC was quickly degraded in the mediume performed experiments where cells were first electroporated
(data not shown). After 1 h incubation, the full-lengthwith plasmid and then incubated with the oligonucleotide for 1 h.
oligonucleotide was almost undetectable in the medium. The cells were then irradiated and nuclei purified as described

Oligonucleotide stability and cellular uptake
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Figure 5. Detection of covalent triple helix on the plasmid inside cé\lsDetection of photoproducts on the IL@RAT plasmid preincubated with Pso-15meC

and electroporated inside C8166 cells as described in Materials and Methods. The times of irradiation of the cells are indicated at the top of the gel (in mint
Polymerase arrest at the restrictionidib®l| and at the psoralen photoaddition site are indicated by arrows a and b resp&jtidelgdtion of photoproducts formed

in C8166 nuclei on the IL-2ZRCAT plasmid. (Left panel) Cells were electroporated with the plasmid, nuclei were isolated and incubated for fi\Rigo2bmeC

and irradiated for 10 (lane 4) or 30 min (lane 5). Lane 3 is the non-irradiated control. Non-electroporated cells were irradiated for 30 min (lane 1) or not irradiated (la
in the presence of 3MM Pso-15meC. (Right panel) Nuclei of cells previously electroporated with the plasmid were incubated for various periods of tiph with 20
Pso-15meC and irradiated for 30 min. Times of incubation were 30 (lane 6), 60 (lane 7) and 120 min (lane 8). M is a series of size markers obtained by digesting pE
with Msp and radiolabelling the product€)(Detection of photoproducts formed on the plasmid inside C8166 cells. Electroporated cells were incubated for 1 h witt
Pso-15meC and irradiated for various times (minutes) as indicated at the top of the gel.

above. The product of replication arrest at the photoaddition sibents other than the targeted nucleic acid sequence stresses th
was detected inside isolated nuclei, as shown in Figlird/hen  importance of correlating inhibition of gene expression to triple
cells were irradiated for 30 min, 20% of the plasmid was detectéelix formation on the target DNA.
as cross-linked to the oligonucleotide. This result indicated thatAs shown previously in transient assays, the oligonucleotide
the oligonucleotide Pso-15meC penetrates cells and binds toRs0-15meC targeted to the IL&Rromoter leads after irradiation
target forming a local triple helix. As shown in Fig&@, a to a 70% decrease in reporter activitg)( In these experiments
plateau was not reached after 30 min irradiation. However, it wése plasmid and the oligonucleotide were co-transfected into the
difficult to use longer irradiation times, due to the toxic effect orells before irradiation. The results described above provide
cell viability. direct evidence that the oligonucleotide Pso-15meC does form a
To make sure that covalent triplex was formed inside livingriple helix inside cells.
cells and to eliminate dead cells we performed additional Recently, Svinarchulet al (36) studied triplex formation
experiments. Viable cells were recovered by density gradieimside cells on a plasmid gene with an oligopurine third strand by
centrifugation on a sodium diatrizoate poly(sucrose) gradieim vivoDMS footprinting assay. They showed that a footprint was
(Histopaque-1077; Sigma) 24 h after electroporation. Cells wedetectable only when the triple helix was preformmeditro
then incubated with the oligonucleotide, irradiated and thieefore electroporation. The differences between these data and
plasmid was extracted from nuclei. The fraction of cross-linkedur results may be explained by the use of different cell lines and
plasmid detected under these experimental conditions was thecause the methods of detection were not the same. In our
same as when cells were incubated with the oligonucleotide &&periments, we formed a covalent triple helix which is more
min after electroporation (data not shown). This demonstratéavourable for detection than footprinting.
that the photoproducts detected inside cells resulted fromin the present study, we have shown that triple helix-directed
oligonucleotide penetration into viable cells and were not relatesoss-linking of the psoralen—oligonucleotide conjugate occurs not
to damaged cells resulting from the electroporation procedure.dnly when the plasmid and oligonucleotide are preincubated before
all the experiments described above we did not detect amiectroporation followed by irradiation, but also when cells are
replication arrest at TpA sites other than the site targeted by tineubated with the oligonucleotide after electroporation of the
Pso-15meC oligonucleotide. Therefore the psoralen photoadalasmid and then irradiated. Control experiments showed that the
ucts detected by Taq polymerase are due to site-specific trigoss-linking reaction most likely occurred within the nucleus.
helix formation by the psoralen—15mer conjugate with its targ@&xperiments with nuclei isolated from cells electroporated with the

site on the plasmid within cell nuclei. plasmid revealed that the target sequence was accessible to the
oligonucleotide in the nuclear environment.
CONCLUSION Several reports have described the repair of triple helix-induced

photoproducts in cell8{—40). However, this mechanism seems
Several reports have described specific inhibition of expressiombe inhibited under certain conditiod§,@2). In our system we
of endogenous genes inside cells, but in all these experimeptsformed experiments indicating that the mono- and bi-adducts
direct evidence for triplex formation was not providedwere notrepaired eitherin HeLa nuclear extracts orin C8166 cells
(10,14,15,17,33,34). Interpretation of the results can therefore bafter 72 h incubation (manuscript in preparation).
controversial. For example, Michelotit al (35) recently Our data demonstrate that an oligonucleotide can form a
proposed that the previously reported inhibition ahyc  specific triple helix inside cells on an exogenous target. The next
transcription {5) involved oligonucleotide interaction with step will be to demonstrate covalent triplex formation on the
trans-acting factors rather than triplex formation. The complexityendogenous gene. For this purpose, modified oligonucleotides
of potential interactions of oligonucleotides with cellular compowith increased stability in cell culture medium should be used.
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The covalent attachment of a propylamino group at'theri®i- 16 Grigoriev,M., Praseuth,D., Guieysse,A.L., Robin,P., Thuong,N.T,,
nus of Pso-15meC strongly reduced degradation in the medium, Hg;ﬂfgsc- and Harel-Bellan,A. (1993)R. Acad. Sci. Paris Life S816
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helix formation in a quantitative way on the endogenous gen& Takasugi,M., Guendouz,A., Chassignol,M., Decout,J.L., LhommeJ.,
Oligonucleotide analogues in which the phosphodiester linkages ggggngé'\ég - and Helene,C. (19%ipc. Natl. Acad. Sci. USRS,
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