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Introduction

Triplex-forming oligonucleotides (TFOs) bind as third 
strands in a sequence-specific manner within the major groove 
of duplex DNA at polypurine/polypyrimidine stretches.1-3 The 
specificity of TFO binding is derived from the base triplets 
formed by either Hoogsteen or reverse Hoogsteen hydrogen 
bonds formed between the third strand and the purine strand 
of the duplex.4 Triplex formation follows a specific binding code 
imposed by several structural constraints. In the purine motif, a 
GA or GT-rich TFO binds antiparallel to the purine strand of 
the duplex through reverse Hoogsteen bonds with the canonical 
triplets being G.G:C, A.A:T or T.A:T. In the pyrimidine motif, a 
TC-rich TFO binds in a parallel orientation to the purine strand 
of the duplex through Hoogsteen bonds, with the canonical trip-
lets being T.A:T and C+.G:C.

Due to their sequence specificity, TFOs have been used 
for targeted genome modifications. Studies have shown that 
TFOs can induce site-specific damage by delivering a mutagen, 
such as psoralen or nitrogen mustards, to chromosomal target 
sites.5-8 In addition, these compounds have been used to inhibit 

transcription and to stimulate site-directed recombination of a 
co-transfected donor DNA, resulting in correction of a mutation 
in the target gene.9-12 TFOs have also been used to study mecha-
nisms of DNA damage and repair, recombination and structurally 
induced genomic instability. Previous studies have demonstrated 
that triplex formation itself induces mutagenesis and stimulates 
DNA repair.7,13 Furthermore, we have recently demonstrated that 
TFOs are capable of inducing DNA double strand breaks (DSBs) 
resulting in the activation of apoptotic pathways.14

Despite their versatility, some obstacles exist in the utilization 
of TFOs as DNA binding molecules, particularly the influence 
of the cellular environment on triplex formation. In the pyrimi-
dine motif, triplex formation requires protonation of cytosines at 
the N3 position for proper Hoogsteen binding with N7 guanine. 
However, cytosine has a relatively high pK

a
 that is dependent 

upon structural influences, including the position of the base 
within the TFO. Therefore pyrimidine oligonucleotides usually 
bind with low affinity to duplex DNA at physiological pH and 
form unstable triplexes.15,16 These limitations have been addressed 
by the incorporation of base and sugar modifications into pyrim-
idine TFOs.17-20 On the contrary, TFOs form stable triplexes 
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Triplex structures generated by sequence-specific triplex-forming oligonucleotides (TFOs) have proven to be promis-
ing tools for gene targeting strategies. In addition, triplex technology has been highly utilized to study the molecular 
mechanisms of DNA repair, recombination and mutagenesis. However, triplex formation utilizing guanine-rich oligo-
nucleotides as third strands can be inhibited by potassium-induced self-association resulting in G-quadruplex formation. 
We report here that guanine-rich TFOs partially substituted with 8-aza-7-deaza-guanine (PPG) have improved target 
site binding in potassium compared with TFOs containing the natural guanine base. We designed PPG-substituted TFOs 
to bind to a polypurine sequence in the supFG1 reporter gene. The binding efficiency of PPG-substituted TFOs to the 
target sequence was analyzed using electrophoresis mobility gel shift assays. We have determined that in the presence 
of potassium, the non-substituted TFO, AG30 did not bind to its target sequence, however binding was observed with 
the PPG-substituted AG30 under conditions with up to 140 mM KCl. The PPG-TFOs were able to maintain their ability to 
induce genomic modifications as measured by an assay for gene-targeted mutagenesis. In addition, these compounds 
were capable of triplex-induced DNA double strand breaks, which resulted in activation of apoptosis.
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in the purine motif in a pH-independent manner. 
However, several groups have shown that binding of 
these guanine-rich (G-rich) TFOs to duplex DNA is 
significantly reduced at physiologic concentrations of 
monovalent cations, such as potassium (K+).21-23 This 
observation can be attributed in part to the tendency of 
G-rich oligonucleotides to self-associate and form alter-
native structures such as G-quartets.24-26 Formation of 
these G-rich TFO aggregates most likely results in the 
sequestering of the TFOs thereby reducing their in 
vivo bioactivity.

Previous studies aimed at eliminating potassium-
mediated self-association of G-rich TFOs have utilized 
TFOs substituted with modified guanine bases with 
minimal success. In one study, the substitution of gua-
nine with 7-deaza-guanine reduced self-association of 
the G-rich TFO but did not improve triplex forma-
tion in the presence of K+.27 In a subsequent study 
examining the bioactivity of short G-rich TFOs, it was 
demonstrated that TFOs containing 7-deaza-xanthine 
substitutions displayed improved intracellular target-
ing compared with an unsubstituted G-rich TFO.28 
Several groups have also tested the ability of the base 
analog 6-thioguanine to overcome K+ mediated oligo-
nucleotide self-association.22,29,30 These studies demon-
strated that incorporation of 6-thioguanine did reduce 
TFO self-association. Although, similar binding affin-
ities were observed in the absence of K+ with buffer 
conditions that favor triplex formation, an increase in 
TFO binding was observed in the presence of physiological con-
centrations of K+.

Self-association of G-rich TFOs is mediated by the N7 posi-
tion of the guanine ring.31 Hence, another base analog, 8-aza-
7-deaza-guanine (PPG) has been synthesized with the N7 
and C8 positions interchanged within the guanine ring, thus 
maintaining the electron density of the ring while preventing 
Hoogsteen-bonding at the N7 position. Studies have shown 
that short G-rich TFOs entirely substituted with PPG displayed 
increased targeting efficiencies.32,33 Further experimentation 
determined that G-rich olignucleotides partially substituted with 
PPG resulted in a reduction of self-association and improved 
performance in DNA hybridization assays.34 Significantly, the 
results from these studies revealed that partially PPG-substituted 
oligonucleotides did not exhibit a reduction in duplex stability 
when compared with natural G. Consequently, we hypothesized 
that in situtations where it may not be feasible to modify each 
G, such as within a TFO comprised of long runs of guanines, 
partial substitution with PPG may be sufficient to reduce self-
association of TFOs.

Previous work in our lab has involved the use of the highly 
G-rich 30mer TFO, AG30, which binds with high affinity to its 
target sequence located in the supFG1 reporter gene.14 In order to 
investigate the potential benefits of partial PPG-substitution on 
TFO efficacy, we designed two AG30 TFOs with either every 
fourth guanine substituted with PPG (A6G30) or every third 
guanine substituted with PPG (A8G30). We tested the ability 

of the modified TFOs to bind to a duplex target compared 
with the non-substituted G-rich 30-mer, using conditions that 
mimic physiologic levels of potassium. Here, we report that in 
the absence of K+, the PPG-substituted TFOs displayed binding 
affinities comparable to the non-substituted TFO. Notably, in 
the presence of K+, the PPG-substituted TFOs displayed a 1000-
fold higher affinity for the target site than the non-substituted 
TFO. Our gene targeting data correlates with our in vitro bind-
ing studies; the PPG-substituted TFOs have improved bioactivity 
as evaluated by an assay for targeted mutagenesis. In addition, we 
have determined that the PPG-substituted TFOs are capable of 
inducing DNA DSBs, which ultimately resulted in the activation 
of apoptosis. Thus revealing that PPG-substituted molecules are 
also useful tools for studying the molecular mechanisms involved 
in the response to triplex-induced DNA damage. These results 
suggest that partial modification of G-rich TFOs with the PPG 
guanine analog may provide an alternative strategy to overcome 
the potassium-induced self-aggregation phenomena that severely 
limits triplex formation under physiological conditions.

Results

Design of the PPG substituted G-rich triplex-forming 
oligonucleotides

AG30, a G-rich TFO, binds as a third strand in the anti-par-
allel motif to form a triple helix at the polypurine/polypyrimi-
dine duplex target located at the 3′ end of the supFG1 reporter 

Figure 1. Triplex formation by the PPG substituted TFOs. (A) The G-rich TFO, AG30 was 
designed to bind to a polypurine sequence at position 167–196 of the supFG1 reporter 
gene. The sequence of AG30 and its target duplex site is included. (B) Structure of 
the natural guanine base compared with the modified base 8-aza-7-deaza-guanine 
(PPG) base. (C) Design of the 30-mer G-rich TFOs. The G represents PPG.
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gene at position 167–196 (Fig. 1A).5 Studies have demonstrated 
that this TFO is capable of inducing site-directed recombi-
nation when co-transfected with a DNA donor molecule.35,36 
Additionally, triplex structures induced by AG30 have the ability 
to induce mutations at a chromosomal locus both in cell culture 
and an animal model.7,37 Furthermore, we have demonstrated 
that AG30-induced DSBs can activate apoptosis.14 As a result, 
AG30 represents an excellent model to study the potential limita-
tions imposed upon triplex technology by the cellular environ-
ment. Given that 23 of the 30 bases in AG30 are guanine, we 
hypothesized that the guanines within AG30 could self-associate 
and thereby reduce its bioactivity. Previous studies determined 
that AG30 binds to the duplex DNA target site with high affin-
ity, under buffer conditions that promote triplex formation.38 In 
order to investigate the potential effects of self-association on 
AG30, we utilized the guanine analog 8-aza-7-deaza-guanine 
(PPG, or G) in our studies (Fig. 1B). Two TFOs were designed 
with the same sequence as AG30 but with every fourth (A6G30) 
or third (A8G30) guanine substituted with the modified gua-
nine base, PPG (Fig. 1C). The sequences of the PPG-substituted 
TFOs are depicted in Figure 1C.

Evaluation of triplex formation
To determine the relative binding affinities of the PPG-

substituted TFOs for the target duplex, a gel mobility shift assay 
was performed. Target duplex (10-11 M) was incubated overnight 

at 37 °C with increasing concentrations of TFOs in triplex bind-
ing buffer. The mixtures were separated by electrophoresis using 
a native acrylamide gel. The apparent K

d
 for each TFO was cal-

culated as the concentration of TFO at which binding was one-
half maximal. As shown in Figure 2A using buffer conditions 
that promote triplex formation, AG30 bound to the target site 
with high affinity (K

d apparent
 ~1 × 10-10 M). The PPG substituted 

TFOs, A6G30 (K
d apparent

 ~1 × 10-11 M) and A8G30 (K
d apparent

 ~1 × 
10-10 M), also bound to the target site with relatively high affini-
ties (Fig. 2A). In contrast, when the gel shifts were repeated in 
the presence of 140 mM KCl (Fig. 2B), AG30 displayed a much 
lower affinity for the target site (K

d apparent
 ~1 × 10-6 M) (Fig. 2C). 

Interestingly, the PPG-substituted TFOs, A6G30 (K
d apparent

 ~1 
× 10-9 M) and the A8G30 (K

d apparent
 ~1 × 10-9 M) were able to 

maintain a high binding affinity for the target site even in the 
presence of K+ (Fig. 2B). These results suggest that partial incor-
poration of PPG into G-rich TFOs may provide a small contri-
bution to improving TFO binding affinity in buffer conditions, 
which favor triplex formation, with a 10-fold increase observed 
with A6G30. However in buffer conditions that mimic physi-
ologic conditions, the PPG-containing TFOs have a 103-fold 
increase in binding affinity compared with the non-substituted 
TFO, AG30. These in vitro binding studies suggest that substitu-
tion of even a few guanines with PPG bases in G-rich TFOs may 
provide enhanced bioactivity.

Figure 2. Triplex formation of the modified TFOs in the presence of potassium. (A) Gel mobility shift analysis of triplex formation in standard triplex 
buffer (10mM MgCl2/ no K+). The target duplex was end-labeled and incubated with increasing concentrations of the indicated TFO followed by native 
PAGE. The lane marked 0 represents duplex DNA alone with no added TFO. (B) Gel mobility shift analysis of triplex formation in the presence of 140 mM 
KCl. (C) Gel mobility shift assay of AG30 in the presence of 140 mM KCl.
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Evaluation of self-association
Studies have determined that G-rich oligonucleotides can 

aggregate and self-associate to form secondary G-quadruplex 
structures in the presence of certain concentrations of cations. CD 
experiments were performed to investigate the effect of the PPG-
modification on the potential for AG30, A6G30, and A8G30 to 
form secondary structures. The conformational characteristics of 
AG30 were analyzed by CD spectra using buffer conditions that 
favor triplex formation (10 mM MgCl

2
) (Fig. 3A). The CD spec-

trum showed a negative peak near 240 nm and a positive peak 
near 260 nm, a typical spectrum for a parallel G-quadruplex 
structure. The depth of the minimum observed was larger for 
AG30 and A6G30, compared with A8G30 (Fig. 3A). A decrease 
in peak intensity at 260 nm was observed with an increase in 
PPG substitution, with A8G30 exhibiting a peak with the lowest 
intensity. In addition, there was a small wavelength shift in the 
maxima of A8G30. Furthermore, the mixed sequence oligonucle-
otide MIX30 did not form a secondary structure under the same 
buffer conditions. It is well established that monovalent cations, 
like potassium stabilize G-quadruplexes.39 Thus we investigated 
the effect of K+ on the structural stability of the secondary struc-
tures created by the G-rich TFOs in buffer conditions with phys-
iological concentrations of K+ (10 mM MgCl

2
, 140 mM KCl). 

Inclusion of K+ resulted in an increase in the CD intensity at 
260 nm for AG30. As shown in Figure  3B, strong CD peaks 
were observed in AG30 and A6G30, suggesting the formation 
of stable G-quadruplex structures. However, substitution with 

PPG led to a decrease in the peak intensity of A8G30 at 260 nm, 
with no observed increase in the CD spectra upon addition of K+. 
Additionally, the control mixed sequence oligonucleotide MIX30 
did not show the two-banded spectroscopic pattern characteristic 
of a parallel G-quadruplex.

Guanine substitution of our TFOs was designed to reduce 
G-quartet formation through self-association. A decrease in TFO 
self-association would be reflected in increased availability of the 
TFO for duplex targeting and binding. Binding assays were per-
formed utilizing both the PPG-substituted and non-substituted 
AG30s at various incubation times with 10-10 M target duplex 
as indicated in Figure 3C. A TFO concentration of 10-8 M was 
used in these studies since we previously determined that it was 
an effective concentration to observe binding of duplex DNA 
with all three TFOs in the absence of K+. The PPG-substituted 
TFOs, A6G30 and A8G30, almost completely bound available 
duplex within 30 min as indicated by the complete shift of the 
target duplex DNA (Fig. 3C). The gel shifts also indicate that the 
duplex remained stably associated with the PPG-TFOs for as long 
as 8 h. Contrarily, the non-substituted AG30 began associating 
with the target duplex after 1 h incubation, with complete asso-
ciation of available duplex only at 4 h. These gel shift assays dem-
onstrate that PPG-TFOs are capable of rapidly binding to their 
target site and is able to do so more efficiently than G-rich TFOs 
comprised of natural guanine bases. This may be attributed in 
part to a reduction in oligonucleotide self-association resulting in 
an increase in bioavailability.

Figure 3. Potential effect of G-rich oligonucleotide self-aggregation on triplex formation. (A) CD spectra of AG30, A6G30, and A8G30 in standard triplex 
binding buffer (10 mM MgCl2/no K+). All spectra were collected at room temperature in a species concentration of 2μM. (B) CD spectra collected in the 
presence of 140mM KCl. (C) Triplex formation using PPG-substituted TFOs at various time points. AG30, A6G30 and A8G30 (10-8 M) were incubated with 
end-labeled target duplex (10-10 M) for the indicated times in standard triplex binding buffer (10 mM MgCl2/no K+).
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Chromosomal mutagenesis induced by substituted TFOs
To investigate the ability of PPG base substitution to 

improve intracellular triplex formation of G-rich TFOs leading 

to improved bioactivity, an assay for targeted mutagenesis in 
mammalian cells was used (Fig. 4A). We utilized a mouse cell 
line (AV16), containing multiple copies of randomly integrated 

Figure 4. Targeted chromosomal mutagenesis by PPG substituted G-rich TFOs. (A) Schematic describing gene-targeted mutagenesis assay. AV16 cells 
were transfected with TFOs using cationic lipids. Cells were collected for DNA isolation 48h post transfection to allot time for induction of mutations, 
before analysis of genomic DNA. (B) Dose dependence of PPG-substituted TFOs on targeted mutagenesis of the chromosomal supFG1 gene in AV16 
cells. (C) The frequency of mutations in the supFG1 gene induced by AG30 or the PPG-substituted TFOs was calculated by dividing the number of color-
less mutant plaques by the total number of plaques counted. Each experiment was performed three times and the standard errors were calculated for 
the mutation frequency values, as indicated by the error bars. *** P < 0.001 (D) Sequence analysis of the supFG1 gene mutations induced by the treat-
ment of AV16 cells with PPG-TFOs, A6G30 and A8G30.
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chromosomal λsupFG1 shuttle vector DNA. The supFG1 
reporter gene contains the target site for third strand binding by 
either AG30, A6G30, or A8G0. Using packaging extracts, the 
vector DNA can be isolated from mouse genomic DNA into 
phage particles and subsequently analyzed for induced muta-
tions.40 SupFG1 encodes an amber suppressor tRNA whose func-
tion can be scored in indicator bacteria. A targeted mutation in 
the supFG1 gene will result in production of a white plaque upon 
shuttle vector rescue, in contrast to the blue plaques produced 
by functional supFG1 genes. This is a useful system for evaluat-
ing improved triplex formation due to PPG substitution, because 
site-directed mutagenesis induced by non-substituted AG30 at 
the supFG1 gene has been established both in vitro and in vivo.7,37

In order to evaluate whether PPG-substituted TFOs could 
generate triplex-induced mutations in AV16 cells and to establish 
the dose required for detecting targeted mutagenesis using these 
molecules, we performed a dose response assay. AV16 cells were 
treated with increasing concentrations of A6G30 and A8G30 and 

analyzed for induction of mutations. The results determined that 
both PPG-substituted TFOs were capable of generating triplex-
induced mutations (Fig. 4B). As expected, mutation frequencies 
increased with increasing concentration of PPG-TFO, with tar-
geted mutations being detected at concentrations as low as 0.25 
μM. These studies determined that A8G30 has improved bioac-
tivity compared with A6G30. Administration of A8G30 at 1 μM 
induced a mutation frequency of 64 × 10-5, while A6G30 treat-
ment yielded a mutation frequency of 50 × 10-5 (P < 0.001). These 
data confirm that partial substitution of G-rich TFOs with PPG 
can improve target site binding without compromising the bioac-
tivity of the molecules.

AV16 cells were then treated with a control oligonucleotide, 
MIX30 or 3GMIX30, or the TFO, AG30, A6G30 or A8G30. 
In order to provide an opportunity for triplex formation and 
mutation induction via repair and replication, the cells were har-
vested and the vector DNA was isolated for genetic analysis 48h 
post-treatment. The results indicate that treatment of the cells 

Figure 5. PPG-substituted TFOs induce DSBs. (A) Immunofluorescence of triplex-induced γH2AX foci 24h post-treatment with AG30 and A8G30. (B) 
Western blot analysis of γH2AX protein levels 24h after TFO treatment. (C) Detection of caspase-mediated cleavage of PARP as a measure of triplex-
induced apoptosis. Treatment with the PPG-substituted TFO, A8G30 resulted in similar p53 phosphorylation levels at serine 15, as AG30.
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with the PPG-substituted AG30 induced mutations at frequen-
cies higher than with AG30 alone (Fig. 4C). A8G30 induced a 
6-fold increase in mutation frequency when compared with cells 
alone (Fig. 4C). In fact, A8G30 induced a mutation frequency 
of 69 × 10−5, which is almost 2-fold higher than the frequency 
observed with AG30 (46 × 10-5, P < 0.001) and A6G30 (50 × 10-5, 
P < 0.001). Although, increased mutation frequencies were also 
observed with the use of A6G30 (Fig. 4C), the observed induc-
tion was not significantly higher than that of the non-substituted 
AG30. The inability of the control oligonucleotide, MIX30, to 
induce mutations above background provides evidence to sup-
port a mechanism of induced mutagenesis dependent upon the 
binding of the TFO to its specific target site. Treatment with 
the PPG control oligonucleotide, 3GMIX30 also provides sup-
port that the induction of mutations did not arise from the PPG 
guanine modification.

Sequence analysis of the A8G30 and A6G30 induced muta-
tions revealed base substitutions and single base pair insertion 
and deletion mutations precisely within the TFO binding site, 
consistent with previous studies (Fig. 4D).7 Because the major-
ity of mutants analyzed were located in the triplex binding site, 
the sequencing data provides further evidence that the mutations 
were TFO-induced and site-specific. Taken together, the analy-
sis of the pattern of mutations and the inability of the control 
oligonucleotide to induce mutations, supports a mechanism that 
attributes the increase in mutation frequency in the supFG1 gene 
to binding of the PPG-substituted TFOs to the chromosomal 
target site. These studies demonstrate that substitution of natural 
G with the guanine analog, PPG, can improve not only binding, 
but also the bioactivity of G-rich TFOs.

Triplex-induced DSBs
Triplex technology has been used extensively to study the 

molecular responses to structurally induced DNA damage. Our 
previous studies have determined that chromosomal triplex 
structures generated by TFOs are capable of inducing DSBs.14 In 
order to determine whether PPG-substitution may in some way 
alter this observation, we treated AV16 cells with MIX30, AG30, 
or A8G30 and evaluated for the induction of DSBs 24h following 
treatment. Phosphorylated histone variant H2AX (γH2AX) foci 
formation is commonly used as a quantitative marker for DSBs 
using immunofluorescence microscopy. The presence of triplex-
induced DSBs following treatment with AG30 and A8G30 was 
determined by staining for γH2AX. AG30 treatment resulted 
in the formation of more γH2AX nuclear foci compared with 
untreated and MIX30 treated cells (Fig. 5A). This is consistent 
with previously reported results.14 Treatment with A8G30 also 
resulted in γH2AX foci formation. In fact, it appears that there 
is a slight increase in γH2AX foci formation after treatment with 
A8G30 compared with AG30-treatment. Western blot analysis 
of γH2AX also confirms the presence of H2AX (S139) phos-
phorylation in only the TFO treated cells in agreement with the 
immunofluorescence results (Fig.  5B). Combined these data 
imply that the induction of DSBs generated by TFO treatment 
can be attributed to triplex formation.

Studies were then initiated to determine whether the 
TFO-induced DSB damage was extensive enough to induce 

pro-apoptotic pathways. AV16 cells were treated with a mock 
transfection, the control oligonucleotide, MIX30, or the TFOs, 
AG30 and A8G30 and then analyzed for the induction of apop-
tosis. Western blot analysis of caspase-mediated cleavage of 
Poly(ADP-ribose)polymerase (PARP) was used to confirm triplex 
activated apoptosis. PARP is a nuclear protein that recognizes 
DNA strand breaks and its cleavage by caspase 3 is an early event 
in apoptotic response. Caspase-mediated cleavage of PARP was 
only detected in the cell lysates isolated from AG30 and A8G30 
treated AV16 cells (Fig. 5C). Similar levels of cleaved PARP were 
detected following treatment with either TFO, suggesting that 
the observed apoptosis can be attributed to triplex formation. 
Following DNA damage, phosphorylation of the tumor sup-
pressor p53 at serine 15 is a central component in the activation 
of apoptosis. After TFO treatment, we determined by western 
blot analysis that an increase in p53 phosphorylation at serine 
15 corresponded to an increase in caspase 3-mediated cleavage 
of PARP (Fig. 5C). These results confirm that triplex-induced 
DNA strand breaks via PPG-modified TFOs are capable of acti-
vating p53 dependent apoptosis. Furthermore, it confirms that 
PPG-substituted TFOs may serve as important tools in the study 
of structurally induced DNA damage, particularly under condi-
tions where it is important to verify that the molecular response 
can be attributed to triplex formation and not the generation of 
secondary structures created by self-association.

Discussion

One current limitation in the use of purine-rich TFOs to 
target chromosomal DNA is the relatively poor duplex binding 
under physiologic conditions of monovalent cations. Physiologic 
potassium levels, for example, can stabilize the formation of 
intermolecular secondary structures, such as G-quartets, which 
in turn reduce the bioavailability of guanine-rich TFOs. In the 
present study, we have substituted a 30-mer purine-rich TFO 
with the guanine base analog 8-aza-7-deaza-guanine (PPG), in 
which the N7 and C8 positions of the guanine ring are inter-
changed. We show here that the partially PPG-substituted TFOs 
have increased binding affinity to a polypurine target site in 
vitro, even in the presence of physiological concentrations of 
potassium. Additionally, the PPG-substituted TFOs were able to 
associate with the target DNA suggesting that self-aggregation of 
the non-substituted TFO may reduce its bioavailability. Notably, 
the TFO containing PPG-substitutions at every third guanine 
A8G30 induced almost a 7-fold increase over background in 
mutation frequency in a chromosomal reporter gene in mamma-
lian cells, almost twice the rate of a TFO containing natural gua-
nine. Guanine modification, therefore, plays an important role 
in the on-going improvement of purine TFOs to enhance the 
efficiency of in vivo gene targeting and modification.

Triplex technology has been used extensively as a model to 
study the mechanisms involved in the recognition and repair of 
DNA damage induced by endogenous altered helical structures 
such as H-DNA. However, triplex formation via G-rich TFOs is 
not readily observed in vitro even at sub-physiological potassium 
levels. As a result, the question may often arise as to whether 
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the observed molecular responses are actually mediated by tri-
plex formation at the corresponding target site and not due to 
formation of secondary structures. Partial substitution of G-rich 
TFOs with PPG potentiates the capacity of TFOs to form stable 
triplexes in vitro under physiological potassium concentrations. 
In the work reported here, we demonstrate the utility of PPG-
substituted TFOs as a model for endogenous triplex formation. 
We designed PPG-substituted TFOs that are capable of induc-
ing DSBs as measured by γH2AX foci formation resulting in 
the activation of apoptosis. Similar levels of γH2AX foci when 
compared with the damage induced by the TFO comprised of 
natural guanine confirm that triplex formation can induce DSBs. 
In addition, it emphasizes that TFO-induced apoptosis is a result 
of triplex formation and cannot be attributed to non-specific tox-
icity generated by secondary structures.

Several strategies have been reported in the literature to cir-
cumvent self-association of G-rich oligonucleotides. For instance, 
it has been shown that incorporation of 6-thioguaine within 
purine oligonucleotides reduces G-quartet formation under phys-
iological conditions. However, this base analog slightly destabi-
lizes triplex formation.23 Other groups have demonstrated that 
replacement of the negatively charged phosphodiester backbone 
with the positively charged phosphoramidite linkage favors tri-
plex formation in the presence of KCl.41 The present study dem-
onstrates that even partial substitution of G-rich TFOs with the 
PPG base analog can reduce self-association and improve triplex 
formation under physiological potassium concentrations. These 
results suggest that PPG-substitution can be used to improve the 
bioactivity of gene-targeting TFOs. In addition, they may prove 
beneficial as tools to study the molecular mechanisms of DNA 
damage and repair of altered helical structures.

Materials and Methods

Oligonucleotides
Oligonucleotides were synthesized by the Midland Certified 

Reagent Company Inc. using cyanoethyl phosphoramidite 
chemistry and purified by RP-HPLC. The sequences of the 
30mer G-rich oligonucleotides used in the studies are depicted 
in Figure  1C. The G-rich TFO, AG30, was synthesized with 
the following sequence 5′ AGGAAGGGGG GGGTGGTGG 
GGGAGGGGGA G 3′. The guanines in A6G30 and A8G30 
were replaced with 8-aza-7-deaza-guanine (PPG, G, Glen 
Research) as indicated in Figure 1C. In order to prevent nucle-
ase degradation all oligonucleotides were synthesized to contain 
a 3′ amine group, through the use of a 3′-amino-modifier C7 
CPG (Glen Research).42 In addition, the mixed sequenced con-
trol oligonucleotides MIX30 and 3GMIX30 were synthesized 
with the following sequences, respectively: 5′ AGTCAGTCAG 
TCAGTCAGTC AGTCAGTCAG 3′ and 5′ AGTCAGTCAG 
TCAGTCAGTC AGTCAGTCAG 3′.

Triplex binding assays
Third strand binding to target duplexes was measured by gel 

mobility assays as previously described.43 Briefly, two comple-
mentary 57-mer oligonucleotides containing the sequence cor-
responding to bp 157–213 of the SupFG1 reporter gene were 

synthesized, mixed 1:1 in 25 mM NaCl, heated to 90 °C for 20 
min and allowed to slowly cool to room temperature to form 
duplex DNA. Following end labeling of the duplex using T4 
polynucleotide kinase and γ32P-ATP, the duplex was purified by 
gel electrophoresis. Binding reaction mixtures (20 μl) containing 
end-labeled duplex DNA (10-11 M) were incubated overnight at 
37 °C with increasing concentrations of TFO in a triplex bind-
ing buffer (10 mM TRIS-HCl [pH 7.6], 10% glycerol, 10 mM 
MgCl

2
) and supplemented with 140 mM KCl, where indicated. 

The products were resolved by gel electrophoresis on a 12% 
native polyacrylamide gel at 70 V in 1× TB buffer, with 10 mM 
MgCl

2
. The apparent equilibrium dissociation constant (K

d appar-

ent
) was calculated as the concentration of TFO at which binding 

was one-half maximal.
Circular dichroism
DNA substrates were prepared using the TFOs described 

above. Oligonucleotides (2 μM) were prepared in triplex bind-
ing buffer (10 mM Tris, pH 7.6, 10 mM MgCl

2
, 10% glyc-

erol) and supplemented with 140 mM KCl, when preparing K+ 
containing samples. The mixtures were boiled for 10 min and 
gradually cooled to room temperature. CD spectra were recorded 
by a Chirascan Circular Dichroism Spectrometer (Applied 
Photophysics), using a 1 mm path length cuvette in a volume of 
500 μl at room temperature. For each sample, three scans were 
taken at wavelengths from 200 to 320 nm. An average value was 
then calculated from the scans and corrected for the spectrum of 
the buffer control.

Cells and mutagenesis assay
The established mouse epithelial cell line, AV16, containing 

~100 copies of the λsupFG1 shuttle vector, was derived from C127 
cells as previously described.44 AV16 cells were transfected with 
the selected TFOs at final concentrations of up to 1 μM using 
cationic lipid transfection. Following 48–72 h of TFO treatment, 
genomic DNA was isolated and incubated with λ in vitro packag-
ing extracts for shuttle vector rescue and reporter gene analysis 
as previously described.44,45 Briefly, functional supFG1 gene sup-
press the nonsense mutations in the host β-galactosidase gene 
yielding blue plaques in the presence of IPTG and X-Gal. If how-
ever a mutation occurs in the supFG1 gene, the amber mutation 
will not be suppressed and the resulting plaque will be white. 
Mutation frequencies were determined by dividing the number 
of colorless plaques by the total number of plaques counted. 
Experiments were completed in triplicate and standard errors 
were calculated for the mutation frequencies as indicated by the 
error bars. Differences in the mutation frequencies were analyzed 
by one or two way Anova and tukey test as posthoc. All statistical 
analyses were performed using Graphpad Prism software. ***P < 
0.001, **P < 0.01

Immunofluorescence
Cells, seeded onto UV-irradiated coverslips, were treated for 

24hrs and samples were prepared under reduced light as pre-
viously described.46 Cells were incubated with the following 
antibodies: rabbit anti-γH2AX antibody (Cell Signaling) and 
FITC-conjugated F(ab′)2 fragment donkey anti-rabbit IgG 
(H+L) (Molecular Probes Inc.). Images were captured using an 
Axiovert 200 microscope (Carl Zeiss Micro Imaging, Inc.).
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Western analysis
Floating and adherent cells were collected, cell pellets were 

lysed with RIPA buffer (150 mM NaCl, 0.1% SDS, and inhibi-
tors), and 30–50 μg of total protein per sample was resolved by 
SDS-PAGE. Proteins were detected by a standard immunoblot 
protocol using the following primary antibodies: cleaved PARP; 
cleaved caspase3; phospho-p53 (ser15); phospho-H2AX (serine 
139); (Cell Signaling Technology, Inc.) and PCNA (Santa Cruz). 
Each experiment was performed a minimum of three times, and 
representative western blots are shown.
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