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The efficient DNA cleavage of $x 174 DNA is observed in the longer wavelength ( >350 nm) irradiation of 
2-(3-methylthiopropyI)-I H-benz[d,elisoquinoline-l,3(2H)-diones la-e, but not in the cases of 
2-isobutyl-I H-benz[d,elisoquinoline-l,3(2H)-diones If, g which is explained by considering the participation of 
persulfoxirane intermediate 4 in the DNA photocleavage. 

DNA cleavage by 'synthetic restriction enzyme' is a recent 
topic in biology and organic chemistry.1 The strategy for the 
DNA cleavage depends on the design of molecules that generate 
highly active species (involving active oxygen radicals) in the 
vicinity of the DNA molecule. Much effort has been devoted to 
the synthesis of highly active ene-diyne molecules which 
generate the n-radicals triggered by inter- or intra-molecular di- 
or tri-sulfides.2 There are also several reports3 concerning the 
photocleavage of DNA by hydroxyl radicals generated by the 
photodecomposition of hydroperoxides. Another approach to 
DNA photocleavage is the use of photosensitizers that generate 
active oxygen species upon ph~toirradiation.~ 

Although there is a variety of studies concerning DNA 
photocleavage by highly reactive oxygen species, there have 
been as yet no reports on DNA photocleavage using sulfur- 
dioxygen complexes which can be obtained by the oxidation of 
sulfides with singlet molecular oxygen or direct photosensiti- 
zation of sulfides with oxygen.5 The reactivity of sulfur- 
dioxygen complexes have been studied extensively and the 
accumulated results Concerning the highly reactive sulfur- 
diox ygen complexes imply strong potential DNA cleaving 
activities. So it is a promising strategy to utilize the chemical 
properties of sulfur-dioxygen complexes for designing DNA 
cleaving reagents. 

Here, we have prepared a series of 2-(3-methylthiopropyl)- 
1H-benz[d,e]isoquinoline- 1,3(2H)-diones la-e, from the con- 
densation reaction of 1 &naphthalic anhydride derivatives and 
3-thiomethylpropylamine, as the candidate sulfur-dioxygen 
forming compounds, and examined their DNA cleaving activ- 
ities under photoirradiative conditions. 

When the acetonitrile solution of 1 (0.1 mmol dm-3) was 
photoirradiated with a 100 W high-pressure mercury UV lamp 
through the Pyrex filter under aerobic conditions, 2 was 
obtained as the only photoproduct. In the absence of oxygen, 1 
did not afford 2 at all even after 12 h photoirradiation. Neither 

Table 1 Cleavage of the supercoiled circular +x 174 DNA (form I) to 
relaxed circular DNA (form 11) by 10 pmol dm-3 of 2-(3-methylthio- 
propy1)-1H-benz[d,e]isoquinoline- 1,3(2H)-diones la-g upon photo-irra- 
diationa under aerobic conditions for 1 h 

Naphthalimide Form I (%)b Form I1 (%)b Form I1 : Form I 

None 
l a  
l b  
l c  
Id 
l e  
If 
1g 

94. I 
84.1' 
74.7 
79.6 
13.3 
38.0 
91.5 
86.7 

5.9c 
15.6 
25.3 
20.4 
86.7 
61.4 

8.5 
13.3 

0.06 
0.18 
0.34 
0.26 
6.52 
1.59 
0.09 
0.15 

a Photoirradiation of the reaction mixture containing 1 and +x 174 DNA (30 
pg ml-1 concentration) was carried out for 1 h at 0 "C at a distance of 10 cm 
from the transilluminator (366 nm, light intensity 1700 yW cm-2 at 10 cm 
distance). b The yields (%) of form I and form I1 DNA were determined by 
a computer imaging system. C The @x 174 DNA (form I) contains a small 
amount of relaxed circular DNA (form 11). 

was 2 formed by standing the solution of 1 in aerobic conditions 
without photoirradiation (7 days). All these results strongly 
support the mechanism for the photolytic conversion of 1 to 2 
shown in Scheme 1, where 1 reacts with molecular oxygen 
(singlet oxygen) to afford the persulfoxirane-type intermediates 
4, which then react with another equivalent of 1 to afford two 
moles of 2 quantitatively. 

As the highly reactive persulfoxirane 4 was anticipated to 
intervene in the conversion of 1 to 2, DNA photocleavage by 1 
was quantitatively studied by measuring the conversion of 
supercoiled circular @x 174 DNA (form I) to relaxed circular +x 
174 DNA (form 11). 

When $x 174 DNA (form I) was photoirradiated for 30 min 
at 366 nm using a transilluminator in the presence of la-e, it 
was cleaved to afford relaxed circular DNA (form 11). In the 
case of ld, the relative ratio I1 : I increases up to 6.5, while 
2-isobutyl- 1H-benz[d,e]isoquinoline- 1,3(2H)-diones lf,g, 
which lack the S atom in the side chain, did not cause any 
significant DNA photocleavage under the same reaction 
conditions; i.e. DNA photocleavage by Id was extremely 
effective compared to that by lg (cf. I1 : I = 6.52 for Id, 0.15 for 

Table 2 Cleavage of the supercoiled circular $x 174 DNA (form I) to 
relaxed circular DNA (form 11) by 50 pmol dm-3 of 2-(3-methylthio- 
propy1)- 1H-benz[d,e]isoquinoline- 1,3(2H)-diones (la-e) upon photo- 
irradiationa under aerobic conditions for 0.5 h in H20 and D20 solventsa 

Naphthalimide Solvent Form I (%)b Form I1 (%)b Form II/Form I 

none 
l a  
1 
l b  
1 
l c  
1 
Id 
1 
l e  
1 
la* 
lbd 
1Cd 
ldd 
led 
lae 
lbe 
1ce 
Ide 
lee 

H20 91.9 
H20 69.9 
D20 44.8 
H20 56.0 
D20 42.4 
H20 61.3 
D20 43.2 
H20 31.1 
D20 23.9 
H20 49.3 
D20 36.3 
H20 84.2 
H20 84.1 
H20 84.2 
H20 63.5 
H20 70.3 
H20 84.2 
H20 84.1 
H20 84.2 
H20 63.5 
H2O 70.3 

8.11: 
30.1 
55.2 
44.0 
57.6 
38.7 
56.8 
68.9 
76.1 
50.7 
63.7 
15.8 
15.9 
15.8 
36.5 
29.7 
15.8 
15.9 
15.8 
36.5 
29.7 

0.09 
0.43 
1.23 
0.79 
1.36 
0.63 
1.31 
2.22 
3.18 
1.03 
1.75 
0.19 
0.19 
0.19 
0.57 
0.42 
0.19 
0.19 
0.19 
0.57 
0.42 

a Photoirradiation of the reaction mixture containing 1 and $x 174 DNA (30 
yg ml-1 concentration) was carried out for 1 h at 0 "C at a distance of 10 cm 
from the transilluminator (366 nm, light intensity 1700 pW cm-2 at 10 cm 
distance). Yields of form I and form I1 DNA were determined by a 
computer imaging system. c The @x 174 DNA (form I, 30 pg m-1) contains 
a small amount of relaxed circular DNA (form 11). d Sodium azide (1 
mmol dm-3) was added to the reaction mixture. e Diazabicycl0[2.2.2]0~- 
tane (1 mmol dm-3) was added to the reaction mixture. 
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Scheme 1 

lg). If the singlet oxygen produced from the photoreaction of 1 
is the sole species for DNA photocleavage, such a big difference 
in the DNA photocleavage should not be observed in these 
cases. These results clearly indicate the importance of the 
thiomethyl group in the side chain; i.e. the sulfide atom present 
in the alkyl side chain plays a crucial role in the DNA 
photocleavage (Table 1). 

To clarify the role of singlet oxygen in the DNA photo- 
cleavage reaction, the effect of D20 on the DNA photocleavage 
was studied. The photocleavage was significantly enhanced in 
D20 compared with H2O for all cases. For example, the ratio 
I1 : I for l a  was 0.43 in H20, while in D20 it became 1.23 (ca. 
3~ greater). In addition, sodium azide (1 mmol dm-3) or 
diazabicyclo[2.2.2]octane (1 mmol dm-3), well-known singlet 
oxygen quenchers, suppressed the DNA photocleavage sig- 
nificantly in every case, as shown in Table 2. The concentration 
of sodium azide required for 70% inhibition of the reaction was 
approximately 1 mmol dm-3 when l b  at 50 pmol dm-3 was 
irradiated with @x 174 DNA for 30 min. All these results clearly 
indicate that singlet oxygen is involved in the DNA photo- 
cleavage by 1. If the singlet oxygen reacts directly with DNA to 
cleave it, the D2O effect should be much greater (several to ten 
times) than that observed in H20 because the lifetime of singlet 
oxygen in D20 is more than 20 times greater than in H20.6 
Furthermore, the effect of DzO on the Id and l g  mediated DNA 
cleavage differed greatly; the activity of l g  was far less than that 
of Id. These results strongly suggest that the DNA photo- 
cleavage by 1 is not a simple photodynamic type I1 reaction. 
From the present experimental results, we can draw a reaction 
mechanism for DNA photocleavage by 1 (Scheme 1), where the 

persulfoxirane intermediate 4, produced from the reaction of 
la-e and singlet oxygen, acts as an ultimate reactive species in 
the DNA photocleavage. 

The present studies revealed that 1, although having quite a 
simple chemical structure carries the two essential requirements 
for efficient DNA chain cleavers: the strong DNA binding 
ability of 1H-benz[d,e]isoquinoline- 1,3(2H)-dione,7 and the 
formation of highly reactive persulfoxirane. Since 1 has several 
advantages such as easy preparation and derivatization, the 
introduction of various functional groups can be easily attained 
as an intercalator or a groove binder (or protein). Thus, 1 
provides an alternative new approach for developing efficient 
photomediated DNA modifying reagents. The present observa- 
tions are also of interest from the standpoint of the physiological 
importance of protein damage in DNA cleavage. It might be 
possible that the DNA binding protein is damaged by active 
oxygen species to form the persulfoxirane in the vicinity of 
DNA. 
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