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INHIBITION OF RESTRICTION ENZYME Ksp 632-1 VIA TRIPLE
HELIX FORMATION BY PHOSPHOROTHIOATE

OLIGONUCLEOTIDES"

Satoru Tsukahara, Hidefumi Yamakawa, Kazuyuki Takai and Hiroshi Takaku*
Department of Industrial Chemistry, Chiba Institute of Technology, Tsudanuma,
Narashino, Chiba 275, Japan

Abstract: The ability of pyrimidine-rich oligonucleotide phosphorothioate to form stable
triple helical structures with the sequence containing the recognition site for the class II-S
restriction enzyme Ksp 632-1 was examined. First, we prepared double strand
oligonucleotides corresponding to the major groove of SV40 DNA at 17 base pair
homopurine-homopyrimidine sequences, and studied their interaction with
homopyrimidine oligodeoxyribonucleotides including replacement of the PS group in the
second nucleotide position from the 5'-terminus (SO-ODNS) and of the PS group at both
the 3'- and 5'-ends (S20-ODNs). The resulting perfect DNA triplexes were detected by
the gel-mobility shift. The phosphorothioate oligonucleotide analogues (SO-ODNs) and
(S20-0ODNs) were shown to inhibit enzymatic cleavage under conditions that allow for
triple helix formation. Inhibition is sequence-specific and occurs in the micromolar
concentration range. Of particular interest is the Sp-phosphorothioate analogue (Sp-SO-
ODNs) which inhibited endonuclease more than the other phosphorothioate
oligonucleotide analogues (Rp-SO-ODNs or S20-ODN).

INTRODUCTION
The sequence specific recognition of double-helical DNA is an essential biological
process responsible for the regulation of cellular functions including transcription,
replication, and cell division. In most cases, regulation of gene expression in living

organisms is achieved by specific nucleic acid binding proteins. Any method which can

#This article is dedicated to Emeritus Professor Morio Ikehara on the occasion of his
seventieth birthday.
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alter selectively the interaction of a protein at a certain site on DNA, without affecting that
similar interaction elsewhere on the chromosome, offers the opportunity to modulate
biological functions. The triplex formation may serve this function. An intermolecular
triple helix can be formed by interaction of thymine with A-T, where thymine forms
Hoogsteen hydrogen bonds with Watson-Crick A-T base pairs and protonated cytosine
with G-C base pairs.l'3 The demonstration that homopyrimidine oligodeoxynucleotides
can bind specifically to homopurine-homopyrimidine tracts of duplex DNA via inter-
molecular triplex formation has opened a new field on the inhibition of enzymatic
(:leavag\‘:.“'7

Recently, we rcported8 that oligonucleotides having phosphorothioate internucleotidic
bonds as a mixture of diastereoisomers could not form triple helix structures, whereas
one of the two diastereoisomers (Rp or Sp) could form triple helix structures with double
strands. To examine the possibility of inhibiting sequence-specific DNA binding proteins
by phosphorothioate oligonucleotides, we have tested the ability of a homopyrimidine

phosphorothioate oligonucleotide to inhibit sequence-specific cleavage in SV40 DNA by
the class II-S restriction endonuclease Ksp 632-1.° The Ksp 632-1 enzyme Tecognizes a
6 base pairs homopurine-homopyrimidine sequence. We have synthesized 17mer
homopyrimidine phosphorothioate oligonucleotide analogues (Rp-SO-ODNs, Sp-SO-
ODNs, RpRp-820-ODNs, SpSp-S20-ODNs, and SpRp-RpSp-S20-0ODNs) designed to
bind to the major groove of this 17 base pair sequence according to the Hoogsteen base
pairing (Fig. 1).8 We found that these oligonucleotides selectively inhibit the cleavage of
supercoiled SV40 DNA by the restriction enzyme Ksp 632-1 under reaction conditions

that allow the formation of triple helices.

RESULTS AND DISCUSSION

In order to provide evidence of the influence of homopyrimidine phosphorothioate
oligonucleotides on triplex formation, we synthesized the 17 nucleotide duplexes,
S'AAAAAAGAAGAGAAAGG3/3TTTTTTCTTCTCTTTCCS' (Sv40 target
sequence) and studied their interactions with the homopyrimidine phosphorothioate
oligonucleotide analogues (Fig. 1). The electrophoretic profiles show that the
oligonucleotide mixtures formed triple-helical structures, as indicated by the appearance
of bands with mobilities lower than that of the reference target duplex (Fig. 2).8 It is

worth noting that the band corresponding to a weaker mode of binding of the pyrimidine
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ODNs 5 ~TTTTTTCTTCTCTTTCC-3"
Rp-SO-ODNs $'~TTsTTTTCTTCTCTTTCC-3!
Sp-SO-ODNs S'-TTSTTTTCTTCTCTTTCC-3"
i RpRp~S,0-ODNs 5 ~TSTTTTTCTTCTCTTTCST-3*
TTTTTTCTTCTCTTTCC SpSp-5,0-ODNs 5'~TSTTTTTCTTCTCTTTCST-3"

______________ SPRp-RpSp-5,0-0DNs 5'~TsTTTTTCTTCTCTTTCsT-3"

S ¢ - AAAAARGAAGAGAAAGG-3 "
- AGG‘TTTTT}TCTTCTCTTTCdATC 5 Target Duplex 3 ~TTTTTTCTTCTCTTTCC-5 "

f recognition site
target sequence
Fig. 1. Schematic representation of SV40 DNA showing the recognition site for Ksp
632-1 enzyme and the target sequence for the homopyrimidine phosphorothioate

oligonucleotide analogues whose sequence is shown above the boxed target
sequence.Short arrows indicate the cleavage sites for the restriction endonuclease.

Origin »

Triplex » u Nt (W) HH
Duplex » H

Single Strand ™ g

Figure 2. 15% Non-denaturing polyacrylamide gel electrophoresis in 90 mM Tris-
borate/5S mM MgCl: (pH 8.3).
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oligonucleotides to the imperfect C-G sites in all oligonucleotide analogues was not

observed.

The restriction enzyme Ksp  632-1 recognizes the sequence S5'CTCTTC3'/
3'GAGAAGS' and cleaves the two strands in an asymmetric way outside the recognition
sequence (Fig. 1). We have synthesized the homopyrimidine phosphorothioate
oligonucleotide analogue, 17 bases in length, which has a parallel orientation as
compared to the homopurine sequence of the 17 bp SV40 scquencc.w In previous
studies, this oligonucleotide could bind to the major groove of duplex DNA at the
homopurine sequcnce.“’“’12 Concerning the stability of  the phosphorothioate
oligonucleotides, we have recently shown that the oligonucleotides with replacement

of the PS group in the second nucleotide position from the 5'-terminus and of the

PS group at both 3'- and 5'-ends (S20-ODNs) were strongly resistant to exonucleases in
the presence of nucleases.1?

To test the ability of the 17mer homopyrimidine phosphorothioate oligonucleotide
analogues to recognize selectively the Ksp 632-I site within the SV40 DNA, the
experiments were carried out at 37°C in a pH 6.9 buffer in the presence of 10 mM MgCl2
and 1 mM spermine, conditions under which the enzyme makes a single double-strand
cut in supercoiled SV40 DNA. The oligonucleotides were added to the SV40 DNA
mixture before addition of the restriction enzyme. Fig. 3a shows the digestion of SV40
DNA by Ksp 632-1in the presence of unmodified oligomer (ODNs) at 20-100 puM.
Densitometric analysis of the gels indicated that the concentration required to inhibit 50%
of the reaction was 59 uM. The third strand is generally pyrimidine rich, but in some
cases may be purine rich. For the triplex with two pyrimidine strands and one purine
strand, the extra pyrimidine strand usually binds in parallel to the purine strand through
Hoogsteen hydrogen bonds (T to A and C*H to G). The loss of cytosine protonation in

the third strand causes these triplexes to be more unstable at basic pH values. When the

pH of the cleavage reaction was increased to 7.9, the inhibition of the restriction enzyme
activity was similar to that at an ODNs concentration of 100 UM (compare lanes 5 and 6,

Fig. 3a). In a subsequent experiment, we incubated SV 40 DNA with Ksp 632-1in the
presence of homopyrimidine phosphorothioate oligonucleotides (Rp-SO-ODNSs or Sp-
SO-0ODNs). The analysis of the gels for Rp-SO-ODNs and Sp-SO-ODNs indicated that

the concentration required to inhibit 50% of the reaction was 70 uM (Rp-SO-ODNs) and
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Figure 3. Specific inhibition of restriction enzyme Ksp 632-I by the phosphorothioate
oligonucleotide analogues. Enzymatic assays were performed by incubating SV40 DNA

(6 nM) at 37°C for 1 h with Ksp 632-I1 (20 units/uL) and several concentrations (0, 20,

50, or 100 uM) of oligonucleotide in a buffer containing 33 mM Tris-acetate, 66 mM
potassium acetate (pH 6.9 or 7.9), 0.5 mM dithiothreitol, 10 mM MgClz, and 1 mM
spermine. Form I: supercoiled DNA; form II: open circular DNA; form I1I: linear DNA.
a) The enzymatic assay was carried out in the presence of the unmodified oligonucleotide
(ODNs). Lane 6 was the same as lane 5 except for higher pH (7.9 instead 0f 6.9). Lane 1
represents SV40 DNA incubated without the restriction enzyme and oligonucleotides. b)
The enzymatic assay was carried out in the presence of the modified oligonucleotides
with the PS group in the second nucleotide position (from 5'-terminus) (Rp-SO-ODNs or
Sp-SO-ODNs). Lane 1 represents SV40 DNA incubated without the restriction enzyme
and oligonucleotides. c) The enzymatic assay was carried out in the presence of the end
capped oligonucleotide with PS group at both 3'- and 5'-ends (RpRp-S20-ODNs, SpSp-
S20-ODNs, and SpRp-RpSp-S20-0ODNs). Lane 1 represents SV40 DNA incubated
without restriction enzyme and oligonucleotides.
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14 uM (Sp-SO-ODNs) (Fig. 3b). This observation is somewhat different from that we

reported previously. 8 However, perfect DNA triplexes were detected on the gel-mobility
shift (Fig. 2). On the other hand, in the case of the end capped oligonucleotide with PS
groups at both 3'- and 5'-ends, RpRp-$20-ODNs, SpSp-S20-0ODNs, and SpRp-RpSp-
S$20-0ODNes, the cleavage reaction was inhibited 50% at 70 uM, 30 uM, and 37 uM,

respectively (Fig. 3c). These findings suggest that the homopyrimidine phosphorothioate
oligonucleotide analogues having Sp specifically inhibit the DNA-protein interaction via
triplex formation to a greater extent than the analogues having Rp or the unmodified
oligonucleotide (ODNSs). Of particular interest is the Sp-phosphorothioate analogue (Sp-
SO-ODNs) which showed higher endonuclease inhibition than the other
phosphorothioate oligonucleotide analogues (S20-ODNs or Rp-S-ODNs). This effect has
been attributed to the inhibition of molecular interactions by the oligonucleotide with a
single PS group at the Ksp 632-I recognition site.

Furthermore, in order to show that the inhibition was due to the interaction of the

oligonucleotide with the target DNA rather than with the restriction enzyme, the
experiments were carried out with the plasmid pBR 32814, which contains one restriction

site for Ksp 632-1 but no sequence fully complementary to that of 17mer homopyrimidine
(Fig 4). The inhibitory effect of the cleavage of pBR 328 was less than that of the SV 40

DNA at a concentration of 100 uM oligonucleotides (Fig. 5). These findings showed that
the inhibition was not due to the oligonucleotide binding to the enzyme but to triple helix
formation at the binding site to the restriction enzyme.

Here we have shown that the recognition of the DNA sequence by a restriction
endonuclease can be specifically inhibited by homopyrimidine phosphorothioate
oligonucleotide analogues that allow recognition of the target site by friple helix
formation. We have studied previously the influence of the oligonucleotide
phosphorothioate pyrimidine strands on triplex formation.®# We found that the Rp-
phosphorothioate oligonucleotide (dT15S1 (R) ) had a sightly higher stability for the
triplex structure than did the Sp-phosphorothioate oligonucleotide (dT15S1 (S)), but in
contrast to the present findings the Sp-phosphorothioate oligonucleotide analogues
showed greater endonuclease inhibition than the Rp-phosphorothioate oligonucleotide
analogues. The homopyrimidine phosphorothioate oligonucleotide having Sp at the Ksp

632-1 recognition site inhibited the DNA-protein interactions more than the
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AACTTTTTCCTICTCATACTCAT
lepom FF?: _____ )
f recognition site

target sequence

3

Figure 4. Schematic representation of the plasmid pBR 328 showing the recognition
site for Ksp 632-1 enzyme and the target sequence for the homopyrimidine
phosphorothioate oligonucleotide analogues the sequence of which is shown above the
boxed target sequence.Short arrows indicate the cleavage sites for the restriction
endonuclease.

ODNs(uM) O 0 100 100 100 100 100 100
Ksp6321 - o+ o+ o+ o+ o+ o+ 4

Figure 5. Inhibition of restriction enzyme Ksp 632-1 by the phosphorothioate
oligonucleotide analogues. Enzymatic assays were performed by incubating the plasmid
pBR 328 (6 nM) at 37°C for 1 h with Ksp 632-1 (20 units/uL) in the presence of 100 uM
oligonucleotides in a buffer containing 33 mM Tris-acetate (pH 6.9), 66 mM potassium
acetate, 0.5 mM dithiothreitol, 10 mM MgClz, and 1 mM spermine.
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homopyrimidine phosphorothioate oligonucleotide having Rp. Selective binding of
homopyrimidine ~ phosphorothioate  oligonucleotide analogues might modulate
transcription either by interfering with the binding of regulatory protein factors or by
preventing the elongation of RNA. DNA replication might be similarly inhibited.
Furthermore, the end capped homopyrimidine oligonucleotide with PS groups at both
3'- and 5'-ends are more resistant to exonucleases than the unmodified oligonucleotide.
This stabilization should help us to design much more efficient transcription or replication

inhibitors which could be used as tools in cellular biology.

EXPERIMENTAL SECTION

Materials. The restriction enzyme Ksp 632-1 and the plasmid pBR 328 were
purchased from Boehringer-Mannheim. SV 40 DNA was purchased from GIBCO.
Oligonucleotide Synthesis. The homopyrimidine phosphorothioate oligonucleotide
analogues (Rp-SO-ODNSs, Sp-SO-ODNs, RpRp-S20-ODNs, SpSp-S20-ODNs, and
SpRp-RpSp-S20-ODNs)  were synthesized with an Applied Biosystems DNA
synthesizer using our new phosphite approach.15 The oligonucleotide diastercoisomers
were separated by reverse phase HPLC. The characterization of P-S bonds was shown
using 3'P-NMR [(85% H3PO4 in D20 as an external reference) Rp-SO-ODNs: 54.65, -
1.17 ppm; Sp-SO-ODNs: 53.64, -1.75 ppm; RpRp-S20-ODNs, SpSp-S20-ODNs, and
SpRp-RpSp-S20-ODNs: 54.85 to 54.59, -1.56 to -1.75 ppm] spectroscopy.

Gel Electrophoresis. The duplex DNA was made by combining designated amounts
(200 uM) of oligonucleotides in a 40 mM Tris-acetate (pH 7.0) buffer/100 mM NaCl/10

mM MgCl2, keeping the mixture at 90°C for 10 min, and slowly cooling it to room
temperature. The triplex DNA was made by the addition of an equimolar amount of the
third strand to the duplex foliowed by incubation at 4°C for overnight. The concentration
of each strand was 1.23 X 10-* mM in a total vol. of 10 mL. Electrophoresis experiments
were conducted using gels containing 15% polyacrylamide (acrylamide/bisacrylamide,
19:1) prepared in a Bio-Rad Protean II gel apparatus with 20 X 22 X 0.75 cm glass
slabs. 90 mM Tris-borate//5 mM MgCl2 (pH 8.3) was used in the clectrophoresis
reservoirs. Experiments were conducted at a constant temperature (4°C) and 200V for
16h. The gel was stained using methylene blue.

Inhibition of Restriction Enzyme Ksp 632-1 by Phosphorothioate

Oligonucleotides. Enzymatic assays were performed in a buffer containing 33 mM
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Tris-acetate (pH 6.9 or 7.9), 66 mM potassium acetate, 0.5 mM dithiothreitol, 10 mM
MgCl2, and 1 mM spcrmincn’16 at 37°C. The concentration of SV40 DNA and the

plasmid pBR328 was usually 6 nM, and 20 units/pL restriction enzyme was used in each
assay. After incubation, enzymatic reactions were stopped by the addition of EDTA (10
mM). Specimens were then analyzed by gel electrophoresis with slab gels (0.8%
agarose). Densitometric analysis of gels stained with ethidium bromide was performed on

a Milipore Bio Image 60S.
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