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ABSTRACT: Oligonucleotides capable of sequence-specific triple helix formation have been proposed as
DNA binding ligands useful for modulation of gene expression and for directed genome modification.
However, the effectiveness of such triplex-forming oligonucleotides (TFOs) depends on their ability to
bind to their target sites within cells, and this can be limited under physiologic conditions. In particular,
triplex formation in the pyrimidine motif is favored by unphysiologically low pH and high magnesium
concentrations. To address these limitations, a series of pyrimidine TFOs were tested for third-strand
binding under a variety of conditions. Those containing 5-(1-propynyl)-2′-deoxyuridine (pdU) and 5-methyl-
2′-deoxycytidine (5meC) showed superior binding characteristics at neutral pH and at low magnesium
concentrations, as determined by gel mobility shift assays and thermal dissociation profiles. Over a range
of Mg2+ concentrations, pdU-modified TFOs formed more stable triplexes than did TFOs containing
2′-deoxythymidine. At 1 mM Mg2+, a ∆Tm of 30 °C was observed for pdU- versus T-containing 15-
mers (of generic sequence 5′ TTTTCTTTTTTCTTTTCT 3′) binding to the cognate A:T bp rich site,
indicating that pdU-containing TFOs are capable of substantial binding even at physiologically low Mg2+

concentrations. In addition, the pdU-containing TFOs were superior in gene targeting experiments in
mammalian cells, yielding 4-fold higher mutation frequencies in a shuttle vector-based mutagenesis assay
designed to detect mutations induced by third-strand-directed psoralen adducts. These results suggest the
utility of the pdU substitution in the pyrimidine motif for triplex-based gene targeting experiments.

Triple helices were first recognized 40 years ago (1), but
only in the last 10 years has the “antigene” strategy of using
short oligonucleotides to alter gene expression by forming a
local triple helix been explored (2-4). The binding code of
the third strand to the target duplex is based on two “motifs,”
according to the orientation of the third strand and the base
triplets involved. In the parallel pyrimidine motif, pyrimidine-
rich TFOs1 bind parallel to the purine strand of the duplex
and form T‚A:T and C+.G:C base triplets by Hoogsteen
hydrogen bonding (2-5). In the antiparallel purine motif,
purine-rich TFOs bind antiparallel to the purine strand of
the duplex and form A‚A:T (or T‚A:T) and G‚G:C base
triplets by reverse Hoogsteen hydrogen bonding (6, 7).

Both motifs have advantages and disadvantages [reviewed
in ref 8]. In the pyrimidine motif, the binding is pH dependent

because of the required protonation of C (8), whereas the
purine motif, while not pH dependent, can be inhibited by
monovalent cations, particularly potassium, due to the
formation of stable secondary structures by G-rich oligo-
nucleotides (9, 10). In the case of C-rich oligonucleotides, a
secondary structure (the i motif) can also be in competition
with triplex formation in a pH-dependent manner (11). Triple
helices in both motifs are stabilized by the presence of
divalent cations such as Mg2+ (12). In general, mostly on
account of the C protonation requirement, the purine motif
is used when the purine strand of the target duplex is G-rich
and the pyrimidine motif when it is A-rich.

In our previous work, we investigated the utility of TFOs
for directed gene modification in assays to measure site-
specific induced mutagenesis and recombination (13-15).
This previous work focused on G-rich TFOs designed to form
triple helices in the antiparallel purine motif. In one study,
we found that the inclusion of 7-deazaxanthine (c7X) in place
of A in otherwise G-rich TFOs (potentially forming c7X‚
A:T triplets) allowed improved third-strand binding in the
presence of high potassium concentrations (16), suggesting
that selected modifications can significantly enhance the
potential effectiveness of TFOs under physiologic conditions.

In the work reported here, we have focused on the
pyrimidine motif and have investigated the influence of
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substitution of T with pdU on triplex formation under
physiologic conditions by pyrimidine TFOs. This work was
prompted by the demonstrated effectiveness of pdU-contain-
ing oligonucleotides as antisense reagents (17-20) and by
initial studies suggesting their potential activity as TFOs
(21-24). Using an 18 bp, A-rich target site, we report an
analysis of the magnesium dependence of TFO binding, and
we show that pdU-containing TFOs have a reduced mag-
nesium dependence and retain substantial binding affinity
at physiologically low Mg2+ concentrations. We also report
a comparison of the activity of a series of pyrimidine TFOs
coupled to psoralen in a mutation targeting assay in mam-
malian cells, using an SV40 shuttle vector carrying a
modified supF reporter gene,supFLSG3, incorporating the
same 18 bp A-rich sequence as used in the in vitro TFO
binding studies. When the pyrimidine TFOs were added to
cells pre-transfected with the SV40 vector, followed by UVA
irradiation of the cells for psoralen photoactivation, TFOs
containing pdU and 5meC were able to induce mutations at
a frequency 50-fold above background (in the range of 0.6%)
and 4-fold above that induced by TFOs containing T and
5meC.

EXPERIMENTAL PROCEDURES

Oligonucleotides and Vectors.Oligonucleotides were
obtained either from Codon (Gaithersburg, MD) (G3TC18pso,
G3TmC18pso, F5TmC18pso, G3TC18, G3TmC18, and
F5TmC18) or from Gilead Sciences (Foster City, CA)
(G3pUmC18pso and G3pUmC18). Duplex target oligo-
nucleotides (G3R, G3Y, and G3YTR) were synthesized by
J. Flory of the W. M. Keck Biotechnology Resource Center
at Yale University using materials from Glen Research
(Sterling, VA). Psoralen was incorporated into the oligo-
nucleotide synthesis as a psoralen phosphoramidite, resulting
in oligonucleotides linked at their 5′ end via a six-carbon
linker arm to 4′-(hydroxymethyl)-4,5′,8-trimethylpsoralen.
The sequences and modifications of the oligonucleotides used
in this work are listed in Figure 1. All of the oligonucleotides
were also synthesized to contain a 3′ propylamine group
(available as an amino-CPG for automated oligonucleotide
synthesis from Glen Research) to minimize susceptibility to
degradation by 3′ exonucleases, in the case of the cell
targeting experiments (25).

The SV40 shuttle vector, pLSG3, was derived from
pSP189 (26) and carries a new A:T bp-rich third-strand
binding site within the modifiedsupFLSG3gene at the 5′
end of the coding region of the gene and extending into 5′
flanking sequences. At the end of the third-strand binding
site that resides within the coding region, there is a TpA
intercalation site (bp 99-100) such that a psoralen conjugated
to the 5′ end of a pyrimidine TFO (binding in a parallel
orientation) would be positioned for intercalation and muta-
tion induction at that site (Figure 1).

Third-Strand Binding Assays.Third-strand binding to the
target duplexes was measured using gel mobility shift assays
under native or denaturing conditions, following UVA
irradiation in the latter case. Two complementary 30-mers
(G3R and G3Y) which contain the sequence corresponding
to bp 76 to 105 ofsupFLSG3were synthesized. Both
oligomers were end-labeled using T4 polynucleotide kinase
andγ-[32P]ATP. Duplex DNA was prepared by mixing one

labeled 30-mer with the complementary strand at a ratio of
1:1.1 in 50 mM NaCl, incubating at 85°C for 5 min and
cooling to room temperature overnight. Hence, target du-
plexes were obtained with either or both strands labeled. A
fixed concentration of duplex DNA (1× 10-9 M) was
incubated with increasing concentrations of the oligomers
in 10 µL of 50 mM Hepes (pH 7.2), various concentrations
of MgCl2 (0.1 mM, 1 mM, or 10 mM, as indicated), 140
mM KCl, and 0.1µg/µL of yeast tRNA, for 2 h at 37°C.

In the nondenaturing gel analysis, the incubation buffer
also contained 10% sucrose; after the incubation, the samples
were loaded on a 12% polyacrylamide gel [acrylamide/
bisacrylamide (19:1)] containing 50 mM Hepes (pH 7.2) and
0.1 mM, 1 mM or 10 mM MgCl2 (corresponding to the
incubation buffer conditions). The gel was run in a 50 mM
Hepes (pH 7.2) and 0.1, 1, or 10 mM MgCl2 buffer at 8W
for 4 h. During the migration, the gel temperature was
maintained at 37°C.

FIGURE 1: (A) Sequences and modifications of the oligonucleotides
used in these experiments. U and C represent 5-(1-propynyl)-2′-
deoxyuridine and 5-methyl-2′-deoxycytidine, respectively. NH2
indicates a 3′ propylamine group; pso stands for 4′-(hydroxymethyl)-
4,5′,8-trimethylpsoralen attached at the 4′-hydroxymethyl position
via a six-carbon linker arm to the 5′ phosphate of the oligonucleo-
tide. Note that the F5 oligonucleotide has 3 mismatches for third-
strand binding to the target site. (B) Target duplexes used for the
binding studies. The base pairs in thesupFLSG3gene to which
the synthetic duplexes correspond are indicated. G3YTR was
synthesized as a single oligonucleotide to form a hairpin intramo-
lecular duplex for use in thermal stability experiments. (C)
Structures of 5-methyl-2′-deoxycytidine (5meC) and 5-(1-propynyl)-
2′-deoxyuridine (pdU).
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For the denaturing gel analysis, the reaction mixtures were
irradiated (1.8 J/cm2 of UVA light) to generate photoadducts
and thereby covalently link the TFOs to their targets.
Irradiation with UVA was performed with a broad-band
UVA light source (320-400 nm) with an output maximum
centered at 365 nm (Southern New England Ultraviolet,
Branford, CT). The output was passed through plate glass
to filter out any contaminating UVB radiation. The dose of
UVA delivered to the samples was measured using an
IL1400A radiometer/photometer manufactured by Interna-
tional Light Inc., Newburyport, MA (typical fluency of 5
mW/cm2). The irradiated samples were mixed with 10µL
of formamide/10 mM EDTA to promote denaturation of the
DNA, and the resulting 20µL samples were loaded on a
10% polyacrylamide gel (acrylamide/bisacrylamide (19:1))
containing TBE (pH 8.3) and 7 M urea to separate the
different products. In both cases, the gels were dried, and
the separated species were visualized and quantified using a
phosphorimager (Molecular Dynamics, Sunnyvale, CA).

Thermal Denaturation Analysis.Triple helix formation was
followed by UV absorbance in a 10 mM sodium cacodylate
buffer containing 140 mM of KCl and 0.1, 1, or 10 mM of
MgCl2. The experiments were carried out as described in
Mergny et al. (27), and the nonreversible profiles were
analyzed as described in Rougee et al. (28) to obtain Tm

values. TheTm was determined as the point where ln(konco/
koff) ) 0.54 on the Arrhenius plot, because at theTm (a )
0.5), ln(co*Keq) ) ln(2r/(2r - 1)) with r as the ratio between
the third strand and the duplex (r ) 1.2 in our experiment)
andco as the concentration of the third strand.

Mutagenesis Protocol.Monkey COS-7 cells were obtained
from ATCC (1651-CRL) and grown in DMEM/10% FCS.
COS-7 cells at 40% confluence were washed with PBS-
EDTA, detached with trypsin, and incubated at 37°C for 5
min. The cells were resuspended in DMEM/10% FCS and
washed three times by centrifugation at 1000 rpm for 5 min
at 4° C using a Sorvall RT6000D. The cells were finally
resuspended at 1× 107 cells/mL. The plasmid DNAs were
added at 2µg of DNA/106 cells, and the cell/DNA mixtures
were left on ice for 10 min. Transfection of the cells was
performed by electroporation using a Bio-Rad gene pulser
at a setting of 25µF/250 W/250 V in the 0.4 cm cuvette.
Following electroporation, the cells were kept on ice for 10
min. The cells were then diluted with growth medium,
washed, and transferred to 37°C for 30 min. At this point,
the cells were further diluted to 106 cells/500µL and exposed
to the oligonucleotides in growth medium at a 1µM
concentration while in suspension in 500µL. The suspension
samples were incubated at 37°C with gentle agitation every
15 min. UVA irradiation was given 2 h later at a dose of
1.8 J/cm2 on 60 mm plastic dishes. The cells were further
diluted in growth medium (up to 5 mL) and harvested 48 h
later for vector analysis.

Shuttle Vector Isolation and Analysis.The cells were
harvested for vector DNA isolation using a modified alkaline
lysis procedure, as previously described (13). The isolated
DNA was digested withDpnI and RNase A at 37°C for 2
h, extracted with phenol/chloroform/isoamyl alcohol, and
precipitated with ethanol. The DNA pellet was dissolved in
10 µL of distilled water, and a 1µL sample of vector DNA
was used to transformEscherichia coliSY204 [lacZ125-
(amber)] (29) by electroporation (Bio-Rad, setting 25µF/

250 W/1800 V, using a 0.1 cm cuvette). The transformedE.
coli bacteria were plated onto LB plates containing 50µg/
mL of ampicillin, 200µg/mL of X-gal, and 400µg/mL of
IPTG and were incubated at 37°C overnight. Mutant
colonies containing inactivatedsupFLSG3genes unable to
suppress the amber mutation in the host cellâ-galactosidase
gene were detected as white colonies among the wild-type
blue ones. Both mutant colonies and total colonies were
counted. The mutant colonies were purified, and the plasmids
were isolated for DNA sequence analysis, as previously
described (13). The sequencing primer was chosen to bind
to theâ-lactamase gene just upstream of thesupFLSG3gene
in the vector (26).

RESULTS

Target Site and Modified Oligonucleotides.In these
experiments, an A:T bp rich site was chosen as a target for
analysis of triplex formation in the pyrimidine motif (Figure
1). This sequence was selected based on work reported by
Strobel et al. (30). This site is amenable to triplex formation
in the pyrimidine motif, and a series of 18-mer oligonucleo-
tides were synthesized as potential TFOs for this site (Figure
1). Selected TFOs were also synthesized with a psoralen
derivative, 4′-(hydroxymethyl)-4,5′,8-trimethylpsoralen, at-
tached by a phosphodiester linkage at the 5′ end via a six-
carbon linker arm, with the goal of directing psoralen
intercalation and adduct formation to the 5′ TpA site at one
end of the target sequence upon UVA irradiation. The TFOs
were also synthesized to contain a propylamine group at the
3′ end for resistance to 3′ exonucleases (25).

All of the oligonucleotides possessed a phosphodiester
backbone, but in selected TFOs the T’s and/or C’s were
modified using base analogues chosen to further stabilize
the potential triple helices. The C’s were substituted by 5meC
in G3TmC18, G3pUmC18, and F5TmC18, along with the
respective psoralen-conjugated derivatives, because this
modification has been shown to allow triple helix formation
with pyrimidine TFOs at a more physiologic pH than
oligonucleotides with unmodified C’s (31, 32). The T’s were
substituted by pdU in G3pUmC18 and G3pUmC18pso. This
substitution has been used in antisense experiments because
it enhances duplex stability (17). It has also been shown to
support triple helix formation in vitro (21-23). Recently,
the solution structure of a pdU-containing triple helix has
been determined by NMR, with evidence that pdU residues
in the third strand may provide enhanced triplex stability
through increases in base stacking interactions and in local
hydrophobicity (24).

In Vitro Binding of TFOs to Synthetic Targets.We
compared the binding affinity of the various oligonucleotides
to the target duplex under a variety of conditions, using
nondenaturing gel, mobility shift analyses (with the same
buffer for incubation, gel, and running buffer; temperature
was monitored at 37°C). For the nonpsoralen-coupled
versions of the oligonucleotides, Figure 2 shows binding
analyses carried out at MgCl2 concentrations of either 10,
1, or 0.1 mM. In addition, these data were quantified, and
the calculated equilibrium dissociation constants (Kd’s) for
TFO binding under each set of conditions are listed in Table
1. The binding affinity of each TFO was found to be
influenced by the MgCl2 concentration, as expected (Figure
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2; Table 1). However, this dependence was less for
G3pUmC18 than for G3TmC18. In comparing the binding

of the TFOs at 10 versus 1 mM MgCl2, there was a 17-fold
decrease in affinity in the case of G3TmC18 but only a 6-fold
decrease for G3pUmC18 (see apparentKd values in Table
1). At 0.1 mM MgCl2, furthermore, binding by G3TmC18
was not detected, whereas G3pUmC18 still showed reason-
able binding, with aKd in the micromolar range. The gel
mobility shift analyses for G3TC18 are not shown, but the
Kd values are given in Table 1. G3TC18 appeared to have a
magnesium dependence similar to that of G3TmC18.

We next examined third-strand binding by the correspond-
ing psoralen-coupled oligonucleotides using the ability of
the psoralen conjugate to generate site-specific adducts
(mono- and bis-adducts) on the duplex target upon UVA-
induced photoactivation (Figure 3). The incubations of the
TFOs with the duplex target were performed under es-
sentially the same conditions as those for the native gels,
above, except that sucrose was omitted from the incubation
buffer. Following the incubations, the reaction mixtures were
irradiated with UVA to photoactivate the tethered psoralen
and generate covalent linkages between the TFO and one or
both strands of the duplex target. The products were analyzed
by gel electrophoresis under denaturing conditions, and so
the observed mobility shifts indicate covalent interactions,
representing the TFOs linked to one strand of the duplex
(MA, monoadduct) or to both strands of the duplex (XL,
cross-link). Again, a magnesium dependence for third-strand
binding was seen, but, again, G3pUmC18pso showed less
dependence on magnesium than did G3TmC18pso (Figure
3, upper panel versus lower panel), with substantial binding
and photoadduct generation even at 0.1 and 1 mM Mg2+

concentrations. In decreasing the concentration of MgCl2

from 10 to 1 mM, the concentration needed to obtain 50%
of the maximum yield of targeted adducts (C50) increased
37.5-fold for G3TmC18pso (Figure 3, compare lanes 21-
24 with 25-28; C50 values in Table 1) but only 6-fold for
G3pUmC18pso (Figure 3, compare lanes 7-10 with 11-
14; Table 1). In further decreasing the MgCl2 concentration
from 1 to 0.1 mM, there was a 2.7-fold increase in C50 for
G3TmC18pso but only a 1.3-fold increase required for
G3pUmC18pso (Figure 3 and Table 1).

There were some detectable differences in the maximal
extent of photoadduct formation by the different pso-TFOs.
When a MgCl2 concentration of 10 mM was used,
G3TmC18pso at 10-5 M (Figure 3, lane 28) generated a
majority (88%) of bis-adducted products (XL), a minority
(4%) of monoadducted products (MA), along with 8% of
the target not covalently linked to the TFO. With
G3pUmC18pso at 10-5 M, the ratio of the respective products
was 37, 26, and 37% (Figure 3, lane 14). G3TC18pso showed
a pattern of photocross-linking similar to G3TmC18pso (data
not shown). Hence, the maximal efficiency of psoralen cross-
linking under optimal conditions by G3pUmC18pso was
slightly lower than that of G3TmC18pso, making the superior
cross-linking by G3pUmC18pso at low Mg2+ concentrations
even more impressive.

Thermal Denaturation Analysis.As another measure of
third-strand binding affinity, we carried out a thermal
denaturation analysis of selected triplexes (Figure 4 and Table
2). The duplex used in these experiments was a hairpin, with
four T’s forming a linker between the two strands of the
duplex. All of the profiles were recorded with a 1.5µM
concentration of the hairpin duplex (G3YTR) and 1.8µM

FIGURE 2: Magnesium dependence of third-strand binding by
nonpsoralen-conjugated pyrimidine TFOs. Triplex binding and gel
electrophoresis were carried out under native conditions. SS
indicates the position of the purine strand of the duplex (G3R), D
the duplex, and T the triplex. All samples were incubated in a Hepes
50 mM, pH 7.2 buffer, in the presence of KCl 140 mM, tRNA 0.1
µg/µL, and 10% sucrose, plus MgCl2 as indicated. The incubation
was carried out at 37°C for 2 h, and then the samples were loaded
onto a 12% polyacrylamide, Hepes 50 mM, pH 7.2 gel supple-
mented with the indicated concentrations of MgCl2. The running
buffer was a Hepes 50 mM buffer, pH 7.2, again with MgCl2 as
indicated. The migration was carried out at 37°C. MgCl2
concentrations for incubation, gel, and running buffers were: (A)
10 mM, (B) 1 mM, and (C) 0.1 mM. Lane 1: G3R*Y 10-9 M
(where R* indicates that the purine strand of the duplex was
radiolabeled). Lanes 2-5: G3R*Y 10-9 M + G3pUmC18pso (10-8,
10-7, 10-6, 10-5 M). Lanes 6-9: G3R*Y 10-9 M + G3TmC18pso
(10-8, 10-7, 10-6, 10-5 M).

Table 1: ApparentKd and C50 Values in Different Magnesium
Concentrations

MgCl2 (mM)

10 1 0.1

G3pUmC18 Kd (M)1 1.8× 10-7 1 × 10-6 2 × 10-6

G3TmC18 Kd (M) 6× 10-7 1 × 10-5 >1 × 10-5

G3TC18 Kd (M) 6× 10-7 1 × 10-5 >1 × 10-5

G3pUmC18pso C50 (M)
2 5 × 10-8 3 × 10-7 4 × 10-7

G3TmC18pso C50 (M) 8 × 10-8 3 × 10-6 8 × 10-6

G3TC18pso C50 (M) 8 × 10-8 ND ND
a Kd values have been determined using quantification of nondena-

turing gel mobility shift assays (Figure 2) under conditions of Hepes
50 mM, pH 7.2, KCl 140 mM, and MgCl2 as specified, with theKd

taken as the TFO concentration yielding half-maximal binding. The
third-strand oligonucleotide used was not psoralen conjugated.b C50

values were determined by quantification of denaturing gel electro-
phoresis analyses of UVA-induced photoproducts (Figure 3) and were
taken as the concentrations of psoralen-linked oligonucleotides yielding
50% of the maximum amount of adducted products.
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of the third-strand oligonucleotides. TheTm of the intramo-
lecular duplex transition (for the G3YTR hairpin) was 10
°C higher than that for the intermolecular duplex (G3R+G3Y),
enabling us to identify a triple helix transition with aTm up
to 60 °C, which is otherwise theTm of the intermolecular
duplex. The absorbance was recorded at 265 and 295 nm.
At 265 nm, we followed the hypochromism due to the triple
helix formation, as well as the duplex transition. The
absorbance at 295 nm allowed us to follow the weak signal
(hyperchromism) associated with the protonation of the C’s
of the oligonucleotides containing no pdU (data not shown).
In the case of G3pUmC18, a large hypochromism was
observed at 295 nm in the same temperature range as that

for the triple helix formation (according to the 265 nm
profile, data not shown). This was due to the absorbance
peak of the pdU at 290 nm, and so the changes in absorbance
of the pdU between the free oligonucleotide form and the
triple helix masked the cytosine protonation signal. All of
the profiles corresponding to triple helix transitions were
nonreversible (Figure 4) and presented a hysteresis which
was dependent on the magnesium concentration (the kinetics
are faster at high magnesium concentration). To obtainTm

values, a thermokinetic analysis was carried out (28). The
Tm values for G3TmC18 and G3pUmC18 are reported in
Table 2, and a profile example is shown in Figure 4. At all
three magnesium concentrations tested (0.1, 1, and 10 mM),
G3pUmC18 formed a more stable structure (Tm values of
37, 42, and 55°C respectively) than G3TmC18 (Tm values
of 8, 12, and 23°C). No significant differences were found
between G3TC18 and G3TmC18.

Intracellular ActiVity As Measured by a Shuttle Vector
Mutagenesis Assay.The protocol to examine targeted mu-
tagenesis is illustrated in Figure 5. In these experiments, we
used the SV40-based shuttle vector pLSG3, derived from

FIGURE 3: Analysis of TFO-directed photoadduct formation on the
target duplex by gel electrophoresis under denaturing conditions.
SS indicates the position of the purine strand of the duplex (G3R);
MA, monoadducts (the third strand covalently linked to one strand
of the duplex); and XL, cross-links (the third strand covalently
linked to both strands of the duplex). All samples were incubated
in a Hepes 50 mM, pH 7.2 buffer, in the presence of KCl 140
mM, tRNA 0.1µg/µL, and MgCl2 as follows: 0.1 mM (lanes 3-6
and 17-20), 1 mM (lanes 7-10 and 21-24), or 10 mM (lanes
11-14 and 25-28), for 2 h at 37°C. The samples were then UVA
irradiated (1.8J/cm2), and after denaturation in the presence of 50%
formamide and 5 mM EDTA, the products were resolved on a 10%
polyacrylamide denaturing gel (TBE pH 8.3, urea 7 M). Lanes 1
and 15: G3R* 10-9 M. Lanes 2 and 16: G3R*Y 10-9 M. Lanes
3-14: G3R*Y 10-9 M + G3pUmC18pso [10-8 M (lanes 3, 7, and
11), 10-7 M (lanes 4, 8, and 12), 10-6 M (lanes 5, 9, and 13), 10-5

M (lanes 6, 10, and 14)]. Lanes 17-28: G3R*Y 10-9 M +
G3TmC18pso [10-8 (lanes 17, 21, and 25), 10-7 M (lanes 18, 22,
and 26), 10-6 M (lanes 19, 23, and 27), 10-5 M (lanes 20, 24, and
28)].

FIGURE 4: Thermal denaturation profiles to analyze the stability
of selected triplexes. Absorbance rates were recorded at 265 nm
for G3YTR (black triangles, left scale), G3YTR+G3TmC18 (open
circles, right scale), and G3YTR+G3pUmC18 (open triangles, right
scale) in a 10 mM sodium cacodylate buffer, with KCl 140 mM
and MgCl2 10 mM. The concentrations were 1.5µM for G3YTR
and 1.8µM for the third-strand oligonucleotides. Absorbance was
recorded every 6 min, and the temperature gradient was 0.2°C/
min. The heating and cooling profiles were superimposable in the
case of G3YTR. With a third strand, the heating profile was shifted
toward higher temperatures compared to the cooling profile (the
direction of temperature variation is indicated by arrows).

Table 2: Tm Values of the Triple Helix or Duplex Transitions

MgCl2 (mM)

10 1 0.1

G3R+G3Y Tm (°C)a 67 64 62
G3YTR Tm (°C)a 77 74 71
G3pUmC18+G3YTRc Tm (°C)b 55 42 37
G3TmC18+G3YTRd Tm (°C)b 23 12 8
G3TC18+G3YTRd Tm (°C)b 22 ND ND
a Tm values for duplex transitions have been determined graphically

as the point of mid transition of the reversible thermal denaturation
profile at 265 nm in a buffer containing 10 mM sodium cacodylate,
KCl 140 mM, and MgCl2 as indicated.b Tm values for triplex transitions
have been determined after using thermokinetical analysis of the
nonreversible profile at 295 nm.c Tm values at 265 nm.d Tm values at
265 nm in a buffer containing 10 mM sodium cacodylate, KCl 140
mM, and MgCl2 as indicated. The duplex oligonucleotides were at 1.5
µM and the third strand at 1.8µM.
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pSP189 (26), to assay for targeted mutagenesis, as done with
the pSupFG1 vector in our previous work focusing on the
purine motif (13). This new vector was designed to contain
a slightly modifiedsupFgene,supFLSG3, incorporating the
18 bp A-rich sequence used for the above binding studies
engineered into the gene from position 82 to 99, beginning
upstream of the coding region and extending just into the
start of the coding region at bp 99 (Figures 1, 5, and 6). At
base pairs 99-100 (within the coding region), there is a 5′
TpA site for psoralen intercalation and photoadduct genera-
tion upon UVA irradiation. The modification of thesupF

gene to incorporate novel sequences while still retaining
function as a reporter gene has been previously described
(13, 33).

In these experiments, the pLSG3 vector was pre-trans-
fected into the COS cells, followed by exposure of the cells
to the TFOs. After 2 h toallow TFO uptake and intracellular
triplex formation, the cells were irradiated (or not) with UVA
to activate the tethered psoralen; 48 h were allowed for repair
and replication before the vectors were harvested for analysis
of mutagenesis of thesupFLSG3gene (Table 3). We
compared G3TmC18pso with G3pUmC18pso (each at a 1

FIGURE 5: Experimental protocol used for assaying triplex-targeted mutagenesis in mammalian cells. The assay is designed to detect
mutagenesis of thesupFLSG3gene in the SV40-based shuttle vector, pLSG3, mediated by intracellular triple helix formation and psoralen
adduct generation by selected TFOs within COS-7 cells. The SV40 shuttle vector DNA is transfected into COS-7 cells by electroporation.
Separately, the psoralen-conjugated oligonucleotides are subsequently added to the extracellular growth medium. After time for oligonucleotide
entry into cells and for possible intracellular triple helix formation, the cells are exposed to UVA irradiation to photoactivate the psoralen
and generate targeted adducts. Following vector replication, the cells are lysed, and the vector molecules are harvested for transformation
into E. coli to allow genetic analysis of thesupFLSG3gene. Within the triplex target site, the psoralen intercalation site is indicated in bold.

FIGURE 6: Pattern ofsupFLSG3mutations induced the TFO, G3pUmC18pso. The cells were pre-transfected with the pLSG3 vector and
then subsequently treated with G3pUmC18pso at a 1µM concentration in the medium, followed by UVA irradiation. Mutagenesis in the
supFLSG3gene was analyzed by the protocol shown in Figure 5. In thesupFLSG3sequence, the triple helix binding site is underlined and
the coding sequence is in italics. Point mutations produced by G3pUmC18pso in conjunction with UVA are indicated above the involved
base. A∆ indicates single base pair deletions, all of which occurred in the run of 5 G:C bp (positions 101-105). Double mutations are
indicated by the underlining.
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µM concentration in the cell medium). Controls included
samples containing the non-triplex-forming F5TmC18pso or
without any oligonucleotide. Without UVA irradiation, all
three oligonucleotides gave mutation frequencies just slightly
above background (0.043, 0.061, and 0.037% for
G3TmC18pso, G3pUmC18pso, and F5TmC18pso, respec-
tively; background of 0.015%), but these elevations were
not statistically significant based on a 5% confidence interval.

After UVA irradiation, induced mutagenesis was seen
with both G3TmC18pso and G3pUmC18pso, but the fre-
quency with G3pUmC18pso was 4-fold higher than with
G3TmC18pso (0.65 vs 0.17%, respectively). These differ-
ences are statistically significant, based on calculation of the
5% confidence intervals; note that 95000-100000 colonies,
representing rescued shuttle vectors, were analyzed in each
case. These values were also significantly above the back-
ground of 0.013% in the absence of oligonucleotide and the
control value of 0.041% with F5TmC18pso.

Sequence analysis of the mutations induced by
G3pUmC18pso showed a pattern of mutations consistent
with the results of site-directed DNA damage (Figure 6).
The mutations were mostly single base pair deletions
involving the run of five G:C base pairs at positions 101-
105 just adjacent to the targeted TpA site at positions 99-
100, along with some base substitutions at and around the
TpA site. Note that another run of 5 G:C base pairs in the
gene, distant from the third-strand binding site at positions
172-177, showed no mutations, supporting the site-specific-
ity of the mutation targeting.

DISCUSSION

The Influence of pdU Substitution for T on the Magnesium
Dependence of Triplex Formation.pdU-containing oligo-
nucleotides have been widely used as antisense agents (17-
20) and have been proposed as TFOs (21-24). According
to thermal denaturation experiments and gel mobility shift
assays, we found that, at a concentration of 10 mM Mg2+,
triple helices formed with pdU in the third strand are more
stable than the ones with only T’s, with an increase inTm of
2 °C/substitution. These findings are consistent with previous
measurements based on affinity-cleavage titration (34) and
thermal denaturation (24, 35). More significantly for potential
intracellular applications, the results presented here further
show that the third-strand binding affinity of pdU-substituted
TFOs is less dependent on magnesium concentration than
that of unsubstituted TFOs. This was determined by native
gel mobility shift analyses of triplex formation (Figure 2 and

Table 1), denaturing gel analyses of triplex-directed photo-
products (Figure 3 and Table 1), and thermal denaturation
measurements (Figure 4 and Table 2). For example, at a TFO
concentration of 1µM (the concentration used in the cell
medium in the targeted mutagenesis assays), the yield of
triplex-directed photoadducts with the pdU-containing
G3pUmC18pso was almost unaffected by a decrease in the
magnesium concentration from 10 to 1 mM (Figure 3
compare lanes 13 and 9); whereas with G3TmC18pso, the
photoproduct yield dramatically decreased from more than
80% to less than 20% (Figure 3, compare lanes 27 and 23).
The explanation for the improved binding of the pdU-
substituted TFOs has not yet been established. However, it
has been suggested that pdU may stabilize triplex formation
through stacking interactions and changes in hydrophobicity
(24), and this may lessen the dependence on Mg2+.

Pyrimidine TFOs and Targeted Mutagenesis in a Cellular
Context.Using a shuttle vector assay for targeted mutagenesis
that depends on intracellular triplex formation (13), we found
that pdU-containing pyrimidine TFOs were more effective
than T-containing TFOs in directing DNA damage and
mutations to thesupFLSG3target gene (Table 3). This
improved intracellular activity of the pdU-containing TFOs
correlates with their superior third-strand binding at low
concentrations of Mg2+, conditions that are typically found
within cells. At this point, we cannot exclusively attribute
the differences in the mutation targeting assay to the
differences in binding at low Mg2+ concentrations, since
other factors may play a role. Such factors could include
improved cellular uptake and/or increased intracellular stabil-
ity of the pdU TFOs. Nonetheless, the results are consistent
with the concept, based on previous studies with purine
TFOs, that binding affinity as measured in vitro under
selected conditions correlates strongly with activity in the
shuttle vector targeting experiments (13, 14, 16).

Besides low magnesium levels, the intracellular pH is also
not optimal for triple helix formation in the pyrimidine motif
because of the need for cytosine protonation. The target site
sequence in thesupFLSG3gene used in the experiments
presented here is A:T bp-rich and contains only 3 G:C bp.
As a result, only 3 C’s are required in the corresponding
third strand, and these were substituted with 5meC in both
G3TmC18pso and G3pUmC18pso, thereby minimizing the
pH effect. Other strategies for overcoming the cytosine
protonation problem have been proposed and may prove
useful (36). However, the pH dependence of pyrimidine
triplex formation presently remains an important factor

Table 3: Mutation Frequencies Induced by Pyrimidine TFOs in the Shuttle Vector pLSG3 via Intracellular Triplex Formation

no. of mutants/
no. of total colonies

mutation
frequency (%)

5%
confidence intervala

no oligonucleotide no UV 10/68163 0.015 (0.009
UV 13/97426 0.013 (0.007

F5TmC18pso no UV 10/26736 0.037 (0.023
UV 14/34087 0.041 (0.021

G3TmC18pso no UV 31/72520 0.043 (0.015
UV 169/101986 0.17 (0.025

G3pUmC18pso no UV 61/100041 0.061 (0.015
UV 615/95296 0.65 (0.051

a The 5% confidence interval has been determined assuming that the mutation frequency follows a normal law, using the formula, 5%CI) 1.96
× x(p(1 - p)/n) wherep is the frequency andn is the number of colonies. Thus, values outside of the confidence interval have a probability of
less than 5% to follow the same distribution as the mutation frequency on which the interval is centered.
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limiting the effectiveness of pyrimidine TFOs in cells,
especially in targeting sequences containing multiple G:C
base pairs.

Other investigators (37, 38) have detected the generation
of site-specific psoralen adducts targeted by pyrimidine
psoralen-coupled TFOs inside cells. However, in both cases
the cells were permeabilized and the buffers were nonphysi-
ologic, with either low pH or low ionic strength and high
magnesium; therefore, it is difficult to draw comparisons with
regard to the effects of intracellular ionic conditions in those
studies.

Extent of Intracellular Triplex Formation.Previous experi-
ments in which preformed plasmid/TFO/psoralen adduct
complexes were transfected into COS cells have shown that
the induced mutation frequencies are typically about 10%
of the proportion of vectors carrying triplex-directed adducts
(13, 39, 40). Hence, we can estimate that in the present
experiments (in which G3pUmC18pso induced a mutation
frequency of 0.65% in the shuttle vector in COS cells)
approximately 5-10% of the pLSG3 vectors were targeted
for intracellular triplex formation by G3pUmC18pso. This
estimate is in keeping with direct measurements of triplex
formation and psoralen adduct induction on an episomal
target in mammalian cells (38).

Pyrimidine Versus Purine TFOs.Our previous work on
triplex-targeted mutagenesis focused on the use of purine
TFOs directed at relatedsupFtargets (13, 14, 16). In those
studies, targeted mutation frequencies of over 2% were
observed. Comparison of the current study of pyrimidine
TFOs with the previous purine TFO experiments suggests
that, with currently available reagents, the purine motif for
triplex formation may be more active in cells. However, the
point of the present study is that the pdU substitution can
improve pyrimidine TFO binding under physiologic condi-
tions and that pyrimidine motif triplex formation can occur
within cells. The relative utility of purine versus pyrimidine
TFOs may change depending on additional advances in
oligonucleotide chemistry.

Mutation Patterns.Most of the mutations induced by
G3pUmC18pso were point mutations adjacent to the third-
strand binding site (positions 82-99) and within or adjacent
to the targeted psoralen intercalation site (bp 99-100 at the
duplex-triplex junction). However, most were single base
pair deletions in the run of 5 G:C bp at positions 101-105
just adjacent to the target site. Only a minority were base
pair substitutions within the targeted 5′ TpA sequence. In
contrast, in our experiments with the purine motif TFO, pso-
AG30, and related TFOs, targeting a G-rich site in the
supFG1gene (13, 14, 16), a majority of the mutations were
T:A to A:T transversions precisely at the targeted psoralen
intercalation site (the 5′ ApT site at positions 166-167 in
thesupFG1gene). Such differences in mutation patterns may
reflect factors such as sequence context and lesion position
relative to the polarity of the triple helix and are consistent
with the propensity of mononucleotide repeat sequences, such
as the 5 G:C bp tract, to undergo strand slippage events
during repair and replication. Nonetheless, the mutations
appear to be targeted by triplex formation, since most were
within the 5 G:C bp run adjacent to the triplex site, but none
were in the 5 G:C bp run in the gene 73 bp away (mutations
in this site would be detectable, based on other work; data
not shown). Hence, the pattern of mutations induced by

G3pUmC18pso in the SV40 vector in COS cells demon-
strates site-specific mutagenesis and so provides evidence
of intracellular triplex formation.

CONCLUSIONS

In comparing a series of pyrimidine TFOs, it was found
that substitution with pdU conferred improved third-strand
binding, especially at low magnesium concentrations. This
improved binding correlated with increased activity in a
triplex-dependent mutation targeting assay in COS cells. This
work extends our previous studies with TFOs in the purine
motif (13) to the pyrimidine motif. Since a variety of
analogues and modifications have been developed for the
pyrimidine motif (41), the results presented here raise the
possibility that the incorporation of such modifications into
pyrimidine TFOs may yield further increases in intracellular
activity and in the capacity for gene targeting.
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