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ABSTRACT. Targeting DNA damage by triplex-forming oligonucleotides (TFOs) represents a way of
modifying gene expression and structure and a possible approach to gene therapy. We have determined
that this approach can deliver damage with great specificity to sites in the human gene for the G-protein-
linked receptor rhodopsin, mutations of which can lead to the genetic disorder autosomal dominant retinitis
pigmentosa. We have introduced DNA monoadducts and interstrand cross-links at multiple target sites
within the gene using TFOs with a photoactivatable psoralen group at-gved5The extent of formation

of photoadducts (i.e., monoadducts and cross-links) was measured at target sites'vlfiTasB&quence

at the triplex-duplex junction and at a target site with-ApT and 3-TpA sequences located four and
seven nucleotides away, respectively. To improve psoralen reactivity at more distant sites, psoralen moieties
were attached to TFOs with nucleotide “linkers” from two to nine nucleotides in length. High-affinity
binding was maintained with linkers of up to 10 nucleotides, but affinities tended to decrease somewhat
with increasing linker length due to faster dissociation kinetics. DNase | footprinting indicated little, if
any, interaction between linkers and the duplex. PsoraléfO conjugates formed DNA cross-links with

high efficiency (56-65%) at 5-ApT sequences located at triplex junctions. At-&pT site four nucleotides

away, the efficiency varied with linker length; a four-nucleotide linker gave the highest efficiency. Duplexes
with 5'-TpA and 3-ApT sites two nucleotides away, in otherwise identical sequences, were cross-linked
with efficiencies of 56 and 38%, respectively. These results indicate that-TiRk&r—psoralen conjugates

allow simultaneous, efficient targeting of multiple sites in the human rhodopsin gene.

Rhodopsin is the G-protein-coupled receptor of the visual nucleotides (TFOs). Triplex formation occurs when an
signal transduction cascadB,(and more than 70 rhodopsin  oligonucleotide binds to duplex DNA through the major
mutations are associated with the disease autosomal dominangroove and forms specific hydrogen bonds with the purine-
retinitis pigmentosa (ADRP)making it the most common  rich strand of a target duplex. TFOs have been used to inhibit
cause of ADRPZ). This disease affects approximately 1.5 expression of both plasmi@®{11) and chromosomal gene
million people worldwide 8) and is characterized by targets {1—-21) inside cells. TFOs covalently linked to DNA-
photoreceptor cell death and retinal degeneration that ulti- damaging agents have been used to direct localized mutations
mately results in blindnesgl), Physiological results from  to plasmid 22—24) and chromosomal targets in mammalian
mice with a rhodopsin heterozygous null mutati&h énd cells 25) and increase the level of homologous recombina-
the presence of a rhodopsin null mutation in haploid carriers tion (26, 27) on plasmid targets in mammalian cells.

without RP €) suggest that ADRP is not caused by  The photoactivatable psoralen molecules constitute a well-
haplomsufﬂmenc_y, but rather by the harmful expression of characterized class of DNA-damaging ager28) @nd are
mutant rhodopsin. To treat ADRP, as well as similar ofien attached to TFOs to induce site-specific DNA damage
dominant disorders, it is necessary to develop technologies,; pyrimidines adjacent to the triplex binding site. The
that inactivate, repair, or replace the defective copy of the achanism of psoralen action is well-understo@s).(

gene. . L Briefly, the absorption of one photon causes the formation
One possible approach is triplex DNA technolod),(  of a covalent monoadduct with a pyrimidine in one strand
which can successfully deliver DNA damaging agents in @ of the nucleic acid, and the absorption of a second photon

site-specific manner, thereby altering the expression or ¢onyerts the monoadduct to an interstrand cross-link with
structure of mammalian genes using triplex-forming oligo- 5, adjacent pyrimidine in the opposite strand. Free psoralen

reacts with DNA in a sequence-dependent manner with the
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1000-fold in regions surrounding the bre&g,(34). Psoralen-
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Gels were run for 67 h at 55 V and 22°C, dried, and

conjugated TFOs have also been used to induce smallexamined by autoradiography.

deletions, thereby inactivating gene functi@b), The use

Kinetics of Triplex DissociatiorDissociation kinetics were

of psoralen-conjugated TFOs to inhibit gene expression, measured by initially incubating the labeled duplexs(x
induce mutations, and enhance recombination may beqg-s M) with TFO at high concentrations (2 10-6 M) in

exploited to inactivate or correct defective genes.

triplex binding buffer at 37°C for 15 h to drive triplex

_We are testing the human rhodopsin gene as a target fqrformation. Following incubation, the reaction mixtures were
triplex-based approaches to gene therapy. We have previdiluted in triplex binding buffer to a final duplex concentra-

ously characterized the binding of TFOs to multiple sites in
the human rhodopsin gen&5). In this paper, we describe

tion of 2 x 10711 M and a final TFO concentration of %
10° M. The triplexes were allowed to dissociate for the

the in vitro use _o_f ps_oral_en-conjugated TFOs in causing indicated times with triplex dissociation followed by elec-
damage at specific sites in the rhodopsin gene. We havetrophoresis, as described above, and quantitation by Phos-

identified five target sites with a psoralen cross-linking site
at or near £10 bp) the triplex binding site on thé-8nd of

phorlmager (Molecular Dynamics, Sunnyvale, CA) analysis
using ImageQuant software.

the purine-rich strand. Using psoralen-conjugated TFOs, we DNase | Footprinting AnalysisOligonucleotides corre-

have achieved efficient cross-linking at the triplex junction.

We have also used TFOs with psoralen moieties attached
via nucleotide linkers and observe site-specific cross-linking
at sequences distant from the triplex binding site. During
the course of these studies, we have investigated the

interactions of linkers with the duplex and their effects on
binding affinity and kinetics, and we have determined the
relative reactivity of psoralen TFOs with-5pA and 3-ApT
sites in identical sequence contexts.

EXPERIMENTAL PROCEDURES

Oligonucleotide Synthesis and Purificatiddnmodified

sponding to the target site were annealed in a 1:1 molar ratio
to form a target duplex, with the purine-rich strand of the
duplex radiolabeled. The purine-rich strand wésed-
labeled using T4 polynucleotide kinase aneffPJATP, and
following annealing, the duplex was gel purified. The 5
end-labeled synthetic duplex was incubated with TFO in
triplex binding buffer at 37C in a final volume of 1QuL

for 24 h. DNase | at a concentration of 0.0125 unit/mL was
then added, and samples were incubated at room temperature
for 4 min. Ten microliters of stop solution/loading dye
[formamide, 2% bromophenol blue (w/v), and 140 mM
EDTA] was subsequently added. Samples were immediately

oligodeoxyribonucleotides were purchased from Integrated denatured at 95C for 5 min and subjected to electrophoresis

DNA Technologies, Inc. (Coralville, 1A). TFOs were dis-
solved in Milli-Q water and desalted on NAP-5 columns
(Pharmacia LKB Biotechnology, Uppsala, Sweden). Oligo-

on 15% polyacrylamide denaturing gels containing TBE [89
mM Tris-borate (pH 8.0) and 2 mM EDTA], dried, and
autoradiographed. Duplexes were treated with DMS and

nucleotides were then purified by denaturing PAGE (15% Ppiperidine to produce a G-ladder as described previously

acrylamide) as described previousBg). The oligonucleotide
purity was analyzed by PAGE of'%&nd-labeled oligos.

(39).
Photoadduct Formation and Analysi®ligonucleotides

Oligos were labeled using T4 polynucleotide kinase (New corresponding to target sites were annealed in a 1:1 molar

England Biolabs Inc., Beverly, MA) ang/{*2P]ATP (6000

ratio to form a target duplex. Duplexes wereehd-labeled

Ci/mmol) (New England Nuclear Research Products, Boston, to high specific activity with §-32P]JATP and gel purified.

MA) for 30 min at 37°C. Gel-purified psoralen-modified
TFOs were purchased from Oligos Etc. (Wilsonville, OR).
They were 3end-labeled using terminal deoxynucleotidyl
transferase (Gibco, Rockville, MD) withef*?P]dideoxyATP

Duplex (at a final concentration of % 107'° M) was
incubated for 24 h with 1x 10® M psoraler-TFO
conjugates in triplex binding buffer at 37C. Triplex
formation reactions in which psoraleifFO conjugates were

(Amersham Pharmacia, Uppsala, Sweden) and examined fotused were set up in a dark room using only dim red

purity by denaturing PAGE. All exhibited a single species
and were used without further purification. For all TFOs,
the psoralen derivative,'4hydroxymethyl)-4,58-trimeth-
ylpsoralen (HMT), was joined to the TFO via a six-carbon
(C-6) linker. DNA concentrations were determined by UV
absorbance at 260 nm.

Triplex Formation by Electrophoretic Mobility Shift Assay
with Synthetic Duplexe®ligonucleotides corresponding to

illumination from a photographic safe light. Following
incubation, the samples were irradiated with UVA for the
periods of time indicated in the figure legends. The light
source was @ 8 W handheld lamp (UVP, Upland, CA)
emitting approximately 0.12 J/éhper minute based upon
measurement with a UVX radiometer (UVP). For samples
irradiated for 60 min, &L of Milli-Q water was added after
30 min to ensure minimal effects of evaporation over the

gene target sites were annealed in a 1:1 molar ratio to formcourse of the experiment. After irradiation, 0 of stop

a target duplex. Duplex strands wereehd-labeled using
T4 polynucleotide kinase ang{?P]JATP, and the duplex
was then gel purified by PAGE (12% acrylamide) under
nondenaturing conditions. Labeled duplesd(x 101° M)
was incubated with increasing concentrations of TFO in
binding buffer [10 mM Tris-HCI (pH 7.6), 10 mM MgG|
and 10% sucrose] at 37TC for 72 h to attain equilibrium
(36, 37). Triplex-induced mobility shifts were monitored by

solution was added to the samples, which were then
denatured at 95C prior to analysis by electrophoresis
through 15% denaturing polyacrylamide gels containing
TBE. The gels were subsequently dried and autoradio-
graphed. Radioactivity was quantified using a Phosphorim-
ager. Self-association and self-reaction of psoralen-modified
TFOs was assessed by incubatirigeBd-labeled TFOs at
various concentrations in the presence and absence of

electrophoresis through native 12% polyacrylamide gels unlabeled target duplex, irradiating with UVA, and analyzing

containing 89 mM Tris-borate (pH 8.0) and 10 mM MgCl

the products by electrophoresis on 15% polyacrylamide
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Table 1: Triplex Target Sequences with Psoralen Cross-Linking Table 2: Sequences and Linker Lengths of TFOs Used in This

Sites in Close Proximity Study
Duplex’ Target Sequence” TFO Sequence” Tinker
[Site]® Length®
(TPO) © 5’ AAACTGAGGCAGGGAGAGGGGAAGAGACTCATTTAGG 3’

2 5’ GACAGGGGCTGAGAGGGGAGGCAGAGGATGCCAGAGGG 37 3’ TTTGACTCCGTCCCTCTCCCCTTCTCTGAGTAAATCC 5
[1206) 3’ CTGTCCCCGACTCTCCCCTCCATCTCCTIACGGTCTCCC S” TFO3AT 3' TGEGETATGGEEETTGTGT 5' 0
(TPO2) TFO3AA 3' AGGGAGAGGGGAAGAGA 5' 1]

3 5’ AAACTGAGGCAGGGAGAGGGGAAGAGACTCATTTAGG 3’ TFO3B 3' TGGGTGTGGGETTGTGTTC 5' 2
[1411] 3’ TTTGACTCCGTCCCTCTCCCCTTCTCTGAGTARATCC 57 TFO3C 3' AGGGAGAGGGGAAGAGATC 5' 2
(TPO3) TFO3D 3' TGGGTGTGGGGTTGETGTTCTT 5' 4

5 5’ TTCATTTCCCGAGAAGGGAGAGGGAGGAAGGACTGCCAATTC 3 TFO3E 37" AGGGAGAGGGGAAGAGATCTA 5' 4
[1965] |3’ AAGTAAAGGGCTCTTCCCTCTCCCTCCTTCCTGACGGTIRAG 5° TFO3F 37 TGEGTGTGEGGTTGTATICTICT 57 3
(TFOS) TFO3G 37 RGGGRGAGGGGAAGAGATCIACT 5' 3

9 5’ TAGCAAGACTGAGGAGGAAAGGGAAGTGAGAGTGGGAATTTTCTGGAG 3¢ TFO3H 37 TGGGTGIGGGGTTGTGTTCTICTCT 5° 8
[3135] 3’ ATCGTTCTGACTCCTCCTTTCCCTTCACTCTCACCCTIAAAAGACCTC 5° TFO3I 37 AGGGAGAGGGGAAGAGATCTACTCA 5° 8
(TFO9) TFO3J 37 TGGETGTGGGGTTGTGTICTTCICIGE 5 | 10

15 5’ GGCTGTGGCTGGGGGAAGCGTGTAGGGGATGEGAGACGCCTATAGT 3° TFO3K 37 AGGGAGAGGGGAAGAGATCTACTCAGGE 5° 10
[5313] 3’ CCGACACCGACCCCCTTCCACATCCCCTACCCTCTGCGGATATCA 57 TFO3L 37 TGGGTGTGGGGTTGTGICT 5° 2
(TFO15) TFO3M 37 AGGGAGAGGGGAAGAGACT 57 3

X X . TFO3N 3' TEGEGTCTGGEGTTGTGTCTCG 5' 4

aNumbers refer to the target sites in the rhodopsin ge3%®. ( TFO30 37 AGGGAGAGGGGARGAGACTCG 5 1

b Numbers in brackets refer to the mostriucleotide of the target TFO3P 3 TGGGTGTGGGGTTGTGICTCGTT 5 ]
. . . TFO3Q 3' AGGGAGAGGGGAAGAGACTCGTT 5' 6
sequence in the RNA transcritTFOs in parentheses are targeted to TFO3R 3 AGGGAGAGGGGARGTGTCTCGTT 57 3
the associated target sequenéeRarget sequences are shown in TFO3S 37 AGGGAGAGGGGTTGTGICICGIT 5° 6
_li H H H TFO3T 3' TGGGTGTGGEGTTETGTCTCGTTTG 5' 8

boldface type. Proposed p_soraleln cross-linking sites are underlined. In | S AGGGAGAGGOGAAGAGACTCOTTIG = 5
this study, only TFOs with a 'sconjugated psoralen were used; TFO3V 37 TGEGTGTGEGETTGTETCTCCTTTATC 57 | 10
therefore, possible cross-linking sites on thesifle of the purine-rich TFO3W 3' RGGGAGAGGGGAAGAGACTCGTTTIGTC 5' [10

strand of the target are not listed.

2 The target duplex is shown in boldface in the first row. Flanking
DNA corresponding to rhodopsin genomic sequence is shown in regular
denaturing gels as described above. Radioactivity in varioustype in the first line. TFO sequences are shown in boldface type with

species was measured and quantified using a Phosphorlm”nker nucleotides in regular type. The orientation of the TFO is shown
ager relative to the purine-rich strand of the target dupfeXumbers refer

to the number of linker nucleotides in the TFO.

RESULTS
TA base triplets 7, 40) (Table 2; TFO3B-TFO3K). To

Selection of Triplex Target Sites Capable of Photoadduct reduce the potential for secondary structure within TFOs with
Formation.We originally identified eight triplex target sites  |inkers longer than six nucleotides, we positidreT rather
within the rhodopsin gene capable of binding a TFO with than a C over the A base pair at nucleotide 6 in the linker
high affinity (K¢ = 1 x 10°® M) under our standard  regjon (Table 2). In a second approach, linkers were designed
conditions 85). Of these, five target sites had a preferred o ytilize the potential for alternate-strand triplex formation
psoralen cross-linking sequence;TPA or 5-ApT (28), (41—43). In this approach, the linker nucleotides are designed
within 10 bp of the 3end of the purine-rich strand in the o bind to the purines that flank the pyrimidine-rich segment
target (Table 1). Two of these target sites, 1206 and 3135¢f the target site; nucleotides were chosen on the basis of
(numbering refers to the position relative to amHl site the standard rules for parallel triplex formation by pyrimi-
just upstream of the first exon, GenBank accession numberdine-rich TFOs with C versus GC, T versus AT, T or C
K02281), had a psoralen cross-linking site located at the yersus CG, and G versus TA base tripleTy (Table 2;
triplex—duplex junction (Table 1), whereas the other cross- TFO3L-TFO3W). Thus, in the target region, these alternate-
linking sites were located at least four nucleotides away from strand TFOs bind in an antiparallel orientation, whereas in

the last base in the target sequence. the linker region, they have the potential to bind in a parallel
Since psoralen attached by a C-6 linker does not effectively arrangement.
cross-link such distant site89), we explored the use of TFO binding affinities were estimated by electrophoretic

additional nucleotides in extending psoralen for more ef- mobility shift assays (band shift assays) as previously
ficient interaction at distant sites. Preliminary data with a described 35, 36), and the results are shown in Figure 1.
target site in the APRT gene indicated that up to 10 additional As observed previousi86), the GA-TFO conjugates bound
nucleotides could be added with only a modest decrease inwith a 10-fold higher affinity than the corresponding 6T
binding affinity. To test the ability of such nucleotide TFO conjugates. The binding of GATFO conjugates with
“linkers” to increase the extent of psoralen cross-linking at antiparallel linkers was relatively insensitive to linker length,
distant sites, we chose target site 1411 (Table 1). This sitedecreasing only about 3-fold for 10 extra nucleotides (Figure
had a 5ApT site four nucleotides from the triplex junction  1A). GT-TFO conjugates with antiparallel linkers experi-
and a 5TpA site seven nucleotides from the junction and enced decreases in binding affinity of a similar extent (Figure
is bound with high affinity by both GA and GT-TFO 1A). Binding by GA-TFO conjugates with alternate-strand
conjugates 5). linkers was also only moderately affected by linker nucle-

Design and Binding Affinity of “Linker” TFOs.Two otides (Figure 1B). However, GTTFO conjugates designed
approaches were used to design nucleotide linkers in the hopavith alternate-strand linkers were very sensitive to linker
of maximizing binding affinity and photoadduct formation. length; even four additional nucleotides reduced the binding
In one approach, the linker nucleotides at GAand GT— affinity by 100-fold (Figure 1B; TFO3N). On the basis of
TFO conjugates were designed using the standard rules othese results, the linkers on all TFOs used in subsequent
triplex formation by antiparallel, purine-rich TFOs, with G experiments were designed using the standard rules for triplex
versus GC, T or A versus AT, T versus CG, and C versus formation.
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Effect of Linkers on TFO Binding KineticBissociation
kinetics for GA-TFO conjugates with and without antipar-
allel linkers were compared and found to differ by about
the same magnitude as the differences in their binding
affinities. TFO3K, which has a 10-nucleotide linker, dis-
sociated from the triplex with a first-order rate constdat,
(36), of 1.66 x 10°°s71, about 2-fold faster than TFO3AA,
which has no extra nucleotides and dissociated with af
0.71x 10°°s™* (Figure 1C).

Footprint Analysis of Linker TFOsAlthough the nucle-
otides in the linker region of the TFO were designed
according to standard antiparallel triplex rules, they were not
expected to bind tightly to the underlying duplex because
the TFO strand contained many pyrimidine bases, which
interact only very weakly, if at all, with the purine-rich strand
of the duplex. To assess whether triplex formation occurred
in the linker region, we used DNase | footprinting since
regions of a duplex that form triplexes are protected from
DNase | cleavagedd, 45). If nucleotides in the linker were
participating in a triplex, the footprint would extend beyond
the core footprint produced by a TFO with no additional
nucleotides (Figure 2A, lane 3, TFO3AA). GTand GA-
TFO conjugates with various linker lengths were incubated
with a target duplex that had only the purine-rich strand
labeled. TFOs were used at a high concentration§{ )
to permit triplex formation and at a low concentration (10
M), which is below theKq for triplex formation. Regardless
of linker length, at the high concentration all TFOs protected
the same core region of the duplex (Figure 2). In no case
did a linker extend the footprint (toward the top of the gel),
as would be expected if linker nucleotides were involved in
a triplex. In addition, as is characteristic of triplex formation,
a DNase I|-hypersensitive site was induced adjacent to the
core footprint (Figure 2, arrow) in the absence of linker
nucleotides (lane 3). The same hypersensitive site is present
in all footprints, regardless of linker length. The absence of
an extended footprint and the unchanging position of the
hypersensitive site indicate that the linker nucleotides do not
form a sufficiently stable interaction with the underlying
duplex to protect it from DNase | digestion.

Photoadduct Formation at the TriplexDuplex Junction.

As a basis for comparing the efficiency of linkers in
promoting psoralen cross-linking at distant sites, we first
assessed psoralen photoadduct (cross-link and monoadduct)
formation at duplex 2 and duplex 9, which contain'a 5
ApT at the boundary of duplex and triplex DNA (Table 1).
GA—TFO conjugates with psoralen attached to théieids

were synthesized to bind the synthetic duplexes (Figure 3A).

assays over a period of several months, to illustrate the uncertaintyln agreement with previous result4gj, psoralen did not

in the estimates. Black bars represent data for-GFO conjugates;
hatched bars represent data for GRFO conjugates. The dotted
line represents the limit of detection for this assay. TFO3R and
TFO3S, whose binding was too weak to be detected, were not
plotted in these figures. (C) Dissociation of triplexes formed by
TFO3AA (no linker) and TFO3K (10-nucleotide linker). The
fraction of total labeled duplex in triplex form is plotted as a
function of time following dilution. Raw data were fit to the
equationT(t) = T + (To — T) exp(—kert), whereT(t) is the fraction
total duplex in triplex form at time. The points are plotted on a
percentage scale relative Tg — T, with 100% corresponding to
To and 0% corresponding td;. The best fit values were as
follows: Tp = 0.843,T; = 0.596, andkes = 1.76 x 1075 s72 for
TFO3AA andTy = 0.784,T; = 0.527, andker = 3.5 x 105s71

for TFO3K. The first-order rate constants were calculated form the
equationk; = ke(1 — Ty).

enhance the binding affinity of the TFO (data not shown).
Psoralen-TFO conjugates were incubated at a high concen-
tration (10 M) with target duplexes under conditions which
were suitable for triplex formation. The triplexes were
irradiated with ultraviolet (UVA) light, and monoadducts and
cross-links were efficiently formed (Figure 3B). Quantitation
of radioactive products by Phosphorimage analysis indicated
that photoadduct formation occurred with first-order reaction
kinetics (data not shown) and was complete after 60 min.
Phosphorimage analysis also indicated a total photoadduct
yield of 77% @&1.2%) after 60 min, with cross-links
comprising 65% £1.1%) of the total radioactivity with
duplex 2 (Figure 3B, lanes 9 and 10). Duplex 9 also gave a
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Table 3: Target Duplexes and PsoraldFO Conjugates with
Linkers

Target or Sequence” Linker
TFO Length®
Duplex 3 |5’ AAACTGAGGCAGGGAGAGGGGAAGAGACTCATTTAGG 3’
3’ TTTGACTCCGTCCCTCTCCCCTTCTCTGAGTARATCC 5’
Duplex 3A |5’ AAACTGAGGCAGGGAGAGGGGAAGAGACTCTTTTAGG 3’
3’ TTTGACTCCGTCCCTCTCCCCTTCTCTGAGAARATCC 5'
Duplex 3B |5’ AAACTGAGGCAGGGAGAGGGGAAGAGACTCATTTTGG 3
3’ TTTGACTCCGTCCCTCTCCCCTTCTCTGAGTAARACC 57
Duplex 3C |5’ AAACTGAGGCAGGGAGAGGGGAAGAGACTCGTTTAGG 3
3’ TTTGACTCCGTCCCTCTCCCCTTCTCTGAGCAAATCC S’
psoxrTFO31 37" AGGGAGAGGGGAAGAGATC-P 5’ 2
psorTFO32 3' AGGGAGAGGGGAAGAGATCT-P 5’ 3
psorTFO33 3" AGGGAGAGGGGAAGAGATCTA-P 5’ 41
psorTFO34 3" AGGGAGAGGGGAAGAGATCTAC-P 5’ 5
pPsSorTFO35 3" AGGGAGAGGGGAAGAGATCTACT-P 5 6
psorTFO36 3' AGGGAGAGGGGAAGAGATCTACTC-P 5 7
psorTFO37 3' AGGGAGAGGGGAAGAGATCTACTCA-P S5’ 8
pPsorTFO38 3' AGGGAGAGGGGAAGAGATCTACTCAG-P 5’ 9
PsorTFO39 3' AGGGAGAGGGGAAGAGATCTGCTCA-P 5 8

aThe target duplexes are shown in boldface in the first box. Flanking
DNA is shown in regular type in the first line. Potential psoralen cross-

(Table 3 and Figure 4A). TFOs were designed to have a
psoralen attached to linkers of increasing length, from two
to nine nucleotides (Table 3). When these TFOs were
incubated at a high concentration (£0M) with the duplex

and irradiated with UVA light, monoadducts and cross-links
were formed as shown for linker lengths of four and five
nucleotides in Figure 4B. As is apparent, there are more
species of monoadduct present in Figure 4 than in Figure 3.
We attribute this increased heterogeneity, which is generally
observed for TFOs with linkers, to the increased opportunity
for reaction at more distant sites. Labeling of individual
strands of the duplex reveals that monoadduct species are
uniquely associated with one strand or the other (data not
shown), as expected, but we have not characterized them
further.

Cross-link formation was essentially complete after UVA
irradiation for 60 min, regardless of the linker length (Figure
5A). As shown in Figure 5A, the cross-linking efficiency
reached a maximum~25%) when the psoralen was

linking sites are underlined. TFO sequences are shown in boldface typeextended to the'BApT site four nucleotides from the triplex
in subsequent boxes with linker nucleotides in regular type. P standSJunctmn A low level (~5%) of cross-linking occurred with

for psoralen. The orientation of the TFO is shown relative to the purine-
rich strand of the target dupleXNumbers refer to the number of linker
nucleotides in the TFO.

high yield of total photoadducts (7& 2.2%) with cross-
links being 56% £1.6%) of the total radioactivity (Figure
3B, lanes 15 and 16).

Photoadduct Formation at Sites Distant from the Triptex
Duplex Junction.To measure the efficiency of linker-

psoraler-TFO conjugates having seven-, eight-, or nine-
nucleotide linkers (Figure 5A). These TFOs may have formed
cross-links at the'sTpA site, or the linkers may have been
sufficiently flexible to cross-link the "8ApT site.

To determine whether cross-linking occurred at the 5
ApT site, the 5TpA site, or both, two additional duplexes
were synthesized (Table 3). In duplex 3A, tHeApT site
was abolished by inverting the-A base pair, which created

mediated cross-linking at distant sites, we chose to use duplexa 5-TpT site. In duplex 3B, the'STpA site was removed
3, which has two potential psoralen cross-linking sites, four by inverting the AT base pair, creating a'3pT site.

and seven nucleotides from the triptedtuplex junction

Psoralen-conjugated TFOs were incubated at high concentra-
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3' GAGAGGGGAGGTAGAGGA-Psor 5' PSOrTFO2AA 3' AGGGAGAGGGGAAGAGATCTA-Psor 5' psorTFO33
5' GACAGGGGCTGAGAGGGGAGGCAGAGGATGCCAGAGGG 3' 3' AGGGAGAGGGGAAGAGATCTAC-Psor 5'  psorTFO34
3' CTGTCCCCGACTCTOCCCTCOGTOTOOTACGETOTCCE 51 DuPlex 2 5' ARACTGAGGCAGGGAGAGGGGAAGAGACTCATTTAGG 3'

Dupl.
3' TTTGACTCCGTCCCTCTCCCCTTCTCTGAGTARATCC 5¢  -oPreX 3

3' GAGGAGGAAAGGGAAGCGAGAGCGGGAA-Psor 5' PsorTFOJAA
5' TAGCAAGACTGAGGAGGAAAGGGAAGTGAGAGTGGGAATTTTCTGGAG 3'

3' ATCGTTCTGACTCCTCCTTTCCCTTCACTCTCACCCTTAAAAGACCTC giDuplex 9 B E
”m ™ 8
¥ 53k
B 280§
3 3L 2 _psorTFO33 psorTFO34
Duplex: _2__9 psorTFO2AA _psorTFO9AA Time: 60 60 60 60 1010 30 30 60 60 10 10 30 30 60 60
Time: 0 60 0 60 1010 3030 6060 10 10 30 30 60 60 UV: =+ + ++++ &4+ ++ 4+ +
uv: D TR I R N T r
Crosslinks
JES——— s ]
Crosslinks
ey - e
. i e _+ | Monoadducts
et Lot Attt
==;xrvﬂv“~:\-ﬁ;-ﬂ"'«
Monoadducts
-
w Single Strands
] szaa27
Single 12345678 910111213141516
'.g m Strands Ficure 4: Electrophoretic analysis of photoadducts formed at
o psoralen cross-linking sites located away from the triplex junction.
(A) Target duplex and psoraleiTFO conjugates with linker lengths

of four (psorTFO33) and five (psorTFO34) nucleotides. The triplex
binding site is shown in boldface. The potential psoralen cross-
Ficure 3: Electrophoretic analysis of photoadducts formed at linking sites are underlined in the target duplex. (B) Representative
psoralen cross-linking sites located at the triplex junction. (A) Target experiment of photoadduct formation by psoraldif-O conjugates
duplexes and psoraleTFO conjugates used in this assay. The with linkers. The experiment was performed as described in the
expected psoralen cross-linking site in each duplex is underlined. legend of Figure 3B.

(B) Photoadducts formed by psoralen cross-linking. End-labeled . . . .
target duplexes were incubated with psorai@FO conjugates for whether transient triplet formation at the A four nucleotides

24 h and irradiated with UV light for the indicated periods of time. away from the triplex junction in duplex 3 (Table 3) might
Products were separated by denaturing PAGE on 15% gels andpe responsible for this enhancement, we designed duplex 3C,
analyzed by autoradiography. Migration positions on the gel are \hich carris a G atthat position, and the corresponding
:%tgit%%gogggg tlJigLesx (st"hnr%lg igﬁﬂgéé?fﬁﬁggéuas (two Connededeight-nucl_eotidg Iink_er TFO wita G four nucleotides away
from the triplex junction (Table 3, psorTFO39). We reasoned
tions with these duplexes to form a triplex, and irradiated that if transient triplet formation at that position was
with UVA light. In duplex 3B, cross-links still formed with  responsible for an increased level of monoadducts, psorTFO39
modest efficiency{17%) with a four-nucleotide linker TFO,  should react with duplex 3C much like psorTFO37 reacts
but cross-links were formed with a lower efficiency3%) with duplex 3. However, psorTFO39 should react poorly with
using an eight-nucleotide linker TFO (Figure 5B, dotted line). duplex 3, and psorTFO37 should react poorly with duplex
These results strongly suggest that the cross-links formed3C. Contrary to these expectations, psorTFO37 and psorTFO39

12345678 910111213141516

with the four-nucleotide linker TFO occurred at the&pT formed a similar high level of monoadducts with both
and not the more distant’-3pA. In duplex 3A, only a duplexes (data not shown), arguing against a contribution
minimal amount of cross-links formed<@%) with a four- of triplex formation by the linker.

nucleotide linker; however, no cross-links<1%) were The general decrease in the extent of photoadduct forma-

formed with an eight-nucleotide linker (Figure 3B). These tion with longer linkers (Figure 5D) could arise, in principle,
results indicate that the-B\pT is the principal site for cross-  from a psoralen-mediated increased tendency toward self-
links and that the more distantBpA site is rarely, if ever, association and self-reaction of TFOs with longer linkers.
cross-linked. To test this possibility, the psoralen-modified GAFO

The yield of total photoadducts for all duplexes with conjugates with various linker lengths wereedd-labeled,
psoralen-preferred sites beyond the junction was highestincubated under triplex-forming conditions in the absence
(30—44%) with two- to four-nucleotides linkers, and de- of duplex, UVA irradiated, and analyzed by electrophoresis
creased with increasing length, except for duplex 3, where on denaturing polyacrylamide gels. Significant self-reaction,
the total amount of photoadducts increased for TFOs havingas revealed by a slower migrating species, was observed for
eight- and nine-nucleotide linkers (Figure 5D). To test all TFOs at a high concentration (10M), but not at a low
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Ficure 5: Kinetics and photoproduct distribution of psoraléfFO conjugates with nucleotide linkers. (A) Time course of cross-link
formation at duplex 3. Radioactivity from cross-link species identified by mobility (Figure 4B) was quantified using a Phosphorimager and
plotted as a percent of total radioactivity vs the linker length of each TFO. The extent of cross-link formation increased from 10 min of
UVA irradiation (<) to UVA irradiation for 30 min @) and was nearly complete by 60 mis)( In panels B-D are shown photoadducts
formed with three different duplexes after irradiation for 60 min. Black diamonds represent data for duplex 3, white squares data for duplex
3A, and black triangles data for duplex 3B. The amounts of cross-links (B), monoadducts (C), or total photoadducts (cross-links and
monoadducts, D) were plotted as a function of linker length.

concentration (10!° M), indicating that the association was the triplex junction (Figure 6A). A psoralefT FO conjugate
intermolecular (data not shown). At 1OM TFO, the level with a two-nucleotide linker was incubated with both
of self-reaction was highest for TFOs with short linkers (55, duplexes; the triplexes were subsequently irradiated with
60, and 42% for TFOs with two-, three-, and four-nucleotide UVA light, and the photoadducts were analyzed (Figure 6B).
linkers, respectively) and lowest for TFOs with long linkers Quantitation of the photoadducts showed that th&@®A

(9, 9, and 10% for TFOs with seven-, eight-, and nine- sequence formed cross-links with moderately higher ef-
nucleotide linkers, respectively). These results are the op-ficiency (56%) than the '8ApT sequence (38%), although
posite of those expected if self-association were the expla-the total amounts of photoadducts were comparable (Figure
nation for the decrease in the level of photoadduct formation 6C). These results indicate that-BpA and 3-ApT are
observed in Figure 5D. Moreover, when the labeled TFOs roughly equivalent targets for psoralen when it is tethered
were incubated with an excess of target duplex, TFO self- to a TFO.

reaction was abolished (data not shown), indicating that

triplex formation competes effectively with self-association. DISCUSSION
These results rule out TFO self-association as an explanation Formation of triplex DNA provides a potential method
for a decreased extent of photoadduct formation with for targeting DNA-damaging agents to defined sites in

increasing linker length. specific genes, as a way of modifying their expression or

Reactvity of Psoraler-TFO Conjugates at '5TpA and altering their sequence. Previously, we identified and char-
5'-ApT Sequencedlthough free psoralen cross-links BpA acterized multiple triplex sites in the human rhodopsin gene
sites at least 10-fold more efficiently thah/ApT sites @9, as an initial step in developing triplex technology as a

30, 32, 47, 48), both sites have been used successfully as treatment for the disease ADRBS]. Here, we have extended
targets for cross-linking by psoralen tethered to TF@8 (  those studies to examining the usefulness of psoral&O

50). The reactivity of psoralenTFO conjugates, however, conjugates for introducing site-specific damage adjacent to
has not been directly compared &tTpA and 3-ApT in triplex targets in the rhodopsin gene. As discussed in detail
identical sequence contexts. To measure relative reactivity, previously 85), triplex-mediated, rhodopsin-specific gene
we modified duplex 3 to contain either &BpA (duplex damage could serve as a plausible therapy for ADRP by
3TA) or a B-ApT (duplex 3AT) two nucleotides away from  sensitizing the locus to correction by homologous recombi-
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3' AGGGAGAGGGGAAGAGATC-Psor 5' psorTFO31
5' AAACTGAGGCAGGGAGAGGGGAAGAGACTACTTTAGG 3'
3' TTTGACTCCGTCCCTCTCCCCTTCTCTGATGAAATCC 5' PUPlex 3TA
5' - AAACTGAGGCAGGGAGAGGGGAAGAGACATCTTTAGG 3'
3' TTTGACTCCGTCCCTCTCCCCTTCTCTGTAGAAATCC 5° Duplex 3AT
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TpA sites. (A) Target duplexes and psoraldi-O conjugates used
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reports @9, 30, 32, 47, 48) indicate that free psoralen
preferentially cross-links's5TpA and 3-ApT sites, with 5
TpA sites favored by at least 10-fold. Most studies using
psoralen-conjugated TFOs have targeted®A sites located

at the duplex-triplex junction or immediately adjacent to it
and have demonstrated cross-linking efficiencies approaching
100% 60, 53—55), but more typically in the range of 25
80% @6, 56—59). In this study, two 5ApT sites at the
junction were cross-linked with efficiencies of 56 and 65%
(Figure 3). In addition, in a direct comparison of the relative
reactivity of 3-TpA and 3-ApT in the identical sequence
context two nucleotides away from the junction, we showed
that cross-linking at'5TpA sites (56%) was only moderately
more efficient than at'SApT sites (38%). Thus, in contrast
to the results with free psoralen;-BpA and 3-ApT are
roughly equivalent targets for cross-linking by psoralen
tethered to a TFO.

Our goal in using nucleaotide linkers to position psoralen
for photoreaction at's5TpA and 3-ApT sites more distant
from the junction was to increase the number of triplex
targets that are amenable to psoralen cross-linking. As
discussed below, nucleotide linkers were reasonably effective
at promoting cross-linking at d-B\pT site located four and
five nucleotides from a triplexduplex junction. What
fraction of triplex targets would be expected to have'a 5
TpA or a 3-ApT within five nucleotides of a junction? On
a statistical basis, it can be shown that about 45% of purine
runs (potential triplex targets) should have a psoralen target
at a junction and about 80% should have a psoralen target
within five nucleotides. Of the 17 long purine runs that we
identified and tested for triplex formation in the human
rhodopsin gene3p), five (29%) have a psoralen target at a
junction and an additional seven (71%) have a psoralen target
with five nucleotides. These targets occur at both theiadd
3'-sides of the purine-rich strand of the target. Thus, the use
of nucleotide linkers to tether psoralen should approximately
double the number of triplex targets that are available for
psoralen cross-linking.

Utility of Nucleotide Linkers in Tethering Psoralen to
TFOs.In previous studies, we demonstrated that psoralen
tethered by a standard six-carbon linker was ineffective at
cross-linking 5-TpA sites more than one nucleotide away
from a duplex-triplex junction @6). Psoralens tethered by
longer carbon linkers (up to 86 carbons in length) have been

in these assays. The target binding site is shown in boldface, andtested for their ability to cause mutations in twFGlgene

the potential cross-linking site is underlined in the duplex. (B)

Autoradiogram showing photoadduct formation with psoral€RO

in an SV40-based shuttle vectd9j. Perhaps due to the

conjugates. Experiments were performed as described in the legendlydrophobic and flexible nature of this carbon linker, the
of Figure 3B. (C) The radioactivity from cross-links, monoadducts, intercalation position of the psoralen varied and the subse-

and the total photoadducts after 60 min was plotted as a percentaggyuent cross-linking and mutation frequencies were low.

of total radioactivity for target duplexes with either a&pT site
(black bars) or a '5sTpA site (hatched bars).

To test a more rigid and hydrophilic linker structure, we
attached a psoralen molecule to the TFO via additional

nation or by interfering with gene expression by blocking nucleotides. LinkerTFO conjugates that did not have

transcription.
Distribution of Psoralen-Reaaté Sites around Triplex

psoralen exhibited a modest decrease in binding affinity with
increasing linker length, although the decrease was only

Targets. Psoralens are a class of photoactivatable DNA- about 3-fold for linkers up to 10 nucleotides long (Figure
damaging agents that have proven to be especially useful inl). It is possible that at a sufficient length, the linker
cellular experiments because they are innocuous until nucleotides will prohibit TFO binding, which limits the
exposed to UVA irradiation at wavelengths that are mini- distance from the triplex junction where a TFO can still cause
mally harmful to cellular constituents. In addition, psoralen DNA damage.

can cross-link the two DNA strands, which can effectively

block transcription by RNA polymeras&l) and substan-
tially stimulate homologous recombinatioB2j. Previous

Psoraler-TFO conjugates with specific linker lengths
mediated cross-link formation with good efficiency (25%)
and site specificity at short distances, four nucleotides, from
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the triplex junction. However, at longer distances from the
triplex junction (710 bp), the yield of cross-links was low.
This decrease is likely due to the increased level of

Perkins et al.
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well as to unfavorable entropic effects incurred by a long
linker. The overall cross-linking efficiencies (25%) and
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(Figure 5A) suggest that unmodified nucleotide linkers are
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junction. Modified oligonucleotides with neutrab@ or 17.
positively charged backbone&lj may provide the additional
stability required for high photoadduct yields at more distant
sites. 19
Utility of Multiple Psoralen Target SitesWe have

demonstrated triplex-mediated DNA psoralen cross-linking

at three sites in the human rhodopsin gene. In our previous 20
study @35), we demonstrated that long homopurine sequences,
which are ideal for triplex formation, are more abundant than 21
expected in human genes. The ability to target damage to
multiple sites increases the likelihood of obtaining the desired 22.
effect. Using a plasmid based reporter assay, in which TFOs
are reacted with a plasmid in vitro and then transfected into
cells, we have shown that rhodopsin expression is inhibited
by 70-75% after reaction with either psoralemFO2 or
psoraler-TFO9, but is decreased by 90% when the two 25
TFOs are combined (unpublished data). Intracellular potas-
sium concentrations3g), nucleosomes6@, 63), and nu-
cleases are all challenges for triplex formation inside the cell.
Modified backbones and nucleotidé®i{-69) can minimize

the effects of potassium and nucleases, and recent in vitro »7
evidence suggests that a triplex can be formed on the
nucleosome, dependent upon target site positioning within 28.

the core 70). We are now testing the DNA damaging effects
of single and multiple TFOs on transcription inhibition,
homologous recombination, and mutation induction on
mammalian chromosomes in tissue culture.
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