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ABSTRACT: We are developing triple helix-forming oligonucleotides (TFOs) as gene targeting reagents in
living mammalian cells. We have described psoralen-linked TFOs with 2′-O-methyl and 2′-O-(2-aminoethyl)
(2′-AE) substitutions that are active in a gene knockout assay in cultured cells. The assay is based on
mutagenesis by psoralen, a photoactive DNA cross-linker. Previous work showed that TFOs with three
or four 2′-AE residues were disproportionately more active than those with one or two substitutions. Here
we demonstrate that for optimal bioactivity the 2′-AE residues must be clustered rather than dispersed.
We have further characterized bioactive and inactive TFOs in an effort to identify biochemical and
biophysical correlates of biological activity. While thermal stability is a standard monitor of TFO biophysical
activity, we find thatTm values do not distinguish bioactive and inactive TFOs. In contrast, measurements
of TFO association rates appear to correlate well with bioactivity, in that triplex formation occurs
disproportionately faster with the TFOs containing three or four 2′-AE residues. We asked if extending
the incubation time prior to photoactivation would enhance the bioactivity of a TFO with a slow on rate
relative to the TFO with a faster association rate. However, there was no change in bioactivity differential.
These results are compatible with a model in which TFO bindingin ViVo is followed by relatively rapid
elution by cellular functions, similar to that described for transcription factors. Under these circumstances,
TFOs with faster on rates would be favored because they would be more likely to be in triplexes at the
time of photoactivation.

Reagents that could find and bind specific sequence targets
in mammalian chromosomes in living cells would have
enormous utility for research, commercial, and gene therapy
applications. The importance of a robust gene manipulation
technology is the motivation for the long-standing effort to
develop triple helix-forming oligonucleotides (TFOs)1 as
gene targeting reagents (1-5). Although triplexes are the
subject of an extensive biochemical and biophysical literature
(2, 3), it is only recently that TFOs have been shown to be
capable of mediating changes in the sequence of chromo-
somal targets (6-9). In part, this is the result of the
incorporation into TFOs of novel base or sugar analogues,
such as 2′-O-(2-aminoethyl)ribose (2′-AE-ribose) (7, 8).

Triplexes form when a third strand lies in the major groove
of a polypurine‚polypyrimidine duplex target, and are
stabilized by two hydrogen bonds between the third-strand
bases and the purines in the duplex. When the third strand

consists of pyrimidines, the triplets are T‚A:T and C+‚G:C
(10) (the cytosine must be protonated at N3 to support a
second Hoogsteen hydrogen bond). Triplex formation is
stringent with respect to sequence, and single mismatches
are destabilizing. Although the restriction to simple sequences
would seem to sharply limit biological applications, such
sequence elements are abundant in mammalian genomes, and
many genes have appropriate sites (11, 12).

There are a number of challenges to TFO bioactivity.
These fall into two categories: those pertaining to the
chemistry and biochemistry of the oligonucleotide and those
related to the genomic target in the nuclear environment.
From the perspective of TFOs in the pyrimidine motif, there
are several problems, most of which have been addressed
by the use of base and sugar analogues. Pyrimidine motif
triplexes are unstable at physiological pH because of the
requirement for cytosine protonation, which occurs at acidic
pH (pKa ) 4.5). However, replacement of cytosine with
5-methylcytosine permits triplex formation at neutral pH (13).
Triplex formation by deoxy TFOs imposes conformational
restrictions on the third strand and requires distortion of the
duplex. This has been addressed by use of third strands with
2′-O-methylribose sugars (14, 15). Triplexes formed by 2′-
OMe third strands require less distortion of the third strand
and underlying duplex (16). These triplexes can be more
stable than the underlying duplex, in contrast to those formed
by deoxy third strands (7, 17). The level of negative charge
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repulsion between the phosphates of the third strand and
duplex has been reduced by the use of the 2′-AE substitution,
which is protonated at physiological pH (7, 18, 19). This
modification, like 2′-OMe, stabilizes the C3′-endo conforma-
tion of the sugar and preorganizes the third strand into a
structure similar to that found in the triplex (16, 18), thus
reducing some of the entropic barriers to triplex formation
(20). Furthermore, the sugar modifications also confer some
degree of nuclease resistance on the oligonucleotides.

There are other, more “biological”, impediments to triplex
formation and stabilityin ViVo. The genomic target exists in
the context of eukaryotic chromatin, which in static form
blocks access to TFOs, similar to what has been described
for many regulatory proteins (21-23). However, chromatin
structure is dynamic as a function of the cell cycle,
transcription, replication, and DNA repair (24-26). This
allows target recognition by sequence specific binding
proteins and, presumably, TFOs. Thus, at the time of TFO
introduction, the accessibility of the target sequence will
reflect the biology of the cell and the metabolism of the gene
in which the target resides. For example, we have found
much greater target access in S phase cells than in quiescent
cells (8). Transcription can also open access to targets (27).
Another concern is the residence time of the TFO after
binding in ViVo. To a certain extent, this will simply reflect
the intrinsic off rate of the TFO as measured in conventional
biochemical assays. However, we have shown that preformed
triplexes are much less stable following introduction into cells
than would be predicted byin Vitro analyses (28, 29).
Triplexes can be unwound by helicases (30, 31) and by
translocases found in chromatin remodeling complexes (32),
and these may destabilize triplexes in the cell.

The biological activity of a TFO against a specific target
in ViVo is, then, a complex function of multiple parameters.
Development of reliable gene targeting protocols will require
effective TFO chemistry, as well as an understanding and
manipulation of the target biology. In previous work, we
identified TFOs containing a patch of 2′-AE residues that
were active in thehprt knockout assay (7). In this report,
we have articulated further the contribution of 2′-AE residues
to TFO bioactivity. In addition, by analysis of two closely
related TFOs, which form triplexes of similar thermal
stability, but show quite different efficacy in biological
assays, we have attempted to improve our understanding of
the biophysical parameters that underlie TFO bioactivity.

MATERIALS AND METHODS

Synthesis and Purification of TFOs.5′-O-(4,4′-Dimethoxy-
trityl)-5-methyluridine-2′-O-methyl-3′-O-(â-cyanoethyl-N,N-
diisopropyl)phosphoramidite,N4-formamidine-5′-O-(4,4′-di-
methoxytrityl)-5-methylcytidine-2′-O-methyl-3′-O-(â-cyanoethyl-
N,N-diisopropyl)phosphoramidite, the 5′-O-(4,4′-dimeth-
oxytrityl)-5-methyluridine-2′-O-methyl-3′-O-succinamido-N6-
hexanamido-N3-propyl-controlled pore glass (CPG) support,
and 6-[4′-(hydroxymethyl)-4,5′,8-trimethylpsoralen]hexyl-1-
O-(â-cyanoethyl-N,N-diisopropyl)phosphoramidite were pur-
chased from Chemgenes (Ashland, MA). For the synthesis
of 5′-O-(4,4′-dimethoxytrityl)-5-methyluridine-2′-O-(2-ami-
noethyl)-3′-O-(â-cyanoethyl-N,N-diisopropyl)phosphoramid-
ite andN4-(N-methylpyrrolidineamidine)-5′-O-(4,4′-dimethoxy-
trityl)-5-methylcytidine-2′-O-(2-aminoethyl)-3′-O-(â-cyano-

ethyl-N,N-diisopropyl)phosphoramidite, procedures reported
previously were followed (18, 19, 33). The oligonucleotides
were synthesized on CPG supports (500 Å) using an Expedite
8909 synthesizer as previously described (29).

Deprotection and Purification of TFOs.For the gas phase
deprotection, the controlled pore glass support with pso-TFO
was taken in a vial closed with a porous filter cap. The vial
was placed in an enclosed steel pressure chamber with a
valve and evacuated with a house vacuum. The valve was
then connected to the gas cylinder, keeping the steel chamber
under reduced pressure. The chamber was incubated with
anhydrous methylamine gas (Aldrich) at room temperature
for 30 min. This was followed by the release of the
methylamine gas. The TFO was then taken up in distilled
water. Analytical and semipreparative anion exchange (IE)-
HPLC were carried out using a Dionex DNAPac PA-100
column (4.0 mm× 250 mm and 9.0 mm× 250 mm,
respectively) on a Shimadzu HPLC system (LC-10ADvp)
with a dual-wavelength detector (SPD-10AVvp) and an
autoinjector (SIL-10ADvp). The column was eluted using
linear gradients of sodium chloride (from 0 to 1.0 M) in 0.1
M Tris buffer (pH 7.0) at a flow rate of 1.0 mL/min and
monitored at wavelengths of 254 and 315 nm (λmax for
psoralen). The purified oligos were characterized by capillary
zone electrophoresis and matrix-assisted laser desorption time
of flight mass spectroscopy.

Thermal Denaturation Experiments.The TFO and the
constituent strands of the target duplexes (5′ TCAGAA-
GAAAAAAGAGAAA and 5 ′ TTTCTCTTTTTTCTTCT-
GA) were dissolved in buffers containing 50 mM Tris, 100
mM sodium chloride, and 2 mM magnesium chloride (pH
6.0, 6.5, 7.0, and 7.5). The solution was heated at 80°C for
3 min and allowed to come to room temperature over the
course of 30 min. The TFO/duplex target solution was
incubated at 4°C overnight. In control experiments, we found
that denaturation profiles of triplexes prepared by adding the
third strand to a previously prepared duplex were indistin-
guishable from those prepared by mixing all three strands
followed by cooling. The thermal denaturation experiments
were carried out using a Cary 3E UV-vis spectrophotometer
fitted with a thermostated sample holder and temperature
controller. Triplexes were heated from 10 to 85°C at a rate
of 0.4 °C/min, and the absorbance at 260 nm was recorded
as a function of the temperature. All analyses were performed
at least two times with an error of no more than 0.5°C.

TFO Association Analysis by Absorbance Decay.The TFO
+ duplexf triplex transition is accompanied by decrease
in UV absorbance. This decay curve has been exploited for
estimating TFO association rates with the target duplex (34,
35). For our experiments, the duplex strand was formed in
kinetics buffer I [1 mM MgCl2, 10 mM sodium cacodylate
(pH 7.2), and 150 mM KCl] to give a final concentration of
1 or 2µM (see Figure 5). One milliliter of the duplex stock
solution was monitored by UV in a cuvette at 25°C and
gave a horizontal line as a function of time. The analyses
were carried out at 25°C (using a Peltier temperature
controller). An aliquot of the TFO stock solution in kinetics
buffer I was added with vigorous mixing to 1 mL of the
duplex stock solution. The mixing process took less than 10
s. The experiments were carried out on a Cary dual-beam
spectrophotometer. The decay curves were fit using second-
order kinetics with the software supplied with the instrument.
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Rate constants were reported as an average of three or more
experiments. For comparison, the decay curves were normal-
ized.

Cells and Synchronization Protocol.Chinese hamster
ovary (CHO) AA8 cells (ATCC) were grown in Dulbecco’s
modified Eagle’s medium (Life Technologies), supplemented
with 10% fetal calf serum (FBS), penicillin, and streptomy-
cin. Prior to an experiment, the cells were grown in HAT
medium (10-4 M hypoxanthine, 5× 10-5 M aminopterin,
and 10-5 M thymidine) for 1 week to eliminatehprt- cells.
The cells were synchronized in the G0/G1 phase by a variation
of the method described by Sawai et al. (36). Briefly, cells
were plated at subconfluent levels, and the next day the
medium was changed to DMEM with 2% FBS and 2%
DMSO. After 48 h, the cells were washed and incubated
with complete medium containing 100µM mimosine for 16
h to block them in the early S phase (∼90% early S cells)
(37). After 16 h, the cells were released from the mimosine
block by feeding with DMEM and 10% FBS and further
incubated for 4 h. In previous work, we have shown that
thehprt target is most accessible in cells in the mid-S phase
(8). Consequently, all bioactivity assays were carried out with
mid-S phase cells.

TFO Electroporation, Psoralen Treatment, and hprt Muta-
tion Assay.Mid-S phase cells were suspended at a density
of 107 cells/mL and mixed with TFO at 5µM. The cells
were electroporated (Amaxa), followed by incubation at room
temperature for 3 h, and a 3 min exposure in a Rayonet
chamber to UVA light at 1.8 J/cm2. The electroporation
conditions were chosen to minimize cell toxicity (trypan blue
staining showed∼95% viable cells after UVA treatment).
Cells treated with free psoralen were incubated with 5µM
psoralen for 30 min, followed by UVA treatment. The cells
were cultured for 8 days and then exposed to thioguanine
(TG) selection (29).

Restriction Resistance Analysis of Nonselected Clones.
Following TFO electroporation, UVA treatment, and culture
for 3-5 days to permit mutagenesis, 100 cells were plated
in 60 mm dishes in standard growth medium. Individual
colonies were expanded, and the DNA was extracted. The
I4E5 target region was amplified followed by digestion of
the PCR products withXbaI. Digestion resistant PCR
fragments were reamplified, and sequence analysis was
performed.

RESULTS

The sequence and modification patterns of the TFOs are
depicted in Figure 1. They were linked to psoralen and
designed to target a site adjacent to exon 5 in the Chinese
hamsterhprt gene. The site terminates in 5′ TA, which is a
preferred site for psoralen cross-linking. The cross-link site
is also included in the recognition sequence for theXbaI
restriction enzyme. Some of the TFOs are new to this report
(AE-09, -10, and -11), while others have been described
previously (AE-04, -05, -06, and -07 and PS-01) (7). In our
earlier study, we found that TFOs with one or two 2′-AE
substitutions were only marginally more active than the TFO
without 2′-AE residues in thehprt knockout assay. However,
the TFOs with three and four 2′-AE substitutions (AE-06
and AE-07, respectively) exhibited 10-15-fold greater
activity, indicating that a threshold had been crossed. AE-

06 and AE-07 contained contiguous 2′-AE residues at the
3′ end of the oligonucleotide. In the initial experiments in
this study, we wanted to determine the influence on bio-
activity of the placement of 2′-AE residues in patches at the
5′ end of the TFO (AE-09), in the middle (AE-10), or
dispersed throughout the oligonucleotide (AE-11).

Thermal Stability Analyses of TFOs.The triplexes formed
by the TFOs were characterized by thermal stability analysis
at different pH values. There was relatively little difference
in the stability of the triplexes formed by the different TFOs
(Supporting Information). Although there was a decline in
Tm as the pH increased, in all cases the triplexes melted with
a single transition (71-73 °C, pH 7.0) well above theTm of
the underlying duplex (55°C) (7). Thus, the location of a
patch of 2′-AE residues did not influence the thermal
stability. Furthermore, the dispersal of the 2′-AE substitutions
also did not have a very pronounced effect, as this triplex
was only slightly less stable than the others. TheTm values,
at pH 7.0, are presented in Figure 2a. For comparison, the
values for the TFOs containing different numbers of 2′-AE
residues are shown, presented as a function of 2′-AE content
(Figure 2b). The complete set ofTm values versus pH is given
in the Supporting Information.

Biological ActiVity of TFOs.The bioactivity of the TFOs
was measured in thehprt knockout assay described in our
previous publications (7). The number of colonies resistant
to the thioguanine selection agent is a measure of the number
of inactivating mutations in thehprt gene. In turn, this reflects
the activity of the TFO in delivering psoralen to the target
site. The TFOs with the patch of 2′-AE residues at the 3′ or
5′ end had similar activity, while placement in the middle
was not quite as effective (Figure 3). The TFO with the
dispersed substitutions (AE-11) was markedly less active than
the others. Thus, clustering of the 2′-AE residues was
important for activity.

The results presented here, and previously (7), describe
the number and distribution of 2′-AE residues that are
required for TFO bioactivity. Although our conclusions have
been derived empirically, they are consistent with suggestions

FIGURE 1: Triplex target sequence in the hamsterhprt gene. The
target lies adjacent to exon 5 (lowercase letters). The psoralen cross-
link site 5′ TA lies in the recognition sequence for theXbaI
restriction enzyme. The organization of the TFOs is shown; all
sugars were 2′-OMe unless indicated as 2′-AE. All oligonucleotides
were linked to psoralen.
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in the extensive biochemical and biophysical literature about
the properties of pyrimidine motif TFOs that would be
necessary for bioactivity (able to form triplexes at a physi-
ological pH and Mg2+ concentration, etc.). However, ourTm

analysis did not predict the discontinuity in bioactivity that
distinguished TFOs with three or four clustered 2′-AE
residues from those with two residues or the dispersed

substitution pattern (7). It seems likely that a TFO faces
challengesin ViVo that are not completely described by
thermal stability measurements. In the following experiments,
we have tried to gain some insight into the features that
distinguish two TFOs containing clustered 2′-AE substitu-
tions: the bioactive AE-07 (four 2′-AE residues) and the
low-activity AE-05 (two 2′-AE residues). We chose to study
these because AE-07 exhibited activity similar to that of AE-
09, but was easier to synthesize with active psoralen (the
proximity of the AE residues and the psoralen in AE-09
presented some problems during deprotection, the time at
which psoralen is most likely to be inactivated). Furthermore,
the AE patch is at the 3′ end of the TFO in both AE-05 and
AE-07.

Mutagenic ActiVity of AE-05 and AE-07.Our conclusions
about TFO bioactivity rest on a key assumption about the
results of the mutagenesis assay. Psoralen-linked TFOs AE-
05 and AE-07 could display quite different activities as
mutagens because of an intrinsic difference in their ability
to find and bind target sequencesin ViVo. Alternatively, they
might differ in mutagenic potency following triplex and
cross-link formation. Since we have assumed the former
explanation in our assessment of TFO activity, we felt it
important to examine the merits of the latter possibility.
Triplexes were prepared with the two TFOs and a replication
competent shuttle vector plasmid, psupF12, which contains
the hamsterhprt triplex target sequence, including the
psoralen cross-link site, embedded in a variantsupFmutation
reporter gene (29). The triplexes were formed by overnight
incubation of the plasmid with saturating amounts of TFO.
UVA treatment resulted in cross-linking of>95% of the
plasmids, which were then introduced into cells. After 48 h
to allow for repair, mutagenesis, and replication, the progeny
plasmids were harvested. The frequency of plasmids with
mutations in thesupFgene was determined in a microbio-
logical screen (38). We found that the mutation frequency
in the two plasmid preparations was similar: 13% for AE-
05 and 14.4% for AE-07. This suggested that the TFO-
psoralen cross-links formed by the two oligonucleotides were
equally mutagenic, at least as assayed with the shuttle vector.

We then asked if our measurement of the mutation
frequency disparity in thehprt assay, monitored by the
thioguanine selection assay, accurately reflected the genera-
tion of all chromosomal mutations by both TFOs. The
conclusion that TFOs with a patch of three or four 2′-AE
residues were disproportionately more bioactive than the TFO
with one or two residues was based on results of the classical
thioguanine selection for cells with mutations that inactivate
the hprt gene. Typically, these mutations are deletions that
remove a portion of the triplex target and extend into exon
5, located immediately adjacent to the cross-link site (6, 29).
However, we have recently found that the pso-TFOs also
induced base substitution mutations at the cross-link site.
These do not inactivate the gene, and are not detected by
thioguanine selection (8). They can be identified and
quantitated by challenge of PCR fragments of the target
region withXbaI, whose recognition sequence includes the
cross-link site (see Figure 1). Thus, we were concerned that
the low activity of the TFO with only two 2′-AE residues
may have been illusory, due to the incomplete reporting of
the thioguanine assay. To test this possibility, we chose
colonies at random, without selection, following treatment

FIGURE 2: (a) Thermal stability analysis of triplexes formed by
2′-AE TFOs. TheTm (degrees Celsius) is shown for TFOs with
three adjacent or dispersed 2′-AE residues. (b) Thermal stability
analyses of triplexes formed by TFOs containing clustered 2′-AE
substitutions at the 3′ end.

FIGURE 3: Bioactivity of AE TFOs measured in thehprt mutation
assay. The TFOs were introduced by electroporation into hamster
cells; the psoralen was photoactivated, and the frequency of cells
with mutations in thehprt gene was determined by selection in
6-thioguanine.
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of cells with either AE-05 or AE-07. We amplified the target
region and digested the fragments withXbaI. Resistant
fragments were reamplified and redigested to eliminate false
positives. Four resistant fragments were recovered from the
PCR products from 92 colonies from the AE-07 treatment,
while none were found in PCR products from 182 colonies
treated with AE-05 (see Figure 4 for the results of the first
screen). Sequence analysis showed that theXbaI resistant
fragments had Tf C changes at the 5′ T of the cross-link
site. Although this was not an exhaustive study, these results
supported the earlier conclusion that AE-05 was much less
active than AE-07, as a gene targeting reagent.

Association Kinetics of Triplex Formation by 2′-AE TFOs.
The Tm data in Figure 2b demonstrate that this classical
measure of triplex stability exhibited only incremental
differences between bioactive TFOs (AE-06 and -07) and
those with greatly reduced activity (AE-05 and PS-01). We
were interested in finding a biophysical measure of TFO
activity that would give a better correlation with the
bioactivity data. We decided to ask if the association rates
for triplex formation, as a function of 2′-AE content, would
provide that correlation. We monitored the decay over time
of the ultraviolet absorbance following the addition of a third
strand to a solution containing the duplex target (34, 35, 39).
A representative profile in Figure 5a shows the difference
between TFOs with a patch of two and four 2′-AE substitu-
tions. The comparison ofkon versus 2′-AE content for all
the TFOs is shown (Figure 5b). These measurements were
taken with the concentration of both duplex and TFO set at
2 µM. The results of these experiments indicated that there
was a continuum in the increase in association rates as the
2′-AE content increased from zero to two, and then to the
dispersed three. However, there was a discontinuity going
from two to three or four 2′-AE residues. This discontinuity
in a biochemical parameter was concordant with the discon-
tinuity in the measurement of bioactivity of AE-05 and AE-
07.

Under the conditions of this experiment, there was an∼4-
fold difference in thekon values of AE-05 and AE-07.
However, as reported by us previously (7), and confirmed
in many experiments since then, the bioactivity differential
between the two TFOs is on the order of 10-fold (see below).

One of the goals of our research is to identify biochemical
or biophysical measures of TFO activity that correlate with
the bioactivity measurements. Such analyses might have
predictive value for identifying bioactive TFOs. The associa-
tion rate assay is sensitive to parameters such as temperature
and the concentrations of the duplex and TFO. Since the
results shown in this experiment demonstrated a clear

FIGURE 4: Analysis of base substitution frequency in PCR
fragments of the TFO target region from nonselected, TFO-treated,
cells. PCR products were analyzed by two rounds of digestion with
XbaI and the resistant fragments further characterized by sequence
analysis. The arrow marks the position of the digestion resistant
fragment with the mobility of the marker in the right-most lane.

FIGURE 5: (a) Absorbance decay curves for triplex formation by
AE-05 and AE-07. Duplex and TFO were mixed (2µM each) at
25 °C in kinetics buffer I [1 mM MgCl2, 10 mM sodium cacodylate
(pH 7.2), and 150 mM KCl]. (b) Relative association rates vs 2′-
AE content. D-3 refers to AE-11 with three dispersed AE residues.
(c) Relative association rates of AE-05 and AE-07 with 1µM TFO
and duplex.

Bioactive Triple Helix-Forming Oligonucleotides Biochemistry, Vol. 43, No. 5, 20041347



distinction between AE-05 and AE-07, it seemed possible
that adjustment of the conditions of the assay might result
in values ofkon for the two oligonucleotides that reflected
the 10-fold difference seen in the bioassay. After some
experimentation, we found that reducing the concentration
of both the duplex and TFO to 1µM resulted in association
rates that quantitatively distinguished the two oligonucle-
otides in a manner similar to the biological assay (Figure
5c). The choice of these conditions was entirely arbitrary,
and they bear no necessary relationship to those encountered
in the nucleus by the TFOs. However, the good correlation
between the results of the two quite different assays raised
the possibility that the association rate of a TFO could be
an important determinant of activity in chromosomal target-
ing in ViVo.

Time Course of Mutagenesis.The bioassay measures the
extent ofhprt mutagenesis provoked by psoralen cross-links
following triplex formationin ViVo. After electroporation of
the TFO, the cells are incubated before photoactivation of
the psoralen. Only those targets with an assembled triplex
at the time of photoactivation will be cross-linked and thus
candidates for mutagenesis. Triplexes that form after the
exposure to UVA do not contribute to the mutation fre-
quency. In light of the results in Figure 5, we were interested
in asking if our experimental protocol could be manipulated
to enhance the bioactivity of a slower TFO, such as AE-05.
Given the similar thermal stability of triplexes formed by
AE-05 and AE-07, one possible strategy for compensating
for the slower association rate of AE-05 would be to allow
this TFO more timein ViVo before its UVA treatment.
Accordingly, we performed a time course experiment in
which AE-05 and AE-07 were introduced into the cells
followed by photoactivation at 30, 60, 180, and 360 min.
The results of this experiment showed that extending the time
prior to photoactivation did not increase the mutation
frequency in the cultures treated with AE-05 to the levels
seen with AE-07 (Figure 6a,b). Instead, the 3 h incubation
was optimal for both oligonucleotides, with little difference
after 6 h. The maintenance of the mutation signal after 6 h
for both TFOs argued against extensive degradation of the
TFOs during the incubation, and suggested that triplex
formation was at steady state during the 3-6 h period.

DISCUSSION

The goal of our studies reported here and in previous
publications is the development of TFOs with practical
biological activity. The AE-06 and AE-07 TFOs appear to
be effective reagents as determined in thehprt mutation
assay. As we have shown with AE-07 in S phase cells,
targeted mutagenesis occurs in∼5% of the cells (Figure 4),
while targeted cross-link formation occurs in 20-30% of
the cells (8). This is a level of activity sufficient for a variety
of applications, such as targeted mutagenesis and studying
repair of targeted adducts. Understanding the parameters that
distinguish an active TFO from an inactive TFO is important
for developing improved oligonucleotides, and may be
informative with regard to the obstacles to TFO targeting
activity at chromosomal loci in living cells.

The 2′-AE modification was first described by Cuenoud
and co-workers (18), who showed that it conferred enhanced
rates of association and increased triplex stability. At

physiological pH, it introduces a local positive charge to the
oligonucleotide, which partially ameliorates the charge
repulsion between the third strand and the duplex. The
significance of the charge repulsion problem has been
appreciated for many years, and is addressedin Vitro by
including relatively high levels of divalent cations such as
Mg2+ (40). Although the high levels of Mg2+ are very useful
in Vitro, intracellular levels of free Mg2+ are thought to be
much lower than those commonly employed in biochemical
experiments (41). Furthermore, molecular modeling and
NMR analyses showed a specific interaction between an
aminoethoxy proton and thei - 1 phosphate in the purine
strand of the duplex, which further enhanced the stability of
these triplexes (42). TFOs with extensive 2′-AE substitutions
had very fast association rates (18), and it might have been
expected that fully substituted TFOs would have the greatest
bioactivity. However, in our initial study of TFOs with
different levels of this modification, we found that extensive
substitution was counterproductive insofar as biological
activity was concerned (29). We believe that the resultant
molecules may have been too “sticky” to be effectivein ViVo.
Instead, as shown here and previously (7), a cluster of three
or four 2′-AE residues is necessary and sufficient for
bioactivity.

Triplex formation occurs as a result of a nucleation-
elongation process similar to that described for duplex
formation (20, 43, 44). The nucleus is thought to consist of
three to five triplets (34, 43). Nucleation is followed by either
dissociation or completion by a zipper mechanism. Our
association rate data indicate that the TFOs with three or
four 2′-AE residues have a disproportionately faster rate of
triplex formation than the TFOs with fewer substitutions or
three dispersed residues. We suggest that the similarity in
the number of nucleotides involved in nucleation and the

FIGURE 6: hprt mutation frequency of cells photoactivated at
different times following introduction of AE-07 (a) or AE-05 (b).
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size of the 2′-AE patch in the successful TFOs is not
coincidental. Instead, it seems likely that the clustering
stimulates the rate of triplex formation at the nucleation step.
Presumably, this results from a reduction in the level of local
charge repulsion between the nucleating patch and the duplex
target, and the stabilization of nucleation by the interaction
of the amine and the phosphate of the purine strand of the
duplex. The relationship between (clustered) 2′-AE content
and association rate appears to be similar to that between
2′-AE content and bioactivity, in that both exhibit a
discontinuity between two and three or four substitutions.
Under appropriate conditions, the rate determination cor-
relates very well with the differences in biological activity
between AE-05 and AE-07. Since ourTm data show only
incremental differences between the TFOs, it would seem
that the relative association rate is a better correlate of TFO
bioactivity. In our earlier study, we measured dissociation
constants for these TFOs. We found a simple decrease
(higher affinity) inKD as a function of AE content when the
assays were performed in 10 mM MgCl2 (7). However, when
the MgCl2 concentration was lowered to 1 mM, there was a
discontinuity between AE-05 and AE-06, although not as
pronounced as in the on rate determinations presented here.

The mutation bioassay reflects the number of TFO-
psoralen cross-links introduced at the target site. This in turn
is a measure of the number of those triplexes formed by the
pso-TFOs at the time of photoactivation. Triplexes assembled
after the photoactivation would not produce cross-links.
There are several different factors that could influence the
frequency of triplex formation. The TFO must enter the cell,
and nucleus, and be sufficiently stable to maintain an
effective concentration during the pre-photoactivation period.
The target sequence must be accessible, an important
consideration given the well-established inhibition of triplex
formation on nucleosomal targets (22). In a previous study,
we argued that target accessibility could be influenced by
the biological status of the cell, and we conducted the
biological experiments presented here under conditions of
optimal target access (8). Given an accessible target, why
would the association rate be important for bioactivity?
Posing the question assumes that this measurement, taken
under arbitrary experimental conditions, is relevant to the
situationin ViVo. Given that caveat, we can consider some
scenarios. One view of the extent of target occupancy by
the TFO at the time of photoactivation is that it is a simple
function of the biophysical properties of the oligonucleotide.
Thus, given the similar stability of triplexes formed by the
two TFOs, with sufficient time one would expect that the
extent of triplex formation by AE-05 and AE-07 would also
be similar. However, extending the time of incubation before
UVA treatment did not change the bioactivity differential
between the two TFOs. Consequently, it seems likely that
this view is incorrect.

The preceding argument is based on the assumption that
triplex stability in ViVo reflects thein Vitro measurement.
However, if this assumption is wrong, then chromosomal
triplexes might be much less stablein ViVo than predicted
by in Vitro analyses. For example, in an earlier study with a
shuttle vector model, we found that triplexes formedin Vitro
hadin ViVo residence times much shorter than expected from
our biochemical analyses (25). We concluded that there was
likely to be an active, cellular, process that destabilized

triplexes following formation. Under such circumstances, the
bioassay would favor the TFO with the greatest probability
of rebinding, i.e., the TFO with the fastestkon.

Recent studies with fluorescently tagged transcriptional
regulatory proteins show that the off rates for binding of
these proteins are much faster than predicted byin Vitro
measurements (45-47). It has been suggested that chromatin
remodeling complexes remove sequence specific proteins
(many of them binding in the major groove) from their
chromosomal binding sites (48). Chromatin remodeling
complexes can act as DNA translocases that can displace
bound proteins as well as a third strand from a DNA triplex
(32, 49). Thus, binding of many regulatory proteins to target
sites is followed by elution of the bound molecule by an
active, energy-dependent process. The current view is of a
dynamic system in which some proteins may spend only
seconds or minutes in residence before displacement (50).
It seems reasonable to consider binding of the third strand
at chromosomal targets as an equally dynamic process, in
which TFO residence time is modulated largely by cellular
activities, rather than by oligonucleotide chemistry.

Some testable predictions emerge from these consider-
ations. One is that there might be treatments of the cells that
enhance triplex stability by reducing the activity of energy-
dependent destabilizing factors (51). If this were possible,
then TFOs with slower association rates might exhibit greater
activity with longer incubations before photoactivation. The
second is that modifications that permit TFOs to form
triplexes more stable than AE-06 and AE-07 will not make
an effective contribution to bioactivity unless they also
improve association rates. Of course it will be of interest to
ask if association rate measurements for new TFOs, under
the conditions described in the legend of Figure 5c, continue
to correlate with bioactivity. Finally, it may be possible to
develop TFOs with faster association kinetics that would be
more bioactive than those described here. Since localized
positive charge appears to be important, other positively
charged base, sugar, or backbone modifications might be
efficacious (9, 52-54). Similarly, compounds that enhance
the kinetics of triplex formation might also be effective in
cotreatment protocols (35). These considerations may also
be important for the development of base analogues for
expanding triplex target options (55). Eventually, of course,
other factors, such as target accessibility, would limit TFO
activity. However, it is likely that there is still opportunity
for improvement based on chemical modifications.
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