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Fullerenes (G, Cro, etc.), carbon allotropes with a globular
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Figure 1. Photoinduced DNA cleavage bys€and Go. The pBR322
supercoiled plasmid (Wako) was incubated with each chemical in TDC
buffer for 4 h at 37°C under irradiation with a 300-W reflector lamp.
Lanes -3 and 5-6, incubation under visible light irradiation: lane 1,

conjugatedr-electron system, possess unique physicochemical pBR322 DNA with 1.25% PVP; lane 2, with 0.14 mMs&lane 3, with

properties. The biological activity of fullerenes has attracted

0.14 mM Gy and 10 mM NADH; lane 5, with 0.07 mM 4, lane 6,

considerable attention with regard to the development of novel with 0.07 mM Go and 10 mM NADH. Lanes 4 and 7, incubation in the

pharmaceuticals.Cso and its derivatives have been reported to
promote chondrogenesignd to exhibit enzyme-inhibiting activ-
ity® and radical-quenching activifyThese activities may be useful

dark: lane 4, pBR322 DNA with 0.14 mMggand 10 mM NADH; lane
7 with 0.07 mM Go and 10 mM NADH.

in some pharmaceutical applications. Fullerenes are also verypounds such as amirfe&*" antioxidants/¢etc. can reductCec*

strong photosensitizing agehtd may exhibit bioactivity against
biomolecules with light, which could lead to their wider applica-

to give the Go radical anion (G ~) via atype |electron-transfer
pathway. Gz~ generation with light in the presence of an electron

tion as pharmaceuticals. Along these lines, the photoinduceddonor was demonstrated by UWis and EPR methodsand the

DNA-cleaving and lipid peroxidation activities have been stuflied.

involvement of Gy, rather thartO,, in the DNA cleavage was

In these reports, the oxidative damage of biomolecules was recently proposeet. In this paper, we report photoinduced DNA

thought to be primarily caused by singlet oxygé@,) produced

cleavage by & and Gy in the presence of NADH, a common

by photoexcited fullerenes since photosensitization by fullerenes reductantin zivo, and the detection of reduced active oxygen

is frequently attributed to the generation'@, that is, the ground
state of Go (*Cso) is excited by visible light irradiation to give a
singlet excited state'Cqy*) followed by conversion to a triplet
state {Cq*) through an intersystem crossing in high quantum
yield (nearly 100%). SubsequentRCso* transfers energy té0,

to generatéO; (type Il energy-transfer pathwa$)c Essentially
the same process has been noted fgPTPhotoexcited fullerenes
also react with various electron dondr$Cqs* has a higher
electron-accepting ability thatCso, and electron-donating com-
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species (@~ and «OH) under photoirradiation by the EPR
spectroscopic method coupled with a spin-trapping agent. These
oxyl radicals may be generated by electron transfer fragn C
to molecular oxygen, and may be the ultimate active species for
DNA cleavage.

The effect of a reductant on the DNA-cleaving activity ot C
or C;o was first examined using pBR322 supercoiled DNAy C
(>99.98%, Terms) and(>99%, MER) were dissolved in water
with detergent, poly(vinylpyrrolidone) (PVP)NADH served as
the reductant and a 300-W reflector lamp served as the source of
visible light irradiation. In the presence of NADH (10 mM),
pBR322 was cleaved into form Il (nicked DNA) under photoir-
radiation (Figure 1, lane 3 fordggand lane 6 for &). The effect
of NADH was dose-dependent, and no DNA cleavage occurred
in the absence of NADH (Figure 1, lanes 2 and 5). Photoirra-
diation was required for DNA cleavage by either of these
compounds (Figure 1, lanes 4 and 7). NADH should redGgg
(BC7¢*) to Ceg™ (Cy¢7), which may be essential for ;O
generatiort® To prove that @~ is involved in DNA cleavage,

(7) (a) Krusic, P. J.; Wasserman, E.; Parkinson, B. A.; Malone, B.; Holler,
E. R., Jr.; Keizer, P. N.; Morton, J. R.; Preston, K.J>.Am. Chem. Soc.
1991 113 6274. (b) Arbogast, J. W.; Foote, C. S.; Kao, 83.Am. Chem.
S0c.1992 114, 2277. (c) Ruebsam, M.; Dinse, K.-P.; Plueschau, M.; Fink,
J.; Kraschmer, W.; Fostiropoulos, K.; Taliani, @. Am. Chem. So0d.992
114, 10059. (d) Hwang, K. C.; Mauzerall, b. Am. Chem. S0d.992 114
9705. (e) Hwang, K. C.; Mauzerall, DNature1993 361, 138. (f) Osaki, T.;
Tai, Y.; Tazawa, M.; Tanemura, S.; Inukai, K.; Ishiguro, K.; Sawaki, Y.; Saito,
Y.; Shinohara, H.; Nagashima, i&hem. Lett1993 789. (k) Guldi, D. M.;
Asmus, K.-D.J. Phys. Chem1997, 101, 1472. (I) Mikami, K.; Matsumoto,
S.; Ishida, A.; Takamura, S.; Suenobu, T.; Fukuzumi).SAm. Chem. Soc.
1995 117, 11134. (m) Fukuzumi, S.; Suenobu, T.; Kawamura, S.; Ishida, A.;
Mikami, K. Chem. Commurl997 291.

(8) (a) BrezovaV.; Stako, A.; Rapta, P.; Domschke, G.; Bartl, A.; Dunsch,
L. J. Phys. Chem1995 99, 16234. (b) BrezovaV.; Guegel, A.; Rapta, P.;
Stako, A. J. Phys. Chem1996 100, 13252. (c) Stdo, A.; Brezova V.;
Rapta, P.; Biskupic, S.; Guegel, Res. Chem. Intermed997, 23, 453.

(9) Yamakoshi, Y.; Yagami, T.; Fukuhara, K.; Sueyoshi, S.; Miyata].N.
Chem. Soc., Chem. Commur®94 517.

© 1998 American Chemical Society

Published on Web 11/13/1998



12364 J. Am. Chem. Soc., Vol. 120, No. 47, 1998 Communications to the Editor

Ceo Czo a
(0.14mM) (0.07 mM)
- -———————

DMPO-OH
L

sob - + - + b 4 4,

Formll —=

Forml —

1 2

3 4 .

Figure 2. Effects of SOD on photoinduced DNA cleavage by, @nd

Cro. The procedure for photoirradiation was the same as that in Figure 1. W

The duration of photoirradiation was 2 h. Lanes4l, incubation under }‘ L )

visible light irradiation: lane 1, pBR322 DNA with 0.14 mMsgand 10 SJV“ qj \ ‘ T
e \}\ | \/

—TTTT

mM NADH; lane 2, with 0.14 mM G, 10 mM NADH and 0.04 units/
mL of SOD; lane 3, with 0.07 mM & and 10 mM NADH; lane 4, with
0.07 mM Gyo, 10 mM NADH and 0.04 units/mL of SOD.

Scheme 1.Possible Pathway for the Generation of Oxyl
Radicals by Photoexcitedgs§
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of biomorecule Figure 3. EPR spectra of DMPO adducts of active oxygen speei@bi (

. . . . and Q) generated in aqueous solutions @h&nd Go under irradiation
experiments were performed using superoxide dismutase (SOD).jith a 300-W reflector lamp: (a) with §0.12 mM, PVP 0.4%, DMPO

With the addition of 0.01ug/mL (0.04 unitstL) SOD, the 0.75 M, NADH 10 mM (under dark conditions); (b) withe§0.12 mM,
formation of nicked DNA decreased significantly (Figure 2, lane  pyp 0.4%, DMPO 0.75 M (under visible light irradiation for 60 s). (c)
2 for Gso and lane 4 for &). 'O, scavengers, such as Nalg,5- with Cep 0.12 mM, PVP 0.4%, DMPO 0.75 M, NADH 10 mM (under
dimethylfuran, andL-histidine, and BO, which prolongs the visible light irradiation for 60 s); (d) with 60.12 mM, PVP 0.4%, DMSO
lifetime of O,, did not have any effects. Thus, the photoinduced 5.9M, DMPO 0.75 M, NADH 10 mM (under visible light irradiation for
damage of DNA would appear to occur viatype | electron- 5s); (e) with Go 0.12 mM, PVP 0.4%, DMSO 5.9M, DMPO 0.75 M,
transfer pathway in which superoxide £Q is generated as an ~ NADH 10 mM (visible light irradiation for 5 s). The hyperfine splittings
intermediate. wereay = &, = 1.48 mT for DMPG-OH, ay = 1.37,&], = 1.09,a% =

To confirm the generation of £ andeOH, EPR was carried 0.10 mT for DMPQO-OOH anday = 1.57 mT andaﬁ = 2.23 mT for
out using PVP-solubilized & and Go under irradiation with a DMPO-CHs. These coupling constants are in good agreement with the
300-W reflector lamp. 5,5-Dimethyl-1-pyrroling-oxide (DMPO) values reported in ref 13.
served as the spin-trapping agent to des€dtl and Q*~. «OH were observed even at a low NADH concentration (0.08 mM),
was detected by adding NADH (10 mM) and then DMPO (0.75 and thus the reductive activation of @y photoexcited fullerenes
M) to an aqueous solution ofs; followed by photoirradiation should be possible under physiological conditions:~Cand
for 60 s. Four characteristic peaks were detected for the DMPO subsequently produce®H may be the primary factors for the
adduct ofeOH (DMPO—-OH) (Figure 3c). The peak height was biological damage caused by fullerenes under photoirradition.
dependent on the duration of irradiation and on the amount of
Csoand NADH. No peaks (or only small peaks) appeared without
photoirradiation or in the absence of NADH (Figures 3a and b
respectively). To detect the generation of QDMSO (5.9 M) University) for fruitful discussions and valuable comments. This work

was added to the previous mixture to scaves@el. At 5 s of was supported in part by Grants-in-Aid for Scientific Research from the
photoirradiation, characteristic peaks for the DMPO adduct of Ministry of Education, Science, Sports and Culture, (Nos. 05233103,

Oy~ (DMPO—OOH) could be seen instead of those for the 08772053 (Y.Y.), 08878074 (N.M.), and 09772037 (Y.Y.)) and by a
DMPO—OH (Figure 3d). These peaks completely disappeared Grant-in-Aid for Scientific Research from the Ministry of Health and
with the addition of SOD. Peak height was dose-dependently Welfare (Y.Y.).

increased by 6 and NADH. In the absence of NADH, no peaks
were detected for DMPOOOH. Similar results were obtained
for Cyo (Figure 3e).

The present findings indicate that*OandeOH are efficiently
formed by photoexcited fullerenes in aqueous solution (Scheme JA9823969
1)1* Electrons are transferred from NADH to photoexcited
fullerenes and then to o generate @ . These oxyl radicals
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