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ABSTRACT

Oligodeoxyribonucleotides containing thymidine and
8-oxo-2 ′-deoxyadenosine can form pyr·pur·pyr type
triplexes with double-stranded DNA. Unlike triplexes
whose third strands contain thymidine and deoxycyti-
dine, the stability of these triplexes is independent of
pH. We have prepared d-ps-TAAATAAATTTTTAT-L
[I(A)], where A is 8-oxo-2 ′-deoxyadenosine, ps is
4′-hydroxymethyl-4,5 ′,8-trimethylpsoralen and L is a
6-amino-2-(hydroxymethyl)hexyl linker. The oligomer
is designed to interact with a homopurine sequence in
the promoter region of the human gene coding for the
92 kDa form of collagenase type IV. Oligomer I(A) and
oligomer I(C), which contains 2 ′-deoxycytidine in place
of 8-oxo-2 ′-deoxycytidine, both form stable triplexes at
pH 6.2, but only I(A) forms a stable triplex with a model
duplex DNA target at pH 7.5, as determined by UV
melting experiments. Triplex formation is stabilized by
the presence of the psoralen group. Upon irradiation
both I(A) and I(C) form photoadducts with the DNA
target at pH 6.2, but only I(A) forms a photoadduct at pH
7.5. In these photoreactions oligomer I(A) appears to
selectively form a photoadduct with a C in the
purine-rich strand of the duplex target. Although a T
residue is present in the pyrimidine-rich strand of the
target at the duplex/triplex junction, essentially no
adduct formation takes place with this strand, nor is
interstrand cross-linking observed. The extent of
photoadduct formation decreases with increasing
temperature, behavior which is consistent with the UV
melting curve of the triplex. A tetramethylrhodamine
derivative of I(A) was prepared and found to cross-link
less extensively than I(A) itself. Oligomer I(A) is
completely resistant to hydrolysis when incubated for
24 h in the presence of 10% fetal bovine serum at 37 �C,
although it is hydrolyzed by S 1 nuclease. The prop-
erties of oligomer I(A) suggest that 8-oxo-containing
oligomers may find utility as antigene oligonucleotide
reagents.

INTRODUCTION

Oligodeoxyribonucleotides can interact with purine rich se-
quences in double-stranded DNA to form triple-stranded com-
plexes (for recent reviews see 1–4). These interactions may be
useful in designing ‘antigene’ oligonucleotides which can
specifically bind to DNA for the purposes of modifying or
controlling gene expression (5–15). Two types of triplex ‘motifs’
are currently recognized, the pyr·pur·pyr motif and the
pur·pur·pyr motif. In this notation the third strand is designated
first. The third strand oligonucleotide in the pyr·pur·pyr motif is
oriented parallel to the purine strand and usually consists of
thymidines and deoxycytidines, which form T·A·T and C+·G·C
triads respectively with the A·T and G·C base pairs of the target
duplex. The C of a C+·G·C triad must be protonated in order to
form two hydrogen bonds with G of the G·C base pair (16–20).
This requirement limits the pH range over which triplex
formation of this type can occur. Usually this range is below
physiological pH, particularly when the third strand oligomer
contains multiple contiguous C residues. Consequently this
requirement could limit the use of antigene oligonucleotides of
this type, especially in experiments involving living cells.

A number of base analogs have been designed to circumvent
this problem. These include the pyrimidine analogs pseudoisocy-
tosine (21,22), 6-amino-2′-O-methylcytidine (23) and
4-amino-5-methyl-2,6-pyrimidione (24) and the purine analogs
3-methyl-5-amino-1H-pyrazolo[4,3-d]pyrimidin-7-one (19,25,26),
8-oxo-adenine (27–30) and 6-methyl-8-oxoadenine (31,32).
Each of these analogs contains two hydrogen bond donor groups
within its structure which can interact with the O-6 and N-7 of G.
The 8-oxoadenine analogs are particularly interesting because
they are easy to prepare and the nucleoside base adopts the syn
conformation, a conformation which enables the analog to
contact G with two hydrogen bonds.

Studies from our laboratory and others have shown that third
strand oligomers containing thymidine and 8-oxo-2′-deoxyade-
nosine form stable triplexes with duplex DNA targets at
physiological pH. To further explore the scope of these interac-
tions we have prepared an 8-oxo-adenine-containing oligomer
which is designed to bind to a homopurine tract found in the
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promoter region of the human gene for the 92 kDa form of
collagenase type IV, a metalloproteinase implicated in a variety
of disease processes, including tumor metastasis. This oligomer,
which contains seven 8-oxo-adenine residues, is derivatized at its
5′-end with 4′-hydroxymethyl-4,5′,8-trimethylpsoralen and at its
3′-end with a 6-amino-2-(hydroxymethyl)hexyl linker. The
5′-trimethylpsoralen provides a photoreactive functional group
which should enable the oligomer to form a photoadduct with the
duplex target (33). By analogy with other 3′-modified oligo-
nucleotides, the 3′-aminohexyl group should increase the resis-
tance of the oligomer to degradation by exonucleases (34). The
ability of this oligomer to interact and to form photoadducts with
a model duplex DNA target has been evaluated and compared
with oligomers lacking psoralen or containing C in place of
8-oxo-adenine.

MATERIALS AND METHODS

Protected deoxyribonucleoside phosphoramidites, the trime-
thylpsoralen phosphoramidite and controlled pore glass supports
were purchased from Glen Research. [γ-32P]ATP was purchased
from Amersham Inc. and T4 polynucleotide kinase was pur-
chased from United States Biochemical Corp. Tetramethylrhoda-
mine-5-isothiocyanate isomer G was purchased from Molecular
Probes Inc. Polyacrylamide gel electrophoresis was carried out on
14 × 16 × 0.75 cm 15% or 20% polyacrylamide gels which
contained 7 M urea (35). The TBE running buffer contained 89
mM Tris, 89 mM boric acid and 0.2 mM ethylenediamine
tetraacetate buffered at pH 8.0. The gel loading buffer contained
90% formamide, 0.05% xylene cyanol and 0.05% bromphenol
blue in TBE. Reversed phase HPLC was carried out on Microsorb
C-18 columns purchased from Rainin Instruments.

Oligonucleotide syntheses

Oligodeoxyribonucleotides, whose sequences are shown in Table 1,
were synthesized on nucleoside-derivatized or 3′-amino-modifier
C-7 controlled pore glass supports using an Applied Biosystems
Model 392 DNA/RNA synthesizer. The oligomers were prepared
using commercially available protected 5′-O-dimethoxytritylde-
oxyribonucleoside-3′-O-N,N-bis(diisopropylamino)-β-cyanoethyl
phosphoroamidites following standard procedures (36). The
synthesizer was programed to remove the last 5′-terminal
dimethoxytrityl group from the protected oligomer. The psoralen-
derivatized oligomers were prepared on the controlled pore glass
support using 2-[4′-(hydroxymethyl)-4,5′,8-trimethylpso-
ralen]hexyl-1-O-[(2-cyanoethyl)-(N,N-diisopropyl)] phospho-
ramidite in the final coupling reaction. The oligomers were
deprotected by treatment with a solution of 50% concentrated
ammonium hydroxide in pyridine at 55�C for 6 h. Oligomers
containing 8-oxo-adenine were deprotected by treating the
support-bound oligomer with a solution of ethylenediamine in
95% ethanol (1:1 v/v) at room temperature for 16 h. The
deprotected oligomers were purified by C-18 reversed phase
HPLC on a 1.0 × 25 cm Microsorb C-18 column using a linear
gradient of 2–20% acetonitrile in 50 mM sodium phosphate
buffer, pH 5.8. The column was eluted at a flow rate of 2.0 ml/min
and monitored at 254 nm. The oligomers were desalted on a C-18
reverse phase cartridge. The oligomers migrated as single bands
on 20% polyacrylamide gels. The extinction coefficients of
oligomers IV  and V were determined after digestion with snake

venom phosphodiesterase as previously described (27). These
extinction coefficients were also used for oligomers I(A ) and
I(C) .

Table 1. Triplex formation between oligonucleotides and duplex DNA targets

Oligomer Tm (�C)a

pH 6.2 pH 7.5

d-ps-TAAATAAATTTTTAT-L I(A ) 28 27

d-ps-TCCCTCCCTTTTTCT-L I(C) 33 <0

d-TAAATAAATTTTTAT IV n.d 16b,c

d-TCCCTCCCTTTTTCT V 26b,d n.d.

aMelts were carried out in a buffer containing 0.1 M sodium chloride, 20 mM
magnesium chloride, 50 mM MOPS at the indicated pH. The target was duplex
II·III.  Oligomer strand concentration was 1.5 µM. n.d., not determined.
bThe target was: d-AGGGAGGGAAAAAGA

  TCCCTCCCTTTTTCT-d
cpH 7.0.
dpH 6.0.

Tetramethylrhodamine conjugate of oligomer I(A)

A solution of 5 mg tetramethylrhodamine-5-isothiocyanate in 0.6
ml 95% ethanol was added to a solution of 0.14 µmol oligomer
I(A ) in 1 ml 0.2 M bicine–sodium hydroxide buffer, pH 9.0, and
the reaction mixture was stirred at room temperature in the dark
for 18 h (37). The solvents were evaporated and the residue was
dissolved in a minimal volume of 0.1 M sodium phosphate buffer,
pH 5.8, containing 25% acetonitrile. The solution was loaded
onto a 1.6 × 20 cm Sephadex G-15 column and the column was
eluted with 25% acetonitrile in 0.1 M sodium phosphate buffer to
free the oligonucleotide from unreacted dye. The rhodamine-
conjugated oligomer, whose retention time was 13.2 min, was
then separated from unreacted oligomer, whose retention time
was 11.8 min, on a 0.46 mm × 15 cm C-18 reversed phase HPLC
using a 30 ml linear gradient of 2–60% acetonitrile in 50 mM
sodium phosphate buffer, pH 5.8, at a flow rate of 1.0 ml/min. A
total of 0.07 µmol rhodamine-conjugated I(A ) was obtained by
this procedure.

Melting experiments

Melting experiments were carried out in a buffer containing 0.1
M sodium chloride, 20 mM magnesium chloride, 50 mM
3-(N-morpholino)propane sulfonic acid (MOPS). A solution
containing 3.0 µM preformed duplex II·III  or duplex VI·VII  was
mixed with an equal volume of 3.0 µM oligomer at room
temperature. The solution was then incubated overnight at 4�C.
The solution was loaded into a cuvette at 0�C and the absorbance
versus temperature profile was measured using a Cary 3E UV/vis
spectrophotometer fitted with a thermostatted cell block and
temperature controller. The cell block was continuously purged
with dry nitrogen at low temperature to prevent moisture
condensation. The solution was heated at a rate of 0.5�C/min.

Photocross-linking experiments

Oligomers II  and III  were each phosphorylated with [γ-32P]ATP
in the presence of polynucleotide kinase and the phosphorylated
oligomers were purified by polyacrylamide gel electrophoresis.
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Solutions containing 0.8 µM [32P]II·III  or II· [32P]III  and 10 µM
I(A ) or I(C)  in 10 µl 0.1 M sodium chloride, 20 mM magnesium
chloride, 20 mM MOPS were prepared and stored overnight at
4�C. The solutions were pre-equilibrated at the temperature of the
experiment for 20 min prior to irradiation. The solutions were
then irradiated at 365 nm for 16 min as previously described (38).
The solvents were evaporated on a Speed-Vac and the residue was
dissolved in 10 µl gel loading buffer. The samples were
electrophoresed on a 15% polyacrylamide gel run under denatur-
ing conditions. The gels were dried and imaged by autoradio-
graphy and by a FujiX BAS 1000 phosphorimager.

Nuclease stability experiments

A 0.45 A260 U sample of oligomer I(A ), I(C) , IV  or V was
dissolved in 20 µl of Eagle’s minimal essential medium (EMEM)
supplemented with 10% fetal bovine serum. The samples were
incubated at 37�C. Aliquots of 2 µl were removed at 0, 1, 3, 6, 9,
12 and 24 h and diluted into 98 µl 2% acetonitrile in 50 mM
sodium phosphate buffer, pH 5.8. The samples were analyzed by
C-18 reversed phase HPLC.

Oligomers I(A ) and I(C)  were also treated with S1 nuclease. A
0.45 A260 U sample of each oligomer was dissolved in 40 µl
buffer containing 50 mM sodium acetate, 1 mM zinc chloride,
250 mM sodium chloride and 50 µg/ml bovine serum albumin.
The oligomer solution was incubated with 0.4 or 2.0 U S1
nuclease at 37�C. Aliquots of 4 µl were removed at 1, 2, 3, 4, 6
and 24 h, diluted into 96 µl 2% acetonitrile in 50 mM sodium
phosphate buffer, pH 5.8, and analyzed by C-18 reversed phase
HPLC.

RESULTS

Synthesis of psoralen-conjugated triplex-forming
oligodeoxyribonucleotides

The general structure and the sequences of the psoralen-conju-
gated oligomers I(X)  are shown in Figure 1. The oligomers are
targeted to the purine-rich strand of duplex target II·III , whose
sequence is also shown in Figure 1. The oligomers were
synthesized on a commercially available support which allows
introduction of a 6-amino-2-(hydroxymethyl)hexyl linker arm at
the 3′-end of the oligomer. The 5′-end of the oligomer was
derivatized with trimethylpsoralen using a commercially avail-
able phosphoramidite derivative of 2-[4′-(hydroxymethyl)-
4,5′,8-trimethylpsoralen]hexyl-1-ol. Control oligomers IV  and V,
whose sequences are shown in Table 1, were also prepared.
Oligomers I(C)  and V were deprotected by treatment with
concentrated ammonium hydroxide in pyridine at elevated
temperature, whereas oligomers I(A ) and IV  were deprotected by
treatment with a solution of 50% ethylenediamine in ethanol at
room temperature.

The 6-amino-2-(hydroxymethyl)hexyl linker arm of I(A ) and
I(C)  was further derivatized. Reaction of I(A ) with tetramethyl-
rhodamine isothiocyanate gave the tetramethylrhodamine conju-
gate Ir(A ) in ∼50% yield. The hydroxyl group of the linker arm
of I(A ) could be phosphorylated using polynucleotide kinase and
[γ-32P]ATP. Similar reaction of the rhodamine derivative Ir(A ) in
the presence of [γ-32P]ATP and polynucleotide kinase gave, after
electrophoresis on a 20% polyacrylamide gel, a single radioac-
tively labeled band which was also florescent when illuminated
with long wavelength UV light (data not shown).

Figure 1. Structure of psoralen-conjugated oligodeoxyribonucleotide. The
sequence of the triplex forming oligomer I(X) , where X is A or C, is shown at
the bottom of the figure, as is the sequence of the target duplex II·III . Ps is the
trimethylpsoralen linked via a hexamethylene linker to the 5′-end of the
oligomer, L is the 6-amino-2-(hydroxymethyl)hexyl group at the 3′-end of the
oligomer and R is H or tetramethylrhodamine.

Melting experiments

The interactions of psoralen-derivatized oligomers I(A ) and I(C)
with duplex DNA target II·III  were studied by UV melting
experiments. The absorbance versus temperature profiles for
I(A )·II·III  and I(C)·II·III  at pH 7.5 are shown in Figure 2. The
duplex target II·III  shows a single transition with a Tm of 73�C.
A similar melting curve with no additional hypochromicity was
observed for I(C)·II·III , which indicates that I(C)  does not
interact with II·III  at pH 7.5. In contrast to the behavior of I(C) ,
the melting profile for I(A )·II·III  showed two transitions. The
first transition, whose midpoint occurs at 27�C, corresponds to
dissociation of I(A ) from duplex II·III . Oligomer I(C)  does form
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Figure 2. Absorbance versus temperature profiles of II·III  (�), I(C)·II·III  (�)
and I(A )·II·III  (�). The melts were carried out in a buffer containing 0.1 M
sodium chloride, 20 mM magnesium chloride, 50 mM MOPS, pH 7.5. The
concentration of each strand was 1.5 µM.

a stable triplex with II·III  at pH 6.2, as shown in Table 1. At this
pH the stability of the third strand interaction of I(C)·II·III  is
greater than that of I(A )·II·III .

Oligomers I(A ) and I(C) , which are derivatized with psoralen,
form more stable triplexes than oligomers IV  and V, which lack
the psoralen group. Thus the triplexes formed by IV  and V melt
11 and 7�C lower respectively than those formed by oligomers
I(A ) and I(C) . As indicated in Table 1, the duplex target for these
oligomers is shorter than duplex II·III . We have found in other
triplex systems that the third strand Tm of the triplex formed
between an oligopyrimidine and a target duplex of the same chain
length is 2–3�C higher than that of the triplex formed between the
same oligopyrimidine and a longer duplex target. Thus the
7–11�C increase in the third strand Tm values observed for
oligomers I(A ) and I(C)  is most likely due to the presence of the
psoralen group and is not a consequence of the increased size of
the target.

The interaction of I(A ) with purine-rich target VI·VII  (Fig. 1)
was also investigated. This duplex contains a homopurine tract
consisting of 13 G·C and 9 A·T base pairs which are interrupted
by a single C·G and two T·A base pairs. A 1:1 mixture of I(A ) and
VI·VII  gave a single melting transition at 72�C, which is the
melting temperature of the duplex.

Photoadduct formation with duplex II·III

The ability of oligomer I(A ) to form a photoadduct with duplex
target II·III  was determined. In these experiments one of the
strands of the duplex was labeled with a [5′-32P]phosphoryl
group. Triplex I(A )·II·III  was irradiated at 365 nm and the
products of the reaction were analyzed on a denaturing polyacryl-
amide gel. As shown in Figure 3, when the photoreaction was
carried out at pH 7.5 at 0�C ∼75% of the radioactivity migrated
as a band of reduced mobility when strand II  of the duplex was
end-labeled. Very little photoadduct was observed when strand
III  of the duplex was labeled. This result suggests that photoadd-
uct formation occurs primarily with pyrimidine residues in strand
II . The mobility of the photoadduct formed with labeled strand II
and the lack of a concomitant amount of photoadduct when strand

Figure 3. Photoadduct formation between I(A ) and II·III . Reaction mixtures
were irradiated with long wavelength UV light for 10 min at 0�C in a buffer
containing 0.1 M sodium chloride, 20 mM magnesium chloride, 50 mM MOPS,
pH 7.5, 10 µM I(A ) and 0.8 µM II·III . The reactions were analyzed on a 15%
denaturing polyacrylamide gel. Lane 1, I(A ) and [32P]II·III ; lane 2, I(A ) and
II· [32P]III ; lane 3, [32P]II ; lane 4, [32P]III . XC is xylene cyanol.

III  was labeled indicates that interstrand cross-linking did not
take place.

Oligomer I(A ) formed photoadducts with strand II  of duplex
target II·III  at both pH 7.5 and pH 6.2. Cross-linking increased
with increasing oligomer concentration and reached a maximum
at an oligomer concentration of 10 µM. As shown in Figure 4,
photoadduct formation between I(A ) and II·III  decreases as the
temperature of the reaction increases. These reactions were
carried out at pH 7.5 in the presence of 10 µM oligomer. A
sigmoidal curve was obtained whose midpoint was 25�C.

The rhodamine conjugate of I(A ), Ir(A ), also formed a
photoadduct with strand II  of the target duplex. However, the
extent of cross-linking was <10% when the reaction was carried
out at pH 7.5 at 20�C (data not shown).

In contrast to the behavior of oligomer I(A ), oligomer I(C)
formed photoadducts only at pH 6.2. Adduct formation, which
again occurred almost exclusively with strand II  of the target
duplex, reached a maximum level of 85% when the reaction was
carried out in the presence of 10 µM I(C)  at 0�C. No cross-linking
was observed at pH 7.5, a result consistent with the inability of
I(C)  to form a triplex at this pH.

The ability of I(A ) to form photoadducts with duplex VI·VII
was also examined. These reactions were carried out at 0�C in the
presence of 10 µM I(A ). Consistent with its lack of interaction
with VI·VII , no photoadduct formation was observed between
I(A ) and either strand of the duplex.

Nuclease stability

The stability of oligomers I(A ), I(C) , IV  and V to the nuclease
activity found in fetal bovine serum was examined. The
oligomers were incubated at 37�C in EMEM containing 10%
fetal bovine serum. Aliquots of the reaction solution were
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Figure 4. Effect of temperature on photoadduct formation between I(A ) and
II·III . Reaction mixtures containing 10 µM I(A ) and 1 µM [32P]II·II  in 0.1 M
sodium chloride, 20 mM magnesium chloride, 50 mM MOPS, pH 7.5, were
irradiated for 10 min at the indicated temperature and the reaction products
were analyzed by polyacrylamide gel electrophoresis.

Figure 5. Stability of oligonucleotides in EMEM containing 10% fetal bovine
serum. Oligonucleotides I(A ) (�), I(C)  (�) IV  (�) or V (�) were incubated
at 37�C and analyzed by reversed phase HPLC.

removed at various times over a 24 h period and examined by
reversed phase HPLC. The results are shown in Figure 5, where
the percent of intact oligomer is plotted as a function of time.

Oligomers I(A ) and I(C) , both of which contain the 3′-terminal
6-amino-2-(hydroxymethyl)hexyl linker and 5′-trimethylpso-
ralen, were completely resistant to nuclease hydrolysis for at least
24 h. In contrast, oligomers IV  and V, whose 3′- and 5′-termini
are not derivatized, were hydrolyzed. The rate of hydrolysis of V,
which contains T and C nucleosides, was approximately twice
that of oligomer IV, which contains T and 8-oxo-adenine
nucleosides.

The stabilities of I(A ) and I(C)  toward hydrolysis by S1
nuclease were also examined. Both oligomers were hydrolyzed
within 1 h when incubated with 2 U of enzyme at 37�C. Less

rapid hydrolysis was observed with deceasing amounts of
enzyme, but there appeared to be no significant difference
between the rates of hydrolysis of the two oligomers.

DISCUSSION

Oligonucleotide I(A ) contains thymidine and 8-oxo-2′-deoxy-
adenosine and was designed to bind as a third strand to the
purine-rich tract of strand II  of duplex II·III . This purine
sequence is found in the promoter region of the human gene
which encodes the 92 kDa form of collagenase type IV (39). It is
located at positions –514 to –500, which is 12 nt downstream of
one of the putative TPA response elements found in this promoter.

The oligonucleotides used in this study were synthesized by
standard solid phase phosphoramidite chemistry. Although
deoxycytidine-containing oligomers I(C)  and V were readily
deprotected using the standard treatment with 50% concentrated
ammonium hydroxide in pyridine, only partial deprotection of
8-oxo-2′-deoxyadenosine-containing oligomers I(A ) and IV  was
achieved, as evidenced by the presence of multiple peaks in the
HPLC of the deprotected oligomer. It appeared that the increased
negative charge density on the oligomer caused by ionization of
the multiple 8-oxo-adenine bases could account for the lack of
complete deprotection. To overcome this problem the oligomer
was treated with 50% ethylenediamine in 95% ethanol at room
temperature. Under these conditions the benzoyl groups of the
8-oxo-adenine residues were completely removed.

The amino group of the 6-amino-2-(hydroxymethyl)hexyl
linker arm provides a convenient ‘handle’ for preparing fluor-
escently tagged oligomers. This group could be readily derivat-
ized with tetramethylrhodamine isothiocyanate to give the
rhodamine-conjugated oligomer Ir(A ). In addition, we found that
the linker arm hydroxyl groups of oligomers I(A ) and Ir(A ) could
be phosphorylated enzymatically by polynucleotide kinase in the
presence of [γ-32P]ATP. The position of this primary hydroxyl
group relative to the neighboring 3′-phosphodiester group is the
same as that of the 5′-hydroxyl group relative to the 5′-terminal
internucleotide linkage in a polynucleotide chain and this may
account for the ability of the enzyme to carry out the reaction. This
reaction thus allows the introduction of a radioactive label into the
oligomer, which would otherwise not be possible due to the
presence of the trimethylpsoralen group at the 5′-end of the
oligomer.

Both oligomers I(A ) and I(C)  form stable triplexes with duplex
target II·III  at pH 6.2. The increased stability of I(C)·II·III  versus
I(A )·II·III  may reflect the reduced charge repulsion between I(C)
and duplex II·III  as a consequence of the presence of the
protonated cytosines in this oligomer. A similar reduction in the
case of I(A ) would not be expected because this oligomer lacks
protonated bases. Consistent with this argument is the observa-
tion that a modified version of I(A ), d-ps-TAACTAACTTTTT-
CT-L, in which three of the 8-oxo-adenine residues are replaced
with 5-methyl-2′-deoxycytidine (C), forms a triplex whose Tm at
pH 7.5 is 5�C higher than that of I(A )·II·III . At pH 7.5 triplex
formation is only observed between I(A ) and II·III . This is not
unexpected, because this pH is above the range where oligopy-
rimdines containing multiple contiguous cystosines are normally
capable of forming stable triple-stranded structures (19), whereas
8-oxo-adenine-containing oligomers can form triplexes whose
stability is essentially independent of pH (27,28).
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Triplex formation by oligomer I(A ), which contains seven
8-oxo-adenine residues, is clearly discernable in the absorbance
versus temperature profiles shown in Figure 2. A similar profile
was observed for the triplex formed by oligomer IV  and its target
duplex. This behavior is in marked contrast to that reported for an
18mer, d-TTATTTAAAATAATTATT, which contains eight
8-oxo-adenine residues (28). In this case the UV absorbance
versus temperature profile for a 1:1 mixture of the 18mer and a
28mer duplex DNA target gave no indication of a third strand
transition and no additional hypochromicity was observed. This
oligomer did form a triplex, however, as evidenced by gel
mobility shift experiments.

Derivatization of the oligomers with trimethylpsoralen appears
to enhance triplex stability. This is demonstrated by the 7–11�C
increase in the melting temperatures observed for third strand
dissociation of triplexes composed of oligomers I(A ) and I(C)
relative to those formed by oligomers IV  and V. This stabilization
is most likely a consequence of intercalation of the tethered
psoralen into the base pair/base triad which forms the duplex/
triplex junction.

Irradiation of I(A )·II·III  or I(C)·II·III  with 365 nm UV light
at pH 6.2 resulted in formation of a photoadduct with strand II  of
the duplex target. A very low percentage of photoadduct
formation with strand III  was observed and no interstrand
cross-linking was observed. This behavior is in contrast to that
seen by Takasugi et al. (33), who observed significant levels of
interstrand cross-linking in a pyr·pur·pyr triplex by a third strand
5′-(5-hydroxypsoralen)-conjugated oligopyrimidine. In this sys-
tem the psoralen ring was attached at its 5 position to a
hexamethylene linker. High levels of interstrand cross-linking
were observed in a pyr·pur·pyr triplex in which trimethylpsoralen
was attached at the 4′-methylene position via a 2, 5 or 6 carbon
linker arm to the 5′-end of the oligopyrimidine third strand (40).
We have also prepared an oligopyrimidine, d-ps-TTTTCTTTT-
CTTCTT, and have shown that irradiation of the triplex formed
by this oligomer gave high levels of interstrand cross-linked
photoproduct. In each of these systems the sequence at the
duplex/triplex junction, which appears to be the preferred site for
intercalation of the psoralen (33,40,41), is 5′-TA-3′/5′-AT-3′.
This sequence is also the sequence preferred when free psoralen
binds to duplex DNA (42).

Molecular models suggest that psoralen intercalates at the
duplex/triplex junction in such a manner that the furan ring is
positioned nearest the base in the purine-rich strand and the
pyrone ring is positioned nearest the base of the pyrimidine-rich
strand of the target (40). This binding mode is supported by
cross-linking experiments (33,40,41). However, the photopro-
ducts which are formed are very much dependent upon the
nucleotide sequence at the duplex/triplex junction (40).

In our system, where photoadduct formation occurs almost
exclusively with strand II , intercalation of the psoralen between
the 5′-CA-3′ (strand II )/5′-TG-3′ (strand III ) sequence at the
duplex/triplex junction would position the furan ring on the
3′-side of C-7 of strand II  and the pyrone ring on the 3′-side of
T-21 of strand III . Irradiation would then lead to photoadduct
formation between the furan ring and C-7 of strand II . It is
unlikely that a photoadduct is formed with T-6 of strand II .
Treatment of the isolated photoadduct with 1 M aqueous
piperidine at 90�C for 30 min failed to modify the photoadduct.
This treatment is known to hydrolyze the cyclobutane ring of
furan–thymidine photoadducts (33, 43, 44) and to cause strand

cleavage at the site of pyrone–thymidine photoadducts (45). In
addition, recent studies by Bates et al. (40) demonstrated that
photoadduct formation occurs with a T residue in the lower strand
of the 5′-TAA-3′ (upper)/5′-TTA-3′ (lower) sequence at a
duplex/triplex junction. Photoadduct formation was not observed
with T of the upper strand, even though the 5′-TA-3′ sequence
adjacent to the junction is a preferred cross-link site for psoralen.

The apparent selective reaction with C-7 of strand II  and the
lack of reaction with T-21 of strand II  are unexpected, because
free psoralen reacts more efficiently with T than with C in duplex
DNA (46). However, our results appear to be consistent with and
to extend the observations of Bates et al. (40), who found that
photoadduct formation does not occur with either strand of a
triplex containing a 5′-GA-3′/5′-TC-3′ sequence at its duplex/
triplex junction. In this case the furan ring is positioned on the
3′-side of G, a base which cannot undergo photocycloaddition
reactions. The psoralen pyrone ring would be positioned next to
the T and could form a photoadduct, but does not. The sequence
of the duplex/triplex junction of II·III , 5′-CA-3′/5′-TG-3′, is
similar to that of the Bates and co-workers triplex,
5′-GA-3′/5′-TC-3′, except that C can undergo photocycloaddi-
tion reactions with psoralen. As in the case of the
5′-GA-3′/5′-TC-3′ junction, photoadduct formation does not take
place with T.

In agreement with the melting data, oligomer I(A ) also formed
a photoadduct with strand II  of duplex II·III  when the triplex was
irradiated at pH 7.5. In contrast, oligomer I(C)  showed no
evidence of photoadduct formation even when irradiation was
carried out at 0�C in the presence of 100 µM oligomer. This result
demonstrates that photoadduct formation is a consequence of
triplex formation and is not driven by non-selective binding of the
tethered psoralen to the duplex target.

Previous experiments have demonstrated that a single 8-oxo-
adenine specifically interacts with a G·C base pair of a duplex
target (27). Thus it is not surprising that oligomer I(A ) showed no
evidence of interaction with duplex target VI·VII . Although this
target, whose sequence corresponds to nucleotides –554 to –528
of the 92 kDa form of the human collagenase IV gene, contains
a long homopurine tract, the sequence of this tract is not expected
to support binding by I(A ). No photoadduct formation between
I(A ) and either strand of the target was observed, even at low
temperature. This result further demonstrates that binding
between the psoralen-derivatized oligomer and a duplex target is
determined by interactions between the bases of the oligomer and
the target.

The effect of temperature on cross-linking between I(A ) and
II·III  parallels the melting behavior of the I(A )·II·III  triplex. As
expected, increasing the temperature decreases the amount of
photoadduct formation observed. This decrease appears to occur
in a cooperative manner and is consistent with dissociation of
I(A ) from the triplex. The temperature at which photoadduct
formation is reduced by 50% is approximately the same as the
melting temperature for the third strand of the triplex.

Conjugation of I(A ) with tetramethylrhodamine resulted in a
>90% reduction in photoadduct formation. This result suggests
that either the rhodamine interferes with triplex formation or that
the rhodamine interferes with the photochemical reaction. The
latter possibility appears unlikely, because we have previously
observed that a 3′-rhodamine-conjugated 5′-psoralen-derivatized
oligonucleoside methylphosphonate undergoes extensive cross-
linking with a single-stranded RNA target (37). It appears then
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that the presence of tetramethylrhodamine at the 3′-end of Ir(A )
interferes in some way with formation of a stable triplex with
II·III .

Previous reports have demonstrated that oligodeoxyribonu-
cleotides which are derivatized at their 3′-ends with aminoalkyl
groups are protected from the action of 3′-exonucleases (34).
Thus it is not surprising that oligomers I(A ) and I(C)  are
completely resistant to degradation when incubated with 10%
fetal bovine serum, medium which contains 3′-exonuclease
activity. What was unexpected was the increased resistance of the
non-derivatized oligomer IV  to nuclease hydrolysis. The pres-
ence of 8-oxo-adenine, which should exist primarily in the syn
conformation (47), may confer protection to this oligomer.
Similar protection was not observed in the presence of S1
nuclease, a single-strand-specific endonuclease. Thus when I(A )
and I(C)  were incubated with S1 nuclease both oligomers were
hydrolyzed at approximately the same rates. It is not clear if this
susceptibility extends to other endonucleases present in the
intracellular environment. However, we have recovered intact
I(A ) from human fibrosarcoma HT1080 cells treated with this
oligomer, whereas much lower amounts of intact I(C)  were
recovered in similar experiments.

Our results demonstrate that a psoralen-conjugated 8-oxo-ade-
nine-containing oligomer can bind to and selectively photocross-
link with a duplex DNA target at physiological pH. It may be
possible to design oligomers of this type to serve as antigene
agents. Experiments to test this possibility are currently in
progress.

ACKNOWLEDGEMENT

This work was supported by a grant from the National Institutes
of Health (GM45012)

REFERENCES

1 Thuong,N.T. and Helene,C. (1993) Angew. Chem. Int. Edn English, 32,
666–690.

2 Radhakrishnan,I. and Patel,D.J. (1994) Biochemistry, 33, 11405–11416.
3 Frank-Kamenetskii,M.D. and Mirkin,S.M. (1995) Annu. Rev. Biochem.,

64, 65–95.
4 Plum,G.E., Pilch,D.S., Singleton,S.F., and Breslauer,K.J. (1995) Annu. Rev.

Biophys. Biomol. Struct., 24, 319–350.
5 Orson,R.M., Thomas,D.W., McShan,W.M., Kessler,D.J. and Hogan,M.E.

(1991) Nucleic Acids Res., 19, 3435–3441.
6 McShan,W.M., Rossen,R..D., Laughter,A.H., Trial,J., Kessler,D.J.,

Zendegui,J.G., Hogan,M.E. and Orson,F.M. (1992) J. Biol. Chem., 267,
5712–5721.

7 Grigoriev,M., Praeuth,D., Guieysse,A.L., Robin,P., Thuong,N.T., Helene,C.
and Harelbellan,A. (1993) Proc. Natl. Acad. Sci.USA, 90, 3501–3505.

8 Ing,N.H., Beekman,J.M., Kessler,D.J., Murphy,M., Jayaraman,K.,
Zendegui,J.G., Hogan,M.E., O’Malley,B.W. and Tsai,M.J. (1993) Nucleic
Acids Res., 21, 2789–2796.

9 Havre,P.A. and Glazer,P.M. (1993) J. Virol., 67, 7324–7331.
10 Roy,C. (1993) Nucleic Acids Res., 21, 2845–2852.

11 Xodo,L., Alunnifabbroni,M., Manzini,G. and Quadrifoglio,F. (1994)
Nucleic Acids Res., 22, 3322–3330.

12 Hobbs,C.A. and Yoon,K. (1994) Antisense Res. Dev., 4, 1–8.
13 Degols,G., Clarenc,J.P., Lebleu,B. and Leonetti,J.P. (1994) J. Biol. Chem.,

269, 16933–16937.
14 Scaggiante,B., Morassutti,C., Tolazzi,G., Michelutti,A., Baccarani,M. and

Quadrifoglio,F. (1994) FEBS Lett., 352, 380–384.
15 Porumb,H., Dagneaux,C., Letellier,R., Malvy,C. and Taillandier,E. (1994)

Gene, 149, 101–107.
16 Moser,H.E. and Dervan,P.B. (1987) Science, 238, 645–650.
17 Xodo,L.E., Manzini,G., Quadrifoglio,F., van der Marel,G.A. and van

Boom,J.H. (1991). Nucleic Acids Res., 19, 5625–5631.
18 Singleton,S.F. and Dervan,P.B. (1992) Biochemistry, 31, 10995–11003.
19 Priestley,E.S. and Dervan,P.B. (1995) J. Am. Chem. Soc., 117, 4761–4765.
20 Lavelle,L. and Fresco,J.R. (1995) Nucleic Acids Res., 23, 2692–2705.
21 Ono,A., Ts’o,P.O.P. and Kan,L.S. (1991) J. Am. Chem. Soc., 113,

4032–4033.
22 Ono,A., Ts’o,P.O.P. and Kan,L. (1992) J. Org. Chem., 57, 3225–3230.
23 Pudlo,J.S., Wadwani,S., Milligan,J.F. and Matteucci,M.D. (1994) Bioorg.

Med. Chem. Lett., 4, 1025–1028.
24 Xiang,G.B., Soussou,W. and McLaughlin,L.W. (1994) J. Am. Chem. Soc.,

116, 11155–11156.
25 Koh,J.S. and Dervan,P.B (1992) J. Am. Chem. Soc., 114, 1470–1478.
26 Hunziker,J., Priestley,E.S., Brunar,H. and Dervan,P.B. (1995) J. Am. Chem.

Soc., 117, 2661–2662.
27 Miller,P., Bahn,P., Cushman,C.D. and Trapane,T.L. (1992) Biochemistry,

31, 6788–6793.
28 Jetter,M.C. and Hobbs,F.W. (1993) Biochemistry, 32, 3249–3254.
29 Davison,E.C. and Johnsson,K. (1993) Nucleosides Nucleotides, 12,

237–243.
30 Wang,Q, Tsukahara,S., Yamakawa,H., Takai,K. and Takaku,H. (1994)

FEBS Lett., 355, 11–14.
31 Young,S.L., Krawczyk,S.H., Matteucci,M.D.and Toole,J.J. (1991) Proc.

Natl. Acad. Sci.USA, 88, 10023–10026.
32 Krawczyk,S.H., Milligan,J.F., Wadwani,S., Moulds,C., Froehler,B.C. and

Matteucci,M.D. (1992) Proc. Natl. Acad. Sci.USA, 89, 3761–3764.
33 Takasugi,M., Guendouz,A., Chassignol,M., Decout,J.L., Lhomme,J.,

Thuong,N.T. and Helene,C. (1991) Proc. Natl. Acad. Sci.USA, 88,
5602–5606.

34 Zendequi,J.G., Vasquez,K.M., Tinsley,J.H., Kessler,D.J. and Hogan,M.E.
(1992) Nucleic Acids Res., 20, 307–314.

35 Maniatis,T., Fritsch,E.F. and Sambrook,J. (1982) Molecular Cloning, A
Laboratory Manual. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY, pp. 184–185.

36 Beaucage,S.L. (1993) In Agrawal,S. (ed.), Methods in Molecular Biology.
Protocols for Oligonucleotides and Analogs. Synthesis and Properties.
Humana Press, Totowa, NJ, Vol. 20, pp. 33–62.

37 Thaden,J. and Miller,P.S. (1993) Bioconjugate Chem., 4, 386–394.
38 Kean,J.M. and Miller,P.S. (1994) Biochemistry, 33, 9178–9186.
39 Huhtala,P., Tuuttila,A., Chow,L.T., Lohi,J., Keski-Oja,J. and Tyrggva-

son,K. (1991) J. Biol. Chem., 266, 16485–16490.
40 Bates,P.J., Macaulay,V.M., McLean,M.J., Jenkins,T.C., Reszka,A.P.,

Laughton,C.A. and Neidle,S. (1995) Nucleic Acids Res., 23, 4283–4289.
41 Gasparro,F.P., Havre,P.A., Olack,G.A., Gunther,E.J. and Glazer,P.M.

(1994) Nucleic Acids Res., 22, 2845–2852.
42 Sage,E. and Moustacchi,E. (1987) Biochemistry, 26, 3307–3314.
43 Shi,Y., Spielman,P.H. and Hearst,J.E. (1988) Biochemistry, 27, 5174–5178.
44 Yeung,A.T., Dinehart,W.J. and Jones,B.K. (1988) Biochemistry, 27,

6332–6338.
45 Kean,J.M. and Miller,P.S. (1993) Bioconjugate Chem., 4, 184–187.
46 Bachellerie,J.-P., Thompson,J.T., Wegnez,M.R. and Hearst,J.E. (1981)

Nucleic Acids Res., 9, 2207–2222.
47 Cho,B.P. and Evans,F.E. (1991) Nucleic Acids Res., 19, 1041–1047.


