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ABSTRACT: Triplex-forming oligonucleotides (TFOs) have the potential to serve as gene therapeutic agents
on the basis of their ability to mediate site-specific genome modification via induced recombination.
However, high-affinity triplex formation is limited to polypurine/polypyrimidine sites in duplex DNA.
Because of this sequence restriction, careful analysis is needed to identify suitable TFO target sites within
or near genes of interest. We report here an examination of two key parameters which influence the
efficiency of TFO-induced recombination: (1) binding affinity of the TFO for the target site and (2) the
distance between the target site and the mutation to be corrected. To test the influence of binding affinity,
we compared induced recombination in human cell-free extracts by a series of G-rich oligonucleotides
with an identical base composition and an increasing number of mismatches in the third strand binding
code. As the number of mismatches increased and, therefore, binding affinity decreased, induced
recombination frequency also dropped. There was an apparent threshold at an equilibrium dissociation
constant Kg) of 1 x 1077 M. In addition, TFO chemical modification witN,N-diethylethylenediamine
(DEED) internucleoside linkages to confer improved binding was found to yield increased levels of induced
recombination. To test the ability of triplex formation to induce recombination at a distance, episomal
targets with informative reporter genes were constructed to contain polypurine TFO target sites at varying
distances from the mutations to be corrected. TFO-induced recombination in mammalian cells between
a plasmid vector and a donor oligonucleotide was detected at distances ranging from 24 to 750 bp. Together,
these results indicate that TFO-induced recombination requires high-affinity binding but can affect sites
hundreds of base pairs away from the position of triplex formation.

Triplex-forming oligonucleotides (TFOS3ite-specifically TFO-induced recombination has been shown to occur in
bind duplex DNA and can induce both mutation and several experimental situations. Intramolecular recombination
recombination ). Because TFOs target DNA rather than between direct repeats of selected reporter genes was found
RNA substrates, they are capable of producing permanent,to be induced by triplex formation in both episom&) é&nd
heritable change. Accordingly, TFOs are thought to have chromosomal target§). In the episomal substrate, the TFOs
therapeutic potential, and much effort has been spent towere targeted to bind 4 bp downstream and 29 bp upstream
understand and improve upon TFO-mediated events. DNA of the two reporter genes, whereas in the chromosomal
TFOs are both constrained and powered by specific binding substrate, the target site for triplex formation was 0.8 and
rules. High-affinity TFO binding requires target sites having 0.7 kb away from upstream and downstream genes, respec-
a polypurine run on one strand of the duplex DNA and a tively. Though these experiments suggested that triplex
polypyrimidine strand on the opposite; triplex formation has formation could influence DNA metabolism at a distance,

a specific binding code which allows the design and use of they were limited to intramolecular events. In a protocol of
sequence-specific third strands—4). more direct relevance to gene repair, a bifunctional oligo-
nucleotide containing a TFO domain (30 nt) linked to a donor
tThis work was supported by grants to P.M.G. from the NIH domain (40 nt) was found to mediate gene correction within
(RO1GM54731 and RO1CA64186), to M.P.K. from the NIH Medical an episomal vector in COS cell§)( The design of this
Scientist Training Program (GM07205), to J.A.L. from the NIH ; ;
National Research Service Award (CA103543), and to D.L.W. from bifunctional mOI(.ecu.le W_aS b"’?sed on the prese.nce of a
the Cystic Fibrosis and Gene Therapy Center at the University of lowa favorable TFO binding site adjacent to the mutation to be
and NIH (P50HL062178). _ corrected (24 bp away). Also, it appeared that linkage of

:Tol whom |C0rrde5p§r?den-cezo%h%g 2?38 %ddfesfgg-n'f{r;gga the TFO and the donor domain was advantageous. However,
peie\;g:ﬁ’;%eﬁffsghoolOé}eMédici%e_ -2788. Fax: (203) 737-26304 0 onstraint of linkage was recently shown to be unneces-

s University of Colorado Health Sciences Center. sary on the basis of an assay for induced recombination in

"University of lowa. human cell-free extracts in which a 30-mer G-rich oligo-

1 Abbreviations: DEEDN,N-diethylethylenediamine; DSB, double- nucleotide. AG30. was found to induce recombination
strand break; HR, homologous recombinati¢t; equilibrium dis- o ’ . .
sociation constant; NER, nucleotide excision repair; PNA, peptide betwe?n a single-stranded donor oligonucleotide and a
nucleic acid; TFO, triplex-forming oligonucleotide. plasmid substrate whether or not the donor molecule was
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linked to the TFO 8). This ability of a TFO to stimulate  from the parent shuttle vector, pSP189, described by Parris
recombination between a target substrate and an unlinkedand Seidmanl(l). The pSP189 vector contains a wild-type
donor prompted us to test the extent to which a TFO can supFgene. An inactivating mutation was introduced via site-
stimulate recombination by an unlinked donor at varying directed mutagenesis of 4 out of 6 bp at positions-1B&3
distances from the site of third strand binding. We report (Quik Change Site Directed Mutagenesis Kit, Stratagene, La
here that TFO-induced recombination can be detected in cellsJolla, CA). The mutagenesis introduce®al site, and this
at distances from 24 to 753 bp away, thereby expanding theplasmid was termed pSP189(Sall). Derivatives containing
utility of the triplex approach for gene repair strategies. AG30 duplex target sites at various distances were created.
Another important consideration in the selection of TFO PMKsupF59 (distance from thgal site to the AG30 target
binding sites and in the design of TFOs is binding affinity. 0f 59 bp) was created by inserting the AG30 duplex target
The ability of a TFO to induce recombination by an unlinked into theEad site of pSP189(Sall). pMKsupF102 (distance
donor molecule allowed us to systematically test induced from theSal site to the AG30 target of 102 bp) was created
recombination by a series of TFOs in conjunction with the by inserting the AG30 target site into tHdlul site of
same donor molecule and the same target plasmid in a cell-PSP189(Sall). pMKsupF400 and pMKsupF1000 (distances
free extract system. We compared TFOs with varying from the Sal site of 400 and 1000 bp, respectively) were
numbers of mismatches (while maintaining the same basecreated by inserting unrelated stuffer sequences of 300 and
composition) and, therefore, varying affinities for target site 900 bp into pMKsupF102 ahead of the duplex target. The
binding. We report here that even a few mismatches in the shuttle vector plasmid pSupFG1/G144C, containisgjgFG1
third strand binding code substantially weakened the ability gene with an inactivating ® to C:G point mutation at
of the TFO to induce recombination. Although these results position 144, was described previously).(The distance
place a constraint on the identification of useful TFO target between the point mutation at position 144 and the start of
sites, they also indicate the stringent specificity of TFO- the AG30 target is 24 bp.
induced DNA metabolism. Plasmids containing the firefly luciferase gene were created
In addition, we tested the effect of TFO chemical PY subcloning ofFLuct from Promega’s (Madison, WI)
modification with N,N-diethylethylenediamine (DEED) in- PGL3-Basic Vector into pcDNAS/FRT (Invitrogen, La Jolla,
ternucleoside linkages on the ability to induce recombination. CA)- An insert containing the duplex AG30 target was
We report here that DEED modification enhances the ability introduced 40 bp upstream of thi&.uct ATG start. Stop
of a TFO to induce recombination compared to a standard €0dons were created by site-directed mutagenesis at base
DNA TFO with an identical sequence. This increase in the Pairs 13,202,713, and 1215 relative to the ATG start codon.
level of recombination induction is attributed to the higher A 1ack of luciferase activity was confirmed using the
relative affinity of DEED TFOs for their target, especially Promega Luciferase Assay (see below).

under physiologic conditions}. Determination of TFO Binding Affinityfwo complemen-
tary 57-mer oligonucleotides containing the sequence cor-
EXPERIMENTAL PROCEDURES responding to bp 157213 of supFG1lwere synthesized,

mixed 1:1 in 25 mM NacCl, heated to 9C for 10 min, and
OligonucleotidesDNA oligonucleotides were synthesized  allowed to cool slowly to room temperature to form duplex
by the Midland Certified Reagent Company Inc. (Midland, DNA. Following end labeling of the duplex using T4
TX) and purified by RP-HPLC. DNA oligonucleotide polynucleotide kinase ang{32P]dATP, the fragments were
sequences are as indicated in Figure 1A (30-mer G-rich purified by gel electrophoresis and Centricon-3 filtration in
oligonucleotides) and Figure 3A (13-mer G-rich oligonucle- distilled water (Amicon, Beverly, MA). Binding reaction
otide), and as follows for thesupF and FLuc donor mixtures (20uL) containing 1x 1071 M duplex DNA and

molecules: A(WT)40 gupF), 5 AGGGAGCAGA CTCT- increasing concentrations of TFO in 10 mM Tris-HCI (pH
AAATCT GCCGTCATCG ACTTCGAAGG 3 FLucl3, 5 7.6), 10 mM MgC}, 1 mM spermine, and 10% glycerol were
TGGTAAAGCC ACCATGGAAG ACGCCAAAAA CAT- incubated overnight at 37C; gel shifts were carried out in

AAAGAAA GGCCCGGCGCC 3 FLuc202, 5 GGTTG- the absence of potassium unless otherwise indicated. The
GCAGA AGCTATGAAA CGATACGGGC TGAATA- products were resolved by gel electrophoresis on a 12%
CAAA TCACAGAATC 3'; Fluc713, 5 CAAATCATTC native acrylamide gel at 70 V inx1 TB buffer with 10 mM
CGGATACTGC GATTTTAAGT GTTGTTCCAT TCCAT- MgCl.. A phosphorimager (Amersham Biosciences, Piscata-
CACGGT 3; and Fluc1215, STATGTCCGGT TATG- wasy, NJ) was used to quantify the reaction products and
TAAACA ATCCGGAAGC GACCAACGCC TTGATTGA- determine the equilibrium dissociation constars)(
CAA 3'. The control oligonucleotide, Mix30, a mixed base In Vitro Assay for Induced RecombinatiodelLa whole
30-mer, has the following sequence! AGTCAGTCAG cell extracts were prepared as described previousf). (
TCAGTCAGTC AGTCAGTCAG 3. AG30, related G-rich  Reaction mixtures consisted of &) of pSupFG1/G144C
oligonucleotides, and Mix30 were &nd-protected with @  plasmid DNA, 3 ug each of selected oligonucleotides
C7 amine group. A(WT)40 was &nd-protected with three  (putative TFOs and donor fragment), 60 mM NaCl, 2 mM
phosphorothioate internucleoside linkageksuc donor mol- [-mercaptoethanol, 3 mM KCI, 12 mM Tris (pH 7.4), 2 mM
ecules were '5and 3 end-protected with three phosphoro- ATP, 0.1 mM dNTPs, 2.5 mM creatine phosphatedlof
thioate internucleoside linkages. Synthesis and purification creatine phosphokinase, 12 mM Mg@.1 mM spermidine,
of the DEED oligonucleotide (sequence indicated in Figure 294 glycerol, 0.2 mM DTT, and 15L of cell-free extract in
3A) were performed as previously describd@)( a total reaction volume of 50L. After incubation fa 2 h at
Plasmid VectorsFor the SV40-based shuttle vector assay 30 °C, the reactions were terminated by the addition of 25
in monkey COS cells, a series of plasmids was constructeduM EDTA, 0.5% SDS, and 2@g of proteinase K. After 1
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h at 37 °C, the plasmid DNA was isolated by phenol
extraction and ethanol precipitation and dissolved inLO

of H,O. One microliter of the resulting sample was used to
transformEscherichia colMBM7070 by electroporation, as
described previousiy1@), followed by growth of the bacteria
on indicator plates for genetic analysis sfipFG1gene
function as described previousl¢3).

In Vitro Assay for Induced Repair Synthedike pSupFG1
plasmid (600 ng), described previous4, containing the
AG30 triplex binding site, was incubated overnight at 37
°C with the selected G-rich TFO at a final concentration of
1 uM in 10 mM Tris (pH 7.6), 10 mM MgCl, and 10%
glycerol. The DNA was then added to HelLa cell-free extracts
supplemented withd-*2P]dCTP and other components as
previously describedl®). After incubation at 30°C for 3
h, the reactions were terminated by the addition of EDTA
(20 mM), RNase A (8g/mL), SDS (0.5%), and proteinase
K (190 ug/mL). The plasmid DNA was isolated by phenol
extraction and purified using the Qiagen PCR purification
kit (Valencia, CA). The DNA was linearized byhd

digestion and analyzed by gel electrophoresis. Quantification

of DNA repair synthesis as measured by the levebet{P]-

dCTP incorporation was performed using a phosphorimager.

pSupFG1 plasmid DNA exposed to 5000 3/of short-
wavelength UV radiation (254 nm) and then treated with

extract was used as a positive control such that the value

Knauert et al.

Luciferase activity was measured following the manufac-
turer’s instructions using the Promega Dual Luciferase Kit
(Promega) and only the LAR Il substrate. The total protein
in the lysate was determined via the Bradford protein assay
(16).

RESULTS

Design of G-Rich Triplex-Forming Oligonucleotides.
AG30 is a G-rich TFO used throughout these studies. AG30
binds as a third strand in the antiparallel motif to form a
triple helix at the polypurine/polypyrimidine duplex target
shown (Figure 1A). This duplex sequence is present at the
3 end of thesupFGlgene in the pSupFG1/G144C and
pSupFG1 vectors as described previously. (The same
polypurine/polypyrimidine duplex sequence has been inserted
into pSP189(Sall) at various positions. The binding charac-
teristics of AG30 for this duplex target have been previously
determined 13). A series of additional G-rich oligonucleo-
tides was designed to have the same base composition as
AG30 but an increasing number of mismatches in the third
strand binding code (Figure 1A). There are two pyrimidine
inversions in the AG30 duplex target (at positions 14 and
17 out of 30) that create unavoidable mismatches in the third
strand binding code for all of the 30-mer G-rich oligonucleo-
tides studied here.

for this sample was set at 100% and used to normalize the Binding Measurement3o determine the relative binding

raw measurements for the other samples.

Cells Monkey COS-7 cells were obtained from ATCC
(1651-CRL) and were maintained in DMEM supplemented
with 10% fetal bovine serum (Gibco BRL, Division of
Invitrogen, Gaithersburg, MD). CHO cells were obtained
from Invitrogen and maintained in Ham’s F12 medium
supplemented with 10% fetal bovine serum, 2 mM
glutamine, and 10@g/mL Zeocin.

Shuttle Vector AssayCells were transfected with the
indicated supF plasmid DNAs using the cationic lipid

affinities of the G-rich oligonucleotides for the target duplex,
a gel mobility shift assay was used (Figure 1B,C). Fae

for each oligonucleotide was calculated as the concentration
of oligonucleotide at which binding was one-half of maximal.
AG30, which is optimized in the third strand binding code
for the 30 bp duplex target site, binds to the target site, under
the conditions used in these experiments, with high affinity
(Kg ~ 2.5 x 1078 M), which is consistent with previously
published binding studies for this molecul&3). Analysis

of the oligonucleotide series indicates that as the number of

formulation, Geneporter 2 (Gene Therapy Systems, Sanmismatches increases, the binding affinity decreases (Figure
Diego, CA), according to the manufacturer's instructions; 5 1B,C). For example, the G-rich oligonucleotide containing
x 1P cells were seeded into 10 cm dishes 24 h prior to two mismatched bases relative to AG30 (deSignated 2A630)
transfection. At the time of transfection, a master solution has a slightly reduced binding affinitiK{ ~ 7.5 x 1078 M)

of each type of DNA to be transfected was aliquotegiggl ~ compared to AG30. 8AG30 (containing eight mismatched
each ofsupFplasmid, donor oligonucleotide, and G-rich TFO bases) has a substantially reduced binding affifiy { 1

or Mix30 was used per plate of cells. Oligonucleotides to x 10° M). 12AG30, which contains the most mismatches
be used in the transfection were heated t¢G%or 10 min possible (while still maintaining a constant base composi-
and quenched on ice. At 48 h post-transfection, cells were tion), shows negligible binding to the target site. These data
harvested, and plasmid DNAs were recovered via alkaline demonstrate that complete homology to the target site is not
lysis, as described previously)( Recovered plasmid DNAs ~ required for triplex formation. However, as the level of
were assayed fosupF gene recombination as described homology between the TFO and target site decreases, there
above. is a substantial loss in affinity (Figure 1C).

CHO Cell Transfection and Luciferase Ass&HO cells TFO-Induced Recombination and Repair Depend on
were transfected with plasmid, donor, and either AG30, Binding Affinity. Using an in vitro recombination assay
12AG30, or Mix30 using Geneporter 2 as described above. described previouslyg( 15), we tested each G-rich oligo-
Briefly, 24 h prior to transfection, 12-well plates (4 ¢per nucleotide’s ability to induce recombination between the
well) were seeded with x 10* cells per well. DNAs to be  plasmid vector pSupFG1/G144C, containing an inactivating
transfected were mixed with 10 mM Tris (pH 7.4) and G-C to CG mutation at position 144, and the single-stranded
incubated overnight at 37C. Transfections delivered 0.1  40-mer oligonucleotide donor, A(WT)40, which corresponds
ug of plasmid, donor, and AG30, 12AG30, or Mix30 to each to nucleotides 123160 of supFG1 with the wild-type
well; 48 h following transfection, cells were rinsed two times sequence at base pair 144. Consistent with previous work,
with Dulbecco’s phosphate-buffered salinex{l (Gibco AG30 induced recombination between the donor oligo-
BRL) and then lysed with 250L of 1x Passive Lysis Buffer ~ nucleotide, A(WT)40, and the target plasmid at a frequency
(Promega). of 47 x 1075 (Figure 2A). 2AG30 induced recombination
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Ficure 1: In vitro binding affinity of matched and mismatched G-rich oligonucleotides for triplex formation. (A) Design of 30-mer G-rich
oligonucleotides. The base composition is constant; nucleotides in bold type are mismatched to the target site. The duplex target site is
listed below oligonucleotide sequences. (B) In vitro gel shift analyses to quantify third strand binding. The labeled duplex was incubated
in the presence of excess 30-mer G-rich oligonucleotides at varying concentrations and analyzed by electrophoresis on a nondenaturing
polyacrylamide gelKy values were estimated as the concentration at which the binding was half-maximal, as quantified by phosphorimager
analysis. (C) Inverse correlation of binding affinity with the number of mismatches in the third strand binding code.
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Ficure 2: TFO-mediated induction of recombination and repair in human cell-free extracts. (A) Binding affinity of 30-mer oligonucleotides
(Kq in nanomolar) vs induction of recombination. Error bars indicate one standard error above and below the average value of all experimental
replicates. (B) Oligonucleotide-induced repair synthesis in human cell-free extracts. pSupFG1, containing the AG30 duplex target site, was
treated as indicated [none, plasmid with extract treatment only; UV, 5000a/short-wavelength UV radiation (254 nm); AG30uM

AG30 incubated overnight at 3T; 4AG30, 1uM 4AG30 incubated overnight at 3TC; 12AG30, 1uM 12AG30 incubated overnight at

37 °C] and then added to HeLa cell-free extracts in the presence-8#]dCTP. The plasmid substrates were isolated, resolved by gel
electrophoresis, and visualized and quantified for incorporation of radioactivity by the phosphorimager; the repair band intensity for the
UV-damaged plasmid was set at 100%. (C) Relative induction of repair by oligonucleotides vs induction of recombination.

at a frequency of 43x 1075 similar to that of AG30. extent of triplex-induced recombination is substantially
However, as the number of mismatches between the 30-mereduced.

G-rich oligonucleotides and the target duplex increased In previous work, we have shown that triplex formation
beyond two, the induced recombination frequency decreasedis able to stimulate repair synthesis on an otherwise undam-
For example, 4AG30 yielded a frequency of 28.0°°, and aged plasmid in HelLa cell-free extracts3[ and that this
12AG30 yielded a frequency of just-d3 1075, a level similar induction of repair is dependent upon the nucleotide excision
to that of the donor alone in the assay. These results suggestepair (NER) pathway15). To assess the dependence of
that the ability of the TFOs to induce recombination is closely induced repair on binding affinity, we tested several of the
correlated with the affinity of the TFO for the target site. 30-mer oligonucleotides in a repair assay to correlate the
The mismatch studies further suggest that while 100% ability to stimulate repair synthesis with the binding affinity
homology between the target sequence and the TFO is notof the TFOs (Figure 2B). We found a direct correlation
absolutely necessary to induce recombination, there is a sharfetween TFO binding affinity and the ability to induce repair
threshold at &4 of approximately 1x 10-7 M (correlating synthesis, with the level of induced repair by AG30 greater
to four to six mismatches in this system) beyond which the than that by 4AG30 and greater than that by 12AG30. For
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A binding affinity and induced recombination, and they suggest
that improvements in affinity mediated by chemical modi-

6—@859 b—@ase fication may lead to additional increases in the level of TFO-

s induced recombination.

0=p-0- ompti— Distance Dependence of Triplex-Induced Recombination
0—@"359 0—@’359 > in Cells.In previous studies of triplex-induced recombination

3 > I/ in mammalian cells, we used the pSupFG1/G144C shulttle

0=p-0- o=|:=-NH—/ N— vector as a target substrate. We found that a bifunctional
?Q Q oligonucleotide consisting of the donor molecule, A(WT)-
Phosphodiester N,N-diethylethylenediamine 40, covalently linked to the TFO, AG30, mediated gene
(PP} (DEED) correction in the plasmid target (following cotransfection of

AG13 5’ ApGpGpApApCGPCpCpGpGPGPGPG 3’ the oligonucleotide and plasmid) at a frequency in the range
AG13DEED 5’ A*G*G*A*A*G*G*G*G*G*G*G*G 3’ of 0.17% (7). Subsequent in vitro work suggested that the

two domains did not need to be covalently linked for the

B TFO to stimulate recombinatioB), To confirm this in cells,
AG30 : we cotransfected AG30 and A(WT)40 (unlinked) into COS
cells along with pSupFG1/G144C. In this plasmid vector,
AG13DEED the AG30 binding site is situated 24 bp from the inactivating
mutation at base pair 144 (Figure 4A). Upon shuttle vector

rescue and analysis in indicator bacteria, we found a
frequency of induced gene correction of 0.14%, similar to
: the value of 0.17% produced by the bifunctional, linked
0 2‘5 5‘0 7‘5 160 qligonucleotide. Neither th_e mismatched G-rich oligonu_cleo-

tide, 12AG30, nor a mixed sequence 30-mer, Mix30,
Induced Recombination (x10°°) stimulated recombination by the unlinked A(WT)40 donor
FiGURE 3: Induced recombination by a natural DNA phosphodiester molecule above what is achieved by A(WT)40 alone (Figure
oligonucleotide vs a DEED-modified oligonucleotide. (A) Backbone 4B).

structure of a phosphodiester vs a DEED-modified oligonucleotide. o : P
Note the replacement of a nonbridging oxygen withNa\- To test the ability of AG30 to induce recombination at a

diethylethyleneamine group. Sequences of 13-mer G-rich oligo- distance greater than 24 bp, a series of plasmids was
nucleotides, AG13 [phosphodiester (p) internucleoside linkages] and constructed as described above; these plasmids are derived
AG13DEED [DEED §) internucleoside linkages] are as indicated. from the parent vector, pSP189(Sall), and vary in the
These oligonucleotides are designed to bind to the first 13 bp of placement of the AG30 duplex target 59, 102, 400, and 1000

the duplex target shown in Figure 1. (B) Induction of recombination . . S . .
in Hela cell-free extracts by phosphodiester vs DEED-modified PP from the site of the inactivatingupFmutation (a mutation

G-rich oligonucleotides. All samples include a plasmid, a donor, Of 4 bp of 6 bp at positions 138143 to create &al
and the oligonucleotide indicated at the left of each bar. restriction site). The parent pSP189(Sall) plasmid lacks the

extended polypurine target site. There is a 10 bp sequence
quantification, the level of induced repair was normalized at base pairs 167176 which matches the first 10 bp of the
to that induced by UV damage (set at 100%) and plotted AG30 site, but beyond this, there are 16 mismatches against
against the frequency of induced recombination for the binding by AG30. This substantially mismatched site starts
oligonucleotides that were tested. As shown, there is a direct24 bp from theSal mutation. The other plasmid in the set
correlation between induction of repair and induction of is pSupFG1/G144C, which, as described above, has the
recombination (Figure 2C). complete AG30 binding site beginning 24 bp from an

As a further examination of the correlation of TFO binding inactivating G to C mutation.

with induced recombination, we tested TFO chemical To measure the level of induced recombination, the DNA
modification with DEED internucleoside linkages (Figure components [plasmid substrate, A(WT)40 donor, and AG30]
3A). In previous work, we had determined that DEED TFOs were cotransfected via cationic lipids into COS cells. For
have higher binding affinities than phosphodiester DNA comparison in each experiment, the plasmid and donor DNAs
TFOs of the same sequence, especially under physiologicwere also cotransfected with 12AG30 (or, in some cases,
conditions with a low level of magnesium and a high level with the mixed sequence control oligonucleotide, Mix30).
of potassium §). We compared a pair of oligonucleotides, On the basis of Figure 4B and previous work, we know that
AG13 and AG13DEED, both designed to bind to the first 12AG30 (also designated Scr30 in some prior publications
13 bp of the AG30 binding site iIsupFG1(Figure 3A). from our group) does not detectably induce repair or
AGI13DEED was DEED substituted at all 12 possible recombination; in addition, gel shift assays have established
internucleoside linkages. AG13DEED shows a binding that Mix30 does not bind the AG30 duplex targeé}. (The
affinity for the supFG1site 3-fold greater than that of AG30 samples including one of the nonbinding 30-mer oligonucleo-
(data not shown) and was found to induce recombination attides or the other serve to control for nonspecific effects that
a frequency of 85x 10°° (Figure 3B). In contrast, the  might result from the addition of extra nucleic acid to the
phosphodiester DNA TFO, AG13, which has the same basedonor DNA in the transfection mix. Following transfection,
sequence as AG13DEED, hasa of approximately 5x the episomal DNA was recovered 48 h later and used to
107 M (similar to that of 4AG30) and a recombination transform indicator bacteria to determine the frequency of
induction frequency of 32 107 (also similar to that of recombination within thesupFgene. For each experiment,
4AG30). These results further support the correlation of TFO a minimum of 45000 colonies were analyzed and between

AG1
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1000 correction (Figure 4C). The highest levels of induction, up
to approximately 3-fold, were seen at the closer distances
3 polyY of 24 and 59 bp; a 2-fold induction was seen at the distance
i of 102 bp. Neither the plasmid with a mismatched target
nor the plasmids with the TFO binding targets 400 and 1000
bp away showed induction by the sequence-specific TFO
(Figure 4C). As a further control, we found that there was
no induction of recombination above baseline in any of the

= plasmids by Mix30 (data not shown). Hence, TFO binding
5 in this assay can influence recombination by a 40-mer donor
] oligonucleotide over distances of up to 100 bp.
8 To further investigate TFO-induced recombination at a
g distance, we set up an alternative assay system using the
= firefly luciferase gene as a reporter; firefly luciferase has
8 previously been shown to be a sensitive marker of gene repair
& 0.00 (17). In this system, the TFO binding site was fixed at a
plasmid donor Mix30 12AG AG30 Linked single location, but the position of the inactivating mutation
c nslggi-m in the gene was var_|ed. (Because ﬁchodmg region is
P only 93 bp long, this strategy was not possible using the

supFgene.) An AG30 binding site was inserted within the
5 untranslated region of the gene 40 bp upstream of the
coding region start site. In this construct, luciferase gene
expression is driven by the CMV immediate early promoter.
Variants of this plasmid were produced in which stop codons
were created by mutations at base pairs 13, 202, 713, and
1215 in the coding region (out of a total of 1652 bp), yielding
TFO binding site-to-mutation distances of 53, 242, 753, and
mm24 D24 D59 D102 D400 D000 1255 bp, respectively (Figure 5A). It was confirmed that each
FIGURE 4: TFO-induced recombination in teepFgene atvarious ~ ©f these nonsense mutations abrogates luciferase activity to

distances. (A) Schematic of plasmid vector targets. ShpFgene undetectable levels in a transient transfection assay (data not
is represented by the gray box. T8al site at positions 138143 shown).

is indicated by the black bar. TFO binding sites 24, 59, 102, 400, . .
and 1000 bp from the inactivatirgupFmutation are indicated by As described above, vectors were cotransfected with the

downward-pointing arrows. Target site 24mm (24 mismatch) is not donor oligonucleotides (in this case 50-mer oligonucleotides
depicted, but is colocated with target 24. The A(WT) donor is drawn were used) and either AG30, 12AG30, or Mix30. Again, the

above the strand to which it is homologous. The orientation of the 12AG30 and Mix30 samples served as mismatched oligo-
polypurine/polypyrimidine duplex target for AG30 (at all distances) 1 ;cleotide controls for each vector that was tested. In all

Isstrg]r?(;cg}et%: )c/ittigleego)\)gSSntgrgce)ltyiF; Ic?r? ?Lsé tTohrf S‘?[I?El)l’/]%yg?lg;g\?vn cases, luciferase activity was standardized via normalization

here (polyY). The polypurine strand is on the bottom strand as Of reaction values by setting the average activity of the
drawn here (polyR). (B) Induction of recombination in the psupFG1/ plasmid/donor/12AG30 samples equal to 1000 relative light

G144C plasmid target by selected oligonucleotides. Plasmid alone,ynits and then adjusting all other samples accordingly.
no donor indicates psupFG1/G144C only samples. Donor indicates | ith . di 53 242 d 753
plasmid and donor oligonucleotide alone without G-rich oligo- n vectors with mutations at distances of 53, 242, an

nucleotide. Mix30 indicates samples containing plasmid, donor, and bp, AG30 was seen to induce recombination at frequencies
Mix30. 12AG30 indicates samples containing plasmid, donor 2.4-, 2.2-, and 1.7-fold, respectively, above the baseline of
oligonucleotide, and 12AG30. AG30 indicates samples containing the donor with mismatched 12AG30 (Figure 5B). However,

plasmid, donor, and AG30. Linked indicates samples containing
plasmid and the bifunctional oligonucleotide consisting of AG30 there was no detectable effect of AG30 at the furthest

linked covalently to a donor. Error bars indicate one standard error. distance of 1255 bp. In addition, no induced recombination
(C) Induction of recombination by AG30 at various distances Was seen in any of the samples with the Mix30 control
between the site (fupFgene mutation and the third strand binding  oligonucleotides. Overall, results with this vector set indicate

:irt]z- gf(; O%";‘Cthhg':\fg;% S‘ﬁgﬁgﬁﬁggi‘;}n %2:; 851921'0\ %%%Zéfrﬁgg;that a sequence-specific effect of AG30 on induced recom-
was calculaied and is presented as the fold induction of recombina—bmatlon can be detected up to 753 bp from the site of third

tion. The numbers (used to designate each plasmid and precededtrand binding.

by the letter D) indicate the distance (D) between the mutation site

and the TFO-binding site. 24mm indicates the plasmid with a DISCUSSION

mismatched target site at a distance of 24 bp. Error bars indicate

one standard error. The work described here explores the fundamental pa-
rameters of binding affinity and distance as they relate to

3 and 10 independent experiments were conducted for eaclthe ability of TFOs to exert biological effects. As such, this

plasmid in the series. For purposes of standardization, datawork is intended to guide the choice of TFO target sites and

are presented as the ratio of the AG30-induced recombinationto aid in the design of reagents for TFO-induced recombina-

frequency over the baseline recombination frequency in the tion and genome modification. Using a series of G-rich 30-

12AG30 samples. We found significant induction over mer oligonucleotides, we measured the effects of incremental

background 24, 59, and 102 bp from the site of gene increases in target site mismatches and therefore decreasing

-

30

2.0

0.0

Fold Induction of Recombination
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into further increases in the efficiency of induced recombina-
tion. In the case of DEED-modified oligonucleotides, these
— molecules have a particular binding advantage at physiologic
' polyY conditions of low magnesium and high potassium concentra-
tions ).

Using two different episomal reporter vectors, we also
examined the ability of TFOs to induce recombination
between a plasmid substrate and a single-stranded oligo-
nucleotide donor molecule over varying distances. In one

3.0 assay, the reporter gene mutation to be corrected was in a
fixed position and the TFO target site was varied. In the
other, the TFO target site was fixed and the position of the
reporter gene mutation was varied. In the first case, the same
donor oligonucleotide was used in all samples; in the latter,
a different donor molecule was required to provide homology
to the varying regions of the target gene. Nonetheless, the
two assays yielded similar results, with both suggesting that
TFO-induced recombination can be detected over distances
i ranging from approximately 25 to 750 bp. This raises the
e 8 important possibiIiFy that 'I_'FO-induced recombination_ may
D53 D242 " D783 D1255 eventually be applied tp dlsgase—related genes even in cases
Ficure 5: TFO-induced recombination in the firefly luciferase gene where suitable polypurine sites for triplex formation are not

at various distances. (A) Schematic of plasmid targets. Firefly directly adjacent to or overlapping with the disease-causing
luciferase is represented by the gray box. The AG30 target site is mutation. Genomic analyses have suggested that polypurine

represented by the boxed AG30 upstream of the firefly luciferase sites are over-represented in the genome, with sites amenable
gene. Nonsense mutations were created at base pairs 13, 202, 71?t0 triplex formation occurring roughly every 1000 bps(

and 1215, at distances of 53, 242, 753, and 1255 bp from the AG30 . . .
binding site, as indicated in the coding region of the firefly luciferase 20). Hence, if TFO-induced recombination can take place

gene. The orientation of the polypurine/polypyrimidine duplex target OVer several hundred base pairs, then many human disease-
site is indicated by the polyY and polyR labels. The polypyrimidine associated mutations may be amenable to triplex-mediated
strand of the duplex AG30 target is on the bottom strand as drawn modification. A key remaining challenge to be addressed is
Eere (polyY); the polypurine strand is on the top strand as drawn the cyrrent low frequency of TFO-induced recombination.
ere (polyR). (B) Induction of recombination by AG30 at various | h di h f d that this f

distances between the site BEuc gene mutation and the third N Other studies, we have found that this frequency can vary
strand binding site. For each plasmid substrate (D53, D242, D753, substantially with the method of transfection, and as seen in
and D1255), the samples included donor oligonucleotides mixed the work described above, frequency can also be influenced

with either the SpeCiﬁC TFO, AG30, or one of the mismatched by chemical modification of the TFO or by the use of TFO

oligonucleotides, 12AG30 (labeled 12AG) or Mix30 (labeled Mix). ; ; :
The values are normalized to the results for the 12AG30 samples.anaIOgues such as peptide nucleic acids (PNASP,(15,

The numbers (used to designate each plasmid and preceded by thé1, 22)- We expect that continued improvement in methods

letter D) indicate the distance (D) between the mutation site and for intracellular delivery and in the binding properties of

the TFO-binding site. Error bars indicate one standard error. TFOs will lead to further increases in the efficiency of TFO-
o o _ o ~ mediated genome modification.

binding affinity on TFO-induced recombination and repair.  |mportantly, the concept that DNA binding molecules such

In these studies, we demonstrated a direct correlation betweerys TFOs can induce recombination at a distance has been

binding affinity and induction of both recombination and established by this work. At this point, the mechanism for
repair events. In the case of recombination induction, there this effect over several hundred base pairs is not fully
appears to be a threshold with respect to TFO binding affinity established. We know from previous work that the NER
at aKq of approximately 1x 10~ M (under the conditions  pathway is required for TFO- and PNA-induced recombina-
of our assay). Molecules with weaker binding affinities tjon (8, 15, 23, 24). This suggests that NER-mediated strand
exhibited minimal or no biological effect. A similar relation- preaks and gaps may play a key initiating role in the
ship was seen between TFO binding affinity and induced induction of recombination between a targeted mutation and
repair. This stringent requirement for high binding affinity a homologous oligonucleotide donor. NER is known to
limits the number of putative target sites for TFO binding recognize and excise bulky adducts and has been shown to
in efforts to achieve genomic modification. However, this act on triplex structures8( 15, 23, 24); however, the
stringency also highlights the specificity of TFO action. It canonical NER repair patch is only 282 bases long25,
should also be noted that all of the oligonucleotides tested 26). Therefore, a mechanism for extending the effect of the
had a high G content (23 of 30 nucleotides), yet only those TFO-triggered NER reaction across tens or hundreds of base
closely matched to the duplex target site sequence had gairs to the site of gene correction must exist. The single-
measurable biological effect. Hence, the induction of re- stranded gap produced by NER could evolve into a double-
combination and repair cannot simply be attributed to a strand break (DSBR7—29) and thereby trigger homologous
nonspecific effect of G-rich polynucleotides on DNA me-  recombination (HR)30, 31). It is also possible that nicked
tabolism. intermediates or the NER patch itself may be sufficient for
In addition, work with a chemically modified DEED TFO the triggering of HR reactions3p). In particular, as in the
further suggests that improved binding affinity may translate single-strand annealing pathway (one of several cellular

D242
]p752
K]D1255

Fold Induction of Recombination
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pathways used in the resolution of genomic DSBs), the 11.Parris, C. N, and Seidman, M. M. (1992) A signature element
single-stranded patch produced by NER could provide

localized access to exonucleases that degrade one strand t

expose a region homologous to the donor DN29)(
Alternatively, the recruited repair activity stimulated by high-
affinity TFOs such as AG30 may simply increase the
accessibility of the duplex DNA to both the donor oligo-
nucleotide and factors that play a role in HB3(34). This
could be mediated by alterations in chromatin structure or
by conformational changes in the duplex DNA itself. Hence,
we propose that either by provoking repair-mediated recom-

binagenic intermediates or by enhancing local chromosomal

accessibility, triplex formation can recruit or promote the
activity of factors involved in HR. In this regard, it has

already been established that TFO-induced recombination 17. Bennett, M.. and Schaack, J. (2003) Development of a dual-

requires RAD51, a member of the RAD52 epistasis group,
that is well known to mediate HR3J.

In summary, the work presented here indicates that triplex 1

formation of a sufficiently high affinity can stimulate DNA

metabolism and that this effect can extend over a range of 19.
several hundred base pairs. These findings open up additional

possibilities in the use of TFOs for targeted genomic
modification.
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