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Biological Activity of Photoexcited Fullerene”'

Yoko Yamakoshi*?, Shoko Sueyoshi and Naoki Miyata

Fullerene (Cg,, Cy, etc.) is a third carbon allotrope discovered in 1985, and a great deal of attention has
been focused on its physical and chemical properties in recent years. We are very interested in its
biclogical properties for use fullerene as a pharmacophore. We first developed a method of solubilizing
fullerene itself in water to perform in vitro biological screening. The concentrations of aqueous C, and
C,, solution with 5 % poly(vinylpyrorridone) (PVP) are 400 and 200 £ g/mL, respectively. By using
aqueous fullerene solutions prepared in this manner, we have clarified a series of biological activities of
fullercne,. consisting of DNA-cleavage, hemolysis, cancer-initiation, and cell-toxicity under
photoirradiation, and chondrogenesis and inhibition of glutathione S-transferase activity without
photoirradiation. The biological activi ty of photo-excited fullerene was found to be promising, because
fullerene is a highly efficient photo-sensitizer. We synthesized a C,, derivative with an acridine moiety as
a DNA-chelating function and assessed its effective DNA-cleaving activity. What kind of active species is
involved in the biological action of photo-excited fullerene is our next concerns.  Two pathways have been
reported for the photo-excitation of fullerene. The so-called Type II energy transfer pathway generates
singlet oxygen (*0,), while the Type I electron transfer pathway gives a fullerene radical anion (C*™, Cyp*™ ).
In order to clarify the effective oxygen species actually responsible for the biological action of photo-excited
fullerene, we performed DNA-cleaving tests and EPR spectroscopic analyses under several conditions. The
results showed that the photo-induced biological activity of fullerene is not caused by '0,, but by reduced
oxygen species (0,7, *OH) generated by the electron transfer reaction of Cgy*~, with molecular oxygen.
Its specificity is thought to be mainly attributed to the high-reducible property of fullerene. Since the
reductive activation of molecular oxygen by photo-excited fullerene was observed at physiological
concentrations of NADH as the reductant, fullerene can be classified as an oxyl-radical-generating photo-

sensitizer. Pharmaceutical application of fullerene to cancer photo-dynamic therapy appears promising.
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Fig. 1. Chemical structures of Cgp (a) and Cyg (b)
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Fig. 4. Solubility curves of Cgy and Cyp in water with 5%
of poly(vinylpyrrolidone) (PVP)

ODs were measured after dilution with water by one tenth.
The approximate equation and correlation coefficients of
the portions of straight lines are as follows.
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Fig. 5. Solubilities of Cgq in various solution
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Fig. 6. Photoinduced DNA cleavage by Cg and Cyy

The pBR322 supercoiled plasmid was incubated with
each chemical in TDC buffer for 4 h at 37°C under
irradiation with a 300-W reflector lamp. Lanes 1 - 3
and 5 - 6, incubation under visible light irradiation: lane
1, pBR322 DNA with 1.25 % of PVP; lane 2, with 0.14
mM Cqg; lane 3, with 0.14 mM Cg and 10 mM NADH;
lane 5, with 0.07 mM Cy; lane 6, with 0.07 mM C;g and
10 mM NADH. Lanes 4 and 7, in the dark: lane 4,
pBR322 DNA with 0.14 mM Cg and 10 mM NADH;
lane 7 with 0.07 mM C; and 10 mM NADH.
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&t ) FEfEttEn LS50, HEEIZUTHN,
. (LEMILT, REKEE S %0 PVP ZHWTKEL
U7z, #5%% Fig. 8 ITRY. £tk (7) 1% Cy L& (3)
WL, FRIZHEW DNA YIE#EE2RLE. —/RIC,
Coo FEA ORI, A TFOMNHEOETOLBROE
{BCEDE/MFIMETCy D70-80 BERIETTHEND
WEND D, Mk (7) H Cep &k D HFEV DNA YIBHEHE
ZRLECER, ik (7)) o7 2P 2885 & DNA A

acid

51 %

NaN3
—ome | NeCH

r.t.
90 %

Scheme 3. Synthesis of 9-(4-azidomethylphenyl)acridine (5)
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G’O.Q + N3—CIT|

6 16eq.

s
q

5 10eq.
6.6 % (29 %)

Scheme 4. Reaction of Cg and 9-(4-azidomethylphenyl)acridine (5).

1,3-dipolar cycloaddition

Scheme 5. Possible mechanism in the reaction of Cgp and benzylazide derivative.

(4) 5t DNA VIER;ETEICEID 2EHB OB

Nakamura 513, K& Cg 58D DNA YIS OTE
HEORITERZTO>TWS. Tiabb, 10, DHFMEIE
EIE3R0OHZEAPICBIIDEE, BXT, UEE
oEEEREERNL, ERPTEROEEBRRSHE
Z&, i, UEMERIS T UIBRANTH I ED

TR TR ?i
K7 i

- {5,6]-open {5,6)-closed {6,6]-open  [6,6]-closed 5, TOEBRZIZBITSE DNA YIEARES 1 0, i
No. o sp 32 31 17 16
No. of sp® 0 1 0 1 LT3 210,

ABE Co DEMEROENREEZEZLHE, 20
Nakamura 512 & %7t DNA VI EBR O RICRE I N

Fig. 7. Four possible isomeric iminofullerenes

HEER (151 —F) L, DNA & Ceo 3 FASIIEL
FZEICE>TEEMERINAELEEZEATNS. JORBE
&, {EFRIGEICE R, LEEHNRBEHTHD Co TR
ELTHWAZ EIZLD, —[FRVWEMNEEE2HTIEE
MEERTHZENTETHDIEERT.

BT, R 10, NTOFEMBELEASNTERL. Lk
U, £ENTIZAFEFIZIMA T NADH 72 & OB 5TH©R
BHEETOIEERINEETDIENS, TOKIBE
T THEBIERIE Co 05 EDL D BRIFHEHENERT D
ONEFIETHIHENH D, FIZ, JE Cop DEVET

LNEEAD L, BHFEFFET TOIHEBERAOETR

Q o
de QA ® o o~ QS

Conditions

Visible Light Irradiation Dark Condition

Form Il

(nicked)

Form |
{supercoiled)

1 2 3 4 5 6 7 8 98 10
Fig. 8. DNA-cleaving activities of Cgg (6), Ceo-acridine adduct (7) and 9-(4-methylphenyl) acridine (3)
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Rz Typel DRISHETT BAEEHIRBENESZSZ S50 5.
EE, RilZBR/=)E DNA VIBH{ER OMITERIZBNT,
BILAOEET TOHYMEESR S NIERIIZ OHEE
XL, IEHED Bpe ll DT RNF—EERISTERT
% 10, Tid7z<, Bpe IOBFBERIEVEEL TNWST
AR R

F7=, Foote, Rubin 512, 54 F X7 LA F REI Cyif
HikZERL, TOX DNA YIBERORBEA XA
DNTRELTWS. ZOHERE, UEEHIES 7 Z2BER
HICR SN, BEAID 10, ERATHHIFI Y (BT
RIBETIIRWHHEER) REAUFAFIXIVLTFRE
HEIE{bAmENBILAME L THERRFT DL, %
NENDIEEYNERRBRICBOWTREIEEERLZE
WELED, Tiabs, AT AfHIETIRIEKPTOE
B 10, HEAITH 27 P{bF bU UL, DABCO ZEHRN
TEHRTOEROER, YIBHEHIC 10, DEEAREREh
TZDITH L, CoftmETi3 10, 0 EREL B 5N
2. 5, ZORBIIMAT, MR Co DRTEME
BHEEX, SAFIXTUTF RE Cy FHEAEDIE DNA
YT 10, 1Tk BBILIC Lo TRETWADOTRRL, &
TEEDOBWI 7 UHANEFHREELIZ> T 3Co*N
ETFBERIETDHIE, Thbb, sCetic K aBERED
BCRIGICE > TRETWA LHEELTHS.
1) DNA tIHTSRERIC & BEMHE DR

EHEDIX, PVP TKIBIEUTZRELD Co ZHWTIEY
BEEIRLEY. £79°, DNA YIESEAD 10,0 5%,
10, HEFZ2RRACTEML TETOXEETARDIHTHETR
MUz 10, ERELTE, 7PEFMUTL, LLEAF
DU, 25-CAFNT SO0 3 EREAVWEL. ZOZRO
WEANT, T|EBENE (charge transfer type) DIBEAITH
DEFRIEHED 10, ERIELPTWEEZRD. REfED
HBTALF FI UL, EFRIEHED 10, ERIGL, &
TIEBEE R L, 10, %30, ITELa®3 19, i,
LEAFUUBRUL 25-IAFINT T UL, EFRERED
10, IVRISERITIET, 10,2 T5LEX56N0
TWha 107,

P E=Ff0 10, i8EFZEM WS Cy, ColilLkd DNA Y]

NaNy L-His

WIEEBRIERZ Fig. 912RT. BRELT, WiholEA
%, Ceor Co D DNA YIMHEME BT 5 Z &Aoo k2.
Z DFERIT, DNA YIBIEEOFEIZ 10,2885 L TWaTH]
BEMEMMENZ & E2RT.

T, ZORISRICBITBERME LT, BrliEk
BEETHEIA—-N—FFT K (0,)) R ROFIINS
THN (-OH) OMEEHEEL, THhEEHTZED, 0"
EHEETHA-N—FFTRIZALY—F (SOD) R
RIZHEIMUZDREEFAN. SODIZL B 0, DHED A
HZZXKELTI, 0, OFRELRIEE SOD AflifEd s Z
T, 0, DHEE DD O, OFRBLMELL, FORKE,
0;:°& H,0, EORIGHHHIGIEN, -OH AER LR D
DNA U MIflE e &EHEABNTWS, 2D SOD 2/
Wi, DNA YISiOESRRBEO AN Z XA 0, A5
LTWBENEINERARDZENTES. EBHE% Fig.
10 17579, SOD ZIEM LU 7R Lane 1, 3 Tk Form I 24
R DDIZHL, HwMUK Lane 2, 4 T3 Form I1 OERA
ERSNEM- Tz, b, SOD DEHEMTKD Ch, Cro
12k % DNA YISt sl S iz, ZORENS,
0, "DHEREN DNA YERORBICBWTEETH2H
MRE NI

Pk, YR 7 5—1 > @ DNA YIFIcHWT, EER
BRICRETHNBETH S, 10, HEFlOREIR R
V), SOD DFMICK DIEENTFD END, LNIERES
=. ZhooERE, ExHoEERERIEEREICS
FAIEMREER->TWE I E2RET S,

2) EPRIEICELDR—N—FF L RSTANT = (0,7)

DR

RICZOERETHAT B0, FRENFEZFEZHANT
KHETS—L X 0ECHEREEBRHT HERET-
729, ETE—ICAE NIy TRIEMWE EPR HEiICK
D O DRHERA. Oy RBRENEHANTDAINTHS
®T EPR RIBFIRETH 548, T OEBRHETIEIY >V
RS LS FEHZELIERETHET 2 LENDS.
FRIcH U TEEER. AES RSy THIT O, 2HitT 5
2 ETHEIZ O, ORIMNTXS. A NIy THIEL
T 5,5-PAFN-1-¥T Y > N-FF R 1819 (DMPO)

2,5-dimethylfuran control

Form Hl —=

Formi —=

1 2 -3 4 5 6 7

9 10 11 12 13 14 15 16

Fig. 9. Effects of 10, scavengers on the photoinduced DNA-cleaving activities of Cgp and Cyo
The pBR322 was incubated with each chemical for 4 hours at 5C under irradiation by 300-W photoreﬂector lamp (at 15 cm
distance). Lanes 1-4, with 10mM NaN3; lanes 5-8, with 10mM L-histidine; lanes 9-12, with 10mM 2,5-dimethylfuran; lanes

13-16, control.
0.07 mM Cxyg; lanes 4, 8, 12 and 16, with 1.25 % PVP only.

Lanes 1, 5, 9 and 13, with 0.07 mM Cgp; lanes 2, 6, 10 and 14, with 0.14 mM Ceo; lanes 3, 7, 11 and 15, with
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Ceo Crno
(0.14 mM) (0.07 mM)

SsOD - + =~ +

Formll —» NS

Forml — B

Fig. 10. Effects of SOD on the photoinduced DNA
cleavage by Cgo and Cyg

The pBR322 supercoiled plasmid was incubated with
each chemical in TDC buffer for 2 h at 37°C under
irradiation with a 300-W reflector lamp. Lanes 1 - 4,
incubation under visible light irradiation: lane 1, pBR322
DNA with 0.14 mM Cgg and 10 mM NADH; lane 2, with
0.14 mM Cg, 10 mM NADH and 0.04 units/mL of SOD;
lane 3, with 0.07 mM C,4 and 10 mM NADH; lane 4,
with 0.07 mM Cy, 10 mM NADH and 0.04 units/mL of
SOD.

ZHW. DMPO L, Oy DAEY RSy THIELTRD
—BRNCAVSNTVDHRETH DA, -OH EBRIBT S
2%, ‘OH ZHETBEDICZAFIVANTAFT R
(DMSO) ZHEML-EBRBITo 7.

A Dark

WW’WA/\MM/\H\WM

DMPO-OOH _]
[ I

1
noohno o on

Light

Y

DMPO-OH
1mT

Fig. 11. X-band EPR spectra of DMPO adduct with O,""
and *OH generated in Cgy / PVP aqueous solution under
irradiation with 300-W reflector lamp.

Ce 0.2 mM, PVP 2%, NADH 10 mM, DMPO 0.72 M,
DETAPAC 1 mM, in 50 mM phosphate buffer.
Irradiation time: (A) O sec., (B) 10sec. Experimental
conditions: temperature 296 K, microwave frequency
9.394 GHz, microwave power 16 mW, field modulation
0.1 mT at 100 kHz, scan time 2min.

BTFREHEORTHE L TRARNETHO—DTHS
NADH %W, BEEE L TR 300 W ORIENS > 72
Wiz, E£7, Fig. 11 1RTHIFTET Ceo/ PVP KB HRICHKE
WHUECEBESZHIE DMPO IZThT v TURER
ERERT. 10 SHEOXEHIZE D DMPO & O~ DfHM
& (DMPO-OOH) 3 £ TS DMPO & - OH O f fmmfk

(DMPO-OH) ME—7MNRE5hiz. ZORKRIT, B
FFET Coo/ PVPKIBIKICRI B AT 5 &, BB OB
FESTDHNETHD 0,°& OH OB ENEL B &%ER
7.

KIZ, O EBIMICKRINT 228, RIERIZ DMSO %
MUK T %-0H Z2EELRKOME EITo /. BRE
Fig. 121258 9. Fig. 12 @ a (Light) IZRT XD ITHERHT,
BTAIFEET TOHR Cy / PVP KB IZH T DMPO-
OOH ¥ —2 ME5hiz. —F, DMSO IRmick D
DMPO-OH O ¥ —2Z HiF& L, D IZ DMPO-CH; D E—
JHBRIBE Nz, T4id, DMSO @ S I2-OH AL 7=

NADH(+), Cgp (+) a
/’\?TW“WW“WW
DMPO-CH, [—————————
[ L 1 1 ]
Light
DMPO-OOH * i ! —~—
1mT
NADH(~) b
MM
B S o
1mT
Ceo (-) c
MWWWW
——
1mT

Fig. 12. X-band EPR spectra of DMPO adduct with O,-~
generated in Cgy / PVP aqueous solution under irradiation
with 300-W reflector lamp

DMPO 0.72 M, DETAPAC 1 mM, DMSO 3.1 M, in 50
mM phosphate buffer, (a) Cgo 0.2 mM, PVP 2%, NADH
10 mM, (b) Cgp 0.2 mM, PVP 2%, (c) PVP 2%, NADH
10 mM. Irradiation time: Dark O sec., Light 10sec.
Experimental conditions: temperature 296 K, microwave
frequency 9.394 GHz, microwave power 16 mW, field
modulation 0.1 mT at 100 kHz, scan time 2min.
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A O0sec.

30 sec.

60 sec.

120 sec.

et ——
1mT

Fig. 13. X-band EPR spectra of DMPO adduct with *OH
generated in Cqp / PVP aqueous solution under irradiation
with 300-W reflector lamp

DMPO 0.72 M, Fe(II)-DETAPAC 0.2 mM, in 50 mM
phosphate buffer, C¢y 0.2 mM, PVP 2%, NADH 10 mM.
Irradiation time: Dark O sec., Light 10sec. Experimental
conditions: temperature 296 K, microwave frequency
9.394 GHz, microwave power 16 mW, field modulation
0.1 mT at 100 kHz, scan time 2min.

AFNEN—DSCHNAZRBLECZAFLS AN
& DMPO BRI LIEIDIZECBE—T ThHD. N1 —
TZ7A4 ATV 9T 4 >, DMPO-OOH i3 ay =137 mT,
affi =1.09 mT, af = 0.10 mT, DMPO-CH; {3 ay = 1.57 mT,
affi=223mT THY, XL L<—FK Lz XIERHT
(Fig. 12 @ a (Dark)), BTHREGET (Fig. 120b), &
BN, CoEEET (Fig. 12D c) T, E—ViZRSh
hole. Eie, P—2 OB X3, CoidESHRML 72 NADH
BIiz#&k#F L, /=, DMPO-OOH @ E— 7 X SOD DM
(20 units /mL) IZLVELEITHLE L.

LAk, EPRiEZMAWTEIH NADH FHE T, JHE Cy
NS 0 WERT DI EEHER L. FROEREZ Cy /
PVP ZHNWTITo2 & 25, AL bS5 v TRIE Ok
HEBGTEEMH], BITHRE, CoEikEFELTEL, 204k
BREIX CoZRAVAEEELIZEAEEDLRN STz, Cu &
Coy DB ZHET B E, 20 0, ERRICKELE
b2LEZSNBZEHRIRNF—%, ZHEIS—L
ERIZBIETRER, ZHRET7S—L 2 oHFEGRIEEA
ERUTHD7D, LMHEBTFBITERT D 0, HERA
MRICTH-HEB R
3) EPR JEICEZE ROFI NS IHI (-OH) DR

R, KDEHOBVBETEEHRERTHHE ROF

TSIV (-OH) DER%E EPR EZEAWTRE LR ¥,

728, "OHIZ, O MIBEFMICAHLL TERT i8R
{LARKFOT7 b URISIKEDERTDEELSNTNS.
AE kT v THITH S DMPO FAHRD O, -DfiRICSH
HAWoh2RETHEM, -OH EORIBEDHMNE N, X
7=, ‘OH EOFRISTHERT 2fIkIL, 0, &LORISTE
BRI BDAIMELDRETH D, 35T -0 Z2EBE CTRIE
THIEMNHES. fER% Fig. 13 IZ7RY. NADH OFETF
ColteRaT 5 &, MR (0-120 ) ITHKEL T,
RETLOH & DMPO & D MED E— o 258D 5, -OH
MZOERRIIBOTERLTWA I E2mELE. £,
Ceo PIEFE T, NADH OIEFETIZBWTIL-OH 0%
REMESHWA SN, BLE, KiEET, BEBIUET
AGEETTAERME T 7— 1 O 5B ARRBLHITH 0 KIS
DEEASTFHRIBIZH EEI5NS-0H NERLTWS
T EEHELE.

INSOERRE, BrABIUNBEREFEETICBITS

~739—VL>® DNA UIB{ER OGN, REASNT

=10, Ti372<, -OH ® 0, D& S 1B CH OISR R
FHTHLHuHEE 258 <RETS (Scheme6).

5. BbYIC

Ceor Cro BEDT 5=V 213, ERHEOHEETHIZE
T, H=RI 5771 biZb—Y—RERBHLLT—
VRBLEVTBZECIVERRWEINIATLILEY
TH5. LML, ZOROWET, RESROENEEGD
BRECHDVETROINFETDIIEDHSNITERST
W3, 77— 23, RAZQBA sp? kFETHDONL
BRIRBEZLTHY, TORENREECERL T, BF
DOFBLEMERRR2YELENEEEZETSH. 0K
SN RRMEEETS 75— 13, BEEEHELT
SHENSEHZEDTNS., FELR, INETHEH
RENTWENSETS—VOOEMERZHERL, &9
EUMEELTORMAZRNTE &I, 4ETICEVS
Ly TOERERFEMORARE WD ATERICERET
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electron donor

Ceo —'ﬂ"beo*-ﬁgb 3Ceo"

Oz

Biological damage

f
0» [ Oz™ —>__ «OH ]

Ceo * A—A 1Cs()

1Ceo

102

Scheme 6. Proposed pathway for the generation of superoxide radical anion by photoexcited fullerene in the presence of reductant.

HBEEZPTTEMABLE.

FTRINC, EWRREITIOIZITTI—1 2 (Ce, Cro)
OB ERFL, REEHARIEZVEDY R2Z2H
WhalsbiEE Rl ., FEickDEREDT7 5 —V
IKBRETARTHENARETH Y, £< D invitro VIR
BRMTIEEIC o 2. KIZ, TE{LLI 75— DkiEHi %
RWTHAI LB T DNA YIMHEMZREL, Cu BXY
Crold, HEHEHTEIALERFETHERE DNA 2
Vg aZ &8 0WHUE. £, DNAET 25 A L—F
THIERASNTNET I VT B ALK Cyp il
hEERL, Zotathhtd nikAliet DNA VlkiEL %
HiazEzBeMzLiz. BEIZ, ARHETS—Lh
545K 7 5 DNA UG OITRR#1TY, B,
EkEZSNTWE 10, TRAEL, BXEOTFIINTD
JIVE (0,5, "OH) ThaIZEZHoMILE 08
HR 75— oBEBFRERIKERT . 9hbb, 77
— LV REREORENIC L DRA BRI NETLE
NOTVRE=EFREICRD T &0 S, FTFREHEOD
HMBETBBRISICED ZOL S BT OEEREE
MERLEEEZSNS.

HMBHOEZEZANOERAELTE, £TE—ITH B
WD—DTHIHBNEHEIZLENSEANB TSI S,
3, EESMEARZUEMITICREERO L —Y K
ZRHL, T TREZAMBRRISIZE DA AR
Z0ME - BRI EBPETHD. ZOEMIZEDLEHD
SEEELTIE, —E8IC () LENICHRTHS, 2 A
B EENE < ERBIEEESMENEEE (600 - 800 nm)
DOXTERIEZNS, QIRIEBHTIZBWTIIEMEIEN,

(4) HEERMENDD oI enBiFohs, 75
=L, (D - Q) ORBICEBITE<SERL TS,
HDFHBENEFEITE LTI, kada 5D Cq &RY TF
LoZya—nEofmkzRni=mENdo, Ha5m

REEMEEL L OHENRSZ 1M, I75—-1L R,
O A TIEEME 015 10, LU DEREEHDEN
AFVINITTHIVE (0,07, "OH) BELZ I EMSEHN

MRMEARE I N, EEIENEY — REEWTH S.
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