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hydroxylamine, which did not have much structure similarity, 
formed PLP oxime without any intermediate. 

Registry No. SHMT, 9029-83-8; OADS, 2031 1-84-6; AAA, 
645-88-5; DCS, 68-41-7; PLP-AAA oxime, 17780-8 1-3; PLP-canaline 
oxime, 771 11-63-8; PLP oxime, 634-25-3; PLP, 54-47-7; NH,OH, 
7803-49-8; L-canaline, 496-93-5. 
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ABSTRACT: A 17-mer homopyrimidine oligonucleotide was designed to bind to the major groove of SV40 
DNA at a 17 base pair homopurine-homopyrimidine sequence via Hoogsteen base pairing. This sequence 
contains the recognition site for the class 11-S restriction enzyme Ksp 632-1. The oligonucleotide was shown 
to inhibit enzymatic cleavage under conditions that allow for triple helix formation. Inhibition is se- 
quence-specific and occurs in the micromolar concentration range. Triple helix formation by oligonucleotides 
opens new possibilities for sequence-specific regulation of gene expression. 

T e  recognition of DNA sequences by regulatory proteins 
is central to the control of cellular processes at the level of gene 
expression. Techniques for selectively inhibiting protein-nu- 
cleic acid recognition would provide means for controlling gene 
expression at the level of DNA replication and transcription. 
Homopyrimidine oligonucleotides were recently shown to bind 
to the major groove of double-stranded DNA at homo- 
purinehomopyrimidine sequences (Le Doan et al., 1987; Moser 
& Dervan, 1987; Praseuth et al., 1988; Lyamichev et al., 1988; 
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Franqois et al., 1988, 1989). A triple helix is locally formed 
where the homopyrimidine oligonucleotide is oriented parallel 
to the homopurine-containing strand of DNA. Thymine forms 
two hydrogen bonds with adenine in a Watson-Crick A-T base 
pair. The formation of two hydrogen bonds between cytosine 
and a Watson-Crick G.C base pair requires protonation of 
cytosine. 

Hoogsteen base pairing of thymine and protonated cytosine 
to a homopurine sequence of duplex DNA might not be the 
only molecular code for recognition of Watson-Crick base 
pairs by oligonucleotides. A purine-rich oligonucleotide, 27 
nucleotides in length, was recently shown to bind duplex DNA 
and to reduce the transcription of the human c-myc gene in 
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vitro (Cooney et al., 1988). The possibility might exist for 
recognition of A-T and G C  base pairs by A and G, respectively 
(Letai et al., 1988). 

In order to provide evidence for the possibility of inhibiting 
sequence-specific DNA-binding proteins, we have tested the 
ability of a homopyrimidine oligonucleotide to inhibit se- 
quence-specific cleavage by a restriction endonuclease. The 
class II-S restriction endonuclease Ksp 632-1 recognizes a 6 
bp homopurinehomopyrimidine sequence (Bolton et al., 1988). 
A single recognition site exists in SV40 DNA. It is part of 
a homopurinehomopyrimidine sequence, 17 base pairs in 
length, located in the T antigen gene (Tooze, 1981). We have 
synthesized a 17-mer homopyrimidine oligonucleotide designed 
to bind to the major groove of this 17 bp sequence according 
to the Hoogsteen base pairing scheme described above. We 
show that this oligonucleotide selectively inhibits the cleavage 
of supercoiled SV40 DNA by the restriction enzyme Ksp 632-1 
under reaction conditions that allow the formation of triple 
he1 ices. 

MATERIALS AND METHODS 
The restriction enzyme Ksp 632-1 purified from Kluyueru 

sp. strain 632 (Bolton et al., 1988) was a gift from Dr. G. 
Schmitz, Boehringer-Mannheim. Enzymatic assays were 
performed in a buffer containing 33 mM Tris-acetate, 66 mM 
potassium acetate, 0.5 mM dithiothreitol, 10 mM MgC12, and 
1 mg/mL tRNA. The pH and temperature of the incubation 
medium were changed as indicated in the text and the legends 
of the figures. The concentration of target DNA (SV40 or 
pBR328) was usually 6 nM; 0.08 unit/pL restriction enzyme 
was used in each assay. In some experiments 0.4 mM sper- 
mine was added to the reaction mixture. Even though organic 
solvents were previously shown to stabilize triple helices (Moser 
& Dervan, 1987; Franpis et al., 1989), no organic solvent was 
added to the enzymatic reaction mixture to avoid any unex- 
pected effect on Ksp 632-1 enzyme such as the relaxation of 
base-sequence specificity which has been previously described 
for other restriction endonucleases (Modrich & Roberts, 1982). 

After incubation, enzymatic reactions were stopped by 
adding EDTA (1 0 mM). Samples were then analyzed by gel 
electrophoresis with horizontal slab gels (0.8% agarose). 
Densitometric analysis of gels stained with ethidium bromide 
was performed on a LKB laser densitometer. 

The oligonucleotides d-5'TTTTTTCTTCTCTTTCC3' and 
d-S'TTTTCTTTTCCCCCCT3' were synthesized on a Phar- 
macia automatic synthesizer. They were purified by HPLC 
and their purity controlled by polyacrylamide gel electro- 
phoresis. 

RESULTS AND DISCUSSION 
The restriction enzyme Ksp 632-1, purified from Kluyueru 

sp. strain 632, is a class II-S enzyme which recognizes the 
sequence 5'CTCTTC3'/3'GAGAAGS' and cleaves the two 
strands in an asymmetric way outside the recognition sequence 
(Figure 1) (Bolton et al., 1988). This enzyme has a single 
recognition site in SV40 which is part of a 17 bp homo- 
purinehomopyrimidine sequence (Figure 1). We have syn- 
thesized a homopyrimidine oligonucleotide, 17 bases in length, 
which has a parallel orientation as compared to the homo- 
purine sequence of the 17 bp SV40 sequence. According to 
previous works (Moser & Dervan, 1987; Praseuth et al., 1988) 
this oligonucleotide should bind to the major groove of duplex 
DNA in a parallel orientation with respect to the homopurine 
sequence. Recognition involves Hoogsteen base pairing of 
thymine and protonated cytosine with Watson-Crick A*T and 
G C  base pairs, respectively. 
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FIGURE 1: Schematic representation of SV40 DNA showing the 
recognition site for Ksp 632-1 enzyme and the target sequence for 
the homopyrimidine oligonucleotide whose sequence is shown above 
the boxed target sequence. Short arrows indicate the cleavage sites 
for the restriction endonuclease. Numbers refer to position on the 
SV40 genome according to Tooze (1981). 
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FIGURE 2: Specific inhibition of restriction enzyme Ksp 632-1 by 
oligonucleotide d-S'TTTTTTCTTCTCTTTCC3'. Enzymatic assays 
were performed by incubating SV40 DNA (6 nM) at 37 "C for 20 
min with Ksp 632-1 (0.08 units/pL) and varying concentration of 
oligonucleotide in a buffer containing 33 mM Trisacetate, pH 6.5, 
66 mM potassium acetate, 0.5 mM DTT, 10 mM MgCI2, and 1 
mg/mL tRNA. In lanes a-d, increasing amounts of oligonucleotide 
(0, 10,50, and 100 pM) were added to the reaction mixture. Lane 
e was the same as lane d except for higher pH (7.9 instead of 6.5). 
A 16-mer oligonucleotide whose sequence is d- 
5'TTTTCTTTTCCCCCCT3' was unable to inhibit the restriction 
enzyme at a concentration of 100 pM at pH 6.5 (lane f). Lane T 
represents SV40 DNA incubated without restriction enzyme and 
oligonucleotides. 

The restriction enzyme Ksp 632-1 linearizes supercoiled 
SV40 at 37 "C in a wide range of pH values from 6.0 to 8.0 
(see Figure 2). It reacts rapidly with supercoiled DNA but 
much more slowly with relaxed circular DNA and linear DNA 
(unpublished data). At 37 "C relaxed SV40 DNA is only 
slightly affected under conditions where 100% of supercoiled 
DNA is cleaved. At temperatures lower than 30 "C the en- 
zyme makes both single-strand and double-strand cuts (see 
below, Figure 3A). Single-strand cuts lead to the accumu- 
lation of relaxed DNA which is no longer a good substrate 
for the enzyme. The ratio of single-strand to double-strand 
cleavage increases when the temperature decreases. 

In order to test whether the 17-mer oligonucleotide could 
inhibit sequence-specific cleavage, a series of experiments was 
carried out at 37 "C in a pH 6.5 buffer in the presence of 10 
mM MgCI2, conditions under which the enzyme makes a single 
double-strand cut in supercoiled SV40 DNA (Figure 2). In- 
creasing amounts of the 17-mer oligonucleotide were added 
to SV40 DNA before addition of the restriction enzyme. As 
shown in Figure 2, cleavage was inhibited in a dose-dependent 
manner. Densitometric analysis of the gels indicated that the 
concentration required to inhibit 50% of the reaction was 20 
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FIGURE 3: Inhibition of SV40 DNA cleavage by Ksp 632-1 under 
conditions that favor triple helix formation. In part A, the enzymatic 
assay was carried out in the presence of 1 p M  17-mer oligonucleotide 
d-5'TTTTTTCTTCTCTTTCC3' in the conditions described in Figure 
2 (lanes a-d) except for temperature, which was decreased from 37 
to 20 "C. In part B, the incubation temperature was raised to 37 
"C and spermine (0.4 mM) was added to the reaction mixture. In 
part C, the plasmid pBR328 was incubated with Ksp 632-1 restriction 
enzyme in the presence of 100 pM 17-mer oligonucleotide in the same 
conditions as in Figure 2 (lanes a-d). 

pM. In order to show that inhibition was due to the interaction 
of the oligonucleotide with the target DNA rather than with 
the restriction enzyme, parallel experiments were carried out 
with the plasmid pBR328 (Soberon et al., 1980), which con- 
tains one restriction site for Ksp 632-1 but no sequence fully 
complementary to that of the 17-mer homopyrimidine (Bolton 
et al., 1988). Over the same range of oligonucleotide con- 
centration no inhibition of cleavage of pBR328 was observed 
(Figure 3C). Similarly, replacing the inhibitory 17-mer oli- 
gonucleotide by a homopyrimidine 16-mer of different se- 
quence produced no inhibition of SV40 cleavage (Figure 2, 
lane f). These experiments demonstrated that inhibition was 
not due to oligonucleotide binding to the enzyme but to triple 
helix formation at the binding site of the enzyme. 

Further evidence for the involvement of oligonucleotide 
binding to duplex DNA was provided by the use of conditions 
that are known to destabilize or stabilize triple-helical struc- 
tures. Triple helix formation by a homopyrimidine oligo- 
nucleotide involves binding of thymine and protonated cytosine 
to Watson-Crick A-T and G C  base pairs, respectively. An 
increase in pH destabilizes the triple helix due to the loss of 
cytosine protonation which is required to form a C-GC base 
triplet. When the pH of the cleavage reaction mixture was 
increased to 7.9, only a weak inhibition of the restriction 
enzyme was observed at a concentration of the 17-mer oli- 
gonucleotide (100 pM) that gave 100% inhibition at pH 6.5 
(compare lanes d and e in Figure 2). Decreasing the incu- 
bation temperature should stabilize triple helices. At 20 "C 
1 pM oligonucleotide was sufficient to produce 100% inhibition 
(Figure 3A), while no inhibition was observed at 37 "C. Triple 
helix stability is also increased upon addition of spermine 
(Moser & Dervan, 1987). When Ksp 632-1 was used to cleave 
SV40 DNA at pH 6.5 in the presence of 1 pM oligonucleotide, 
no inhibition was observed at 37 "C. However, the addition 
of 0.4 mM spermine under the same reaction conditions re- 
sulted in 100% inhibition (Figure 3B). The enzymatic reaction 
in the absence of oligonucleotide was not affected by the 
addition of 0.4 mM spermine except for a slight increase in 
the rate of reaction (data not shown). 

CONCLUSION 
We have shown here that the recognition of a DNA se- 

quence by a specific protein (a restriction endonuclease) can 
be selectively inhibited by a homopyrimidine oligonucleotide 
under conditions that allow recognition of the target site by 
triple helix formation. Homopurinehomopyrimidine sequences 

are often present within the coding or regulatory regions of 
genes, as exemplified by SV40 DNA [see Tooze (1 98 1) for 
SV40 sequence]. Selective binding of homopyrimidine oli- 
gonucleotides to such regions might modulate transcription 
either by interfering with the binding of regulatory protein 
factors or by preventing the elongation of RNA chains. DNA 
replication might be similarly inhibited. After submission of 
this paper, Maher et al. (1989) described the inhibition of TaqI 
endonuclease and methylase by an oligonucleotide forming a 
triple helix. The substrate was a synthetic homopurine 
homopyrimidine sequence overlapping TuqI binding site by 
only 2 base pairs. In our study a natural homopurinehomo- 
pyrimidine sequence of SV40 DNA was chosen as a target, 
and the oligonucleotide completely covered the restriction 
endonuclease binding site (see Figure 1). In both cases in- 
hibition required concentrations of the competing oligo- 
nucleotide in the micromolar range. We have recently shown 
that attachment of an intercalating agent at the 5'-end of a 
homopyrimidine oligonucleotide strongly stabilizes the tri- 
ple-stranded structure by intercalation at the triplex-duplex 
junction (Sun et al., 1989). This stabilization should allow 
us to design much more efficient transcription or replication 
inhibitors which could be used as tools in molecular and 
cellular biology and provide a rational basis for the develop- 
ment of potential therapeutical applications. 
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