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Triple-helix-forming oligonucleotides (TFOs), which can potentially
modify target genes irreversibly, represent promising tools for
antiviral therapies. However, their effectiveness on endogenous
genes has yet to be unambiguously demonstrated. To monitor
endogenous gene modification by TFOs in a yeast model, we
inactivated an auxotrophic marker gene by inserting target se-
quences of interest into its coding region. The genetically engi-
neered yeast cells then were treated with psoralen-linked TFOs
followed by UV irradiation, thus generating highly mutagenic
covalent crosslinks at the target site whose repair could restore
gene function; the number of revertants and spectrum of muta-
tions generated were quantified. Results showed that a phospho-
ramidate TFO indeed reaches its target sequence, forms crosslinks,
and generates mutations at the expected site via a triplex-medi-
ated mechanism: (i) under identical conditions, no mutations were
generated by the same TFO at two other loci in the target strain,
nor in an isogenic control strain carrying a modified target se-
quence incapable of supporting triple-helix formation; (ii) for a
given target sequence, whether the triplex was formed in vivo on
an endogenous gene or in vitro on an exogenous plasmid, the
nature of the mutations generated was identical, and consistent
with the repair of a psoralen crosslink at the target site. Although
the mutation efficiency was probably too low for therapeutic
applications, our results confirm the validity of the triple-helix
approach and provide a means of evaluating the effectiveness of
new chemically modified TFOs and analogs.
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Triple-helix-forming oligonucleotides (TFOs), which recog-
nize double-stranded DNA targets in a sequence-specific

manner, are promising tools for a variety of applications (1, 2).
In particular, TFOs can be used to introduce chemical modifi-
cations into selected targets in a sequence-specific manner. For
example, a TFO can be covalently linked to a psoralen molecule.
Psoralen is a bifunctional photoreagent that, upon irradiation at
365 nm, introduces a covalent crosslink into the target sequence
(3, 4). Thus TFOs have the potential to irreversibly modify target
genes, such as integrated retroviral genomes, and are envisioned
as promising antiviral molecules.

TFOs have been shown to be efficient in modulating gene
activity when assessed on exogenous reporter plasmids, when the
triple helix is preformed outside the cells. However, formation
of triple helices is not favored under physiological conditions,
and TFOs must be chemically modified to increase their affinity
for the target sequence. Data suggesting that TFOs can modify
endogenous gene activity are scarce (5–9), and major improve-
ments must be made for these products to attain satisfactory
levels of efficiency. More importantly, a triplex-induced mode of
action remains to be demonstrated by using proper negative
controls. Indeed, oligonucleotides can have unexpected side
effects in live cells. For example, it is well known that they can
bind to intracellular proteins in a sequence-specific manner (10,
11) and thus may have biological effects that are related to their

sequence but irrelevant to triple-helix formation (12, 13). For
negative controls, it is thus critical to change the sequence of the
target rather than that of the oligonucleotide.

Here, we have used an assay designed to detect and quantify
the functional interaction between a TFO and an endogenous
target sequence. Yeast, in which genes can be easily modified,
was chosen as a model system. The polypurine tract (PPT), an
oligopurineyoligopyrimidine sequence flanked by a 59-TpA-39
site (Fig. 1A) from the HIV-1 genome, was used as a target. The
PPT was introduced into the yeast URA3 gene, an auxotrophic
marker that was rendered inactive by an Ochre mutation in the
process. A TFO covalently attached to a psoralen molecule was
used to introduce crosslinks into the target sequence, at the site
of the Ochre mutation. TFO-targeted crosslinks are highly
mutagenic in eukaryotic cells (14, 15), and mutations reverting
the negative phenotype of the auxotrophic marker can be easily
detected in yeast by selection of the cells on an appropriate
medium, as demonstrated by preliminary experiments using
exogenous plasmids (16). In those studies, the number and
nature of the mutations were found to depend on the orientation
of the target sequence with reference to the URA3 gene pro-
moter, due to transcription-coupled repair and the specific
orientation of the psoralen crosslink in the triple-helix com-
plex (17).

In the present study, we have used two TFOs, identical in
length and sequence, designed to recognize the HIV-1 PPT: a
natural phosphodiester (PPO) and a chemically modified, N39–
P59 phosphoramidate (PPN) (18) oligonucleotide. This last
variant displays a better affinity for the target sequence when
assayed in vitro and is more resistant to nucleases (19). Both
TFOs were able to introduce mutations when used on exogenous
targets, but only the higher affinity PPN TFO was active on an
endogenous target inserted into the yeast genome. The muta-
tions generated by the PPN TFO were indeed caused by triple-
helix formation, because (i) modification of the target sequence
abolished their generation, and (ii) mutations generated in an
endogenous sequence were identical in nature to those gener-
ated on an exogenous plasmid on which the triple helix was
preformed in vitro and showed the same dependence on the
orientation of the target sequence.

However, the efficiency of gene modification by the PPN TFO
was quite low (the mutation frequency was increased only 10- to
100-fold above the background). Furthermore, when assayed on
two related endogenous targets that differ by 3 nt without any

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: TFO, triple-helix-forming oligonucleotide; PPT, polypurine tract; PPO, phos-
phodiester; PPN, phosphoramidate.

‡To whom reprint requests should be addressed. E-mail: ahbellan@vjf.cnrs.fr.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.050368997.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.050368997

3084–3088 u PNAS u March 28, 2000 u vol. 97 u no. 7



reversion from pyrimidine to purine, the PPN TFO showed some
level of cross-reactivity. Further chemical modifications thus will
be needed to improve TFOs and render therapeutic applications
possible. The experimental approach described here, which can
be adapted to any target of choice, should be useful to monitor
those improvements both quantitatively and qualitatively.

Materials and Methods
Oligonucleotides. The PPO TFO (sequence shown in Fig. 1)
coupled to psoralen (16, 17) was obtained from Appligen Oncor

(Illkirch, France). The PPN TFO (identical sequence, see Fig. 1)
(20) coupled to psoralen was obtained from Lynx Therapeutics
(Foster City, CA). Unmodified oligonucleotides that were used
for constructions, PCR and sequencing, were purchased from
Eurogentec (Seraing, Belgium).

Construction of Modified URA3 Alleles. The URA3 defective alleles
containing the HIV-1 PPT, the HIV-2 PPT, or a modified
version of the HIV-1 PPT used as a control were constructed by
inserting 42-bp fragments immediately downstream from the
ATG initiation codon in the two possible orientations, gener-
ating, respectively, ura3::hiv1pur, ura3::hiv1pyr, ura3::hiv2pur,
ura3::hiv2pyr, ura3::TpApur, and ura3::TpApyr (see Fig. 4A for
the sequence of the pyr alleles). YEplac181 and YEplac112
episomal plasmids carrying these alleles were constructed for use
in experiments on exogenous DNA (16, 17). Strains containing
these alleles were derived from FF18 733 (Mat a, ura3–52,
trp1–289, leu2-, his7–2, lys1–1), by homologous recombination
using standard procedures. In addition, two strains containing
the HIV-1 PPT in direct or inverted orientations were derived
from CmY826 (Mat a, ura3–52, trp1D163, leu2D1, his3-200,
lys2–801, ade2–101, bar1::HIS3). Replacement of the endoge-
nous URA3 allele by the modified versions was verified by
Southern analysis and direct nucleotide sequencing.

Assays on Exogenous Plasmids. Triplex formation and irradiation,
DraI restriction analysis, renaturing gel electrophoresis, and
yeast transformation experiments were performed as described
(16, 17).

Assays on Endogenous Genes. Cells were made competent for
electroporation as described (21). For each assay, 108 cells were
used in a total volume of 50 ml. A single square pulse of 2 kVycm
and 12 ms was delivered by using a Bio-Rad electroporator with
an RF module. After the pulse, cells were allowed to recover for
10 min. They then were resuspended in PBS (108 cellsyml),
irradiated for 5 min at room temperature by using a 365-nm
monochromatic lamp (Bioblock, Illkirch, France) and plated on
medium lacking uracil, adenine, or lysine.

Molecular Analysis of Mutants. DNA from mutants was isolated by
using standard procedures (22). The URA3 allele was amplified
by PCR with primers specific for the endogenous allele or
primers specific for the plasmid-borne allele. PCR products were
purified by using a QiaQuick PCR purification kit (Qiagen,
Chatsworth, CA) and sequenced by using nested primers.

Results
The PPN and PPO TFOs Generate Mutations on Exogenous Plasmids. In
preliminary experiments, the selection system was used to
demonstrate, quantify, and analyze the effects of psoralen-linked
TFOs after preforming triplexes on exogenous plasmids harbor-
ing the target PPT inserted into a URA3 coding sequence in such
a way as to inactivate it by an ochre mutation at the psoralen
insertion site (Fig. 1 A, TAA). Two TFOs, a PPO and a PPN,
were used. They were of identical length and sequence and
previously have been used to bind to the PPT sequence and
target psoralen crosslink formation after UVA irradiation (365
nm) (23, 24). The affinities of the PPO and PPN TFOs for the
target were compared in vitro, using an assay in which digestion
of the target by DraI, at the site overlapping the psoralen
insertion sequence (see Fig. 1 A), is inhibited by the crosslinked
TFO. Results (Fig. 1B) indicated that the PPN TFO was 10-fold
more efficient in inhibiting DraI at the target site, indicating that
it displays a better affinity for the sequence than the PPO TFO.
Moreover, DraI digestion at other sites carried by the plasmids
was not affected, demonstrating the specificity of the crosslink
targeting (Fig. 1B Right). To test the ability of the TFOs to

Fig. 1. Analysis of TFOs in vitro and on exogenous plasmids. (A) Sequences
of the target gene and the TFO (shown bound on the target gene); two
variants of the TFO were used with identical length and sequence but differing
in their chemical modification (see text). The ochre codon is indicated in bold.
The cytosine in the oligonucleotide is methylated. The furane (F) and pyrone
(P) sides of the adduct are indicated, as is the position of the DraI restriction
site. (B) The PPN TFO binds to the target sequence with greater affinity than
does the PPO TFO. A plasmid including the target sequence
(YEplac181_ura3::hiv1pur) was incubated with increasing doses of TFOs, irra-
diated with near UV light, and submitted to DraI restriction. Shown are dose
curves of DraI inhibition by the PPN or the PPO oligonucleotides, as indicated.
(C) Frequency of the mutations generated on an exogenous episomal plasmid
(YEplac112_ura3::hiv1pyr) by the PPO TFO, the PPN TFO, or in the absence of
TFO (UVA). Triple helices were preformed on plasmids in vitro. Samples were
irradiated, resulting in the introduction of covalent crosslinks into a high
proportion of the target plasmids—proportions, which, under the conditions
used, were similar for both TFOs as shown by renaturing gel electrophoresis
analysis (Left; DS, double-stranded, crosslinked species; SS, single-stranded,
noncrosslinked species). The plasmids were used to transform ura3–52 yeast
cells. The mutation frequency was defined as the ratio between the number
of induced URA31 revertants and the total number of transformants. Shown
is the mean value of three independent experiments.
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modify a gene when linked to their target sequence, the two
TFOs were next crosslinked to a target plasmid by irradiation at
365 nm by using saturating concentrations of TFOs, and thus
under conditions that resulted in similar efficiencies of crosslink-
ing (Fig. 1C Left). Standardized amounts of crosslinked plasmids
were introduced into yeast cells, and URA3 revertants were
selected on an appropriate medium. PPO and PPN-treated
plasmids had similar transformation efficiencies. Both oligonu-
cleotides generated mutations in the target URA3 gene, although
the PPN TFO generated fewer mutations than the PPO TFO
(Fig. 1C). These mutations were similar in nature and were
generated by similar repair pathways (ref. 16 and data not
shown).

The PPN TFO Generates Mutations in an Endogenous Target. The two
TFOs were analyzed next on the PPT target inserted into the
endogenous URA3 coding sequence. TFOs were electroporated
(21) into the genetically modified yeast. Cells then were irradi-
ated, and URA3 revertants were selected on medium lacking
uracil. The PPN TFO generated a significant number of muta-
tions in the target gene (Fig. 2, ura3::hiv-1). This was not
observed at two other loci corresponding to auxotrophic marker
genes harboring either the same ochre mutation (Fig. 2, ade2–
101) or an amber mutation (Fig. 2, lys2–801). Most importantly
(Table 1), no mutations were observed on a sequence inserted
into the URA3 gene at the same location as the cognate sequence
but which impedes triplex formation in vitro, even though it

contains the 59-TpA-39 psoralen target site of the PPT (Control,
Table 1). This result indicates that the mutations generated in the
PPT target sequence (Table 1, Fig. 2) resulted from the inter-
action with the TFO. Under the same conditions, the PPO
oligonucleotide did not give rise to mutagenesis above back-
ground levels. UVA irradiation was found to be necessary for
PPN-targeted mutagenesis (data not shown), and the mutation
spectrum was consistent with psoralen crosslink-induced mu-
tagenesis (Fig. 3C). In all experiments oligonucleotides designed
for gene conversion at the URA3 locus (21) were used as positive
controls to test for reversion of the ura3-deficient alleles. The
oligonucleotide designed for gene conversion of the HIV-1
target generated numbers of transformants that were similar to
those obtained through the PPN TFO (data not shown).

Comparison Between Mutations Generated in Exogenous and Endog-
enous Targets. Further demonstration of a triple-helix-induced
effect comes from a comparison of the mutations observed on
the endogenous gene on the one hand, and the mutations

Fig. 2. A PPN TFO generates mutations in a cognate endogenous target
sequence and not in unrelated genes. Number of revertants generated by a
PPO TFO, a PPN TFO, or in the absence of TFO (UVA), as indicated, on the HIV-1
target sequence inserted into the endogenous URA3 gene (ura3::hiv-1), or on
irrelevant genes (ade2–101 and lys2–801) of a CmY826-derived strain. TFOs
were electroporated into intact yeast cells, cells were irradiated, and URA31,
ADE21, or LYS21 revertants were selected on the appropriate medium.
Shown is the mean value of three independent experiments. The HIV-1 target
sequence is shown in Fig. 4A.

Fig. 3. The frequency and types of mutations generated by the PPN TFO
depend on the orientation of the target sequence with respect to the gene
promoter. (A) Sequence of the target in the direct and inverted orientations
showing the preferential orientation of the psoralen crosslink positioned by
the TFO. (B) Number of revertants generated at the target site in the direct and
inverted orientations. CmY826-derived cells carrying a direct or inverted HIV-1
PPT were electroporated and selected as in Fig. 2. (C) Mutations generated on
exogenous or endogenous targets are similar in nature. Graphs indicate the
proportion of each type of mutation, determined by sequencing the mutants
obtained through UVA irradiation (UVA on chromosome), through action of
the PPN TFO on endogenous HIV-1 PPT targets (PPN on chromosome), or in
experiments in which the triplex was preformed on plasmids
(YEplac112_ura3::hiv1pur and _ura3::hiv1pyr) in vitro (PPN on plasmid). The
number of mutants analyzed is indicated below each graph. A similar effect of
the orientation of the target was observed in the FF18 733 background, so that
sequencing results obtained in both the CmY826 and the FF18 733 back-
grounds were pooled.

Table 1. Generation of mutations is caused by triple-helix
formation

Target

HIV-1* Control*

UVA 4.6 (3-3-6-5-6)† 2 (0-3-2-4-1)†

PPN, 1 mM 22 (20-28-18)† 3.6 (5-5-1)†

PPN, 10 mM 73.5 (104-43)† 5.5 (8-3)†

*Both strains were derived from FF18 733. The sequences of the HIV-1 and
control target are shown in Fig. 4A (HIV-1, Cont).

†Number of transformants per 108 cells: mean. Individual results of indepen-
dent experiments are indicated in parenthesis.
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generated on an exogenous plasmid, on which the triple helix was
preformed before introduction into the cells, on the other hand.
In the experiments on exogenous plasmids, the number and type
of lesions generated by irradiation of the triplex can be precisely
assessed in vitro, so that induced mutagenesis can be unambig-
uously attributed to triple-helix-directed psoralen crosslinks
(16, 17).

Using the PPO oligonucleotide, we previously had demonstrated
(17) that the frequency of the mutations generated on an exogenous
plasmid depended on the orientation of the target sequence with
respect to the gene promoter (Fig. 3A): about three times more
mutations were generated in the ‘‘inverted’’ orientation (by refer-
ence to the orientation of the sequence in the HIV-1 genome) than
in the direct orientation. In addition, the orientation of the se-
quence also influenced the nature of the mutations generated by
crosslinks introduced through a TFO (17). This asymmetry was
shown to be the result of (i) the preferential repair of the transcribed
strand, (ii) the differential repair of the furane and the pyrone
adducts of the psoralen, and (iii) the preferential orientation of the
psoralen molecule in the triple-helix-targeted crosslink, with the
furane side of the psoralen linked to the purine strand of the target
sequence (Fig. 1A). The same asymmetry was observed with the
PPN TFO assayed on exogenous plasmids (data not shown).
Strikingly similar results were obtained with the target sequence
inserted into the endogenous URA3 gene (Fig. 3B). The inverted
orientation resulted in four times more mutations than the direct
orientation. Furthermore, the spectrum of mutations generated in
a given orientation on the exogenous plasmid matched that gen-
erated on the endogenous gene in the same orientation (Fig. 3C).
In addition, these mutations were distinct from those observed in
control cells treated with UV only (UVA). Taken together, these
results indicate that the mutations in the endogenous gene result
from the formation of a triple helix at the target site.

Specificity of Gene Modification. The specificity of the interaction in
live cells is a very important issue for oligonucleotide-based ther-
apeutic applications. To address this issue, we have compared two
homologous target sequences inserted at the same locus in isogenic
yeast strains: the HIV-1 and HIV-2 PPTs differ by a few nucleotides
without any interruption in the oligopurine tract (Fig. 4A). The PPN
TFO discriminates between these two sequences in vitro, and, in the
DraI inhibition assay, the ID50 (dose at which a 50% inhibition is
observed) on HIV-2 is about 20-fold higher than that on HIV-1
(Fig. 4B). In vivo, however, the difference between the two se-
quences was less pronounced, and the dose curves of generated
mutants were hardly distinguishable (Fig. 4C). Note that the PPN
TFO did not modify a control sequence with pyrimidine to purine
reversion (Fig. 4C, Cont). This result indicates that the mutations
in HIV-1 and HIV-2 derived from triple-helix formation, which in
vivo occurs on the two HIV PPTs.

Discussion
The ability of TFOs to modify a selected target gene in live cells
is an important issue, in view of the potential applications of this
strategy, in particular in antiviral therapies. The use of psoralen-
modified TFOs to target mutagenesis on an endogenous gene
has been described in two other studies, using as a target the
HPRT gene (8) or multiple integrated copies of a modified SupF
gene (9). These reports can be taken as proofs of concept for the
TFO strategy. However, in neither case was demonstrated the
absence of effect of the TFO on an isogenic cell line carrying a
control sequence in place of the target sequence. In addition, the
reports differ by the nature of the observed mutations, and none
of these mutations corresponded to those described in the
literature after treatment of cells with psoralen. Finally, for
Majumbar et al. (8) the mutations generated depended on UVA
treatment of the cells, whereas Vasquez et al. (9) found the UVA
activation unnecessary. Thus, the mechanism and specificity of

action of psoralen-TFOs in those studies remains to be investi-
gated. We here demonstrate without ambiguity that a TFO
designed to bind to and to modify a triple-helix target sequence
from the HIV retrovirus is indeed able to introduce mutations
into the target gene in live cells. These mutations are generated
through a triple-helix effect, because the same TFO was unable
to modify a control target inserted at the same locus in isogenic
strains. Furthermore, mutations were not observed in the ab-
sence of UVA, were identical in nature to those obtained after
triple-helix formation in vitro, and corresponded to those ex-
pected for psoralen crosslinks.

Two oligonucleotides of identical length and sequence were
used in this study, a natural PPO and a chemically modified
variant (PPN). They differ by their affinity for the target (Fig. 1)
and by their resistance to nucleases (19). When the two TFOs
were compared for their efficiency in generating mutations on
exogenous plasmids, on which the triplex was preformed under
optimal conditions in vitro, the natural PPO oligonucleotide was
more efficient than the chemically modified PPN. However,
opposite results were obtained when the TFOs were assayed on
endogenous targets, and the PPN was the only one with which
mutations were detected above background levels. This discrep-

Fig. 4. Cross-reaction between HIV-1 and HIV-2 oligopurine sequences. (A)
Sequences of the HIV-1, HIV-2, and control (Cont) targets. The triple-helix target
is boxed, and the nucleotides that differ from the HIV-1 sequence are indicated
by darker boxes in the HIV-2 and control target sequences. (B) Association of PPN
TFO with HIV-1 and HIV-2 in vitro. Dose curves of DraI restriction enzyme inhibi-
tion by the PPN oligonucleotide on plasmids including the HIV-1 or the HIV-2
target (YEplac181_ura3::hiv1pur and _ura3::hiv2pur), as indicated. (C) Number of
revertants generated at the target site by the PPN TFO on HIV-1, HIV-2, or control
endogenous targets, as indicated. FF18 733-derived cells harboring the HIV-1,
HIV-2, or control sequence shown in Fig. 4A were electroporated, irradiated, and
selected as in Fig. 2.
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ancy might be explained by the difference between the two
assays. On exogenous plasmids, on the one hand, the triple helix
is preformed in vitro by using saturating concentrations of TFOs,
and the TFO is crosslinked to the target before the introduction
of the complex into cells. The affinity of the TFO for the
sequence thus is not limiting in this assay, and the intracellular
stability of the preformed triplex seems to be the limiting
parameter. If they are long enough, oligonucleotide tails can
affect the repair of a psoralen crosslink in vitro (25) as well as in
cell extracts (26). We previously have shown that the 15-mer
PPO does not affect the repair process in yeast cells (17). This
suggests that the phosphodiester tail at the site of the crosslink
is rapidly degraded in these cells (17). The PPN, in contrast, is
more resistant to nucleases and might impede the processing of
the lesion (repair and replication) and thus the establishment of
mutated cell clones, resulting in the observed low number of
mutations generated on exogenous plasmids. In the assay on an
endogenous target, on the other hand, both the affinity of the
TFO for the sequence and the intracellular stability of the TFO
are crucial parameters. The PPN, which has a better affinity than
the PPO and is more stable, is thus the only one able to form an
intracellular covalent triplex and hence to generate mutations.

The PPN TFO generates mutations in vivo in the cognate
sequence and not in a modified target, demonstrating that the
generation of mutations results from the formation of a triple
helix in vivo. However, the frequency of mutations generated
(1026), although it is between 1 and 2 orders of magnitude higher
than the background level of mutations, is low. Indeed, in the
case of a preformed triple helix using exogenous plasmids with
a high proportion of crosslinks (around 90%), the maximal
frequency of mutations obtained was on the order of 1023 (1022,
with about only 1021 of the plasmids being repaired and repli-
cated). If this value is taken to represent the expected maximal
frequency of mutations on an endogenous target, the proportion
of targets reached by the TFO thus can be estimated as one in
a thousand—a proportion too low to envision any therapeutic
applications. This estimation, however, probably represents a
minimal figure, because of other influences on triplex formation
in live cells. Indeed, the target sequence in the URA3 gene, at
least in the native configuration, is located in a nucleosome and
not in linker DNA (27). Nucleosome core particles decrease the
association of a TFO with its target sequence (28) and thus might
reduce the efficiency of the PPN TFO in this study.

Another limiting parameter is the specificity of the interac-
tion. Indeed, the PPN TFO designed to recognize the HIV-1
target was almost as efficient in binding an HIV-2 target, which
differs by 3 nt. This finding could have several explanations.
First, because of the low efficiency of gene modification, high
concentrations of the PPN TFO (resulting in a large excess of
TFO in the cells after electroporation) were necessary to observe
a significant effect. The tract of 7 nt that the two sequences have
in common (see Fig. 4A) might be sufficient to bind the TFO
under these conditions. Indeed, a 100-fold excess is sufficient to
allow binding of the PPN TFO to the HIV-2 target in vitro (Fig.
4B). Quantitative improvements of the oligonucleotide delivery
to the target site are likely to increase the specificity of the
interaction in live cells. In addition, the chromatin structure,
which could be different in the context of the two sequences,
could favor the HIV-2yTFO interaction. Finally, cellular pro-
teins binding to triplexes also could stabilize this interaction (29).
In any case, this cross-reaction increases the number of potential
target sequences for the HIV-1 TFO and, in vivo, the TFO might
reach nondesired target sequences within the host genome.

Taken together, our results demonstrate without ambiguity
that TFOs are capable of modifying an endogenous target gene.
However, their efficiency is low and their specificity of action not
as high as desired. Chemical modifications already have been
used to improve TFO efficiency (30). The assay described here
should be useful for monitoring the improvements both quan-
titatively and qualitatively. In addition, a number of parameters
of the interaction between the oligonucleotide and the target
strongly depend on the sequence; for example, 29-O-methyl
modified oligonucleotides, which have been used against a
hypoxanthine phosphoribosyltransferase target sequence (8),
cannot form stable triple helices on other targets such as the
HIV-1 polypurine track (unpublished observations). The versa-
tility of our assay, which can be adapted to any target sequence
of choice, should prove useful in testing triple-helix formation on
sequences of particular interest, such as the HIV PPT used here.
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