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As a novel type of regulator molecule for DNA-recognizing proteins, a photo-cross-linked
oligonucleotide duplex was designed and synthesized. The molecule regulated the activity
of a restriction endonuclease by being recognized as a substrate. This type of regulating
molecule is regarded as a decoy-DNA. 4,58,8-[4-Aminoethylaminomethyl]-trioxalen (aeAMT)
was conjugated with an oligodeoxyribonucleotide (ODN) at the 58-end and the aeAMT was
cross-linked with the thymine residue of the complementary oligonucleotide upon UVA
irradiation. The terminally cross-linked oligonucleotides, singly clipped (SC) decoy-DNA,
acquired thermal stability. An oligonucleoside phosphorothioate (OPT) was also introduced
as one or both components, yielding three types of decoy-DNAs, SC-ODN-ODN (SC.DD), SC-
OPT-ODN (SC.SD), and SC-OPT-OPT (SC.SS). The SC decoy-DNAs inhibited the function of
the restriction endonuclease, AatII, in a sequence-specific and concentration-dependent man-
ner with an appreciable IC50 value (1.3 mM for SC.DD, 0.016 mM for SC.SD, 0.002 mM for
SC.SS). The SC decoy-DNAs were found to be effective for regulating the DNA recognizing
proteins. q 2001 Academic Press
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INTRODUCTION

Nucleic acids, oligonucleotides and their derivatives have been intensively studied
for the development of novel types of therapeutic reagents (1–4). Antisense oligonucle-
otides are the first substances for such purposes and the oligonucleoside phosphorothio-
ate (OPT) became the first antisense drug (5). Antisense RNA, which appeared several
years later, is regarded as another promising type of nucleic acid drug. Ribozymes,
which hydrolyze RNA in a sequence-specific manner, could be powerful gene-regulat-
ing reagents using effective carrier materials (6,7). Aptamers, which interact with
proteins in a sequence-specific manner, are also a hopeful candidate as a new type
of nucleic acid drug (8). Recently, it has been reported that the cellular proliferation
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was effectively regulated with a double-stranded oligonucleotide with a specified
sequence. The trial focused on the sequence specific regulation of the transcription
factors (TF) (9–16). TF recognizes the added duplex instead of recognizing the cellular
DNA, which resulted in an ineffective transcription by TF. Such a double-stranded
oligonucleotide functioned as a decoy molecule of TF, and such oligonucleotide is
called a decoy-DNA. By now, other than the double-stranded oligonucleotides, various
types of decoy-DNAs have been reported. They include (A) the terephthalamide linker
(17), (B) the disulfide cross-linking (18,19), (C) the dumbbell type (20–22), (D) the
ethylene glycol bridge (23,24), and (E) the stilbene bridge (25). With these materials,
the decoy approach will be further studied to regulate cellular functions by regulat-
ing TF.

In designing a decoy-DNA, there are several requirements: stability of the serum/
cell, simple and specific methods of preparation, and sequence specificity. This study
is concerned with the development of new types of decoy-DNAs and consists of three
aspects that fulfill these requirements. First, the preparation of stable decoy-DNAs was
carried out by using a photoreactive reagent, the psoralen derivative, and subsequent
photoirradiation. The psoralen derivative attached to the 58-end of the oligonucleotide
was cross-linked with a thymine residue at the 38-terminus of another oligonucleotide
to form a clamped double-stranded oligonucleotide (26,27). Second, the OPTs were
used as one of the components of the decoy-DNAs. OPTs are regarded as the most
effective antisense molecules (3). It is much more stable in serum than oligonucleotides
(ODNs) and is easily incorporated by cells, though the detailed mechanism is still
unknown. Also, it has been reported that OPT interacts with biological substances in
a sequence-dependent or independent manner (3,28). Therefore, OPT could add its
interesting characteristics to the chimera decoy-DNA (10,29). Third, in order to
evaluate the clipped decoy-DNA, restriction enzymes were chosen as a DNA recogniz-
ing protein (30,31). From these aspects, several interesting results were disclosed.

MATERIALS AND METHODS

Reagents

Trioxalen was purchased from Wako Pure Chemicals Inc. (Osaka, Japan). Reagents
for the oligonucleotide synthesis were purchased from Glen Research Inc. Reagents
for the gel electrophoresis were purchased from Nacalai Tesque Co. (Kyoto, Japan)
and the restriction enzymes (AatII and EcoRI) were purchased from Toyobo Inc.
(Osaka, Japan). The other reagents were purchased from Wako Pure Chemicals Inc.
and used without further purification. The reversed phase HPLC was operated on a
reversed phase column (Capcell Pak 4.5mm i.d. 3 150 mm, Shiseido Co., Tokyo,
Japan) using acetonitrile gradient in 0.1 M TEAA as follows: 0 to 50% (20 min), 50
to 50% (5 min), 50 to 0% (3 min). Polyacrylamide gel electrophoresis (PAGE, 18%)
was operated in 0.1 M TBE buffer containing 7 M urea. Agarose gel electrophoresis
(AGE, 1.5%) was operated in 0.1 M TBE buffer. DNA fragments were visualized
by staining with ethidium bromide. UV melting profiles of the decoy-DNAs were
obtained by a Hitachi UV spectrophotometer (U2000A, Hitachi Co. Tokyo, Japan)
equipped with a programmed thermo-controller with the rising rate of 1.08C/min. The
samples were prepared in 0.1 M phosphate buffer (pH 7.0) and the concentration was
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fixed at 2 mM. The circular dichroism (CD) spectra of the 2 mM decoy-DNAs were
obtained using a circular dichroism spectrophotometer (CD-703, JASCO Co., Tokyo,
Japan) in 0.1 M phosphate buffer (pH 7.0) at 378C.

Preparation of Photo-Cross-Linked Oligonucleotide Duplex

Oligodeoxyribonucleotides and OPTs were synthesized using an automatic DNA
synthesizer (ABI 391, PE Biosystems Inc.). To the 58-hydroxy group of ODN (or
OPT) on controlled pore glass support, 4,58,8-(48-aminoethylaminomethyl)psoralen
was introduced according to the carbonyldiimidazole (CDI) protocol (32). These
psoralen-introduced oligonucleotides (Ps-ODN, Ps-OPT) were purified by reversed-
phase HPLC. Photo-cross-linking of the Ps-ODN (or Ps-OPT) with its complementary
ODN (or OPT) was carried out in 25 mM phosphate buffer (pH 7.0) at 48C on a
transilluminator (365 nm, 1.1 mW/cm2). After irradiation, the solution was subjected
to PAGE and the corresponding bands were excised under UV light illumination. The
band was crushed and extracted using 1 M TEAA (1 mL 3 3). The solution was
passed through a Sep Pak cartridge followed by the elution with 30% acetonitrile in
0.1 M TEAA (pH 7.0). An aliquot of the photo-product dissolved in 0.1 M phosphate
buffer (pH 7.0) was irradiated by a black light (254 nm, 0.9 mW/cm2) at 48C for 30 min
and the solution was then analyzed by PAGE followed by a UV shadowing protocol.

Restriction Enzyme Reaction

The substrate, linearized pUC19, was prepared by treating the plasmid pUC19 (191
mg) with EcoRI (10 U) in 0.1 M NaCl/50 mM Tris–HCl (pH 7.0)/10 mM MgCl2 at
378C for 1 h. The DNA was subjected to AatII treatment in the presence of various
concentrations of decoy-DNAs. The reaction mixtures were incubated at 378C for 1
h and incubated at 658C for 15 min followed by AGE. The AGE patterns were
evaluated by an image scanner and by the freeware, NIH Image ver.1.62 (http://
www.yk.rim.or.jp/aisoai/molbio-j.html).

RESULTS

The structure of a cross-linked double-stranded oligonucleotide is shown in Fig.
1. As a photo-cross-linker, 4,58,8-[4-aminoethylaminomethyl]-trioxalen (aeAMT) was

FIG. 1. Structure of singly clipped double-stranded DNA.
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conjugated with oligonucleotides at the 58-end. The method of the conjugation of
aeAMT to the oligonucleotides adopted a CDI activation protocol, and the average
introduction yield was 70%. Three equivalents of nonlabeled complementary ODN
(or OPT) was added to the aeAMT-conjugated ODN (or OPT) and the photo-cross-
linking reaction by UVA irradiation (365 nm) proceeded in a time-dependent manner.
After 30 min, ca. 75% of the Ps-ODN (or Ps-OPT) was cross-linked with the comple-
mentary ODN (or OPT). The photoproducts were successfully purified by PAGE.
When the photoproducts were irradiated by UV-254 nm, the appearance of two bands
that correspond to the original components was observed (Fig. 2). In this study, three
types of terminally cross-linked double-stranded DNA, namely singly clipped DNAs,
were designed and synthesized as shown in Table 1. They were the singly clipped
ODN/ODN duplex (SC.DD), the singly clipped OPT/ODN duplex (SC.SD), and the
singly clipped OPT/OPT (SC.SS). In order to evaluate the sequence dependency, both
mismatched and scrambled sequences were also adopted. As control double-stranded
DNAs, the nonclipped ODN/ODN duplex (NC.DD) and nonclipped OPT/OPT
(NC.SS), were also prepared by making an equimolar mixture of the corresponding
oligomers.

Figure 3 shows the melting profiles of a typical singly clipped decoy-DNA, SC.DD.
Whereas the nonclipped duplex showed a fairly steep melting curve with a distinct
melting point, a singly clipped decoy-DNA showed a gradually increased melting
profile without a distinct melting point. The structures were further studied by circular
dichroism spectroscopy (CD) as shown in Fig. 4. The CD spectra of SC.DD at 378C
showed the positive Cotton effect around 280 nm and a small negative Cotton effect
around 243 nm, which is characteristic of the B-form DNA and was similar to NC.DD.
However, in that case, the magnitude of the positive Cotton effects around 280 nm
decreased to ca. 50%. As for the SC.SD, the CD spectrum was further changed when
compared to that of NC.DD. The wavelength that gives the maximum Cotton effect
was red-shifted by 5 nm and the magnitude decreased to ca. 70% of NC.DD. The
CD spectrum of SC.SS suggested a largely deformed B-form (33).

The ability of the singly clipped double-stranded DNA to regulate a DNA-binding
enzyme was studied by evaluating the cleavage efficacy of the linearized pUC19
(2686 bp) by AatII. The enzyme cleaves the DNA at a single site (58-TGACGTCA)
to yield two fragments, 465 and 2221 bp. Figure 5 showed the typical results of the
AGE pattern. In the presence of the decoy-DNAs, the cleavage by AatII was clearly
suppressed depending on the types, sequence, and concentration of the decoy-DNAs.
The types of inhibitory effects were examined by Lineweaver–Burke plots (Fig. 6)
and the efficacy was evaluated by the IC50 values (Table 2).

DISCUSSION

In this study, new types of decoy-DNAs were prepared and their ability as a decoy-
DNA for a DNA recognizing protein, restriction endonuclease, was examined. As
such enzymes recognize the double-stranded DNA, the decoy-DNA must be double-
stranded throughout the inhibitory reactions. In order to maintain the decoy-DNA as
double-stranded, it is a rational idea to covalently cross-link two strands at a certain
site which is apart from the protein recognition one. This idea was adopted in this
study and a psoralen derivative that can covalently cross-link with pyrimidine bases
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FIG. 2. Photoreactions of psoralen-conjugated oligodeoxyribonucleotide with the complementary
strand. (A) Photo-cross-linking reaction, (B) photo-cleavage reaction. Sequence: Ps-ODN 58-CCATGACG-
TCATGGT, c-ODN 58-CCATGACGTCATGGT. (A) Lane 1, Ps-ODN; lane 2, ODN; lane 3, Ps-ODN
(irradiated); lane 4, Ps-ODN 1 c-ODN (irradiated). Irradiation: 365 nm, 1.1 mW/cm2, 30 min, 25 mM
phosphate buffer (pH 7.0), 18% denatured polyacrylamide gel electrophoresis, 400 V, 3 h. (B) Lane 5,
SC.DD; lane 6, SC.DD (irradiated); lane 7, Ps-ODN; lane 8, c-ODN. Irradiation: 254 nm, 9.5 mW/cm2,
30 min, 25 mM phosphate buffer (pH 7.0), 18% denatured polyacrylamide gel electrophoresis, 400 V, 3 h.
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TABLE 1

Sequences and Types of Decoy-DNAs

(A) Sequence
Match for AatII 58-CCATGACGTCATGGT

38-TGGTACTGCAGTACC
(underline, recognition site of AatII)

Mismatched 58-CCATGTCGACATGGT
38-TGGTACAGCTGTACC

(bold letter, mismatched base)
Scrambled 58-CCAGCATATGCTGGT

38-TGGTCGTATACGACC

(B) Type of structure

Abbreviation Structure Abbreviation Structure

SC.DD 58-Ps,C———— NC.DD ————

T—————— ————
SC.SD 58-Ps,C------------ NC.SS ------------

T—————— ------------
SC.SS 58-Ps,C------------

T------------------

Note. ——, Oligonucleotide; -----, oligonucleoside phosphorothioate. Ps, 4,58,8-(48-aminoethylamino-
methyl)trioxalen, T||||Ps, cross-linking between thymine and trioxalen derivative.

upon UVA irradiation to form a cyclobutane ring was used for this purpose. When
the oligonucleotide forms a hybrid with its complementary oligonucleotide, aeAMT
attached to the 58-end of the oligonucleotide locates in the vicinity of the terminal
thymine residue of the opponent strand and cross-links with the terminal thymine
residue of the opponent strand upon UVA-irradiation. This method of preparation is
quite simple. As shown in Fig. 2, the photoproducts were a mixture of the singly
clipped and doubly clipped double-stranded oligonucleotides. As the photoproducts
could not be separated by the conventional HPLC, the singly clipped oligonucleotides
were isolated from PAGE. The method provides another advantage. It is applicable
to almost all decoy-DNA designs. That is, one or two strands of the decoy-DNAs
can be replaced by other backbone-modified oligonucleotides such as OPT, oligo-
nucleoside methylphosphonates and mixed-backbone oligonucleotides, and so on. The
replacement might provide additional characteristics to the decoy-DNA that enables
us to develop novel decoy-DNAs for DNA-recognizing proteins. Especially, OPT is
expected to endow decoy-DNAs with stability under cellular conditions.

The ability of these double-stranded DNAs to regulate DNA-binding proteins was
examined. It is difficult to prove that the double-stranded DNA maintains its structure
under cellular or physiological conditions. The thermal stability was adopted as an
index. As shown in Fig. 3, the thermal stability of singly clipped DNAs was drastically
increased upon photo-cross-linking, suggesting that the singly clipped decoy-DNAs
were regarded to be double-stranded under the conditions of this study. The higher
order structure of the photo-cross-linked double strand was then studied in detail.
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FIG. 3. UV melting profiles of singly clipped double-stranded DNA. 0.1 M phosphate buffer (pH
7.0). Total strand concentration, 2 mM.

Photo-cross-linking of two strands via formation of a cyclobutane ring between
psoralen and the pyrimidine base may distort the structure of the duplexes. The CD
spectra of three types of decoy-DNAs showed that cross-linking distorted the B-form
structure to some extent. Furthermore, the incorporation of OPT into the decoy-DNA
further deformed the B-form structure of the DNA duplexes. The effect of OPT is
assumed to be due to the different manner of hydration from ODN, though the details
have been scarcely reported.

Restriction endonuclease AatII that recognizes a palindromic sequence 58-TGACG-
TCA, was chosen as a DNA binding protein. Plasmid pUC19 linearized by the
treatment with EcoRI has a single recognition site of AatII, and the extents of cleavage
by AatII were evaluated by agarose gel electrophoresis followed by the quantification
using an image scanner. The IC50 of SC.DD was almost the same as that of NC.DD
(Table 2) and the manner of inhibition was clearly competitive. On the other hand,
SC.DDmis and SC.DDscr showed much less inhibitory effects. These results suggests
that SC.DD suppressed the AatII activity in a highly sequence specific manner as a
decoy molecule for AatII, that the effect was substantially the same as NC.DD, and
that the cross-linking did not significantly affect the inhibitory effects and the type
of inhibition.
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FIG. 4. Circular dichroism spectra of singly clipped double-stranded DNA. (A) SC.DD series, (B)
SC.SD series, (C) SC.SS series. 0.1 M phosphate buffer (pH 7.0), total strand concentration, 2 mM, 378C.

For the SC.SD which contains OPT as one of the components, the IC50 was 1/60th
of that of SC.DD, suggesting that the OPT of SC.SD may have significantly increased
inhibitory effects. The inhibition mechanism of SC.SD was clearly different from
that of SC.DD. The inhibitory manner of SC.SD was found to be the mixed inhibition
type, competitive and noncompetitive, and that of SC.SDmis was noncompetitive
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FIG. 5. Inhibition of AatII activity by singly clipped decoy-DNAs. pUC19 (linearized), 0.1 mg; AatII,
4 units. Reaction buffer (pH 8.0): 10 mM Tris/HCl, 10 mM MgCl2, 40 mM KCl, 0.01% BSA. Lane 1,
molecular weight marker (lDNA/HindIII); lane 2, pUC19 (linearized), lane 3, [SC.DD] 5 1 pmol; lane
4, [SC.DD] 5 10 pmol; lane 5, [SC.DD] 5 100 pmol; lane 6, [SC.SD] 5 0.01 pmol; lane 7, [SC.SD] 5
0.1 pmol; lane 8, [SC.SD] 5 1 pmol, lane 9, [SC.SD] 5 10 pmol; lane 10, [SC.DDmis] 5 100 pmol;
lane 11, [SC.DDmis] 5 1 nmol; lane 12, [SC.SDmis] 5 0.01 pmol; lane 13, [SC.SDmis] 5 0.1 pmol;
lane 14, [SC.SDmis] 5 1 pmol; lane 15 [SC.SDmis] 5 10 pmol.

FIG. 6. Types of inhibition of AatII activity in the presence of singly clipped double-stranded DNA.
[linearized pUC19] 5 2.85 nM; AatII, 4 units, 378C. n, [decoy DNA] 5 0 nM; M, [SC.DD] 5 20 nM;
L, [SC.SD] 5 4 nM; V, [SC.SS] 5 2 nM.
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TABLE 2

Inhibitory Effects, IC50, of Decoy-DNA on AatII Activity

Type of decoy-DNA IC50 (mM) Type of decoy-DNA IC50 (mM)

NC.DD 1.4
SC.DD 1.3 NC.SS 0.003
SC.DDmis 54.0 NC.SSmis 0.015
SC.DDscr 120 NC.SSscr 0.16
SC.SD 0.016 SC.SS 0.002
SC.SDmis 0.049 SC.SSmis 0.003
SC.SDscr 0.13 SC.SSscr 0.027

(Fig. 6). These results indicate that SC.SD functioned in two ways. SC.SD was
incorporated into the active site of the enzyme and interacted with the enzyme at the
site other than the active site. A similar observation was reported in the antisense
studies. OPT has been regarded as the best material for antisense therapy over the
past 10 years; however, the inhibitory mechanism was found not to be straightforward.
The OPT seems to function in part by a non-antisense mechanism, which is the
interaction of OPT with certain proteins in serum and in cells. Taking these observation
into consideration, it is suggested that the OPT component of SC.SD might interact
with the enzyme in a different manner from the normal enzyme–substrate interaction.
Therefore, SC.SD might be incorporated in the reaction domain of AatII, and at the
same time, the OPT component of SC.SD might interact with other parts of the
enzymes from the sequence-recognizing domain. For SC.SDmis and SC.SDscr, the
OPT effects seemed to be overwhelming to the sequence-specific inhibition. For
SC.SS, the OPT effect, nonspecific interaction, was surpassed in the decoy reactions.

In conclusion, it was demonstrated that the photo-cross-linking of two complemen-
tary strands provided stable singly clipped double-stranded DNAs. The DNAs func-
tioned effectively as regulatory reagents for a DNA-recognizing enzyme. The mecha-
nism of the function shows that the DNAs acted as a decoy molecule for the enzyme.
Furthermore, the use of OPT as one of the decoy components increased the inhibitory
effect as a decoy. The characteristics of SC.DD or SC.SD are found to be useful as
regulatory molecules in cellular systems. Especially, the transcription factors might
be relevant targets of the decoy-DNA, and such a study is now ongoing.
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