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BREER

Abs absorbance

Ac acetyl

ALA aminolevulinic acid

ALP alkaline phosphatase

APS ammonium peroxodisulfate

BHQ-3 black hole quencher 3

BODIPY borondipyrromethene

BSA bovine serum albumin

Bu butyl

CD circular dichroism

Con A concanavalin A

DBB bis(phenylethynyl)benzene
DETAPAC diethylenetriaminepentaacetic acid
DFT density functional theory

DIPEA N,N-diisopropylethylamine

DMEM Dulbecco’s modified Eagle medium
DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

DNs 2,4-dinitrobenzenesulfonyl

DPBF 1,3-diphenylisobenzofuran

DPP diketopyrrolopyrrole

EGFR epidermal growth factor receptor
EPR electron paramagnetic resonance
ER-a estrogen receptor o

ESI electrospray ionization

Et ethyl

FAP fibroblast activation protein

FRET fluorescence resonance energy transfer
GGT y-glutamyl transpeptidase

GSH glutathione

HER human epidermal growth factor receptor
HIV human immunodeficiency virus
hNQO1 human NAD(P)H:quinone oxidoreductase 1

HPLC high performance liquid chromatography

1ii



HRMS
ICT
LAP
LDA
LED
Lyso
MAL
MB

MEM
MS
MTT
NADPH
NCS
NCS-chr
NMR
NTR
OPD
PBS
PDT
PeT

PIT

PP

ROS

rt
SDS-PAGE
SMA
TBHP
TD-DFT
TEMED
THF
TLC
T™MS

TO

TOF
Tris
TsOH
uv

high-resolution mass spectrometry
intramolecular charge transfer

leucine aminopeptidase

lithium diisopropylamide

light emitting diode

hen egg lysozyme

methyl aminolevulinate

methylene blue

methyl

Eagle’s minimum essential medium
molecular sieve
3-(4,5-dimethylthiazol-3-yl)-2,5-diphenyl-2 H-tetrazolium bromide
nicotinamide adenine dinucleotide phosphate
neocarzinostatin

neocarzinostatin chromophore

nuclear magnetic resonance
nitroreductase

o-phenylenediamine

phosphate buffered saline

photodynamic therapy

photo-induced electron transfer
photoimmunotherapy

pyropheophorbide a

reactive oxygen species

room temperature

sodium dodecyl sulfate-polyacrylamide gel electrophoresis
poly(stylene-co-maleic acid)

tert-butyl hydroperoxide

time-dependent density functional theory
N,N,N’,N -tetramethylethylenediamine
tetrahydrofuran

thin layer chromatography

trimethylsilyl

thiazole orange

time of flight
tris(hydroxymethyl)aminomethane
toluenesulfonic acid

ultraviolet

v



Vis visible

WM weight marker
4-Oxo-TEMP 2,2,6,6-tetramethyl-4-piperidone
4-Oxo-TEMPO 2,2,6,6-tetramethyl-4-piperidone-1-oxyl
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PAAAEL 1981 AELUEE, AAICHRIT 2 5ERIAMLE 1 MO TH Y | milimfbz E2RZER & LT,
PRSI LU CE L HITHEAM LT TV D 1 2020 F421E, 4ERIT 37 HALLERRATE
<72V | FETHREIT H D 22 DEIEIE 27.6%ICDIF S 2, AT H | MNAORBER L O T
IZHEIN Lt TR0 3, A LREERERS (world health organization, WHO) O fH@EHERTH 2 EEEN A
WF9eA%RE (international agency for research on cancer, IRAC) DOHEZFTIE, 2020 4T 5 THI 1930 77
AT L, #1000 HARPATELE L72EHBbD 4 SHIC, #HE L2 183 2ED 5
B 12 PENCBNT, DA 70 mAm OSERNANL O 1 LR 7Z135 2 (L2 HH TS, 2040 4F
WZIE, HEFCTHERICK 2840 T A B AT 5 L HEE S hv, FRIZHBLERS Tl i OFIG 2K
WEZIZBWT, A% OEEbIctEy, DABENRE LIENT 5 L PRI TND,

ZOXEIBRBE RN, DAICKT HInFRIEL TOVREIEO RIS IL, EFERFICEAIITDRTY
Do BUEDONRADIERIEE LT, EIHBFM. EWIEIER LOMHIRER BT b, &6
WYL L LR, HAIEI AR 2 W DA R8E, 0 FARROEE, V| RTE, SufEiRis
REBRETHND, MAT, KT, BHORER SR L, AL LTHVWON 2B O
B LI IN TV D, IERDIRSFEH, FUREIKDIZ), SLE—FES R S oh o7 (R
TFR) EHKO ERREKT, MAEE SR Y. TORBIXZIEIZhE 0 | BRa RRIEEFE - TR
FB (£FVT 1) DOORIFMIEN STV D,

— 5T, B E, FRERE ORI IV i L, BFm O —HEEREEZ R T,
feF7x ERM ORI O L DR TOTZ L X —BEXLEFBEZ 5 S E T EaMTH D, Ak
B2 L0 RS 11X, e i K OOEERLBUSR 72 E DRREGBUS ° D B, Z o8
O EAEIRE Y O R RS L OV EA 1013, X BIZI3ERR ) FEE (photodynamic therapy,
PDT) #1772 LIZFIH & T 5, 1 TH, PDT IE, KM T & b—W— % 7 2R E BE
R A BRI IR FTRE R IR B E OVER FIE CTH D, HARIZHB W TR, RIS A, RIEAE
BN A, ROEBBHIE DA, FESERPIN AR L OB 18, I SEBEZSMERE 19, 3 X OUsURME
FEMEMAIESES . Nz CL 2015 TV, AL P RO BIRIE £ 72 IO BRIER. O JRPTE L - A3 EE N
PN T DIRRICB W TRBREH STl 2, L Db, BDABREDOZBFIZEBWNT, BTt
T DHERDOABLTITCIMRIE, BHERE L X R 282XV T 0 L LTHE IR TV S,
L2 L., PDT I S5 BEAF O MRSy 113, TSRO 272 &P IEF I S IRV IAE
LI, Ffih, BEORSCEE e EEFEMILICBREINRNE D I NN—TH-> TR#ET S
VB  % 1820, iz T, PDT 6% b KEEELENLTIC & 2 IEFHE~ORIER OtBEuiE)
Ol ZT oD, HEE~OREPN LI TH D 1820, BIRAITIL, BEIL, S 103 KA
WCHEH &I D ¢ 2 R ~EGRR., Y —T U EE W THRREZ K R LN Tl 24
ERH Y OJORBUENHRE b IMEDOBRIT R 2k T 2720, 81, TR R0
KOV 77 AOFEMPHER SN TND, 2D X HIZ, PDT OIREEMCIER NSRRI )
BThoH—J, JSLMBUEDORIWEMIL, BEDOAEFIZZRARHNE G570, 26 MBEOMER
PRO BTN D,

Z DIRRD T A2 IRFZEN 72 STV D08, RERRFIED—D & LT, JustfZi#iE (photo
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immunotherapy, PIT) 232 515 ', RFIETIL, DAMABICEFEIFBL T D4 N7 BITFR
BICHRE G 2F /7 o —F LRI U, &Sty 1 2 856 LI huA— sy FEe k%
A, B~ OERMEZ R E X85 2 & T EFHBRA~ORNER O Z R LT\ 5, 2011
B RSB, ERRER 521K (epidermal growth factor receptor, EGFR & 721X HER1) (Z45F5:
ISR A T2 =Y L~ T7 HLHWEE b ERERTFZSK 2 (human epidermal growth factor
receptor 2, HER2) ICHFRMICHEAT D F T AY X~ T oxt L, BEZMESFThHH 7 EZny 7 =
»#FEK IRDye® 700DX (IR700) Z3H#S L7 fiik—ls ity G R A% L. EGFR &2\
< HER2 i@ REIFR B 2 HEF L7~ 7 2% W T, in vivo IZE W TRE SR DRI HHAR L & 3R
BNCEER L. 2hRAIRIBRANRPEGOND T LA EFELZ 2, S 61T, 2020 4, UKD EZER
L7zHtt b EGFR &/ 7 m—FAgifkt Y ¥ ~7—IR700 &tk (BYX~7 Hmrny
YR DLA B T XYLy 7 AR BRERICEBW T, YIBRREER RFTHEIT F 71X R AT
DA /TR LT, S & REIEGE S, IGEA s ST\ 5% (Figurel) 3, ZD X9
(S ERREIE, PDT ORBAUGE LI FIEL L OUAKEH SR TV D, Ll AFE
E, PURZ DT AMIR 258003 2 72D, BRI RTREZ2 W E 23l i D 7 /37 B e SIZIR
Hav, M OBEIFEBIRN 212 L35 2 L IINEETH D,

% y SO;3Na
| . ﬁf _
o O/Sl'\/\/N\/\/SOS
Bt M AN 7\ \_\>SO N
\n/\/\/\N 0 0 N PN sNa

H AR

© |
I ,N—sl,i___—N\ I

N NN
e SO;3Na
o +ﬁr _
Sli/\/\N/\/\SO3
SO;3Na

—h (n=23)

Figure 1 ©V ¥ ~7 YuoruhF I on (s 7TXFx by s 2A®) o2

— 7T, G~ OEREME DM E T PDT ORWER AR L X 9 &9 2 s ifiis & i3no 7T
a—F L LT, RS ERSEESESr 7 (activatable photosensitizer) 723{EH SAL TV 5 24,
AoFIE, HEZMDFE2 70 BT v 7L LTALEM TH 5, 1ERD IS 1T, Jesse
25 T2 ON) Th D —F (Figure2a) , RIS ZEADCESZ S 1L, £ BIRO NI OFF
Th O, EEABICRRIITIRREIEBLT 551 4~ — I —(THE L TR D ON T 5

MG AT, B DU ij‘ﬁf‘z”“fiﬂ ON Th 2 MEZM N+ a2t T 50 Th b, D120,

%ﬁ% WDLiMh IZBWT NS MEIL OFF O £ THh Y | SEBHUEOIH A &S
o 7. TEEREARIC AEND LR F~— T — L S U THREZEN ON Th 5

‘réiz %’/ﬂﬁ& &;év\i;'nfwri P AT BT, ISR R D\ 2R IE S R &
LBieZ LN TE D (Figure2b), & 2 CEHIL. Hil- e linER N EZ My 2T A L, £
ODAERMEFIETHZ LT, KRFBICIDEERGHABICKESSEHIRTE 2 5 2, HEZMHED
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OFF/ON % il FTRE 7287 72 72 SO ME 3 F DOBRIR & | SNy 203 AU S FE B~ 5 N
A F~— T — & DISEFNL 2 A+ G- U T RIS B RO 5 ORI 21T > 72,
(a) Phototoxicity
/ ‘ Photo-
Tumor tissues irradiation
Ph it ® o i
otosensnltl.ztlers - s‘ ® ® Photo.
Photosensitivity — irradiation
“Always ON” Normal tissues i
=Side effects
(b) ; Phototoxicity
@
/ ‘ Biomarker ) P'&?t?'
Tumor tissues Irradiation
Activatable \ o v & “-J' -
photosensitizers e @ Ph = ®
pPIL AP A _ Photo- SOV
Photosensitivity “ ' irradiation
“OFF” Normal tissues OFF =Reduced
side effects
Figure 2 (a){ KD A ME Sy 13 K ONb) RIS BB B 5 112 K 2 et R 8l




F1E ABEHEEE
1.1 ARBRZHESF

TR ME 1, FEEW B O YRS K 0 bl U, o ORI oy 1 2151 FEFE (reactive oxygen
species, ROS) ~& Z8#a34 %, ROS & 13, R 10> B AR T D SSHED BV MEFREORBFF TH 0 |
Flc—EHEBE (10) RA—SN=FF L FT7 =4 (07), BEb/AkHE H0.), & FrX T
v (COH) NETFHND, RSy 112 K D ROS O M % Figure 1.1.1 (2733 2526, S
JEARFBIZ & 5 B ORI LV b 972 &, —HIEREIRE L 22 5, F D%, HEIAL
ZET XV R R e EIEE IR B L BB T D, 2o ZHIEAREIREEIC & D RS M T
N, FJEIREEIZ & DD SRS M 0, I, AR OFE 2 ORI EnG, —EFE%
TED, HDVITIKERFEZF SRS LT, FVINANRLTVINAF U E2ERT D, ZnHD
TIOANRT VINAF T, BEHIEAMOmHE 1 L O L, R bH 5V Tk S il o
WEICEBINTY, BESFIC—BETE2HEZDIETA—IN—FFY RT =4 OAME G &
I, ALTA=R=FF L FT =F 133 612, AN X 0 iRtk FE 2 52, g
{bARFIE, EENOERA 4 (Fe*) ROFDMOEEA 4 & D Fenton ST, B Ra¥xr 7Y
ANEG 2D, ZDOXIRTIHNRT T HNA v EfRH LTS 112 K D ROS A ik
% type | HtE & PR, Fio, ZHEFIRED NEZE S 70 b BRI ECRIE DR T /3 1~
DEZRNF—BENEZ DL, —HHEBELENT D, ZOX) Rz VF—BEIZ&%&H L7k
By 112 X % ROS LR % type 11 HEME & PES, = 9 L CTAERK L7 ROS %, EEfeC4 v X
78, BFEH, NEE 72 EARN OB 2 IO LI 7 A — Uk b 2 MifasEE B & 2T,

1 S*
Elecre, 4

Ogen agansfer

(Type /)StraC’iOn
C
2 g Substrate Radicals or
s||a. radical ions
3118
< o .

0," - H,0, — "OH
302
'S
1S or byproducts
(S: Sensitizer)

20," +2H*

H,0, + Oy

Fe?* + Hy0, Fe3* + "OH + OH

Figure 1.1.1 RS2 M5 712 K A UG MR F2FE D A8 sl g



1.2 ABRAFREICERASINATOWAIARZHESF

BIfE, PDT AONESZMED 1 & U CHIRARE STV D RS FIX RIS LT 0 U U Rik
GE¥TH% (Table 1.1.1 3 LU Figure 1.1.2) 7%, F—ARD PDT HEZMESFTHLRNLT 4
~—F RV DL (74 b7V X BAZEDHAKLECHAARINLTEBY, HATIE, 7
WA, RIEAIEN A, RIERME N A, FESEOIIN AL XL ORI 25 PDT (2

BWTREREH SN TS 8, LL, 1I3ETHRAETDHE I, A7 4~—F MU v L300
HEUE O RIVEH 23 BTk S 5 728 %%@@Em@ﬁ%ﬂnﬁ’m#% ICRED o7, T O R
T 5720, B MO PDT HEZ S TR 2 E TICEZ R S, 20— IXERAR S
THASNTWS, BRIZBWTIE, TRV 7 4 F hI UL (L7400 0®) 230 B
Aoy JRORSPETEMEIMIES . 35 K OMB 2 BRI A & 7o 1 B IR 14 O R PInE ik - B8 RIE NS AT
%425 PDTIZBWT 2O, ~LTHRLT 4 v (BERAZAUD) Sl s B A MAEIC %95 PDT (25
WTRBRIEA S Cnd 19, /A Clik, 3 —e v i2BWnW T, TERILT 4 (Foscan®) /35
URNLT 4 (Tookad®) MEFEDNANIKT D PDT ICHEEAREATH D, £, EEZMED
F7ua hFELVT 4 U IX ORIBATH S 5-7 3/ L7 U U (5-ALA, Ameluz®, Levulan®) <27
R LT VATV (MAL, Metvix®) 1 3HESMTIBWT, 2SO HLABIEIC X35 PDT OEAi
WL LTHERAGE SN TS, 2B, 5-ALA [T HARIZBW T, H%Hj’érbi‘/u%ﬁf@frﬁﬂ%}:%ﬂi@%*
L LU TORBRAGE TGS 0, LLEOF AR PDT JEEse Mo 113, B—iRor L~
A~—F MU ULLHT D& RBEUE ORI 2R Sz b DD, *nzﬂ;ﬁf”ﬂ (T EUE
DORFAE LTHRK O 5 EEZTL2MERH 0 | KR E LU COLBBYEDBEIERI3MR ST
VN3 Figure 113 (R X 912, BUEERARER T O PDT MM 038 2 —J57 . JLImBUE % i
RFTREZLHT =72 2 A T ORIESZNE T OB N RO BTV D

Table 1.1.1 FERAGRHE A D PDT H M50+

Photosensitizer Treatment Indication Route of Year Countr
(Trade name) wavelength administration approved y
Porfimer sodium 630 nm Lung and esophageal Intravenous 1993 Worldwide

in® cancer including Japan
(Photofrin™)
5-Aminolevulinic acid Topical, oral Worldwide
® "o 635 nm Actinic keratosis or ir?trav‘enous 1999 (Only for diagnostic
5-ALA (Ameluz®, Levulan™) purpose in Japan)
Methyl aminolevulinate, Actinic keratosis, . Worldwide
ix® 635 nm basal cell carcinoma Topical 2004 Not in Japan
MAL (Metvix™)
Verteporfin 689 nm Age-related macular Intravenous 2000 Worldwide
i ® degeneration including Japan
(Visudyne™)
Temoporfin 652 nm Head and nec!( squamous Intravenous 2001 European union
(Foscan®) cell carcinoma
Talaporfin S?déum 664 nm Lung, brain and esophageal Intravenous 2004 Japan
(Laserphyrin®) cancer
F(’_?_de:('p;)r@ﬂ;] 753 nm Prostate cancer Intravenous 2017 European union
ooka




NaO,C CO,Na

Na0,C o CO,Na
o)
O n = 0-6
R

R
R =
NaOZC /;OH or //<=

n

Porfimer sodium (Photofrin®)

o
O\H/\)J\/NHZ-HCI
o

5-Aminolevulinic acid (5-ALA, Ameluz®, Levulan®)

0
GOMNHIHC' HO,C CO,Me MeO,C CO,H
0

and the enantiomer and the enantiomer

Methyl aminolevulinate (MAL, Metvix®) Verteporfin (Visudyne®)

OH

HO

OH

HO

Temoporfin (Foscan®) Talaporfin sodium (Laserphyrin®) Padeliporfin (Tookad®)

Figure 1.1.2 A AZRH D PDT ARSI+ Db A%

OCgH13

2-(1-hexyloxyethyl)-2-devinyl
pyropheophorbide-a (HPPH, Photochlor®) Redaporfin Rostaporfin (Purlytin®)

Figure 1.1.3 FEARRBRELE D PDT ARG MESY + Db A%



2+ 2CI°

S G
| e

TLD-1433 Pc4®
OH
L) :

T 0
HO ceHwoMNHz-Hm
% -
) 1 °
&\ \/N OH O OH

KO,S

0O O

T

Photocyanine® Hypericin (HyBryte™) Hexaminolevulinate (h-ALA, Hexvix®)

Figure 1.1.3 ERRREREME O PDT AL 7 O (i)

1.3 RBHFERE & KBBIE

PDT (2317 HIE% IR X OYERBUEIZ X 2 BAEOXRICE LT, AR TERINLTWDHR
NT4~<—F R TLABBIORZTRLT 4 F B UL EFNLLFITHRRD,

TRIRTFIEICB LT, 908, ey 7% TICHIRNERIC L v %542 (Figure1.1.4), 7~
N7 4 ) UREEIENAERIC, HORREOMIBHBERMEL G T 2720 2, HEEHERkE 20
L D IEF AR 31T 2 WS M F OMRENIRE D ZENR KR EL Ko A I U TR AFHS - TR
B L— Y — IR Z1T 0, BT 4~ —F N U U AOLEEIE, FEIRNTES O 48~72 IFfi#4 .,
B2 THRNT 4 N U AOEEIE, FARNTES O 4~6 Fifiitg (RS MHEEMEMESIRRE D% A 1
22~26 fffT2) 1. WHREDIRD 2 WITRE RO L —VF —RREEE L VT, b—— g
ZFEMT D, PDTICHWHINLD L —F =t RIZFIC, AREEMES V& 45 600-900 nm
3 (ki &> T, 600-800 nm'®17, 650-850 nm?4, 650-900 nm33, 700-900 nm?® 72 &) TH 5, A
FELUTFTIE, AEAO~NEZ B2 SIC L D HOWINOFENRKE < RERL ETIE, 4K

seflgi(iit;e rs % ﬁ% A }\

Injection of Accumulation to Photo-irradiation to Destruction of
photosensitizers tumor tissues tumor tissues tumors

Figure 1.1.4 PDT OG5 FNE
8



N DKIZ K DD DFEEDR KR E N2 | ARSI “phototherapeutic window (ERD )"
EFREN TV S, FREHRRICIT 2 R BEIk OO FEEERE X, 633 nm (23T 1.7 mm B X
O 660 nm (ZHNT 1.8 mm & 7§25 W& 36 0, MRk I TOXDTRED 37%IZ IS 5 Ml
630 mm (ZHBWNTH 1-3mm ETHHREF B3NS D, Kv7 4~—F N 7 LADEE, 630nm D L
— W= A RIS U C 100 Vem? BRI L, # 7RV 7 40 U b U LADOEEIL, 664
nm, 150 mW/em? O L —%—>4 100 J/em? (FHFIFHE: 11 53 78) & 50327 Jem? (BRI 3
5y) BT 5, ULEO XD RIRRIZ LY . DAMIZ ERESER S T2 0 | EEAERN Oy
ICBEE % 52 TRBOREBESOMBEILET 21E0, ZOXHITH A=V %% T2 AR
720 T A MBRRE IR L2 0 . B L7203 5720 RIERISATHE S Clilast % 5]
ol 1537

LU, 12 HiCilk_7238 ¥ | PDT {23V TG BUE O BIVE R 23Rk R E HE R E LT
BENTWD, £9. L—F—REFHCIIT 2 MBBUEDOX K & LTI,

- BEOIRSCEEDNITIRBE SN VE I NN—TEI R EORETEA T 2 &,

- BERCAT O T AR E R MR E 5 2 &,

- B D ELE SN O EF AR~ O SCRREIL, A2 D KO ITEETH 2 L,
WET BTN D 1820, RiIZ, L—F =% O BUE ORI R & U CiE, s+ 03 st
WCHE S D ECo—E MM, XD —T EEZ AWV TREZ K T L2=N Tl 23 L ER
D, HARRZIE,

s RNV T 4=—F NI U ADOYE  EG5HDRED 1 PAMITERN LB LOERA X v RE
DOEFIEERET, HRVERN (100~300 L7 A) TilmZ9 2 &,

cBIGRNT 4 S MY U LOGEE - 5% 2 ERITER B YA, #EE T —T AR
THAEE 500 L7 ALLFICHRE LN 2k, /2, &5% 3 BMIY 77220005
N
LEINTNWD, Mz T, Ei#ifmtt, SICHEE S BRIOLREUE 2 FIET 270 & 5 2,
TR FEGMICES Hota Y TR 2, BRI,

c VT 4w —F N T LAOHE NS 1 A RBR IR TEIT A ES AT 5 g
B S L& BB S O JGREBUE A R LI acid, & 512 2 BEMEH B s X O
ZWET, BENRALNL D CRBRORBR 2 KT L,

s HTHRNT 4 VT N T ADYE - EEND 2 BRI TFEY A EN BT S
FINREE SH7- & & | ALBEO /KIS OSRBEUE 2R L2541, 612 1 EFES AL 2R,
B BRLNIRL 725 FTRBEORBRZ MV IKTZ &,
EEINTWD, EERIC BBz 3 282, fl2X, FOFIZ 2em WO E BT 7=
PEFARZ A Ui NR O FREHHPH CRBR T 2 B0 8 E ST D28 38, SEIBEUE O f 12 FEHE
WS 2 320 L CRBR T 2 BN S 5720, BEOKR~DAHEZBNDZ L &5, £,
BUE DIER DK% bR G% —EHE (TR L7 400 F U 7 AOEAT 4 BE) LINO
SHOBRIT, KDtz 2720, 187, FR RUMOLKEB IOV 77 205 AnlEsh
TWo, ZOXH1Z, MBEIEORIEMIX, BEOAEEICZKRRHNE G2 570, ZHRE
DFFRNBERD BTN D,



1.4 RIBGEHEEARZESF

JERBUE DR DT, &V DT i, RBUSERDCESE M5y F DO BRI G IRIIZAT O T

% 2%, RS BRSO T A U HRRS & L TIE I

1) MRS IS, A A~ ——TUllralRgZe U /7'J~75:ﬁ|\ L TR 2R L, A A~
— N — & DROSEIT, O ERT RLF—F#) (fluorescence resonance energy transfer, FRET)
MEZ BRI H T LT, ﬁ'ﬁ’?ﬁﬁ‘ﬁ%@@ﬁhé Fiho

2) NAF—N—LDOKIFTEY, XFEEETHEE (photo-induced electron transfer, PeT) M3 2
LD LT, %EZ?T@E%@@'T%?/&

3) ANAFV=H—LDORIRTEY | WIERPRBRE Y7 b Lo, 2 WITRIEEERICHT-
fi&ﬂlfrﬁ%ﬁﬁé)‘nﬂz%fﬁi %%ﬁﬁﬂj L. A A ~—T1— & ORISHTE TOWIEEE 72 H

AN A =T — & ORER DGR NEy F A B U 3 D Tk,

4 A 7]“?_7‘\7_&0)&5? X0, WS FERET 52 LT, HERZEDO R LS
. ROS 2T 2 DI E 7R = IR EARE~OBB LR 2 R/ S5 Tk,

5) DNAZA & —J1 b — b LTRSS E 2 R 3 S My 0, SRS ER LRI LT
WEZ ST 72 STkt LT, WhEEZbS LA F~— T —IbE 2 EA L, A A~
— A= E DRI LY | JTEOYMEZ RIS 2 BT 5 Rk,

R ENFET B (Figure 1.1.5) , W < D2 OFEHO LR M5 %%%Kﬂﬁkbf Gl NSty o

M F OB EMR I N TS, Ll DD K D 72 RS M7 T I TE LA & 8 - 2 Bkl

FRET
Bio-
marker
EIOFFJI “ON”
Cleavable PS: Photosensitizer
linker Q : Quencher
2) PeT

Bio-
__marker Q
+

“OFF” Biomarker-responsive

PeT doner or acceptor “ON"
PeT
Bio-
marker Q
“OFF”’ PeT doner Biomarker- ‘e 59 No Ionger
or acceptor responsive ON PeT doner
moiety nor acceptor

Figure 1.1.5 BIBUSERDCRSZANE 7 F O T A ki
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3) 4) Efficient intersystem
Differences of crossing
“ON” absorbance Sy m— » 4 S
= U A ! py—
2 Selective —_— T
g . . h 14
= excitation hv
§
“OFF” | S m— Sg =—
% “OFF" . “ON 7
Wavelength [nm] | Biomarker
5)
Biomarker-
responsive )
moiety Bio-
a marker J
Q:x T P —
PS PS
‘IOFF’I “ON”

Figure 1.1.5 FSERSCESZ M1 O T A g (i)

T, TONEZ IS T E I LT, D ERRE <D b, HEZES TB LU0V, 4~ —
T —WEEALIZINZ T, AN EHT 252 & T, ARNTOA 7 2 =5y MR EE D RN
bD, iz, 2)-5)OHIZIE, RBISER LS & LT S v Tnzaot s okt L, EmRA
AT D Z & CRIMISE RS CRS Mo TACEB LT3 2 < | RSP OFF/ON % il fH Al 6
PRI MGy 1 DBRFE IX, D OFF/ON Z il AT RE 72t a3 IR E L TV D O MBUIR Th 5,
ZD7, WIESZNED OFF/ON % il A §E 72387 72 2 FERE D YIRSz M5y 1 D BH%E & RIS AR I
ZVESF~OICHIE, FRAIC b EHELAB~DISH OB AN B AEHTH D, LTI, ZhE
TITBASE ST S B RS M 3 7 Dl A iR R B

1.41 RILT 4 ) OEZEXREEKE LERBEERNARZESF

2009 4. Zheng HlE, WEZMS T+ THHER 7 =4 H/LE R a (PP) & HEH BHQ-3 & %,
HRMESE I RTE (L & > 237 & (fibroblast activation protein, FAP) |2 &V B BRAICHIKT S D7 2/
FERLH 2 & A T2 ) o T — Tl U 7o fIS S B RS 5y FAP-PPB % #ids L T % 3° (Figure
1.1.6), FAP &%, i LIcEET 28 o7 maF 77— ThHY ., b b LSBT0 A
R ARAE I BV Tl RIS L T 5, FAP-PPB (., JEIREIC L Wbk, v o7 =4k
v RKa 75 BHQ-3 ~® FRET (2 X W {EET H728, HEEZMEIX OFF Th b, Ziuzxt LT, FAP
WZ& 2V —Ul%iE, FRET N Z 672 < b7, JEEMEN ON L7825, 670 nm DR
RIS DR & 340 L7255 55, FAP-PPB /%, FAP iz &% Fh I A7/ a LT
VeV HEK293 fifid & el LC, R T > A7 =7 ¥ 3 > L7 HEK293 HifEiZ st L CREeIR A 72 Yol
fadEZ BT 5 L ZH LN Lz, L, ZOBRMEOREIITERENE STz,
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Photo-
sensitivity
“ON”

Quencher

Photosensitizer @\
= Itl N

Photosensitivity

H
| — — —Glv—
“ 2y _N N-Thr—Ser—Gly—-Pro
OFF g
N

i FAP
o ' e
. FAP-responsive moiety N @\
N
o H H NTS
N-Thr—Ser—Gly—Pro—Asn—GIn—Glu—GIn N N
g j\/\/\/ T

07 NH,

N
il

FAP-PPB N
we
Asn—GIn—Glu—GIn HTH)
om ©

Figure 1.1.6 "/V 7 ¢ U U % FARER & LTz FAP JSERDGES: %4y FAP-PPB

2009 4, McCarthy 5%, JEREZMED +THDH RN T 1 U U iFEK 4-mPEG (2, 2N AMMARIZE
FIFHT L7 NVEZFF o (GSH) I8 ET 5 24-V= a2k =/L (DNs) HEAEBAL
T FS I BT SR ME 5r - ASAM-mPEG % #i75 LT % 40 (Figure 1.1.7), DNs %&i%, GSH 72 &
DFF—IVIREEHAL TH D & & BT, PeT 1T WA B T EMEET S5 Z R B ERTW
% 4, 4SAM-mPEG |, fRW—EHEEREAERE FICE (0a=0.07) ZRd—FH, FA—LEDK
JERIZAERT D 4-mPEG 1%, W\ —BHIHBEHFEAME IR (0x=0.61) 27T 2L E2H LML
TV, L2rL, 4SAM-mPEG DO TORNEIZH H I S TVRLY,

Glutathione-
responsive moiety

“’OFF!I

-0 \‘
O,N NO,
4 ]@/ +450,
Gs

4SAM-mPEG / 4-mPEG

Figure 1.1.7 "RV 7 ¢ V) U A FEAEK L Uiz VIV E F 74 G ER&Z Sy 7 4SAM-mPEG



1.42 730 7V FEXREREL-RBRERAERZMEDF

2014 4E, Ng Hl%, WEZMESF+THLH 7 X2 a s 7 = FEK 1 NET DK, 22 F4
> (GSH) JWEEMLE LT 24-P= b _ P Z2/L7Rk=/L (DNs) FEZ 8 A L 7=l s &0k
MG F 2 A LT D # (Figure 1.1.8) . 2 OGRS MEIT, PeT (21 Y OFF ThH 575, 2 1% GSH
EROE LT, mW—EHHEERERAREL R T 12 T2 22BN LTS, EHIT, 213k
N FLAS AR MCF-7 (2%t L, JERRET (> 610 nm) FIZHWT 1 & %O @ b ErE 2 R
ZEERM L, UL, 2 OIEFEMICKRTT 2 Mg G i3 T - T 53, ML T
BRI 2 FE BT 2 NI DN TV L,

1 s “© e
Photosensitizer OFF ON
Q\ Glutathione- Q
y /N\ N responsive moiety ; /N\ N
| fozlnf N NO, Glutathione (GSH) | N"Zln e

/ N 2 Y TN
| ot l OH
N= N _N o N=-N =N
NO,
= O,N NO, =
5
GS

Figure 1.1.8 7 ¥ 07 = Z HARE & LTz TV E F 7 VR ERSES M5 1 2

1.4.3 BODIPY ZEXEHKE L-RBICER ARSI ELSF

2005 4, O’Shea HiE, WEZMEY T TH 57 V-BODIPY #FERZ AT & L, AAMIED
WUNBRBECTH DK pH ([IGET DL E LTV F T 2/ Al U i s B Az My
T4 ZHELTND*? (Figure 1.1.9), 4 1%, FHESEETIEIM T 7 M ALINIREET, BT 5
BRI D T P -BODIPY ~0 PeT (2L VLTV D 23, NAMIIZEIT 2K pH BREEICK D |
CIFNT I N Ta hALEND L, PeT MR 572K 220 HEZMEN ON I/ D, Lo

LowpH- =~ ™
responsive —_N
moiety

Photo- Br
sensitizer

ttOFFJJ

Figure 1.1.9 7 #-BODIPY % EA G & U7 MK pH ISR 51 4
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L. 47%600-750 nm OIS T, IEE MBS L COBMIEIEZ BT 5 2 LR Shiz—J7,
D3 ARERE 3T D AR M E A TH 0 . M RERIVEIZH] & 22 STz,

2014 4=, Akkaya 513, ARG EREE 0T & L THE STV 72 BODIPY #BE R # % 3L
T TR AN LRSSy T IS A H L7 BODIPY #FiE(k 5 ZBAR L, 51Tk L, J V¥ FF
> (GSH) IGWEENLTH D 2,4-V= b _¥ L ALk =/ (DNs) k%85 U 72 05 278k

YT 6 ZHAE LTV D 4 (Figure 1.1.10), 6 O —FHIFEFERFE LML, PeT (X VY OFF THDH—
J7. 61X GSH & UG LT, JSEEZENR ON THhDH 5 ZAEKT 22 L 26N LTS, AT,
6 Ot MR AMIAE HCT116 3 L OVEF ML MRC-5 1Zx3 2 JeHifadtE %2 625 nm O YEIRET T

BUWTHH L7258, 61X HCT116 M@ IRA 20wt 2 BB+ 2 2 L 2 A LT b

ON o 0 Glutathione-

/©/S O responsive moiety
Photo-

ttOFFJJ
sensitizer

Glutathione (GSH)

Figure 1.1.10 BODIPY % HAES & LI 7 W F4 VIRERS S ST 6

2020 4, Zhang 5, BNEUISERIE Sy 1 & L CTHE S LTV 72 BODIPY B8k 4 lzxf L, =
U RIS Z BN LTRSSy 1 CTdh 5 BODIPY B8R 712, M AMBICEEIFEH 425 H0, (2
U CISET D EFBREA R VBT AT )V A i U RIS SRS 5y 1 8 A L Tnd 47

(Figure 1.1.11) . 8 DG ML, B =70 AHELIZ L 2 PeT 2RIC K 0 #f STV D

H,O,-responsive o*§<

Photo-
sensitizer

Figure 1.1.11 BODIPY % FEAEHE & L7z Ho0, B LIS 451 8
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ZHUSKE U 81T HoOr &% Z & TOEZMEOm E L2 T 222 L2 R L TnD,
512 8 D 550 nm OIS FIZHIT D MR ML HCT116 35 X ONEF Ml NCM460 (2%t
T2 NARRR AR A AN L 7RSS, 8 X HCT116 Ml L CRINW 2B S 2 BB 5 2 &
ZASITLTWS,

144 L/ A—FIVEERERELIE-RBEERNARZEDF

2014 4, JHEF HI1E, BRSO OFF/ON Z il IR 72 JEse MEsy & LT RS B 5ot oy

FELLTHREL W =X I VB R B ORNBREF2ERFThoE LU RFICEBR L
HMDESeR % Bf%E L., JNEA MM SICREIRELT HB-T 7 7 N X —BILINE T HB-H T 7
F— A% HMDESeR (23 A U 72 RIS E RS M 57 HMDESeR-BGal % #tdy L T\ % 4
(Figure 1.1.12) , A%5F1%. B-H T 7 + & —F & ORI TO., A pH 2B T 549 FH A
v B R RE O 2RI L C L ORIEEZ 0O OFF/ON % il aTHE 22/t A4 T & % . HMDESeR-
BGal [Z/AEFRR pH 2B W T, N AE RER{LE L7-HERIRETHFET 2720, BL /% o7
VEHOIE BB GRS TWD, —F T, B-AT T N —B L DORIGTARKT S HMDESeR
IXAEBRW) pH (I2BW T, BIBRIRIE CTAET 2720, B L 907 B O IR O/ Bih i
AV, ATHOCEBIC T 7 R S BT S, 2 ORI O R TR AT 2 & T,
HMDESeR % R TE, B-TT7 7 F v & —F & ORISHIE THIEAZ A OFF 72°5 ON (12
HEd 5 Z LN ARECTH D, FEFE. 532 nm OIS T, HMDESeR-BGal DA 1:7Y OFF Tdh
HT &, BEUOB-HTZ 7 FH—8 LK L TOLREMED ON ThH S HMDESeR % i35 Z &
ZBH LM LTS, 12T, HMDESeR-BGal O, B-4 7 7 k% —E %58l SH7- HEK293 #f
Jitt (HEK/lacZ) 36 X OFEFEEL 0> HEK293 Ml (2 %9~ 2 St e w2 ¥l L 72745 R . HMDESeR-BGal
75 HEK/lacZ AR U TR G EE 2 RAT 22 L2 RRHLTWD, 61T,
HMDESeR-BGal DB-47 7 by X —ERILY 2 v a v _AZiflFEEEZ H O 72/ T oIR
H e e 2 FERE L TV D,

B-Galactosidase-

. . Photosensitizer
responsive moiety
HO O O OH
0] .
HO - O O B-Galactosidase O N ‘
HO” "0 e I\Il’Et o e \rﬁ’Et
OH Et Et
“OFF” Non-phototoxic closed form “ON 7 Phototoxic open form
in physiological pH in physiological pH
HMDESeR-fGal HMDESeR

Figure 1.1.12 ¥ L/ 0 — X I UV EFEREK L LIZp-T T 7 b v X —RISERD S My 1
HMDESeR-BGal
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EHIT, 2017 4F, ¥ O IX, RIS 1T D HMSeR (2, JRHA ASCHA AL 72 &2
FIFHLT Hy-7 NV H IV KT U ARTFH— (GGT) \ZISET D7 VZ I A L fs
RS M5 F- gGlu-HMSeR Z it 2E L Cu % >0 (Figure 1.1.13) . HMDESeR-BGal & [FlEE, 532
nm OIS FIZE T 5 gGlu-HMSeR DSz 1%L OFF Th 5723, GGT &9 5 Z & T, 534
nm Z RN &3 587 7 e 2 A L, et %2 77 HMSeR 242 Z & 2B 6002 L
TWA 2T GGT @%s8l e MRS AME SHIN3 38 L ONGGT IR EL & R IPIE2Y AR SKOV3

(263 2 AR B 2 BT L 7255 5. gGlu-HMSeR 7% SHIN3 Ml SR (0 72 e st 2 x4 2 &
ZHML, SDICERIEBEA 7 = v A NI X ORI R A F 72 f LR C O B8R B e e 75
PEAESGEEL TV D,

y-Glutamyl- Photosensitizer
transpeptidase (GGT)- O
responsive moiety O y-Glutamyltranspeptidase OH
Ve C o 499
Se NH, H,N Se N+H2
COOH
“OFF” Non-phototoxic closed form “ON ?7 " Phototoxic open form
in physiological pH in physiological pH
gGlu-HMSeR HMSeR

Figure 1.1.13 £ L/ 0 —% I U & HARFK & LT GOT ISBERDLES 451 gGlu-HMSeR

Fio, 2017 4R, HBFOIE, HBEZHES T THHEL ) B —F I UFHER SeR (2, EEHMRICH:
M7 KEA SRR B CIE MR IC L VRTINS T VA E A L RS E RS2 5y 1
azoSeR Z# # 75 L TV 5% 3! (Figure 1.1.14), azoSeR (% ik L 72 HMDESeR-BGal <° gGlu-HMSeR
IR | FNAErBRIEEREOEWEFIH Lea+Tidz <, StiEgo v Vs
FRAOIEFICHER N T F— A= a VBRI L W EMRZEE I Lic T CTh D, Ty MF
27 m Y —2L%HAWE azoSeR DIREMEE N L7 AE R, EFBEFRRE T Clioddd, KiEHR
52732 NADPH 17/ F COAFNEZ M1 SeR Z g5 Z L #H LI LTV D, SHIT, B
N A AR AS49 & FHVNT, 535nm DOSEIRST T, azoSeR 2MEERFE BR BT INM I LML TEE 2 %
B2 200 LTS,

Photosensitizer
Reductase- O O
responsive moiety

under hypoxia O \ Reductases ‘ \
Non Se NH, Hypoxia HoN Se NH,
N

\ azoSeR SeR
“O FF” uo N”
Figure 1.1.14 L/ m—% I VA SEAREK & LT IRBBR R T CRIMICE TR IC
BT S AU D ISR RS 431 azoSeR
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145 V7 UBERZzERERE LERBCERARZES T

2019 4F, Peng HlE, HNMISERIEES T & L THE SN TN U7 = UFER 2123 L,
I UHEFA BN LTEZSFTHDH I VT = FER ICy-OH & BH%E L, & D/kEREEIC
REERRBEICB W CGREPEBLL . 22 o@ W BERIEEZ R = hniEcfEE (NTR) | mﬁﬁéﬁ
FE= b v A mlhE U 7= s SRz M4y 1 ICy-N 288 LT\ 5 3 (Figure 1.1.15), ICy-
OH X, 73 +WNEMBE) (intramolecular charge transfer, ICT) L 7=JEEIRAEZ R H L CRh=RMIIZ
E@@%%E&f%@_ﬁL\mnym\mTﬂmﬂéMka\5_%@ﬁﬁ_;0%tiz
X =T BT D720, HBAERIE S, —EEBEARENME T LTS, M2 T, Bk
FLO3 AU MCF-7 Z VT, 660 nm OJEREST T ICy-N 23MEGHE 35 Br BEIZHR AL M 2t 2 F8 8L
THZEZHALNIL TS, S BIC, T AL AR 4T1 ZHEF L 72 Balb/c v 7 A& HW T,
ICy-N RS T, Fi G2 "3 2 L 2B 622 LT 5,

Nitroreductase (NTR)- ' No,
responsive moiety

Nitroreductase
(NTR)

Hypoxia

Photo-
sensitizer

JN r JN I
“OFF” “ON”

ICy-N ICy-OH

Figure 1.1.15 7 = Vi8R % SLAREHK & L7z NTR IGEADLES S 1 ICy-N

2021 4£. Kolemen HlE, HEZMSFTHHAI T = UFER HC-1 12, KIBEDAMIZ L
TWMREPEH T 204 20T 2 ) R_XTFHZ—F (LAP) ([TET D0 A 20 2 L7 i 2
W24y HCL Z 3 LT 5 % (Figure 1.1.16) . LAP (%, N R 1A > v & MKSES

Leucine Photosensitizer
aminopeptidase (LAP)-
responsive moiety ‘ ’ Leucine
aminopeptidase

/©/\ (LAP)
Y\* =
& LT

IIOFFJJ

Figure 1.1.16 > 7 = Uik Z AT & L7z LAP IGERD S M43 F HCL
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LRTFHE—ETHSH, HCL (L, ICy-N E[Akk, ICT OEIHN L 0 S22 OFF Th o —77,
LAP & DT K 0 M2 ON Th D HC-1 i+ 5 2 &t 2 R LTnb, &5(Z, HCL
D kK AKII HCT116, & b i AAII AS49 38 L ONEF I TH 5~ 7 A BRHESEHIAR £929
V23 2 AR B 2 5 L 7265 5. 640nm O LS T, HCL 7 HCT116 35 X T A549 i fa g R
BN IR E 2 BT 5 2 L2 LML TV D,

146 AFLUTIL—ZEXERELERBCERRRZIESF

2019 4F, Xing &%, BEISERI SIS & L COMERF] 508 H - i e ez sy +<cbh b
AF L7 — (MB) OBENERIFAIZ, HOy WETNL T 2 HEHRR v T 27 )L A8
U 7= S A TSz 4y F MBPB % # LCU 5 56 (Figure 1.1.17) , MBPB |3 Al {5 ¢RIk O
IS BEEEZHNH S AU TV D DT L, HoOp & JUET 5 Z & T, 665 nm & WINARK & 4 2 87 7- 720k
INHZHTH MB T2, 07D, KRR OWRREDONRE 2175 2 & T, MB ZRHUih
BT D ENAEETH D, FEEE 633 nm OIS TIZHW T, MBPB OGN OFF TH 5
Z & BIO H0, BHE FCIERSZ S MB Z T2 2 L2502 LTnb, Iz T,
MBPB & U U IiE T V7 X (BSA) ZBUKMEMAAAERIZ LV F 2 kb L7 BSA-MBPB 7%, t
NIEFAFflE LO2 &kl LT, & MR AAIE HepG2 (2%t L GRS MRt 2 58 81
THZEERHLTND, S5HIZ, BSA-MBPB 73, HepG2 #fifid & fiff L 7= Balb/c ~ 7 A1Txt L
T, HBRSFHEAFR e PUS ANEMEZ R 2 L #FFEL TV 5,

H,O,-responsive
moiety 9’<<
B
o LT

o
7\1/ H,O N
WA S GRS N P G S
sensitizer \l\ll S nll/ \rlu s rf/ _
cl

0}
MBPB /[ij MB

t‘OFFJI l‘ONIJ
Figure 1.1.17 A F L > 7/ —% AR FH & LTz H00 B A ES M5y MBPB

2020 4, Tung HlE. HEZMDFTHDHAFL T L— (MB) OBRNEZRFFIZ, -7V
AN KT AT T H—E (GGT) IEEALTH D 7 VH I k%R Ui i &R sz
57 F gGluMB Z#iE LT % 7 (Figure 1.1.18), gGluMB |, MBPB & [FlEk, I AEIEk I X
A SR, 665 nm OIS NI IT 5 M EIL OFF Th o —F. GGT LS T 52 L
THIEZ A BT D MB T 5, 5612, gGluMB 1%, 1EF b MEHFIRN M HUVEC
L LT, GGT ZREIFEEL T 5 b MERRBIEMIL U251 B3 X7 v MMFRBIEM C6 (Zxf L
BRI EEZ BT 5 2 L2 LN LTV D,
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Photosensitizer

NH, N N

H
OMN y-Glutamyltranspeptidase
OH ol \Q S (GGT) s
v-Glutamyl- OYN Na
transpeptidase (GGT)- o N HN o
responsive moiety | Ij\ e

gGluMB MB

ttOFFIJ “'ON”

Figure 1.1.18 A F L > 7 /L — % FEARFH & L2 GGT WAL 7 gGluMB

1.4.7 TOMORBCERNARIESF

2009 4F, FHF 513, DNA fES Mz ES 72 LT, F7 YV —LA LY (TO) #HiE (K PhoTO-
OH % B3 L. ZDKBEIECB-H T 7 by B —VIIGET HB-H T 7 b— R %8N LT g5
NSy PhoTO-Gal #3175 LT % ¥ (Figure 1.1.19), PhoTO-OH (%, DNA (24 > % —7
L— b L, FHEEEDEESND Z & T, HEZEDR ON L2 bEMTHLZ LD, ZHC
BUKMEONESEVB-H TV h—RAEEANTHZ LT, DNA~DA X —FL— FRES,
B2 MEA OFF ICHIIIC&E 2 LB 2 biviz, FEEE. PhoTO-Gal 23p-7 7 7 h X —E LS LT,
PhoTO-OH % i3 22 &, BIOB-HT 7 F¥—YIHI B> HEK293 i & tbig L, B-H
77 b —B AR S W7 HEK293 Ml L CEIRM 7 tla st 2~ 2 2 6L
T2,

HO _OH .
o Photosensitizer
N N

OH
-Galactosidase- -Galactosidase
B . . MeO™ X P MeO™ SN
responsive moiety
s SN s SN
“OFF” O “ON” O
PhoTO-Gal PhoTO-OH

Figure 1.1.19 F7 Y — VA LV UFFHERE IEREH L LICB-H T 7 h o X —BISER
NI 571 PhoTO-Gal

2018 4. Fan HlE, WERZMENFTHLHEA(T7 ==L =F = )XY 38K (DBB) (2,
a2 T RIEMER BB W CRIEN R T2 RN T D —@{LEFE (NO) IZHET 5 o-
Zx=L VT I (OPD) Zufh L7 fUSZE RSy DBB-NO &t L CTW\nd %
(Figure 1.1.20), DBB-NO OYEEZMEIL, 43 @ OPD FL2> 6 D PeT (2 X Y OFF T 5743,
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NO & st 5 Z & TREEZMED ON THh 5 DBB 25, 512, 750nm 1281 5 2 e+
EiZL Y. DBB-NO 23, JEMEAL LT~ A< 7 1 77— JHifl RAW264.7 L Hbls LC. &
P L 72 RAW264.7 FfaE RPN R m 2 BT 5 Z E 2N LTV 5,

NO-responsive

moiety ( l‘OFF’, ( “ON”

NH; f{“io Photosensitizer f{'LLO
< />—NH . - 0 NO HO 4 . 0

o%.—.—w S N O%H—N——> .

OA\JNJ H,N @[N‘ O_\:NJ
N
peeNO  / N DBB )

Figure 1.1.20 © A (7 = = /L= F =)L) P Uik 2 ATk & L7z NO JHEM
IRz M5y DBB-NO

2019 4F, Li B, JEESZ D OFF/ON Z il v ie 72 Y&z oy 1 & LT RIS Z R 5ot 7 1
ThHHIVVT ) AF VU -4H-7 v A CFHEIR O OBRNIERIT 21 L RIS E#R Lz 9 ZBH%
L. FESEN MR ECHEPRBLT 27 A0 Y 74 A7 72— (ALP) IZ0ET 5V v Ris
WA U7 OSBRI RAZ MEAy F- 10 285 LT b 60 (Figure 1.1.21), 9 (%, ICT hidikigon —
AR F =R RIGT D R R ATHEHI (Anax = 616 nm) OWINH 24795 —75, 10 TITICT
OMFNZ LY, 9 TROI 616 nm ZHK & T HWIHATHI L TWD, EDTD, AR D
WECHIBE 2179 2 & T, 9 ZRINITHHE TE . ALP & OLUG THIEZ %% OFF 225 ON 12
THIENARETH A MA T, B =8N AMAE HeLa (2% LT 10 28 tHilamtt 23 2 &
BLWALP HFEAITH H AV bNF U ) R U DA (NasVOs) {F7E F Tld, 10 O HeLa AlifEIZ
X2 AR N B Il S D 2 E 2 LN LTV 5,

Photosensitizer

Alkaline phosphatase

(ALP)
o}
1l
O/Z\HOH
10 Alkaline phosphatase (ALP)- 0
responsive moiety
“OFF,” thN”

Figure 1.1.21 237 ) AF L -4H-7 11 X K& A & L= ALP &R
FIEZNE 1 10

2020 4, Beharry H1%, WEZMES T+ THDH 7 =F L VBEER 112, BAMIICEREIGEH S
5t P NADPH: ¥/ A F v RL&Z 27 Z—F 1 (WNQO1) ISEENL TH DR F ) ihiEk %
HE U 7 S B SRZ M Sy - 12 28 LTV D 62 (Figure 1.1.22) , 12 DYGRZ ML, 20 F N
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DR F ) N~ PeT 2L DI STV DAY, hNQO1 120 L TE W R M 2 7Rk 9
1N 2T 5, 5612, 1225, 415nm OYEE T, & MEFMIZ MRCY & g LT, hNQO1 %
WREPEET D e M2 AMIE AS49 (% U CGRI Z2 IRt BT Z L2 6T LT
W5,

Human NAD(P)H:quinone

oxidoreductase 1 (hNQO1)-

responsive moiety Human NAD(P)H:quinone

9 o oxidoreductase 1
e COCT R — D
sensitizer O o \« O o

(o)

12 11
“OFF” HO “ON”

2

Figure 1.1.22 7 =) L/ Vi8R Z FARFR & L7z hNQOL GBS ESy 7 12

2020 £, Wang 5%, HiO, BI O F 4 (GSH) OMGFICIEE LT, HEZMEY+TH
LRV FT T VFHER 13 AR T DRI ERN R 14 AL TN D 6

(Figure 1.1.23) , YGRS OFF Th 5 14 13, HoO, & it L ClEf O F A — Va2 /T 5 15 %
U721, Ho0, B X OVGSH OfFFE FC, 13 128 #a S5, TD-DFT #HEIZ LY, 13 Dl =
VX =Y ZHE LR . SIB XU THREEDOH O —HEIA— = HIET 2L X —X v v 7 (AEsT)
D/NEVME (011 eV) ThDEHESNIZZ LD, 13 (X, 2RMICHEMZZEZRE Z 7 720%
MR R T LRI SN TV D, 512, HiIlaNIZBW T ha vy RUTE2E—FT 0735
NY 7 2= )ViR AT 4 VEL A 14 (RS L7216 A3, 405 nm DM E T 1230 T HeLa IR %f
Lt 29 2 &, BLOINTEND H0, 2% 5 Z & T 16 OYefaEM N M E3 5 2 &
2SN LTS,

H,0O,-responsive

Photosensitizer moiety
H,0,/GSH OH N.ON PPh; Br~

N
OH NN 'oi "
ﬁ< >7B
= z ? S o — \}soaH HNJ—/
0 s

NO, NH, :<O N* N o
N”S‘N - /—QE(
14 iOH E\ / = S 0

13
“OFF” o “ON” NO,

S

Figure 1.1.23 XY F7 U7 V' — Vi Bk A& A & L7z HoOo/GSH JRER
SRSy 1 14
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2020 4, Hua Hi%, BEZMS T THH Y7 hraa ' ra—/ L (DPP) #HE(K DPP-py (2, y-7
NWE IV NT AT FHE—E (GGT) ISEFNTH D 7 VH I % ik U7 S A R R
Z M4+ DPP-GGT Z 8 LT\ % ¢ (Figure 1.1.24), DPP-GGT DE T /L{LAEME L TARK S
L7z DPP-pys DHIESZ 1L OFF Th o7, DFT iR OFER., SiREN GRS = RLF—20D/)
SWEHEpEREE CO—FHH——HHATR/LX —F v v 7 (AEst) I, DPP-py T3 0.0387 eV
ThH-7=DIZxF L, DPP-pys TiE 1.3521 eV TH V| HEZ DR FIZ X D DPP-pys D
MDY OFF 12725 T D EHEJIZ TV 5, DPP-GGT DO NES M [FIERIC OFF Th b —7 .,
GGT LT 5 Z & THEZMEN ON TH D DPP-py ZiHT5Z 2 RAHLTWD, AT,
DPP-GGT 7%, 530 nm OGRS T, GGT K BLO b FELS ML MCF-7 3 KOV b IEF i
LO2 &R LT, GGT @O e MFME2 AMIE HepG2 (Zxf L TR SLHMIE FRM: 2 R B
THZEEHLNIL TS,

y-Glutamyltranspeptidase (GGT)-
responsive moiety p

COO|
Photosensitizer HN)K/\( § y-Glutamyl-

NH .
CeHia 2 transpeptidase CoHia CeHis
O A (GGT) ON ONN /N

/\/\/\
7\ T Van Wi 7\ N

7 % 7 -
N NH N o) N o Br
/ O ! /
CeH13 ﬁ CeHis CeHis

DPP-GGT DPP-py DPP-pys

[11 7 [11 7
OFF ON

DPP-GGT

PLEISR L7 & 912, &0 DT flr, RIS ERDERSZ M7+ DBIFE N AT O TV D 28,
WEAF DRIFISER L S 112k Uy BT 28 AT 5 2 & TRIBISE RS oy I A LTz
BlnZzD% 2 EDTND, ZOD, BFEORIBISE SIS 1 2 R LT A1 HRig LT
RIn % B Ie T WA I ORI B R M5+ OBIF T, AR E /IR 72T T <,
JEREAZMED OFF/ON Z Hilffl Pl RE 72 YR MGy F B DSR2 BT 572 EEHALBAFE A~ DS
OB, BERREIDIE T, Rl 72 SEACE K 28R L TS B RS My 1 2B 5 2
EMAREL 2%, ZO& ) RO, FE L, JESZIED OFF/ON Z il Al gE 728 7= 7otz
PR T EBRAFET DITHID . TOTHA I E L TRAMITAER LT,
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£2E CSHALRZNIT ) —IEEFEHEOXAY

RETIT, Kk BT, B e s BRI oy D FEA B & L CHE R L2 KR
a_obVCﬁﬂﬁféo

21 RAHDNWVF/REF-O0FETAT

XA INT ) AZF v« 7 aETT 47T (NCS-chr) (17)i%, 7R Z 2378 LIEHAREAHIC 1:1
DEERERR LIz A NTF ) AL F > (NCS) & LT, 1965 4EICHHHIZ K » CTHfRE
Streptomyces carzinostaticus var. F-41 O AR O B Sl o U A R PUESIESAEYE <
b5, Myt NCSHTREZ LU ARIVBEL I/ aET7+ T OBEETHAZ LB LTS TY
IR T3, NCS HIR b FUSETTAE & UCER L, BARIZBW T 1971 FEICEEAR S,
FHIE, BEMEAS A, B3 A, RS /vy PGS Avds L OIMIEES 72 & OVRIIZ A STz 0067,
SIHIZ, NCSIZAT L » v b A VIR AILESIK (poly(stylene-co-maleic acid), SMA) % 385 L
72 SMANCS 1%, BHMER S FHBRAAIE LT, HARIZBWT 1993 FICERARAR S 4v, TR
AT E ORI STz 666869 2 —J5 T, NCS OREIEMRH 8 e Hivi=, 1979 42
Goldberg H1ZL > T, £72 1980 FFICAHBICE T NCSWTRA LI ELrax7 47T
WZBERTRE CTH D Z E D LT S, S HITNCS DIEFHEARKITZ e €747 TH Y, 11kDa D
TARE R BFITFEETHD Z L. BROB, S0 BILORBEANOBKE: EICRELER Y
RETFTIETRE NIV EEEEERERRTHZ L TREMSNDZ EZRH LTS, 1985
LA B LA HEBIT L - T, NCS-chr OEEREN 72 4L, & OREEDRFIFIO RN E S 7
1[730)|RTH T s Thebb 9 BRIV UL UEEEZE L. 2-FT 7 LR,
N-AFN7ay I, BIORBZT L oFNEE LaBEThHr 2N LTND 7

(Figure 1.2.1), ZD#%, 9 BEH LWL 10 BERT- VA UIBEEZ AT 5T VA RVEWE
LT, BV T7~A > (calicheamicin) ., = AT~ A L (esperamicin) ", Z A x~A
> (dynemicin) 7, C-1027 7 a7 7 7 XN Y7 aE7 47 (kedarcidin chromophore)
773 LTYN1999A27 70 L3 Hiflfe - AEIETRE S, T D DOREMFIE B AT T & 72 7084,
NCS-chr (%, 2-F77 b= LEBLOAEELA, 1984 FATIER BIZ X > THID TEM I ¥, OHIZHE
BOERRBIDHAE ST D 869 F 7= NCS-chr DG AL, 1998 4F1Z Myers & (2 K - T 9192
BB RAY 2006 2 F/] HIZ K-> TEE SATND %,

F 72, NCS 2R A e fifa st B L. £ OEMERBEBEIE O, NCS O HHELY 0105
1Tz, 1970 F2 4 H 5%, NCS 238 HeLa-S3 ikt LT, DNA &L E R L OVH K240
EEGIXEZTZE CHREEZRRT D Z EEHLMNT LM, ZD#%, 1974 412 Goldberg 5
I%. NCS % #5- L7z HeLa-S3 fIZ 3\ C, DNA SHOUIN N = % Z &, B L OBRBRENIZEB D
T 2-ANVHT N H ) —VDOIFETFTNCS E 7T AIRDNA 24 > Fa_X— T5Z LT,
77 AI R DNA O 1 RKEEH DV 2 RGBS Z 5 Z L 2@E L Tn5 %, 1975 FI2IAH
HIZk->TH, NCS ##5- L7z HeLa-S3 fiC3 T, DNA 50N = 5 Z L s S
TWVW5 %, S BIZ, 1978 121 Goldberg & 77 3 X W Haseltine © #IZ XK > T, 2-ANV T 7 =X
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Neocarzinostatin chromophore (17) Dynemicin A RH
2

N1999A2

Calicheamicin y4'

Figure 1.2.1 = A  RHUEME OILFHE

J—IVDOFIE R TONCSIZL D DNAUIIN T I VB LT T = 12B8WNW TR E 5 Z LB 6
WZZATWDIED, [FIAEIZIE Lown B P 38 LT Goldberg & 102K > T, 2-ANVT T v & ) —)b
DIFAE T TD NCS (2L % DNA SIS, TP DN AT Y v —17-E FCIEEES NS 2 &3
HEINTNWD,

1979 35 L O8 1980 4212 NCS-chr ZZHfff S5 & 722 5 it B O A HE D iz,
1980 I B L O H B, 2-A VI 7 h=F ) — )L DIF{E F TD NCS-chr ® EPR ZA~X7 k)L
ZRE LTz, ZORER, NCS-chr 37 I NFEEAR L TND T EEBBnE L 10, BHEITIT
Gupta 512 K > TREBEOIENHE SH72I1FD, NCS-chr NERISCITRLZERZ Lnh, RikRE%
S D BBE FIZF T NCS-chr @ EPR A7 MV ZBEIE LT-fER, 7O D AENER TS5 Z L%
FLH LT % 102, 1985 471 NCS-chr OREERE N2 ST DB, 1987 2121 Goldberg H75, =
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NETOEBRFIEEZILIC, 7 VAV EREE L7 NCS-chr ® DNA UIWiHg#E 2428 LT\ 5 103,
bbb, EREETHDL 2-AND T b X ) —)LOIFE FTNCS-chr T P H A Z AT D 2
L. BEIODNA OF 4 F 2 U R—AD C-5MDKFEFAF% NCS-chr B8 &Hh&, TAF VIR
—ADS-TNAT e MENERTHZ LR ENL, DLTOMELZTEE L T\ 5 (Scheme 1.2.1),

1 BePEH & LT, NCS-chr O @& B AR AR L EAEA~DTF A — AN K0 T 2 0 )Vl 2 AR
T 5, RIT FAE LT2 NCS-chr DT U HNAVFENT A F 2 U R—RAD C-5MDOKFIR T %5 ZHhi <,
3BFERIC, C-5NAZAER LT T DI MTIEFE TN L, ZD01%, BT XY ~vAFs R
EITL I, KEEFE & 72D, AR, C-5NLD Y VR AT )LV OBIBEIZ L 0 . DNA $53 017 S 4,
SRIRICT VT v REH 7 2% DNA MR 24T 5,

F 72, NCS-chr ® 2-F7 F— /LN DNA A X —H L—2—L LT, N-AF L7 a4 I 4
MAFBIHEERICE D~ A F—IN—T g o2 —L LTERIL, =2 9o VB ET 4%
VU R—=AD C-5NAHTINLE ST D720, C-S LRI 72K RIR 05 P& 3 2 5 & HEH
LTWb,

RSH .
NCS-chr ——— > [NCS-chr]
5 T T ¢ .
C') 4 Base c') Base O (') © Base He
Ofl?éo o Ofl?éo ) 2 07?60 o orR
o (0] o
0 NCS-chr 0 %
- H adduct b -
H
P b o b
O Reducing (0] ) o]
O:FI’*O o Base agents o:ﬁf({\ o Base O:Fl’*O H o Base
S 1O _— | +
(o} o o
o (0] (0]
- - -

Scheme 1.2.1 NCS-chr |Z X % DNA ¥t

Z D NCS-chr N F A — VAFIE N CT ¥ B NFEE LT 2 ROSEEREIC BT 2R3 Thi T,
Z OSSR ORFZEICEBR L7023, IE5%-Bergman [t CTé 5 (Scheme 1.2.2) , ASJSIE, cis-3-
ANFX B NSV UBMBATIZBWNT, ZVMEET 14-_UBU BT DAV EERT D KOG
Th b, 1972 F-1Z Bergman © X, HAKFR Tk L7z cis-3-~F & -1,5-0 4 > 18 % 200 °CLL iz
MEA D L 14-_CBUET V19 2R H LT, 20 ICEM LTS 2 &% RH L7z 19 (Scheme
1.2.2a), F7-. TOFHFEIZIE, EREON, BREESCSM TIZBW T, 1,5-UFT 8 Ra[10]7 X L
HIEEAS 21 205 1,234- 7 T RuaT7 v b I8 23)FBLU24 8, 1,5-2F & Fa[10]7 X L i
BEAR 25 207 R TR CQDVERKRT D2 & BROERBES T 25 \TdT 2 RS EITI 2 &
T, IMIB L0 EARF ST 27T BWAEKRT D Z L2 R LTS 195 (Scheme 1.2.2b),
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(a)

D H

= . N
j ~ 200 °C C[D S ‘ b
D H
18 19 20
(b)
/ OMs Elimination [ . ] —
+
S OMs = =
21 22 23 24
/ .OMs EIimiqz_ation [ - ] 9
O conditions O

~ OMs i ~ | 10
25 26

Scheme 1.2.2 1E7%-Bergman [ i

1987 4£, Myers 51, FF—/LIEE T TOHD NCS-chr DB AERMOERT F T RuAf o4
T 28 ThDHEREL, TNE TONMRAERYOREEMNT ORGSR L O T, 28 DARIZET 5
HEE OGS 2 42"8 LT % 196 (Scheme 1.2.3), X U2, T4 —/ L4 NCS-chr @ C-12 fiflZzkK
BHEL, =RV EORERPEZ S, T0#%, AR LIEEWVROTHAERT L RLERT A
7 LUK 29 23, IES%-Bergman SUCRDIELR SUS  (Myers BEER SOG) 2k 2 L CTERAL

Nucleophilic Me
addition

NCS-chr (17)

(Myers cyclization)

Hydrogen atom
abstraction

NHMe

Cycloaromatization \

OMe

NHMe H

DNA cleavage
Me OH OH

OH OH
28 30

Scheme 1.2.3 F 4 —/L{EE F TO NCS-chr ® DNA it
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L. BTV DL30 25T 5, ®EIC, 30 DT 008, Scheme1.2.1 [Z/R L7 X 51T A%
UR—=AD C-5NMNOKKRA %G EHS Z&T, 7T FrAf ¥k 28 L7210, DNA DY)
Wi SO HETT 95, 1989 A-IZIE Myers 512 L - T, =70 °CTOKIE NMR HIEIZ L Y . NCS-chr |2
FA =BTz A 7 ALK 29 OAERBHERR SN TS, X512, JEREZ E
AIHDH LT, HFEENOFKFZELGIEHE, C-2 BRIV C-6 (LlZBIT 2 HARIHER S
2 & X0, HEESUSHEN B T B Tung 107,

—J7, 1989 £, Kl HIE, NCS BNEA ORI T, DNA 28§25 2 & 2 8E L Tng 1%
BLRTZRNZ &2, NCS IZ X 5 DNA GO EERIRMEIX, TA—AAFHEFTIETFIVBLOT T
ZVEIRINT, 20T I >T T =0 TholeDITk L, SAMERE FTTIETFIvBI0T 7=
VNIMA T, 77 =280 TH DNA U E 2 2 L 2R L TW\Wad, Dk, 1995 4
M 51X, NCS-chr 28, B EHENANOBK FT, 2-F77 b—AFHERN BLOT F T Faa v
Fer R EERTDHZ L, BROEEBEF CRKIGEITD 2 & T, C2BELVC-6 fridEAKHE b
ENDHZEEHLMNTL, KRE FIZEBIT 25 NCS-chr ® DNA GIWiE L2 LL T O X 5 IZ#E L T
V% 19 (Scheme 1.2.4) , NCS-chr 23 HREHC X 0 phild S 7=k, —EHIAGhEIREE~ L ER T 5,
ZORBIZBNT, DNVRZNVEHRENT PANROMWEZR L, C-12 fi~KET 5, HDHVIE
2-F T F—=IVELD T = ) — MK ER R & VR = VOB, KFED 1,5-2 7 R o7,
C-I2 i~DREBENEZ H, UKD, 778X — NV ElT A7 AL HRIEE
35 L. FA—ATFE FOBE LREEEIC, Myers BUEBRMIGS AL Z LT, BTV H136 72
Do IHIT, ZDTTHND DNA MHKRZGIEHRWIZR, 77 T2 — VORI X

Ty
hv 1
NCS-chr (17) (8
Fragmentation
OH Naphthoate
OH 1,5-H-shift migration
() 0
0]
L )
5 12 _—— o Naphthoate
s N migration
ove ey O mamen
31 =
OMe
Me 34 35

OO Cycloaromatization
MeO OH

(0] o}
125 2 .
HO:.. O, O,
OSSO
Hydrolysis Hydrogen atom Y
6 OMe abstraction OMe
32 37 36
Scheme 1.2.4 S84 5E S T CD NCS-chr @ DNA )ikt
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V. C-12AZIZ 2-F 7 b—JVEBNLNERNL L7z 32 3T 5, Las L, 2R4MEIRET Tz ki 5 NCS-
chr ® DNA KIS, FIVBIRT T2 T, 77 =B8N THE & BT 6 7
N o T,

% ZCUAFZEE TIE, 2000 4F(Z, NCS-chr DEEAEIRET FI2E1T % DNA UIEERE 1%, SRS
DEEE LT LM b, = A B BBEG L2 W BIOMENTFIEL, 77 = 28 L <
WD DTN E DGR Z LT, NCS-chr ® 9 BBV VA A A S 720 2-F7 7 h—/Lf
N—FEFNL A 7V v K 38k LN 38B% TV 1 > - A L. £ DNA YIWrEMEZ GHM L7z 10
(Figure 1.2.2), T OfER, 38ads LU 38BIL., KRS OMET FITH T, DNA SLEIHEEM:
BT ZEEBHLMNT LTS, AT, Sanger {£IZ K U DNA OUJWLE 2 fE#T L7- /5 5. 38a
BLO3PIL, 77 = EIRAYIZ DNA 20682 Z L 2L LT\ 5, BLEDRER KD | NCS-
chr |1, SEAKBE FICBW T, 2o VA VEBPLAELTEE TV IANRT I VBT T=0 %,
SehEe Uz 2-F 7 b= N T T = ENENEIET A Z EARIBE I TWD, Lo,
NCS-chr ® 2-F 7 b — /LI 31T B WS MEDOFBUZ BB & 1T D 2 ST o 7z,

OH OH
54 54
[¢] (0]
Rele Ty i
[¢]

Photo-
: or 9 + )
OMe * OMe cleavaage
o wNHMe o ~NHMe 365 nm a g
Me OH Me' OH
OH OH
38a 38p DNA

Figure 1.2.2 NCS-chr D 2-F 7 b —/Li{—HEHAL A 7 U > K 38ads LN 38BIZ L D
DNA Y51t

22 eRILYUB

EAZ LU B @)L, 1989 4RI Wu Ik - C 11, 7 1991 4EITfE D IC L - T 12, EE
Shiraia bambusicola P. Henn. £ V) Hif - fEIERE S~ Y L ¥ ) U REAFETH S (Figure 1.2.3),
39 OFEFIA L LT, 39 & [FESCIC T Shiraia bambusicola P. Henn. & V) BLEfE - R ES N &R
JLUY A@OYB LY T4 T 7 m L A @2 R 1981 4T Breitmaier 517 & o T [
Hypocrella bambusae (Berk. et Broome) Sacc. & V) Hififf - #EIERE SN AR LU (42, ent-40)'13
MHE SN TNDIED, BALa AR @3)14, T+ AF D 44)'5, 7 LA 7 1 L(45)16,
TV T AM@6)V e EREEENTWD,
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O OH O OH O OH O OH
Cercosporin (43) Calphostin D (44) Phleichrome (45) Elsinochrome A (46)

Figure 1.2.3 XU L > % /) VR OR O FHHEE

NY L rd ) UREFEOREENRSE LT, i)C3 L, C-40L, CONMIB IO C-10 L TD» K
—= ) —)VAEEREMLEL 0) NV T = AT ORIV LX) EKICBT ST ha T RED 2
RRZEF B 120 F9° 0 bz ) — )V EERMIZE L TRk 3 %, Figure 1.2.4 [ 273 X 9
2, RYU LR UBERICIE I~V O 4 BSOS b= ) — VEERMEEPFEL D 5, ZOH
T UABLOIIL 2 DOKEEIED & HITRY LX) EROARG 5 WITAANCALE T 5 3,10-
Ve RERIRBLIO49-U FaXx R THLOIx L, HLEB LIV X, 2 DOKEEIENSXHE
DOREBMRICH D 39-P 8 FoF MBI 4,10-Pt X MTH D, Weiss Hld, FHHEAE
% FH T 4,9-dihydroxyperylene-3,10-dione (IT)35 & O 3,9-dihydroxyperylene-4,10-dione (IIT) D iz 22 iE
BEOT X —% g L2 12, ZOfEE, X, sHADOALEIZ 2 2OKEEEZHT 5 I &
i LC, 12.6kJ/mol (=3.0kcal/mol) 7ZIFZETHHZ LEPLMNIL, XY LUF ) U EHOA
BEMEIZBOWT, IBXON BN ERAEREMEATHD EHERIL T D,

O OH OH O O OH OH O
O (0 Q)
(L= L= 1= 1]
0 Q0 ()
O OH O OH
| | i v

OH O OH O
1

Figure 1.2.4 VU L % ) B H 0 HIE B

F7o. Weiss BT, flix DY Lod ) UREAFREZANT, TITHNET 5 3,10- Ref AL
I ICFYS T 5 49-0 8 Ra X U BOFIEREHETE LT D 21, RY Lud ) gk o B R
IFIERIZHE R NMR JIE DR A 77—V CIEEE S iz 1 FEO LA L L Tormt S
D7D, flHx ODRERMED Y 7 F NV ERHT20IERETH -7, 22T, B FNKERBEE
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L TWD T = /) — WK D T a b b ZOKBEEDRFEE LTV D EEBRRKRSEE ORO
eon N 45-50Hz DH 7V T HATHIEIWZERL, HEL, T728bb, C3MBLVC-
APZENEIUTENT, KB E LTS L TV AEAITIE Yeon DB 4L, IVR=LHEE L
THEL TOWDHEEITIE YUcon DEHIS RN, V7T AR Esfbansd &, BERMEERD
FAEEERITIE U T C-3 i KN C-4 LD 2JcoufEAS 0 Hz 725 5 Hz BREEE TS 5, T EF
AL, 547z 2(C3,0H) & 2J(C4O0H) DA RN T 5 Z & T, AERMKDFEHFEZHEE L T
Wb, TORR, ALEMIT L o T, AERMEROFIELRITRESZRY | 42, 45 B LV 46 Tl
2 ODOHEBNERNE BICHBREOEIETHEL TWDE—J7, 43 TN RE WY . K
M 49-UE RrXURITHELTND Z EPURIBE N7 (Table 1.2.1), {FIELLRICHEL 525
FEHFR L LT Weiss Hid, BHIEOBE IR, 7=/ — WK EEHE L DV R = VEE L D4y 7K
FREGDOBRE  NY LX) CEEORTADEGW B L OBENREF T TN D
72, C5SALOKFHED 'HNMR OfLFT 7 b @us) 1E, CSANHEEHFERE L THET 2EIE & F
JrE LTHET HEIEEZ R L TRY . AERMEROFIELREEEL T D iR Tn 5,
FRE 2 DD HIEENERN & b ITHPRREOFEIE THAET 2 LR 4172 42,45 35 L1V 46 Ddusid.
6.5-6.6 ppm THLHDIZxF L, KESMN 49-0 8 R X IRITIEET 5 2 & DR S L7 43 Ddys
%, 7.03ppm TH Y, C-SMNBEFERLE L THEETIEENZ NI L LT 5,

B, EARZ LY CBEHICELTYH, AERMEIIIFFICHER <, NMR JIEDKHE 27—/ T
TE LI 1 FEEOIEAEY E L TORRHIND 2 &M STV D I1E0 12212 39 Dys
IX. 6.42ppm &L I TS L2,

Table 1.2.1 CDCl; T COLEY 42, 43, 45 5 L1V 46 O A BMEARDOFAE LR OHEEE &
H-5 fL {7 | 121

Relative population of

2Jg om (Hz) tautomers (%)
C3,0H C4, OH 3,10- Itl;lgzdroxy 4,9- Eilyhpyedroxy 8115 (PPM)
Hypocrellin (42) 2.7 3.1 47 53 6.50
Cercosporin (43) <0.3 5.2 5 95 7.03
Phleichrome (45) 2.0 3.8 34 66 6.58
Elsinochrome A (46) 3.0 3.0 50 50 6.61

WIZ, RY LX) UFEONY U7 4 —I2 L 57 ba 7RI OWTEER T 5, Figure 1.2.3
WORLTZE DT, ~U bk UREFRIT, BEREOFHISC T, PHLIWVIEIMONY T 4
—%HT D, BALEMITBITDH 2 207 br TRMEEORENEL LT b 7B o Z b
T ACAEYOREFIC LV B 5 Z LR RIS TWD, #ilxiE, 43 B L 45 1X, ER T
ha ZBMENIEFITEZ VI <, BETHDH—F (Table 1.2.2), MASKMETTIL, 7 har
BV DOTEM b= V¥ —% EEl> T, 7 b FEEERETL, 43 BLN 45 07 b 78k
EAEIRICBWCHBEREETH D Z L BAMGE STV D 12415 izt L, 40 BL V42 13, =
BTT bur 7 RBUENESICHET L, NMR A7 UL, VT AT LA~—0OBRIZH D 2 DD
7 b T BRYEERONEENRA Y & LTRSS, 20 Z L1E,.40 35 LU 42 @ 'H-NMR #IE % -5 °C
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(CCHEM LZBIC, 7 b TR SNz 2 TRl SN 2 oY v —F e v LR,
EFNEN2OOT "V BERTHD LIFBINT-Z L TRINT 12218 43X 1TN45 L L
T, 40 BLU4R OT7 ba 7B ERESTEZ 2 EANIL, 43 BL045 O C-1 (B I C-12 if
DT IVERILEEN, 40 BV 42 TIL 7 BRICEZ D72 & T, VREEMET Lzl s
ERINTVD, 2B, 40 BLV 42 1%, Figure 1.2.3 1R L=~V VT 4 —D 7 b 7B RO
FIWNEZETHY, ' H-NMR DO 7 FILENG 2 5DO7 b a ZBYEKOIFAEL K 3:1 ThbHZ &
DRIINTND,

Table 1.2.2 L5 40, 42, 43 B L4585 O 7 b~ r FEBUALOTFEM b= LX¥— &
7~ a B ORI T DR KA

T
AG (kcal/mol) T(°C) tip

Hypocrellin A (40)'22 15.3¢
Hypocrellin (42)'23 15.7°
Cercosporin (43)'25 28.2¢ 25 2y
60 4d
90 25h
180 3s
Phleichrome (45)'%5 30.2¢ 25 51y
60 75d
90 38h
180 27s

A value given at 26.85 °C in acetone-ds. * A value given at 22 °C in acetone-ds. ¢ A value given at 65 °C in DMSO-dé.

—Ji., A7 LYY B@YDEAEIE. TFELI D 2 2DT ka7 RIEERE S v F A ~—DB
RIZHH T2, NMR TR TE 720 (Figure 1.2.5)

O OH O OH O OH
Hypocrellin B (39) Possible atropisomer 1 Possible atropisomer 2

Figure 1.2.5 t /K7 L' U > B 39D 7 b u 7B MK EAEE

39 O B - EETVE SCHR 1212380 T 39 D FRSE &M (CD) A7 FARHE STV,
NV T 4= /TR LX) CREROGHIT, FONV T 40— (P HDINT M) TS
C7-CD A7 MARERHIEND ., 39 TILCD A7 MABBHI SN o7, SHic, #£
RHENV T 4= FT 540 B4 ORASISIZEY , 39 25 L, RERIZ CD A7 kL
ZHELEBEG S, CD 227 MABBBIEN o7, ZDZE LD, 39 DR LF—f)%
fliZe 2 SO7 bu TEERIZT, BHIZT TR LTI IRERD BVWO CD A7 |k
NEFTBHELAES TS EHERIESNTEBY, 39D 2507 b 7EMEKITIEIE 111 OFELTHE

ELTNWDEEZ B TS 209,
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LEORNFEZLEW 39 I L TELEDDL L, 7 -2 /) — VAZEREMEL IO e 7B X
D IR T G4 FEEOLEMOTEERAM E L TIFEL TV EE 2 5T 5 (Figure 1.2.6),

O OH OH O

Hypocrellin B (39) 39-taut

~1:1 H Atropisomerization ~1:1 H Atropisomerization
O OH OH O

O OH OH O
39-atrop 39-atrop-taut

Figure 1.2.6 £ "7 L U > B (39D AE ML LT h 1 7 R ik

39 OAEAIE. 1997 FZ Lown HIZ K > TEEE I TWND 126, £/, 39 DEYTEMELE LT,
FERRR TSR DO AIEM P12 B X P A LV ATEM PO RHE SN TS 2 Enn, HEEY
H LD RSy & L COMENEANATONTE T2,

39 1%, FIRSEREIRIC E 7o DIRIAVIRINA Y ML &R L, ARG PED E VY 600 nm LA E D
WEBRICE CRINEAET HILEMTH D B, AT, 391%, @V —EEERFEARE TIUE (D=
0.76 in benzene) Z /R T Z &ENERE SN TWD BLB2 =D 35 ZaME S 630 nm OGRS TFIC
BWT, flx OMIfEIZ S LmV ot sEtE 2 38T 5 Z AR I Tn D 128138, X512, 3913
?E'Z)‘S/VV?X ZRPL, RS TR W THD AR Z R T 2 E DR LTI TN DI 127129

—HARD PDT M T THLRNVT ~—F R T AL L T, FRIAENL P E
ﬂ%ﬁ:&b\ tﬁ&&ﬁ@ﬁ%@#ﬁﬁﬁf‘%é@ﬂm%éﬁ EMERH D LA SN TS B Dl lEo X
D IRBAVI RN B | 39 1R, BB AR D PDT SRS S 1 OfFfli & L CHEH STV 5 16129135,
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B3IE BRIEKRENA

ARETIEL, KB\ T, DAMIEIC\BEPRBLT 531 ~—H—& L THHB Lzmmig{bK
F# (Hy02) DOAERNTORESCER & OBRIZHOW TR T 5,

31 E£MFATOBRIEKEDORE

H0:1%, ROS O—FETHY , I b= KU TIZHET 2 EHBEEROMIEEIZ/FES 5 NADPH
X H—BREICL VAR LA = F T RT =4 (0y7) ZA—R—FF T KT 4 AL
2 —BNAREULT D 2 EETHERT D 13613 (Figure 1.3.1), F£72, H0o 1, 81 4> (Fe?t) X
EOMDEEA A & D Fenton KUGT, B Ra¥ 7 UHL (OH) ~LEHINDIED, 7V
2 FAY (GSH) ~NANAF X —EXoNH T =B LIV KEBBIMIND, ZOXLHIC
HoOx 134 EHE AV IR L TV D —0, ZOERK & HEOEEITHIE i, N7 v ABRREZR
TS 72, KBTI U Tl Bl 708 0O Ha00 DSHIRINITAFAE L TN % 136138

Fe3*
‘AL ... Further
Fe2* OH ™ reactions
Mitochondria or Superoxide
NADPH oxidase, etc. dismutase
' Catalase
02 02 N H202 Hzo + 02
O2 Glutathione
peroxidase
GSH
GSSG

Figure 1.3.1 AR CTOMEERLAKE DA & 1HE

AR, HoOp 1%, MIICE(EA L A& B2 507 LT TR, filaNo L Ky 7 20k
RERET DLV T FTIURES T L UTHRET 2 ZE WAL 2> TE TS 7, Iz, ki
K F-72 ENEOZFRIHEST D 2 & T, MIEN HO0 IRENSHIE SN TR L, BRI E
THE FFEDH T EOREENEDF A — I (<SH) Na[ifgicifb S <, AV7 = ViR
B (-SOH) &78%, ZiuZ “%W@%ﬁwwg%%@axﬂ&gﬁéw17»&%¢/@%ﬁu
WENIETHZETUALT 4 RIEREER LD, LI LI TALT ¢ /i (-SOH)
%xw$%(smH)&ﬁéo:@ié&Hﬁﬁ%#’@ﬁbk%ﬁ~w%@%@ﬁi@\%E@
B R BEOREFRIEENE S, VS TUVRRICEEEY 525 Z ERREIhTWD

3.2 NMAT—h—ELTOBEEKTE

B H 00 2R &35 ROS DA EVEE DT ARFHH STV D —J5, ROS O FE A
& HDUVNITHEFLEIC L D . HIIAN O ROS DR EWHE DT U ADERNLD & AN OB L A
MUABEER LT, NDASCHBREMNREBR P OMA R Z25| SR ZTRIR &5 2 LNl &
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TS B39, Fio, BRa REEEOR AN T, IEFHM & i LT, Oy 2T 2 A —/3—
FX T RT 4 AL Z—EOMPRIIL L H0: &5 fRT 504 7 —EBDORFEBUZ LV | H,0, D
FHEEPHERLTND Z ERF LTI TND 40, [FERIZ, BAMBIZIBW TS H0, B E
DR LB 4 RN O H0, I, EFMETIX 0.001-0.7 uM TH D —F7, BAMIET
£ 10-100 uM ([ZET D H D H 3D EHEE STV D 42, Nz T, Hy0) DIEHLE & A DEBE0R
HE ORRAHRESILTEY B il X, FEBrEo e MEES AR 253) B-V (X, R
PED & NEEMEDS AURIRE 253) & LER LT, Ho0, 38 K MBI BE T 5 R/ A4 m¥EBL L T D
Z &, BXU253)B-VMIEIZ BT, HyOx DFRELZ SIS 5 Z & T, #sIZBEE 5 R K+ 0
FHDPMH SND ZEBRHLNIIN TS W, BLEDZ & D, Hi0xlE, DAAZ8 EDBIFITH
THONAF~—A—L LTHERSNTED  H0y & Ui LU TIMERCTEME ., #ERES 21T 2% HaO i
BNMEGT 1D, 1.4 Hi Tk _7z HoOn JEERSEZ M 12 30, THETICHZ ARSI TN D

148

o

HoOp By 1 CEH SN DMRENZR HOr JISEFNLE LT, Ae BB LR e Ve X7
AT HND, Ra Uik LUV U Im 27U Hy0, & &V RIE RO LML S v, sk
IR AERET, ST DK~ LRSS ' (Figure 1.3.2),

3¢ Y, >

o)
B

e 0" o H;0 OH
@ @

Figure 1.3.2 (L KFIC L 2R VB AT VOIS

2004 4, Chang 1%, #HNFTHDH 7N ALEA 2, O IZGET DR VBT AT L%
AL O GBI T m—7 47T #E LT 5 ' (Figure 1.3.3), 47 1%, RGN
2 S 2 WEEEOEE O FABRAIEE TH D, Ho0, ERIETH 2 & T, 7AbeAs a2 L,
HOEIREE DY 1000 5L BIZERT 2 2 L2 R LT 5,

H,O,-responsive
moiety

e ok
O/B (0] B\O HO O O
g ‘ H,0, O = ‘

Fluorescent 0
moiety O

COOH
: )

47 Fluorescein
Fluorescence Fluorescence
“OFF” “ON”

Figure 1.3.3 7 /LA L&A 2 EAEK L Uiz Oy B 7 v —7 47
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72, 2010 4, Chang &%, AR NIEETHLR LNV T 2 ) OKBEIEIC, X UL=
—T N I =N LT HOISET DA 7 % #Ltmmmﬁﬁé%%t7u—7m%
ﬁibfméwom@mlsﬂ 48 1%, N7 =T —8 & DS L OEDFC I ST

DIZHKF L, HoOp EE LTS 7 2 U &R L2 I, EMFHEEDR TR RT 52 2 %
%Mwaéoé%t\wy7xi~€%ﬁm@%i@wv7:?~€%ﬁ771%%wf\%
(2 KD HoOn IR BEARAFRI IR A FEN A A — 0 TR FEREL TV D,

H,O,-responsive Q N o
moiety N N])\OH N Nj)\OH Luciferase N N:/[/
/©[ > H20, < ATP, O,, Mg2* <
(0] S S T HO S S T HO S S +hv
HO.
B AMP, CO,
48 o Luciferin Oxyluciferin

Figure 1.3.4 "R 2 )WL 7 = U & JERER & Uiz HoOp ISBE M EMFEET 1 — 7 48

WAFIEETIX, 2017 2, T/ AT 4 7 A% LTz O B RIANA TV v Ror1- 49 %
HLTWD B (Figure1.3.5), 49 1%, H0 &AL E LTARw A A7 )L dotEfir e LTL
VOVT v BEONRIBEEIT O WML E LCT > IR ERTH0FTh D, 4913858
25 OFF ToH 573, HyOr ZIWEIFEHLT 20 AMIINIZ A D & HoOr IT KV AR\ g X7 /L 73k
fbSi, #ADFTHLLVI VT 4 2T 5, 2K, ETEAMROA A -V 7%
179, I, A A=V 7 SN L, AMRICESE LR RENILERF T2 T, 7
¥ TR L, HO, ZERIFE BT 5 25 ARSI 2 e e 2 BT 5 Z L 2 L L
T2,

H202-re§ponsive >2L0 NN
moiety 0/'|3 0 ~_N \)\/H Photosensitizer
[ Qatac
Fluorescent moiety O\Qoﬁo
Fluorescence N7
49

“OFF”

000 /S000000000000000 e
000VRP PP PPPPe000s o0 Cell membrane

A OBBOOBOAEENAAS
e .000000"°‘.'. .“”““000... PPPo00
@, o, H.,O OO 0
o ... ...... 22Uy ... ‘.. .....
2 . e
& Imaging &g

) O~ ‘OO Resorufin
\QQ release HO o O Fluorescence
\ N/ llON"

| . . o OO Photo
High H,0,-expressing II “368nm _ cytotoxicity

cancer cells

Figure 1.3.5 ©7 / A7 7 A% 5A LTz HoO2 B NA 7 U v R43F 49
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BA4E BFUNRVEERGERITHIAREUSF

WHFZERTlX, ZHE TIZ, Figure 1.4.1 (R L2 RS AW & V2 DNAY, X o378 1
BEROREHE 2 ORI TN TE =, L Vb, XU R U E eSS Dy 1 &
LTiE, 7 A=AV 152-156\ T RITEY 157\ 22T =¥ 158-160\ 7\]‘3/1/74’ 1 o lol-163
BIOT7 =L T 2R TWD, IHIC, WUICTYA o LieT v 7% VFFER 2-
Tx=bX ) UHER, RV T ) VHERBE T T — L UFERR, R E LA T
TUOYEES R E AT I =8 B AR AEESY RV E A eSS —
a0 T N~ —BREZ NI ET I v A RBIS B LA XAFE K X7 E HIV-1 a7
T8 164 7 L OB 2 R BREMBIRICES 5T 52 XV Ch DHa- I VAT F
— B 10 % ARICHEERRE RSN 5 WX IRA T TRt ST 5 2 L 2 50
IZLTW% (Figure 1.4.2),

sscliceciiceiive

Anthraquinone Anthracene 2-Phenylquinoline Quinoxaline

N .
/

B-Carboline Porphyrin Fullerene

Iz _

Figure 1.4.1 SHF9EE TEME 20T 5 2 & 2 R LIoesz 5+

OH . )
o I on TR, : hoto-
O‘O N~ o . degradation
e} o H N7 (g 365 nm 1 2, b

ﬁ”* Wy

50 Neuraminidase

% %
oto-
)

HO degradation

365 nm &
g
&

Estrogen
receptor-o

Figure 1.4.2 1EfY % 2 X7 B DIt53fi#
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w @ v

b
Photo-
- degradagon

Amyloid 3

T

Photo-
degradation

S
Photo-
degradation

J ®
e )‘6:,:))

a-Glucosidase

Figure 1.4.2 1E{ % R B DOWAR (i)

F£72. Meares 53, 2-7nE4-=bur7t b7 =/ BEBLV55-UF 4 AQ2-= B
HEE) (56)13, X U NTED VAT A VERIEEROL L TER L, SEASEORBE T, X X7 E Rk
RS D L AR LTV 168 (Figure 1.4.3),

0 NO,
Br HooC SN /C[
:@ s COOH
O,N

2 02N

2-Bromo-4'-nitroacetophenone (55)  5,5'-Dithiobis(2-nitrobenzoic acid) (56)

Figure 1.4.3 55 35 XUV 56 Db A

HIEZNE TR D Z R B ONRE, FERRE ORI T2 W T, D723 E
5 —EEBRERCE PR Xy T O H AR EDROS ICEY ., UTIRT )B LD 2 BP0k
HECHLZ 2 LHRIB AL TV 5 26109170,

) —HEBBICLDEEET I VBEREOBLE AR LT~V X RREELGOE Fe ¥

VIVUHNBIOT AT U IVDARR

MRS F R VAR L —EHHEBFEITE S, e AFV, FrivBLXOMNI T T 70
FIEE UG LT, ~A %y Rk z Ak T 5 (Figure1.4.4), £ O%, ~LAF T RO
ZHNZED, e R IV INBIRT AR TPV EERT D, 2O Faxs 5
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ANBIOTNaXT T OHNH NIRRT TY NV EOFEHEZ T 5,

Histidine residue

N s
/'} _ o AR cH
N N
L AUV Nj—>’

Peroxide intermediates

l l

o}
Alkoxyl radicals

o o
N
Q/N\ Hydrogen transfer ﬁ/ A\
H HN\8—>/ HN
o OH

H
. N O Hydrogen transfer OYN OH
0o e e .

~ Nh ny

Degraded products

Tyrosine residue

HO! .
1 O/O V] 9 (@]
o .
L;KY‘_i* ~ B ;;KF___» L:KF + Ho
HO "o} o 0
Peroxide intermediates Alkoxyl radical and hydroxyl radical
Tryptophan residue
oo P
o 0, 0 + HY-HY 0
/ —_— —_—
HN N= N
HN L\ 4\/H \ N >‘!
> > H
Peroxide intermediates
a) Hydrolysis pathway
Con @ 0 o
/
0 -OH" Q Hydrolysis
—_—
N N® O<_NH O HN
N (G2 4 HN—Z }"E Y \f{
H H
Peroxide intermediates
Hydrolysis
b) Homolytic cleavage pathway
Con @ 0
02 0 _
_— + OH
N N
N b N b NH, O
H H
Peroxide intermediates Alkoxy! radical and hydroxyl radical Degraded products

Figure 1.4.4 —HEHEMBRIZ L DB ERT X/ BEREND DT U NVARKROTEBHERE
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i) E FaXv I UANBIOT LAy I OHMI LD T EEHOGINT
WCEVAELEE e IV AINBRIOT Laxy T b, D T A
Lizk FrX oI Vhmd, 2o "7 BEEHOuUREN D KEE T NN &<, B
WTC, FVINERT DaRBICIER S F I LI, ZBbOMKD AR T, 8N
OiWrsav, 27BN aEin% (Figure 1.4.5),

RO
o) or 0 0
H R HO* H R 0, H R
/ﬁfN\é)LN/X ~, N\(})LN/‘M 7, “S(N‘(::AN}L’
o) H H o) H o) Q H
O.
/}(N\c‘;AN)‘%
] H O
o o
o5° /WTN\\‘AH}“‘
\
Ty
(6] Hydrolysis l
|
0 0
H R
/ﬁ(N‘é))JLN}“ /w/NHZ . R\C)KN}\
oo " 0 o "
l Cleavage

o]
H | 0,/-HOO" Hydrolysis
. 2
/WN\Q,R R kHA oo o +
o}

(0]
Cleavage

Figure 1.4.5 7 U NVFRIZ K % 2 /37 H RSO GIE O FEEREHE
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ES5E ARXOWE

ARFHLTIE, HEZMED OFF/ON Z il P RE 7287 7= 72 Y6z M4y DIRTR & D3 AUFMIEI I 3
B2 AF~—H—Tb 5 H0: (ZIET DRSBTS Aoy T DORIFIZ DWW TR L7z,

AHB1E RAHDUVF/REFU-I0FTATD2-F7 b—ILERML
IZHETED3 Y BADRERORR & @ EF AR

Kiwsh 1 FFICB WL, XA DNTF ) AZF 2 - 70T 7 47 O 2-F7 b—/VENL 5T ICBIT 5
B N ENGRETE DR L & RSN BT 2 METE A BRI ZE I DWW CREIR L7z, T2 5,
57 WARICEE L RN ERIIDEOBE T, o 0B ESETH 20D TRELEZ, &5
(2, 57 2B DB MEORBUCEE 2 E LI O ICT D720, AFRSTTIE 57 O C-1 ik &
0 C-2 m:% HL., 2D 2 T OEHIEZEE Uiz S MEOHERZIK L 57 & F O 7o s A B
e atT o7, ZDFER, C-1 (LI AF VT AT IVEH D WE A VR F EE B IO C-2 (i KEEEE
EHTOME, Thbb 2277 = VLIRS 13-V VR =V ) — UAEE D IS D
WEUCEHEBETHY | ZOKBEZ AT LT HZ & THIEZM%L OFF [Tl cE s Z 2 /L
7= (Figure 1.5.1),

Proteins

g NHMe /ﬁ
Me OH @ b Photo-
OH 3 degradation

| S
Neocarzinostatin chromophore (17) 3 365 nm k| fé:;

e
113 7 Me
ON
MeO OH MeO OO OH MeO OO OH
MeO

58

IOFFJ! Me
MeO/Q\OMe MeO”\OMe MeO”\OMe
MeO

Figure 1.5.1 AGm%6 1 HOME

Y4

ARE2E RADIVF/REF-O0FTATD 2-F7 b—ILEML
FEARFHRLE LIz HO: EERLBRZESFORIR 7

Kaweh 2 EIZRWTE, A 1 O LR THLL 2R LIERx AT
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ABF 2 e JAET AT D 2-F T N—JVEAL 5T ZHEARER & LTz H0 )R BRSO Al
FlcoWTiiR L7z, T72b b, STRET S 1,3-UhAR=/Lx ) — /LSO KEEEEIC, H0y )&

EMEORT VBT AT N ER DN —T V) v h—Z2 N L CGERE LT 62 2T A VB LIOE
Ficth . RIEEESOE 365nm) DR FIZH T B MEZ T L, ZOREE, 62 D&M
MOFF THHZ &, BILU62 2 Ho0r L LT, HIEZMEN ON THD 57 2t L%
BONZ LTz, 61T, 62 DIEF Al WI-38 36 L U Ho0, A @ RIFEEL 92 25 AL B16F10 (29
DA FE 2 R L7z, Z OFER, 62 2% BI6F10 MU & L CERIRAZDEMIBEN: 2 BB+ 5
RIS ERDCESZ M rFToh D Z L 2 682 Lz (Figure 1.5.2)

"OFF'I Me "ON"

OO OO ’ Target cancer

MeO om MeO OH — cell-selective

365 nm R
Meo™ X0 -0 photo-cytotoxicity

1,3-Dicarbonyl
62 2 57 enol moiety
H,0,-responsive '.,;.. High H,0,-expressing
arylboronic ester moiety .-0' cancer cells

Figure 1.5.2 4Gt 2 EOMEL

AMFEIE ERILYY B ZEEEHE LIz H0: [BERNRZES
FORIH ™

AKEE 3 BIZBWTIL, 57 LREE, 13-UHNR= vz ) —UiEE R A L, Do KEEMED
mv\E&E@Tﬁﬁ%fﬁbtﬁm%@%& YFTHDHERZ LY BQRYEIEAF L Lz HiO,
JRERDCES M - ORIBUZ OWTRER Lz, 37hbb, 39 WA T L 13-V R=rx ) —)L
HEEDKBRILIZ, Au BB AT V& HAE L2 63 A%, 660 nm OYEIRE T2k 1T 5tk
PEZ I L7z, ZORER, 63 OFERZMEN OFF THDH Z &, BLTU63 2 Ha0, & i LT, ik
SN ON THDH 39 ZHNTHZEEZHALNI LT, 512, 63 BAEMREIEMEDEL 660 nm D
R T C B16F10 Mokt U CEIRIZe eI 2 B2 Z L 2 Al L, 63 2MEZREMED
FIISE RN RZ M - ChH 2 2B 6T L7z (Figure 1.5.3),

"ON"

f Target cancer

—_— cell-selective
photo-cytotoxicity

1,3-Dicarbonyl O OH
enol moiety
Hypocrellin B (39) High H,0,-expressing

H0,-responsive cancer cells

arylboronic ester moiety

Figure 1.5.3 AGaH 3 = O
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FT1E RAHADLVF/REF-O20FTAT7D2-F
7 b—=ILEBBELIZCH T B2 Ny BHRpEERE
DFER L EEEHHEEHR

1.1 HIRBE®

i 2 B2 1 @i CRIR L= K 91c, FADNTF ) ZAZF >« 7aE 747 (NCS-chr) (17)i%
FA—NAFE T D2 WITRIEREINCORKN T TE T U 2T, DNA 2015 Z L3 5

IZENTWD, AT, SUHFFEE TIE, NCS-chr(17)D 9 BER T VA U2 A &7\ 2-F 7
R —VERRL—BEERALNA 7 ) v R 38 23, RIERESIOLORHK T T, DNA 2t 2 2 & 2 R
HLTW2 10, UL, NCS-chr (17)D 2-F 7 b —/VELIZ IS T 2 SR M O B EE 2 i s
TGN I TV Tz, & TARIZE TR, £THIDIC, 38 DJERE T, ROS #4475
Z L TDNA ZtUr L T\ 572 51X, DNAMHANEHEL CTH D N-A F N7 a2t I a2 A S
PR 2-FT7 N VEBAL 57 DA T, BRI RERIECORE T, ¥ VR0 B 2N RT 2 O TIER2 0
& DGR AN T BREE LT, RIS, NCS-chr (17)D 2-F 7k —/VERAIC BT D Kz M D3 B HE
IS 2 SN T D720, AWFFETIEST O C-I MBI C2MIZEH L, 25 2 D FTORE
B2 S L7z S FEOERE, Thbb, 57D C-l fi A FALT AT VBTN TN I VRF Ik
BIOEEHRICET L7731 BLOS8 &, 57, 31 BLON58 D C2 (ikfgikz T nNZENA P&
FEITER LT 59-61 & W - i ST A BRI S 21T > 7= (Figure 2.1.1),

DNA cleaving agent Previous work:_

o DNA photocleaving agent
This work:
OH o Protein photodegrading agent ?
¥ e
(0]
w0 0
9 |:> MeO OH
OMe 3 NHMe
0 MeO” SO
Me OH 57

—7'\ Photo-

/> degradation

Me
o4 L A
90 b‘ S
MeO OMe MeO OMe MeO OMe Proteins
MeO~™ ~O

Figure 2.1.1 AGa% 1 EOWIIER T
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1.2 2-7 7 b—ILFEEE 31 XU 57-61 DERL

2-F 7 b VK 31 8 L OV57-61 DEEAF— L% LU FIZRT (Scheme 2.1.1), AHFSE Tl
R S DOERS B ITHE, T, TIRERITH D 5-ATF-13-v 7 anF P U (64 D— T
DHNKR=NVIEE AL ) — VR BB E T e ) — V= —T7 b3 5 Z & T 65 2157,
WKIZ, LDA ZIWT 65 2V F ULz ) TF— MELTcHE, AFNAVE=LT b ~OEAINZ21T
9T ET66 B, BT 66 Dy FINT IV K—AEE, i< 10%Pd/C % V7= kB X
S THBFRILEITO LT, 2277 h—VFHEKRS8 A LTz, WIZ, 812X LT, 7 T 7 F
NT = AR 7 ReAWAEERN T ek 2 T 72, n-7 F L) F 7 L% HN
Toa Xl LB, IR AEZ W LRIFIAIZEY . 318 25 LT, & 51T,
3LICK L, TMS U7 Y A Z v m W e A F A% 2 BEBEIZ 31T TITH 2 & T, ST B LV 59% %
B LTz, RIS, SN 89 DAF IV AT IVENKGIHET HZ LT, 608 25K LTz, £,
S81ZXf LT, TMS U7V A X L N2 AFNALEITH Z & T, 61 A LT,

LDA (1.2 eq.)

Me HC(OMe); (2.0 eq.) Me THF (x 63) Me Q
Q p-TsOH-H,0 (0.03 eq.) /@ -78°C, 1h; /<I\)LM6
10) o0 MeOH (x 15) then Methylvinylketone (1.2 eq.) \MeO (e}
t, 22 h MeO O 78°C 1h
64 65% 65 75%, d.r. = 76/24 66
NaOMe (2.5 eq.) Me 10% Pd/C (100 wt%) Me
MeOH (x 10) p-Cymene (x 20) OO
_— =
MS 4A (100 Wt%)  peo o reflux, 3h MeO OH
reflux, 4 h © 44% ©
0, =
83%, d.r. = 87/13 67 58
Me n-BuLi (3.0 eq.) Me
n-BuyNBr; (1.2 eq.) THF (x 40)
CH,Cl,/MeOH = 3/2 (x 62) OO -50 °C to -30 °C, 40 min; OO
0°C,6h MeO OH  then CO, MeO OH
72% Br -30 °C, 15 min
96% HO™ SO
68 3188

M Me
TMSCHNS, (5.0 eq.) TMSCHN, (7.0 eq.)

e
MeOH (x 20) O DIPEA (1.4 eq.) OO
7,
OH MeO OMe
o~ o

rt, 1.5 h MeO Toluene/MeOH = 1/1 (x 50)
93% rt, 21 h
Me! 88% MeO (@)
5785 5985
Me M
NaOH (75 eq.) TMSCHN, (7.0 eq.) ©
MeOH/H,0 = 3/1 (x 40) OO DIPEA (1.4 eq.) OO
58 ——Mm
80 °C,13h MeO OMe MeOH (x 25) MeO OMe
99% rt, 21 h
HO™ ~O 92%
60%5 61

Scheme 2.1.1 2-7 7 b —/L#FE(K 31 38 XN 57-61 DAL
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1.3 2-7 7 b—ILERGL 57 D F /Ny B H R EIERTM
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Figure 2.1.2 2-7 7 K —/LEBAL 57 D BSA (T 5 & /37 B 653 s PR TAT

57 D BSA T4 % & X7 e fRiE RO 7 e kv &2 LU RISRT,

O 05mL F=—71Z, BSA (1.5 uM)B LR 2-F77 b —/LERAL 57 (0, 0.15, 1.5, 15 3 L T} 150 pM)
ZEte 20% MeCN-PBS (pH 7.4, 10 mM)¥&iE 10 uL Z 7854 L 7=,

@ ML=V TN, WED 10 cm B2 50 UV ST F(365 nm, 100 W)d 5 EFE UV
FeHRE FIZHRUWT 37°CT 2 BEfl]l A > F = X— h L7z,

@ AvFax—|hk VT2 ANV T X )N EELO—T 4 7Ny T 7—2 uL
ZINZ., 95°CT S5 MMEVL T, &% o /"I EDBE T AT -7,

@ 8% ARV T UNLTIRKFLVEHANT, EXKEIEZITo7,

2-F 7 b= LEML 57 D BSA \ZxET 25 & o3I B FRENERHAM O 5 % Figure 2.1.3 12777,

Lane 1 2 3 4 5 6 7 8
uv - - + - + + o+ +
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Figure 2.1.3 Photodegradation of BSA using 57 under UV light irradiation. BSA (1.5 uM) was incubated
with 57 in 20% MeCN-PBS (pH 7.4, 10 mM) at 37 °C for 2 h under irradiation with a UV lamp (365 nm,
100 W) placed 10 cm from the sample. The products were analyzed by tricine-SDS-PAGE. The gels were
stained with Sypro Ruby protein gel stain. Lane 1: size marker; lane 2: BSA alone; lane 3: BSA upon photo-
irradiation; lane 4: BSA + 57 (150 uM) without photo-irradiation; lanes 5-8: BSA + 57 (concentrations 150,

15, 1.5 and 0.15 uM, respectively) upon photo-irradiation.
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L—r 2 LHBLT, L= 38BL04 Tk, BSA O RICEERRONR -T2 Z L b,
57 OIEFFAE T T BSA IZ UV &S L7-8HA B L OV BSA 12 57 #1%2C UV L& BBE Leho
AT, BSA IS e nZ 2R LT, 2 LT, b—r 58K 06 TlE, BSA
DR RNFAFZICHEL 7o o722 LMD, 57 53365 nm OFEIRET T, BSA 2 X052 & %%}J&b
TR L, B, L= 5BLV6 2BV T, BSA OORICEE S BiE DR T BEO /N R
B SN0 o T2, Z OB, BSA DIRN, 2 X0 ED T 2 F LIfLiE TR Z 5720,
il x DyFEDT T 7 A FOENDR, BERAZ TR0 THLLEZXLDBND 1T,
WA 2-F 7 ~—)VERNL 57 O BSA LS DEFE S o 37 BITRkIT DI RGN 2 BFET 5 72
57 DIV V' F—2A (Lyso) BLUa B30 > A (ConA) I1ZxFT 5 & ™7 B RIENE p¥
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B L1150 pM) % & Ee 20% MeCN-PBS (pH 7.4, 10 mM)I&IE 10 pL & F{H8 L 7=,
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@ 8% ARV T UNLTIRKFLVEHANT, EXKEIEZIToT,

2-F7 R —JLERL 57 @ Lyso 38 K Y Con A IZxT 5 & /X7 I s R O R &2 2 e
U Figure 2.1.5a B L b 1777, FHOL—2 1 EyTE~Y—T—, L—2 213X 2 R7EDH
Darhka—n, L—23FFNRNTEIZUVRERF LTV b= 4135 T BT
57(150 yM)Z M2 T UV & RBE Loz 7L, b—2 58 134 /R 712 57(150,15,1.5
BXO0.15 uM)Z M2 T UV EEBE L7=H > 7L Th D, BSA DA L FBE, L—1 2 & il
LT, b—238BL04 Tid, Lyso BELOConA O/ RIZEEN AL 7emnoT=Z vk, 57
DIEAFAET T Lyso BEL U Con A |12 UV HaMIHF L7=5G L, Lyso 3L Con A 12 57 12 T

UV 2B Lo e 58113, Lyso BEL O Con A 1T L7722 & 2R LT, —FH T, b
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Figure 2.1.5 Photodegradation of (a) hen egg lysozyme (Lyso) and (b) concanavalin A (Con A) using 57
under UV light irradiation. Each protein (1.5 pM) was incubated with 57 in 20% MeCN-PBS (pH 7.4, 10
mM) at 37 °C for 2 h under irradiation with a UV lamp (365 nm, 100 W) placed 10 cm from the sample. The
products were analyzed by tricine-SDS-PAGE. The gels were stained with Sypro Ruby protein gel stain. Lane
1: size marker; lane 2: protein alone; lane 3: protein upon photo-irradiation; lane 4: protein + 57 (150 uM)
without photo-irradiation; lanes 5-8: protein + 57 (concentrations 150, 15, 1.5 and 0.15 pM, respectively)

upon photo-irradiation.

1.4 2-F7 7 b—ILFERK 31 8L U 57-61 DZ 2 /\) R0 R EETE

2-F 7 N —)VERNL 5T IS X LRI S RIE M A R BT A 2 L A R L= T, RIS, 57 Dk
ZMEDOFRBCEE G ZH LT 5720, 2-F7 7 F—/LFFER 31 B L 57-61 @ BSA (25
G X NI RIEE % el L7 (Figure 2.1.6) .
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Figure 2.1.6 2-7 7 b —/LEHEIK 31 33 LUV 57-61 D BSA [ ZKFT 5 e/ fis M At

31 B L U57-61 D BSA (2T o M fE RO 7' e k2L 2 DL FITRT,
O 05mL F=2—71Z, BSA(.5 uM)B LW 2-F77 b —/LiFElK 31 & 5\ 57-61 (0 £ 721 150
uM) % & T 20% MeCN-PBS (pH 7.4, 10 mM)i&{Z 10 pL ZFH5 L 7=,
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BSA O/ RIZEER RN o722 E v, 58-61 (150 pM)IE, 365 nm O YRS T, BSA %
R L7 L2 BT Lz, UK LT, Figure2.1.7b ® L —> 5 T, Figure2.1.7a ®
L—y 5 LAlkk, BSA O\ RRBHFICH 2o 7o 2 E0vn, 31 28 57 & [AIERIZ 365 nm D LIRSS
T, BSA 0t fRT 5 2 L2 Lic, LLEDRED G NCS-chr D 2-F7 M —/LELIZIBIT 5
WREZMEDFBUIX, C-1 fLIC AT N AT VB D WE VAT VI, B C-2 (LickEEELE
BT HHE, Tb b 13-Uh R x ) — UEENEE THL Z E2WHLNI LT, &I
57 BX O 31 @ C2 (kg +7bb 13- R=x ) — GO KEEIEE XA F LT 5
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Figure 2.1.7 Photodegradation of BSA using 31 and 57-61 under UV light irradiation. BSA (1.5 uM) was
incubated with the compound in 20% MeCN-PBS (pH 7.4, 10 mM) at 37 °C for 2 h under irradiation with a
UV lamp (365 nm, 100 W) placed 10 cm from the sample. The products were analyzed by tricine-SDS-PAGE.
The gels were stained with Sypro Ruby protein gel stain. Gels (a)-(c) represent (a) 57 and 59, (b) 31 and 60,
and (c) 58 and 61, respectively. Lane 1: size marker; lane 2: BSA alone; lane 3: BSA upon photo-irradiation;
lanes 4 and 6: BSA + each compound (150 pM) without photo-irradiation; lanes 5 and 7: BSA + each
compound (150 pM) upon photo-irradiation.
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Figure 2.1.8 UV-Vis spectra of 31 and 57-61 (150 uM) in 20% MeCN-PBS (pH 7.4, 10 mM).
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Figure 2.1.10 UV-Vis spectra of 69 and 70 (150 uM) in 20% MeCN-PBS (pH 7.4, 10 mM).
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Figure 2.1.13 Inhibition of photodegradation of BSA using 57 in the presence of several scavengers. BSA
(1.5 puM) was incubated with 57 and scavenger, (a) histidine, (b) tiron, (c) potassium iodide (KI) and (d)
ethanol (EtOH), in 20% MeCN-PBS (pH 7.4, 10 mM) at 37 °C for 2 h under irradiation of a UV lamp (365
nm, 100 W) placed 10 cm from the sample. The products were analyzed by tricine-SDS-PAGE. The gels
were stained with Sypro Ruby protein gel stain. Lane 1: size marker; lane 2: BSA alone; lane 3: BSA +
scavenger (150 mM) upon photo-irradiation; lane 4: BSA + 57 (150 uM) upon photo-irradiation; lanes 5-8:
BSA + 57 (150 uM) + scavenger (concentrations 0.15, 1.5, 15 and 150 mM, respectively) upon photo-

irradiation.
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(@) UV (=) (b) UV (+)

Figure 2.1.16 EPR spectra obtained during photo-irradiation of 57 in the presence of 4-oxo-TEMP. 57 (1
mM) and 4-oxo-TEMP (200 mM) were incubated in 20% MeCN-PBS (pH 7.4, 10 mM) containing 1 mM
DETAPAC under irradiation with a UV lamp (365 nm, 100 W) placed 40 cm from a flat cell. (a) After 20

min without irradiation. (b) After 20 min irradiation.
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or \/ Ph Comparison of
MeO el Meo OMe 365 '’ '0,-generating abilities

DPBF

Figure 2.1.17 DPBF % i\ /= 2-7 7 b —/V#FEK 57 35 L OV 59 O — B IAFEF A Al &7l

| o Ph %‘o
/ o B\Ph

DPBF
(A =410 nm)

Figure 2.1.18 DPBF & —&EHIHEFE & O &

57 8 L 1V'59 @ DPBF & W /o —EBHIHBERAEREHMIIO 7 7 b 2Lzl FIZRT,
O 15SmL F=—7I2, 2-F7 F—/LiFEK 57 H DML 59 (1.5 mM)F L U DPBF (500 uM) % &
Tr 60% MeCN-PBS (pH 7.4, 10 mM)¥&#% 120 uL & FH8L L 7=,

55



@ WUV TN%E WKED 60 cm 57250 UV HHE T(365 nm, 100 W)IZIBWTEIRE T
0, 30, 60, 90, 120 33 L TN 150 YA v F 22—k L7z,

@ ArFaX—FE 120uL OFKH TIN5 100 Ul 2 96 V= /L7 L— ML, 7L —Fh
U — & —% T 320-500 nm ORI AT RV Z2RIE LT,

2-F 7 b—/VEBER 57 3B LY 59 O — AR R AR R A RN L 7265 R % Figure 2.1.19 (27777,
Figure2.1.19a |3, 2-F 7 F— ViFEREZ G £ 5, DPBF OAD T T v 7 3 ELORIERE R % . Figure
2.1.19b 35 K OF Figure 2.1.19¢ 1ZE 24 57 B LS9 ORERFEZ R LTV D, SR OR R
Fa, IOt E2R L TRY, A~ B #ik fk, HBIOMED 7T 7132 1£h 36501m
DIEIRE % 0, 30, 60, 90, 120 5L 150 PREFT 7= v T A OfERER L T D, 57 Z W28
121X, DPBF @ 410nm OWHEDZE LW BB SN2 Linn, —BEIEAREDERERT
v EAIZBNTHiER Lz, ZhUckt L, 59 Z HW 2358121, DPBF @ 410 nm QWL ITIZ &
WERDET, 7707 LARBEORDETHL LR LT, BEORRELY ., 365nm O

(a) Blank (b) Compound 57
25 25
—0s —0s
20 | 30s 2.0 30s
Q 60 s ) 60 s
g 215 90
515 —90s St —90s
2 —120s 2 —120s
31.0 31.0
a1 —150s 21 —150s
< <
0.5 0.5
0.0 — 0.0
320 370 420 470 320 370 420 470
A [nm] A [nm]
(c) Compound 59
25
—O0s
2.0 30s
[0) 60 s
2 15 —90s
c1.
2 —120's
21.0 1
21 —150s
<
0.5
0.0 —
320 370 420 470

A [nm]

Figure 2.1.19 Time-dependent changes in UV-Vis spectra of 1,3-diphenylisobenzofuran (DPBF) with 57 and
59 upon photo-irradiation. DPBF (500 uM) was incubated (a) without and with (b) 57 or (c) 59 (1.5 mM) in
60% MeCN-PBS (pH 7.4, 10 mM) at rt for 0-150 s under irradiation with a UV lamp (365 nm, 100 W) placed

60 cm from the sample.
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Figure 2.1.21 A& 1 EOfswm (2)

E BT, 2-F 7 b—IVEML 57 OIEFMREICEIT D A B0V ¥ —ikBRE L OVEPR JIE OFE R, 57
DIRRS T C—EEBBELZERTHZ EE2HLMNT L, 57 B EH FCAER L —EEBRE R L
D ROSIZED X NI BEONGRESIEE I LTWD Z EQRB Iz, £D7H, 365 nm |2
BT DX RGN A R LTz 5T B L O OIEEE RS 200572 59 O, HHH T

% —EIHEFRAR E L G U7z, & OFREER ST TS T TR —EERE A AR LT —

365 nm OIS NICHIT 5 59 O—EIEMEFR AN EIL, 57 LKL THECIKR T2 2205
MZ L7 (Figure 2.1.22),

Me Me
MeO™ ~O MeO™ ~O
57 59
'0,-generating ability =~ '0,-generating ability
IION!, ‘IOFF”

Figure 2.1.22 A 1 EOfswm (3)
PLEDOFEF LY | 2-F 7 N —) VML 5T 13RI ez &2 r L. G D ON TH D DI

5L, 87 D C2iKEEE, 470bb 13-P VR ) — GO KR Z A F b+ 252 &
T, 57 DN MENTF ML T L, M E OFF IZHIl C&E 5 2 L2 o)z Lz,

58



=r

F2E RAAIUVF/REZF2-O00FITIAT7D2-F

7 b—=ILER = EA R & LTz HO & E
KEZHESFORIH

21 HO EERNABRIZIUDF 2DHFTHA Y

KB 1 BT, RADNTF ) AZF 2 - 70T T 4T D 2-F 7 b—/VENL 57 PRS2 R
Tl BIORSIBNAET D 13-UANRE T ) — EEOKEEIEE A T AT D 2 & T, s
P % OFF (2 Al EEZ = & 207 5 202 L7z (Figure2.2.1a) , FH#H 1%, Z O FEBRKER ) 5 EE L5,
57 AT D 13-V VR =v ) — ) WHE DK . 58 AR RIFE B S 5 /3 A A~ — T —
L DISEN BT HZ & T, 57 PRISER Sy 71270 b £ B 27 (Figure 2.2.1b),
Thbb, MEEZMER [HIZON] ThoD 571, DAMIE: X ONEFMICK L, FEERE O
Ml Z BT 5 LB oD, —FH, 57 ZRIBUSERD RS M IO BT 2 2 & T, IER
AR kE U Cideiifia sttt 2 38 Bl 97, 23 AUMIIC R L it DSAMIBICIREIFBLT 531 4~
—H—ERIE LT, 57 BTS2 LT BSAMBRIRIIC I EE 2 RBTE 5B 2
(Figure 2.2.1¢),

@ e ) e .
Biomarker- ;
responsive Biomarker
MeO OH MeO OMe MeO 07 "_moiety T’ MeO OH
MeO ) MeO (0] MeO (o) Gomar MeO o 1,3-Dicart?onyl
> 59 responsive 57 enol moiety
Photosensitivity ~ Photosensitivity “OFF” moety “ON”
IION” “OFF”
(c) Photo-cytotoxicity
Me l‘ON” @
‘ Vo OO on —
e - Photo-
MeO™ "0 irradiation
OO Cancer cells 57
Meo ot Me ltONJJ
MeO™ ~O - @ -
DTN D oy O, i WEL
11 1 - MeO OH
ON C o o Photo- oK
— MeO™ =0 irradiation -
Normal cells 57
/ Me “ON” @
- ‘ - Meo/q\g!w -
Me Biomarker Photo-
MeO™ ~O . e
OO Biomarker- Cancer cells 57 irradiation
N responsive
MeO O moiety
~ L @
MeO” YO = -
[ ] J Biomarker- ®
“OFF” ————i - OO | responsive ‘ —— ) _
c,. 'r.— Meo ° U Photo- C’. _’._
- MeO” O “OFF” irradiation -
Normal cells

Figure 2.2.1 2-7 7 N — /UL 57 & ARG & U iSRS GEZ My 1 O T A Vil

59



ARFFETIE, BDAMIICBEIRI T 23, A ~—H"—L LT, O, ZI®IRL, ST 0ET 5 1,3-
DHNR=T ) = AEEOKEEIET, HOo 8B E L TR R VB AT VR Y )L m—T
N —THlfE L7 62 27 A > L7= (Figure 2.2.2),

Me

MeO g ‘ o/\©\ 4 H,O,-responsive
MeO™ X0 _0 arylboronic ester moiety
62 {<

B
i
(0]
Figure 2.2.2  H0 ) ERIICIEZ NSy 62 D37 A

T WA LTz 62 D Ha02 MEIFEBL MRS 53 2 HEEVEET % Figure 2.2.3 IZ7”7, £,
FREEZMEDY OFF T 5 62 DSHIFINIZIR D IAEND & | HiO IZ L o> TR VBT AT L RBES
o, KERIEICEW S ND, TDO%, AL p-E REX R DL —T 500 1,6-BlEc X v |
WD ON Th D 57 B &b, O L IIARK L 57125 LT, AMRICEE R ERE
OV E RS 5 2 & T H0 i@ RIFEHLS AR 3 U ORI E i 2 Bl s ¢ 5 2 &
MWTEDHEERT,

“OFF” Me

H,0,-responsive
arylboronic ester
moiety

High H,O,-expressing
cancer cells

Figure 2.2.3  HO, JSBERDCIESZ M1 62 OHEENE I

2.2 HO:HEBNRZMEDF 62 DERK

62 DA ELLTICRT (Scheme 2.2.1), 57 D7 = / — W MKE A R CTH 5 4-(7 1
FAF/N)T 2R a LY S a— L AT V(TN T T VR 5 2 & T, HOy 7
HIRES M 1 62 AR LT,

60



Me ﬁQBiO Me
Br o
OO 71 (1.2 eq.)
MeO OH MeO O@\
i
(0]

-0

K,CO3 (2.0 eq.)
MeO™ "0 Acetone (x 200) MeOG™ "0
reflux, 17 h

57 75% 62

2

Scheme 2.2.1 H,0, JiBERYERG PESy 1 62 DERL

2.3 HO: i ERLEESZHEDF 62 D UV-Vis AR kL

WIZ, 1.5 BT L7IfE R & [RER. HoOn JEB TR M0 1 62 DWW ALY KL 57 L bl
LCHEHKEEY 7 FLTWAZ L ERIAET 572D, 62 D UV-Vis A7 MLV E2HIE LT,

57 B L 1V62 D UV-Vis A7 MMAIED 71 k a)Lx L FITRT,
O 57 BLV62 (150 uM)Z & Ee 20% MeCN-PBS (pH 7.4, 10 mM)I&iE & o 8L L 7=,
@ SN RIRAYEIEEEER 2 AV T, 300-400 nm DWLIY A7 N VA RIE LT,

57 1 L1 62 DI AT I L% Figure 2.2.4 (2R3 BREINI I F  fElZW e EZ R L TEBY .,
TREOD T T 78857 OWIL AT Mva, BOOT T 70 62 DWINALZ MLERL TN, £
DFER, 62 DRIN ALY FuiE, 57 L H# U CEEE S 7 F L, 365 nm (Z351F 2 WL KR
WD L TWAZ E R LT LT,

Absorbance

300 320 340 360 380 400
A [nm]

Figure 2.2.4 UV-Vis spectra of 57 and 62 (150 uM) in 20% MeCN-PBS (pH 7.4, 10 mM).
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Figure 2.2.6 Photodegradation of BSA using 57 and 62 under UV light irradiation. BSA (1.5 uM) was
incubated with the compound in 20% MeCN-PBS (pH 7.4, 10 mM) at 37 °C for 2 h under irradiation with a
UV lamp (365 nm, 100 W) placed 10 cm from the sample. The products were analyzed by tricine-SDS-PAGE.
The gels were stained with Sypro Ruby protein gel stain. Lane 1: size marker; lane 2: BSA alone; lane 3:
BSA upon photo-irradiation; lanes 4 and 6: BSA + each compound (150 uM) without photo-irradiation; lanes

5 and 7: BSA + each compound (150 uM) upon photo-irradiation.
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Figure 2.2.8 Time-dependent changes in UV-Vis spectra of 1,3-diphenylisobenzofuran (DPBF) with 57 and
62 upon photo-irradiation. DPBF (500 uM) was incubated (a) without and with (b) 57 or (c) 62 (1.5 mM) in
60% MeCN-PBS (pH 7.4, 10 mM) at rt for 0-150 s under irradiation with a UV lamp (365 nm, 100 W) placed

60 cm from the sample.
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Figure 2.2.11 Responses of 62 to H>O». 62 (100 uM) was incubated with H>O» (0-300 uM) in 5% DMSO-
PBS (pH 7.4, 10 mM) at 37 °C for 60 min. The products were analyzed by HPLC (COSMOSIL 5C;s-AR-II,
4.6x250 mm; 3:2 MeCN/H-O; flow rate 1.0 mL min™'; 30 °C; detection by UV (230 nm)).
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Figure 2.2.13 (a) HPLC chromatograms of 62 after reaction with H,O». (b) Time-dependent responses of 62
to H203. 62 (100 uM) was incubated with or without H>O, (100 uM) in 5% DMSO-PBS (pH 7.4, 10 mM) at
37 °C for 0-180 min. The products were analyzed by HPLC (COSMOSIL 5C;3-AR-1I, 4.6x250 mm; 3:2
MeCN/H;O; flow rate 1.0 mL min’'; 30 °C; detection by UV (230 nm)).
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62 DEFE ROS (2513 2 MM O fs 5 % Figure 2.2.15 (2759, AfdfilllZ ROS OFEEE % . Hidil
I ENT ST DREEZ R L T D, R, BEBIOFED T T 71X EI 20,40 3 L1060
DA X a_— R LEEREZRL TS, ZOE, 62 1%, "OH, TBHP, 'O'Bu 3 X OV0OCI (Z%f
LTVIREALIRELRNZ EEMOEMNT LT, 61T, O IZXT 2B, ¥ T —B DI E
TTIERIOLARANIENS, 21T 0 IUSE LD TIEARL . Oy DAL L TARK L7z Hi0:2 12
RKLTISELIZEBEZLND, LR - T, 621%, "OH, TBHP, ‘O'Bu, OCl 3 LT} O 1Zxf L Tl
LN EIEET O @RAIICE L, STE 52 &2 /A LT,

2.6 HiCIBA72LL EOFER KV | 62 13 HoO2 125 L TERAY D DIRCMITIRE LT, JEZ D
ON TH L 5T T2 2P 6N LT,
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catalase

Figure 2.2.15 Responses of 62 to several reactive oxygen species (ROS). 62 (100 uM) was incubated with
the indicated ROS (100 uM) in 5% DMSO-PBS (pH 7.4, 10 mM) at 37 °C for 20-60 min. The products were
analyzed by HPLC (COSMOSIL 5C;s-AR-II, 4.6x250 mm; 3:2 MeCN/H,O; flow rate 1.0 mL min™!; 30 °C;
detection by UV (230 nm)).
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B16F10'* 35 X OVEF#iflE WI-38 [Z%F 95 62 Ottt % 34l L7- (Figure 2.2.16), ki
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Figure 2.2.16 HO, JLERDGESE 53 F 62 O A Bt Al

57 B LN 62 DA EMERHMliO 7 v b 2L & LIFIZT (Figure 2.2.17)
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UV BRI T ORISR ZR L TV D, FEUV LR T TIiE, 57 B8 L0 62 133 L 72 IR EFIPH IC B
T, EELDOMBICK L CHMEEZ RSN EEBAOMNIC L, ZhuSx L, 5712 UV ¢
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PEZT L A EFBL L7220 > 7= DIZxt L, BI6F10 Mkt U ClEsh Ry Ze SeAta st 2 845 2
EERWLMNZ U, BLEDOFRER IV 62 73 UV LS T, Hy0: ZBREIFEEL L T2 3 AL Th
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(a) B16F10, compound 57 (b) WI-38, compound 57
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Figure 2.2.18 Photo-cytotoxic activity of 57 and 62 against B16F10 and WI-38 cells. (a, ¢) B16F10 and (b,
d) WI-38 cells were seeded into 96-well plates (4.0 x 10° cells). After 24 h, the cells were treated with the
indicated concentrations of (a, b) 57 and (c, d) 62, and incubated for 3 h at 37 °C, followed by incubation for
30 min with or without photo-irradiation by a UV lamp (368 nm, 30 W) placed 20 cm from the sample.
Samples were further incubated for 24 h at 37 °C, and then MTT reagent was added to each well and the cells
were incubated for up to three additional hours. Absorbance at 540 nm was read using a plate reader. *p <

0.05, **p < 0.01, ***p < 0.001.

2.8 #ER

W2ETIE, RADNTF ) AZF L« 70T T FT D 2-F7 b=V & FEAE#K & LIz HO,
JEBERCRESE M5y F DRIBUZ SW TR~ T2, A 1| = CRtid L72 B R 2 £, x4 T
JSABTF e I AT T AT D2-FT T M=V ST AT B 13-V VIR =V ) — U IE D KEE
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Figure 2.2.19 A 2 O (1)
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Figure 2.3.5 UV-Vis spectra of 39 and 63 (5 uM) in 5% DMSO-PBS (pH 7.4, 10 mM). The highlighted
wavelength range is the emission wavelength of the LED (660 nm) used in this study.
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Ny RBBEFICHELS Ip o722 LD, 39 28 660 nm DO YIRS R, BSA 2R RANEN RIS H 2 L
R L7, Zhizx L, Figure 2.3.7b O L— 5-8 TiX, L—1 2 LH#EL T, BSA DNV R
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LN Z EZHLMI L, BEORERI D 660nm OIS NIk T2 3985k 0063 D& 3
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Figure 2.3.7 Photodegradation of BSA using 39 and 63 under 660 nm light irradiation. BSA (1.5 uM) was
incubated with (a) 39 and (b) 63 in 1% DMSO-PBS (pH 7.4, 10 mM) at 37 °C for 2 h under irradiation with
a LED (660 nm, 3 W, and 33 mW/cm?) placed 10 cm from the sample. The products were analyzed by tricine-
SDS-PAGE. The gels were stained with Sypro Ruby protein gel stain. Lane 1: size marker; lane 2: BSA alone;
lane 3: BSA upon photo-irradiation; lane 4: BSA + each compound (10 pM) without photo-irradiation; lanes
5-8: BSA + each compound (concentrations 10, 3, 1 and 0.3 uM, respectively) upon photo-irradiation.
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Figure 2.3.9 Time-dependent changes in UV-Vis spectra of 1,3-diphenyl isobenzofuran (DPBF) with 39 and
63 upon photo-irradiation. DPBF (500 uM) was incubated (a) without and with (b) 39 or (c) 63 (5 uM) in
80% DMSO-PBS (pH 7.4, 10 mM) at rt for 0-120 s under irradiation with a LED (660 nm, 3 W, and 10

mW/cm?) placed 20 ¢cm from the sample.
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@ 39 &5 63 (5 uM), 4-ox0-TEMP (200 mM)F L O DETAPAC (1.0 mM) % & E¢ 1% DMSO-PBS
(pH 7.4, 10 mM)VAK & FH8L L 7=,
@ FRELI7=Y > 7% EPR RO AFER /ST L, B LY 20 cm ORFEEN S O LED Y
FEST T (660 nm, 3 W, 10 mW/ecm?)iZ33\\ T, EPR A7 kL% 3 4y MHIE L=,

39 B L 1V63 & AV 7= LED JEIRET FIZH1F 5 EPR A7 b L& ZNE 1 Figures 2.3.11a 33 L O
b 127”7, 39 3 X O 4-0x0-TEMP {7/£ . LED JEPREIREIZIE, 4-0x0-TEMPO @ 3 AHro EPR A
X7 MU ENTZZ ED D, 39 28 660 nm ONEIRE FickB W C—HIEMBEL AR TLHZ L&
AFHHIZB T HERR Lz, ZHUCH LT, 63 3L 4-0x0-TEMP 177E . LED YHESTRHZIL,
TV OBRHENBEE IR SN2 LD, 358 L AEE. 660 nm OYEIRE FIZBIT S 63 O—
EIEFRFAREN, 39 L L CHEICIK T2 2 &2 R Lz,

(a) Compound 39 (b) Compound 63

b S

Figure 2.3.11 EPR spectra obtained during photo-irradiation of (a) 39 and (b) 63 in the presence of 4-oxo-
TEMP. Each compound (5 uM) and 4-oxo-TEMP (200 mM) were incubated in 1% DMSO-PBS (pH 7.4, 10
mM) containing 1 mM DETAPAC under irradiation with a LED (660 nm, 3 W, and 10 mW/cm?) placed 20

cm from a flat cell for 3 min.

LA oD 3.4-3.6 BiDFER LV | 660 nm OIERU FIZI1T 5 63 DIESMD OFF Th 5 Z & 2
T LTz, FTo 33HIORR LY . 63 DICEZ MDY OFF Th 5 Z KX, 63 @ 660 nm (ZH517T
DWICEEDS, 39 & bl U CRIEIZHEZD L, SIIREE~DNE A E Z D IZ< WedTH D Z &R
eI,

3.7 H0:iEEHNRZMEDF 63 M H.0: & EtEEHE

AET & T2 63 DY MEN OFF THhH Z E 2L L, I, 63 23 H0, & LT,
JEZMEAY ON T D 39 & it 9% 22% HPLC % VW THET L 72 (Figure 2.3.12),
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H,0,

HPLC
39 analysis

itOFF!J IIONJ,

Figure 2.3.12  H O, )W ERDCESNE 77 F 63 D HoOn S B FH

2

3.7.1 63 M H.0: G &1l

XTI, 63 7 HoOs PR AFRY I L OMRERMK FAYIZ HaO2 1T L T 39 & filti 3 % 72 % HPLC
ZHWTHE LT, K7 vEA D7 v Fav LI FIZRT (Figure 2.3.13)
@ 05mL F=—71Z, 63 (20 uM)IF L TV H,0, (0, 100, 300 5 X Y 1000 uM) % & e 5% DMSO-PBS
(pH 7.4, 10 mM)¥HK 50 pL Z 38 L 7=,
@ W L7=% 7% 37°CT0,30,60,90,120 35 L OV 180 4]l A > F =X— K L7,
@ A vFa~— Mk, JGKEE HPLC/UV Z AW TEEMIT L, MERIZLY 39 DAk &EEZH
HL7,

VAR

H,0,
(Final conc. 0-1000 pM) IEEEEEEEG— 'lFr’]EIC/SlIJSV
e 37 °C, 0-180 min y

63 (Final conc. 20 uM)

Figure 2.3.13 HPLC % I\ 72 63 O H,0, S A MEE A

63 D HyO, SR O B4 Figure 2.3.14 | ZoR~d, AT A > % =~ — MR, fiElhiE 39
HEEZFR L CND, Fio, R, B, #HRBLOERAOT 7y ME, 63 #2241 1000 uM, 300
uM, 100 pM B L0 uM D HyOr FFAE FCTA F 2 X— F LIEfEREZ R LT D, TORE. 63
1T HoOr FEFE FTIXLZETH D . 39 2t L un—J5, HyO, 124E F Tl HyO, I ERIFEHIIC 39
AT D 2 L EHSMMIC L, SIS, 63 IZIFIIKAFANIC HaOy IS LT, 39 2+ 5 =
xR LT, LEDORR LD 63 25 HoOr I FERAFRI DI FIKAFANIC HoO02 1B L TCL 39 &
BT 22 2B LN L,
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Figure 2.3.14 Responses of 63 to H>O,. 63 (20 M) was incubated with H,O; (0-1000 uM) in 5% DMSO-
PBS (pH 7.4, 10 mM) at 37 °C for 0-180 min. The products were analyzed by HPLC/UV.

3.7.2 63 NETE ROS IZxt9 2RIV T

I, 63 73X HoOx \TIBIRAYIZICE LT, 39 2 T2 Z L 2 60T 2720, 63 D45HE ROS
2B IRE M A HPLC & AWV CRMIi L7z, 2.6.3 i & [ARE, H,0. L4 ROS & LT, & KuF
7V (COH), tert-7F /Lt R~ L4F K (TBHP). tert-7 &%+ F /b ((OBu)., &K
i FERRA 4 (OC) BIRA—R—=FF L K7 =4 (07) #HWZ, KT v DT v bk
2 V%LU FIZR7 (Figure 2.3.15)

@ 05mL F=—71Z, 63 (20 uM)I5 L O&-F ROS (H,02, “OH, TBHP, *O'Bu, OCl 3 X T* 0,7, 300
uM) % & e 5% DMSO-PBS (pH 7.4, 10 mM)I&iE 50 uL Z i85l L 7=,

FHEL U727 L% 37°CT 120 438 A % 2_X— h L7z,

A Fa_— g, RS Z HPLC/UV Z W CTERMT L. MERIC LY 39 04K EE2 R
H L7z,

BB, A=N=FF L RT=FCELTUEL, ABHRICE VAR L 9 % Hi0: DL R 729,
Hy0o AH R Py — & LT Z7—8(5 units) & I L 72856 OFHl 17> 72,

< N\

ROS
(Final conc. 300 uM)  IEEEEEEG— ";’:';?/SLIJSV
Yo 37 °C, 120 min y

63 (Final conc. 20 uM)

@
®

Figure 2.3.15 HPLC % i\ 7= 63 O4H ROS (2 X9 5 IS PERTA

63 DEFE ROS (2514 2 &M 3T Ok 5% Figure 2.3.16 (2759, AL ROS OFEEEZ . il
%39 OHEEZRL TND, ZORER. 2.63 HiOFER & FEL, 631X, "OH, TBHP, *O'Bu 3 L}
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OCL I LT, IFEAEIRE LW Z 2R L, SHIZ, O IZRT 2I8% 1, h¥7—8
EWRMUTZSGEIITEZ S0 Enn, 63 1 O IOGE LD T, O BAAR¥ML L TE
L7 HhO iIZx L CSE LIz EEZ BN D, LT=ai-> T, 631%, "OH, TBHP, ‘O'Bu, OCl 5 LT}
O ITX L TUE E A EISEE T, HOo 1T L OB RIITIGE L, 39 22 2 L 2B 60Tl
770

40

Yield of 39 [%]
3 8

-
o
T

H,0, ‘OH TBHP *OBu OClI 0O, 0O, +
catalase

Figure 2.3.16 Responses of 63 to several reactive oxygen species (ROS). 63 (20 uM) was incubated with the
indicated ROS (300 uM) in 5% DMSO-PBS (pH 7.4, 10 mM) at 37 °C for 120 min. The products were
analyzed by HPLC/UV.

3.7 B CIE AR EDORER LY | 63 13 HaO2 (2K L TERII N DZNRANTISE LT, &St
ONTH 239zt ToZ e LT,

3.8 H.0: BRI HEDSF 630D H.0FETTCO—EFRZLERE
]
HoO, ST SERZ MESY - 63 25, HoO, &S LT 39 Z 95 Z & T, 39 Oz 2 mliE
THMNERIET 5720, 63 2 H0r & A »F 22— K L72#%D 660 nm OYEE Tkl 5 —EHE
fie 35 4Rk i % DPBF % FI\WCREl L7=  (Figure 2.3.17),

Regeneration of
10,-generating abilities ?

thFFJJ

Tl

Figure 2.3.17 H,0, JGEEADEIKZ MY T 63 D Ha0, & O itk D — EIARRFE A Bk B A
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H,0, & DG D 63 O DPBF % Wz —BHIARRFE AR RGO 7' 2 h a2 i2 Ll FIoRd
(Figure 2.3.18) ,
O 05mL F=—71Z, 63 (0 £721F 25 uM)I L U Ho0: (1 mM)% 5 T» 5% DMSO-PBS (pH 7.4, 10
mM)¥RE Z i U7z,
FHEL U 72 L% 37°C T2 A v F 2 _— |k LTz,
A FaX— M 1.5mL Fa2—7I2, G 24 pL, 3 L OV DPBF (625 uM) % &1 r 98.75%
DMSO-PBS (pH 7.4, 10 mM)&#K 96 uL 2 iz 5 Z & T, BUSNEDS 5 f5IZA RS 4, 222 DPBF
(500 uM) % & 2> 80% DMSO-PBS (pH 7.4, 10 mM)A#& 120 pL Z 38 L 7=,
@ PR LU=V T E KO 20 cm S5 50 LED YRS (660 nm, 3 W, 10 mW/ecm?)iZ 350
THEIRTO, 10, 20, 40, 60 3 L ° 120 A > F =_— k L7z,
® A FaX— Rk, 120Ul OFF TIN5 100yl 2 96 V=L L— MNIB L, 7 L— b
U — & —% T 320-500 nm ORI AT R L &2RIE LT,

)
®

Resultant mixture (24 pL)

H202

. Measurement of
(Final conc. 1 mM) — W e
Y 37°C,2h 660 nm

63 (Final conc. 0 or 25 uM) \
DPBF
(625 pM, final conc. 500 pM)
in 98.75% DMSO-PBS
(Final conc. of DMSO: 80%)
(96 L)

Figure 2.3.18 DPBF % /{72 63 @ Hy0, & O hint O — B IR 3 A pll &7 Al

H0; & DU D 63 D— B IANE R A Rl O 5 % Figure 2.3.19 (2757, Figure 2.3.19a | %,
63 5 E 7 Ho0, DA% 2 WA »F 2_X— F LIz 7 V% DPBF IR EIRG L CHIE L7277
7 v 7 BORER A | Figure 2.3.19b (X, 63 % H,O, 77(E F T 2 KffllA > % = ~<X— h %, DPBF &
WERA U THIE LIEREREZ R LTV D, FXOBITIEEZ ., it E2E L TRY | 7R7,
R, HRE, k. BRI OMHAD 7 7 71X Z 4 660 nm DIEIST % 0, 10, 20, 40, 60 35 L U0 120
AT TNV OFREREZ R LTS, 63 2 ZET, O, DA% 2KHA »FaX—F LT T
v 7 BB OSEIZIX, DPBF @ 410 nm QWA L7enWZ L 2R Lz, ZiuZktL, 63 %
HyO0 fF4E T T 2 B A v % 22— h L7=H > F & W23 412i%, DPBE @ 410 nm (2331} 5%
FENBERD LI Z L0 b, 63 13 HoOr ERUST HZ & T, 39 OOt MEERIE L, Jus
PENONIZ72 D Z 2L LT,
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(a) Blank + H,0, (b) Compound 63 + H,0,
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Figure 2.3.19 Time-dependent changes in UV-Vis spectra of DPBF (a) without and (b) with 63 in the
presence of H>O> upon photo-irradiation. 63 (25 uM) was incubated with H>O> (1 mM) in 5% DMSO-PBS
(pH 7.4, 10 mM) at 37 °C for 2 h. The product was then incubated with DPBF (500 uM) in 80% DMSO-PBS
(pH 7.4, 10 mM) at rt for 0-120 s under irradiation with a LED (660 nm, 3 W, and 10 mW/cm?) placed 20

cm from the sample.

3.9 H0:EHSEZ S F 63 DM E I

3.8 HiE TIZ 63 DILESZMED OFF Th D Z & BEU63 28 HoO02 1TSS L TS MEAY ON T
HD 39 ERH L, EZEEEE TS 2 EEH LM L, £ 2 TRIZ, 63 DAEREEMED S
VY 660 nm OYEHST TIZIUNT, HaO BRI BLA A M b L TR 2 la g e 2 56 8L %
T EFGET D728, WI-38 fifuds KON Ho0, Z i FIFEEL 5 B16F10 MAIZ %75 63 Dyt
2RI L7z (Figure 2.3.20) . LD 720 SWEEZMENYHIZ ON Th 5 39 Otz & Rk
2R L 72,

Photo-cytotoxicity

‘ 660 nm
B16F10
- @ - ‘/‘2)
[ ] [ )
17 17 —J _3 —_ 3
OFF Ceo_® 660 nm C’.:’._
WI-38

]

Figure 2.3.20 H,O ) B RERRAZ M1 63 O Sl 7 M
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39 B LW 63 Oyt tER i 7 1 ka2 LI NIRRT (Figure 2.3.21),

O ~URAZ/—<HilABI6F10 &5\ ix e MR A#HE MR WI38 2 96 7 = /L7 L — hZ
4000 AfE/ 7 = L CHERE L 72,

@ 37°CT 24 BFlA > F 2X— 1k, 39 H DT 63 ZHEIEE 0, 0.1, 03, 1 BLO 3 uM 7o
DMSO #&IEFE 1% & 72D K Y lcusim Lz,

@ 37°CT3HMA v FaX— |k, FL—FD 15em EJ225 D LED JEFRE T (660nm,3 W, 17
mW/em?) & 5\ MEFE LED JEIRET Iz T 30 23R4 v F 2— k L7z,

@ 37°CT294MEMA VX a— E, MTIT T vEAICX 0 HIlaAEFRZIE LT,

. Dose
Seeding ‘i) Photo-
S0 39 or 63 irradiation
s o-ouM i \'
24 h Final conc. of 3 660 nm,3W, 15cm 24 h reagent 4, =
B16F10 or WI-38 37 °C DMSO 37°C (17 mW/cm?) 37°C 37°C  plate Reader
4000 cells/well 1% 30 min

Figure 2.3.21 39 3 L1 63 O Ao 71 k=L

39 1 LT 63 DICHINTENE AL OfE B4 Figure 2.3.22 (2759, Figures 2.3.22a 3 LU b 137 h
ZA, B16F10 38 X OV WI-38 (Z%F L C 39 Z 4 5- L 7=f5 % | Figures2.3.22¢ 35XV d X224,
BI6F10 35 KX T WI-38 |2t L C 63 45 Lo A" LT\ D, KON 39 35 L1063 D
FE. MM AEFRERZ L TEY ., FOBIOROD 7 T 708N ENIE LED KK FB LW
LED JERST FORERZ R L Tvd, I LED LR FCIE, 39 36 KON 63 1B L 72 R EEHEPHIC 3
WT, WIERoMgicx L ChMiadsEttz mS vz E 2 R Lz, 2k L, 39 1% 660 nm
FERRGT IR WC, BI6F10 it JOY WI-38 Ml s U CIERIAIIZ, 39 D FERTFH 7 YA
JREtEE BT 2 2 L 2L Lz, —J7, 63 1% WI-38 Az xt L C, 660 nm D YHRE Fizk
WTh, A EEEIEE A ERIL L AR > 7-DI2%F L, BI6F10 M6k U CIZiizE 72 i 3
PEZRBTHZ xR M LT, ZNDDORERL Y, 63 7% 660 nm OIS T, H0, Z i FIFEHL 3
% M AAERE B16F10 (25t L CRERAY D 2h A 22 Al 3 & F8 B3~ 2 AR HENE D H0, IR,
BT ThHZEER LN LT,
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(a) B16F10, compound 39 (b) WI-38, compound 39
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Figure 2.3.22 Photo-cytotoxic activity of 39 and 63 against B16F10 and WI-38 cells. (a, ¢) B16F10 and (b,
d) WI-38 cells were seeded into 96-well plates (4.0 x 103 cells). After 24 h, the cells were treated with the
indicated concentrations of (a, b) 39 and (c, d) 63, and incubated for 3 h at 37 °C, followed by incubation
with or without photo-irradiation by a LED (660 nm, 3 W, and 17 mW/cm?) placed 15 cm from the sample
for 30 min. Samples were further incubated for 24 h at 37 °C, and then MTT reagent was added to each well
and the cells were incubated for up to three additional hours. Absorbance at 540 nm was read using a plate

reader. *p < 0.05, **p <0.01, ***p <0.001.

3.10 #ER

H3ETIE, BRI L) B EEAEKE Lz HOy JWERERRSZ M yF O AR S Tk
Tro KE2ET, FANNF ) AEZF L « JOET T D 2-F 7 h—IVENNET D 1,3-20
VIRV ) — WVHEEIZAE B LT HoOn IS BERDCRZ M F ORI A R L2 Z Lnh, KET
I 1L3-UANR =T ) — ) UEIEICE B LT AR MR 15 4 . ARG IO SO AT T
JHECFTREZe B AR 7 LU B BOICEH T 5 Z L& MET Lz, 1ZUDIT, 39 AT D 1,3-UH LR
=V ) = UAEIE DK R e VB ATV EERE LT 63 2T A VB X OVEMR LZ, WIT,
39 BL 63 DWILARY RV RIE LT-AER, 63 DWIL A~ hLiE, 39 &g U TRk R >
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7 b L. SERREHZHWZIR 660 nm (2381 D WOLEENBRE IR T 5 Z L2 R LT, RIT, 39
BEW63 DX T BENRIEN S L O HHEBR AR AT L 72, £ O/HR. 660 nm DY
FRETFIZHRT D 63 O L3I BN EENER L OV EEEE R AR AR, 39 & ik L TR I
TL. 63 DNESNEN OFF Thd Z &AM LT, 63 DN MED OFF Th 5 ERKIL, 63 O
660 nm (21T DWOLEEDS, 39 & Hl L CRIEITR <, 660 nm DRSS FIZdsi) 2 bkl 23k =
DIZK W2 ThH D Z LR siv/e (Figure 2.3.23),

1,3-Dicarbonyl
enol moiety o OH
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’ o]
Hypocrellin B (39) 63
Photosensitivity Photosensitivity
“ON 1l “OFF”

Figure 2.3.23 A% 3 HOfbam (1)

WIZ. 63 D HyOs (2% 2 B MER K OUSE OFRME 2 51 U745 5. 63 13 HoO, & IR
RN LT, HEZHEN ON ThH 39 2o 2 L2 R L7Z, 51T, 6313 H0, &
FOGS 2 2 & T, 39 DRz MEERT 52 L 2B 60 L7z (Figure 2.3.24)

Regeneration of
10,-generating ability

Hypocrellin B (39)

IIOFF” t‘ONiI

Figure 2.3.24 A5t 3 HOfam (2)

RZRIZ, O, ZBEIRIT D~ 2 AT ) —<#illE BI6F10 35 X OUE##id WI-38 (2% 5 39
F L0 63 DIAMIARENE & REAM L7z, ZORER, 39 1%, 660 nm DYEHRE TIZFW\ T, BI6F10 iy
3 L O W3 I L CHEB IRt s 2 ) Le, ZAUSK LT, 6313, AERZEEIton
BV 660 nm OYEIRES T, B16F10 AR LIRS ot st 2 89 5 2 L 2 /i
L7z, M EDFRERI Y 63 DAEMEIBNED &\ AL CHbE rTREZMER M D H0p JEE LI
M FCHDLZEEMBNT LT (Figure 2.3.25),
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AFFETIE, WRHIRADERR I FIRIE & 4R 10 U - RSB RD R My ORI 21T > 7=, 1310
WIZ, RAINTF ) AZF v« 7 a®T 5T D 2-F7 h—)VELIZ BT B & X7 B s
DR L L REETEVEFRIBIAFZEIZ X 0 | B2 IED OFF/ON % il AT RE 72 B 7= 70 YeIs2 Mk oy 1 & 78 AL
L7z, WRIZ, REIREREIC, XAINT ) AZTF 2 « 70T 75T O 2-F7 b —/VEML & BARE
¥ & U7z HaOp WS RRSZ 43 1 DRI A AT o 7o, St ARE AL 2 O YISy TS A L
EARZ LY B ZEARER L LTc HoO I B RS My F DRI 2 2R L T2,

RFADIVFI/IREZF-OOQFTAT7D2-77 b—ILELLICHBITS
BN ENRDEEEORER B ETEEEIAR

XAHNF ) ABZF v« 7 a7 T (NCS-chr) (17)D 2-F 7 b —AEBAIZIT D Ie&z D
ENCEBEREEZH O 0ICT B0, £9. NCS-chr (17)D 2-F7 F—)VERLL 5T DX /87 E
SO FRIENE 2R AT U7z, Z OfER, 57 BAMKICEE 72 365 nm OIS T, # /37 B &0k
THZ RO TR L, KIZ, 57D C-1 LB L C2 MO EHILN B 2 5 MEOMExIA %
NGRSz 2 B4 D RS VAR BT 2 24T o 120 T DGR, C-1 fLIZ A F LT AT /L 3 5\ T
ANRFVE BEO C2 ALK ELZ AT oME, 774005 2277 h—VELicBiT 5 1,3-
HANRZVT ) — AEERSEZVEORBUCEHE CTH Y . T OKEIEE XA TF AT D 2 & THIE
=M% OFF ICHIfICx 2 Z L Z R L7 (Figure 2.4.1),
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RADIWVFI/IREZFU-ORAEITATD2-F7 =B EZELXE
e L= HO: i ER RZE S FOR| R

HoOy JEERDESZ Ny F~ DI Zdam L, R e Th Do Z L2 i L7z 57 ©
13-V AR = x ) — WAEIEDKEEFEZ . HoO2 )W MED AR v U 27 )V Ak LTz 62 &7 W
AU BLIOAK L, RIZ, 365 nm OIEH FICBIT D 62 DS M A FHN L 72 #5562 DL
ZMEDYOFF Th o Z &, BLU 62 28 HoOy & s LT, Jedk 2y ON Th 2 57 #4552
EEWLMNT LIz, EHIT, 62 DIEFMIE WI-38 35 XU H0, Z I EL -5 23 AMiE B16F10 (2
%D AT 2RI L7, Z OfE . 62 2% BI6F10 A6 L CIEIRAD 2 AR R 2 J8 3
T 5 N0 BN M0 Ch D Z L ZB 6T L7z (Figure 2.4.2)

uv @ uv
/‘ Me Me r\ Photo_
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Figure 2.4.2 ARG 2 T O i

ERI LY YBZERERE L HO BERLRZE S FORIR

13-V ANAR= v ) — W EEIZ A B L Te AR VR A O — it 2 MREE S D 7o o Bz /s
HIEZ M7 & LT, AREEEOmWRIEROEIETRIEETH Y, 22D 13-V U LAR=
N ) —UEEE AT D IEZMES T ThHOIRRME R 7 L) U BERNITEH L.3INET D 1,3-
DANKR= ) — GO KB AR 1 R ATV A EE LT HaOn MBS M5y T 63
ETPACBIOAK Lz, RIZ, 63 @ 660 nm OIEIRE FIZF 1T 5 SRS 2 57 L 7255 5,
63 DL MEN OFF THHZ &, BLVN63 13 Ho0, & G LT, JESEMEN ON TH 5 39 % ik
M2 EZ2MBMNI LT, 61T, 63 BAEREIEMED EV 660 nm O IEHRH T T B16F10 il
% U TR DB 72 st 2 388192 Z S 2 R L. 63 MEREEMED H0, BRI
ST THDHZ EEHLMNT L (Figure 2.4.3),
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General methods for chemical synthesis

NMR spectra were recorded on a JEOL ECA-500 (500 MHz for 'H, 125 MHz for '*C) spectrometer
or a JEOL ECS-400 (400 MHz for 'H) spectrometer. 'H-NMR data are reported as follows; chemical shift in
parts per million (ppm) downfield or upfield from tetramethylsilane (5 0.00) or CDCI; (8 7.26), integration,
multiplicity (br = broad, s = singlet, d = doublet, t = triplet, q = quartet, and m = multiplet) and coupling
constants (Hz). '*C-NMR chemical shifts are reported in ppm downfield or upfield from CDCl; (8 77.0).
ESI-TOF Mass spectra were measured on a Waters LCT premier XE. Melting points were determined on a
micro hot-stage (Yanako MP-S3) and were uncorrected. Silica gel TLC, preparative TLC and column
chromatography separations were performed using Merck TLC 60F-254 (0.25 mm), Merck PLC 60F-254
(0.5 mm) and Silica Gel 60 N (spherical, neutral, 63-210 um or 40-50 um) (Kanto Chemical Co., Inc.),
respectively. UV-Vis spectra were recorded on a JASCO V-550 spectrometer. Air- and/or moisture-sensitive

reactions were carried out under an argon atmosphere using oven-dried glassware.

Synthetic procedure and characterization data of 31. 57-61 and 65-68 in chapter 1

Compound 65
Me

MeO i [0}

65

To a solution of 64 (4.75 g, 37.7 mmol) in MeOH (71.2 mL) were added trimethyl orthoformate (8.24
mL, 75.3 mmol) and p-toluenesulfonic acid monohydrate (215 mg, 1.13 mmol) at room temperature, and the
resultant solution was stirred for 22 h at room temperature. After concentrated to 20 mL in vacuo, the reaction
mixture was diluted with water (40 mL) and then extracted with CH>Cl, (40 mLx6). The extracts were dried
over anhydrous Na>SOs, filtered, and concentrated in vacuo. The residue was subjected to flash silica gel
column chromatography (1/1 n-hexane/EtOAc) to give 65 (3.44 g, 24.5 mmol, 65% yield). Pale yellow solid;
Rr0.46 (25/25/1 n-hexane/EtOAc/AcOH); 'H-NMR (400 MHz, CDCl3) & 5.36 (1H, d, J = 1.2 Hz, H-2), 3.69
(3H, s, OMe-3), 2.43 (1H, ddd, /= 16.4, 4.0 and 1.6 Hz, H-4 or 6), 2.42 (1H, ddd, /= 16.0, 4.0 and 1.6 Hz,
H-4 or 6), 2.29-2.18 (1H, m), 2.15 (1H, ddd, J=16.8, 10.0 and 1.2 Hz, H-4 or 6), 2.04 (1H, dd, /= 16.8 and
11.6 Hz, H-4 or 6), 1.08 (3H, d, J = 6.4 Hz, Me-5); HRMS (ESI-TOF) m/z 141.0920 (141.0916 calcd. for
CsH130,, [M+H]).

Compound 66

Me O

jonay
MeO o

66
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To a solution of LDA (1.0 M in THF/n-hexane, 30.7 mL, 30.7 mmol) in THF (180 mL) was added
dropwise a solution of 65 (3.59 g, 25.6 mmol) in THF (16.5 mL) at =78 °C. After being stirred for 1 h at —78
°C, methylvinylketone (2.50 mL, 30.7 mmol) was added to the reaction mixture at —78 °C, and the resultant
solution was stirred for 1 h at =78 °C. After the reaction was quenched with water (200 mL) at —78 °C, the
resultant mixture was extracted with Et;O (150 mLx2) and then with EtOAc (150 mLx2). The extracts were
washed with sat. NaHCO3 aq. (300 mL), dried over anhydrous Na,SOs, filtered, and concentrated in vacuo.
The residue was subjected to flash silica gel column chromatography (2/1 n-hexane/EtOAc) to give 66 (4.02
g, 19.1 mmol, 75% yield, d.r. = 76/24). Pale yellow syrup; Ry 0.42 (25/25/1 n-hexane/EtOAc/AcOH); 'H-
NMR (500 MHz, CDCls) § 5.30 (0.76H, s, H-2), 5.26 (0.24H, s, H-2), 3.68 (2.28H, s, OMe-3), 3.68 (0.72H,
s, OMe-3), 2.66-2.30 (3H, m), 2.28-2.17 (1H, m), 2.15 (2.28H, s, COMe), 2.14 (0.72H, s, COMe), 2.11-1.97
(2H, m), 1.93-1.68 (2H, m), 1.09 (2.28H, d, J = 6.5 Hz, Me-5), 1.01 (0.72H, d, J = 7.0 Hz, Me-5); HRMS
(ESI-TOF) m/z 211.1335 (211.1334 calcd. for Ci12H1903, [M+H]?).

Compound 67
Me

MeO J\: : 0

67
To a solution of 66 (4.20 g, 20.0 mmol) in MeOH (30.0 mL) were added 28% NaOMe in MeOH (12.2
mL, 50.0 mmol) and MS 4A (4.20 g, 100 wt%) at room temperature. After the reaction mixture was stirred
under reflux conditions for 4 h, the precipitated solid was removed by suction filtration. The filtrate was
diluted with water (50 mL), neutralized with AcOH (4 mL), extracted with CH,Cl, (50 mLx4), dried over
anhydrous Na,SOg, filtered, and concentrated in vacuo. The residue was subjected to flash silica gel column
chromatography (2/1 n-hexane/EtOAc) to give 67 (3.19 g, 16.6 mmol, 83% yield, d.r. = 87/13). Orange solid;
Rr0.53 (25/25/1 n-hexane/EtOAc/AcOH); 'H-NMR (400 MHz, CDCI3) & 5.78 (0.13H, s), 5.74 (0.87H, s),
5.41(1H,d,J=0.8 Hz), 3.70 (0.39H, s, OMe-7), 3.70 (2.61H, s, OMe-7), 2.73-2.48 (1H, m), 2.43-2.26 (3H,
m), 2.20-1.83 (2H, m), 1.74-1.67 (1H, m), 1.60-1.49 (1H, m), 1.09 (2.61H, d, J= 6.8 Hz, Me-5), 0.90 (0.39H,
d, J= 6.8 Hz, Me-5); HRMS (ESI-TOF) m/z 193.1233 (193.1229 calcd. for Ci,Hi70,, [M+H]").

Compound 58
Me

MeO i II OH

58
To a solution of 67 (2.91 g, 15.1 mmol) in p-cymene (58.3 mL) was added 10% Pd/C (2.92 g, 100
wt%) at room temperature. After being stirred under reflux conditions for 3 h, the reaction mixture was
filtered through Celite. The filtrate was diluted with Et,O (40 mL), and extracted with 0.5 N NaOH (20
mLx6). After the aqueous layers were acidified to pH 1 with conc. HCI at 0 °C, the resultant mixture was
extracted with CH2Cl, (40 mLx4), dried over anhydrous Na,SOs, filtered, and concentrated in vacuo. The
residue was subjected to flash silica gel column chromatography (4/1 n-hexane/EtOAc) to give 58 (1.24 g,
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6.59 mmol, 44% yield). White solid; Rr0.48 (2/1 n-hexane/EtOAc); 'H-NMR (400 MHz, CDCl3) & 7.80 (1H,
d, J=8.7 Hz, H-4), 7.06 (1H, d, J= 2.8 Hz, H-1), 6.96 (1H, dd, J = 8.9 and 2.5 Hz, H-3), 6.84 (2H, s, H-6,
8), 4.98 (1H, br-s, OH-2), 3.88 (3H, s, OMe-7), 2.60 (3H, s, Me-5); HRMS (ESI-TOF) m/z 189.0910
(189.0916 calcd. for Ci2H 1302, [M+H]").

Compound 68

To a solution of 58 (345 mg, 1.83 mmol) in CH,Cl; (10.3 mL) and MeOH (6.90 mL) was added a
solution of BusNBr3 (1.11 g, 2.30 mmol) in CH2Cl, (2.50 mL) and MeOH (1.70 mL) at 0 °C. After the
reaction mixture was stirred for 6 h at 0 °C, the reaction was quenched with water (12 mL). The resultant
mixture was extracted with CH,Cl, (8 mLx3), dried over anhydrous Na,SQg, filtered, and concentrated in
vacuo. The residue was subjected to flash silica gel column chromatography (100/1 CH2Cl,/MeOH) to give
68 (352 mg, 1.32 mmol, 72% yield). White solid; R; 0.74 (100/1 CH>Cl,/MeOH); 'H-NMR (400 MHz,
CDCL) 6 7.81 (1H, d, J = 8.8 Hz, H-4), 7.21 (1H, d, J = 2.4 Hz, H-8), 7.13 (1H, d, J = 9.2 Hz, H-3), 6.90
(1H, dd, J=2.4 and 1.2 Hz, H-6), 5.86 (1H, s, OH-2), 3.95 (3H, s, OMe-7), 2.63 (3H, s, Me-5); HRMS (ESI-
TOF) m/z 267.0024 (267.0021 calcd. for Ci2H2BrO,, [M+H]").

Compound 31

Me

MeO l I OH

HO” O
31

To a solution of 68 (327 mg, 1.22 mmol) in THF (13.1 mL) was slowly added n-BuLi (1.6 M in n-
hexane, 2.29 mL, 3.66 mmol) at =50 °C. After being stirred for 40 min at —30 °C, CO, gas was bubbled
through the reaction mixture for 15 min. The resultant mixture was diluted with CH>Cl, (10 mL), and
extracted with sat. NaHCOs3 aq. (10 mLx3). After the aqueous layers were acidified to pH 1 with conc. HCI
at 0 °C, the resultant mixture was extracted with CHCI3 (50 mLx4), dried over anhydrous Na,SOs, filtered,
and concentrated in vacuo. The residue was subjected to flash silica gel column chromatography (20/1
CHCI13/MeOH) to give 31 (273 mg, 1.18 mmol, 96% yield). White solid; R, 0.40 (4/1 CHCl3/MeOH); 'H-
NMR (400 MHz, CDCIs) ¢ 8.23 (1H, s, H-8), 8.10 (1H, d, J = 9.2 Hz, H-4), 7.05 (1H, d, J = 9.2 Hz, H-3),
6.93 (1H, s, H-6), 3.95 (3H, s, OMe-7), 2.65 (3H, s, Me-5); HRMS (ESI-TOF) m/z 233.0819 (233.0814 calcd.
for Ci3H1304, [M+H]).
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Compound 57
Me

MeO l I OH

MeO™ ~O
57

To a solution of 31 (231 mg, 0.995 mmol) in MeOH (4.63 mL) was added TMSCHN (2.0 M in Et;0,
2.49 mL, 4.98 mmol) at 0 °C. After being stirred for 1.5 h at room temperature, the reaction was quenched
with AcOH (3 mL). The resultant mixture was concentrated in vacuo. The residue was subjected to silica gel
column chromatography (8/1 n-hexane/EtOAc) to give 57 (228 mg, 0.926 mmol, 93% yield). White solid; Ry
0.57 (4/1 n-hexane/EtOAc); m.p. 111-112 °C; 'H-NMR (500 MHz, CDCls) 8 12.13 (1H, s, OH-2), 8.08 (1H,
d, J=3.0 Hz, H-8), 8.03 (1H, d, J= 9.5 Hz, H-4), 7.04 (1H, d, J = 9.0 Hz, H-3), 6.90 (1H, dd, /= 2.5 and
1.0 Hz, H-6), 4.10 (3H, s, COOMe-1), 3.92 (3H, s, OMe-7), 2.63 (3H, s, Me-5); 13C-NMR (125 MHz, CDCls)
6 172.7,164.2, 159.2, 136.7, 133.9, 132.2, 122.9, 115.8, 104.4, 104.0, 54.8, 52.2, 19.9; HRMS (ESI-TOF)
m/z 247.0973 (247.0970 calcd. for C14H;504, [M+H]).

Compound 59

Me

MeO™ O
59

MeO OMe

To a solution of 57 (40.5 mg, 0.164 mmol) in toluene (1.01 mL) and MeOH (1.01 mL) were added
TMSCHN; (2.0 M in Et;,0, 0.576 mL, 1.15 mmol) and DIPEA (39.2 pL, 0.230 mmol) at 0 °C. After being
stirred for 21 h at room temperature, the reaction was quenched with AcOH (0.5 mL). The resultant mixture
was concentrated in vacuo. The residue was subjected to silica gel column chromatography (8/1 n-
hexane/EtOAc) to give 59 (37.6 mg, 0.144 mmol, 88% yield). White solid; Ry 0.43 (4/1 n-hexane/EtOAc);
m.p. 151-152 °C; '"H-NMR (500 MHz, CDCl5) 6 7.95 (1H, d, J = 9.5 Hz, H-4), 7.13 (1H, d, J = 9.0 Hz, H-
3), 6.88 (1H, dd, J= 2.5 and 1.0 Hz, H-6), 6.84 (1H, d, /= 2.5 Hz, H-8), 4.03 (3H, s, COOMe-1), 3.95 (3H,
s, OMe-2), 3.87 (3H, s, OMe-7), 2.62 (3H, s, Me-5); 3C-NMR (125 MHz, CDCl;) 8 169.0, 158.6, 154.8,
136.4,132.7,127.5,123.5,117.7,116.9, 109.6, 100.1, 56.4, 54.9, 52.3, 19.4; HRMS (ESI-TOF) m/z 261.1126
(261.1127 calcd. for C5H1704, [M+H]).

Compound 60

Me

MeO l I OMe

HO™ ~O
60
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To a solution of 59 (31.3 mg, 0.120 mmol) in MeOH (0.939 mL) and H,O (0.313 mL) was added
portionwise NaOH (361 mg, 9.03 mmol) at 0 °C. After being stirred for 13 h at 80 °C, the reaction mixture
was diluted with CH>Cl, (3 mL), and extracted with sat. NaHCO3 aq. (3 mLx3). After the aqueous layers
were acidified to pH 1 with conc. HCI at 0 °C, the resultant mixture was extracted with CHCIz (10 mLx3),
dried over anhydrous Na;SOs, filtered, and concentrated in vacuo to give 60 (29.2 mg, 0.119 mmol, 99%
yield). White solid; Rr0.31 (10/1 CHCls/MeOH); m.p. 144-145 °C; 'H-NMR (500 MHz, CDCl;) & 8.06 (1H,
d, J=9.5 Hz, H-4), 7.80 (1H, d, J = 2.0 Hz, H-8), 7.16 (1H, d, J = 9.0 Hz, H-3), 6.93 (1H, dd, /= 2.5 and
1.0 Hz, H-6), 4.08 (3H, s, OMe-2), 3.91 (3H, s, OMe-7), 2.63 (3H, s, Me-5); 3C-NMR (125 MHz, CDCls) &
171.1, 159.1, 156.2, 136.4, 133.7, 129.2, 123.9, 118.1, 114.2, 109.3, 101.2, 56.9, 55.1, 19.6; HRMS (ESI-
TOF) m/z 247.0958 (247.0970 calcd. for C14H 1504, [M+H]").

Compound 61

Me

MeO i II OMe

61

To a solution of 58 (39.1 mg, 0.208 mmol) in MeOH (1.00 mL) were added TMSCHN (2.0 M in Et;0,
0.727 mL, 1.45 mmol) and DIPEA (49.5 pL, 0.291 mmol) at 0 °C. After being stirred for 21 h at room
temperature, the reaction was quenched with AcOH (1 mL). The resultant mixture was concentrated in vacuo.
The residue was subjected to silica gel column chromatography (8/1 n-hexane/EtOAc) to give 61 (38.6 mg,
0.191 mmol, 92% yield). White solid; R;0.66 (4/1 n-hexane/EtOAc); m.p. 107-108 °C; 'H-NMR (500 MHz,
CDCl) 6 7.80 (1H, d, J = 9.5 Hz, H-4), 7.07 (1H, d, J= 2.5 Hz, H-1), 7.02 (1H, dd, /= 9.0 and 3.0 Hz, H-
3),6.92 (1H, d, J= 2.5 Hz, H-8), 6.85 (1H, dd, J= 2.5 and 1.0 Hz, H-6), 3.91 (3H, s, OMe-2), 3.89 (3H, s,
OMe-7), 2.61 (3H, s, Me-5); 3C-NMR (125 MHz, CDCl3) § 157.9, 157.8, 136.3, 136.1, 125.5, 123.6, 116.9,
115.4, 106.0, 103.5, 55.2, 55.1, 19.3; HRMS (ESI-TOF) m/z 203.1065 (203.1072 calcd. for Ci3Hi502,
[M+HTY).

98



NMR spectral charts of 31, 57-61 and 65-68 in chapter 1
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Synthetic procedure and characterization data of 62 in chapter 2

a{<
62

To a solution of 57 (23.3 mg, 0.0946 mmol) in acetone (4.66 mL) were added 4-
(bromomethyl)phenylboronic acid pinacol ester (71) (34.6 mg, 0.116 mmol) and K>COs3 (26.7 mg, 0.193
mmol) at room temperature. After the reaction mixture was stirred under reflux conditions for 17 h, the
precipitated solid was removed by suction filtration, washed with CHCI; (5 mLx3), and the filtrate was
concentrated in vacuo. The residue was subjected to silica gel column chromatography (80/1 CHCls/acetone)
to give 62 (32.9 mg, 0.0712 mmol, 75% yield). White solid; Rr0.42 (4/1 n-hexane/EtOAc); m.p. 162-163 °C;
'H-NMR (500 MHz, CDCl3) & 7.89 (1H, d, J = 9.5 Hz, H-4), 7.82 (2H, d, J = 8.0 Hz, Ar-H), 7.44 (2H, d, J
= 8.0 Hz, Ar-H), 7.10 (1H, d, J = 9.0 Hz, H-3), 6.90 (1H, d, J = 2.5 Hz, H-8), 6.88 (1H, dd, /= 2.0 and 1.0
Hz, H-6), 5.26 (2H, s, ArCH>»), 4.01 (3H, s, COOMe-1), 3.87 (3H, s, OMe-7), 2.59 (3H, s, Me-5), 1.34 (12H,
s); *C-NMR (125 MHz, CDCl3) 8 169.0, 158.7, 154.0, 140.0, 136.4, 135.0, 132.8, 127.5, 126.1, 123.8, 118.0,
117.8,111.2, 100.2, 83.8, 71.0, 55.1, 52.3, 24.8, 19.5; HRMS (ESI-TOF) m/z 463.2290 (463.2292 calcd. for
C»7H3,BOs, [M+H]).
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NMR spectral charts of 62 in chapter 2

Srzl

80°€
—
SI'g u
UL U
90T B
=
ov{
\
m-O
50 _
[
—_—
[ £0T
o © —
(o) .
(2 e
——
o 3
= =
o)
[
s

[ o000

1.0

JE—
J—

(65T

—— USE
L2__ soor

5.0

—t9TS

6.0

889

889
9689
< 069

F= oL

01t
N8z

€EFL

L

8L

=) . sz8L
[ oo / €88°L,
We'L

9.0

N LA L L L L L L e e oL L A LR e LR LA R LR e
GTLETPI LT TTITOCOISTILIOISIFICITITIOI6080L090S0F0E0C0L0 0

JduURpUNgR

jas)

=

X : parts per Million :

"H-NMR spectrum of 62

L

62

(syppuesnoyy)

0

— g1zootr

— EETII

s

200 1100 100

\'

— HOPEIl

0 1500 140.

Q1 |

0 160

q £86'891

200.0 190.0 1800 170

X : parts per Million : 13C

3C-NMR spectrum of 62

107



Synthetic procedure and characterization data of 63 in chapter 3

To a solution of hypocrellin B (39) (5.7 mg, 10.8 pumol) in dry DMF (285 pL) were added 4-
(bromomethyl)phenylboronic acid pinacol ester (71) (12.8 mg, 43.1 umol) and K>CO3 (6.0 mg, 43.4 pmol)
at room temperature. After being stirred at the same temperature for 24 h, the reaction mixture was
concentrated in vacuo. The residue was purified by preparative TLC (1/1 n-hexane/acetone) to give 63 (3.9
mg, 4.06 umol, 38% yield). Orange solid; R;0.61 (1/1 n-hexane/acetone); m.p. >300 °C; 'H-NMR (500 MHz,
CDCl) 8 7.85 (2H, d, J= 8.0 Hz, Ar-H), 7.83 (2H, d, J = 8.0 Hz, Ar-H), 7.65 (4H, d, J= 8.0 Hz, Ar-H), 6.16
(2H, s, H-5, 8), 5.34 and 5.16 (2H, ABq, /= 11.0 Hz, ArCH>), 5.29 and 5.19 (2H, ABq, J = 10.5 Hz, ArCH>),
4.01 (1H, d, J= 11.5 Hz, H-13a), 3.98 (3H, s, OMe-2), 3.95 (3H, s, OMe-6 or 7), 3.94 (3H, s, OMe-6 or 7),
3.89 (3H, s, OMe-11), 2.92 (1H, d, J = 11.5 Hz, H-13b), 2.36 (3H, s, Me-15), 1.74 (3H, s, COMe-16), 1.36
(24H, s); *C-NMR (125 MHz, CDCl3) 5 199.8, 184.6, 184.5, 166.2, 165.7, 154.9, 153.1, 152.9, 150.7, 146.3,
140.0, 139.9, 134.9x3, 134.2, 133.5, 128.1, 128.0, 126.6, 126.3, 126.1, 125.7, 125.0x2, 120.1, 118.5, 106.5,
106.2, 83.8,76.1,76.0, 62.1,61.7,56.1x2,34.4,29.5, 24.9, 20.8; HRMS (ESI-TOF) m/z 961.4144 (961.4142
calcd. for Cs¢HsoB2O13, [M+H]").
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Materials for biological assay

Bovine serum albumin (BSA) and hen egg lysozyme (Lyso) were purchased from Sigma-Aldrich Co.
LLC. Concanavalin A (Con A) and catalase (from bovine liver) were purchased from FUJIFILM Wako Pure
Chemical Corporation. 1,3-Diphenylisobenzofuran (DPBF) was purchased from Merck Schuchardt OHG.
The mouse melanoma cell line, B16F10 (RCB2630), was provided by the RIKEN BRC through the National
Bio-Resource Project of the MEXT, Japan. The normal human lung fibroblast cell line, WI-38 (IFO50075),
was purchased from the Japanese Collection of Research Bioresources (JCRB) Cell Bank (Osaka, Japan).

Experimental methods for biological assay in chapter 1

Photodegradation of proteins

The protein photodegradation experiments were performed with BSA, Lyso or Con A (1.5 uM) in a
volume of 10 pL in 20% MeCN-PBS (pH 7.4, 10 mM) containing indicated concentrations of each compound
at 37 °C for 2 h with or without irradiation using a UV lamp (365 nm, 100 W, Blak-ray (B-100A), UVP. Inc.)
placed 10 cm from the sample. After photo-irradiation, 2.00 uL of electrophoresis buffer consisted of Tris
(0.35 M), SDS (10%, wt/vol), glycerol (36%, wt/vol), 2-mercaptoethanol (5%, wt/vol), and bromophenol
blue (0.012%, wt/vol) was added to the samples. The photodegradation products were separated by SDS-
PAGE in 8% polyacrylamide gels. The gels were run by applying 30 mA for 90 min, stained with SYPRO
Ruby Protein Gel Stain (Bio-Rad Lab. Inc.) for 14 h, destained in acetic acid (7%, vol/vol) and methanol
(10%, vol/vol) for 0.5 h, and washed with deionized water. The gels were scanned with a ChemiDoc Touch

MP Imaging System (Bio-Rad Lab. Inc.). Molecular weight markers were used in each gel for calibration

purpose.

EPR spectrometry

EPR experiments were carried out with a Bruker Biospin EMX EPR, and EPR spectra were recorded
under the following conditions: temperature 296 K, microwave frequency 9.394 GHz, microwave power 16
mW, field modulation 0.1 mT at 100 kHz, scan time 20 min. For detection of singlet oxygen, 2,2,6,6-
tetramethyl-4-piperidone (4-oxo-TEMP) was used as a spin-trapping agent. 57 (1.0 mM) and 4-oxo-TEMP
(200 mM) were incubated in 20% MeCN-PBS (pH 7.4, 10 mM) containing 1 mM DETAPAC under
irradiation with a UV lamp (365 nm, 100W) placed 40 cm from a flat cell.

Singlet oxygen productivity assay

A solution of 57 or 59 (1.5 mM) and 1,3-diphenylisobenzofuran (DPBF) (500 pM) in 60% MeCN-PBS
(pH 7.4, 10 mM) was incubated at room temperature for 0-150 s under irradiation with a UV lamp (365 nm,
100 W) placed 60 cm from the sample in a dark room. After each resultant solution was moved to a 96-well

plate, UV-Vis spectra of them were measured using SpectraMax i3 (Molecular Devices) micro plate reader.
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Experimental methods for biological assay in chapter 2

Photodegradation of proteins

The protein photodegradation experiments were performed with BSA (1.5 uM) in a volume of 10 puL
in 20% MeCN-PBS (pH 7.4, 10 mM) containing indicated concentrations of 57 or 62 at 37 °C for 2 h with
or without irradiation using a UV lamp (365 nm, 100 W, Blak-ray (B-100A), UVP. Inc.) placed 10 cm from
the sample. After photo-irradiation, 2.00 uL of electrophoresis buffer consisted of Tris (0.35 M), SDS (10%,
wt/vol), glycerol (36%, wt/vol), 2-mercaptoethanol (5%, wt/vol), and bromophenol blue (0.012%, wt/vol)
was added to the samples. The photodegradation products were separated by SDS-PAGE in 8%
polyacrylamide gels. The gels were run by applying 30 mA for 90 min, stained with SYPRO Ruby Protein
Gel Stain (Bio-Rad Lab. Inc.) for 14 h, destained in acetic acid (7%, vol/vol) and methanol (10%, vol/vol)
for 0.5 h, and washed with deionized water. The gels were scanned with a ChemiDoc Touch MP Imaging

System (Bio-Rad Lab. Inc.). Molecular weight markers were used in each gel for calibration purpose.

Singlet oxygen productivity assay

A solution of 57 or 62 (1.5 mM) and 1,3-diphenylisobenzofuran (DPBF) (500 uM) in 60% MeCN-PBS
(pH 7.4, 10 mM) was incubated at room temperature for 0-150 s under irradiation with a UV lamp (365 nm,
100 W) placed 60 cm from the sample in a dark room. After each resultant solution was moved to a 96-well

plate, UV-Vis spectra of them were measured using SpectraMax i3 (Molecular Devices) micro plate reader.

HPLC analysis

Analytical HPLC was performed on JASCO apparatus with a COSMOSIL 5C;3-AR-II column (4.6 %
250 mm, nacalai tesque, Inc.). Detection of products was made by UV detector (JASCO, UV-2077 Plus). A
solution of 62 (100 uM) and H>O; (0-300 uM) in 5% DMSO-PBS (pH 7.4, 10 mM) was incubated at 37 °C
for 0-180 min, and analyzed by HPLC (3:2 MeCN/H-O; flow rate 1.0 mL min'!; 30 °C; detection by UV (230

nm)).

ROS generating system

Various ROS (100 uM) were administered to 62 as follows. Hydrogen peroxide (H2O»), fert-butyl
hydroperoxide (TBHP), and hypochlorite ("OCl) were delivered from 30%, 70%, and 5% aqueous solutions,
respectively. The concentration of H>O, was determined from the absorption at 240 nm (¢ = 43.6 M! cm
1).132 The concentration of “OCl was determined from the absorption at 292 nm (¢ = 350 M! cm).!82
Superoxide (O,") was added as solid KO in the presence of catalase (5 units). Hydroxyl radical ("OH) and
tert-butoxy radical ("O'Bu) were generated by reaction of 1 mM Fe?" with 100 uM H>O5 or 100 uM TBHP,
respectively. A solution of 62 (100 pM) and various ROS (100 uM) in 5% DMSO-PBS (pH 7.4, 10 mM) was
incubated at 37 °C for 20, 40 and 60 min, and analyzed by HPLC (COSMOSIL 5Cs-AR-II, 4.6 x 250 mm;
3:2 MeCN/H,0; flow rate 1.0 mL min!; 30 °C; detection by UV (230 nm)).
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Cell culture
<B16F10>

The B16F10 cell line was routinely grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% (v/v) Fetal bovine serum, 0.5% (v/v) penicillin and kanamycin. The cells were
maintained at 37 °C in a humidified atmosphere containing 5% COs,.
<WI-38>

The WI-38 cell line was routinely grown in Eagle’s minimum essential medium (MEM) supplemented
with 10% (v/v) Fetal bovine serum, 0.5% (v/v) penicillin and kanamycin. The cells were maintained at 37 °C

in a humidified atmosphere containing 5% CO,.

MTT assay

The cells were seeded into 96-well plates (90.0 pL, 4.0x10° cells). After 24 h, cells were treated with
10.0 pL of 57 or 62 (0, 100, 200, 300, 400 or 500 pM) in 10% DMSO-medium (final conc. of DMSO was
1%) and incubated for 3 h at 37 °C. And then, cells were incubated for 30 min with or without photo-
irradiation using a UV lamp (368 nm, 30 W, FL15BLB-368, Sankyo Denki Co., Ltd.) placed 20 cm from the
sample. The samples were further incubated for 24 h at 37 °C. Cell viability was evaluated using the MTT
assay. 10.0 pL of 5.00 mg mL"' MTT dissolved in PBS was added to each well. After incubation for 3 h at
37 °C, medium was aspirated and 100 pL. of DMSO was added to each well. The absorbance of the mixture

was measured using micro plate reader at 540 nm.

Experimental methods for biological assay in chapter 3

Photodegradation of proteins

The protein photodegradation experiments were performed with BSA (1.5 uM) in a volume of 10 pL
in 1% DMSO-PBS (pH 7.4, 10 mM) containing indicated concentrations of 39 or 63 at 37 °C for 2 h with or
without irradiation using a LED (660 nm, 3 W, 33 mW c¢m2, EX-660, OPTCODE Corporation) placed 10
cm from the sample. After photo-irradiation, 2.00 pL of electrophoresis buffer consisted of Tris (0.35 M),
SDS (10%, wt/vol), glycerol (36%, wt/vol), 2-mercaptoethanol (5%, wt/vol), and bromophenol blue (0.012%,
wt/vol) was added to the samples. The photodegradation products were separated by SDS-PAGE in 8%
polyacrylamide gels. The gels were run by applying 30 mA for 90 min, stained with SYPRO Ruby Protein
Gel Stain (Bio-Rad Lab. Inc.) for 14 h, destained in acetic acid (7%, vol/vol) and methanol (10%, vol/vol)
for 0.5 h, and washed with deionized water. The gels were scanned with a ChemiDoc Touch MP Imaging

System (Bio-Rad Lab. Inc.). Molecular weight markers were used in each gel for calibration purpose.

Singlet oxygen productivity assay
A solution of 39 or 63 (5 uM) and DPBF (500 uM) in a volume of 120 pL in 80% DMSO-PBS (pH
7.4, 10 mM) was incubated at room temperature for 0-120 s under irradiation with a LED (660 nm, 3 W, 10

mW cm?) placed 20 cm from the sample in a dark room. After each resultant solution was moved to a 96-
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well plate, UV-Vis spectra of them were measured using SpectraMax i3 (Molecular Devices) micro plate

reader.

EPR spectrometry

EPR experiments were carried out with a Bruker Biospin EMX EPR, and EPR spectra were recorded
under the following conditions: temperature 296 K, microwave frequency 9.394 GHz, microwave power 16
mW, field modulation 0.1 mT at 100 kHz, scan time 3 min. For detection of singlet oxygen, 2,2,6,6-
tetramethyl-4-piperidone (4-oxo-TEMP) was used as a spin-trapping agent. 39 or 63 (5 uM) and 4-oxo-
TEMP (200 mM) were incubated in 1% DMSO-PBS (pH 7.4, 10 mM) containing 1 mM DETAPAC under
irradiation with a LED (660 nm, 3 W, 10 mW c¢m) placed 20 cm from a flat cell.

HPLC analysis

Analytical HPLC was performed on JASCO apparatus with a COSMOSIL 5C3-AR-II column (4.6 x
250 mm, nacalai tesque, Inc.). Detection of products was made by UV detector (JASCO, UV-2077 Plus). A
solution of 63 (20 uM) and H,0, (0-1000 uM) in 5% DMSO-PBS (pH 7.4, 10 mM) was incubated at 37 °C
for 0-180 min, and analyzed by HPLC (0.01 M TFA-MeCN:0.01 M TFA aq. = 65:35 (0 to 14 min), 65:35 to
100:0 (14 to 15 min), 100:0 (15 to 25 min); flow rate 1.0 mL min''; 30 °C; detection by UV (450 nm)).

ROS generating system

Various ROS (300 pM) were administered to 63 as follows. Hydrogen peroxide (H20.), tert-butyl
hydroperoxide (TBHP), and hypochlorite ("OCl) were delivered from 30%, 70%, and 5% aqueous solutions,
respectively. The concentration of H>O, was determined from the absorption at 240 nm (¢ = 43.6 M! cm
1).132 The concentration of "OCl was determined from the absorption at 292 nm (¢ = 350 M! cm!).!82
Superoxide (O,") was added as solid KO, in the presence of catalase (5 units). Hydroxyl radical ("OH) and
tert-butoxy radical ("O'Bu) were generated by reaction of 1 mM Fe?* with 300 uM H,O» or 300 uM TBHP,
respectively. A solution of 63 (20 pM) and various ROS (300 pM) in 5% DMSO-PBS (pH 7.4, 10 mM) was
incubated at 37 °C for 120 min, and analyzed by HPLC (COSMOSIL 5Ci3-AR-II, 4.6 x 250 mm; 0.01 M
TFA-MeCN:0.01 M TFA aq. = 65:35 (0 to 14 min), 65:35 to 100:0 (14 to 15 min), 100:0 (15 to 25 min); flow
rate 1.0 mL min™!; 30 °C; detection by UV (450 nm)).

Singlet oxygen productivity assay in the presence of H202

A solution of 63 (0 or 25 pM) and H,O» (1 mM) in 5% DMSO-PBS (pH 7.4, 10 mM) was incubated
at 37 °C for 2 h. The product (24 pL) was then added to 96 pL of DPBF (625 uM, final conc. of DPBF was
500 uM) in 98.75% DMSO-PBS (final conc. of DMSO was 80%), and incubated at room temperature for 0-
120 s under irradiation with a LED (660 nm, 3 W, 10 mW c¢m?) placed 20 ¢m from the sample in a dark
room. After each resultant solution was moved to a 96-well plate, UV-Vis spectra of them were measured

using a micro plate reader.
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Cell culture
<B16F10>

The B16F10 cell line was routinely grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% (v/v) Fetal bovine serum, 0.5% (v/v) penicillin and kanamycin. The cells were
maintained at 37 °C in a humidified atmosphere containing 5% COs,.
<WI-38>

The WI-38 cell line was routinely grown in Eagle’s minimum essential medium (MEM) supplemented
with 10% (v/v) Fetal bovine serum, 0.5% (v/v) penicillin and kanamycin. The cells were maintained at 37 °C

in a humidified atmosphere containing 5% CO,.

MTT assay

The cells were seeded into 96-well plates (90.0 pL, 4.0x10° cells). After 24 h, cells were treated with
10.0 pL of 39 or 63 (0, 1, 3, 10 or 30 uM) in 10% DMSO-medium (final conc. of DMSO was 1%) and
incubated for 3 h at 37 °C. And then, cells were incubated for 30 min with or without photo-irradiation using
a LED (660 nm, 3 W, 17 mW cm?) placed 15 ¢cm from the sample. The samples were further incubated for
24 h at 37 °C. Cell viability was evaluated using the MTT assay. 10.0 pL of 5.00 mg mL-' MTT dissolved in
PBS was added to each well. After incubation for 3 h at 37 °C, medium was aspirated and 100 uL. of DMSO

was added to each well. The absorbance of the mixture was measured using a micro plate reader at 540 nm.

116



&5 Xk

1)

2)
3)

4)

5)

6)

7)

8)

9)

10)

a) ENIRAMIIEE o Z =3 AERT— B X I3 AR (R A D BEREER ;b) ENr
RANGER o Z =BG —E R TRAMRE (ZENAREE=2 Y v 745 (MCIL)) .
JRATEAE Tafn 24 (20200 AN CEVEEREN (FEEH) OB .

a) Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R. L.; Torre, L. A.; Jemal, A. CA: Cancer J. Clin. 2018,
68, 394-424; b) Torre, L. A.; Bray, F.; Siegel, R. L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. CA: Cancer
J. Clin. 2015, 65, 87-108; c) Jemal, A.; Bray, F.; Center, M. M.; Ferlay, J.; Ward, E.; Forman, D. CA:
Cancer J. Clin. 2011, 61, 69-90; d) Parkin, D. M.; Bray, F.; Ferlay, J.; Pisani, P. CA: Cancer J. Clin.
2005, 55, 74-108.

Sung, H.; Ferlay, J.; Siegel, R. L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. CA: Cancer
J. Clin. 2021, 71, 209-249.

a) Diamantis, N.; Banerji, U. Br. J. Cancer 2016, 114, 362-367; b) Beck, A.; Goetsch, L.; Dumontet, C.;
Corvaia, N. Nat. Rev. Drug Discov. 2017, 16, 315-337; c) Carter, P. J.; Lazar, G. A. Nat. Rev. Drug
Discov. 2018, 17, 197-223.

a) Zorzi, A.; Deyle, K.; Heinis, C. Curr. Opin. Chem. Biol. 2017, 38, 24-29; b) Valeur, E.; Guéret, S. M.;
Adihou, H.; Gopalakrishnan, R.; Lemurell, M.; Waldmann, H.; Grossmann, T. N.; Plowright, A. T.
Angew. Chem., Int. Ed. 2017, 56, 10294-10323.

a) Li, Z.; Rana, T. M. Nat. Rev. Drug Discov. 2014, 13, 622-638; b) Yin, H.; Kanasty, R. L.; Eltoukhy,
A. A.; Vegas, A. J.; Dorkin, J. R.; Anderson, D. G. Nat. Rev. Genet. 2014, 15, 541-555; ¢) Wittrup, A.;
Lieberman, J. Nat. Rev. Genet. 2015, 16, 543-552; d) Rupaimoole, R.; Slack, F. J. Nat. Rev. Drug Discov.
2017, 16, 203-221; e) Khvorova, A.; Watts, J. K. Nat. Biotechnol. 2017, 35, 238-248; f) Chakraborty,
C.; Sharma, A. R.; Sharma, G.; Doss, C. G. P.; Lee, S.-S. Mol. Ther. Nucleic Acids 2017, 8, 132-143; g)
Rinaldi, C.; Wood, M. J. A. Nat. Rev. Neurol. 2018, 14, 9-21; h) Roberts, T. C.; Langer, R.; Wood, M. J.
A. Nat. Rev. Drug Discov. 2020, 19, 673-694.

a) Fesnak, A. D.; June, C. H.; Levine, B. L. Nat. Rev. Cancer 2016, 16, 566-581; b) Neelapu, S. S.;
Tummala, S.; Kebriaei, P.; Wierda, W.; Gutierrez, C.; Locke, F. L.; Komanduri, K. V.; Lin, Y.; Jain, N_;
Daver, N.; Westin, J.; Gulbis, A. M.; Loghin, M. E.; de Groot, J. F.; Adkins, S.; Davis, S. E.; Rezvani,
K.; Hwu, P.; Shpall, E. J. Nat. Rev. Clin. Oncol. 2018, 15, 47-62; c¢) June, C. H.; O’Connor, R. S.;
Kawalekar, O. U.; Ghassemi, S.; Milone, M. C. Science 2018, 359, 1361-1365; d) June, C. H.; Sadelain,
M. N. Engl. J. Med. 2018, 379, 64-73; e) Riley, R. S.; June, C. H.; Langer, R.; Mitchell, M. J. Nat. Rev.
Drug Discov. 2019, 18, 175-196.

a) Matsuura, T. Yuki Gosei Kagaku Kyokaishi 1968, 26,217-236;b) Clennan, E. L.; Pace, A. Tetrahedron
2005, 61, 6665-6691; ¢) Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Chem. Rev. 2013, 113, 5322-
5363; d) Romero, N. A.; Nicewicz, D. A. Chem. Rev. 2016, 116, 10075-10166.

a) Toshima, K. Yuki Gosei Kagaku Kyokaishi 2005, 63, 325-338; b) Toshima, K. Synlett 2012, 23, 2025-
2052.

117



11)

12)

13)

14)

15)
16)

17)

18)

19)

20)
21)

22)

23)
24)

25)

26)

27)

a) Tanimoto, S.; Takahashi, D.; Toshima, K. Chem. Commun. 2012, 48, 7659-7671; b) Toshima, K. Mol.
BioSyst. 2013, 9, 834-854.

a) Takahashi, D.; Toshima, K. Chem. Commun. 2012, 48, 4397-4407; b) Takahashi, D.; Toshima, K.
Trends Glycosci. Glycotechnol. 2012, 24, 258-276; ¢) Toshima, K.; Takahashi, D. Glycoconj. J. 2015,
32,475-482.

a) Sato, S.; Tsushima, M.; Nakamura, H. Org. Biomol. Chem. 2018, 16, 6168-6179; b) Lechner, V. M.;
Nappi, M.; Deneny, P. J.; Folliet, S.; Chu, J. C. K.; Gaunt, M. J. Chem. Rev. 2022, 122, 1752-1829.
Dougherty, T. J.; Gomer, C. J.; Henderson, B. W.; Jori, G.; Kessel, D.; Korbelik, M.; Moan, J.; Peng, Q.
J. Natl. Cancer Inst. 1998, 90, 889-905.

Dolmans, D. E.; Fukumura, D.; Jain, R. K. Nat. Rev. Cancer 2003, 3, 380-387.

Yano, S.; Hirohara, S.; Obata, M.; Hagiya, Y.; Ogura, S.; Ikeda, A.; Kataoka, H.; Tanaka, M.; Joh, T. J.
Photochem. Photobiol., C 2011, 12, 46-67.

Agostinis, P.; Berg, K.; Cengel, K. A.; Foster, T. H.; Girotti, A. W.; Gollnick, S. O.; Hahn, S. M.;
Hamblin, M. R.; Juzeniene, A.; Kessel, D.; Korbelik, M.; Moan, J.; Mroz, P.; Nowis, D.; Piette, J.;
Wilson, B. C.; Golab, J. CA: Cancer J. Clin. 2011, 61, 250-281.

Ty AV —RAE, T b7 U U 75 mg, WA SCE.

7 ) =V 2 VRS, BEAX A UOFRHER 15 mg, IRITSCE.

Meiji Seika 7 7 /L~ R &AL, ALY 7 ¢ U 2 ®100 mg, B 30GE.

a) Kobayashi, H.; Choyke, P. L. Acc. Chem. Res. 2019, 52, 2332-2339; b) Wakiyama, H.; Kato, T,;
Furusawa, A.; Choyke, P. L.; Kobayashi, H. Nanophotonics 2021, 10,3135-3151; ¢) Kato, T.; Wakiyama,
H.; Furusawa, A.; Choyke, P. L.; Kobayashi, H. Cancers 2021, 13, 2535; d) Kobayashi, H.; Furusawa,
A.; Rosenberg, A.; Choyke, P. L. Int. Immunol. 2021, 33, 7-15; ¢) Maruoka, Y.; Wakiyama, H.; Choyke,
P. L.; Kobayashi, H. EBioMedicine 2021, 70, 103501.

Mitsunaga, M.; Ogawa, M.; Kosaka, N.; Rosenblum, L. T.; Choyke, P. L.; Kobayashi, H. Nat. Med.
2011, 77, 1685-1691.

HRAT 4 INY v SRS E, 7% ¥ by 7 ARSI EE 250 mg, A SCE.

a) Lovell, J. F.; Liu, T. W. B.; Chen, J.; Zheng, G. Chem. Rev. 2010, 110, 2839-2857; b) Li, X.; Kolemen,
S.; Yoon, J.; Akkaya, E. U. 4dv. Funct. Mater. 2017, 27, 1604053; c) Liu, M.; Li, C. ChemPlusChem
2020, 85, 948-957; d) Zhao, X.; Liu, J.; Fan, J.; Chao, H.; Peng, X. Chem. Soc. Rev. 2021, 50, 4185-
4219; e) Pham, T. C.; Nguyen, V.-N.; Choi, Y.; Lee, S.; Yoon, J. Chem. Rev. 2021, 121, 13454-13619.
a) Bonnett, R. Chem. Soc. Rev. 1995, 24, 19-33; b) Sharman, W. M.; Allen, C. M.; van Lier, J. E. Methods
Enzymol. 2000, 319, 376-400.

Di Mascio, P.; Martinez, G. R.; Miyamoto, S.; Ronsein, G. E.; Medeiros, M. H. G.; Cadet, J. Chem. Rev.
2019, 119, 2043-2086.

a) Allison, R. R.; Downie, G. H.; Cuenca, R.; Hu, X.-H.; Childs, C. J. H.; Sibata, C. H. Photodiagn.
Photodyn. Ther. 2004, 1, 27-42; b) Allison, R. R.; Sibata, C. H. Photodiagn. Photodyn. Ther. 2010, 7,
61-75; ¢) van Straten, D.; Mashayekhi, V.; de Bruijn, H. S.; Oliveira, S.; Robinson, D. J. Cancers 2017,
9, 19; d) dos Santos, A. F.; de Almeida, D. R. Q.; Terra, L. F.; Baptista, M. S.; Labriola, L. J. Cancer

118



28)
29)

30)
31)

32)

33)

34)
35)
36)
37)
38)

39)

40)
41)

42)
43)

44)
45)

46)

47)
48)

Metastasis Treat. 2019, 5, 25; e) Zhang, Q.; He, J.; Yu, W.; Li, Y.; Liu, Z.; Zhou, B.; Liu, Y. RSC Med.
Chem. 2020, 11, 427-437; f) Shi, H.; Sadler, P. J. Br. J. Cancer 2020, 123, 871-873; g) Broadwater, D.;
Medeiros, H. C. D.; Lunt, R. R.; Lunt, S. Y. Annu. Rev. Biomed. Eng. 2021, 23, 29-60.

Castano, A. P.; Demidova, T. N.; Hamblin, M. R. Photodiagn. Photodyn. Ther. 2004, 1, 279-293.
Monro, S.; Coloén, K. L.; Yin, H.; Roque, J.; Konda, P.; Gujar, S.; Thummel, R. P.; Lilge, L.; Cameron,
C. G.; McFarland, S. A. Chem. Rev. 2019, 119, 797-828.

Casas, A. Cancer Lett. 2020, 490, 165-173.

a) O’Connor, A. E.; Gallagher, W. M.; Byrne, A. T. Photochem. Photobiol. 2009, 85, 1053-1074; b)
Gunaydin, G.; Gedik, M. E.; Ayan, S. Front. Chem. 2021, 9, 691697.

Nishida, K.; Tojo, T.; Kondo, T.; Yuasa, M. Sci. Rep. 2021, 11, 2046.

a) Li, M.; Xia, J.; Tian, R.; Wang, J.; Fan, J.; Du, J.; Long, S.; Song, X.; Foley, J. W.; Peng, X. J. 4Am.
Chem. Soc. 2018, 140, 14851-14859; b) Lv, W.; Chi, S.; Feng, W.; Liang, T.; Song, D.; Liu, Z. Chem.
Commun. 2019, 55, 7037-7040.

Dabrowski, J. M.; Arnaut, L. G. Photochem. Photobiol. Sci. 2015, 14, 1765-1780.

Kobayashi, H.; Ogawa, M.; Alford, R.; Choyke, P. L.; Urano, Y. Chem. Rev. 2010, 110, 2620-2640.
Bashkatov, A. N.; Genina, E. A.; Kochubey, V. 1.; Tuchin, V. V. J. Phys. D: Appl. Phys. 2005, 38, 2543-
2555.

Castano, A. P.; Mroz, P.; Hamblin, M. R. Nat. Rev. Cancer 2006, 6, 535-545.

a) Tamaoki, M.; Ohashi, S.; Hirohashi, K.; Yoshioka, M.; Amanuma, Y.; Muto, M. The Journal of Japan
Society for Laser Surgery and Medicine 2019, 40, 62-66; b) Yamamoto, Y.; Mimura, T.; Kushida, S. The
Journal of Japan Society for Laser Surgery and Medicine 2019, 40, 72-76.

Lo, P.-C.; Chen, J.; Stefflova, K.; Warren, M. S.; Navab, R.; Bandarchi, B.; Mullins, S.; Tsao, M.; Cheng,
J. D.; Zheng, G. J. Med. Chem. 2009, 52, 358-368.

Bhaumik, J.; Weissleder, R.; McCarthy, J. R. J. Org. Chem. 2009, 74, 5894-5901.

a) Jung, H. S.; Chen, X.; Kim, J. S.; Yoon, J. Chem. Soc. Rev. 2013, 42, 6019-6031; b) Zhang, J.; Wang,
N.; Ji, X.; Tao, Y.; Wang, J.; Zhao, W. Chem. Eur. J. 2020, 26, 4172-4192.

He, H.; Lo, P.-C.; Ng, D. K. P. Chem. Eur. J. 2014, 20, 6241-6245.

McDonnell, S. O.; Hall, M. J.; Allen, L. T.; Byrne, A.; Gallagher, W. M.; O’Shea, D. F. J. Am. Chem.
Soc. 2005, 127, 16360-16361.

Guo, H.; Jing, Y.; Yuan, X.; Ji, S.; Zhao, J.; Li, X.; Kan, Y. Org. Biomol. Chem. 2011, 9, 3844-3853.
Turan, 1. S.; Cakmak, F. P.; Yildirim, D. C.; Cetin-Atalay, R.; Akkaya, E. U. Chem. Eur. J. 2014, 20,
16088-16092.

a) Zhang, J.; Peng, F.; Dong, X.; Zhao, W. Chem. Lett. 2015, 44, 1524-1526; b) Wang, X.; Tao, Y.; Zhang,
J.; Chen, M.; Wang, N.; Ji, X.; Zhao, W. Chem. Asian J. 2020, 15, 770-774.

Yuan, B.; Wang, H.; Xu, J.-F.; Zhang, X. ACS Appl. Mater. Interfaces 2020, 12, 26982-26990.

a) Kamiya, M.; Asanuma, D.; Kuranaga, E.; Takeishi, A.; Sakabe, M.; Miura, M.; Nagano, T.; Urano, Y.
J. Am. Chem. Soc. 2011, 133, 12960-12963; b) Asanuma, D.; Sakabe, M.; Kamiya, M.; Yamamoto, K.;
Hiratake, J.; Ogawa, M.; Kosaka, N.; Choyke, P. L.; Nagano, T.; Kobayashi, H.; Urano, Y. Nat. Commun.

119



49)

50)

51)

52)

53)
54)

55)
56)
57)
58)

59)

60)

61)

62)
63)
64)

2015, 6, 6463; c¢) Urano, Y.; Sakabe, M.; Kosaka, N.; Ogawa, M.; Mitsunaga, M.; Asanuma, D.; Kamiya,
M.; Young, M. R.; Nagano, T.; Choyke, P. L.; Kobayashi, H. Sci. Transl. Med. 2011, 3, 110ral19; d)
Onoyama, H.; Kamiya, M.; Kuriki, Y.; Komatsu, T.; Abe, H.; Tsuji, Y.; Yagi, K.; Yamagata, Y.; Aikou,
S.; Nishida, M.; Mori, K.; Yamashita, H.; Fujishiro, M.; Nomura, S.; Shimizu, N.; Fukayama, M.; Koike,
K.; Urano, Y.; Seto, Y. Sci. Rep. 2016, 6, 26399; ¢) Piao, W.; Tsuda, S.; Tanaka, Y.; Maeda, S.; Liu, F.;
Takahashi, S.; Kushida, Y.; Komatsu, T.; Ueno, T.; Terai, T.; Nakazawa, T.; Uchiyama, M.; Morokuma,
K.; Nagano, T.; Hanaoka, K. Angew. Chem., Int. Ed. 2013, 52, 13028-13032; f) Shin, N.; Hanaoka, K.;
Piao, W.; Miyakawa, T.; Fujisawa, T.; Takeuchi, S.; Takahashi, S.; Komatsu, T.; Ueno, T.; Terai, T;
Tahara, T.; Tanokura, M.; Nagano, T.; Urano, Y. ACS Chem. Biol. 2017, 12, 558-563.

Ichikawa, Y.; Kamiya, M.; Obata, F.; Miura, M.; Terai, T.; Komatsu, T.; Ueno, T.; Hanaoka, K.; Nagano,
T.; Urano, Y. Angew. Chem., Int. Ed. 2014, 53, 6772-6775.

Chiba, M.; Ichikawa, Y.; Kamiya, M.; Komatsu, T.; Ueno, T.; Hanaoka, K.; Nagano, T.; Lange, N.;
Urano, Y. Angew. Chem., Int. Ed. 2017, 56, 10418-10422.

Piao, W.; Hanaoka, K.; Fujisawa, T.; Takeuchi, S.; Komatsu, T.; Ueno, T.; Terai, T.; Tahara, T.; Nagano,
T.; Urano, Y. J. Am. Chem. Soc. 2017, 139, 13713-13719.

Yuan, L.; Lin, W.; Zhao, S.; Gao, W.; Chen, B.; He, L.; Zhu, S. J. Am. Chem. Soc. 2012, 134, 13510-
13523.

Xu, F.; Li, H.; Yao, Q.; Ge, H.; Fan, J.; Sun, W.; Wang, J.; Peng, X. Chem. Sci. 2019, 10, 10586-10594.
Arslan, B.; Bilici, K.; Demirci, G.; Almammadov, T.; Khan, M.; Sennaroglu, A.; Acar, H. Y.; Kolemen,
S. Dyes Pigm. 2021, 195, 109735.

Bae, J.; McNamara, L. E.; Nael, M. A.; Mahdi, F.; Doerksen, R. J.; Bidwell, G. L.; Hammer, N. L.; Jo,
S. Chem. Commun. 2015, 51, 12787-12790.

Zeng, Q.; Zhang, R.; Zhang, T.; Xing, D. Biomaterials 2019, 207, 39-48.

Shen, Z.; Tung, C.-H. Chem. Commun. 2020, 56, 13860-13863.

Koide, Y.; Urano, Y.; Yatsushige, A.; Hanaoka, K.; Terai, T.; Nagano, T. J. Am. Chem. Soc. 2009, 131,
6058-6059.

Hu, W.; Xie, M.; Zhao, H.; Tang, Y.; Yao, S.; He, T.; Ye, C.; Wang, Q.; Lu, X.; Huang, W.; Fan, Q. Chem.
Sci. 2018, 9, 999-1005.

a) Zhang, X.; Zhang, L.; Liu, Y.; Bao, B.; Zang, Y.; Li, J.; Lu, W. Tetrahedron 2015, 71, 4842-4845; b)
Gu, K.; Xu, Y.; Li, H.; Guo, Z.; Zhu, S.; Zhu, S.; Shi, P.; James, T. D.; Tian, H.; Zhu, W.-H. J. Am. Chem.
Soc. 2016, 138, 5334-5340; c) He, Y.; Miao, L.; Yu, L.; Chen, Q.; Qiao, Y.; Zhang, J.-F.; Zhou, Y. Dyes
Pigm. 2019, 168, 160-165.

Zhai, W.; Zhang, Y.; Liu, M.; Zhang, H.; Zhang, J.; Li, C. Angew. Chem., Int. Ed. 2019, 58, 16601-
16609.

Digby, E. M.; Sadovski, O.; Beharry, A. A. Chem. Eur. J. 2020, 26, 2713-2718.

Sun, J.; Du, K.; Diao, J.; Cai, X.; Feng, F.; Wang, S. Angew. Chem., Int. Ed. 2020, 59, 12122-12128.
Yang, Z.; Xu, W.; Wang, J.; Liu, L.; Chu, Y.; Wang, Y.; Hu, Y.; Yi, T.: Hua, J. J. Mater. Chem. C 2020,
8, 8183-8190.

120



65)
66)

67)

68)

69)

70)

71)

72)

73)

74)

75)

76)

77)

78)

79)

Ishida, N.; Miyazaki, K.; Kumagai, K.; Rikimaru, M. J. Antibiot. 1965, 18, 68-76.

Neocarzinostatin: The Past, Present and Future of an Anticancer Drug; Maeda, H., Edo, K., Ishida, N.,
Eds; Springer-Verlag: Tokyo, 1997.

Urbaniak, M. D.; Bingham, J. P.; Hartley, J. A.; Woolfson, D. N.; Caddick, S. J. Med. Chem. 2004, 47,
4710-4715.

Maeda, H. Adv. Drug Deliv. Rev. 2001, 46, 169-185.

Joshi, M. C.; Rawat, D. S. Chem. Biodivers. 2012, 9, 459-498.

Napier, M. A.; Holmquist, B.; Strydom, D. J.; Goldberg, 1. H. Biochem. Biophys. Res. Commun. 1979,
89, 635-642.

a) Iseki, S.; Koide, Y.; Ebina, T.; Ishida, N. J. Antibiot. 1980, 33, 110-113; b) Koide, Y.; Ishii, F.; Hasuda,
K.; Koyama, Y.; Edo, K.; Katamine, S.; Kitame, F.; Ishida, N. J. Antibiot. 1980, 33, 342-346.

Edo, K.; Mizugaki, M.; Koide, Y.; Seto, H.; Furihata, K.; Otake, N.; Ishida, N. Tetrahedron Lett. 1985,
26,331-334.

a) Lee, M. D.; Dunne, T. S.; Siegel, M. M.; Chang, C. C.; Morton, G. O.; Borders, D. B. J. Am. Chem.
Soc. 1987, 109, 3464-3466; b) Lee, M. D.; Dunne, T. S.; Chang, C. C.; Ellestad, G. A.; Siegel, M. M_;
Morton, G. O.; McGahren, W. J.; Borders, D. B. J. Am. Chem. Soc. 1987, 109, 3466-3468; c) Lee, M.
D.; Manning, J. K.; Williams, D. R.; Kuck, N. A.; Testa, R. T.; Borders, D. B. J. Antibiot. 1989, 42,
1070-1087.

a) Konishi, M.; Ohkuma, H.; Saitoh, K.; Kawaguchi, H.; Golik, J.; Dubay, G.; Groenewold, G.; Krishnan,
B.; Doyle, T. W. J. Antibiot. 1985, 38, 1605-1609; b) Golik, J.; Clardy, J.; Dubay, G.; Groenewold, G.;
Kawaguchi, H.; Konishi, M.; Krishnan, B.; Ohkuma, H.; Saitoh, K.; Doyle, T. W. J. Am. Chem. Soc.
1987, 109, 3461-3462; c) Golik, J.; Dubay, G.; Groenewold, G.; Kawaguchi, G.; Konishi, M.; Krishnan,
B.; Ohkuma, H.; Saitoh, K.; Doyle, T. W. J. Am. Chem. Soc. 1987, 109, 3462-3464.

Konishi, M.; Ohkuma, H.; Matsumoto, K.; Tsuno, T.; Kamei, H.; Miyaki, T.; Oki, T.; Kawaguchi, H.;
VanDuyne, G. D.; Clardy, J. J. Antibiot. 1989, 42, 1449-1452.

a) Hu, J.; Xue, Y.-C.; Xie, M.-Y.; Zhang, R.; Otani, T.; Minami, Y.; Yamada, Y.; Marunaka, T. J. Antibiot.
1988, 41, 1575-1579; b) Otani, T.; Minami, Y.; Marunaka, T.; Zhang, R.; Xie, M.-Y. J. Antibiot. 1988,
41, 1580-1585; ¢) Zhen, Y.; Ming, X.; Yu, B.; Otani, T.; Saito, H.; Yamada, Y. J. Antibiot. 1989, 42,
1294-1298; d) Yoshida, K.; Minami, Y.; Azuma, R.; Saeki, M.; Otani, T. Tetrahedron Lett. 1993, 34,
2637-2640; e) lida, K.; Fukuda, S.; Tanaka, T. Hirama, M.; Imajo, S.; Ishiguro, M.; Yoshida, K.; Otani,
T. Tetrahedron Lett. 1996, 37, 4997-5000.

a) Hofstead, S. J.; Matson, J. A.; Malacko, A. R.; Marquardt, H. J. Antibiot. 1992, 45, 1250-1254; b)
Leet, J. E.; Schroeder, D. R.; Hofstead, S. J.; Golik, J.; Colson, K. L.; Huang, S.; Klohr, S. E.; Doyle, T.
W.; Matson, J. A. J. Am. Chem. Soc. 1992, 114, 7946-7948.

Ando, T.; Ishii, M.; Kajiura, T.; Kameyama, T.; Miwa, K.; Sugiura, Y. Tetrahedron Lett. 1998, 39, 6495-
6498.

a) Nicolaou, K. C.; Hummel, C. W.; Pitsinos, E. N.; Nakada, M.; Smith, A. L.; Shibayama, K.; Saimoto,
H. J. Am. Chem. Soc. 1992, 114, 10082-10084; b) Nicolaou, K. C.; Hummel, C. W.; Nakada, M.;

121



80)

81)

82)
83)

84)

85)
86)

87)
88)
89)
90)
91)

92)

93)
94)

95)
96)
97)

98)
99)

Shibayama, K.; Pitsinos, E. N.; Saimoto, H.; Mizuno, Y.; Baldenius, K.-U.; Smith, A. L. J. Am. Chem.
Soc. 1993, 115, 7625-7635.

a) Nicolaou, K. C.; Clark, D. Angew. Chem., Int. Ed. Engl. 1992, 31, 855-857; b) Clark, D. A.; De
Riccardis, F.; Nicolaou, K. C. Tetrahedron 1994, 50, 11391-11426.

a) Shair, M. D.; Yoon, T.-Y.; Danishefsky, S. J. Angew. Chem., Int. Ed. Engl. 1995, 34, 1721-1723; b)
Shair, M. D.; Yoon, T.-Y.; Mosny, K. K.; Chou, T. C.; Danishefsky, S. J. J. Am. Chem. Soc. 1996, 118,
9509-9525.

Inoue, M.; Ohashi, I.; Kawaguchi, T.; Hirama, M. Angew. Chem., Int. Ed. 2008, 47, 1777-1779.

a) Myers, A. G.; Horiguchi, Y. Tetrahedron Lett. 1997, 38, 4363-4366; b) Kawata, S.; Ashizawa, S.;
Hirama, M. J. Am. Chem. Soc. 1997, 119, 12012-12013; c) Ren, F.; Hogan, P. C.; Anderson, A. J.; Myers,
A. G.J. Am. Chem. Soc. 2007, 129, 5381-5383; d) Ogawa, K.; Koyama, Y.; Ohashi, I.; Sato, I.; Hirama,
M. Angew. Chem., Int. Ed. 2009, 48, 1110-1113.

a) Takahashi, K.; Hagiwara, M.; Ashizawa, S.; Hirama, M. Synlett 1999, 1, 71-72; b) Kobayashi, S.;
Reddy, R. S.; Sugiura, Y.; Sasaki, D.; Miyagawa, N.; Hirama, M. J. Am. Chem. Soc. 2001, 123, 2887-
2888; ¢) Ji, N.; O’Dowd, H.; Rosen, B. M.; Myers, A. G. J. Am. Chem. Soc. 2006, 128, 14825-14827.
Shibuya, M.; Toyooka, K.; Kubota, S. Tetrahedron Lett. 1984, 25, 1171-1174.

Shishido, K.; Yamashita, A.; Hiroya, K.; Fukumoto, K.; Kametani, T. Tetrahedron Lett. 1989, 30, 111-
112.

Takahashi, K.; Suzuki, T.; Hirama, M. Tetrahedron Lett. 1992, 33, 4603-4604.

Takahashi, K.; Tanaka, T.; Suzuki, T.; Hirama, M. Tetrahedron 1994, 50, 1327-1340.

Mpyers, A. G.; Subramanian, V.; Hammond, M. Tetrahedron Lett. 1996, 37, 587-590.

Ji, N.; Rosen, B. M.; Myers, A. G. Org. Lett. 2004, 6, 4551-4553.

Mpyers, A. G.; Liang, J.; Hammond, M.; Harrington, P. M.; Wu, Y.; Kuo, E. Y. J. Am. Chem. Soc. 1998,
120, 5319-5320.

Mpyers, A. G.; Glatthar, R.; Hammond, M.; Harrington, P. M.; Kuo, E. Y.; Liang, J.; Schaus, S. E.; Wu,
Y.; Xiang, J.-N. J. Am. Chem. Soc. 2002, 124, 5380-5401.

Kobayashi, S.; Hori, M.; Wang, G. X.; Hirama, M. J. Org. Chem. 2006, 71, 636-644.

Homma, M; Koide, T.; Saito-Koide, T.; Kamo, I.; Seto, M.; Kumagai, K.; Ishida, N. Proc. Int. Congr.
Chemother. 1970, 2, 410-415.

Beerman, T. A.; Goldberg, 1. H. Biochem. Biophys. Res. Commun. 1974, 59, 1254-1261.

Ohtsuki, K.; Ishida, N. J. Antibiot. 1975, 28, 143-148.

Hatayama, T.; Goldberg, 1. H.; Takeshita, M.; Grollman, A. P. Proc. Natl. Acad. Sci. USA 1978, 75,
3603-3607.

D’Andrea, A. D.; Haseltine, W. A. Proc. Natl. Acad. Sci. USA 1978, 75, 3608-3612.

Sim, S.-K.; Lown, J. W. Biochem. Biophys. Res. Commun. 1978, 81, 99-105.

100) Kappen, L. S.; Goldberg, 1. H. Nucleic Acids Res. 1978, 5, 2959-2968.
101) Edo, K.; Iseki, S.; Ishida, N.; Horie, T.; Kusano, G.; Nozoe, S. J. Antibiot. 1980, 33, 1586-1589.
102) Sheridan, R. P.; Gupta, R. K. Biochem. Biophys. Res. Commun. 1981, 99, 213-220.

122



103) Goldberg, 1. H. Free Radic. Biol. Med. 1987, 3, 41-54.

104) Jones, R. R.; Bergman, R. G. J. Am. Chem. Soc. 1972, 94, 660-661.

105) Darby, N.; Kim, C. U.; Salaiin, J. A.; Shelton, K. W.; Takada, S.; Masamune, S. J. Chem. Soc., Chem.
Commun. 1971, 1516-1517.

106) Myers, A. G. Tetrahedron Lett. 1987, 28, 4493-4496.

107) Myers, A. G.; Proteau, P. J. J. Am. Chem. Soc. 1989, 111, 1146-1147.

108) Uesawa, Y.; Kuwahara, J.; Sugiura, Y. Biochem. Biophys. Res. Commun. 1989, 164, 903-911.

109) Gomibuchi, T.; Hirama, M. J. Antibiot. 1995, 48, 738-740.

110) Toshima, K.; Takai, S.; Maeda, Y.; Takano, R.; Matsumura, S. Angew. Chem., Int. Ed. 2000, 39, 3656-
3658.

111) Wu, H.; Lao, X.-F.; Wang, Q.-W.; Lu, R.-R.; Shen, C.; Zhang, F.; Liu, M.; Jia, L. J. Nat. Prod. 1989, 52,
948-951.

112) Kishi, T.; Tahara, S.; Taniguchi, N.; Tsuda, M.; Tanaka, C.; Takahashi, S. Planta Med. 1991, 57, 376-
379.

113) Chen, W. S.; Chen, Y.-T.; Wan, X.-Y.; Friedrichs, E.; Puff, H.; Breitmaier, E. Liebigs Ann. Chem. 1981,
1880-1885.

114)a) Kuyama, S.; Tamura, T. J. Am. Chem. Soc. 1957, 79, 5725-5726; b) Lousberg, R. J. J. Ch.; Weiss, U.;
Salemink, C. A.; Arnone, A.; Merlini, L.; Nasini, G. J. Chem. Soc., Chem. Commun. 1971, 1463-1464.

115) a) Kobayashi, E.; Ando, K.; Nakano, H.; Iida, T.; Ohno, H.; Morimoto, M.; Tamaoki, T. J. Antibiot. 1989,
42, 1470-1474; b) lida, T.; Kobayashi, E.; Yoshida, M.; Sano, H. J. Antibiot. 1989, 42, 1475-1481.

116) Yoshihara, T.; Shimanuki, T.; Araki, T.; Sakamura, S. Agr. Biol. Chem. 1975, 39, 1683-1684.

117) Weiss, U.; Ziffer, H.; Batterham, T. J.; Blumer, M.; Hackeng, W. H. L.; Copier, H.; Salemink, C. A. Can.
J. Microbiol. 1965, 11, 57-66.

118) O’Brien, E. M.; Morgan, B. J.; Kozlowski, M. C. Angew. Chem., Int. Ed. 2008, 47, 6877-6880.

119) O’Brien, E. M.; Morgan, B. J.; Mulrooney, C. A.; Carroll, P. J.; Kozlowski, M. C. J. Org. Chem. 2010,
75, 57-68.

120) Mulrooney, C. A.; O’Brien, E. M.; Morgan, B. J.; Kozlowski, M. C. Eur. J. Org. Chem. 2012, 3887-
3904.

121) Arnone, A.; Merlini, L.; Mondelli, R.; Nasini, G.; Ragg, E.; Scaglioni, L.; Weiss, U. J. Chem. Soc.,
Perkin Trans. 2 1993, 1447-1454.

122) Smirnov, A.; Fulton, D. B.; Andreotti, A.; Petrich, J. W. J. Am. Chem. Soc. 1999, 121, 7979-7988.

123) Mazzini, S.; Merlini, L.; Mondelli, R.; Scaglioni, L. J. Chem. Soc., Perkin Trans. 2 2001, 409-416.

124) Scaglioni, L.; Mazzini, S.; Mondelli, R.; Merlini, L.; Ragg, E.; Nasini, G. J. Chem. Soc., Perkin Trans.
22001, 2276-2286.

125) Morgan, B. J.; Dey, S. Johnson, S. W.; Kozlowski, M. C. J. Am. Chem. Soc. 2009, 131, 9413-9425.

126) Lown, J. W. Can. J. Chem. 1997, 75, 99-119.

127) Diwu, Z.; Lown, J. W. Photochem. Photobiol. 1990, 52, 609-616.

123



128) Miller, G. G.; Brown, K.; Ballangrud, A. M.; Barajas, O.; Xiao, Z.; Tulip, J.; Lown, J. W.; Leithoff, J.
M.; Allalunis-Turner, M. J.; Mehta, R. D.; Moore, R. B. Photochem. Photobiol. 1997, 65, 714-722.

129) Chin, W.; Lau, W.; Cheng, C.; Olivo, M. Int. J. Oncol. 2004, 25, 623-629.

130) Hudson, J. B.; Imperial, V.; Haugland, R. P.; Diwu, Z. Photochem. Photobiol. 1997, 65, 352-354.

131) Diwu, Z.; Lown, J. W. J. Photochem. Photobiol. A 1992, 64, 273-287.

132) Diwu, Z.; Lown, J. W. J. Photochem. Photobiol. B 1993, 18, 131-143.

133)a) Estey, E. P.; Brown, K.; Diwu, Z.; Liu, J.; Lown, J. W.; Miller, G. G.; Moore, R. B.; Tulip, J.; McPhee,
M. S. Cancer Chemother. Pharmacol. 1996, 37, 343-350; b) Zhao, H.; Yin, R.; Chen, D.; Ren, J.; Wang,
Y.; Zhanga, J.; Deng, H.; Wang, Y.; Qiu, H.; Huang, N.; Zou, Q.; Zhao, J.; Gu, Y. Photodiagn. Photodyn.
Ther. 2014, 11,204-212; ¢) Jiang, Y.; Pang, X.; Liu, R.; Xiao, Q.; Wang, P.; Leung, A. W.; Luan, Y.; Xu,
C. ACS Appl. Mater. Interfaces 2018, 10,31674-31685; d) Hu, H.; Yan, X.; Wang, H.; Tanaka, J.; Wang,
M.; You, W.; Li, Z. J. Mater. Chem. B 2019, 7, 1116-1123.

134) Diwu, Z. Photochem. Photobiol. 1995, 61, 529-539.

135) a) Abrahamse, H.; Hamblin, M. R. Biochem. J. 2016, 473, 347-364; b) Mansoori, B.; Mohammadi, A.;
Doustvandi, M. A.; Mohammadnejad, F.; Kamari, F.; Gjerstorff, M. F.; Baradaran, B.; Hamblin, M. R.
Photodiagn. Photodyn. Ther. 2019, 26, 395-404; c) Siewert, B.; Stuppner, H. Phytomedicine 2019, 60,
152985.

136) Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M. T. D.; Mazur, M.; Telser, J. Int. J. Biochem. Cell Biol.
2007, 39, 44-84.

137)a) Veal, E. A.; Day, A. M.; Morgan, B. A. Mol. Cell 2007, 26, 1-14; b) Finkel, T. J. Cell Biol. 2011, 194,
7-15; ¢) Paulsen, C. E.; Carroll, K. S. Chem. Rev. 2013, 113, 4633-4679; d) Holmstrém, K. M.; Finkel,
T. Nat. Rev. Mol. Cell Biol. 2014, 15, 411-421; e) Parvez, S.; Long, M. J. C.; Poganik, J. R.; Aye, Y.
Chem. Rev. 2018, 118, 8798-8888.

138) Poljsak, B.; Suput, D.; Milisav, 1. Oxid. Med. Cell. Longev. 2013, 956792.

139)a) Seitz, H. K.; Stickel, F. Nat. Rev. Cancer 2007, 7, 599-612; b) Galluzzi, L.; Blomgren, K.; Kroemer,
G. Nat. Rev. Neurosci. 2009, 10, 481-494.

140) a) Punnonen, K.; Ahotupa, M.; Asaishi, K.; Hy6ty, M.; Kudo, R.; Punnonen, R. J. Cancer Res. Clin.
Oncol. 1994, 120, 374-377; b) Ray, G.; Batra, S.; Shukla, N. K.; Deo, S.; Raina, V.; Ashok, S.; Husain,
S. A. Breast Cancer Res. Treat. 2000, 59, 163-170; c¢) Ho, J. C.; Zheng, S.; Comhair, S. A. A.; Farver,
C.; Erzurum, S. C. Cancer Res. 2001, 61, 8578-8585; d) Miar, A.; Hevia, D.; Mufioz-Cimadevilla, H.;
Astudillo, A.; Velasco, J.; Sainz, R. M.; Mayo, J. C. Free Radic. Biol. Med. 2015, 85, 45-55.

141) a) Szatrowski, T. P.; Nathan, C. F. Cancer Res. 1991, 51, 794-798; b) Wang, J.; Zhang, Y.; Archibong,
E.; Ligler, F. S.; Gu, Z. Adv. Biosys. 2017, 1, 1700084.

142) a) Hagen, H.; Marzenell, P.; Jentzsch, E.; Wenz, F.; Veldwijk, M. R.; Mokhir, A. J. Med. Chem. 2012,
55,924-934; b) Kita, M.; Yamamoto, J.; Morisaki, T.; Komiya, C.; Inokuma, T.; Miyamoto, L.; Tsuchiya,
K.; Shigenaga, A.; Otaka, A. Tetrahedron Lett. 2015, 56, 4228-4231.

143) Connor, K. M.; Hempel, N. Nelson, K. K.; Dabiri, G.; Gamarra, A.; Belarmino, J.; Van de Water, L.;
Mian, B. M.; Melendez, J. A. Cancer Res. 2007, 67, 10260-10267.

124



144) Hempel, N.; Ye, H.; Abessi, B.; Mian, B.; Melendez, J. A. Free Radic. Biol. Med. 2009, 46, 42-50.

145) Park, S. J.; Kim, Y. T.; Jeon, Y. J. Mol. Cells 2012, 33, 363-369.

146) Hempel, N.; Bartling, T. R.; Mian, B.; Melendez, J. A. Mol. Cancer Res. 2013, 11, 303-312.

147) Tochhawng, L.; Deng, S.; Pervaiz, S.; Yap, C. T. Mitochondrion 2013, 13, 246-253.

148) a) Lippert, A. R.; Van de Bittner, G. C.; Chang, C. J. Acc. Chem. Res. 2011, 44, 793-804; b) Andina, D.;
Leroux, J.-C.; Luciani, P. Chem. Eur. J. 2017, 23, 13549-13573; ¢) Zheng, D.-J.; Yang, Y.-S.; Zhu, H.-
L. Trends Anal. Chem. 2019, 118, 625-651.

149) Chang, M. C.Y.; Pralle, A.; Isacoff, E. Y.; Chang, C. J. J. Am. Chem. Soc. 2004, 126, 15392-15393.

150) Van de Bittner, G. C.; Dubikovskaya, E. A.; Bertozzi, C. R.; Chang, C. J. Proc. Natl. Acad. Sci. USA
2010, 7107,21316-21321.

151) Takagi, R.; Takeda, A.; Takahashi, D.; Toshima, K. Chem. Asian J. 2017, 12, 2656-2659.

152) Suzuki, A.; Hasegawa, M.; Ishii, M.; Matsumura, S.; Toshima, K. Bioorg. Med. Chem. Lett. 2005, 15,
4624-4627.

153) Aoki, Y.; Tanimoto, S.; Takahashi, D.; Toshima, K. Chem. Commun. 2013, 49, 1169-1171.

154) Okuyama, M.; Ueno, H.; Kobayashi, Y.; Kawagishi, H.; Takahashi, D.; Toshima, K. Chem. Commun.
2016, 52, 2169-2172.

155) Takahashi, D.; Nagao, T.; Sotokawa, S.; Toshima, K. Med. Chem. Commun. 2016, 7, 1224-1228.

156) Sotokawa, S.; Kitamura, T.; Takahashi, D.; Toshima, K. Chem. Commun. 2018, 54, 10614-10617.

157) Hasegawa, M.; Suzuki, A.; Matsumura, S.; Toshima, K. Sci. Technol. Adv. Mater. 2006, 7, 169-174.

158) Suzuki, A.; Tsumura, K.; Tsuzuki, T.; Matsumura, S.; Toshima, K. Chem. Commun. 2007, 4260-4262.

159) Tsumura, K.; Suzuki, A.; Tsuzuki, T.; Tanimoto, S.; Kaneko, H.; Matsumura, S.; Imoto, M.; Umezawa,
K.; Takahashi, D.; Toshima, K. Org. Biomol. Chem. 2011, 9, 6357-6366.

160) Kitamura, T.; Okuyama, M.; Takahashi, D.; Toshima, K. Chem. Asian J. 2019, 14, 1409-1412.

161) Tanimoto, S.; Matsumura, S.; Toshima, K. Chem. Commun. 2008, 3678-3680.

162) Okochi, A.; Tanimoto, S.; Takahashi, D.; Toshima, K. Chem. Commun. 2013, 49, 6027-6029.

163) Hirabayashi, A.; Shindo, Y.; Oka, K.; Takahashi, D.; Toshima, K. Chem. Commun. 2014, 50, 9543-9546.

164) Tanimoto, S.; Sakai, S.; Matsumura, S.; Takahashi, D.; Toshima, K. Chem. Commun. 2008, 5767-5769.

165) Ishida, Y.; Tanimoto, S.; Takahashi, D.; Toshima, K. Med. Chem. Commun. 2010, 1,212-215.

166) Ishida, Y.; Fujii, T.; Oka, K.; Takahashi, D.; Toshima, K. Chem. Asian J. 2011, 6, 2312-2315.

167) Tanimoto, S.; Sakai, S.; Kudo, E.; Okada, S.; Matsumura, S.; Takahashi, D.; Toshima, K. Chem. Asian
J. 2012, 7,911-914.

168) Miyake, R.; Owens, J. T.; Xu, D.; Jackson, W. M.; Meares, C. F. J. Am. Chem. Soc. 1999, 121, 7453-
7454.

169) a) Davies, M. J. Biochem. Biophys. Res. Commun. 2003, 305, 761-770; b) Pattison, D. I.; Rahmanto, A.
S.; Davies, M. J. Photochem. Photobiol. Sci. 2012, 11, 38-53.

170) a) Davies, K. J. A. J. Biol. Chem. 1987, 262, 9895-9901; b) Dean, R. T.; Fu, S.; Stocker, R.; Davies, M.
J. Biochem. J. 1997, 324, 1-18; c¢) Berlett, B. S.; Stadtman, E. R. J. Biol. Chem. 1997, 272,20313-20316.

171) Kitamura, T.; Shiroshita, S.; Takahashi, D.; Toshima, K. Chem. Eur. J. 2020, 26, 14351-14358.

125



172) Kitamura, T.; Nakata, H.; Takahashi, D.; Toshima, K. Chem. Commun. 2022, 58, 242-245.

173)a) Jones, G. B.; Wright, J. M.; Hynd, G.; Wyatt, J. K.; Yancisin, M.; Brown, M. A. Org. Lett. 2000, 2,
1863-1866; b) Furuta, T.; Sakai, M.; Hayashi, H.; Asakawa, T.; Kataoka, F.; Fujii, S.; Suzuki, T.; Suzuki,
Y.; Tanaka, K.; Fishkin, N.; Nakanishi, K. Chem. Commun. 2005, 4575-4577.

174) Dearden, J. C.; Forbes, W. F. Can. J. Chem. 1960, 38, 1837-1851.

175) Taiwo, F. A. Spectroscopy 2008, 22, 491-498.

176) Olson, P. D.; Varner, J. E. Plant J. 1993, 4, 887-892.

177) Adams, G. E.; Boag, J. W.; Michael, B. D. Trans. Faraday Soc. 1965, 61, 1417-1424.

178)a) Moan, J.; Wold, E. Nature 1979, 279, 450-451; b) Iwamoto, Y.; Yoshioka, H.; Yanagihara, Y.; Mifuchi,
1. Chem. Pharm. Bull. 1985, 33, 5529-5533.

179)a) Hadjur, C.; Lange, N.; Rebstein, J.; Monnier, P.; van den Bergh, H.; Wagniéres, G. J. Photochem.
Photobiol. B 1998, 45, 170-178; b) Zhou, Y.; Wong, R. C. H.; Dai, G.; Ng, D. K. P. Chem. Commun.
2020, 56, 1078-1081; ¢) Sun, J.; Cai, X.; Wang, C.; Du, K.; Chen, W.; Feng, F.; Wang, S. J. Am. Chem.
Soc. 2021, 143, 868-878.

180) Koren, K.; Jensen, P. @.; Kiihl, M. Analyst 2016, 141, 4332-4339.

181) Xu, S.; Chen, S.; Zhang, M.; Shen, T. J. Org. Chem. 2003, 68, 2048-2050.

182) Abo, M.; Urano, Y.; Hanaoka, K.; Terai, T.; Komatsu, T.; Nagano, T. J. Am. Chem. Soc. 2011, 133,
10629-10637.

126



B EE

ABFFEDOZEATI L ORI LOMERRIC S 720 . R THE, JHfEZ Y £ Lz, BERRKR
FEHLEH FE—BERCOLVEHT L L bic, BB L BT ET,

ABFFED AT L ORI SLOMERRICE 720 | < O T, THfEZ B0 £ Lz, BERR
KRFPFTHE @B RAHERIZICR BE# T 2 & &b, ESEILHA L P ET,

A SCOMERIC S 720, BEHAR TS, JHEABY £ Lo, BERSBRFHTEE  HERY
0 B, AKEERBUR, TRHRRBEERIE BV 2 LE TS

ARWFGEIE, ARieh ZE O LEFREE Th D3 FIDHIK, AR =B o LFEF%EE Th 2K
B EEHIATWE LTz, HELEHNELET,

AR ZAT OITH TV, AREE IR L O FEROIEELZ B X T2V TSN IR K
WD RV EGHE L BT ET,

ABFIEO—EIE, AARFINIRBLS R R I B . )R PR JEB Al K OB B SR 1
TR AR T 0 7T LD TR L > TThivE Lz, EEHFWZLET,

WZEIREN 24T 9124720, HaXx, L T ni e, FRfE L OB%EOBHKICEL
AN L ET,

BIC, BWVDIFEAE 2 X 2 TOE R WS EEh V= LET,
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