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ABSTRACT: DNA-binding molecules, including triplex-forming oligonucleotides (TFOs) and peptide nucleic
acids (PNAs), can be utilized to introduce site-specific mutations or to promote recombination at selected
genomic sites. To further evaluate the utility of PNAs for site-specific gene modification, we tested dimeric
bis-PNAs conjugated to psoralen. These PNAs are designed to form a triplex-invasion complex within
thesupFreporter gene in an episomal shuttle vector and to direct site-specific photoadduct formation by
the conjugated psoralen. The psoralen-bis-PNA conjugate was found to direct photoadduct formation to
the intended 5′-TpA base step next to the PNA-binding site, and the photoadduct formation efficiency
displayed both concentration and UVA irradiation dependence. The effect of PNA-targeted photoadducts
in a mammalian system was tested by SV40-based shuttle vector assay. Afterin Vitro binding, we found
that photoadducts directed by PNAs conjugated to psoralen-induced mutations at frequencies in the range
of 0.46%, 6.5-fold above the background. In a protocol for intracellular gene targeting in the episomal
shuttle vector, the psoralen-PNA-induced mutation frequency was 0.13%, 3.5-fold higher than the
background. Most of the induced mutations were deletions and single-base-pair substitutions at or adjacent
to the targeted PNA-binding and photoadduct-formation sites. When the results are taken together, they
demonstrate the ability of bis-PNAs conjugated with psoralen to mediate site-specific gene modification,
and they further support the development of PNAs as tools for gene-targeting applications.

The design of DNA-binding ligands is based on the
principle that they are able to recognize and bind to specific
sites in double-stranded DNA. A number of DNA-binding
molecules for targeting specific genes have been developed,
including polyamides as DNA minor-groove binders (3) and
zinc-finger peptides (4), triplex-forming oligonucleotides
(TFOs),1 and peptide nucleic acids (PNAs) as DNA major-
groove binders (1, 2).

PNAs are DNA mimics that substitute 2-aminoethyl-
glycine linkages for the phosphodiester backbones of oligo-
nucleotides (5). This backbone substitution gives PNAs
favorable nucleic acid hybridization properties and makes
PNAs one of the most interesting tools for gene targeting.
PNAs can form PNA-DNA or PNA-RNA duplexes via
Watson-Crick base pairing, and these duplexes are more
stable than duplexes formed with the corresponding oligo-
nucleotides (6-8). Although PNAs were originally conceived
as triplex-forming, major-groove-binding ligands, the pre-
ferred binding of homopyrimidine PNAs to complementary
homopurine targets on double-stranded DNA is via the
formation of PNA/DNA/PNA triplex-invasion complexes (9,
10). A triplex-invasion complex is composed of a PNA2-
DNA triplex formed on one strand of the target duplex and

a displaced single-stranded DNA loop (11). Although other
PNA-binding modes have been demonstrated, the triplex-
invasion complex is the favored structure when duplex DNA
is targeted by PNAs. Because the triplex-strand-invasion
process requires opening of the duplex, factors that stabilize
duplex DNA, such as the cations, Na+, Mg2+, and spermine/
spermidine, can inhibit PNA binding (12, 13). Binding rates
can, however, be enhanced by using bis-PNAs, in which two
PNA strands (one strand for Watson-Crick base pairing and
the other strand for Hoogsteen base pairing) are chemically
linked, and by tailing bis-PNAs with three to four positively
charged lysines. Such cationic bis-PNAs have been shown
to bind to their targets in double-stranded DNA under
physiological conditions (14-16). Additionally, the substitu-
tion of cytosine with the pseudoisocytosine J monomer (a
nucleobase analogue of N3-protonated cytosine) in the
Hoogsteen strand can improve PNA binding at neutral pH
because it obviates the need for cytosine protonation. Most
importantly, these modifications for improved binding do
not compromise the sequence specificity of PNAs (16).

PNAs can be used to bind site specifically to DNA to alter
gene expression via transcriptional regulation (13, 17-23),
replication inhibition (24), mutation (25, 26), recombination
(27), or DNA modification (28-30). The extremely stable
PNA triplex-invasion complex is able to arrest the elongation
of RNA polymerase (13, 17, 18) and, if targeted to a region
within the transcription-factor-binding site, can block tran-
scription initiation (19-21). Interestingly, the displaced loop
of the triplex-invasion complex can be recognized by RNA
polymerase as a transcription-initiation site (promoter) (22,
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23). As a result, PNAs can function as artificial transcription
factors. Additionally, previous studies in our group have
demonstrated that bis-PNAs targeted to chromosomal or
episomal genes can induce site-specific mutations or stimu-
late recombination, respectively (25-27). In other work, it
has also been reported that PNAs conjugated with DNA-
modifying agents, such as benzophenone, anthraquinone, or
psoralen, can be used for DNA modificationin Vitro (28-
30).

In this study, we tested the ability of PNAs to introduce
a site-specific psoralen photoadduct for the purpose of gene
modification. Psoralen is a tricyclic, planar DNA intercalating
compound, which binds covalently to DNA upon long-
wavelength UV irradiation (UVA: 320-400 nm) (31). We
designed PNAs conjugated with psoralen to recognize a
binding site on thesupFLSG3reporter gene by triplex-
invasion-complex formation. Targeted photoadduct formation
was assayedin Vitro, and mutagenesis in the targeted gene
was assayed using an episomal shuttle vector assay. The
photoadducts were found to occur at a 5′-TpA base step next
to the PNA-binding site, and the efficiency of photoadduct
formation displayed the PNA concentration and UVA
irradiation dependence. The shuttle vector assay revealed
induction of mutations at frequencies in the range of 0.13-
0.46%, depending upon whether the adducts were targeted
within cells or were preformed on the shuttle vectorin Vitro
prior to transfection, respectively. Sequence analysis showed
that the mutations were located around the binding site of
the psoralen-conjugated PNA. The results support the ap-
plication of PNAs as tools for site-specific gene modification.

EXPERIMENTAL PROCEDURES

PNA Molecules.The PNA molecule used in this study was
PNA2462 Pso-(eg1)2-(Lys)3-TJT TTT TTJ-(eg1)3-CTT TTT
TCT-Lys (N terminus to C terminus). The PNAs were
synthesized and purified as described previously (29, 30).
They were homogeneous based on HPLC and exhibited one
major peak at the expected mass as analyzed by MALDI-
TOF mass spectroscopy. 8-Methoxycarbonylpsoralen (de-
noted as Pso) was conjugated to the N terminus of the PNA
on the solid support via eg1 (8-amino-2,6-dioxaoctanoic acid)
flexible linker using the psoralen monomer, 8-(carboxy-
methoxy)psoralen (30, Kim and Nielsen, manuscript under
revision). Three lysine amino acids were attached to increase
the aqueous solubility and the binding affinity to the DNA.
“J” indicates the synthetic nucleobase pseudoisocytosine.

Plasmid Construct.The SV40 shuttle vector, pLSG3T7,
was derived from pSP189 and carries an A:T base-pair-rich
homopurine/homopyrimidine target site suitable for bis-PNA
binding within the modifiedsupFLSG3just upstream of the
coding region (bp 88-96) (32). Next to the PNA-binding
site, there is a 5′-TpA base step (bp 99-100) within the
coding region, which is a preferential intercalation site for
psoralen. PNAs conjugated with psoralen were designed to
introduce site-specific photoadducts at this position. Also,
plasmid pLSG3T7 contains a T7 promoter further down-
stream of the coding region for use inin Vitro transcription
elongation arrest assays using T7 RNA polymerase.

Triplex-InVasion-Complex Formation.For formation of the
triplex-invasion complex, various concentrations of PNAs
(as indicated) were incubated with a fixed amount (0.5µg)

of pLSG3T7 in TE buffer (pH 7.4) with 10 mM KCl for 2
h at 37°C. After triplex-invasion-complex formation, PNA/
plasmid mixtures were assayed for binding efficiency and
analyzed for photoadduct formation.

Gel-Shift Assay for Binding Efficiency of PNAs.To form
triplex-invasion complexes, various concentrations of PNA
were incubated with a desired amount of pLSG3T7 (as
indicated) in TE buffer (pH 7.4) and 10 mM KCl at 37°C
for 2 h. PNA-pLSG3T7 mixtures were digested with
restriction enzymes (XhoI andBamHI) to generate a 158-bp
fragment and analyzed by gel electrophoresis in 8% native
polyacrylamide gels (19:1 acrylamide/bisacrylamide) using
TBE buffer (90 mM Tris at pH 8.0, 90 mM boric acid, and
2 mM EDTA). DNA bands were visualized by silver
staining. The binding efficiency was derived from the ratio
between PNA-bound and nonbound DNA fragments. The
relative quantification of the DNA fragments was calculated
using ImageQuant software (Amersham Bioscience).

Analysis of Photoadduct Formation by Transcription
Elongation Arrest Assay Using T7 Phage RNA Polymerase.
For the triplex-invasion-complex formation, various concen-
trations of PNA2462 (0-0.8 µM) were incubated with
pLSG3T7 (0.5µg) in TE (pH 7.4) at 37°C for 2 h. UVA
irradiation (365 nm) was given to PNA-pLSG3T7 mixtures
at a dose of 1.8 J/cm2 on ice, and the PNA/plasmid mixtures
were digested withXhoI. After purification of the linearized
template, transcription elongation arrest assay was performed
in 30 µL of transcription reaction mixture (1 mM NTP
[except UTP], 0.2 mM UTP, 2µCi [R-32P]UTP, 5 mM DTT,
and 10 units of T7 RNA polymerase) at 37°C for 20 min.
The reaction was terminated by adding a stop buffer, and
the transcription reaction mixture was analyzed in a 10%
denaturing polyacrylamide (20:1 acrylamide/bisacrylamide)
gel containing 7 M urea in TBE buffer (90 mM Tris at pH
8.0, 90 mM boric acid, and 2 mM EDTA). As a size marker,
an RNA-sequencing reaction ladder was used. In parallel,
transcription products with nonirradiated PNA/plasmid mix-
tures were included as controls. Radioactive RNA bands were
visualized by autoradiography using amplifying screens and
Kodak X-OMAT AR film exposed at-70 °C for 16 h.

Photoadduct Formation Efficiency Assay by Transcription
Elongation Arrest Using T7 Phage RNA Polymerase.Various
concentrations of PNA (as indicated) and pLSG3T7 (0.5µg)
were incubated to form triplex-invasion complexes in TE
(pH 7.4) at 37°C for 2 h. UVA irradiation was performed,
and the PNA/plasmid mixtures were digested withXhoI. The
transcription elongation arrest assay was performed as
described above, and the reaction mixture was analyzed in
a 10% denaturing polyacrylamide (19:1 acrylamide/bisacryl-
amide) gel containing 7 M urea in TBE buffer. As a size
marker, the transcription reaction was performed onBspEI-
digested linear pLSGT7. Radioactive bands were visualized
by autoradiography as above. The amount of transcription
product was measured by densitometric scanning of the
autoradiogram using ImageQuant software. Photoadduct
formation efficiency was derived from the ratio between the
run-off product and the truncated elongation band. The
photoadduct formation efficiencies were analyzed by Prism
(GraphPad Software, Inc.) and presented as a function of
the PNA concentration.

Irradiation Dose Dependence of Photoadduct Formation.
After triplex-invasion-complex formation with a fixed con-
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centration of PNA, UVA irradiation was performed at doses
from 0 to 3.6 J/cm2 given over 0 to 12 min on ice. The
photoadduct efficiency was assayed by transcription elonga-
tion arrest assay using T7 RNA polymerase, and the reaction
products were analyzed in denaturing gel electrophoresis,
as above. The photoadduct formation efficiency is presented
as a function of the irradiation time.

Mutagenesis Protocol and Shuttle Vector Analysis.Mon-
key 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). Varying
concentrations of PNA (as indicated) and pLSG3T7 (3µg)
were incubated to form the triplex-invasion complexes at
37 °C for 2 h. After UVA irradiation at a dose of 1.8 J/cm2

on ice, the UV-irradiated PNA-pLSG3T7 mixtures were
transfected into monkey COS cells using cationic lipid
formulation, Geneporter 2 (Gene Therapy Systems, Inc.) at
2 µg of plasmid/106 cells. The plasmid DNA was extracted
after 48-72 h using a modified alkaline lysis procedure for
DNA analysis, as described previously (32, 33). The isolated
DNA was digested withDpnI and RNase A at 37°C for
1 h, extracted with phenol/chloroform/isoamyl alcohol, and
precipitated with ethanol. TheDpnI digestion elimi-
nates unreplicated plasmid DNAs that have not acquired
the mammalian methylation pattern (33). The purified DNA
was transformed into indicator bacteria,Escherichia coli
MBM7070, by electroporation (Bio-Rad, setting 25µF/250
W/1800 V, using 0.1-cm cuvette), and mutant colonies
containing inactivatedsupFLSG3genes, unable to suppress
the amber mutation in the host cellâ-galactosidase gene,
were detected by visual inspection as white colonies among
the wild-type blue ones (32). The mutation frequency was
determined as the ratio of white (mutant) colonies in the total
colonies. This frequency was presented with the PNA-
binding and photoadduct-formation efficiencies as a function
of the PNA concentration. The mutant plasmids were then
extracted and further analyzed for mutation patterns by DNA
sequencing (32). A parallel experiment was performed with
nonirradiated PNA-pLSG3T7 and compared with the ir-
radiated PNA-pLSG3T7 mixtures.

Intracellular Gene Targeting by PNA-Psoralen Conju-
gates.A total of 1× 106 cells were plated in 100-mm plates
24 h prior to transfection. Cells were transfected with
pLSG3T7 using GenePorter 2 (Gene Therapy Systems, Inc.)
at 2 µg of plasmid/106 cells. After 24 h, PNA2462 was
transfected at a 5µΜ concentration via electroporation (Bio-
Rad, setting 25µF/250 W/250 V, using 0.4-cm cuvette) into
cells. UVA irradiation was given (or not) 16 h later at a dose
of 1.8 J/cm2 on 100-mm dishes. After UVA irradiation,
plasmid DNA was extracted after 48 h and used to transform
indicator bacteria for mutant colony selection using the blue-
white screen described above. The mutation frequency was
calculated and compared, and the mutation pattern was
analyzed using DNA-sequencing analysis. A parallel experi-
ment was performed with nonirradiated PNA-transfected
cells and compared with the irradiated PNA-transfected cells.

RESULTS

Design of PNA Molecules.It was previously reported that
TFOs tethered to psoralen could be used to introduce DNA
damage at a targeted region near a TFO-binding site and

that this psoralen damage induces mutations and recombina-
tion (33-37). In this study, we examined the feasibility of
using bis-PNAs as a tool for site-specific introduction of
psoralen adducts for the purpose of targeted gene knockout.
A bis-PNA conjugated with psoralen (PNA2462) was
designed to form a triplex-invasion complex on the pLSG3T7
plasmid containing a 9-bp polypurine/polypyrimidine target
site suitable for triplex-invasion-complex formation and a
5′-TpA base step for photoadduct formation. The bis-PNAs
were designed to contain two domains for target-site bind-
ing: a Watson-Crick domain to base pair with the poly-
purine strand on the target duplex and a linked (via
ethyleneglycol-type linker) Hoogsteen binding domain de-
signed to bind to the PNA/DNA duplex to form a triple helix
(Figure 1A). The substitution of cytosine on the Hoogsteen
strand of the PNA with pseudoisocytosine (denoted as J) was
used to eliminate the requirement for N3 protonation on
cytosines for third-strand binding, which otherwise limits
triplex formation to low pH conditions. Three lysines were
attached at one end to increase the solubility of the molecules
and to enhance the binding affinity to DNA. These modifica-
tions serve to increase the rate of strand invasion and to help
overcome the pH dependence of Hoogsteen binding (14-
16). Additionally, the bis-PNAs were conjugated with a
psoralen derivative, 8-methoxypsoralen, via a connection of
the flexible linker (8-amino-2,6-dioxaoctanoic acid) to direct
psoralen photoadduct formation at a 5′-TpA, which was 4
bp away from the PNA-binding site. Unlike DNA triplex
formation, in which the targeted duplex DNA remains intact
and the third strand binds in the major groove, the PNA
triplex-invasion complex is composed of an internal PNA2-
DNA triplex and a single-stranded DNA loop (p loop). As
a result, the duplex/triplex transition in PNA triplex is
different from that in DNA triplex. Hence, we designed the
PNAs to direct the conjugated psoralen to a 5′-TpA site that
is further away from the bis-PNA-strand-invasion complex
(4 bp) than we would in the case of TFO binding to an intact
duplex in the major groove (1 bp).

Site-Specific Photoadduct Formation by bis-PNAs Con-
jugated with Psoralen.As a prelude to assessing PNA-
directed photoadduct formation, we measured PNA binding
to the target plasmid using a gel-mobility shift assay. After
incubation of increasing concentrations of PNA2462 with
plasmid pLSG3T7, the plasmid DNA was digested with
restriction enzymes to generate a 158-bp fragment containing
the PNA target site, and the products were visualized by gel
electrophoresis under native conditions (Figure 1C). To assay
the ability of bis-PNAs conjugated with psoralen to introduce
site-specific photoadduct formation, we set up a transcription
elongation arrest assay using T7 phage RNA polymerase.
Plasmid pLSG3T7 contains the T7 promoter downstream of
the supFLSG3coding region so thatin Vitro transcription
using T7 RNA polymerase will use the top strand as a
template, as depicted in Figure 1B. In this case, in the
absence of photoadduct formation, there is no inhibitory
effect of the PNAs on the elongation of RNA polymerase
because the triplex-invasion complex is formed on the purine
strand of the duplex (lower strand), which is the non-template
strand for the T7 RNA polymerase. If there is psoralen
photoadduct formation directed by the PNAs on the template
strand after UVA irradiation, the adduct on the template
strand should block polymerase progression, yielding a
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truncated band. PNA2462-pLSG3T7 mixtures containing
increasing concentrations of PNA, as indicated, were either
irradiated or not, and the polymerase arrest assay was
performed (Figure 1D). Polymerase arrest, as visualized by
the indicated band corresponding to the transcription product,
was only seen in samples receiving UVA irradiation,
demonstrating a requirement for photoadduct formation. In
addition, the band intensity is also seen to increase with the
PNA concentration, showing a PNA dose dependence. When
the sequencing ladder shown in the panel was compared,
the truncated band position was determined to be the
expected psoralen intercalation site at the 5′-TpA dinucle-
otide, next to the PNA-binding site (Figure 1D). These results
demonstrate that bis-PNAs conjugated to psoralen can
introduce site-specific photoadducts on the target duplex
DNA.

PNA Concentration and UV Irradiation Dose-Dependent
Kinetics of Photoadduct Formation.Using the same T7
polymerase arrest assay as in Figure 1, we examined in detail
the dependence of PNA binding and targeted photoadduct

formation on the PNA concentration (parts A and B of Figure
2). This experiment also allowed a correlation of the extent
of PNA binding with the efficiency of photoadduct formation
(Figure 2C). Photoadduct formation efficiency was derived
from the ratio between the run-off product and the truncated
elongation band. We compared the photoadduct formation
efficiency with the binding efficiency of PNAs and presented
the two efficiencies as a function of the PNA concentration.
At the highest concentration of PNA tested (0.8µM), 74%
of the target plasmid was bound by the PNAs with 50% of
plasmid having photoadducts.

UVA dose dependence of targeted photoadduct formation
was also measured by the transcription elongation arrest
assay, with PNA-pLSG3T7 mixtures irradiated over a range
of doses from 0 to 3.6 J/cm2, corresponding to irradiation
times of 0-12 min (parts D and E of Figure 2). In Figure
2D, as the irradiation dose increased, there was an increasing
amount of photoadduct formation, as visualized by the
truncated elongation bands. Photoadduct formation efficiency
was derived and is presented as a function of the UVA

FIGURE 1: Analysis of photoadducts formed by bis-PNAs conjugated with psoralen. (A) PNA binding and triplex-invasion-complex formation
on the polypurine strand on thesupFLSG3gene from position 88 to 96. The bis-PNAs, in which two PNA strands (one strand for Watson-
Crick base pairing and the other strand for Hoogsteen base pairing) are chemically linked via a flexible linker, bind to the target site by the
strand-invasion process to form a triplex-invasion complex, containing a PNA/DNA/PNA triplex strand and a displaced DNA strand. In
addition, the substitution of all cytosines in the Hoogsteen strand with the pseudoisocytosine J monomer (a nucleobase analogue of N3-
protonated cytosine) can improve the PNA binding at neutral pH. In PNA2462, psoralen is attached at the N-terminal end via two flexible
linkers. (B) Target site for PNA2462 on pLSG3T7. The target site is composed of two domains: 9-bp GA-rich sequences for PNA binding
and a 5′-TpA site for photoadduct formation by psoralen. The psoralen intercalation site is 3-bp away from the PNA-binding site. There are
two restriction enzyme sites,XhoI and BspEI, around the PNA-binding site, and there is a T7 promoter downstream of the target. This
promoter was used in the transcription elongation arrest assay using T7 RNA polymerase. (C) Analysis of PNA2462 binding to pLSG3T7
by gel-shift assay. Various concentrations of PNAs were incubated with a desired amount of pLSG3T7 in TE buffer (pH 7.4) in the
presence of 10 mM KCl at 37°C for 2 h. PNA-pLSG3T7 mixtures were digested by restriction enzymes (XhoI/BamHI) to generate a
158-bp fragment and analyzed in 8% polyacrylamide gel in TBE buffer in the absence of photoadduct formation. DNA bands were visualized
by silver staining. (D) Determination of photoadduct formation sites by transcription elongation arrest assay using T7 RNA polymerase.
After triplex-invasion-complex formation, PNA2462-pLSG3T7 mixtures were UVA-irradiated (or not) at a dose of 1.8 J/cm2 on ice.
Transcription elongation arrest assays were performed with irradiated or nonirradiated PNA-pLSG3T7 mixtures and analyzed in a 10%
denaturing polyacrylamide gel containing 7 M urea in TBE buffer. The site of polymerase arrest was determined by a comparison with the
RNA-sequencing ladder. The “run-off product+ PNA” band comprises complexes formed by binding of PNAs (which are in large excess)
to the synthesized RNA strands containing the homopurine PNA target sequence.
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irradiation time (Figure 2E). There was 51% photoadduct
formation efficiency with 1.8 J/cm2 of UVA irradiation
(under conditions of 74% PNA-binding efficiency with 0.8
µM PNA), which would yield a photomodification efficiency
of approximately 66%. When the above results are taken
together, they demonstrate that bis-PNAs conjugated with
psoralen can introduce site-specific photoadducts at a specific
base pair in the target DNA in a concentration- and UVA-
irradiation-dependent manner.

Mutagenic Effects of bis-PNA Conjugated with Psoralen
in Cells Measured by Shuttle Vector Assay.To test the ability
of bis-PNA conjugated with psoralen to induce site-specific

mutations in DNA, an episomal shuttle vector assay was
performed in mammalian cells. The method used to examine
the targeted mutagenesis is illustrated in Figure 3A. In this
analysis, the SV40-based shuttle vector pLSG3T7 was used,
as in previous work with TFOs conjugated with psoralen
(32). This vector contains thesupFLSG3mutation-reporter
gene, which encodes an amber suppressor tRNA. At the 5′
end of the gene, there is a PNA-binding domain consisting
of a 9-bp A:T-rich sequence from positions 88 to 96 upstream
of the coding region. Next to the PNA-binding site, there is
a 5′-TpA base step for psoralen intercalation and photoadduct
formation at positions 99-100, just at the start of the coding

FIGURE 2: Concentration and UVA dose dependence of photoadduct formation. (A) Binding efficiency of PNA2462 to pLSG3T7 analyzed
by gel-shift assay. After triplex-invasion-complex formation with various concentrations of PNA2462 (as indicated), PNA-pLSG3T7 mixtures
were digested with restriction enzymes (XhoI/BamHI) and analyzed in 8% polyacrylamide gels in TBE. DNA bands were visualized by
silver staining. The binding efficiency was derived from the ratio between PNA-bound and nonbound DNA fragments. The PNA-DNA
complexes involved in the major band represent the PNA clamp bound on the DNA target in a 1:1 ratio. The minor band of slower mobility
likely represents 2PNA-1DNA complexes that form at high PNA concentrations (47). (B) Concentration dependence of photoadduct formation.
The autoradiogram shows the concentration dependence of photoadduct formation. Transcription elongation arrest assays were performed
with irradiated or nonirradiated PNA-pLSG3T7 mixtures described in B and analyzed in 10% denaturing polyacrylamide gel containing
7 M urea in TBE buffer. As an RNA size marker, the run-off product ofBspEI-linearized pLSG3T7 was included. The photoadduct formation
efficiency was derived from the ratio between the run-off product and the truncated elongation band. (C) Comparison of the binding and
the photoadduct formation efficiencies. The binding and the photoadduct formation efficiencies were fitted by Prism (GraphPad Software,
Inc.) and were presented with the binding efficiency of PNAs, as a function of the PNA concentration. (D) Irradiation dose dependence of
photoadduct formation. The autoradiogram shows UVA dose dependence of photoadduct formation. After triplex-invasion-complex formation
at a 0.8µM PNA concentration, transcription elongation arrest assays were performed with PNA-pLSG3T7 mixtures, which were UVA-
irradiated for 0-12 min, representing the indicated UVA doses. Transcription products were analyzed as described in C. (E) Photoadduct
formation efficiency. The photoadduct formation efficiency was fitted by Prism (GraphPad Software, Inc.) and was presented as a function
of the UVA dose. The photoadduct formation efficiency was determined in a single assay; thus, no error bars are shown.
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region of thesupFLSG3gene. Point mutations within the
PNA-binding site are not detectable because such mutations
do not inactivate the function of thesupFLSG3gene.
However, deletion mutations extending into the coding region
of the supFLSG3gene near the PNA-binding site or point
mutations at the 5′-TpA dinucleotide are detectable.

Triplex-invasion complexes were preformed prior to
transfection into COS cells by co-incubation of the PNA and
pLSG3T7 in TE (pH 7.4) at 37°C for 2 h, followed by UVA
irradiation to form photoadducts. The UVA-irradiated PNA-
pLSG3T7 mixtures were transfected into COS cells via
cationic lipids, and, 48 h later, the episomal pLSG3T7 DNA
was isolated for the analysis of mutagenesis in thesupFLSG3

gene via transfection into indicator bacteria. The mutation
frequency was determined and presented as a function of
the PNA concentration (Figure 3C). In each experiment, the
binding efficiency and photoadduct-formation efficiency was
determined and compared with the mutation frequency. A
parallel experiment with nonirradiated PNA-pLSG3T7
samples was performed for a comparison (parts B and C of
Figure 3). With the irradiated PNA-pLSG3T7 mixtures,
there was a PNA dose-dependent induction of mutations. At
a concentration of 0.8µM, there was a 47.9% photoadduct
yield and an induced mutation frequency of 0.46%, 6.5-fold
above the background. With the nonirradiated PNA-
pLSG3T7 mixture at the 0.8µM PNA concentration, the

FIGURE 3: Targeted mutagenesis by bis-PNAs conjugated with psoralen in mammalian cells. (A) Experimental scheme of the shuttle vector
rescue assay to measure the mutagenic effect of bis-PNAs conjugated to psoralen. After triplex-invasion-complex formation with PNA2462
and pLSG3T7, PNA2462-pLSG3T7 mixtures were UVA-irradiated (or not) at a dose of 1.8 J/cm2 for photoadduct formation. UVA irradiated
(or not) PNA-pLSG3T7 mixtures were transfected via cationic lipids into COS cells. After 48 h, plasmid DNA was extracted for shuttle
vector rescue assay and retransformed into indicator bacteria for DNA analysis of thesupFLSG3gene. (B) Comparison of binding and
photoadduct formation efficiencies. After triplex-invasion-complex formation and UVA irradiation, the binding and photoadduct formation
efficiencies of PNA2462 were determined as described. These efficiencies were fitted and presented as a function of the PNA concentration.
Error bars indicate standard error. (C) Mutation rates induced by bis-PNAs conjugated with psoralen. Mutation rates of UVA-irradiated or
nonirradiated psoralen-bis-PNA/vector complexes transfected into COS cells were derived from the frequency of white colonies (representing
mutants) out of the total colonies and presented as a function of the PNA concentration. Error bars indicate standard error.
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induced mutation frequency was 0.13%, 1.9-fold higher than
the background. These results indicate that bis-PNAs bound
to duplex DNA via the triplex-strand-invasion complex can
mediate site-specific introduction of psoralen photoadducts
on the target DNA, yielding gene-targeted mutations in
mammalian cells.

Intracellular Gene Targeting by PNAs Conjugated to
Psoralen.The intracellular gene-targeting ability of PNAs
linked to psoralen was examined using the pLSG3T7 shuttle
vector in an intracellular targeting assay, as in our previous
work with TFOs conjugated with psoralen. The protocol used
to investigate intracellular targeting is illustrated in Figure
4A. COS cells were pretransfected with pLSG3T7 on day 1
to establish the episomal target in the cells, followed on day
2 by transfection via electroporation with the psoralen-bis-
PNA. After 16 h, to allow for intracellular uptake and for
triplex-invasion-complex formation by the PNAs, cells were
UVA-irradiated (or not) at a dose of 1.8 J/cm2 for psoralen
photoactivation. The plasmid DNA was extracted 48 h later
and used to transform indicator bacteria for analysis of
mutagenesis in thesupFLSG3gene. Mutation frequencies
were determined as above (Figure 4B). In the absence of

UVA irradiation, the PNA yielded a mutation frequency of
0.08%, 2-fold above the background. With UVA irradiation,
the induced mutation frequency was 0.13%, 3.5-fold higher
than the background. These results indicate that PNAs can
mediate intracellular gene targeting and deliver conjugated
DNA-reactive agents.

Analysis of Mutations Induced by Psoralen-Conjugated
PNAs. The pattern of mutations induced by bis-PNAs
conjugated to psoralen was analyzed by sequence analysis
of 79 independent mutant colonies (Figure 5). These muta-
tions were compiled from the transfection of UVA-irradiated
pso-bis-PNA-pLSG3T7 mixtures into COS cells. The
majority of the mutations contained deletions around the
PNA-binding and photoadduct-formation sites (bp 86-100).
Interestingly, many deletions occurred between regions of
microhomology of either 4 or 6 bp (underlined). Such a
pattern is consistent with the generation of double-strand
breaks that are repaired by end-joining reactions (38). [A
similar pattern of deletions with joints at regions of micro-
homology was found in a study of mutagenesis mediated
by psoralen-conjugated TFOs (36, 39, 40).] In addition, point
mutations consisting of base-pair substitutions and single-

FIGURE 4: Intracellular gene targeting by bis-PNAs conjugated with psoralen. (A) Experimental scheme for assaying intracellular gene
targeting. The cells were pretransfected with pLSG3T7 vector via cationic lipids, followed by transfection of PNAs, at a concentration of
5 µM, using electroporation. After 16 h for intracellular triplex-invasion-complex formation, the cells were UVA irradiated (or not) for
photoadduct formation by psoralen. DNA was extracted after 48 h and used to transform indicator bacteria to assay supF gene function
frequencies. (B) Mutation frequencies induced by intracellular gene targeting by PNAs. Induced mutation frequencies by PNAs were determined
as described and compared. Error bars indicate standard error.
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base-pair insertions and deletions were found at or adjacent
to the psoralen intercalation site. When these results are taken
together, they demonstrate that bis-PNAs conjugated to
psoralen can mediate the introduction of site-specific pho-
toadducts and mutations in target duplex DNAs.

DISCUSSION

The overall purpose of this study was to explore the
feasibility of using PNAs conjugated to psoralen as site-
specific gene modification tools. Our previous studies on site-
specific gene modification with TFOs conjugated with
psoralen demonstrated that the binding characteristics and
sequence specificity of TFOs could be used to direct linked
DNA-reactive molecules to produce targeted DNA damage
and mutations (32-34, 37). In this study, we tested psoralen-
linked bis-PNAs instead of TFOs, on the basis of the ability
of bis-PNAs to make very stable triplex-invasion complexes
at relatively short polypurine runs (6). TFOs may also be
useful as gene-targeting reagents for applicationsin ViVo,
but there are some limitations to the activity of TFOs and
triplex stability. Triplexes formed by pyrimidine TFOs are

sensitive to physiological pH because of the need for cytosine
protonation requiring of the use of C analogues (41). The
activity of G-rich TFOs is compromised by physiological
levels of K+, which favor the formation of G quartets (42).
Both motifs also require divalent metal cations, particularly
Mg2+, for high affinity. One advantage of using PNAs instead
of TFOs is the potentially higher stability of bis-PNAs once
bound to the target sequence. However, the rate of strand
invasion by bis-PNAs is inhibited by high salt concentrations
in cells, although cellular processes such as transcription and
replication may transiently open the duplex and enhance the
capacity of the bis-PNAs to strand invade (24, 43). In
addition, various modifications of PNAs, such as the addition
of lysine residues at one end or the use of modified
nucleobases, can increase the rate of strand invasion under
physiological conditions (15, 16). Also, the pseudopeptide
backbone of PNAs is resistant to both protease and nuclease
activity in ViVo; thus, PNAs are relatively stable molecules
(44). These features make the design and application of PNAs
potentially advantageous.

FIGURE 5: Mutation patterns in thesupFLSG3gene induced by bis-PNAs conjugated with psoralen. Mutation patterns induced by PNA2462
plus UVA irradiation were analyzed by sequence analysis. The PNA-binding site is indicated by the lines above and below the gene
sequence at base pairs 88-96. The start region of thesupFLSG3gene (position 99) is indicated by an arrow. (A) Base substitutions. The
single-base substitutions are listed above the correspondingsupFLSG3gene sequence. (B) Single-base-pair insertions or deletions. The
single-base-pair insertions are indicated by “+” above the mutated site, and deletions are indicated by “-” below the mutation site. In all
cases, mutations shown consisted of single-point mutations. (C) Deletions greater than one base pair. A dashed line below the gene sequence
indicates the extent of the deletion for each mutant. One mutant is shown per line. In two cases, noncontiguous segments were deleted in
a single mutant, as indicated. Frequent deletion joint regions containing 4-6 bp of microhomology are underlined in the sequence.
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To examine the ability of psoralen-bis-PNAs to mediate
targeted mutagenesis, we designed the bis-PNA conjugated
with psoralen to generate site-specific photoadducts within
the supFLSG3gene. Our results show that such PNAs can
mediate photoadduct formation at the predicted 5′-TpA site,
next to the PNA-binding site. The photoadduct formation
showed a PNA concentration and UVA dose dependence.
The shuttle vector mutagenesis assay showed that bis-PNA-
targeted photoadducts could induce mutations in a site-
specific manner. Within Vitro PNA binding and photoadduct
formation, mutation frequencies of up to 0.46% were
produced, 6.5-fold higher than the background. In the assay
for intracellular gene targeting, which requires both PNA
binding and photoadduct formation to occur in the episomal
target within cells, mutation frequencies in the range of
0.13% were seen, 3.5-fold higher than the background.
Because the type of episomal SV40-based shuttle vector used
in our studies has been previously shown to be chromatinized
(45), the results provide some encouragement that endog-
enous chromosomal DNA may also be targeted for adduct
formation by pso-PNAs.

All of the point mutations that we could detect were found
to occur at or downstream of the targeted psoralen adduct
site at base pairs 99-100. It is theoretically possible
that other point mutations were also produced by the PNAs
at base pairs upstream of position 99 (26). However, the
region upstream of position 99 is not within thesupFcoding
region; thus, mutation in this region is not detectable.
Because a number of point mutations are, therefore, poten-
tially missed in the assay, the induced mutation frequencies
presented in Figures 3 and 4 are likely underestimates of
the actual efficiencies of psoralen-PNA-induced mutagen-
esis.

Interestingly, most of the deletions in this study appear to
have occurred between sites containing 4-6 bp of homology,
suggesting an end-joining process (38). It is likely that the
deletions were produced by psoralen-PNA-induced double-
strand breaks, which are then repaired by end joining at
regions of microhomology following exonuclease activity.
This pattern of deletions is consistent with that produced by
psoralen-TFOs in a previous study (36, 39, 40), suggesting
that a similar mechanism may resolve both bis-PNA and
TFO-targeted psoralen cross-links.

Progress has been made within the past few years toward
the development of PNAs as DNA-binding molecules for
site-specific gene modification and regulation. The results
presented here demonstrate the feasibility of using PNAs
conjugated to psoralen to introduce site-specific photoad-
ducts, and they show the biological effect of such photoad-
ducts in mammalian cells. The frequency of intracellular
targeting by the pso-PNAs at 0.13% will likely need to be
increased for practical application to most disease-related
genes. However, in some cases, a low frequency may be
sufficient if there is a relative advantage conferred on cells
in which a targeting event has occurred, such as would be
the case with targeted knock-out of the CCR5 gene that
encodes the HIV coreceptor. Nonetheless, PNA technology
still has several problems to be solved, such as a cellular
uptake and the sequence restriction for Hoogsteen base paring
for clamp formation. To this end, various methods are being
developed to enhance delivery of PNAs into mammalian
cells, such as conjugation of PNAs to cationic peptides that

mediate cellular uptake (25, 46). In addition, the development
of pseudocomplementary PNAs, which can bind duplex DNA
at nonpolypurine regions via Watson-Crick double-strand
invasion complexes (21), may help to overcome the sequence
restriction of bis-PNA technology.
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