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ABSTRACT: We have explored the application of triplex technology to the human rhodopsin gene, which
encodes a G-protein-linked receptor involved in the genetic disorder autosomal dominant retinitis pigmentosa
(ADRP). Our results support the hypothesis that most human genes contain high-affinity triplex sites
and further refine the rules governing identification and successful targeting of triplex-forming
oligonucleotides (TFOs) to these sites. Using a computer search for sites 15 nucleotides in length and
greater than 80% purine, we found 143 distinct sites in the rhodopsin gene and comparable numbers of
sites in several other human genes. By applying more stringent criteria, we selected 17 potential target
sites in the rhodopsin gene, screened them with a plasmid binding assay, and found 8 that bound TFOs
with submicromolar affinity (Kd ) 10-9-10-7 M). We compared purine (GA) and mixed (GT) TFOs at
each site, and found that GA-TFOs consistently bound with higher affinity, and were less sensitive to
pyrimidine interruptions in the target strand. High G-content favored high-affinity binding; only sites
with >54% G-content bound TFOs withKd e 10-8 M.

A long-sought goal in molecular biology is the ability to
deliver reagents to specific sites within intact genomes of
living cells or organisms, to study and manipulate gene
function and structure. Triplex DNA technology (1, 2) has
been used successfully to deliver reagents that alter gene
function or structure to specific sites within genes in cell-
free and intracellular conditions using triplex-forming oligo-
nucleotides (TFOs).1 In the past decade, several laboratories
have demonstrated that gene expression in cells can be
inhibited by TFOs targeted to triplex forming sites in both
plasmid (3-6) and chromosomal genes (6-16). TFOs with
attached DNA damaging moieties can cause site-specific
damage in mammalian cells and induce localized mutations
(17-19) or stimulate site-specific homologous recombination
(20, 21).

An especially challenging problem, for which triplex
technology seems suited, is the development of gene-based
approaches for genetic disorders with dominant inheritance.
Conventional strategies for gene introduction or supplemen-
tation are not applicable to those dominant diseases caused
by deleterious effects of a defective gene product, rather than
by deficiency of the wild-type gene product. To treat such
autosomal dominant diseases successfully, it is necessary to
develop approaches to inactivate, repair, or replace the
defective copy of the gene. The documented effects of
triplex formation, which include transcription inhibition,
mutation, and recombination, might be exploited to inactivate
or correct defective genes.

One clinically important dominant disorder is autosomal
dominant retinitis pigmentosa (ADRP), which affects the
photoreceptor cells of the retina (22-24) and is characterized
by photoreceptor cell death and progressive retinal degenera-
tion that ultimately leads to blindness (25). ADRP can be
caused by mutations in several different genes (24); however,
the most common form results from mutations in the gene
for rhodopsin, the G-protein-coupled receptor that is the
primary photon detector in the visual signal transduction
cascade (26). More than 70 mutations associated with ADRP
have been identified in the rhodopsin gene (27). The idea
that expression of mutant forms of rhodopsin, rather than
haploinsufficiency, leads to retinal degeneration is supported
by the existence of a null recessive allele that does not cause
RP in haploid carriers (28) and by similar observations from
rhodopsin “knock-out” mice (29). These results raise the
possibility that elimination or reduction of expression of
harmful forms of rhodopsin may result in the prolonged
survival of retinal cells even if levels of wild-type rhodopsin
are well below those in normal rods.

The work described here represents the first steps toward
testing the human rhodopsin gene as a target for triplex-
based approaches of gene therapy for ADRP. We have
searched for and identified several potential triplex-forming
sites within the rhodopsin gene. We have screened these
sites and identified seven that exhibit high-affinity binding
to specifically designed GA- and GT-TFOs. A comparison
of Kds at these various sites reveals critical differences
between GA- and GT-TFOs, with respect to their dependence
on the G-content of the target site and their sensitivity to
pyrimidine interruptions in the purine-rich strand.

EXPERIMENTAL PROCEDURES

Oligonucleotide Synthesis and Purification.Oligodeoxy-
ribonucleotides were purchased from Genosys Biotechnolo-
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gies, Inc. (The Woodlands, TX), or from Oligos Etc.
(Wilsonville, OR). TFOs were dissolved in Milli-Q water
and desalted on NAP-5 columns (Pharmacia LKB Biotech-
nology, Uppsala, Sweden). Oligonucleotides were then
purified by denaturing PAGE (15% acrylamide) as described
elsewhere (30). Oligonucleotide integrity was analyzed by
PAGE of 5′-end-labeled oligos. Oligos were labeled using
T4 polynucleotide kinase (New England Biolabs Inc., Bev-
erly, MA) and [γ-32P]ATP (6000 Ci/mmol) (New England
Nuclear Research Products, Boston, MA) for 30 min at 37
°C. DNA concentrations were determined by UV absorbance
at 260 nm.

Triplex Formation by Electrophoretic Mobility Shift Assay
with Synthetic Duplexes.Oligonucleotides corresponding to
gene target sites were annealed in a 1:1 molar ratio to form
a target duplex. Duplex strands were 5′-end-labeled using
T4 polynucleotide kinase and [γ-32P]ATP, and the duplex
was then gel-purified by PAGE (12% acrylamide) under
nondenaturing conditions. Labeled duplex (<1 × 10-10 M)
was incubated with increasing concentrations of TFO in
binding buffer (10 mM Tris-HCl, pH 7.6, 10 mM MgCl2

and 10% sucrose) at 37°C for 72 h to attain equilibrium
(30, 31). Triplex-induced mobility shifts were monitored
by electrophoresis through native 12% polyacrylamide gels
containing 89 mM Tris-borate, pH 8.0, and 10 mM MgCl2.
Gels were run for 6-7 h at 55 V, dried, and exposed to film
for autoradiography. For quantitation, the radioactivity in
each band was measured using a Betagen Beta Scope 603
blot analyzer.

Plasmid Fragment Binding Assay.Plasmid p8/6, a gift
from Dr. Tiansen Li of Harvard Medical School, consists of
aSalI genomic fragment (32) cloned into the multiple cloning
site of pBluescript SK(-). TheSalI fragment contains 4.6
kb upstream sequence, the 6.9 kb rhodopsin transcription
unit, and 4.9 kb downstream sequence. Plasmid p8/6 was
digested withEcoRI (New England Biolabs Inc.) for 1 h at
37 °C, phenol-extracted, ethanol-precipitated, and resus-
pended in 0.1× TE buffer (10 mM Tris-HCl, 1 mM EDTA).
TFOs (1 × 10-6 M) were 5′-end-labeled using T4 poly-
nucleotide kinase and [γ-32P]ATP for 30 min and were
purified through Micro Bio-Spin 6 chromatography columns
(Bio-Rad Laboratories, Hercules, CA). An aliquot of each
labeled TFO was subjected to electrophoresis on denaturing
polyacrylamide gels, the TFO band was excised, and the
radioactivity was measured by scintillation counting. For
the plasmid binding assay, an equal amount of radioactivity
for each TFO, at a final TFO concentration of approximately
10-8 M, was incubated with 1µg of digested plasmid DNA
(10-8 M) with binding buffer in a final volume of 10µL.
The samples were incubated at 37°C for 18 h and then
subjected to electrophoresis through a 0.8% agarose gel
containing 89 mM Tris-borate, pH 8.0, and 10 mM MgCl2

for 4-5 h at 60 V. The gels were stained with ethidium
bromide, photographed, dried under low vacuum at 40°C
for 30 min on nylon membranes, and exposed to film for
autoradiography.

Probability Calculations. The number of 15-nucleotide-
long purine-rich runs expected in a given gene (assuming
random sequence) was determined using the equation
2l{[15!/m!(15 - m)!](1/2)m(1/2)15-m} where 2l is twice the
length of the gene in base pairs (since both strands must be
searched) andm is the number of purine nucleotides within

the string. The total number of sites expected is the sum of
the values determined when using 12, 13, 14, and 15 matches
(3, 2, 1, and 0 mismatches) in a string of 15 nucleotides.

To narrow the range of sites to be screened experimentally
and to reduce the likelihood of multiple matching sites for
each TFO, we chose a criterion based on the probability of
finding a matching site with the same number of pyrimidine
interruptions in a random sequence of the same length as
the target site in the rhodopsin gene. This probability was
calculated according top(n,m) ) (1/4)m(3/4)n-mn!/m!(n -
m)!, wherem is the number of nucleotides that match the
target sequence andn is the total number of nucleotides in
the target site (i.e.,n - m is the number of pyrimidine
interruptions). A value of< 3 × 10-9 was chosen as the
criterion for experimental screening.

RESULTS

Potential Triplex Target Sites in the Human Rhodopsin
Gene. To identify potential triplex target sites within the
human rhodopsin gene (6.9 kb sequence; GenBank accession
no. K02281), we used the Genetics Computer Group (GCG)
program to search the coding and noncoding strands for
stretches of 15 nucleotides that were at least 80% purine.
The initial search identified 802 partially overlapping
sequences, representing 143 distinct sites. Application of
our statistical criterion [p(n,m) < 3 × 10-9] yielded 17 sites
for experimental screening. These sites and their locations
within the gene are listed in Table 1, and shown schemati-
cally in Figure 1. They are fairly evenly distributed
throughout the gene; however, only one was found in the
coding sequence (Figure 1).

The number of partially overlapping sequences initially
identified, 802, is 3.5-fold greater than the 246 sites expected
for a random sequence of this length, and much greater than
would be expected if there were any selective pressure
against homopurine runs in the human genome. As shown
in Figure 2 (solid line vs dashed line), this overrepresentation
of potential triplex-forming sites is not limited to the
rhodopsin gene, but extends to other human genomic
sequences as well. When these genomic sequences were
randomized and the resulting sequences searched for potential
triplex binding sites, the results matched the probability
calculations (Figure 2, open symbols vs dashed line). These
results for human genomic sequences are in general agree-
ment with a previous analysis, which showed that pure
oligopurine tracts are overabundant in eukaryotic genomes
(Behe, 1995).

Design of TFOs.All reported effects of TFOs in living
cells, thus far, were obtained with either GA- or GT-TFOs,
with the great majority designed for antiparallel binding (2);
therefore, we designed GA- and GT-TFOs to bind to the
purine-rich strand of the target sequence in an antiparallel
orientation, using standard rules for triplex formation (1, 2,
33). All TFOs and their orientations relative to the purine-
rich strand of the target are listed in Table 1. For each target
site, we designed and tested both an antiparallel GT- and
GA-TFO (designated by AT and AA, respectively, in Table
1) to compare their abilities to form triplex. At pyrimidine
interruptions (PI) in the purine-rich strand of the targeted
sequence, TFOs were designed to carry a T opposite C and
a C opposite T (34). For some target sites with low
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Table 1: TFO Binding at Potential Target Sites in the Rhodopsin Gene

a Numbers refer to the most 5′ nucleotide of the target sequence in the mRNA identical strand. Numbers in parentheses indicate the length of the
target site.b Target sequences are shown in boldface type. An asterisk indicates sequences that are the complement to the mRNA identical strand.
The orientation of the TFOs is shown relative to the purine-rich strand of target sequence.c % G refers to the G-content of the purine-rich strand
of the target site.d Numbers refer to the number of pyrimidine interruptions in the purine-rich strand.e Numbers correspond to the target sites in
the rhodopsin gene (see Figure 1). AT stands for antiparallel GT-TFO, AA for antiparallel GA-TFO, and PT for parallel GT-TFO.f Kds shown in
boldface were determined by electrophoretic mobility shift analysis (TFOs 2, 3, 5, 6, 9, 15, 16, 17). For target sites where binding was not detected,
TFOs were assignedKds >10-6 M.
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G-content (<50%), a GT-TFO was also designed to bind
parallel (designed by PT in Table 1) to the purine-rich strand
(10, 35-37). At pyrimidine interruptions, parallel GT-TFOs
were designed to carry a T opposite C (38) and a G opposite
T (39).

SensitiVity of the Plasmid Binding Assay.A plasmid
binding assay offers a quick and efficient method to screen
for triplex formation (30). To determine the sensitivity of
this assay, we used TFO5AA and TFO5AT, which we had
found in preliminary experiments to bind to their target site
with high affinity (see Table 1). To generate TFOs with a
range of binding affinities, we synthesized a variety of mixed
TFOs (containing G, A, and T nucleotides) and TFOs in
which one or two mismatched nucleotides were introduced
that were not expected to form productive base-triplets. The
Kds of these TFOs were measured by quantitative electro-
phoretic mobility shift assays (band-shift assays). In general,
mixed TFOs bound with about the same affinity as TFO5AA
and TFO5AT, while TFOs with mismatches bound with
lower affinity (Table 2). We chose TFO5H and TFO5I to
include in the plasmid binding assays because they exhibited

intermediate (Kd ) 10-8 M) and very low (Kd ) 10-6 M)
binding affinities, respectively, and thus could help charac-
terize the sensitivity of the assay.

Results of a typical plasmid fragment binding assay are
shown in Figure 3. Plasmid p8/6, which contains a genomic
copy of the rhodopsin gene, was digested withEcoRI to
generate five fragments, two of which were derived from
the transcription unit of the gene. The ethidium-stained gel
and the corresponding autoradiograph for several TFOs are
shown. As can be seen in Figure 3B, TFO5AT (lane 1),
TFO5C (a mixed TFO, lane 3), and TFO5H (lane 4) gave
strong signals at normal exposure, while TF05I (lane 5) was
barely detectable. Upon longer exposure of this gel, the
signal from TF05I was also clearly detectable (data not
shown). These results suggest that the plasmid binding assay
can be used to detect triplex formation for TFOs withKds
as high as 10-6 M, a conclusion confirmed by subsequent
results with TFO4AA and TFO15AT (see Table 1).

Screening for Triplex-Forming Sites within the Rhodopsin
Gene. The plasmid binding assay was used to screen for
triplex formation by 37 TFOs designed to bind to 17 target
sites in the human rhodopsin gene. In all cases where triplex
formation was detected, the TFO bound to the fragment of
the rhodopsin gene that carried the target site, as expected.
Triplex formation was detected for 14 GA- or GT-TFOs at
9 target sites (Table 1). In no instance was triplex formation
detected for a parallel GT-TFO.

Kd Determination by QuantitatiVe Electrophoretic Mobility
Shift Assays.To characterize fully the binding affinities of
individual TFOs, band-shift assays were performed for all
TFOs directed at target sites that yielded positive results in
the plasmid binding assay. Synthetic duplexes were formed
by annealing oligonucleotides that contained the target sites
plus 10 additional nucleotides of flanking DNA on both sides.
Radiolabeled duplexes were incubated with their correspond-
ing TFOs under standard triplex-forming conditions for 72
h to allow binding to approach equilibrium (30, 31). Triplex
formation was observed as an upward shift in the mobility
of radiolabeled duplex on native polyacrylamide gels.

Typical band-shift analyses of four TFOs are shown in
Figure 4. By quantitating the amount of radiolabel migrating
as duplex and triplex at each concentration of TFO and
averaging the results from several experiments, the dissocia-
tion constant (Kd) can be accurately calculated (30). In those
cases where only the GA-TFO bound in the plasmid binding
assay, the corresponding GT-TFO was also tested by band-
shift analysis. Results from these experiments are shown
in Table 1. At eight of the nine target duplexes that were
tested, at least one TFO formed a triplex with aKd of 1 ×
10-7 M or lower. A total of 11 TFOs formed very high-
affinity triplexes at 7 targeted sites, with aKd of 1 × 10-8

M or lower. At each target site, the TFO composed only of
purines (GA-TFOs) bound with higher affinity than the TFO
composed of purines and pyrimidines (GT-TFOs). The
G-content of the target, and therefore of the corresponding
TFO, also appeared to affect binding affinities. In Figure
5, the logarithms of theKd value are plotted as a function of
percent G in the purine-rich target strand. In general, the
binding affinity of TFOs tended to increase as the G-content
of the target site increased.

FIGURE 1: Rhodopsin gene transcription unit. Exons are shown as
boxes and introns as lines. Untranslated regions are shown as filled
boxes. Vertical lines indicate potential triplex binding sites screened
for TFO binding.

FIGURE 2: Purine-rich sequences in human genes. The number of
15mers that match the computer search criteria of 80% purine in
one strand is plotted as a function of length (filled circles) for the
following human genomic sequences: human growth hormone
(2657 bp), adenine phosphoribosyltransferase (3016 bp), ubiquitin
(3107 bp),â actin (3646 bp), rhodopsin (6953 bp), adenosine
deaminase (36 741 bp), hypoxanthine phosphoribosyltransferase
(56 737 bp), and theâ globin locus (73 308 bp). After sequence
randomization, the computer search was repeated 3 times. The
average was plotted in the same manner (open circles). The dashed
line represents the equation: 2l{[15!/m!(15 - m)!](1/2)m(1/2)15-m},
summed for 0, 1, 2, and 3 mismatches as a function of length (see
Experimental Procedures).
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DISCUSSION

A prerequisite for application of triplex technology to gene
therapy is to identify triplex-forming sites in target genes.
We surveyed the 6.9 kb rhodopsin gene for potential sites
and characterized all that were at least 17 nucleotides long.
Seven sites, about one per kbp, bound TFOs with high
affinity (Kd 10-8 M). These results are consistent with the
observation that long homopurine sequences are significantly
more abundant in human genes than expected (40, 41).

Application to ADRP.Application of triplex technology
to dominant disorders such as ADRP requires that the

defective gene be inactivated or repaired by TFOs designed
to stimulate recombination, inhibit transcription, or introduce
mutations. The most effective treatment would likely be with
TFOs modified to allow covalent modification of the targeted
gene, for example, by photo-cross-linking with psoralens
(42). While delivery of oligonucleotides to specific tissues
is a technical challenge, successful delivery to the retina via
intravitreal injection has been reported (43, 44), with low
toxicity and inflammation. In the case of the rhodopsin gene,
in which more than 70 distinct mutations are associated with
ADRP, it may advantageous to develop generic, gene-specific
TFOs, such as the intron-directed TFOs described here, that
can serve in general therapies for ADRP.

The most attractive treatment possibility is the use of
modified TFOs to sensitize the rhodopsin gene for targeted
recombination. If a damage-inducing TFO were accompa-
nied by the appropriate segment of the rhodopsin gene,
targeted correction of the mutant gene could be achieved.
In tissue culture, the introduction of double-strand breaks
has been shown to stimulate recombination several 1000-
fold in the region around the break (45, 46). For this
approach it is not critical that recombination be directed
specifically to the defective allele because gene targeting at
the wild-type allele would be without consequence.

Gene inactivation by inhibition of transcription may be
an alternative treatment for ADRP. While generic TFOs
could not discriminate between wild-type and mutant genes,
inactivation of, e.g., 50% of all rhodopsin genes in a portion
of the retina could be expected to produce a statistical
distribution of cells whose transcriptionally active rhodopsin
genes consist of one good copy (likely a rescued cell), one
bad copy (at least as bad as the starting situation, but possibly
no worse), no copies (possibly no worse than the starting
situation), and one bad copy and one good copy (identical
to the starting situation). If this change in distribution could
slow the pace of retinal degeneration as much as 20%, it
would likely be of great therapeutic benefit.

The locations of the seven high-affinity binding sites
within introns make it unlikely that TFOs could be designed
to introduce inactivating mutations into the rhodopsin gene,

Table 2: Effects of Mismatches on Binding Affinities of GA- and GT-TFOs

a The target sequence is shown in boldface on the first line. Mismatched nucleotides are shown as boldface letters within the TFO sequence.
b Kds were determined by electrophoretic mobility shift analysis.c TFOs were designed to bind antiparallel to the purine-rich strand of the target
using either G and A (GA), G and T (GT), or G, A, and T (GAT) nucleotides.d Numbers represent the number of mismatched nucleotides in the
TFO.

FIGURE 3: Plasmid binding assay. (A) Ethidium bromide stained
gel of samples containingEcoRI-digested plasmid and radiolabeled
TFOs that had been incubated under conditions suitable for triplex
formation. (B) Corresponding autoradiograph of gel from part A.
A TFO that forms a triplex with the plasmid migrates with the
band containing the target site (7.4 and 2.2 kb fragments).

Triplex Targets in the Human Rhodopsin Gene Biochemistry, Vol. 37, No. 32, 199811319



much less to correct particular ADRP mutations. Therefore,
recombinational and transcriptional approaches are the
methods of choice for further study. Fortunately, both
approaches are readily testable in tissue culture and animal
models.

High G-Content of Target Site Facilitates Triplex Forma-
tion. As noted previously (34, 47, 48), G-content is
important for high-affinity triplex formation (Figure 5). All
the sites that bound TFO with high affinity (Kd e 1 × 10-8

M) had G-contents of at least 54% (Table 1), and only two
TFOs (4AA and 16AA) bound detectably to sites with
G-contents below 50%. Binding affinities tended to increase
as the G-richness of the target increased, and all targets with
58% or greater G-content bound GA-TFOs with high affinity
(Figure 5).

GA- Vs GT-TFOs. Previous studies comparing binding
of GA- and GT-TFOs at individual sites have reported that
GA-TFOs bind much better (49-53), within a factor of 3-4
(34, 50, 54, 55), or much worse (56) than GT-TFOs. Some
NMR results have been interpreted as indicating that A-AT
triples may be weaker than T-AT triples (57, 58). In our
studies at 17 different target sites, we have observed a
consistent result; at each of the 9 sites where triplex formed,
the GA-TFO bound with higher affinity than the correspond-
ing GT-TFO. In our studies, all experiments were carried
out at 37°C, to avoid self-association of some GA-TFOs
(59), which can reduce their apparent triplex-forming activity
(60, 61).

The physical basis for the higher affinities of GA-TFOs
(Table 1) is unclear, but there are several possibilities (53).
Irregularities introduced into the backbone of the third strand
when adjacent nucleotides are different (36, 62) may be
energetically less favorable at G-T and T-G junctions than
at G-A and A-G junctions. In addition, Ts may make
weaker hydrogen bonds to the underlying duplex than do
As, or they may stack less favorably than As with adjacent
nucleotides in the third strand.

GT-TFOs May Bind with Higher Specificity than GA-
TFOs. In general, target sites with pyrimidine interruptions
in the purine-rich strand formed lower affinity triplexes than
sites with comparable G-contents and no pyrimidine inter-
ruptions. GT-TFOs may be more sensitive to such inter-
ruptions, since two of the four GT-TFOs that bound with
reasonably high affinities did so at sites with no pyrimidine
interruptions (Table 1: TFO3 and TFO5; Figure 5). When
mismatches were deliberately introduced into TFOs that
bound with very high affinity (Table 2: TFO5AT, TFO5AA),
the GT-TFO was more drastically affected. The GA-TFO
with one mismatch still bound with high affinity, although
reduced 10-fold (Table 2: TFO5H), while the same mismatch
in a GT-TFO completely eliminated binding, implying a
greater than 300-fold reduction in affinity (Table 2: TFO5J).

To the extent that these results can be generalized, they
have important implications for therapeutic applications of
GA- and GT-TFOs. The relative insensitivity of GA-TFOs
to pyrimidine interruptions in the purine-rich strand of the

FIGURE 4: Band-shift analysis of TFO binding to synthetic duplexes. (A) TFO17AA; (B) TFO17AT; (C) TFO2AA; and (D) TFO2AT.
Target sequences with the corresponding TFO are shown above each autoradiograph. “Duplex” indicates radiolabeled duplex alone with no
added TFO. “Control” indicates a TFO that is not specific for the target duplex. Molar concentrations of TFOs in the incubations are
indicated above the appropriate lane.
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target suggests that it will be easier to find target sites for
high-affinity GA-TFOs than for high-affinity GT-TFOs. For
the rhodopsin gene, we found seven high-affinity sites for
GA-TFOs but only four bound GT-TFOs with high affinity.
The greater apparent sensitivity of GT-TFOs to mismatches
in the TFO suggests that GT-TFOs may discriminate better
than GA-TFOs between target sites and closely related
nontarget sites elsewhere in the genome. However, single
mismatch discrimination has been reported for high-affinity
triplex formation by GA-TFOs (63). The issue of specificity
is important, as TFO interactions at nontarget sites could
lead to unacceptable side effects. When the human genome
sequence is known, a rational choice of GA- or GT-TFOs
may be possible based on the sequences of related, nontar-
geted sequences elsewhere in the genome.
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