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AMP Adenosine monophosphate

ATP Adenosine triphosphate

CHBT 2-cyano—6-hydroxybinzothiazole

CoA Coenzyme A

Cys Cysteine

‘D—Cys D-Cysteine

L-Cys L-Cysteine

DIT Dithiothreitol

GSH Glutathione (reduced)

LH, Firefly luciferin

D-LH, D-luciferin

L-LH, L-luciferin

L-L Bt N T2 -7 =27 —ERIG
" LRE Luciferin regeneration enzyme
Luc . Firefly luciferase

NO ' Nitric oxide

OxyL | Oxyluciferin

TBP tri-mbutylphosphine

TFA trifluoroacetic acid
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1.1 AFRAETFEOZIR (55 1989)

& 5 T RE SN B EMFRILE < 7B A ORKRE AR EMRETH
ey TH AR A DRk AARAD H AT bHETH B, ORI b
RHAZFVT, FRF 2, AV FH, EAFVZE, ZLTYIRIAR
BHBDESRT T 7 N 8L OFEREMIMON TS (PIHRHE 1985),

B IHALTERT 4 HATICT U 2 BT LV ABR I ARLRMOFENZTRE L TN D B
M 1981), PRAETHLRIABHEETHKENTRY, Bb S AHUFTIPLHRL A
B L > THIRBRN S ERAEMBL L LTRSS TE T,

FENHRIZET AR ICIRICIR DT TR E o 72 D1 16 LD KHERFRTH
5. HERHIEHIT k> CRATOIHIEE ~ 13— 0 o S THBEIRAICRY |
ZOWNOFTERREOREBRZNFE L BESh, THINA, 17 HHiCIiZH
RIRR EORNITER (BR) PLETHD I EPFER SN, 18 HHAITITT DR
RANIF YT THEZ ERHLMICESNE, TORT MR EORLBEICHE |
K2 F VT REEL TS Z ERRME N (PR 1985), —F, BEHAZTY
TIZEBRVAERFER LS BE, BRI TV, '

%%%ﬁ%%%%%%@%%k%iémm\wv7:9yw@7;§—fﬁ$
wiﬁm)@%ﬁmwmu%aﬁhéommm@%%%ﬁtﬁvzxyﬁwﬁ%
MBEAKPTTVOEL, BONERIEEXO RS RDIETHE LKL, Bk
HMLt%Wk&ﬁé#éeﬁW%%ﬁézeﬁa\%%Kﬁ%%wv7x?~ﬁ
B, BFCHEEAYT = U U SEET S L EL, BRRIS L LT LL SRR
Bl Z0%, Z DFELEMTL-LSHHER SN, TNENLRLRDINVV T
=V U EHOZ LB oT, MY T2 UV EVWIBEIIBEDHTEETHOT
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E1—1. EREMEFTDILL T DEEDH]

(a) L-LRIE

g;;%ww?ﬁ—iz‘; B =AFINITUY
(—ERRERE)

EE=)L17z)

MEST -
HOETHT 7 .
(—BERERE) Y / | | (b) FFLLL T
Y i
//’i (c) TRILX—HH A |
£F < | i | T £F
I 7\ +
v N
ynEIA7 7 S AEINLTTYY
(REIRE) (BEIRRE)

E1—2. EMELREOEREMAD=X LOEHRE

L-LR S () e nIc#i<FE B2 (b)&(c), FEIINOITTYURHFEBRBLT
BEERRT S (b) [ZRBILOIIRILDES. ()T HRINE—FEEN D RPIILRE
EEWT. YOETAT THHGFPHRFERBELTHRNT S, HHENITITP
5?—772&‘%1*»¥—$§§11I:J:o'cmﬁéhfzbn%7:r7hﬂ‘%5'ﬁ3“%>o



mﬁwtw\m&wwv719y‘7i$&wwv7zuyaw5;5n;%ﬁé
W%t LTS Z L AE,

FNb 80 FEERTEICKAREINNYT = UV OEERRE SN, TN L AR

IZALFEA R b 1Tz (hite 1961, White 1963), ZHIUTHENTT IRF AT T
= U v OREED 1966 FFIfF, %R, FHOIZE > TRE S (Kishi 1966a, Kishi
1966b) . {LZEAIZAER STz (Kishi 1966¢), T DH T F T /N7 = U ¥ (Shimomura
1968), BHII ANV 7=V 2 (Ohtsuka 1976), VI A Z A T7=0 2 (BV
7 7Y) (Inoue 1977, Hori 1977), A RY =AY T =V v (BLVIUT TV
) (Shimomura 1978); THEEREL 7 = U o (Nakamura 1989) 72 & ORERE R HE &
N, M1 —122hbry7=) rOlEZRY, ZOFTEL YT 7 VUi
& (Coelenterata) SFHAr: LB DAMORNKIER L LTHEBDILEWT
5,

NV T 2T —EBbWVANARFENEYTHERE I, EILFHRTEIBAIATD
iz, 1980 FRIZHTEMENEANCTRY , R4 L cDNAERSIDRE S, €
UCED T IV BESISHALNIC R oTe, ETAV I 7P ORENAEAEA 7S
Uy o7 ) BEFINE S M/ o7 (Inouye 1985), BIZAFIAN T T =T —EF
(de Wet 1987), ¥ I A # /L (Thompson 1989), 7 I /A &/ (Lorenz 1991). R#EE
% (Hastings 1994) R EDNL 7 = F—¥ D7 I ) BEFINHLNIZEN TS, &
HRHNOENEMREDON Y T = T —BIXEWICHEREERMEN, 20z EpbREA
VB ELOBRTEINCEA =L EEH/ LLEZ B:Z(L'Cb\éo

FEHPEDFHERIZ AN = AL S EREDII L > TRR > TND EARL LTRL-L
RiEThHY, EHE W7z V) BEBER Wr7=7—8) OfEERIZK
BESTTBLENIRIGETHS (M1—2., (a)), UIRZARTIVA XTI
DOk REMR SRR TIIET B85, R AOBAITMET & LTATP & Mg
BUEThHD, AV 57 OBAR, REEL LT OVRBEET 8 74



VEBRSTFENLUCHERE LERALEAEA 74 Y VB, Ca"DIERIC L - TH#
¥TB, THERFEEZD L, BLVUTIVUERKEBEAY T =Y Vv, THRA
IFVEERA VT 2T —BEMNBITHILNTED, 20D AI7FV 3
Y% % precharged system & FE5,

RENRLY IRZNDOBARBLRISIC & > TAER L —EBEES T3 38 kaE
PEL, FNREOEERNSFREICLEYN (@1 -2, (b)), 20X 5 2FliZs
FTLHELERW, AT I TRV ITAFZ i EOEGEDIEIER
(Shimomura 2005) Tix, KISERDDRIE TR/ F—ikEEEERE GFP (Green
Fluorescence Protein) 72 EDHEERHEIZBEI L THHRNLETSH (M1 -2, (<)),
F7o, BN TV TREKE T F T OBEIISERD BRI E V2 DE R
EHITTER, ZODBEKBEFFOMOND Y BE T 4 T IR AT =2
BEILTHDLEZL LN TS (Ohmiya 2005),

DX 5 IZEMRBETEDR T LICRRDIREISHEELH L TN D,

1.1.2 RENVEMREEDIER = XAIZONT

SR b E RN DO L > Th D . bRETHERC S v IR # L
(Luciola cruciata) B < OB LEN TS, EIFY LMEORMIL L TR
ThhbhbhOREkEEE, Mt ETCRINVOAFTIREFEREINL TS,

o OREMTERORE BIEIE, BETERTIHEA ANBIZL > TRH A
& VAN T B L E 2 B, 20T, FEOES b, B cih~7
EMFTRR DL RIEL THTh. LLEIS, A7 =) v DRk o
AR Y. ZL DBEERERIIRZNVTEACE SN, ZHhIiTSZ VO
JeA B T OIS ONE L 2o TEE s LOBNEELD (1 —

1),



#1—1, RIILHAEDELEE

1885, BRRGELTOL-LE (Luciferin, Luciferase) H{p2
1957, WOz DER BHLE
1959, FHAEREEFINES8%
1961, W) ODBERELERER
(1950~), TFFEEUHRE, REERYAFINSTIYIGE

FR R ICHHE D fZEA
1985, LVo75—EREFOIO—=0T PFEYE
1996, Lo7z5—EBEREOXREREERT BEEDE

WCOOH ATP, Mg?* WOO-Q-AMP
HO” : :S i, HO~ : :S

D-LH, PPi p-LH,-AMP

S @t@rw [_om%:r" |

AMP (Dioxanone Intem edlate) co, OxyL (Excited states)

hv OxyL (Ground states)

®1—3, R FENLRGHEE
RREDF XN 7z DBRIEER (FBASME-TIVEL,



T 2 THBRBEVNDIZ, VT = U O{LEEE A SN D UENI RIS OE
FINEE (88%) D3TE XL TV B (Seliger 1959, Seliger 1960) Z & Th D, ZiLiTHE
BREICEBRTTAY 7 =) UREBES L, ZOHREHEESFELHANLRTY
7= (Bitler 1957) 2 ThH 5, LI LAFINVOFENKGEFIEIIMOFENEMDE
FULE Bl £ S F 0 28% (Jhonson 1962) AT 27 55 @ 17% (Shimomura
1986) IZL_RTHESRICE WIZ b 0o b7 BFEROBEIT—EHELS | BRFP L
BELEPNTW5 (Seliger 1961),

X VEMRIEDOIERIGHME (K1 — 3) BSFEMICHFA Sz D 1950 £R70
5 1970 FERIZTHNT T TH B (DeLuca 1976), = DHF THIHDEE R FERIL 1956 £
AW&M?wﬁﬁﬁ%éo#&b%wv7xuy(M@)ﬁ%%#ék%ﬂif\
ATP BRI LT 7 = U L-AMP (0-LH,~AMP) AR L. TN HREEE 25
(Green 1956, Rhodes 1958), Z M & & ATP D U EREITH} L,V'C Mg B L— 95
VERD D, Co & B Mg DRDVIZ2DZ LB BTN S (DeLuca 1976),
D-LH, DAINRF I NVERT F=/ULENBZ & TL (MLORBEOBREEN LAY T
=F LT D, TORBRBILEh, VAXES ) CPRERTED, TL
T T RELIRE B L — EERRRIED A% LT = U L (OxyL) RERT B,
TAFEF ) BRI McCapra 1964a) Z#% 5 FOMEEITE Y 2 VERT AT VRO
L5583 (Rauhut 1965) R Z ALY 7 = U L DALEEFENE (Hopkins 1967, McCapra
1968a) DR HE & LTBRIZIBIN TV b D TH D23, McCapra IZ K Y 23
RENDEMENRFICHEE L R—D LD TH D Z L RIRB Iz (McCapra 1968b),
FOBEBIZOAFEF PREEDOFENGER S 172 (DeLuca 1970, White 1980),
OxyL BEFMTH B Z LIXZN LD LR BEDIC XY A S vz (Suzuki
1971a, Suzuki 1971b),

EETIIEEF LR TEVERBEICEE LTI, RFNVORENESRIV



V72T —VBRBEBEFDI 2 —= TR Wood HIZ Lo TITHONZDOIEMED TRVEF

HThobEzxb, UROEMLNVVIBELRESERZ 2D, HikmbRR
2 T3, 1984 TP HITE T, EHIAKRR (UVFROIKMEY) CIkES
% v (Photinus pyralis) ® mRNA PHNY T =T — BB IV LERELE
(Wood 1984), Z D& ZBEICHIN VT = 7 —BHEPMEON TR Y, IS EALV
72T —EEAEIERIZEVERL T3S, # 19854, mRNA >HARR L7 cDNA %
RIGEICEALRAT AT 7V —2FRL, ikZHV LY 727 —E2a—
K35 cDNA D7 u—=FIZFF LTz (de Wet 1985), V7 =T —FB&EETOHE
AERFIBRESNT X/ BESIBRBRINTZDIXI D 2FE TH o7z (de Wet 1987),
RANF ) DERESONUDBMREIZRRY, ZOREN INEIT X 7ZHERS
X7 I BEINCETIHRIID R oD, VYT 25 —EDOFRERS (T3

J BESNCHFEOH 2EAE) RO TV ARPoTE, RERIBROP-E
DILEIT 2 44 T o7 (Schroder 1989), ﬁ

4 AR BT B AR BT L TR TS, T, AT 25—
DRIBIPNEE AL A% S Y — MZJRTET 5 = & ASHED D B (Reller 1987), #
WTZDREGIINKRFEDO T I VBRS| [ E) —VPr—mAf =N HGBE
THHZENRHENT (Gould 1989), Z D7 X/ EHNILS K LA & FETi, ~
NAXRY Y — ARV 7T & LTRE VPSS OERIC RN THEENICRON
BHOTHS, | -

5 OIS B, TR S BB A BRI LT B = & %
BHRLTWD, BEEICTIEAV ARV Y —AiCHd 2BBHEOREIC L > TTH
N3 &V EESEEIN TV (Timmins 2001a), FiZ 2 OEERUEHIENHRE
EMETH D —BLER NO)BBEE L TN D Z EMREN TS (Trimmer 2001),
BHICIIMIER < . MBI LERBRIIFETICRY Kb INZRE TS5,
RE VIR LERBR MG T 2REZHATSZ LT FARZHEL TS



EEZEZDBNTND,

R Z VIR THEEENRZ OV L I2, FRAOREREL H D GIILA 2004),
BADF Y ORFN, ~A T RE N (Luciola lateralis). ¥BWITILKRESRS IV
Photinus pyralis IXEREOFNETTH, ZNOLORINVOFENBERN VT =7
—¥% in vitro THRISEIKO pH ITH&F L CRAEEFELT D oH@EZHE), ¥
RpbEANTAY T =5 —ERBET B INAF VY — A ERLT A U B

(pH7.5~8.5) TIERAITEXLHRZ NV ERUHERETHDIP, WREZBRIECT
BLREBIZYT TR, ZhicE L, A UAETRZ L EILA 2004), BH Y=
A% (McCapra 1964b, Stolz 2003), BIKEESKEHH (Viviani 2002) DNV 7 =7 —
PRENENEA OFENEEEOMN, pHb. 0~8. 5 IZB W THNLAITEL LRV (pH
SR, SRl IR AR, IREOFEBRIFAITE DB, ThiZTN T D%
ﬁn%é@wv7;§~€&ﬁémwv7:§—fﬁﬁﬁfétbﬁ&50:he
DNy T =27 =5 —Fidin vitro [ZBWT pH IZ BRI E{d:ﬂw/wﬁ%%é LA
CETHELETD, 20X BIRLAZED DAL= RAAIEHEL HDBAIHER S
TWBIZ b HHb b TREFE—HIRIEFITE DN TORN IR ITHRE,

1996 48, RNV T = F—F O X B REEIMLOREEYIC T TRE S
L7 (Conti 1996a), =% TCICIEMED LORERFMEN e ERHESh, BAEROD
PEHERE D35 (Branchini 2004) 2SHE L 72,

LLE®D X 512k Z VFEIERDICERIGERII LR, AL~
T &7 (DeLuca 1976) , ¥4 CIIRFICRIESUG LIS OfIEAESS HBR 2 & 72TV D,
FibbA YT =T —EHR Coh U H—¥ & LTOWHEHE (Airth 1958, Oba 2003, Fraga
2004) %, ATP & AMP 75 ADP 2 53 F & AT B &M (Min 2001), 77/ vl ¥
DSBS (Apppph 72 &) %R BIEME (Fontes 1997, Fraga 2003, Fraga 2005)
R ETAHIERREINTVDS, 20X RRINAYT =T —BDEHEENE
I, HREVEMICOECRRIICEE T 2 LB 2 b, BREFLZN TN,



N 727 —BOLEREME L HHT A & & LT, L-L KISEAWA WA A A (R
W OREESNTD LN TERMBN TS (DeLuca 1976), il X 1FE BN
LS &2 TIEH UGB INT LT S 4 (Ueda 1998) . WiZHiEEEE A (Cod) 1ok » T
et X5 (Sillero 2000), E-ALMRAL T =) v DT Fa rS5Fc L Tl
#EEN D (Denburg 1969) Z &R, Dithiothreitol (DTT) 72 & A THIAITEHNC & -
Tl =35 Ryufuku 2002) Z & BN TND, UL CARDITRA YT =5
—BIZED &) R E FIFE L TR EARLE LTV 20003 bz ST,
W72 ) A U THIAEG R H < 22 bHER R - T 5, R T
ik L7z b & DI A H 3% (Okada 1974, Okada 1976, McCapra 1976, Colepicolo
1988) 23 STV A DR TEIZAEA STV 7220 (Day 2005), DAL &5
THENEAN TG 7 =2 ) VOESEBRIIINE T2 b fS N TV, EARR
DFRPEE Db DIZH LTIV AR FERA D I 7R # /1 (0ba 2002) 33 L UM HEE M
(Wu 2003) 1ZBI L THE =TV 3B,

ESLTHRALITNS 2]
MOEMTHRLIDON? ITBIEYFE. £EF)
ERTEAEETLNDOMN? (£, FHILE. BERT)
EABRBTRLIDOMN? (BFILE. EFHF. 23KF)
BERFIEINXLOMN? (ELFE EHFE., LF)

B1—4, R2ILEREALHEDILHY )
EPESE LS AN ABORKEEE DT TEL [E3LTH
AJLIEND? 1ELSTHEL. T ENO R FELTIEDOGEICE D,



Ny Tz v DEARBRBOMRRIZ. EMRILOEHERZRD ETHOEER
MRIZR 5, BAOERICHE L TIMMLR, AR R DIEMEEER OMFET
B3 LV H B (Timmins 2001b), L LN bHEEEMPELOBRTED X
SIZLTAY T2 ey 72T —F L) 2 ODNERRKTF Z S LW
TRV, JHEICE S BNZEMITRRIBLEREZALTEY, ThLTAD
ReHRIENRDOBRETHEINEFSINLEEZ OB RO TH D, Vo T7=T—
PIZELTIE7 I/ BEAZ2HEREEMOFEu JERE L HET 5 Z & TRIRE
HENFAETE 3 (Viviani 2002, Oba 2005), ZiiixtULIEGFTHEINT T =Y
v DELHIRBIROER I ITEARRE OMARLETH D,

P ED XS ICHRENVIRAEDOF TR LHETHY . EEWE, L% BHE
5 1S IRV D R TR E 72 C AN ARBIET —~ Th B DI (M1 —4)
AR SN, EVRAEFEOF THLEERMUEZ ED TS, LPLRBL,
BTIREAEEE, BARTEE. YT =T —COSEE, Ay T2 v
DEAREK Y, RIEFAORELEZIEINTVDS,

1.1.3 HRENEMRIERDIGH

PLED X 5 ITAMELITE P OBACHESNTE R, L LARLEE, &
MFEFDEERI A 7 = X ARHA BPITRBIZONT, IHERR KL LBRFEINT
EBIND LYo t, EBICE L OISAEHSEMTEIE. H5VIZAIRER
VICERT 5 & 515 T B, |

FUL I FHGP DX D RBEREAEITMIEDA A=V T REDIHD~—T
—E\ETF L LTBAEN TV (Chalfie 1994, Chalfie 1995, Prasher 1992,
Prasher 1995), #EEBAEIZRE LRI IR ETH A2 ->TE Y Matz 1999),
Z DENACENFHEDEE 2> bISAFFILIED > TV 5D (Tsien 1998, Miyawaki

10



2005) , HIEHE BT E OB EFEZHIIZEA L TR ESE A7 THREINZEA
BWNBIWNZ T =T 4 T LTEHRNEDOHDT VT 4T 74— A\l d, WH
Y RET F T IR EOPIGHMER | EDOMES DI-DIZEL IS EhTnD,
Lo LIS S D7 dITHilazmh o & 2 Seohin 2 BT L CantE Rl 2 i &8 %
VERGH Y BEHROBINATERNEWIERH D, FEEERFERE 2D

WSy 7 7S REVWSHELH Y, ERENZ LU,

T T T

1} 4 45

Time (hir}

®1—5. RIS I7S5—EDIEA

(a) AL (ATPt‘/ﬁ—)ﬁﬁtbfﬁ;ﬁ:l%@&’éﬁfﬁ&ﬁﬁl:
SAEh TS, (b)invivo 1 A=Y % , Nature Methods 2,
QMB)&W&ﬁm«»%ﬁﬂﬁf@ﬁ%ﬁﬁ?@%ﬁﬂﬁx¢%%
siE1E 4 (d) SEOREIRABOL Y ITT7—EDHEKL. BH. K
EMIZETRLTH D, INIRAE TR,

11



—FH N T 2T =B VANAERBEHENO L OREAEIEHAIN TS, K
WZARZAD L-L KGOS A&GEERIZEY (K1 —5), K1 —31RLEL3ITRZL
L-L RUMZIZATP BERTF & LTRETH D70, ATP ZRHT 2RI L L THEY
DA IR TWS (01 —5 a), BEMICITESRTIE 2 SIckiT 2 4ERR
R, BHRRAITIIAERER CEMEOBERIZAN DA TWS,

NV T 25 —BIRBEFREET O~ — b —BETF & LTEMBERRICBNT
HISH SN TWS (Greer 11T 2002, Bhaumik 2004, Alvarado 2004), Z#ii GFP @
JSRBIE BRIBITH BB, L7 T7—ERE TIRORERH 5, ETRIELE
BT DBERENZDIZINy 7 7T 7 RMELMZ B, BVRE CREFH
RERHTED L WIHFERDH B, 72 GFP ITHRTHIAFEME EEMEICEN
TW5b, ZOHBL NV TD invivo4 A=V 7 (1 —5b), HBEViLE
Eaz AW REFROBEGFREIAMT (W1 —-5c) RETTAShATNS, =
@i5&9%?%%Kmﬁéh1m5®ﬁv:ﬁMMﬂmfwﬁwmgwwy7;
F—BERINDNY T =27 —BTHD, BIIHRZAERLRIZLI 2O T2 v
DORRIZAONT T 27 —BEERICAVWD Z LB TE BH7-% (Nakajima 2004,
Branchini 2005) J5 HEFENIAL 2D 22H5 (W1 —54d),

UEDLSEHINNYT =7 —BEARIIERERBIEABHFF SN T2,
L2 L2 oA F NVFEIRIISOMEEPBHETE S OER (i, £EPWERE) ©
HEEXTDON, £ OBMRFICEBIIHEDITHEAIN TS LIXE xR, £0
T2, MBRNOBRSERENSMLPOEELZITSZLNEAENS,

BICHREN Y7 =) VOBEBBEE VI RRBDH D, VY7 =5 —BIEGFP O
5 SRS LE TR\, IS T RIS b S L7k < THIEH
 TERVLLTH A,
bl V7= VAERRBERDOBETFENY T =7 —BRET L EITHEANT

REIFE, MENTAY 72 VERARIEBZLNTE, b7y

12



VEMBTOMENRL D, LPLERDOAY T =) VEAREMELT ABERIT
WEFNORBIEYNTH 7 2 —= 7 IR THRN,

ULD XSy 7 =7 —BOBRRISHERE., T LTV T =Y OERRER
OFFEFTIIRHERNCHE 2R 2N 5 721 Tl BAEIZEOTOIERIIRTE S
RETH D,
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1.2 BFERR

R H NAEMZENRIT AT BIRENZ I TR SFECRA S TE Y, EXE
FEERAMBARTHILEZD, LOLERLBETHOHRZVEMFERIZBELT
%< ORFEHORIENE SN TS, APERILTIIFIN VT =V Y OERRE
N T 2T —BORIGHEICBE L THIREZITO Z & & LT

ETNVT =) COEGRICBL TR, MY 727 8T v AIZRIT 2 EH Mk
BOMBERE L VWO DREBLAENS, ZIIEARBRIZEZN V7= O
MNERATIREIC R B 15 TH D, Zofich, EERFENEZEEITT A
OB LWEICRD, EARENDEORRN Y 7= v ORLMHEEL, &i&H
RERETHET S LBARLLRENDLTHE,

AT 2T — B OBMR ISR, FCROERIGIZX S B A GWE OERRE
FEMBATHZEE. Vo7 =2T7—8BT7 ve MBI RMEZ ERICTHEY D7
D ORI FRIZ R B,

PAED & 5 IZAZEFRIL T, BRI VERFEAOISHBIRZ REITANZLE D,
ZORMBAOHE LRI T B2 L2 BET D,
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H2E RIAMNT TV DEER

2.1 WrEER
2.1.1 BEDONYT =Y VAEBEIFE
REANTT Y v (0-LH,) OGFEIFIMOIBELEEMDON LT = U AZHTN
L, ALFEE G LAEMTH D, White HA% 1961 12 p-LH, D{LFEE T HE
L7c& &I, MEMREO—RE L THBRILFEEREZHE LT\ 5, p-LH, OBENHE
M CTHEAR b LIRS Th - e HAESHER b RVRIICHE Sh Tk,
B2 — 1 ICHARMIZER SN o-LH, OASREK 2 RT, ZOH CEARFRH
k&% %2 b= DIt 2-cyano-6-hydroxybenzothiazoele (CHBT) Th V., ALAHK
BeEEZONTZDIXT AT AV (Cys) 24T & pbenzoquinone 1 53FTdH B, Cys
REOEEZBRT D 220BEO T I/ BO12TH B, ¥/ VITEY TR
EWTH DD, R H BB

COOH
5CEENTI B, EAHE HO/CES\ /
B B AR TR p-Lh,
BET 5 HEE LT
RO, BERMED B WVIXEE COOH
R TR L 7= LAt o
MY RLEBRTHB (F2— CHBT p-Cys

1), BEMCBOTH | {}
p-benzoquinone (Okada j/COOH
O/Q// T

1976) 3 X X CHBT (Okada _

p-Benzoquinone Cys
1974) H375 & AR D p-LH,
Y 2D Z LR

iz, £~ pL-cystine (Cys

E2—1. 2L TTY DER BEEROF

15



NEL LD AT 4 RZEE) bRRICERY ZEn D 2 & DR éﬂ’bt(McCapra

1976, Colepicolo 1988),

#2—1. K2 BRYIAHKER
DRATFAVDEDYIZSEIED I AFUERALTINS,

jog
o] K. Okada, et al. (1976)

p-Benzouinone

N
/@[\%CN K. Okada, et al. (1974)
HO S
CHBT
”°°°>_\ /_<°°°H F. McCapra, Z. Razavi (1976)
HoN §—S8 NH, P. Colepicolo, et al. (1988)
pL-Cystine
a) 0 COOR
H, N
oy neul
0 HS
p-Benzouinone Cys
N \>—COOR
HO
/(:[IB_ H COOH COOH
CN 2
Y T
HS HO S
CHBT p-Cys | D-LH,

H2—2. RFILILS T DESRIZET 32 E# R IG
(@Q)F/VEVATAVDNY TV T RIGEBILICKYR S FFTI—ILENT
x5, 0T RIGITIEBRMICETT A, BRILEMBBICTIZKFe(CN) A&
EDOBRILRANRETH S, (b) CHBTESRAFAURAYTIL S LTILY T2l
UNTER, ZORGIEZpH8D I\ 77— CIEBENIZETT 5.
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I D-LH, EERRICBEET 2 L B2 b3 ABILFERIGER 2 — 212777,
p-benzoquinone I3 Cys LA LTRY Y FTOVBILAMERY . T BAEETS
ZETRUYFT—NERERD (Lowik 2001) (B 2—2a), ¥/ EFA—Nit
MEORISHERBE W, Z0h v 7Y v 7 RISI BRI KBRS TEITT 5,
Z A< BABR & MEBRIL KFe (CN) 4 D & 5 RER(LAIBSHE TH 55, HRLFHITIX
TR VED, LOLAERDLZNEDOKIGH 0-LH, ODEARBETH 01 E H

IEEER ST,
COOH 0
OO e OO e
HO ATPMg  © ®
D-LH, OxyL (Ground states)
LRE
SO
HO S
Cys CHBT Thioglycolate

E2—-3. KL IV DBERE
CHBTIZVRFAVERKBLTILL IV EBET S,

—7J5, CHBT & p~Cys iIFEBERMICKIE L To-LH, & 725 (®2—2Db), CHBT i
W), LH, OFHBERME L E 2 b O, [ B IZE Y AL EBROFEM 2T
PoNy 7=l CEBARK (M2 - 3) @#Fﬁﬁi'@&é Z L &M L7z (Okada 1974),
W2 2001 £, HBRGIIRNARIGERM TH DA FI VY 7=V > (0xyl) % CHBT
(24539 BEE%R (LRE, luciferin regeneration enzyme) %M, 7 m—=7L
7= (Gomi 2001), ZAUZ XY CHBT 234 ZUEPIZIFET D RABAWME TH D Z LR
ENTEEZD, LPLERbAY T2 VEADKEMNE, H25V X LRE DR L
L CORBRBIZEE L IR E 72T %  (Day 2004), FEIZ Day 5 1% LRE DAHE
OxyL DH TR MO RuaXi Xy F7 Y — L8R TH o T, ZiLa CHBT
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BFARTBEOOEB LR, VT2 UV OERRRIZORBDDTIZRVDEWV
5EEEZ LTS, BK2—2DbIiRLELIIC, b-LH, ORFRFEILD-Cys DEN
RS LTW5A, ZOKIEHRERNICEITT D (White 1961) D T, p-Cys DD
DI L-Cys L RIGSH B & RFZRMED L-LH, BEREND,

a) o) H,N~_WCOOR
LY +| )
1) HS
p-Benzoquinone L-Cys?
? N ,
N M coor LRE? |\{>— o
— " ° T o $
6-hydroxybenzothiazole CHBT
containing compoud
’ 4 H. N »COOH N
b) 2 ]’
) HS .
~CHBT~?

f 7

D-Cys

HzNj\\\\COOH / or T~ COOH
\_¢

HS \ HO/CEW

cooH| —"
SO cuBT? gﬁh{%@“\\ 1 ? b-LH,
HO S S
\_ L-LH, _J

E2—4, RNz DEERIZETAHAINETOMR *‘

(@) ¥ /MR FFTI—IVROEEH . ¥/ ELRTAU (HHWNIEDHFEE)
ASEROF IRV F T =L EMERTCHBTATES, CODEE, LREAEE
LTLBHhELAEL, (b)) FPYVIVRDEESHTEESINSL-CyshoD2D2DIL—
ko U &EDIL, L-Cys DFFVTAMNEBRINTHOD-LHNERTHER, £50&ED
[&, L-CysHETL-LH,&HY . TDRFSUTANEBRSA To-LH A E R T HER

18



RENNTY T =Y ANIFTNARICEDTH B, EWFEEIL 0-LH, OBRIZTEERH D |
ZDORZRMERTH D 1-LH, ITIEHEI O (Seliger 1961), & HIZ L-LH, IXFERIG
ZFET 5 McElroy 1962, Lembert 1996), = Z CRIEEE 22 DIFEAREE L E
ZBNTVS Cys DIMAETH S, Cys ZEOTERABEEZHERT 27 I /BITE£TL
EThHd, TOOEBROEADIFE L 725 D% L-Cys TH D, LAL L-Cys A3
CHBT L v 7V v 7 L TART 2 DITEZERMEED 1-LH, TH D, TD X 5T p-1H,
DINEITEMHERR LD THDBLELD, TDH Cys DMEEEELZIY
ABERPVLETHD, LLBEDLEZA, BMOL-Cys H2VNEp-Cys ZHW
RV AHLEROBEIIRN, T - L, ORI T I T 4 2RI ANED X
DIZEVH LTV D ODEESHAL ISR 2 TR,

UEbZnEciz®EIN - ILAARIZET2HMAZELDELOEK2 -4
(2R, CHBT I, p-benzoquinone & L {K® Cys & B\ NI ZDOFEAN B AR TE B

(Lowik 2001) (K2—4a), LA LEAKREL L TOFEMIALITITRST
WY, Z D CTRAKEFEIE 0-LH, BARKOBESR & L TR D> 72 LRE Sl L T
WBMH Lt (Day 2004),

WRIT, D-LH,iX CHBT & Cys DA v 7V v A2 k> TARTS (M2—4b), LH,
DLk Cys DRFRRER L, EIcAEGBRBHIRRE 1-Cys LBEXHNHD
T. D-LH, %é}ﬁiﬂié FEDIZITRFCEDOX T V7 4 REBENLZ L TER B,
$ 72 CHBT & Cys DA v 7V & J RIS IZFHFBERIITHELPITETT 5, €2 T, RO
2ODBRENREZbND, TRPHD, L-Cys 2 p-Cys IZRMLINTCHBT &V v
TV 7 LTI, BAERT B, H250E0, E) L-LH, B L TZDOHF 7
Y7 SEBRSIT 0L, AR 58K, Z0L XBEINSPRE 0-Cys b2
W L-LH,) IEWTI SRR ONRZREETH Y . —RENTITEERNICHFE LR
EEZLNTWABILEMTH D, ZOEDEARBREIIONIODEL L—HIZL
TBLIEDEME LTORFMIE > TR MICERNR 2N EEZ NS, /
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CLED & 52 AR AHBRNDIC LT 0-LH, OF RS2k & ARBRNCRFE TV 2 D
PE25E, PREEL LToCys HBWIIL-LL, B ESND,

WA, a-T 2 BO—2ThH B0k ) VRV T TATOMRY 7T VREMHEL
LTk v FEe—PIiz ko TABRS ., #EMIAD DA L& 75 —D 7 Y v U4h
LEATICEES T B = & S B AT S 17z (Boehning 2003, Stevens 2003), E7 BB
B EHTEL DEWZD-T I/ BBIEENTND Z EREE SN TS (Friedman
1999, Fujii 2002, Hamase 2002), ®iZ, A aftY vy Iv—BZfHF-oTHY,
Lavb RES B 129> T ok U VAT 5 2 & p3E STV % (Yoshimura
92004). ZIL Db DHEFIRINBYATA VT —EERE> TV D REMEEZRREL
TW3B, LiLRAE p-Cys BWVERKICEREZ 52 2WHETHY (Friedman 1984),
EEE|Z X o THRBAIC O STV D &0 ) ARl S e 4TV D (Soutourina
2001, Riemenschneider 2005),

— 5 1996 4E Lembert (3N 7 = 5 —FI2 LB L-LL, 0B DR ZHE LTV D,
| S LLH, AR TH B MR R R LT,

BLEDE 312, L-LH, & p-Cys 0 £ & b A BRI T o 5 AT 2RI 5 8
ERpHBLEXD, £ CAETH, LLBL U Cys OREMELZREL, FF/VH
ENZNSDEMDF T NVEIELEITZ2PEPERMNDI L L LT

2.1.2 REANDERLEALYT =V VERKOBER

REANYT =Y (-l CEPWREERORBWA L LT, MEEEH
W L UCAFET BT F FHEERIM O TS (Schwarzer 2003), R /L &iL
T B i id—iREc S A E DS B 7 EI2 S FIET D72, Day DId p-LH, b ¥
JCHAE LTOWBMAEDBRESR L TOWEDOTIRRVP ERB LTS, Ll
AR5 ZNEIEERT B ERERIIELN TRV,
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HE, AV 750V T IV REMEEH TAEMREIN TV Z LR
7 7 DIFEEEBRIT X - THED® b7z (Haddock 2001), 20T LIFZFNAWH &
N7z Y AR LTOVRWEERH DLWV ZLE2RRLTWD, £2D79D,
AEBRDIFREAT O e DITEEMECEMEHZ SHICE S, (LEVWHOBERZ
BRI T DRERD D, ZhICL>TAY T =Y VRO E T TMRER
RLTOWBORRHLRRY, £ 2 TR LD TESRBEOMRY, LARBERO
HEEDS IRBIZ 2 B,

BRENNYT Y v (0-LH,) OEGRIZEWOT S RRICARBER RN A EET
5B, ZTOEDITIIREZNDOEERHEWVIZBMEZERTHENEETHS, L
PLRNRDZNET, EAREAERENICE X FRITBRE ShTORY,

RENVOERBLENSBRTERTZ L, DREDS VYR F N (Luciola
cruciata) BB WE~NA T RZ NV (Luciola lateralis) VXFEFIZHBKIEN, b
DHRF ML L > THEBIZHTTHY . BEICZOEERFE LA TN
(Ohba 2001, Ohba 2004), V7 = U VAGRICBWTRICEHERRIZ, ZhbD
WENBEDGA THA I NOFTHRLRENLT ZEH L EE2ELRHATHTND
EWVWHZETHD (M2—5), ZNOLDORINVIINLEBRET, £ETCHOTA TR
ToUTHELTDIILNMOENTVD, FICHRIEIELZEER O I 2=/r—
a VICFIALTEY ., RBRHEFEZET (nate attraction) ZZDIZHAMRT 5 = L1FIE<
HMONTND, ZHUCK LHRORBERIZBFINIL-oZ VET, RO X S ITHEIZ
ﬁﬁéﬂt%ﬁmﬁb&woit%%@ﬁﬁ%&@mwﬁ\béme®%ﬁmm
mm%%bfwéﬁ\ﬁﬂﬁﬁgwﬁééﬁm&g\:nﬁﬂﬁént%%ﬁm&
VW, ZORICINDDREINBEGHDDITREHTHSLLELXHP, AN
CITER BRI BRI, IR ERORETHSD, EBROI LB,
IRHMH RN, fF (RITKEER) 2E2013KP CEEETLHRET TH
‘50
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B2 —5, N TR DEFER

(@) $R, (A= HhIFHALE)EBRLDIE—EDIEZOBEIHT
H5. BREERYELTIMASSIMRETHERRT 5. S<HRICLHRELLEL, (b)
i, EfER ., TWEE->TEORTHERTIET S, FIRICIEELTHRSEZEM
$Hd.(c) R, BROREALBEXLETHOBEEKEQZS 2=y —2a0F 5, 85Ik
ESELY, (d) BEEITRICK>TRIET AN RAILER, CORMO RN
HIZHA, BHRIEEEICHIEIN TS, CORRICIL D) o ERENELT
HEEZLND, () KRB, TORKADDERLXEIZEIRT S,

8]
o



o _f o4,

H2—6, N7 RIILDEAH

() BT —R, CORTHI100EDHREFE TES. (b) EEITr—ADEXITT
LTIF5, KD h R [ (EATED1/3% SHBRETINE—DHD. (o) MNRIRGERE
REMIETA-HICAF N KEERFIE TN A HEARGEDREEEZINA S, R
BILOMRIZIEEAHB-OATHIBERONBTEFALY, (d) HIFECI=ZUTE
Et-FEEZF-UREBICLTE RS, =3 KEOEZE~TRERLL T WD, (6)
i DRI ILA—0 EICHERICHA O OMEERE THD, LELERES R
THEEEYIREL .. BERITE D,



PLED T b bR AEE L, ZAR L TV D 0ENIL, AEREE > THS
AP D p-LH, DB ZBIETIIHA b2 2 D LB b D,

%E?&%@ﬁ&w%#yfvvﬁﬁétbnm\%ﬁ%ﬁﬁﬁﬁTézkﬁ%
FLW (F2—6), Y IRINSBVNEIANA TRZ VTR POMOBF VL E
BB AR TBIT VI HEBH D, BARCEELTVIKFOHRZ
SEET A D LD CREETH S, EAFIVIIEHTRE, FRINTNLED
oo TR T LIt ER S B, —H. TRBORFLOREE—
BoLITPNS LD ICR-TEY, BI~d FRELTHIUIEREF v P blEAT
BN TED (B2—6a),

A T RE LT DR E MR TERENES Th 5, HOFFEFMANILL,
mﬁﬁﬁﬁhhﬁﬁﬁﬁﬁ&6oitmgﬁﬁmﬁwoﬁméﬁﬁﬁﬁkbf\w
WIS B D 2~3 » AIZY CAERNS—AT S, LOLDET 2R MDD
B&Poité?ﬁﬁk@@ﬁ@ﬁ%O%ﬁk%<\#$¢\w%w%&iﬁ&%'
PSR 7D v 7 CED (H2—6 o), AFEEOIEBAEIE, ~ 7
BH DRI LT, RET 3% 5 008 CHIC—ER DR B0 22ALH
F LA, EHHRBREEO) R ZEBT DO BDLBELLNTND,
»:hKﬂLHVVﬁawméfwﬁwﬁ@%%(%2@%)Kﬁawﬁb\ﬁmw
Beo m BRIRICH® L, —EICKRICEINT 5, Zhic & v EEKOBRBICES S
X —TEHLTEEZLNTWS, BEATES TR AREIEBN TREIZENZD 2
BB SRE DR, b5 — A LTROY— AV &S (K 1993),

%:fﬁ%@@\ﬂ4ﬁﬁﬁw%£%$Wﬁﬁ*\ﬁyfuyﬁb\%ﬁ%ﬁﬁ
oLk LT i TRt & 9 2 0-LH, 0E AR FE A L LTRSS O 0-Cys
B AL, O EL BN TH D, €I TRETIE, YRPLE, RBIZHTTORS IV
b FY LT L. Db OWEESHT ST & b Ui, RO &R
Birsz Ll L, |
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ZDHL, Cys FBAEZHEERTST I/ BO12THD, 7 I/ BONFEME
(CBL T, ZhETICE OBE (Fujii 2002, Hamase 2002, Boehning 2003)
HENTEY, RARERD o 7V BOXEMEZ ST T2 HFELRES LT
% (Brtickner 2003, Yokoyama 2003), L2 LARNRHWTNOBREIZBNTSH Cys i
AL SN TWB, T72bbh, ZETIC Cys DRFEMELZ DN LE-BEITIZE AL

o TOBRDHEMIIF T NG EITI I2DIT, Cys LDV T AT LA~—%F
RECBFERAVONB LD TH S, £ Oys FRILENT 2 BIEDT ZAF LT
LTV &0, BAMRINIE & A L= DI HPLC TOSTRREETH B =
L2 E%, Cys DAEEF ISP TONTOWRWERTH B,

Cys ROV RF L DERSHICH L Tik, FA— 50 RIOR SOUERAIE s
RAWieFiE (B2—7) B@ESh T3 (Toyo’oka 1988), LAL., Cys DX2EH
EOSFIThh T\, 2 TARETIE, Cys ORBEMESHHIECOVTSH

kT B,

SO,NH,
/N\O SOzN Hz
\I\{ /N\o
F =\’

SH

ABD-F ‘ /E
PN "COOR 0.1 M Borate buffer (pH ~ H,N~"~COOH
Cys 9.0), 60°C, 10 min " ABD-Cys

H2—7. o RTAUDE B HE

ABD-FIZpH9, 60°CTF A —IL EEEMIHEE T 5. ABDIZFA+—
IWEHETHEBHEMLTEF (A1 ex 375 nm, Aem 500 nm) £EFEDD
THPLCTEBEICHRHTES,
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2.2 FEBRKFIE
2.2.1 FENOEE

~A R F VR OEREER T, MR A REEEANTF AT RiET) & A L7 (B
2—6a), 300~400 EOfEEE Z OFREERE THE L1,

AN TERTF—DOEEERET 52 LB TED, AEOHRELE S TH
WO /3B EDBRETANF—BBADBNATNS (W2—6Db), JIUIERIM
waéﬁﬁ@miﬂibmgﬁm%ﬁﬁol7—97bﬁyffm%ﬁﬁéﬁf
T4 NE—IEKT B, AEIIEROH D ERENICRE L, KIEREHITRFIC
Rinot,

Pk dcAERT S (B2—6c), IMNRMARERREMERTHLDITAT D,
KEZHEFEIHTND, AFDEPFRREOEEEZMZ D, RENVOHRITIIFR
HBEDAFTATERDND Z &z,

BIIEICF =V T AEEEE, HAVREHEHFIILTEZXD (W2—-6d), £
A =V IEEERTAEORERL LTN5, SBRIFRITHERDOT, BVKL
BRAELZVE S HEHOITI HICE XD, 200 BoSiBRTHIE, Bk 2~
Sy =SR2 B LEF52B, ¥ =V REATAOEDI IR L,

ROBET 4 15 —D LK B T OMIK £ 72 5EEM L2 RETHS
(K2—6¢), bRELZ&KEpRITZE@EEEY . BERTEL, BRARIZRD, K
BT REEES HITRR L CEINT 2, SNIRET 4 VF =R EZESLDT
bd,

2.2.2 HWEAL 7=V OFE
D-LH, IXFEHiE D p-luciferin sodium salt &\ iz, L-LH, X%k (Toya 1992)
WZREWA R L7 (M2 —8), CHBT i 6-methoxy—2-cyanobenzothiazole (Sigma) 7>

b EIBIZIENER LT,
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26.4 mg D 6-methoxy-2-cyanobenzothiazole & 4.3 g M V'Y ¥ HHFEIE % MHEAK
BREFIZAN., ZRFHRTER L T200C, 2HBRGSEE, 10%RBHI Y T A
KEREMATRISZEILS ¥, EfWe=—T NV THHELE, ZhEzT U0
GNAZH70<w T 774 =K VKL, 12.8 mg ® CHBT Z2%&72, WITO0.1 M
Tris-HC1 [pH 8.0] /Ny 77— 1 mM CHBT & 1 mM L-Cys Z{EA L, |E T30

SRS SETL-LL, 28/ L, %z 1 oM L-LHEKRE Lz,

— WCOOH
/@E“\&_ oy Pyridine-HCl /@:’B_ o Cys /[j:wj
MeO S 200°C,2h~ HO /pH 80 Ho s s

CHBT-Me CHBT L-LH,

E2—-8. LWL 7z DER

2.2.3 V¥ 7Y UXTNGGHT

EEE L, OFESITR L UOREMESITIX. SEREV 7270~ T 7 4
— (HPLC) IZ & » TIT o 12, SR 13 Waters £L8L Alliance (R 7T X T A 2695,
Tx NEAF—=RT VAT 4T 7 Z—2996, HH,T 4 T 7 F—2475) &=,

LH, % Z Vo3t (in vitro LH,) : Jii@. L 0 ml/min, BEVME, 27%7 & h=h
v (0. 1% TRA) KRR, SAEMRER, BHEEIR 330 nm, SRR 530 nm, 2—

a RO D-FOL-I, D7 u~v T AERT,

RENVIH I . 1.5 ml =y RFa—TZHRFN1ILEAI, 200 pl EtOH -
0.5% tri-mbutylphosphine iM%, Fa2—THFEY = F A F—THZ L EHHRE
L7, Zi%& 70°CT5 oMm#E L, D5 E (15,000 rpm, 5 min, 4°C) L CHllE
BERZHRELE, 20 ml ®_EFEIZ100 pl @ 0.1 M Tris-HCl [pH 8.0]1%& MM %, A ¥
V7 4F— (0.4pm) TREWZEREL, KO HPLC HTicft L7z, B2—9biz
KRR Z AP OLS T = U VR R,
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LH, % S AKTEME (RF AR L) : 100 pl OFFZ AMHA YT =) 2, *
59 5 A ATz HPLC IZ & W 439#7 L7z, HPLC 2Bkt : & 7 A, CHIRALCEL OD-RH
(6 4.6 mm, 150 mm, &' A EAALZ), Fok, 1. 0ml/min, BEHE, 77 VT2 |k (15-40%,
20 min) 7 k= F U (0. 1% TFA) KVEK, BOEMRHIER. FhBR 330 nm, BOEH
£ 530 nm,

b-LH, 35 X OV L-LH, D & — 7 134 W L CEERBURIC L W RE L, T OffT Tidy
7D ALHFE D # )V (Photinus pyralis) FKEFHH, HPLC KR, HidR7 L — R
272 5—¥ (LC) %AWV, TOMORIE (ATP, MgS0,. CoA, Tris, HC1) (IFH
JeqEERLID & D % FAVZ, LUC I glycerol % 10%&%e 0.1 M Tris-HC1[pH 8.0] |
VA LT I mg/ml & LT-30CTRAE L7, ATP & MgSO, iXZEh 3 nM, 8 mM & 72
%X 512 0. 1M Tris-HC1[pH 8. 0] (Z¥H LT ATP-Mg ¥R L L, -30°CTHRIF L7
CoA |3 AKICEEAE LT 100 M & LT, -30°CTHRFLT,

L, DT T 7 v a id, EHLTI120 pl D ATP-Mg IR L 1 pl @ LUC AIR %
% CIEWIEME R HESR LT, £72 L-LH, iZFBRIZ 120 pl @ ATP-Mg ¥ L 1 pl O LUC
VIR, 1 ul @ CoA RIREM A, LH,CoA WCEHEIND T LIZK VR LT

a [ b)
) 3 400 - D-LH, Single firefly body
g 300¢ L-LH, - { 200 pl 0.5% TBP/EtOH
§ 200¢ Homogenization
§ 100} + 80°C, 5 min
TR ' e Centrifugation
5 10 15 ¢ 15,000 rpm, 5 min
Retention time (min) ’ 20 pl Supernatant
50 pmol LH, ¢+ 100 pl 0.1 M Tris-HCI (pH8.0)
CHIRALCEL OD-RH column, 1.0 mi/min, Spin filtration (0.4 pm)
27% AN aq. with 0.1% TFA { 8,000 rpm

Fluorescence detector,
(hex = 330 nm, Aem =530 nm)

E2—-9. KA T DXSIVAH A E
(a) D- }aJ:UL-LHZ(ﬁ:nn)G)ﬂFWWJvAL KAREOIOTRT
S, (b) EFFRFILHLOLH AR,

HPLC chiral analysis
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2.2.4 VAFTAURINGHT

B : Cys ORBMELITIZ, HPLCIZ L - TiTo 72, HHEERIX2.2.3 LRL
TdH D, D-Cys & L-Cys DFEEL & LT p-cysteine hydrochloride; mono hydrate
(Sigma) Bz \¥L-cysteine hydrochloride; mono hydrate (Sigma) iz, Cys O&E
WAL ABD-F (RI{CAk%E) 2wz (B2—7), ABD-FIZ0.1 MAVEBRAy 77
—[pH 8. 0JIZ¥&fE L 7=,

RENVEERCYys i . 1.6ml =y RUFa—TZEHRFNL4PL%E A, 400pul 1N
HC1 & 10 pl @ 10% tri-mbutylphosphine ZMx, Fa—THABREY =F A4 P —T
RENEFER L, 2k 1000CT5 ofmE L, =558 (15,000 rpm, 15 min,
4°C) LTHlEREZRELE, AT 4% — (0.4um) TREMEHREL, K
DOHWRIBESREEICH L-, M2 —1 0 alZhZ AR Cys HIHGEZ T,

0DS 7 7 LFEHL: 100 ul D AZ AHHIEZ 0DS 7 7 A% VT HPLC THR L7,
Cys #8027 77 v av &L, BLIARL—FZ—IZXVEBRLE,

HPLC 53MESeft : &1 5 A, Deverosil ODS-SR-5 (¢ 4.6 mm, 250 mm, BPAH{LA). ¥
W, 0.7 ml/min, BBEMA, 25% 7& F=FUAKEIK (0.1% TFA), 777 ¥ a v,
3.56~4.3%y, ®2—10 biZARFZ/ Cys D ODS 7 T rRERFELFT,

Cys BOEAERL : DS U 7 A TR LR Z A Cys 757 v a v (BBER) %
25ul @ 0. 1M RUENy 77— [pH8IIZEEMR LTz, i Cys IX, ENEN0.4mM D
D-Cys, LCysT®IRERIU Ny 77 —THRELE, 25 pl Cys 757 arHa0IE
EHIZ80ul @ 0. 1M ARUEE/NNy 7 7 —[pH 8], 50 ul ™ 1 mM ABD-F, 5 ul @ 10% TBP/
TEL= U BMZ, 50 TTEAMRISS e, Z0%, K LB L 60 ul O
0.1NHCl %, RKinzfElkE ¥, R2— 10 clZ Cys DEMEBHTIELTT,
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Cys ¥ FNRHEM: - 40 pl OERFEHLRZAME Cys 77 7V a &, ¥T/VH

5 A& V2 HPLC IZ & W 29#7 L7z, HPLC ZyBES{F : 77 A, CROWNPAC CR(+) (¢ 4.6

mm, 150 mm, & A EAALEE), FE. 1.2 ml/min, BEFE, 0. 1% TFAKEIK, &t

B EhEE 380 nm, B E 510 nm, K2 —1 0 dIZEHD >-K K L-Cys D

ru< 77 LR,

a)

4 individuals of firefly

N HCI

400 pl 1
10 pl 10% TBP/AN

Homogenization

l 100 °C,

5 min

Centrifugation

l 15,000 rpm, 15 min

Spin filtration

(0.4 pm)

¢ 8,000 rpm

Pre-purification procedure

d)
80

Fluorescence

60
40!
20|

b)

100 pl of the filtrate

'

HPLC with ODS column
EDS-SR—S (¢4.6 mm, 25 mm)j

0.7 ml/min,
25% AN aq. with 0.1% TFA

v

Cysteine fraction (3.5 - 4.3 min)

v

Dry up

v

Labeling procedure

Retention time (min)

E2—10, YRATFAU DX HE
(a) £FEARLHSDCYysHt Bk, (D) CysDODSHhTLERAE. (c) ODS
HS5 LEEHCYysDABDIZHE H %, (d) ABDIEEL - D-B&UL-Cys (IER)DFIIL
HSLIZEBREDIOTNT 5L,

30

c)
25 pl of pre-purified sample

8001 M

Boric Acid Buffer (pH 8)
5 ul 10% TBP/AN
50 ul 1 mM ABD-F/buffer

50 °C, 5 min

Onice
l 60 ul 0.1 N HCI

HPLC chiral analysis

D-Cys-ABD 0.5 nmol Cys-ABD
L-Cys-ABD CROWNPAK CR(+) column,
1.2 mi/min,
j\ 0.1% TFA/H,0
| [ Fluorescence detector,
0 — ' ...,,H,..;,....,.o...|. (Aex = 380 nm, Aem =510 nm)
0 2 4 6 8 10 12 14 16



2.2.5 REANVHEAEIZLSF I VRIS

NATHREZNVERIZ2.2.1DEBYERETHELEZLD, FUrURFARRIL
FRIBIZIBWTEBR L= b D, Photinus pyralishfREIZT 7~ X VBALEZLDO%
ENENAW, ERBRERICAWS 72D DLUC & LT Luciferase, Recombinant,
Luciola cruciata (FYe#i%K) %M L7z, ATP, MgSO,, CoA, L-Cys, D-Cys, Z®D
LA BRI FOEMEE D b D& L,

B:351% glycerol % 10%& 72 0.1 M Tris-HC1[pH 8.0] &ML TEDRHD S HiZ
Uiz, ATP-Mg BRIRIE, 2R 3 M, 8uM & 725 X 512 0. 1 M Tris-HC1 [pH 8. 0]
WZEN L THRE LK,

RINVEBE RIATAALETH&EL, EtSaz0IVHLE, Zhzl.5nl =
R F 2 —TIZ AN, 200 ul DNy 77— (0. 1MNaCl, 0.1MTris-HC1 [pH 8. 0])
EMz, Fa—THREY =2 A4 F—CHAEBRELWERE L, 02Ny 7 7—TE
L (50 nl. 30 x4, MBABAKE L, |

L OREAEREE RO, SR CORRIEE ST~
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2.3 HWRERUEBE
2.3.1 M7=V rOXFTNGHEIE

A2V LH IR R 2280 (BhERE 330 nm, BOBER 530 nm) ZHLTHY,
MR HEIZ X Y HPLC TEWRRME TR FIEETSH 5,

FPTRENE BT D o DI F A EEFETEEP BHRENTHHHHERF 7V
#5 A, CHIRALCEL OD-RH, CHIRALCEL OJ-RH, CHIRALPAK AD-RH, CHIRALPAK AS-RH
%Il L7 & = %, CHIRALCEL OD-RH T b BAFRGEENE LN (B2 -9 a),
BEFITZTE b= F U L-TFA RABAF T o 7, REFRFRH] X 0-LH, 23 7. 020, 1 min,
L-LH, 73 8.5+0. 1 min TH o7,

ERSEFT ) DI ERO L, Z AV TREREERLEZ(®2-11a),
HPLC O ¥ — 7 ifE (BOEH) nv 7=V vEIERVHRENR N (B =
0.9992), tﬁtﬂﬁﬁﬁmbi% 108 mol ThH o7z,

WIT LH, % 78 2 V0 DI 2 HEORR &1T o 72, W L, OERERE
FAa—NERN, LLIFBELTTE FrAY T2 VIZRDBREPTRIND
7. BILHIL LTO.5% tri-mbutylphosphine ZM % 7z, HiHZHITZRI L, &
7RI MMENOBERIZ L B BB R 2DIC 10°C T afmays e e Lz (B

2 - 9 b )o
a) b)
©
% 1008 0 Treated D-LH, / 100
é’_\ 1007 )7 g\i 99 [
g D 100 T 98
o5 10% " R=09992 o 97
ac -
&S 1004 96 |
Trwm 4003l R T AR R R 0 =
10-13 10-'2 10-11 10-1° 10° 1028 : before 10 yM 0.1 pM
D-LH, (mol) D-LH, (M)

E2—11. RIS IV DEESHT

(a) LH,O# 8 (ER) B LU, M REEToRERMZRmD-LH, (CEM DE
ENHEE, (b) BEFAIERD-LH,DOEHME, hHEEZTI81(10 uM) DD-
LH, &% 1T oT=D-LH,ZF SILAS ATHH L. (FEE1ZEERE)

32



Z DHIHERED LH, IC RIETREEZ T 572010 IREBEMOER Z AW TRERD
HHEBIEEZITo 72, T/ 5 p-LH, % 0.5% tri-mbutylphosphine/MeOH (Z¥&2> L,
1 mM, 10 pM, 0.1 M & L, TNEZ55MEHBLTHFIN I T LTIV ER LT,
ZORRE2—-11allR LB WTROREIZENTS p-LH, BEOKTILR
D bR oT,

BiZ, IEBEIC L > TR IRII LRV ENS Z & biEND LN (K2
—11b), BBECEKD,| LLOXRINGHBAREC L > THRTH D Z L PR S
iz,

B2—11b2nbHbaRk oz, e LTHWHEROD b-LH, DXEME D BE

2 100% Tt > 72, £ Z T o-LH, OREMEZFET 5 72 D12, ZERFFFTTO b-LH,
VS (200 pM) DRFRIZLETZ (R2—12), ZORE, POy 77—
BOHZE. LETHR3% EWHENLETIEHZH, L,BREELTHZLHBHL
Deigole, TS LMKEROBAE. 10 Az E THHELREMLITBDO O
fedrodz, LH, OMEXHRBIIARER TIIEMIZRD bhizd o7z,

35 | —e—0.2mM D-LH, in 0.1 M Tris-HCI (pH 8.0)
30 | —2—0.2mM p-LH, in 0.1 M HEPES-NaOH (pH 6.8)
—2—0.2 mM b-LH, in H,0

L-LH, (%)
N
o

0 ;'_~_:________: B + + - + + £l
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Incubation time (day)

H2—12,0- L2z DEMEIE (S5E21E)

0.2 mM Qo-LH, DNy I77—E&UHIKDBRZREL . ERIBEFATRE
L. ¥SILASLTREMEEZS L . \vT7—RTHLT DTIEH
BN, SEIELTWSHRFiHMN S,
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SIE RN B A VAT Z A E M LCHIH L TAD L AR S 2
L LUt ARSI, HPLC TO LY BWAEE L $hEMR D T AYEFETT S
- DICBERAHEEIZKE L, T F=FYADZ TPz b (15-40%, 20 min)
BEP{To7m, 20L& x| fREEERIZ L-LH, 23 10. 820, 1 min, p-LH, 2% 11. 9£0. L min
TR E LTFRSNETE FRAY T = U ¥ ORERFBIZE X2 13 nin, CHBT

1% 14 min ThH o7,

2.3.2 ~ATRENOEFRENY T =Y Y DOIHT
K2 — 132~ rREARRLL,DFFIANHZ u~v b7 7 2ERmd, PRAIN
BYFLTa vy FA ML LL, RO, O — 2 PR TE, 74 PFAA—F
FUAFAF I Z—I2E D, AHOE—7 T LRI 330 nn ORILZHERE L
7. FIZENENOY—7 BT L TEERICT 2 RGEEZ#H~2, BlH, b-LH,
DTS s a IRNRIEDEB L 25 2 LR TE -, £/ L-LH 1T LH,-CoA &
REERS (BE3E8R) OERBELARDZLMPHR TS (H2-14),

200
8 L
E) D"LH2
Q
: '
| u
0_
R U VS W U NS SR U SRSt
0 5 10 15 20 25

Retention time (min)

E2—-13. AT RAVEBRBHENOFTSNAFTLAHOIATNT 5L

FeraLS Iy, CHBTOE—YIZR oA, L-LHztD-LHza)E’&I:O—
HEEHIDRDBE, FNEN6.45 pmol, 23.0 pmol &b, ChlEARFIL
BEiEHT-YIZHmE T BEZNEN139 pmol, 460 pmol &77Y, £LH,EIZE
HBL-LH, Dt E(E23.2%(2%5 5,
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e LCFREINEZTE Fary 7oV ((RFFFFR 13 min) 36 X OYCHBT
(RFFAFM 14 min) X7 v~ b7 T A ETHEHBHEINZ» o2 (K2—1 3),
SWTHEERNT, EREBCTRE Lia~A FRZNOGT BT, K2 —
2, R2—BIZZOHREELDD, ZOKRERIC. FELVOAEER (21
5a) &, 1EEDHEZYOMILE (M2—15b), L-LH, O (L-LH,/oL-LH,) (X

2—15c¢c), BEE (M2—15d) OERICOVWTE L BT,

a)
12.00 | .
L Fraction of L-LH,
10.00 from pupae
Py L
% goo - NN Atfter incubation with coenzyme A,
S i ATP-Mg and LUC
® 6.00
S I
£ 400 [ l L-LH,
200 Fe—m—e——— —— ““"‘“"‘—————"/\‘—--‘-‘-‘———————f——-
' s f ' ' i . s : ] i i { s ' |
2.00 4.00 6.00 8.00 10.00
Retention time (min)
b
) L-LH, fraction . 40 pl
Coenzyme A (100 mM) 1l
ATP-Mg (3 mM /8 mM) in 0.1 M Tris-HCI [pH 8.0] 120 pl
Photinus pyralis Luciferase (1 mg/ml) 1Tl

(at room temperature)

B2—14. - 2z ) 0 DBERERGIZEARE ,
(@NITRAIDIEENMHBELT-L- LH, A%, gnn@L-LHZ&HﬁUJE%?f:ﬁ
S (E3ESBR)ERLEIEND, L-LH,ERELT. (b)RIGEH.
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F2—2 AMHFRELNIITIVFIIBESTHER

Stage Sample wet weight L-LH, D-LH, Di-LH,  optical purity L-LH,/DL-LH,
name (mg) (pmol/body) (pmol/body) (pmol/body) (% ee) (%)
L 2003-1 47.9 40.2 182.0 222 63.8 18.1
L 2003-2 74 6.2 511 57 78.3 10.9
L 2003-3 36 9.4 64.8 74 74.8 12.6
L 20034 436 17.9 95.9 114 68.6 15.7
L 20035 444 48.8 1332 182 46.3 26.8
L 2003-6 334 234 63.5 87 46.2 26.9
L 2003-7 408 5.7 245 30 62.2 18.9
L 2003-8 66.8 44.1 200.4 244 63.9 18.0
L 20039 404 21.8 21.8 44 0.0 50.0
L 200311 1137 1455 136.4 282 -32 51.6
L 2003-12 643 147.9 117.0 265 -11.7 55.8
L 200313 405 208 108.1 129 67.7 16.1
L Y1 28.3 9.3 11.0 20 83 4538
L Y2 78 28.1 179 46 -22.0 61.0
LC M1-1 438 24.1 52.6 77 371 31.4
LC M1-2 257 334 48.8 82 18.8 40.6
LC M5-4 333 74.6 120.2 195 23.4 38.3
LC M5-5 46.8 134.8 2101 345 21.8 39.1
LC M5-6 38.1 70.9 85.0 156 9.0 45.5
P s1 42 147.0 1344 281 -45 52.2
P S2 38.5 100.1 48.5 149 -34.7 67.4
P S4 30.4 45.6 98.8 144 36.8 31.6
P S5 244 105.9 1601 266 20.4 39.8
P S8 322 1111 421.8 533 58.3 20.8
P S9 332 139.1 474.8 614 547 227
P S10 29.8 41.7 68.5 110 243 37.8
P s11 376 120.3 300.8 421 429 28.6
P S12 36 219.6 648.0 868 49.4 253
P S13 34.2 280.4 718.2 999 438 28.1
P M7-1 245 210.7 269.5 480 12.2 43.9
P M7-2 275 209.0 200.8 410 20 51.0
P MS-3 38.1 69.3 270.1 339 59.1 204
P M9-2 26.2 83.8 226.1 310 459 27.0
AC male2 16.1 1071 508.8 616 65.2 17.4
AC  M12-2 18.5 149.9 7215 871 65.6 17.2
AC fem1 321 128.4 609.9 738 65.2 17.4
AC fem3 18.9 130.4 434.7 565 53.8 2341
AC §22 24.2 242 140.4 165 70.6 14.7
AC S15 16.5 165.0 643.5 809 59.2 20.4
AC S17 229 139.7 709.9 850 67.1 16.4
A Seil* 17.3 138.9 460.2 599 53.6 23.2
A S16 13 450 309.4 354 74.6 12.7
A S18 15 112.2 588.0 700 68.0 16.0
A die13 21.4 143.4 963.0 1,106 741 13.0
A $23 33.2 73.0 149.4 222 343 328
A S§20 16.1 130.4 1094.8 1,225 78.7 10.6
A s21 12.6 65.5 554.4 620 78.9 10.6
A fem2 228 250.8 1003.2 1,254 60.0 20.0
A die11 191 126.1 977.9 1,104 77.2 11.4
A die12 17 114.1 7327 847 731 13.5
A die3 16 176.0 1760.0 1,936 81.8 9.1

+ @2-13(2Havh S LEER
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b)

d)

L LC P AC A
Stage < —p < >
Larva Pupa Adult
Habitat t“—> < > ¢—»
Aquatic In cocoon of soil Mating
Feeding Fasting
-~ 1,300 |
€ 1,200}
£ 1,000 |
o
g 800
2o 600
3 ool ﬁ
e = I
L LC P AC A
50
£ 40f {
5, 30
9, 2r I I
5 10f
o |
0
L LC P AC A
E 80 -
= 60 I
= !
2 40
! 1 0 ¢
0
L LC P AC A

H2—15. A TRAILDSAITHAZILENL TV REES SURLEHE

(@) BN SERITMNTTORREERE, BOPTHRENHRICESD
(LC—P—AC) , 1R UNDEEHIEEILEREL, BREADOIEHRTH DS,
COBHIZAEBEREL, O)1BEESHEYDELHE, (c)f8LH,(CxT DL
LH,D R, (N7 RV OEEE., (FHERERE)
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~A T READRES -, ZSELTZ0E, REFALTIIa=r—Yal%
5 RmOBEHTHS, K2—15bhbRFARKRIR>THETZETLH,
BAERNICERELET T3 2 ERb» 5, BFNEEED O REIZIT 20T,
= DEERIE L, 8~A R I A OERNTAREN TS Z EEFIRL T 5, (AT
ﬁibfwéwEWﬁﬁébfméﬂ%ﬁ%ﬁﬁfé:km?%&mﬁ\A%#ﬁ
FAO L, MEBRR TRV LRV RN EF 2D,

S BMER D L-LH, 12V o) b b RHBEOHEN TRIHS h (K2 —
2), FIZE2— 15 c b, HEHMELREDEHICHNI LB DD, TibD
B A S T BRIV R Ch B, Bl ~A TR VBB BRI B IED |
ZOEHIOBICRELET R OMLEL L, ERCAER BILFME SBRICE
FTBHENS LB/ L VIO BN LITRD,

~ FREAOBEETSICRE L LIZBO LTS (B2—-15d), Zid,
P EBETHLRMREZE L TERE TMHBNFIC, TXALF—L LTHAL
BITEREEZDZLENTED,

£2—3. AMTRALILI T DFIIVEEFITHER2

CEME-EERE)
TotalLH, TotalLH,  Optical purity Weight L-LH, / pL-LH,
Stage () (pmol) (%ee) (mg) (%)
R 2.38+1.43 128+93 38.81+36.1 53.7423.2 30.61+18.0

RC  4.4512.21 171£109 22.0£10.1 37.518.4 39.015.1
P 13.2¢7.70 4231263 29.0+27.9 32.5£5.6 35.5+14.0
AC 33.0+14.7 6594247 63.8+ 5.5 21.345.6 18.1+2.8
A 52.3429.0 9061486 68.6114.2 18.515.8 15.7£7.1

" R,RC,P 33.9%15.0
A AC 16.645.8
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Ei, G T —FDEITKRERITLHEBRADNT. (F2—3), BIZTL-LL®D
HRITHR LHTRERETLOENR N, TRNDDRAT—VIE, SHRREFTER
EOEEIREENTHDZD, YU TABDIELDERREL RoTEEZBND,
R LEBINTUDORT =V THRERIELDEVR LN, ~A TR Z VI,
EORME LT, BEEXRRE, ERICBEEETHHBHRERTLSERAL
N, ATOREEIIFHERKTHIHOBEBVPRBOLE (11.2 mg & 33.2 ng), FE
BT —F DORERITOOEIIMFEERENRKE N LI A TR Z VDK (Oba 2004)
ROHPH LIV, »

1 RS-0 O LH, BIZFRHR T 906485 pmol THY ., ZNERFZILDBEEND
REICHRE T2 L 52.4£29.0 M TH B, BHRO LHIZBHBOFRLIRIZEF LT
B (FR2—4), BEBNTO LLBEEIXZOBEEICRZ2EEBZONS, HIRD
FEARIEx v b (B yhV—2 MAHE) 123617 5 p-LH, DIREIL 200 M TH Y |
ZHUTIEWRE TH D Z LIFBBREN, IR DE 535> 5 4 %D LH, B S
N, TOERIBEMETIXIZo &Y LRV, LHL LRE BREABRERT T2L
BEETHEREL VB LEVIHE (Day 2003) HHBDT, L, NEXLFZE DN TE
FRENTOBAREMEZ/RNE L T2 D5 b LIV, LH, Il ilsd @it o3 L =
WEEBZBNTNWS7®H, L, DR FNVAENTORTEA I = X ATAEERBREKIZ H B
DOMETHY ., SRIBRINZHKEVRETH 5,

R2—A NATREIEBOREYMELBERFEDRE
B (11.2 mg) EHAR/EFDMODEH IS 1T TIT2>LH,DF 3L 534
HRE, FIOKE (12.6 me) #RFKRICH T TITo-BERFERBROFER

L-LH,  D-LH, L/DL Luciferase Chiral conversion
Part (emol)  (pmol) (%) activity* (count) activity
Lantern 2.50 453 522 2.0x108 +
Body 0.153 1.76 8.00 1.0 x 105

*  ATTO# &S Luminescencer-PSN AB2200I=T 10 EHER

39



SRCEI LT, 1ENEEINSBETH DO PRETH T, £2T
AT L LT, EEOINE E & THHT LT L-LH, & 0-LH, OREE
B L, ZORE. L-LH, i3 3.8 pM, p-LH,1¥3.9 pd TH o7, ZAUIBBR DK
/10 BTH BN, EME IR ITEN -T2, INIFITIRACRIE L TOD 2, JB
OEDOLYT = ) U RIIOHFTEAREN TS0, BOENTEEGRSNITY
OBRINTZ DB NT S DR O DIEH B A TR,

ED L HICETORT—UT, RERMORZRMEETH D L-LL RFEATND
Ly m ERB BN RoT, TOZ EiE, L, BNERERTRETSH Y Cys OF
SR TR L, OF FLVRHESEASRBERE TH D Z L ZMIARLTY
il

3.3 VAFADOXINAGHIGE

& L7k & /LK C D-LE, D438 Cys DB EEAR SN TVS L35 & RAVEOH
DSETH % p-Cys BICBEI TR L TEAR LR, TIT, HFENOD Cys DKk
PHEARAND L E LT

Cys 1% HPLC OB HEE S 2 VI BOERIIEE TR BB LY, £27T, 74—
w%ﬁi%&ﬁ%%%ﬁ%(@2—7)%mwé:kkb\$5wbe®mmmm
Jik & HPLC AT iE 2 BT LT,

Cys LB ENBFA—NETBIL L TURANLT 4 REBGERT B, Cys BIRRIEL
t&xw74P:§¢mvx%yvhéﬁ\:@%wmm%ﬁﬁﬁmtbnwﬁb
%¢<\VR?VRE®EEk&5@wmﬂmm:t?ﬂ%ﬂfwéoVx?yﬁ
SERAN CD Cys DEFEEME TH BT, ABFROBHTH DK S LERD Cys O
WM, R THEVAF U bR TRETRETHD,

FrCURFLEIENT 1 NERTHEHR L, BEICVAF U & Cys IKBILT D
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728IZ tri-n-butylphosphine Z M % 100 CIZME L7z, MBUIBEEEZ KIESE
2R eHD (M2—10a),

WIZ, CysZODS A 7 2ERAVTHHEMICHERLZ (M2—-10b), ZHIEF7
WA T ETOHHREZ, E—7 2 X VHARICT 572D THD, HoHhr UdiEHER
W Cys DIEHEHZAIE L TRE, 22 BRICHZ NPl LzCys 27 5
Jyvaz=yd L, Z00DSH T AKER Cys &, B BDHE (Toyooka 1988) |2
NEAER L (M2—10c),

HENENEIT I IeDDFINN T KIiE, FABMEETIEEPOHRSATND
WikHR ¥ 5 L4 5 2 CHIRALCEL OD-RH, CHIRALCEL OJ-RH, CHIRALPAK AD-RH, CHIRALPAK
AS-RH, BL W7 T 7 —F /)L F A CROWNPAK CR(+) 23R L7z, ZDfERPHER
DT LTIEFINELBET D Z LIXTERD) o7, —7F7 CROWNPAK CR(+) TIXR4F
ROBHER G LN (K2—-104d),

PLEDGHTEITBRENERETHY ., £ TV —TAh T ARIEFEICTY
r— N ChBREDEERHY ., Cys DHEXERE ERICIT > OIREEETH -7,
XINHT AERNTIZENCITo 7= Cys DEBSHOFERTIL, RZEHNO Cys
IX1IEH7- Y 50~100 nmol Th oz, T, BEMERF I NAH T A TORHERR
(#9710 pmol) THRISIZHETEHETH D,

9.3.4 ~A L REINMEADYRF A+ DI
L, B 50HT LR B, B & 5948 L, R ERAIC AR LT B = & 2o
oo FZT RREFTHFDCys 2 T5Z LI LT, FHERTILL-Cys DA
PRI S, D-Cys BRI TE BP0 70T, L D RIHEES 1T 5 7201c 4 @ik
5% 1T Oys RHIML, SH R T, ZOREDs o b 75 AEH2— 16

TR,
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1Y)
~—

Fluorescence

(=2
e

Fluorescence

(2)
~—

Fluorescence

2

Fluorescence

40

. D-Cys-ABD

L-Cys-ABD
20F l l Authentic (5 nmol)
0 ___J\_/L
5.00 10.00 15.00 20.00 25.00 30.00
m 4 adults
5.00 10.00 15.00 20.00 25.00 30.00
m o
5.00 10.00 15.00 20.00 25.00 30.00
m 4 pupae + authentic b-Cys-ABD

5.00 10.00 15.00
Retention time (min)

20.00

B2—16 . AT RBILVATFAUDEIILDIIER

25.00

30.00

(a)i= & (DL-Cys-ABD) ®AT S L, (b)BiHR4L5DCysD AT
551, D-Cys-ABDIZEHELMRONLLY, (C)SHREILSFDCysDY
O<Tk5 5., D-Cys-ABDIXEBELMAR SN, (d)SHELLSD
Cys&iZ 5 (0-Cys-ABD) DBEMD /ORI 5 Las
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R (B2—16b) BIUOYFF (R2—16c) [FHICRPUGHRHERT
bol, EHHH L-Cys-ABD IIhd v — 7 NHEMIE L THRIHSh, ZOEIZERE
257.0 nmol, FXHZ 13 nmol Tho7z, LML INIETFREEND Cys BD 1/10 T
bHole, MEBREOEAESRBECLIBOPRREEZ OIS, ERZERDY
PR1T5 DI L ) BRI 8T A, b BVIELOMS 72 & % AV - JiEk
ONTIEDHSIBNETH B,

DCys-ABD Dt— 7 Ik (K12—16b) BLOTTF (M2—16c) OEH
bbb, HAEIT S Z LIXEEETH o7, 0-Cys—ABD D ¥ — 7 RENDMEIIERE
AWCHERLE (R2—-16d), ZOMBEIZIE/ A XERFIT 5 Z & ARERY T
FTABRBD LD, £DE—7 EfEIL L-Cys—ABD D 1%KiM TH > 7,

UEDXSIZ, READOFOD CysiE, RBHD LAEBFHERARO DI LTH
B ED VWU LEEFEENTNS Z LBALNITR o7, ZORRIT, L-LH, Z PR{E
DL AARBEREZXFET IO TH D,

L-Cys IZEBEEEZWRTE7 I/ BOVESTH Y ZORZRMEERITAKIZE -
TEZENHDLEEDLNTWS (Friedman 1984), EBIZ p-Cys ZHMRT DV AT
AEEMIIHEZ TWS (Soutourina 2001, Riemenschneider 2005), #s% /L28 D-LH,
EHENTERT 57202 0-Cys %, RIZBHFTHE TV AEWERETHETS Z L1
JRIZBENEEZOND, LA L-Cys POETHRICL-LLEAHLT, ThER
AL LT LLICT D HBAREZ ML o TI AT BMENEF 2 5,

2.3.5 MHEBHABICLALY 7Y v OARK
B E CTOREZMERNIZ L-LL AFEE L, 0Cys BIFEAEFEL TV RN L%
LML, ZOFRERIE L, OAARRIZBWT L-LL, AHHEETH D LW H A

MEERELTND,
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A1z L-LH, APEETH B 72 HIE, RV EFABENT L-LE, 2> 6 0-LH, & 5K
LTWAIEFTHhs, Thbb, RFANRL-LL,OXT YT 1 EHET 2 RIELESR
BE) o CVAIETTH B, ZNERHRT HDThF Vb EAAZHE L,

L-LH, % 5 /L BMALIEE 2 Wed D 2 R EAT o 72,
B0 LH, I35 B RE L TH Y L & 2 TOREMEILD HITKE < fRoTWVW3
(B2 —4), 7= CREBH LAY LAEAETL-LH, % 7 VBRI LIEERERET
ot HIH LB BB LV IES FRIRE L, 200 pl Oy 77 —ERE L
e = R E Y Ik B 78 0L, AT LT (20 il B72 DAY 10
X104 mol) 7%, KEDEHD L-LH, & BV BU T OERIIK L TREBIZE 2T,

a) b)
LLH, § | OLH, 100
g —
8 =
§ ——- 2 min reaction §
—8— D-
® | — 15 min reaction E D-LH,
g ® —- L'LHZ
= >
[TH -
% e
1 | ] 1 1 | | ] ] 1 ] 1
01 2 3 456 78 9 10 0 30 60 90
Retention time (min) Incubation time (min)
c)
L-LH, (10 mM) 2l
Coenzyme A (100 mM) 2ul
ATP-Mg (3 mM /8 mM) in 0.1 M Tris-HCI [pH 8.01 196 pl
Protein extract form Luciola lateralis 40

(at room temperature)

E2—17. AT RALVAEEBREICES LY 7YV DXFSVEBRRIG
(a) SN ERRICEBE2HHE15DHNDIOTNT 5L, L-LHAD-LH,IC
MBELLEBIN TS, (D)FSNERRSITHITHLH,EDRFRLEIL,
(c) RIG&H.
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L-LH, ¥ 7 VEMLIEEZHER T 5125720 iR+ L L TATP, Mg, coenzyme
A(CoN) BN % Tz, FEAEERN T T = T —E ) b-LH, OFRBEIEMLISMT L-LH, 2 RE
IZCALT BIEMEEZR LTI Z b (FE3E, FA4ETHLIBRD), ZOK
JSZAAZAD ATP, Mg, CoA ZfNZ 7=,

L-LH, (0.1 mM, 2 pl) ZHFBEWEEK L LT CoA (100 mM, 2 pl) & ATP-Mg (3 mM/8
mM, 200 pl) DFEET. HEAEEK (40 pl) LEAL, BRIZTRIGE®E, K
IR 2 3R L BB OB E XTI NH T AL > THiER L= & Z A, L-LH, 23D-LH,
R EMfEIhTnE (B2—-17a),

R L ZRARD EEGIE0 4 TIRERETLTWE (B2—-17b), B2—1
2R LI £ 5 1. L, IR T o < D TRBBRT & LT B, LLone
XA BN ROSEREN R B, £ L-LH, % 7 NV BMEACRISIZEFEME % 522 ¥l
SEID, TEIMLLEALNMIRERD, 7E UL THIELUSERAIL L-LH,
E oL, O ERAYM TR TR bR, Z0Z &iX, FZNVHBMENT LH, OLE
FREBIOIC D AKICAR HE TN B 2 & IR LTV, |

RE VD L-LH, ¥ T VREEEEZE L TND LN S 2L, LCys DF T U T 4
PHRTERTILNENRRNENI ZLEFRLTND, ZOZEIEARZ A ERAD
Crs BEE A ELITHE LSRR (2.2.3) LAY B,

WIZL-LH, ¥ 7 VR E RS RBERKISTH D 2 & % L THIET & L TATP Mg,
CoA ZMELT D LEMIODIERETo (K2—18), ZOERTEELL
THWE L-LLEEKR (L0 mM) [ZiXE U583 %D p-LH, & E nTWE,

M2 —17DERERRICA, 7 RZVOMEAEHHEDZ BTSSR H (FF
extract) TIIZIRDEW L-LH, DF 5 NV EMCRIGAER TE 7=, ZIK LEDD
L7=Hit% (Boiled). H2WIHiHEMORPD Y IZFMBET7 V7 I BSA) ZHW
FRISHE I L-LE, OF FABREMITE B b oz, ZORRIE, L-LL* 5
WEBMCRISHPAZVRICHEET 2BREABIC L ABRNRFRIETHI 2 L2F
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B LTWaA,

a)
L-luciferin
~ 100 =
O\Q
o=
2 E
B3
25 > »*
0
Before FF extract Boiled BSA -ATP -MgZ -CoA  Lipo LUC
Firefly extract + + + + +
Boiled extract +
BSA * *
LuC +
ATP + + + + + + + +
MgSO4 + + + + + + + +
Coenzyme A + + + + + + + +
Lipoic acid +
Incubation time - 193 min 131 min 221 min 208 min 204 min 191 min 221 min 8 min
b) -
t-LH, (1.0 mM) 2l
Coenzyme A (100 mM) 2u
ATP-Mg (3 mM /8 mM) in 0.1 M Tris-HCI [pH 8.0] 190 pl
Protein extract form Luciola lateralis 40 pl
BSA (1 mg/ml) 2u
Recombinant luciferase (Luciola cruciata) 2ul
Lipoic acid (500 mM) 1

(at room temperature)

E2—18. L)L 7zUr OS5IV RECREORE

(a) EEEHTOFIINEREN. 95 2IEBLH, I8 BL-LH, & K UD-LH,D
H 2R (%) E 7T F=ELLUCZ ULV E=RERTIE, KBS OL-LH,E KUD-LH A H K
+3-HRISBIOBLH, BT BHEERL=, (D) RIGFEH.
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WIZHR T & LT A 72 ATP, Mg, CoA IZB LT, ENENZEBRWZKIGHR (-ATP,
Mg, —Cod) R LZEZA, Znd 3 ODORERFML-LE, ¥ I VEELRIGIZRIT 5
VEFDEGTHDZ ENHERTEL, ZITATP, MBUATH S &V H BRI
ZORIGIZRT 5 LUIC DB EEZRBTEHDTH D, FiZ COA BMBETHD &V D
FERILLUC D CoA U H—ETEM (BB 3ESR) PEE LTSI LITRREND,
KPRZ CoA Y H—E L LTO LUC OMEATH D Y REEEMA e L 25 (JRBRIT
DWTIRE 5 ECTHRT 2) \L-LH, ¥ 5 A BIEARE SN U LD Z &5 L-LH,
F I NVRMECEIRICIZIRERE TH B LUIC EE LTERY, PR L LT LH,-CoA
ERTCNDZ LRI NI,

LUC IZ% FNVEMEIZEE L TN LEZ BN, ThAPBEMBTHEELTWDS
@#%&6tbt\ﬁ%&%@ﬁbbmu:yffyrwnyﬁ&ww§7x§
—¥ (LUC) ZAWEL Z A, 7% 943 T L-LH, N5EEITIHE L7245 D-LH, DM
T R TERDP T, ZORERIZ, L-LH, 3 T /VEMLEMED LUC OAITRET
55D TIERL . ENDOEERIC L B LH,-CoA DF AT AT NVIIKGFEPVLETH
B EERRBLTND,

PAEDERRITA~A 7R FZ )V (Luciola lateralis, Lampyridae) WV 2bDTH B
B, F VBRI N (Luciola cruciata, Lampyridae)s L UMEKER SV (Photinus
pyralis, Lampyridae) IZB§ L CHRMRICEBEMBEMZAR L., L-LH, ¥ 7 /VEH4
LIEEZRIE LTz, TOMRNTIORZANO BIRUVEESHER TE 2, Tl
£V L-LH, ¥ 5 VEMATEER A TR Z VSN HFEL TS Z EBRRahi,
KRZAKRERZ T T VP, ~A T RENERBBBRRRB D, D LbHRFN
ﬂ%m(mmwmm)Kﬁwfgﬁ%&ﬁmﬁﬁék%iaméum@%%%gg
LT AENBEFRLE LTERIABLUSMNMZE Y 2 Y FF (Elateridae) 36 L UEk
i@%%@mmMMw)ﬂﬂ6hfwéo:h%@ﬂﬂﬁmf%ﬁ@#ﬁwﬂﬁm
TEHEAVEIES B DR AR,
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2.3.6 wy7muywééﬁﬁ%
PLEOEBRERNL, K2 — 1 9ICRTAARBEIFLICHALNTE T, R
SR 1 -Cys 7> B 5 L-LE, T X B, KIC, ¥ FVRMEIC LY o-LL BERT D, &
DL X Coh 3 L NATP-Mg RAUHAT, Bed < Coh L& L7z R L-LH,~CoA ZHET
LTV b0 EZBND, SDEE, AT =T —EN Cor LEMELT
WA EEZbND (RIGHHEICE L TIXE 3ETHRT D),

. *JCOOH
> an — >
HO

HS
ATP, Mg?*, coenzyme A

L-Cys L-LH,
* ,CO-S-CoA « »COOH
nzyme(s) in firefly
HO S > ||H s -
LH,-CoA D-LH,

E2—19. BRI B0 LY7o DES KRR
KRB -CyshDET L-LH, M TES, RIZ, 5 ILEMIZEYD-LH M E
HF 3, cDEE. CoOABLUATP-Mehib AT, Bb{CoAfbShi-FEHE
R TEHELTVDEDEEZDNS,
:@Eé&%%?ﬁ%ﬁ%&@i%@@ﬁ@ﬁ%%%gw@wﬁiiﬁkaz
ThHHIETHD, —RCRADEIFEEYWHITIFEX TV (K ORF R
DLORIE) Thb, F0THORAROEREEYEONZERERIT, FEESEND
BIDOEME (< IEEIZE o TRIRWENE) BH2HAMTLALTHS (K2
—20). TRIEEMNREL DIEIHLS T THRENTVENLTH S, BT
DNA — MBI EE R T, BAKIELT I/ BAEALTTETHS,
REAERFSICBO TS, ALE S RUEBRIES D5, ThRbb, £WFL
RSB 5T 20 -, ORTHY . TOXEREETH S L-LH, IITRAFEH & 72
B2V, B, FLL IR ERET S, T bz oW TikMcElroy, White,
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Seliger, McCapra b D 7N —7F PR ZNENEE DL FEHEELIRET BB TRHEL
SHFFE L7 (White 1961, Seliger 1961, White 1963), #% %1%, AHREIERISIZE
TAEGOSEREENS D, >-LL, RRAMTH D Lisamftiriz, xR AY
BB EXTNLTHD EVIEHEPORDEbDOTHY, YRFOREATH AIEE
ZFANONT (B 1975), L LR LEBRENZ 2T, RROEKF L
(Photinus pyralis) 7 G, #8L L7 LH, (Bitler 1957) DHENRE ([« ], -0.6° )
B, FHEER LT o-LH, OERE ([«], 29° ) ERESARDZETHoZ L%
HBOBEHPEHL TS (White 1963), O ITETDOEHB L LT, RAGPBROE
BT7EI{LLAMEBEEERL TV, LrL2Rb, BRERTLEDL SRS
Y IURIEER D H - 1O 0NEER L TR, LS OFREDO%R, BEAEND
LH, DM 2 ResB T DA RIT@mE Sh T,

N N
(o] o) o) o]
H,N ~COOH HoOoC,, NH, H, H
\|\‘ H/ 5 “NH HN
| o) 0 o)
COOH COOH
L-Glutamic acid L-Thalidomide
CH, CH,
@\ /@ cooH | | Hooc
: OH | HO Y
HSC/\CHS HBC/\CH3 CH; CH;
L-Menthol (S)-lbuprofen
N N

K2—20, RAYONREEMEE
ERE—IRIZRAOEBRESFTREIN TS, REESES FITEEN

|OS, BUSTENREETDH. L-7S/BO—DOTHY. EAEHD TEHAL-7
RISGFXUVBORFEEREEIEHRTHY., SVMDERHS THAHL- A M—IL
DRELEMKIMERNT S, TATHLEEYS. SHRBRENH D, ER

EHYRTARE, AERERICREEFHELS M SRBLLEST-. FRTACAR
R RERAIT IO DEERERFICOXIAETHAN ., HFERERIZZFD
SEMEILAEL,
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AEENERSCIZ BT, BARDANA FRE M L-LL, BEEN TS Z & D3I THE
b, ZOZ LI, 2, REEREORZEEETHDICLPPDLT R
R CHD L BRB LTS, LBLERD Lo ) THEIB YT 77—
¥ T B, FOEDINET T, UL SRS T ILOENTH 5 FTHE
P ETET, BEOHIRARYTHDNE > PIIKTE LIZS W,

L LAEL R# AP L-LH, ZHEBIE9IZ 0-LIL IC BRI TE S Z LAREn 2 L
Ao L-LH, 28 p-LH, DAARFREETH Y . BEERSTERRYWTHD L1 5 AR
PERERICE L RoTe, EAESROHEWE LE X BILD Cys OMEBPRKELD
LIEE T ThHoZ &t ZhEBIZFLTNS,

SO S CAREOERS I, 1L, Z R & T 5 ESHER IR MRS
B, L. L-LH, 2@ 53 -LH, 2 EEA SR T 2 IR Z ERICHRET
B LIXTERY, T2PbDay b (2004) AEBTS LD IC, BRICEARKEL
¥ FEDITCys 1B DIEDF 7YV VBEMR L. BEIC L, ZEVBET &V D
BREFEBIEET DI LIZTER,

LA L72As & L-LH, % 4 Z /W3 REHBA0IC BE(L LT o-LH, Z B RE AR TE 5 2
LA R EETHH L EX D, Lh L-LIL X L-Cys & CHBT 2> b HBERAIC
LRTE B, ZDTHRZ AW L-LE, USOBREE H 2 TR LTV 5 2 L3P
SRS BRI BED T Ed b, oL, Rk L T B A ARER S B A
REMEREVWEEZEZDND,
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BWIE RINVNYT =T —V OB IR

3.1 WFEER
B2EIZBWC RZ AL, N L-Cys KV AEGRINDZ L ERLE, ZOHT,
L-LH, IX CoA fL AU LH,~CoA L 721, ZNHEESKPFREMEIZARD Z LRI NI,
ZOFEEBERT DRIEA B =X AL, REANTY T =57 —E (LUC) DM
BHEIZRESES LTV ZENELOND, £ I TAETI, LUC OHEREIZ OV
THBT 5,

Firefly luciferase
Mg?*, Enzyme

Luciferin + ATP \ > Luciferyl-AMP ﬁ Oxyluciferin

PPi

CoA-ligase ( Acyl-CoA synthase )

M92+ Enzyme COA
R-COOH + ATP N > R-CO-O-AMP —™——>  R-CO-S-CoA
PPi

Non-ribosomal peptide synthase (NRPS)
Mg?*, Enzyme
NH,-CHR-COOH ﬁ NH,-CHR-CO-O-AMP ——=> Peptide
+ATP ‘

PPi

E3—1. FAFRILLIzS—HEMRAEOHIBRBEEDRE
£3—1RLEEREOEBRRIGHEFELDT-. £ TMg>' 2HEFELTATPES

NRFULEDNRBLTT TMEEABEWSHBO RIGHEEEL TS, 77

LD BIE. ThERBREBRISERT A, LT -3BEKATES,

51



LUC 1 1985 4E1Z cDNA 232 m—=> 7 & (de Wet 1985), 1987 £RIZE DY AL
FlREEE N (de Wet 1987), ZHICE D 7 I/ BRESINHEE LA, ZOHRIT
FFRETEESESCERI N TR LT.LIC Ha=—y RFHBETTH T
2 EARIZ LUC AR D & EER (WD 4-7 < VEE-Coh BFEER) D31 TI |
— =y 7 &N (Schroder 1989) #%, Z D% LUCIZARMED & 2 EBERBEFIX LT
Ui firefly luciferase superfamily gene &FEIZIL TV 5 (Staswick 2002),

L-L FISICIL ATP & Mg R T & LTRETHS (K1 — 3), TGN CoA
R B DR = -Coh BHEER (Cod Y H—F) 7 I/ 7 /L tRNA GakBisk & 3k
BOEHTHBED, b OBER L OBRNE < 2 b ST McElroy
1967), = b OEEORISTRIEIZIATILNR L BOT T =1 ETHE (K3 —1),
ZOEHLC R LN bOBERILT 7 = /U tEER L FHEN S, ZOFTCoA Y
H—F X LUC LIARERHZ (Schrode 1989), (R, NI T U THEET
BATEMSTF ROAESHEBEEEAKR (RPS) FOT I/ BIEE{ KA L VBT
F = YRR TH Y EIC LUC AR H B 2 L B4 BTV S (Schwarzer 2003).

COOH
HO S

Dehydroluciferin Stearic acid
COOH
cequuWesos;
H S S
Myristic acid D-LH,

H3—2. L 7x5—FIckYCoAlLESNhBHILEY
ATP. Mg?*. CoA OFFELUCIZ&YZhbDIEEMIEHILERF
S JLEMCOAFAIRATIVERHT 5. =t RSB BT,
FHHZERH T CoAlLEN S, D-LH IR REEBRRREICT
t BZETCOALENZZENBESN TN,
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LUC iX7- 77 BEIZ CoA U H—F L HEMEMR B B 751 Tlii7e < . EREIZ CoA U H—F
EERHSD (M3 —2), 1958FIZLUC BT & Rui 7 = UL-CoA GRUIEMEZ FF
DI EPBHESNTVWS (Airth 1958), #IEFETiX, LUC BARSNENIEE Cod A RIEN
ZROZ EPHE S TS (Oba 2003) , & HIZIEH D L-L RISFRMFIZ CoA ZHRAML ,
IERERSF T C p-LH, 23 D-LH,~CoA IZEHa X N5 Z &L 3 Shv7z (Fraga 2004),

CoA ITELTIE, H<< b L-L IGEHERT DERAR DD Z L PN TN D

(DeLuca 1976), DA K =X A, FAERIGERY (0xyL) 2K HFHEZ CoA 23
fRRTADDEEX LN TE L (BFE 1975), F7E, LUC OB & ESH
PEWE (BB, T Feav 7Y v E) 2B CoA Y H—EiEHOEE & 72
D, COAMEINTIHTNDENETHD LWV IHAB I TVS (Sillero 2000),

UEDZeMBbLICET T =NABERO—DLEZD L, K3 — 21T LIt
WIZETLIC DB CHD LB LD, UL 510 0Ll BEHF 5 L-L RIFICEN T
HHREIIREIY T T =M TH D720, - LLIZEETH D L E R B, HERED
TEIRHERMEETHLL-IL BT T =SSN ERMON TN D, 772D H L-LH,
RSO EEIZ R BN, ATP, Mg¥ BXVLUC OFETIZBW T b A F v
N7 2 ) ATERETREE LRV, AT U AP AR LTEY, FizE
NERTFEHLE LTE R Y VBPIERT D 2 &ENERNICHEIO LN THD

(Seliger 1961),

UknZ LiZi-IH, b7 & F‘/El/I/*‘/7x UoDEITTT=NkBER L LTDLUC
DREEI/ BRI ERE LTS, L LR baEm 2 RIS ARMIZ VT o
B#IE/E LTV,

AETIZES, 7 I/ BESICEBREr V—MT 21TV, LUC & 2 DTk
& DB B LUC DAL ERR CoA U H—E L L TOERIEIZ OV TEER LT,

HIZ. CoA FFAEETIZHIT B L-LH, D LUC 1T & B EERE RS K20 L, 240208 p-LH,
AR5 DA 2T LT,
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v

3.2 Yk
3.2. 1 SRACIET

NCBI O -5 — # ~<— A (GenBank) J v .

TelC e A BLAST 459212 o v sl Uiz

B e

AN DNDING A= —ETT 74 AV

VNI EE O T 3 W SR 2 R LTz,
Tamura-Nei &7 )% )\

R A A N A Y

FK3—1. RIS I7S5S—EDOHEMER Y

(%
L

LUC AR & 5 IERHTDOT X

3—1), Zh#% ClustalWizk sz

1o BEVNTSRGMENT > 7 b MEGA2 % Jf]

TOWFT 4 AL A N U ALK

oy TSR LT, T —

NA N T oy L 1000

NCBIZ& N TLVAFNRB RIS 75— FLFORRGERE O 73 /BRI, R4
HDHENCBIDGenBankm b {EACHMEL - (200349H)

# SOURCE ORGANISM DESCRIPTION ACCESSION PubMed
0 Arabidopsis thaliana PlantHormoneAdenylationEnz. NP_850453

1 Brevibacillus brevis Gramicidin S syn. 1 BAA0G146 7822255
2  Bacillus licheniformis Lichenysin syn. B AADO04758 9864322
3 Brevibacillus brevis Gramicidin S syn. 2 1AMUB 7534306
4 Bacillus licheniformis Bacitracin syn. 1 AACO06346

5  Bacillus subtilis Surfactin syn. BAA02522 8441623
6 Caenorhabdilis elegans polyketide or peptide syn. Hypothetical AAK18894 9851916
7  Mus musculus dehydrogenase homolog BAE43303 10349636
8 Drosophila melanogaster ebony gene CAA11962

9 Homo sapiens ACS isoform NP_644803 12477932
10 Mus musculus ACS AAF24510

11 Drosophila melanogaster ACS CAAB6733

12 Brucella melitensis ACS AAL51420 11756688
13 Solanum tuberosum (potato) ACS CAA67130

14 Arabidopsis thaliana ACS AAB92552

15 Leptospira interrogans ACS NP_714434 12712204
16 Synechocystis sp. PCC 6803 ACS NP_442428 8905231
17 Bacteroides thetaiotaomicron ACS AAO78860 12663928
18 Homo sapiens BtCS NP_443188 15361761
19 Bos taurus (cow) BtCS NP_777107 11382754
20 Mus musculus BtCS NP_473435 16141073
21 Escherichia coli entE gene 1610172A

22 Brucella melitensis 2,3-DIHYDROXYBENZOATE-AMP LIGASE AAL53319 11756688
23 Bacillus subtilis DhbE, aryl acld activation 1MDFA 12221282
24 Pseudomonas aeruginosa Pyochelin syn. AAG07616 10984043
25 Mycobacterium bovis Salicyl-AMP Ligase NP_856054 12788972
26 Vibrio vulnificus Peptide arylation enz. NP_762773 14500463
27 Streptomyces ansochromogenes adenylate-forming enz. AALB5694

28 Escherichia coli EntA protein BAA20915

29 Bacillus halodurans FACS BAB05725

30 Oceanobacillus iheyensis FASS NP_693138 12235376




(£3—1,22F)

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

Bacillus halodurans
Methanothermobacter thermautotrophicus
Drosophila melanogaster
Mesorhizobium loti
Caenorhabditis elegans
Caenorhabditis elegans
Bradyrhizobium japonicum
Arabidopsis thaliana
Homo sapiens

Cavia porcellus (domestic guinea pig)
Mus musculus

Rattus norvegicus

Pseudomonas aeruginosa

Vanilla planifolia (vanilla)

Solanum tuberosum (potato)
Solanum tuberosum (potato)
Nicotiana tabacum

Nicotiana tabacum

Arabidopsis thaliana

Pinus taeda (loblolly pine)

Glycine max (soybean)

Oryza sativa

Oryza sativa (japonica cultivar-group)
Arabidopsis thaliana

Arabidopsis thaliana

Anopheles gambiae str. PEST Hypothetical gene chromosome 2R
Hypothetical FACS chromosome 3R

Drosophila melanogaster
Phrixothrix vivianii
Phrixothrix hirtus
Pyrophorus plagiophthalamus
Photuris pennsylvanica
Hotaria tsushimana
Hotaria papariensis
Hotaria parvula

Luciola lateralis
Luciola cruciata
Photuris pennsylvanica
Photuris pennsylvanica
Photinus pyralis
Pyrocoelia noctiluca
Pyrocoelia miyako
Pyrocoelia lufa

FACS
FACS

Hypothetical gene chromosome 2L

FACS

Hypothetical FACS
Hypothetical gene chromosome V

FACS
FACS
FACS
FACS
FACS
FACS
FACS
4cCL
4cclL2
4CCL1
4CCL1
4CCL2
4ccL2
4CCL

4CCL isoform 4
4CCL isoform 2

4CCL

putative 4CCL

4CCL

Luciferase
Luciferase
Luciferase
Luciferase
Luciferase
Luciferase
Luciferase
Luciferase
Luciferase
Luciferase
Luciferase
Luciferase
Luciferase
Luciferase
Luciferase

BAB04850
AABB5162
AAF52246
NP_107337
AAD14712
NP_503845
NP_767149
BAB02683
NP_001886
AAF91295
P41218
NP_036952
ZP_00136654
024540
B39827
P31684
024145
024146
Qgs725
AAB42383
CAC36085
AAAB9580
CAA36850
BAC42032
NP_173473
EAA11995
AAF56245
AAD34542
AAD34543
AAQ11734
Q27757
AAN40979
AAN40978
AAC37253
CAA93444
P13128
BAAOS5006
BAA05005
CAA59281
CAAB1668
AAC37254
AAG45439

10086841
9371463

11214968

12697275
10819329
152082367

16141072
15051725

2022667
2022667
8819324
8819324
10417722
9008388

2235510

10387072
10387072
14623957
9165098

7480137
11604168

]
[}



3.2.2 N7 =T —UEERISRYT
D-LH,. L-LH, DFRGIE, HFHEFHE2FE 2.2.2 R12.2.3) -7
RIS+ 2 BERIT Y 7~ ALK ES #Z )V (Photinus pyralis ) REHH
CHPLCHESL, EFREERZL— Ry 7= —E AW, ATP IR, £ OO

3K (MgSO,. CoA., Tris, HCl, KC1, HEPES, KOH) IXFEHiZEE D & D% v iz, ATP,
Mg. 350X CoA i3 HEPES /X 7 7 — (50 mM HEPES-KOH[pH 7.6] / 20 mM KC1) IZ
B LA L, BERIL10%7 Y B —L&F HEPES Ny 77— ZEHMLTI
mg/ml & LC-30CRIEFELE=b D%, ARFRLCERLE, KINFETERTT-
770 |

BEERISERY O~ A A~RY Uik Vayager Elite MALDI-TOF-MS (PerSeptive
Biosystems, Framingham, MA, US)IZC 337 nm pulsed nitrogen laser (Z THIEL
720 < F U 7 Ri% 10 mg/ml @ o —cyano—4-hydroxycinnamic acid (Aldrich Chemical,

Milwaukee, WI) % 50% acetonitrile, 0.1% TFA IZ¥AD L CTEEM L7z,
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(=4
s
? g _
; EntF non- g;
L S Q
P | ribosomal peptide P
o { c
A 1 synthases e g
{ %ﬂ i  rkie ! E <
; o
L =5
b k]
2
Y .’% v auw
@ % o
%Y 5
: % % E g
| Short and middle % % 2 o & 2
. y — w
chain acyl CoA "%% % 305 % ¢
2 o B ° 2
synthases % % 3 55 =
o B % 5 2 % ©
o, o <€ 7 a '\\'\\l
3 % g ot oS ; .
. 3 % g Firefly luciferases
%G g 3 ’ . )
%, & £ 5 :
e = ) 3
%, % 2B L 7
% B 9O 3 € =
> B O o o % o K
%, Go B % % 92
"0.,@"’@ N Z 2 25
g £ 2% 2858
b, ot O © % e &8¢
SIS they, co Y %5
Loptospig ; e
pira '"(o'mgansACs ks
Synechocystis ACS 97 Phrixoth’ s =
Bacteri, \ical FRC m. 3R
'D'd"; thetaiotoomicro, ACS 94 va“‘fo‘,omph jla ch©! \
0mo sapions picg 28 putstive gene o,
con BICS = 90 57 o (Anopheles ch:o 46CL1
6 idopsis
mouse BICS (ACS: Acetyl-CoA Synthase) &3 77 Am:mbﬁopsls putativeACCL
(BtCS: middle chain acylCoA Synthase) 87 Oryza sativa 4CCL1
Ente 99 Oryza sativa 4CCL2
gene (€. colj) a5 7 so::o‘-m aceLa
i 4 S 9c
2'3.dmydmxybenznate AMP ligase 5 ” 4@ : oL
Brucella melitensis) gacilus) . 99 & gg?:é’c- e )
( ation <8} 5 9% A%
ad oV no P ) &g
noE, At 8 a0t N S5 B %, Co,
P RN S s s %% ©
0" ! N Pe) 3
ain (P21 10 §0% pet® o ¢ &§F o 2R3 T %Y
oy T e @ e N LR Py
B C N A A 3 S % 3 % cou
W ™ g & GQOAS\ s 5, % %G (4cCL: 4€oumaric
¢ A0 Qcc)"'d(\ ) F % a y A ligase)
ot & Sy 8 I ° <
e 9\0'50‘\ = A g‘ﬂ So § a > P
e 0 @ : & E g Fo_259 8 & | 4-coumarate-CoA
rbbe(‘d,o‘“ . §F35858022 § 3 2 \ Li
Cl . RFTEE 58 8 Sk | igase
, S 2 S a2 g & 35% T
| . R >Nge 3 1 u ¥ o
| EntE ib % S §8 ozaiz 5 273
i EntE non-ribosomal s 3 g YRs°E B &%
| : 3 . 5 3 3 w .
| peptide synthﬂ§es %, § s % 3 F.
b :
W & s % o (FACS: long thain fatty
. ng
5 [ acid-Coh’synthase)
Q.. ..-‘
I 2 P
Long chain acyl CoA synthases 0.5

. (3D structure has been determined)

H3—3. RABRIILLIIS—EEFDHRAUERE D RTAZHT
#3-1RLEEAEO7I/BENELE(C, Tamura-Nei®ETILIZES
PEEEITHIA SRS KIC LY R EER LTz, T—FRRSVTEI
1000[@#2ViRLETEIZ&Y50% U EDEDOEESIEIZRUTZ, BERERIIZIE
DEERIAEEBAT, ThThFEEFLRBLERLTLS,



5.3 BRI O
3.3.1 W7 o T —E DLt

4 3 — 3ICHHliAR 2 0 LUC % Giefili 2 O 7 5 = MALRESE O ikt 274, 4R
WEETLE LCUET 2 v—Coh U =L L30T VT DIV IR — L_XTF FERRRES
(NRPS) 7 E Dl adsb =, 7 =Coh Y F—EFILEL & 72 B NGO 75 T itz
J 2T, 7T -Coh FkiieA: (ACS) . P@URNINET S v -Coh B RkEEH (BLCS) |
JEBURNWINE T > -Coh BIRIRELEN MBI TR Y . T b E MY, i, Dol
LIRS IE L STz, O, T T A MR TIIRINTE R o2y, vy
T T —PA——T 7 I ) =il & LTRSS AT T T = AR

F: (Staswick 2002) HfifdTiZINZ 7=,

LucC Gramicidin S (NRPS) DhbE (NRPS)

®3—4. )L 7x5—H ENRPSOfiR#T
M3 —3h OREROX RS SEMRITHER, LTSI EN NS,

SRS OREA T, R CHEE 2 A9 DR N MR 2B A TR L £ o2 T N —
R LTV, Bl 7 F-Coh ARkBESE I3 th a2 b Li- 7L
—ZRIGRLTEY ., MDD SR E 5 F TIRWAEWRLO T & F v -Coh A K
BN B o TV, S AR R T2V B OB REZTIZ < W& W) il
DWPSEBNZIR o TR & B X Do

¥ 3 — 412 2V E TICHE SN 7 5 = MLl O SLIEREEZ 779 (Conti 19964,

Conti 1996b, May 2002), VNI HILONEHE G ICX 28 NRUMN R A A > &/NE 72 C R



B RAALDORY . BSBZZALEEEEZIRD Z L B005, ZNODEBEDT
I BV TOMEIMEE, FI XX LUC & EntE DR T23.3%TH Y, —AREVICHERE
PRESNDTZDIRELEDNS 30%L D IRV, ZDZLnbT 7= LEEHR
BEARENOT I BERFIORFISL LT, £ORIERRESNTNS 2 & AR
ns, |

FREBRINDLUC b—2DELESIN—TEBRLTND, ZHITE BT
BERIIAEW D 4-7 ~ VBE-CoA U H—F¥ (4CCL) ThB, 0-LH, b7 v LB b HER
EFAELTEY, 2o Z2HEELTEBERVEVERIZH D Z LITHKEN, 7k,
BRI TS S BN Y 7 =7 —F LHAROH D EEEN RS L ERALRATS
%Y a vy a vz (Drosophila melanogaster) 0/~ 7 71 (Anopheles gambiae)
DHRONSTND, ZNHIFLOEND EDEER LV b F L LUC DI IZLE
LTW3, E, vavPa un_zoZ OBEFEDICE L THEERITI TN,
FEITEER TN DD D IZRHEIGNIEE CoA-Y H—EBTEMERH 5 Z & H3iE S 317z (Oba
2005), Z DB MEFIIRNERBNAT T = 7 —BOEEREZ M5 L CEELRFH)
DIZRDZ ERFRINTND,

B3 — 3DRMBOPF T, LUCIZ &K > THEINSRITITMOEDICHEKT HE
AEBEETIIE TN TR, FRRIZ 4-7 < VEE-CoA U H—¥ OIEIIEH LS 04
MITEEN TR, EFRIT GenBank 7 —F X—ZNT, B3 —3DLIC HDBWME
4~ < VEE-CoA Y W —EB DT A LEERIZBE R ML BIXR O DRI o T2,
IDZEFIDZODEREENENTNER, Y727 Tk LR BRRBER T
HBHZLEBEHRLTND,

T F = ALEER DT T, FRT 2 —CoA U H—BRRBEH O LEL D HIAR -
TWBENDNPD, ZIUIH L NRPS 2 WM T LUC IR E L oI/ N—T %
RLTWB, ZORRNGT T = /ULEROEIREERNT T/ -CA V T—ETh-
7o LIRIRTE B, |
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-0

C’-domain

N’-domain N’-domain

NH
,; HN__/\S/ N"Nsh
" NH, o NH,
OH p
0 PP SO N, S
\'PzO\'P/O\' NE { NE
| | |
o o o o
HO OH o oH
ATP Coenzyme A POO

E3—5, LI 7z5—ENERRLOEAE

N'E AL > R B D BRK BRI ITLH, A ER AR EY | HisTRE D E
BHIZEYALREDILENRCEAVBISHWTEESN D, kAL
L ORBBSFROUEENSY, ChoHATPHSNECOADT T
—oBAERHLTVSEZLN TS, BERSIIATPOUVERE,
ZLTCoADFA—ILEM NFAVIZERSNI=IARF L ILERS
[ZEFZLSHREEMAILEALNTIND,
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B3 —5iZ CoA U H—EDEHEFLOBARZRT, N FAL » DBIKRIZRRIC

BiED HVIX L, BIXE S, N FALVDOERF U UEREOEEBHROERTHNL
REVNVEIZC RALAMZINTEESIND, BIZATP &£ COABN FAAL &
C AL OBBRICEEIND, ZDOLEATP & CoADT T =V EmikFus &
EPFTRLTCNDB EEZ BN TS (Steghens 1998, Branchini 1998), K9 3
ATP DU VBRI LN CoA DF A —NVEBRPRIZENTEWZIESE, RIGHEZ
BLEZDBND, ATP & COATEWIT 7/ o HEERE LTW5, Sillero bl
LUCIZ X > TAPT & AMP 23V U EERE G 2N LT BIL L72fk&¥ (AppppA) H3EEL
ENDZLEEHRELTOBNR (Sillero 2000), ZiLik CoA BFEAT DIBATIZ ATP H
BV AP BERTEZETRIBRIRIETHD LEZXDBNLD,

T ¥ -CoA U H—BIFIRERFCEET2HRETHY ., MEOTRLF—HRFHIZ
HEREHZH->TWD, EERICHAEMOEEY D ZOBEHZF-> TS, Zh
(2%t L NRPS I3 AR O EBIEWERTF RN ) :Ykﬁﬁ%?ﬂ?%@éﬁ\ﬁi%?&'@% U
2O MEB ORI SFR £ 118 220, FIHEIC LIC S 47 <A
~CoA U H/—F %érwi%:%éﬁx@ﬁ%?%mim\o F 72 LUC IZ CoA U H—ETEMEA
HBHZ LT3 1 THRNELBYTHD,

UEDZ Linb, LIC ZETeT 7 =/ LlESR D@ OELRIEIRIIMT 5 5D CoA
YH—EBThoTelBEZONS,

3.3.2 DIRBLLIEAT T = U > ORGSR
L-LH, 23 ATP & Mg”, B LT CoA DFET., LD X5 REISERMBEL D0%
MALDI-TOF-MS CfE#T L7 (K3 —6), L-LL ZHE L7=HA (K3 —6a), KL
@ CoA ([M-H]'=766.12) & L-LH,~CoA ([M-H]'=1028.10) IZHX7 % & Bbh 5l
W T FARED LN, ZOZEND, L-LHLIZ CoA YV H—E & LTD LIC DHEE
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WD S LR ENT,

a) b) .
8000 - % 7659 |
| 1028.0 ‘ | 4000
5000 ! | ‘
4000 | | 3000 !
s L
e~ | = | | i
§ 3000 i | ; - 8 2000 ' 1025.9 |
8 765.9 ] | -
2000| | I g
| ‘ | | 1000 | Ll | ‘
0 MWL‘UUU‘m\uW'L.__M'UU\\,Wh_‘ 0 W‘\~ #‘ “WW MLtNVKJWV
700 800 900 1000 1100 1200 700 800 900 1000 1100 1200
m/z m/z
c)
10 mM CoA-SH 5ul
1 mg/ml LUC 1l
0.1 mM D or L-LH, 1l
ATP-Mg (2mM/10mM) 50 pl

50 mM HEPES-KOH (pH 7.6)-20 MM KCI 43 pl

E3—6. L-)L 222D CoAlt KU

(@) L-LH,ZLUCOEFE T . ATP. Mg?*. CoAL RISt . MALDI-TOF-MSTHEATL
=0 R RIEDCoA ([M-H]=766.12) &L-LH,-CoA ([M-H]'=1028.10) DE—IAE2&H 5
3, (b) R#kID-LH, % R &H . MALDI-TOF-MSTHE#TLT=. R RIS D CoA (M-
H]=766.12) &Dehydroluciferyl-CoA ([M-H]=1026.09) DE—2mBsHdhd, Lh
L7 HILILEELY, (c) RIG &M,

IR LT oL, 2RI L LA (K13 — 6 b) SRS CoA ([M-H]=766. 12)
LS Ry 7 = U b-Coh ([M-H]=1026.09) OV —27 RNRHBNT, T FE
7 a2 Y -Coh D — 27 |3 THI< . FARD EITEWIZ W, ZOH D4
B U7 BOGESHS I S 0TV, Tk Rra v 7 = U WIS ORI A A
ThAHAZENMBNTWAEZ Enb, BERIGOMARM & LTAE LT Frv

7 2 U N CohLDILENZ 2 > TA L= EER B 2 6D

¥ 3 — 7 1% CohLO SIS ST 381 B p-LH, B OV L-LH, O 4t % HPLC TiERF L7 b O
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Th D, L-LH, 2% 2 53 THHRE D512 F TR TWBADIZx L, 0-LH, OEIXIZ E A
EELLAR, 20T Edb, L-LH, A% CoA b 5 FUSTREE A FEHITE < | 0-LH, 235
KT DREEDHERICBNEE XD, £33 —6 b THRIHSNZT & R CoA
XEAERDTIERL, MERBERYTHDIEEZDND,

a)
5000 * L-LH,
4000 |
§ ; ———— Before
§ 3000 | 60 min reaction
© :
S 2000 [
'-'- ¥
1000 |
0 — 1] 1 il 1 1 fl%—-
2 4 6 8 10 12 '
Retention time (min)
b)
o) \v < <
[}
22 2x108
<8 10 mM CoA-SH 20
s 3 O ndH 0.1 mg/mi LUC 2yl
S8 . p-LH, imMpori-LH, 100 pl
QS 1x10° L-LH, ATP-Mg (12mM/32mM) 73 pl
&
I Naw’
0 — o -

0 60 120 180 240 300 360 420 480 540
Incubation time (min)

B3—7. CoOALRIGIZHIFTAILI IV EDEIL

a) L-LH, D CoAlL RIGHT#H D YATR 54,01 mMOEE#LUCHEE T, ATP,
Mg?*, COALRESE=LENHEEEELEHPCLTHHLT=, b) D-LHEL-LH,E
DBRBELEL., L-LHIEEEITH S TLADIZHL, D-LH,IZIFREAE TN TN L
HhHnd, L-LH,DCoALD RIGEREMBH RN EERBHKRL TS,
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%3 — 2 ICEBREOERINK 20D & & ORGRMERET Y, ARG
\Z B 53 B BB RSHRE N R B 72 D RSIEE OEBE R ELBIZ T E 2V,
[ Ui & 72 B USSR ie 3 2 72 izid 0-LH, O PR EE % L-LH, K ¥ 10°fF AR L.
BRI b L-LI, OBA D 25 [ERVEFICT D RERH D, F—F TR 2.5X10°
% L-LH, ® CoA {0 J7 45 D-LH, DI & U #EV,

3 — 812 p-Ll, & L-LH, DRISHHEDENEZ LD 5, BOTEENRIELT
EReAYT =) Y ORISEEC OV T HBEDDITR Lz, d-LH, 1% CoA & K
#. ZORDY £ EOT e FUBRBBELTT =4 b L, BRSO T LRI L TR
%#5(@1—35%»:juwﬂﬂimm%%ﬁm@ggnmﬁafuammé
N5, >-LL, ORKEEIETIZ 4 BT =4 At T 5 & EICARFITHET D, 202
XL, 0 4 o7 e FUBNEREEL TWRWZ EERBR LTS, TE Ry
YR AT e F U EREERNED CoA L LH Y 2 RWA, L-LE, B 7 e b
AL LA SIEBRED, B 5 LIC BNER TN ONF R 2 B ISR L T
7 a koAb s CoABIZRIGEIRY 3T TVDEDTHS I, |

£3—2. D-BLUL-IILL 7Y DO RIGEEDZEL

D-LH,D FE R i EL-LH, D CoAL RIGIZH 1T 2 EE D H
H(7) EEOWRE. LUCRE%ETT, (0.1 M Tris-HCI
pH8.0, 8 MM MgSO,, 3 mM ATP)

D-LH, L- LH, Ratio

T (min) 2 .2 1
LH, (M) 5x10° 5x10* 10°
LUC (mg/ml) 5x 102 2x10% 25

Total 2.5x10°
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ZIETIZ, p-LH, B EEEERIRHE T CoA {L X 3L T p-LH,~CoA AR T 5 Z & (Fraga
2004) . 72 L-LH, 25 CoA DIENWERAETTHRET DT & (Lembert 1996) 23S
TW5, LALINDORE TORGEEIIRFITENZD, BRRIIGIC X 54EK
Wcixel 7 ILORBRE LTE LR FRRIE LTV D REMED H 5, EBE,
in vitro TOFKKIGEHKD pH 1L 7.6~8.0 TH Y, ZORMHFTIIE»TIEH 52
ZE LR EITTE (K2—-12),

D-Luciferin :
OAMP O-AMP
COOH M 2+
LT K =
s —_—>
K
L-Luciferin L7
ATP. OAMP SCoA
ACOOH Mg, \\co \\co
Poes| ﬁ» K'Y ﬁm
Dehydroluciferin
O-AMP S-CoA

COOH z+’
T T ey ey
‘ﬁé T} Ks]/
AMP

EH3—8. LI 7x5—EDRB N

p-LH,. L-LH,. Dehydroluciferin® R I5tE®D e, ATP. Mg?*. CoA
DBEETLIIzS—EIZKY. WTFholeeht7T=ILEshbd,
Z D& p-LH UM ECoAlkEIN B, T3 LD-LH,[ECoAlLEN T IS
BIELTOTH 2/ UhRRERTEF NS D) 0 1S,

65



FROBESEES TFONEREEZHRNT D2 LE-RRILTHL, LI
L. BRSNS 2ENU FORAZBILERIGEMET 52 N TET, BIZTORRS
RISOEBRHEEMEARETHE L VI ZLIEFBLVWRETHY . FRICHIKR
W TODRERMEOR F R RS IBRE L UL TI/BOTEY—ERL
AREIHITNS (Fujii 2002), LALARMEDE T Evw—EOREERFRIEEOWS
PR URISHE CRMELT 5, ZRICR LEFZ NV LIC OFREIR, 7T =MEETIE
R ThBNR, Z0®RITEL BRRIRSICENENORZEREEZHT D,

3.3. 1 RRZ L HIZ, LUIC DEIRIZCoA U H—ELEZBND, £7, L-LH,~CoA
Y —BIEMEO RS EER R EE LV b LNITE DY, ThbDZ b,
AETH B AT L= LUC O L-LH,~CoA U A —¥iEMEIXTe L A LUC DFFOARDIKRE T
5 HATHEMERE X b, F7- LUC IXIEHEE T v v—CoA ) H—BIEEZ 22 &b
ﬂ%ﬂfw%(%a%%%Di&ﬁ&ﬂk@%gk&Bﬁwtb\%%@7??4
FHA FEENTL-LH,CoA V H—E R & BLE L7z (1C;,=135 pM), 2D Z & b,
AR THIUE LI IERE SN EREFREY TIIRVP BB END, BFNVFENK
TR DEIEIE. 75 CoA U H—F Th o7 LUC A p-LH,1Z CoA ¥ H—ETEMEZHE S 41,
T NEBRET B EOICIT o EBLRSR OB AR, ZHISROMTERET
D,
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BAE REINVNTT = v ORISR G

4.1

BrREER

F2EIZBWTO D-LH, DABHRARK L LT L-LH, 2 -LLICEME b ENns 2 & %
AL, £ CABRAERTHEZ LER LI, BITH 3 FEITEWTLUC 28 L-LH,
ZENEAINZ CoAfb L, LH,-CoA IZBM§ B & &R LTz, UEDZ L DB X /5
L ASRHEEEZM 4 — 11Z5R$, =2 TL-LH,® CoA{kiZ% 3 DRI B LUC
DH-TWBEEEZLND,

LUC 12 & % CoA-Y H— ¥ RJ&TA Uz L-LH,~CoA iX B BIA9IZ 7 & K L \p-LH,~CoA
&@ﬂé%ﬁ&%o::?wﬁk%A@%iix?W%w*%%¢5:k?%%ﬁ%
WThHD oL, N EBND,

A — I B DR A AT B 2ER & LT Acetyl—CoA hydrolase (BC
3.1.2.1)\succiny1—coAhydrolase(Ec3.1.2.3)\Acy1-cQAh§dr01ase(Ecs.l.z.zo)
72 8% L D CoA FATRTNINKGEEESR (EC 3.1.2) ZF L TW5, RFMERIC
BNTH N D OEERIZERT B 5 DOFEED 0-LH, AFRIZBEE LTS D
LBbhs,

Z 2 CARETHE., EEBEBRMEMEVT X FANKSREESR & L CERERILE
EPTE<ﬁ%BﬂTW5%ﬁﬁ1X?§~ﬁ@wﬁﬁ%WWiméﬁ%ﬁﬁf%
B HMEEE LTz, L-LH, % D-LH, \Z BT B EARBIGIZOWTKRIE L, £H2Z0
IEROMEEEREPDE,
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HzNj\\\COOH CHBT? J@(N\ /b*‘\\\COOH
—_——> 2>
HO S

HS

Luciferyl-CoA synthase /" o1p Mg2*

(Luciferase) coenzyme A
i o 0
* «"C—S—CoA C—S—CoA «» C—S—COA
4 /4 4
28 = T =T
L-LH,-CoA (enol) D-LH,-CoA
l I
| hydrolysis hydrolysis l/
{ enzyme enzyme
A4
N * \COOH « ,COOH
L~ joe St
HO s S HO s S
L-LH, p-LH,

H4—1,BESNB0-ILS T DESHER

KRB -CyshHoFETRIIZLLH N TES, RICCOABIUATP-MgFiE
F.BRLLY 75— IZ&YCoAlLEN TL-LH,-CoAL%: %, CoAlbEhn
FLHIEB BT/ — AL § 1=, FEHBEL To-LH,-CoANTED,
FAIATFIVESEFONDERIAMKSTHIEITKYD-LH,NERT S,
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4.2 EBRFIE
4,2.1 NV 7=V BB

D-LH,. L-LH, 35 X TN CHBT DFRELGIEIFSE 2 & (2.2.2) T~ 70, RISICHERT S
DOFFER LT, LUC LB 2T 5 —FiX Glycerol % 10%Zde 0. 1 M Tris-HC1 [pH

RE X3 2.2 LABEOLDEFERA L, BIFiR—= X7 7 —BiIxv r~tod

8.0] IZ¥EMLTlmg/ml & L, -30°CTHRAF L7, ATP & MgS0, (% 0. 1 M Tris—HCI [pH
8.0] IZ¥RA LT ATP-Mg Ak & L7z, CoA IXZRBEKIZHSR LTz, RISIZ4A T ATP-Mg
WIREZWRMT 52 & THRIFSE, BIRTITo7,

FISHER OB HTIZHPLC I X » TfT o 77, DT HIEIZE 2E (2.2.3) 2o Tz,

g Q
c 2x10% ¢
3 \ &= LLlH,
7]

Y
g 1x10° \ —— DLH, 10 mM CoA-SH 20 i
2 ax107 § ) 0.1 mg/ml LUC 2l
et \\ @ Control D-LH, 1 mM L-LH, in Tris (pH 8.0) 100 wl
g 6x107 1\ (Without Esterase) 1 unit/pl Esterase Sul
< \ ATP-Mg (12 mM/32mM) 73l
©
Q 4x107 ¢ \Q
O
e § | \\ ’
o 2)(107 N \e_ - o o
I -_— .

e RN A i <

0 L L L i L . L

60

Incubation time (min)

B4—2, TRTI—HE2&BIL T2 IL-CoANKS R

L-LH,%& ATP. Mg?*, CoA RUBHBIATS—ENHFAETRIESt .
L-LH, [ CoAfEIZk YA L. LH, CoAO)iJD?KﬁﬁgLJ:UD-LHZb‘ELT:o
IZT7-—th\ﬁb\tD-LHzliEL&b\oT:o
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4.3

4.

HRBIOEE
3.1 ALSMBRRBIZBITALY T =T —ED#E

BRI T4 T AT L ENKSHET B = & T, LUC, ATP, Mg®, CoA DFFFE T, L-LH,
% o-LIL IC B L T X B 0EREIT- 72, Bk & LT, EERRMEMEVKITFET
2FS5—BE AN, FOMEZDOT AT F—EOERICLY > LL,BERTDHZ L
BEEMD N (K4 —2), KisED o-LH, DHLEITE L, DR 759 TH o7z, ZD
e 2 b in vitro ICEBWT L-LLIXLIC & =27 7 —EBOBEITLY
B ENT-LLIZEBRTE D EEX DD,

L2 L7eds BIRAFig = 2 7 5 —¥ & BV 2 2B Tl oL, AR B 72 < FSIR
FL 1% Thol, Zhicx L, RROKZLVHBEALZAVWEES, ZIEERE
BB EX (M2—17), 20OZ LbARF X LH,-CoA ZFFE K
SIRTAEEZRFELTVSEEZDBND,

S 3 f L9\ LH,~CoA 7> BIBIRHIC 0-LH, #3572 DI, p-LH,~CoA 23BN
BN RS B BER DD, L LR A Z /PN T LH,~CoA DMK HFZ1T
5 {EsE O STBIRIEIC OV TIEF H 0TI, 4. R F VDb LH,-CoA KLY
ARELTRER L, ZOBREEZTTOLERD S,

FIFGET 2 T 5 —F I3 EEBIRMEMEN DT, D-LH;~CoA 721F TiZ72 < L-LH,~CoA
BIAKSEShTODEEZ BN, LALZOL I LTI, RER L LT
b ZObDIEED CAMLEISDERE & 25, ZAIUTK L b-LH, 13 CoA {LDEHEIZIE
b7 (M3—7b), £/ LUCIZ X » THNT B RISHEEE L L-LH, D CoA LD 10°
B (E3—2), 0D L-LH, OLBHEE S, BRI L, AER SN D,
:@:k@%M@Eéﬁﬂmﬁfb%M&ﬂﬁ@ﬁ%ﬁ%*%ﬁ%?ﬁ%%ﬁﬁ
720N, |

EDX 5 IZ LA LIC L= RTT—FBIZ LS THRTEDHI LD, in vivo

TO-LLASRIZBNTH, LC EMEPDTRT 7 —E (8% b THHD CoA
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FHERAT 7 —E) BEDOREZH-TVLEIHDEEZBND,

4.3.2 AABRBREEFR LERBLRISERY AT A

4.3. 11Z8WNT, LUC, ATP, Mg*| CoA, IKiFlE= 27 7 —E DFFAE T, L-LH, 7% p-LH,
WCEMELEND Z L &R LKL, D-LH,IZLUC, ATP, Mg*IC KV FEXTHDT, ZDK
JCEIRITEDEETHEAT S, ZORNKEIZLWCEIZLAILE: (B4 —3), Zhix
D-LH, ZEHEME A L RWET L LUC EBADFRNRIGRIRS AT b EE XD,

AR TR LI EABEKIZ, 1Cys DEEREL LTOISHOVERFETE S, T
72 B, L-LH, X CHBT & L-Cys M LIEBERMIC ANy 7 7 —HFCTART A D TL-LH, %
CHBT & L-Cys IZ ’éiﬁz_é & CRIRDFENLREZWETED (M4—4a),

4 —4 blZL-Cys DIRELEABOHBEEZER LIZFERERT, L-Cys BEN
0.01 mM £ TIZRWT, LCys RE L BARBIZEWVHENRONIEN T —FDiIE6-
ENRREDPOT, £, LCys BE 0. IMIZBWTABRELOBIBR N, =
MIERRE L-Cys I2X 5 L-LRISOEEFICL 2 b0 Bond (B 5ESR),

1x107 10 mM CoA-SH 20 pl
0.1 mg/ml LUC 0-50 pl
, 8x10° 1 mM L-LH,
§ 6% 106 in Tris buffer pH 8.0) 10 pl
&) 1 unit/p| Esterase 5ul
4% 106 ATP-Mg (3 mM/8 mM)
in Tris buffer (pH 8.0) 80
2x106 0.1 M Tris-HCI (pH 8.0) eq.
total 200 pl
1x104
0 2 4 6
LUC (pg)

H4—3, L7x5—EEIRTI—HIZLAL- LI 7z U #ENESE
L-LH, % HEMEELTATP, Mg?*, CoA RUBHBIRATS5—EDHEET,
FNEREREL =, ATP-MgiHEMIZkY RIGZEREL., SOM MDD FENLELH
ELT=. LUCOEELHEXEIZBLVEBEAR SN T=(R2=0.9985),
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R L LCORSR E LTHARORELILETHS L BbNS, BT
= IR SRR R 2 7 5 — P Ch B, RIMEIET B LB
51 Li,-Coh IS BRI DB ISR 2 ERTIEF 4 73 v 7 LU VRK
£Tx5LEDRS,

RECRE L7 Cys ORIBERILA NI Th 5 Cys OINERRIFEIIS AN S
TENBOT, BHHEEITo7, |

a)
WCOOH
H S S
CHBT L-LH,
ATP,
Mgz" COOH Mgz"
CoA Dand LUC
esterase hV
Luc D- LH2
b) 2.5x107 |
; 1: 10 mM CHBT 10 pl
20x10° F 2; Cysteine 10 wl
= 3; 10 mM CoA-SH 10
3 15x107 | 0.1 mg/mi LUC 10
O 0.1 unit/ul PLE S [
ATP-Mg (6 mM/16 mM)
1.0x107 | in Tris buffer (pH 8.0) 50 pl
5.0 108 : : : '
| 9 3 Q o <
o o o o o
(@] -~ -~ - -~ <~
X X X X X
© © o o o9

L-Cyste_ine (M)

E4—4, DL I ESREBLIEZVATAUBRERE

(a) CHBT%: HEMELLE=HE N RIE R, CHBTIEL-Cyslc&kYL-LH,EY,
ATP, Mg?*, CoA RUBHFBIATS>—EDHFET. #XI 5. (b)L-Cys
DEELHXNLEDIEE. (FHELEERE)
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4.3.3 2-T7 UV —n7u At U BRUIKIELD X 7 VBl

B4 — 1IZ/R L2 X 572 CoARIZ £ B3 T VB L & RIRRO KGR, 2-7 U —v
Tu A VBRRRIERA T 7 u 7 2 OEBRFTHHMON TN D (Reichel
1997), A 77 B 7 = VIZRRE (AT AWK =X Z v 74T TEVE  A$E],
REMIE [Jrrxz—2] L) L LTHRENTEY, bhbhi T2,
BRI THD, TORKIEREL L TOFERBEMIICOX (FrRF T T VAR
Dy r7uxvrr—8) HETHIN, ZOBEEEEZ R ODIIR T ONFREE
(- ATTa7z2rDHTHDE, ZHIH L THRERMED (R -1 T 7=
IR FE MR,

Hydolase Y\©\/COOH
Acyl-CoA / :
synthase H |
CH,
COOH — > CO-S-CoA

i ATP, Mg?*, (R)-Ibuprofen
CH, coenzyme A CH,

(R)-Ibuprofen
\U\ Epimerase
COOH :
%9 Y\E:H/CO-S-COA
CH,
CH;, \

(S)-Ibuprofen
COOH
Hydolase

CH,
(S)-Ibuprofen

E4—5,2-F—)INTOEAVBERRREEAIT TR0 O RREIL R B
MASBRIGIZIZEEDIZFZBIRENLZ N0, SEEREDAITTAI7UNE
9%, LMWLCOALIZRIFKIZFERMNLZD T, SKAERMIZEE NS,
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UL R ~A T TR Tz 3T v Coh U H—F Iz & Y BIRAIZ Coafb TN 5 (K
4—5), TEAT—POERIZLY COALENTZAT TR T =27 LT D,
= r CF AT AT ANMASREENMIL = & TFTEIEDOL TR T = PERT
%. RIEEBURURISICE > ToE LT 5B, LA L Cor {LEER O EE AR
BEDRSENE DIZ SHIZ CoA L SRV, E DT DRERINCIEBRFEDH D SHNE
HEND, |

TDEdiz. BD-ATTrT = TN TRH# ST COXFREEEDSH B (5)-
4 TFTaT = ERENBDT, SEORICIEEN S DI b HT T o
FEREEL LTHRSNATWD,

M3—8BLUM4—5RLELDIZ, CoAfLRIGOEEMHFERED RN &
WS AT, RENLVDOL, AT 7r 72 ERLEE XD,

CoALDB. A 777 =2 DRAIETEIIZZ AT —ERLETH D, Z
NICH LAZVOBE R o EDRE @) BF7Y I VRICAELTNLSHIC
BMEERE S ) — LTV, 20D AT —ERES THRBNICT &
T B,

S UL FAT AT ANKSERERIZ, A 7707 = OEERFEROM
PRIRMEME, 20720, TEHRO (S)-4 7707 = DHEPERT 50T T
A, BRAICIE SRDO B REREEN D, BRI NVOEEGRIZBWTIEED L
AEENRE SN TE b TRIGKESER SN TCORVWO T, FAZAT VKRG
RSO EEHEREZH L2 TIIRY, L URICERERENP T LTH, A
7707 = QA & FROBHECERMINCIT UL MERIND LB A BND.
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BOSE BRINNYT =7 —PEBERERICHT 5 EECMEDIER

5.1 WFAER
F2EIZBWT, BENVD-LH, A L1-Cys KV AERKRINDZZ L ERLE, £72%3
EIZBVWVT, LUC DLHEREMEIZ W Tasaa L. 25 4 TR\ T LUC 28 p-LH, A A ARIC
BE5 LTS Z EAREINDHERIBLILE,

Enhancement Inhibition

COOH
HS. : ‘
AN HO OH
NH <‘ '> . .
Stearic acid

SH SH
I. Ueda, et al.(1998)
DTT

M. Ryufuku, et al. (2002)

N WCOOH
seas
HO S
L-Luciferin
3C H3
O N. Lembert (1996)
0\' |

o OH HO s S
|L020H Dehydroluciferin
J.L. Denburg, et al. (1969)

Coenzyme A
A. Sillero and M.A. Giinter Sillero (2002)

K5—1. RN FERXRGICEEELRIZTIEEY
RAERGREERETTDTITECOA. BLUBEE/EAZT
FTRATFFPUVE, L-LH,EFEROLS Y
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LUC I < D2 b RISHES BT, Bx Dfkédt (M5—1) OREBERITLHI L
BE BN TS (DeLuca 1976), ik LUC DM RGHERE (K3 —8) LIRS
BbhboTWaR, BBRT—F L LTUILRERD LITERR,

LUC OEEEFH e RKISEE R 3 LS /D Z L1, p-LH,AERIZXT 5 LUC DB
BlZoWTOFERE 52 27217 TR, TOBEMRFIGHEREE LV IREET 58
Ficie B, Z 2 TARE T LUC DBERRIG A 7 =X b, B AENETHEILEHO
BERTEHEICRT DR BERD L L LTS

L-L RS i34 RS iEE (Ueda 1998) 3 B\ MIN Y7 = U 7 F 1 7 (Denburg 1969)
ko THEINS (®W5—1), ZhbOEFEERIHEAFHTHY . REiEEAZR
Plzka7 A7 Y v 2IEHEHEA TRV, Zhb0MEIZHBRNICEET S b
DTHY ., REVOEAMENTREPDOEERDDEELOND, V¥ T=Y ¥
FHr s L LT, B2ETRLEE S IC 0L, 885 % L LTA LS L-LH,
@m@ﬂl%&\%6“@%@@?@%LTED%?Einv7:UVTMMMg
1969) 2SVAEEMERED, T 0 Z L IFFMRISITHAD b-LH, I H IR EEA
e LFSBELTLES 2105 2 L KL TS,

NS OREMEIRNTIE CA Y H—E L LTDOLUC DEF L7257, CoA
DIFHE T CREIGHETETICLC DT 7 7 4 THA M 2B THRLEEHE
T B0, COATFET TILCoA LRIST B Z LIZL VBRI OEEN, BAEEETHD
Dimﬁ77?47ﬁ4FKAméi5K&5°:@t@mvwmﬁmﬁm%um
X BRIL LTO-LH IZIEBTRAT S 20 b OMEMEIC L 2RISR EFIR,
CoAlZ L o TR S LB, ZDZ &b, Coh IXRABEERNHIMEL LTHDL
NT& 7 (Sillero 2000), |

Z DOftiz b dithiothreitol (DTT) b:%%ﬁ'ﬁﬂéi@ﬂﬁﬂ% BB Mo TND, DIT
2 & BRI T DOBTRICH B L &N, VZFATFAINANIVBRY
DOBILHNT b FRITREER 2 #E ST 5 (Ryufuku 2002), LALZRBHZD
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RHARHE A I = X ATHALMICERTORY, E/2, DIT ti)\Iﬂ@fMt‘ié\ﬁE%E
ThHY, EENTED LS REIABREMEEIZFE L THD00 (b WIFE
LTWBLEMBFELRVODP) B HHNTITR > TN,

DIT DBTTEITT A — VKBRS 5, ERWETTFA—NEERFOHSTLLT
BYRTA Y, YATT IV, REVATA Y, IVEFFL (GSH) REBRH B,
FAGATRELROEBITAE LTIEVE Fe U S8 (K5 —2) Babh s,
Ve Fu U RBROB(EEWTH S ) NRIZAART V=TV HNAHR Ty
— (Moini 2002) TH Y. WL 2 DOEBLETHERDORIETLRFE LTHLRTY
% (Fujiwara 2001), ®iZ, Y& Fr U REH DTT D membrane-associated
prostagiandin E synthase-2 ?ﬁ‘ﬁﬂiﬁ(ﬁﬁﬁ ERET DI BB TV S (Watanabe
2003)

UEDZ LD bFA—NERET DEEPWEEITI LD 2N EHENCHEBEOD S
W EHLIC, LRSI 2EREMTT 5L & LT,

B ZED 2P TRKENZ &IZ, VAR (B5—2) PLUCIZKDFEK
DB BT, 1-LH,CoA FATRT 7 —¥iEEZRETH 2 RAHBLE, 22T
U REE % VT o-LH, A2 AR IC 1T B LUC @ L-LH,~CoA F A= 27 7 —¥iFEDE 5
Z 3 M L7z,
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5.2 FEBRHIE
5.2.1 I

mevaﬁot%ﬁﬁaw(%mmenﬂu)meQ\ﬁﬁ%ﬁvék
¥, p-LH, DIT, 7RAaAAE VB, YATT IV, TAFVa—LEE, E74
2y va, VREE Ve FnURE, IV RAFUEB, RATT Y UBITY T <4k, ATP,
Coh, L-Y AT A ¥, ZOMBERREITRMIED D VT HTAFAI DbDE
AL, —BfbZERE (N0) RAFIZFR{{LZD NOR1 (Kato 1996) ZHEMH L7,
mej%ﬁﬂﬁm~w§ﬁalMTﬁym1bH&MK%@L\LOWMJ@%
B L LT-30°CTRTE L 7=, NORL % DMSO (Z¥fE L. 10 mM OIRHEREFRIKE L
Tro Z DMDOILEWIIIREKITERR LBHRERIF LT,

5.2.2 ZFEEPRUSHIEFER
%%%m7F—ﬁ%wi/»-&—mﬂmoéﬁmrmﬂﬁwﬁﬁﬁ%mﬁbko
50 pl DRESIE (40 pM D-LH,, 0.1 ng/ul LUC, 0.1 M Tris-HC1 [pH 8.0]) %%&
BREORIGTF 2 — 71 A, BEHEAZEREIZ XY 50 pl ORISHLAH] (4 mM ATP,
8 mM MgSO,. 0.1 M Tris-HC1 [pH 8.0]) ZMX THEAEZWELL, HERTNT

2 BT o7,

5.2.3 BERIAXT 4 7 AEHT

9-20 uM D-LH,. VA& (0-0.01 pM), LUC (0.1 ng/pl), 0.1 M Tris-HCL [pH 8.0]
MBS 50 pl ORISKE 3.2.2 L ARRICKIG SETREEZAE L., LEXE
# O Lineweaver-Burk 7'y I MHEE LA, 2T /EIFAELLFELEL L
7o SEHOMEDESEE Ty b L, B/ R L B ELIERE R L,
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Inhibition

H,N_ _COOH

g

S
Me ~
Methionine

H,N

'/\'/\/\/COOH GOOH ;O
: N AN
SH SH HzNJ\/\fr W)L” COCH
. . . . 0 SH
Dihydrolipoic acid Glutathione (reduced)

COOH o)

COOH H
coon 7T H NJ\/\[(N
2

S—8 ])L

\E Lipoic acid o s H
SH - é

H

CH3
H,N COOH O\_S/LI E :
\( NH
Sl Pifithrin-a

N/[S COOH
H,N~" " COOH (/\/\/\:\/

Cysteine

Glutathione (oxidized)

Cystine Myristic acid Stearic acid
No Effect HZN\[COOH HZNICOOH H,N_ _COOH
OH OH
H,N vCOOH Serine Threonine
Glycine ' N
H,N __COOH I\)\
H NH,
H,N COGH COOH Arginine
6-Amiohexanoic acid Glutamic acid
Enhancement HO  OH
SH SH
Cysteamine

DTT

F5—2, {#iEE 88

EARCRECERERTILEY. REERERTILEN.
B LU (50 mM [ZT)BRERSHLMEEM, (40 pM D-LH,,
0.1 ng/ul LUC. 0.1 M Tris-HCI [pH 8.0))
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5.3 MRRKOEBE
5.3.1 #HE&ETEMEFER

DTT {2 & % membrane-associated prostagrandin E synthase-2 OIEMERIEIEMZ
Db Fr U REMEREECRELEZZ LD (Watanabe 2003), iV Ful
REEN L-L K% DIT LV bBAICRET S bo & T LR, Ui LERITEVE
EERZR L,

DITIZL D RENVEERISORENF A —NVEIZLIBETETHLLEZOND
b, Cys HBWEGCSH 72 EDF A — N FOEREF T, BiIZEDOBER
MARBEERARD DI, BV, AFA=r, YRTT IR EOBFEEOHEMD
T, 5 — 2i3fEx DILAPO L-L ST 2EBEELDIbDOTH D,

U OTFHICK L. IR R AT 5 FA— A RN L b B EERIC @2y
LB LMo, LA, FAARKZEFLDE LTHRERTFEZET %S
DILEYN I-L KIS ME L, £, BEA L LW F - —ULamov AR
AT 4 RZEERR UL 5 ICHEEEE R LT,

SRR EMIT. BRERTEANBXINVEOE G ZRF O FRREREZRO L
WHZETHD, IVRIFINEERLRNTFA—NVTHDLVATT IVIEDIT L
IFIFF CIRE COREER %R Lz, U LFA— i Fanbdhoise
o EAMEEBREL LA oTt, b DOLAWITBAIRED 50 mM T b IS
FRIEGHEEFES Lo,

FNEEThH B 0L, i, FRERICEOLEMER L X O ICRBERF & VAT
ngéﬁoo:@:km\:hB@ké%ﬁ%ﬁ%Km%bfwézké%@b
T3, ERIZT T ul/ B T0E BARARGEEET S, flIZIETE Frirv
= U L idORER] (£7=0.1 pM) T2 (Denburg 1969),

Lo LS DREIRT & W% VLB T, Bl XS RENRIIR
ICIIREETIIELS ., E7 AR Vel ARFUVETEN, 74 AT Va
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(X pb3 DRFRIFLEFEAIL LTHONDHEAITH D, RFENENIEE (Ueda 1998) HET
4 XY ~ o (Rocha 2003) &R Z NFEXKEZEBINBET 5, ZOZLbRAK
JSIZRT DEICIE O N OBEIFENBEETH D LEZXDRD,

RIZNL OPDOLEWTE LT OREFMEMEEZ# 7 (K5 — 3), TORER.
EDEME Y b Y RBOMERNMP o, TD IC0IX0.04 M THY, T
INETHRESNZEDMEME Y HIRVEFEFEETH 5,

URBRIZIZZ PANEERRH Y | FHEE CREEEREN D 5, BEFEERRZ
NOOHEIGERTAFEEMRE L bR, T VINBEERERFOT A aLe s
B (IC,=20 pM), HBWVIZZNE THE S NP TR LR L-L KSREER 2R
SREEMRIT A F o a— i (IC,,=20mM) (2T, VRERIZIZS2IZHEWE
R T LE (M5—3), S0 &b I REROBERIC R HEESSHS &
EZ2biLb,

70, VABOBTEME THE VL Fu U RBORERET Y REOK 100 450
1 Thote, Vb M U RBRITRILINTY RERIZEBR STV Moini 2002)
7, Ve Fu ) RBEOBEMTOBREFEMZ Y RBROROEEEH LT L
IXREETH o 7=,
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b)

1 S
S
s
B
m -
k=
4]
Q =5
(%]
()]
c
e Ak 1=
=
P _
2
ki ~
(]
14
0 Lol LLLLI 1 Illlll!l 1 I\A\.\IWI\
Concentration of inhibitors [pM] =
c)
Substances ICs Substances
Lipoic acid 0.04 pM Cysteamine 10 mM
Pifithrin-o 0.2 M DTT 30 mM
Myristic acid 0.4 pM
Stearic acid 0.7 uM
Deoxycholic acid 200 pM
L-Cystine 5 mM
Ascorbic acid 6 mM
L-Cysteine 10 mM
Glutathione (oxidized) 10 mM
L-Methionine 20 mM

M5—3. L-LEIGICx 3 H1ER IR
(a) PBREHI O jm BEE AR BRER . (0)JAFFIDIC,fE, (c){BRERID1E
iR, AR F2ELULICERET DRE,



5.3.2 U AREEDMEEM

Y AREEOMEE M % B SOSE LRI R YT 2 72 12 Lineweaver-Burk 7' m v
NEAERR LTS (K5 —4), TORRS T 7 08HEHETRELZZ Lnb U Rk
L AMREERBRETINTH S Z EARENT, E7 A fE130.0285 M TH o7, Z
MIEE 5 — 31281 B IC, i (0.04 pM) 1ZdE<, FREORWHRTH D, £izlh
FTIZ KPR REINTVWS I Y RAF U (£7=0.68 pM) HDWIT & Rrv 7
= Uy (K7=0.1pM) XV HIMOFRERITH B 2 & MBEERRGELRIIZTED D B
FLEXA, TIZZOL XD d-LH, O Anfii (4.55 pM) XV b U AREED A7 i3S
<. U AREEDS LUC 23 L THWEFiEZ A L T\ D EF X D,

T Ok 912 Y A LUC OFEET ISR ELFE Z A9 D FREOERUSHLEATH 5
TR LM oT, VAREHTEMIZE o THEHERAEKRDETHY  RINDIE
AP BIFFET B Z ENTREND, ZOZ b ) REEDB R F NVIELRIGIZ
LT B hORERERZ A L VWA Z EXTHREND,

0.000008
¢ Control
N 0.000007 =
S 0.000008 " lipo0.09 pM
Q .
‘ i p
c A
= W h
£ 0.000004 ' o
= 0.000003 e
S, 1
0.000002 A
0.000001 -
0 110/ U VTN UL DYUTH FRUTE RVRY ITUTE FUTTR UTWI NTRTI FUvE
L&sbLobLhsO0op0ea0 00080
comNvZ~ RTENRYETETE

1/[S] Luciferin

[5—4. Lineweaver-Burk Prot
Hih A TR L2 TLAHD T, UREE - LB EEFIERMTHAIEER
A, D57 EYKm (uciferin) = 4.55 (uM). Ki=0.0285 (uM)’C“?‘é’Jf:o
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5.3.3 —ELERB LUWHEER A DIEA
U WELIZ lipoate—activating enzymes (LAE) DEHE L2->TTTF=MEEhdZ
EBRFMBENTWS (Fujiwara 2001), ¥72 LAEIZLUC LMRMERH D, £/ Nk
EANREIAVERD Y, BKBYZROMBEESTFTHD, ZOZ LT Rk
N, IS T e Ry 7o) yHDHWEL-LE, & Hﬁ% LUCIZ X o T CoAfLEHL

B AREMEZRIR L TV 5,
a) .. b)
2 10 -
2 CoA-SH
= Myristic acid Lipoic acid
S 05 1
5 ! !
[ CoA-SH
£ 3
< 0.0 ' , ) .
4 0 20 I/ 0 20 40 60
sec secC

K5—5, CoAlZk DRI RGBT DER

EH., (REFDOFMILIRE. RAEDOEILIZKYEEHELT=. (a) =V
RAFUERMIZLZRMABEEHICoAIZLYMERENT=, (b)UREEHFMIZLDH
HIEEIFXCOATRBREINEGEMN o=, BEHITHAURBESURFUBDORERE
[ZFNEFN2.5 pMES pM, CoAD LB EIF0.5 mM,

U REEH CoA U H—F & LT LUC DEFIZR DD THIIE, CoA X »>THA
FENMERENZIXTTH D, BIXIEI U RAF VBRI K DBE CoA i & - THERR
&hd (E5—5a), IR LY REC & BHEEL CoA ZHM L THMER SN2
nofz (B5—5b),

Z DFERIIMMOMAEAZ M35 CoA DTFETIZEWTH U REHZIERRE < LUC
DEMFEETES 2 LEBRLTVD, JHUIHZAOREHIENC Y REEE S5
L0 5 M A R B R T B, |

AZ NV OFASUSHAENL Z I ETIZ NO OBIFHERH S TE 7, NO B A DYER
ICE D RF AN BT D Z EDRHENDH BTV S (Trimmer 2001), T FLIENO 23
MRGEWE L LT DB THD LHHAIN TS, L2 LR H NP L-L G
23t L CEBEMIZED L 5 RIEAZFFOITH L TIERW, £TZTNOFEAEAL L
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TNOR1 %[5 —5 L FERRICHEM L CEDOIERARMEEZR~<7 (K5—6), CoA DI
FETTIX, NOIZX o TREEMEEINDDB, VARRICEVREESEEEINE (K
5—6a), CoABRFETIHAIT, VAL DFLHEEZ NO BEIZHED H6HR
tieotz (M5—6Db), NODZIEM CoA BL O REREFETIHA LITe
Thd, BEHRBENZ LIZNO LRED VAR ARDITIZ S AbNi, ULt
DTT D#EIREE (15 mM) (2% LT NOR1 DF&HREEIX 0.5 mM TH -7z, NOR1 2% NO %/
H3 2B 2.6 3 THBDT (Kato 1996, Ke 2001), EEED N0 DREITS 5
}:/J\éb\o SO LN DRI DIT LV B LRV EF X 5,

3 : b) coasH Lipoic acid
¥ 4

1.0 7 7
NO Lipoic acid

NO
2
2 80 0 40 80
£
E
2  ¢) d) ,CO0ASH
-1
2 _I( N Lipoic acid
é.‘; DTT ¢L|p0|c acid
¢ DTT
0 40 80 0 50 100

sec

E5—6,NOEDTTOZR

FEEH. REFIDFMIZLEEE, FAEDEILICLYFRELT=, (a) COAD
FEEET. NODFMIZEVRESNI-FIZURBEOFMICLYGIShi=, (b)
COANTFET HIHEERBEICKVHEALABEESNSHM, NOEMASEEICHEMN
<Atz NODFIRIECoA, YREENELMEE LITHE TH S, (c) (d) NOZMZ
F-EEERBOLARYANDTTIZEY Roht=, UREORIEREIL2.5 uM, CoAD
2R EE[20.5 MM, NOIEZFEA R ENOR1%40.5 mM, DTTIZ#RREE15 mMinZ 1=,
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ANTHIRLAWTH S DIT & NO REREDIER 2R3 2 & iXHRE, LA L2
B NO DIEF A # = X BB b TR . SBROBETH B,

3.4 URBIZEALY 7=V X T VEMAMEE

PIERSRLE L 512 ) RERIE LUC @ o-LH, ICRT A HEFRERITH Y . 72 U NEg
12 X AFRHFAEDN CoA I X > THREBRINZNEWI ZERHALNII 2T, ZTDZ
13 U AREEA LUC OIEHEH DTk L CHERIZIRVBAIEE R L, CoA U 4 —EiEM
ZULETAAREEEZRE LTS, ZZTYRBEIZ LS Cod UV —EBiEHHEEFE
MDD (B5—7),

# L-LH,

10000}
§ 8000 — — — Without lipoic acid
8 —— With 10 pM lipoic acid 100 mM CoA-SH 5 pl
@ 6000 1 mg/ml LUC 4 pl
S 1 mM L-LH,
iC 4000 | in Tris (pH 8.0) 100 pl
ATP-Mg (12 mM/32 mM)
2000 | in Tris (pH 8.0) 100 pl
h 500 mM Lipoic acid 1ul
AN \
0 b S M~ A

7 (5 h reaction at room temperature)

2 4 6 8 i0 12 14 16 18
Retention time (min)

E5—7.)REEIZKBCoAY H—EEHEDHEE
DAREEHEL M & (ZCoALIZ& > TL-LH,AER T 288, URBNEETHER
EHAEESN TL-LH, X ELLELY,

% 2 |ITIW T L, B3R 2 VHEREIC L Y 0-LH, L:%izvgﬁﬂséﬂé z&
ERLEDS, ZOF T VEREERISIZ UC A (L-LH~CoA Y ¥ —E L LT) BEELT
WBOTHIUEL, FINVEMRNTY RBECTHEIND EEXDbND, EBRITRA
LCHEE DA, UARESK 2 oM TF I VEMLRIGEZREL TWD Z LA HEID
bnf (M2—14),
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PLEDOFERIZ, B4 — 1IZR L L, ¥ 7V BHECRISIZIW T L-LH, % CoAfk L
TWBDIXLIC THD LW AIEEHEDOR S ZRR L TV 5,
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FEow KR

R E NAEMREIERITENANCHRIENS T TR, ZFETHAINTEY., E
(2 EFERBRAEMAZTH S, L LAY ORECBZENITHEA S THRWREEDR
BERTWS, AR TIHBICEEEEN V7=V v (0-LH) DEGRHERL
RABERN Y T = 7 —BORIGFEIZE L TR Z1T 7

2 FIZBWTIZ 0L, DERRBEEMAT X BFIVDIA TRAT—VITE
\Z D-LH, & Z DN RN L-LH, Z EEHNCHHT LTz, BICAEAKABRELEZ bR
BYRATA L DORFEMEESW LTz, & LT NVEE AR FRMER L-LH,
PMREL FEAEE - LLICBMET A ZRM LA, 22X D, L-Cys ZH3E
FRLE L, L, 29 RE L 728 L oL, ASREKZRE LT,

EIBETRINVT =7 —EORIGHEEERAT 270Ny 7 =7 —E D CoA-Y
H—F¥ L LTOEMIZER L, 0-LH, & L-LH, IZx T 5 RUSERDFET 21T > T2, €
DFER, HERMEER L, 2NV T = 7 —ERPER L CoAfLL, LT T = U /L-CoA
ETBHZEERMLE, ZOMRIZ, F2ECTRE L L, ASRERICEAL T,
L-LH, D % F WV BEMALEIGIZ VY 7 = 7 —E O L-LH, B 2/ CoA fLIEMHENEE L TV
BEZLERBRTOHLDTHoT,

:@%%&&ii%4ﬁ?m‘mﬁuo@ﬁm%vﬁﬂﬁmwv7xﬁ—ﬁkm
KofEreE (BAEMICIIBEFET AT 7 —8) 12L& > TL-LH, B &ML L p-LH, 234
95z & R LT,

FEE S FICBWTL, AEWENSZ NVREILISICR U TRIETHELTHES
B0l BREOF A —NVEEZET HLEMOIER ZR~T, BruEoF A+ —v
LR AT B DT RIS DI 27345, MM CRTA & LCHET 5 )
KUt o) RBARRSER< IET 5 - & SRR S N, i
YRR, VT =T —FDL-LL R CoA (LiEELAET A ZLEZRILE, 2
DIEWIZ - L, AARICBE T2 Z ERHE 3 E, FAETRBRINLS, ERIZY R

88



M#T&WHmEEE@rﬂ{%7»&&&%&%M$T5 LARERTE T, Zh
X, AR T = T — BN RNEE b-LH, OAARICHES L Tn5E Z L2 XEF
TORRTH D,

VU EDFERIE, RENVEMREIZE T DRAROBBEICE L TEH LWARE 5%
HHbDTHDH, BENTE, 1), EARERICBEALTX, RFLVEZELETOREL
EMIBNTAY T2 U VARROA = AL EZERINRT LN TE T, 2),
N7 =) COAEERFREIELE LT, BEILIERARWE LB 2 DD FRIEEH
HWEEL T2 LW BBRRWERS B b, BICERLV YT = 7 —E DS
By 72 COEGRICEETZ Z L 2R BT HREBEON, THITEMIE
KRLOHMEEL T, KAWL RRE R THS, 3), Ly 7 =) VAR
AR Z MR 572 HIT, AT TR EITERWE DILRIHT 5 L BERTEIEART
EREPLIATo, ELTHRIANRTIA TRT—VZLILFAFT I v 71258t
E@Eéﬁ%:ybn—ﬂbfhé:kﬁﬁammﬁb\E%#%&ﬁ%%%W5
TEHTERE, AFEYEERRIHON T2 LIZEARROL 2 b T AMBLE
RIZPE->TEL OETHEMEZRD D Z LITRIDEFR D,

LBOALFFA U ATE, BRA R BEBROEN L Sb a7 a7 —A,
FSL R U h—binb, BIAEKES T2 @RIOS5 A ¥R o — B0
MY D0 B, SHIE. 7 LMEFTTIIHEH LENBRVEMD A =X L%t
ZMBOBE L L TIRADVNENIH TS BTHASH, KEMALTIToT2 L 574
BWED S ERIIS R ETETEECRS LB N2,

FERFR T TR LN FRRBILERNCEE N H B DR TR, REATKR
RISOELRIAICE LT, RORSARRLI D3 b0 Th D, BIERFLRELR
FEIBEIC SR DT D OBEMBRINE v & LTHIRENTE Y . £7/51 A
ZeE BRI BV CRGEF OB — L & LUSHENTWS, LALE
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R HEn < PR D . E RS AEIEO B2 BIKIC RS (16 —
1), ARSI TIIA Z VRIS BT 5 RAEADOREIZ DWW THY AT
2. SRR O 7 b ORI AR HRECh -1 B2 5.

IR 35, 5 58 CT o o/l s 7 = 5 C OBERTEME DAL EH0 R AR I
ISR DRI AT ETED B b DT ¥ . BRI RIS » 172 ¥
U B T B ORRIT T8 B, 5 LRI I R R G B 5,
e 2 OISR E D b L. M7 2 R ORI R TTHEICT 5 L B2 i

5.
B AETRERR
(BRIS. REEORE) VAT, EEER)
” - BEMEBEFELYIS5—
ﬁfﬂ; fgg;gm PI-B*#xT. ZORE
= e Ak e
s | MEMMEREED £ EBRIBI LB A
Bt RIS s ANEL, ADARLVADEE,
| B S ATE D, LE AR DR,
P f%ﬁiﬁ&%—ff%&iﬁ—ﬁéﬂi | & ARBEELSIT5— |
|

| RIZRPERIEORE

| FEHFRIES |

i 3 1 EELHERERELL || EBRT S EETOR L,
TOEEEORLE, TR EHIEIZ& BN AN=T 9}
Dk, | LDER,

®6—1. RALFER RGO RAGI DTN TR
HE. ERICRALERREASEASN TV SMENREE JVEETFHERE
WICEAL T, Z0EXFE, HKOMER . TOMRAE, FREITOWVT,
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FLB2RE, BHATETHLNILEAY 72 ) v OASRERKIZET S M
MR ERRT DD DI HR & 72 5, FFRMICAEBRREE D B S .
TOMEFEZHIENTLY 7 2 7 — BT L HIZRB S5 Z LR TEnd, &
Py 7 =Y a2 R b a3 2 B8R 25, Tz, BEERERLTWAM
JATOARILAELEPETE B,

PIAEAEZ I D R E AN TV Y T 2T =BT v A I L ARG FRBOBLES
To5%E. BAETIRILEA V7 = V) U2 EEBCTAKRNICEA (FTgkEEs) +
DRENRDD (K6 —2), ZOLDRIEIZEN AN, RAEMITH 240 &

DI%7), MBTHIRHTARETHD, FAIT7=F—FE2HIL TV
% HMA % BREE T 5 D3 B 972 O TN 42 T OMIIZ IEE 23S S h iz < Tt
BV, FENESIZ BRI 2T D NIB R 2 EEN 7 = U e B A kI ik
MBI EDRENLEIND, WZ2TOMIBIZE—IZITAL 7 = U U ikig

ENDZLEWFHETERVWEE ML H D, FIZ=a X PRIZ BB L,

BEEFEATIA

EAI:J:@XF

RN FHIT
Lf-#Hilg T
HEZED

RIIZHERE

H6—2. A& BEEOHFERROEAH

2 -THRTILL ITS5—E TP vtA2T515E ., BEEEICEETICX
YEZILLTTUUEFALTWNS, EABEFRIILIS—EEHKITILI TS
S ORBEEARIEIGITENTERE, T FADFELETEHEITTEL
7Y (T BARAAKIBIZEREND, £i-. BENFEHLTLSHHRRT
DAEGELEETELADT. EEDBRIBRSDEEEINALHIENTED,
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RABERNY T = 7 — B L EEAEGRBROLERBRRPER S LNIE, Zhbo
FIEAKIBICKEZEIND THAH, BEMBELEIh, "M ANV—T v hR7 T —
= 7R EDORBEISH BB RD LBEXBND,

N T 2T —BOISHAEHRUMIBITAERAbEL OIS, FAETHENLLD
12 AEALERSCTH B ANT R o T2 0-LH, DAES RIS, EEBMBITHD VR T A
VEEEROHTHIREL LTCOLABARETH D, ZHUTH L TIIERICRHFFHE
Z1{To7,

Z0fl, VYT =T —BERAVWEBEFREERICEW TERRFT 2 AIRRIC Y
B7DITiE, MBEPNICRT BRI OER L2 HET 2 LERH D, H5EID
R LT & 9 RS ORI/ T I2 2 O BRI RAC R B LE X BB,

PLED X 5 ICRBAERICTH O N2 o e BBRFER, FICEEN Y7 =) VAR

FARRIL, A ABERISOFAICENT, BEMROMEZEET 2L, £<
OFBOTEELRTRT b0 TH S,
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Abstract

Lipoic acid was found to inhibit the firefly luciferin-luciferase reaction. The inhibition is competitive and is the strongest known
(K; = 0.026 % 0.013 uM) compared with other reported inhibitors. Considering the structure-activity correlations, the mechanism of
inhibition may originate from the sulfur atom and carboxyl moiety of lipoic acid giving it structural specificity. Subsequent addition
of lipoic acid and nitric oxide accelerated the inhibition in vitro, suggesting that lipoic acid may have a functional role in regulating

firefly bioluminescence.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Antioxidant; Bioluminescence; Firefly luciferase; Lipoic acid

Fireflies emit light via a bioluminescence reaction,
which consists of two successive reaction steps: (I) the
luciferin (LH,) substrate is first converted to luciferyl
adenylate (LH,-AMP) in the presence of ATP, Mg”",
and firefly luciferase (FFL, EC 1.13.12.7) (reaction 1);
and (1I) luciferyl adenylate is then oxidized with molecu-
lar oxygen to yield light emitting oxyluciferin, CO,, aden-
ylate monophosphate (AMP), and FFL (reaction 2)[1,2}:

LH, + ATP — LH,-AMP + PPi (1)

LH,-AMP + O, — oxyluciferin + CO, + AMP + Av
(2)

This luciferin-luciferase reaction is affected by many
non-substrate cofactors. For example, coenzyme A

% Abbreviations: CoA-SH, coenzyme A; FFL, firefly luciferase; K;,
inhibition constant; L, dehydroluciferin; LH,, p-luciferin; LAE,
lipoate-activating enzyme; lipoic acid, 6,8-thioctic acid; NO, nitric
oxide.

* Corresponding author. Fax: +81 72 751 9628.

E-mail address: y-ohmiya(@aist.go.jp (Y. Ohmiya).

0006-291X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2004.08.137

.

(CoA-SH) and dithiothreitol (DTT) activate the reac-
tion, whereas many compounds such as fatty acids [3],
pifithrin-o [4], and some luciferin analogues [5] inhibit
it. The cofactor-dependent mechanisms of FFL are re-
lated to the fact that FFL is homologous to acyl-CoA
synthetases [2,6]. The first step (reaction 3) of acyl-
CoA synthetase is identical to the adenylation step of
FFL (reaction 1)

R-COOH + ATP — R-COO-AMP + PPi (3)

The second step of acyl-CoA synthetase is CoA-ligation
yielding an acyl-CoA thioester (reaction 4)

R-COO-AMP -+ CoA-SH — R-CO-S-CoA + AMP
,, “)

Here, the CoA-ligation (reaction 4) can be considered to
substitute for the second step in the bioluminescence
reaction (reaction 2). However, FFL also has CoA-li-
gase activity [1,7-9]. FFL produces fatty acid-CoA
and dehydroluciferyl-CoA from corresponding fatty
acids and dehydroluciferin that strongly inhibit the lucif-
erin-luciferase reaction [3,5]. This bifunctional feature
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Fig. 1. Dehydroluciferyl-CoA synthesis catalyzed by firefly luciferase
(FFL) helps regenerate free FFL. The intermediate complex L-AMP-
FFL is inactive and accumulates in the absence of CoA-SH, resulting
in the suppression of luminescence.

of FFL is important in explaining the mechanism by
which CoA-SH enhances the bioluminescence reaction
(Fig. 1) [6]. CoA-SH regenerates FFL by removing
inhibitors such as dehydroluciferin (L) by forming
dehydroluciferyl-CoA (L-CoA) from the inactive
L-AMP - FFL complex [1,6].

Many reductant chemicals such as DTT enhance the
bioluminescence reaction in vitro because of their reduc-
tant activity at the sulfhydryl group [10], although the
activation mechanism is not clear. These reductants
are artificial and do not exist in living cells. It is reported
that dihydrolipoic acid is one of the strongest endoge-
nous reductants, and lipoic acid is the oxidized form
of this acid [11]. Lipoic acid is a free radical scavenger
and a core prosthetic element of some oxidoreductases
[11,12]. We have previously reported that dihydrolipoic
acid substitutes for DTT in enhancing the enzymatic
activity of membrane-associated prostaglandin E syn-
thase-2 [13]. Therefore, we predicted that dihydrolipoic
acid should also function as a reductant to enhance fire-
fly bioluminescence, but it did not. Furthermore, to our
surprise, lipoic acid acted as an inhibitor of this reaction
even at low concentrations. Because lipoic acid is used as
a substrate by some FFL-homologous adenylating en-
zymes, such as lipoate-activating enzymes (LAE) [12],
it may act as a substrate or competitive inhibitor of
FFL, as do long-chain fatty acids [3]. Here, we report
the effects of lipoic acid upon the in vitro biolumines-
cence reaction.

Materials and methods

Materials. Crystallized chromatographic-grade firefly (Photinus
pyralis) luciferase used in this research was from Sigma (St. Louis,
MO, USA). All chemicals were obtained from commercial sources:
DTT, ascorbic acid, cysteamine, deoxycholic acid, pifithrin-a, lipoic
acid, dihydrolipoic acid, and myristic acid from Sigma; ATP, CoA-SH,
glycerol, methanol, disodium phosphate, sodium dihydrogen phos-

phate, dimethyl suifoxide (DMSO), HCl, NaOH, Tris, L-cysteine, L-
cystine, glutathione, L-glutamic acid, L-threonine, and 6-aminohexa-
noic acid from Wako Pure Chemicals, Osaka, Japan; L-arginine, L-
methionine, L-serine, and glycine from Nacalai Tesque, Kyoto, Japan;
and luciferin potassium salt and (%)-(E)-4-methyl-2-[(E)-hydroxyi-
mino}-5-nitro-6-methoxy-3-hexenamide (NOR1) [14,15] from Dojindo
Laboratories, Kumamoto, Japan.

Preparation of solutions. Stock solutions were prepared as follows:
luciferin solution (4 mM) in 10 mM phosphate-buffered saline (pH
7.0); NORI solution (10 mM) in DMSO; lipoic acid solution (0.4 M)
in 0.4 N NaOH; myristic acid solutions (0.1 M) in methanol; and other
solutions in 0.1 M Tris-HCI buffer (pH 8.0). The solutions were diluted
to appropriate concentrations using 0.1 M Tris-HCI buffer (pH 8.0).
Luciferase stock solution (1.0 pg/ml) was dissolved in 0.1 M Tris-HCl
buffer (pH 8.0) with 10% glycerol.

Dose-response and structure-activity correlation analysis of the
bioluminescence reaction. Luminescence activity was measured using an
AB-2200 luminometer (ATTO, Tokyo, Japan). An aliquot (50 pl) of
the reaction mixtures (40 pM luciferin, 0.1 ng/pl luciferase, and
appropriate additives in 0.1 M Tris—HCI buffer [pH 8.0]) was placed in
the luminometer, and the reaction was started automatically with an
injection of 50 pl ATP-Mg?* solution (4 mM ATP, 8 mM MgSO, in
0.1 M Tris-HCI buffer [pH 8.0]). Relative light intensity was integrated
for 20s and the measurement was duplicated for each set of
conditions.

Kinetic analysis. Reaction mixtures (50 pl) contained luciferin (2
20 pM), lipoic acid (0-0.01 pM), and luciferase (0.1 ng/ul) in 0.1 M
Tris-HCl (pH 8.0) buffer. The reactions and measurements were per-
formed as described. The value of the inhibition constant (K;) was
calculated from Lineweaver—Burk plots constructed by the standard
method, where the ¥ value of the reaction was defined as the relative
light intensity integrated for 20s. The plots were fitted to a line
approximated by the least squares method. All analyses were per-
formed in triplicate.

Effects of cofactors added during the bioluminescence reaction. An
aliquot (100 pl) of the reaction mixture (0.4 mM Iuciferin and 0.1 ng/
ul luciferase in 0.1 M Tris~-HCl buffer [pH 8.0)) with or without
0.6 mM CoA-SH was mixed to start the reaction in the luminometer
by automatic injection of 100 ul ATP-Mg?" solution (as in Dose—
response and structure—activity correlation analysis of the biolumi-
nescence reaction). Aliquots (10 i) of lipoic acid (50 pM), myristic
acid (100 M), CoA-SH (10mM), DTT (0.3 M), and/or NORI
(10 mM) were manually injected into the reaction tube inside the
luminometer. '

Results and discussion

Bioluminescence is enhanced by DTT and diet-
hyldithiocarbamic acid [10}], whereas it is inhibited by
pifithrin-o. [4], deoxycholic acid [16], and long-chain
fatty acids [3] (Fig. 2). The bifunctional feature of
FFL, combining acyl-CoA synthesis and biolumines-
cence activities, can explain the effects of some reagents,
but not those of DTT. We studied the effect of an endog-
enous reductant, dihydrolipoic acid, and its oxidized
form, lipoic acid, on FFL bioluminescence to answer
two questions. First, because dihydrolipoic acid is a
reducing reagent, can it enhance the bioluminescence
reaction in the same way as DTT? Second, because
LAE is homologous to FFL, can lipoic acid (a substrate
of LAE) substitute for luciferin (a substrate of FFL) in
the bioluminescence reaction? We found that lipoic acid
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Fig. 2. Chemical structures of lipoic acid and other additives used in
this report.

exhibited a strong inhibitory effect even at low concen-
trations and dihydrolipoic acid showed less inhibitory
effect, contrary to our first assumption that dihydroli-
poic acid may act as a reductant to enhance the biolumi-
nescence reaction.

The ICs value (an index of inhibition) for myristic
acid has been reported as 0.53 pM [3]. Pifithrin-a and
deoxycholic acid have been reported to inhibit the
bioluminescence reaction completely at 20 uM [4] and
1 mM [16], respectively. Fig. 3 shows the dose-response
curves of inhibitory compounds on the bioluminescence
reaction. Lipoic acid was a stronger inhibitor (ICsq =
0.05 pM) than all other reported inhibitors. The apparent
ICs, of dihydrolipoic acid (107> M) was approximately
one hundred times greater than that of lipoic acid, but

O -
® O

Relative Light Intensity
o o o
(R SO

o

voonl o ocvonl vl vl v ol el il

9 8 -7 6 5 4 3 -2 41
log [Inhibitor concentration] (M)

Fig. 3. Dose-response analysis of inhibitors of the firefly biolumines-
cence reaction. Closed circle, lipoic acid; open circle, pifithrin-o; open
square, myristic acid; closed triangle, deoxycholic acid; and open
triangle, ascorbic acid. Relative light intensity was measured relative to
the control reaction with no inhibitor.

the exact value could not be determined. Lipoic acid
and dihydrolipoic acid are equilibrated with one another
as a reductant couple with a low redox potential
(—0.32 V) [11], so dihydrolipoic acid is easily oxidized
and produces lipoic acid under standard biological con-
ditions. This contaminating lipoic acid in dihydrolipoic
acid solutions could be partly responsible for the ob-
served inhibition.

Lipoic acid is an amphiphilic and antioxidative sub-
stance [11]. Amphiphilic deoxycholic acid [16] and
antioxidative ascorbic acid slightly inhibit the biolumi-
nescence reaction. Lipoic acid inhibited far more
strongly than these compounds (Fig. 3), suggesting that
the inhibitory mechanism is not due to amphiphilicity or
antioxidation. Summaries of structure-activity correla-
tion analysis are as follows: (1) Glutathione, methionine,
cysteine, and cystine inhibited slightly (1Cso = 5-25 mM)
(Table 1). (2) 6-Aminohexanoic acid, serine, threonine,
arginine, glycine, and glutamic acid have no effects even
at high concentrations, such as 50 mM. (3) Cysteamine
enhanced the bioluminescence reaction at a concentra-
tion of 10 mM (Table 1). (4) Fatty acids smaller than
C,o have been reported to inhibit less strongly than
long-chain fatty acids [3]. Considering the effective con-
centration of these additives, the inhibitory activity of li-
poic acid could originate not only from its sulfur atom
and carboxyl moiety but also from its structural
specificity.

Examining the inhibitory kinetics in more detail, the
Lineweaver-Burk plot shows that lipoic acid competi-
tively inhibits LH, (the K; of lipoic acid is 0.026
0.013 uM) (Fig. 4). The inhibition of lipoic acid 'is
approximately 10-fold stronger than myristic acid
(K;=0.68 pM) [3] or luciferin analogues (K;=0.1-
58 uM) [5]. These analogues are artificial chemicals
and the strongest competitive inhibitors ever reported.
Nevertheless, lipoic acid is an endogenous compound,
has only a few structural similarities to LH,, and is
the strongest known inhibitor.

Table 1
Effects of substances added to the bioluminescence reaction mixture

Additives Concentration
Inhibitor

Lipoic acid 0.05 uM
L-Cystine 5mM
L-Cysteine 10 mM
L-Methionine 20 mM
Glutathione 10mM
Enhancer

Cysteamine 10 mM

DIT 30 mM

Concentrations given for inhibitors indicate ICsq values. For enhanc-
ers, the concentrations are listed that raise the bioluminescence reac-
tion more than twice the light intensity obtained without any additives.
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Fig. 4. A Lineweaver-Burk plot showing competitive inhibition by
lipoic acid. V; is defined as the light intensity over the initial 20 s and
[S] is the substrate luciferin concentration (micromolar). The concen-
trations of lipoic acid used here were 0.09 uM (triangle) and 0.06 yM
(square). Open circle indicates negative controls with no lipoic acid.

Dehydroluciferin, which is one of the luciferin
analogues and a strong competitive inhibitor of the bio-

luminescence reaction (K; = 0.1 pM) [5], can react with

CoA-SH, resulting in the regeneration of active FFL
(Fig. 1) [6-8]. Myristic acid is also a competitive inhibi-
tor of LH; on FFL [3] and is converted to myristyl-CoA
by FFL [9]. We therefore analyzed the effects of CoA-
SH in the presence of lipoic acid or myristic acid (Fig.
5). CoA-SH did not reverse the inhibitory effects of
lipoic acid (Fig. 5B), although it did reverse the effects
of myristic acid (Fig. 5A). If lipoic acid were to be ade-
nylated and turned into the inactive complex, which
inhibits the bioluminescence reaction, CoA-SH should
enhance the bioluminescence reaction through the reac-
tivation of FFL. These results indicate that lipoic acid is
not transferred to lipoyl-CoA. However, mammalian
cell lysate released the lipoic acid inhibition of L-L
reaction, meaning that the lysate contains something
to release the inhibition.

Recently, firefly bioluminescence has gained remark-
able attention due to its application in highly sensitive
cell-based gene expression analyses [2]. Luciferase activ-

A B o002 CoA-SH
1.0 - CoA-SH 0.00 LL_—

_ Myristic 40 60
E:l 05 - acidi ! R J'Lipoic acid
¢COA-SH
0.0 /i -
0 20 60 80 0 20 40 60

sec

Fig. 5. Effect of CoA-SH on the bioluminescence reaction. Injection of
CoA-SH enhanced the luminescence when the reaction was inhibited
by myristic acid (A), but did not when inhibited by lipoic acid (B),
except for the basal shock attributable to contaminated dehydrolucif-
erin inhibition. Relative light intensity (RLI) luminescence was
measured during the reaction.

ity of mammalian cell lysates expressing recombinant
FFL was not inhibited by up to 5.0-uM lipoic acid (data
not shown), whereas purified FFL was inhibited. The li-
poic acid level was not enough to inhibit the biolumines-
cence reaction in these situations.

These results indicate that lipoic acid regulates the
firefly luciferase activity, even in the presence of CoA-
SH that release the inhibition by long-chain fatty acids.
Trimmer et al. reported that nitric oxide activates the
bioluminescence of living fireflies and acts as a neuro-
transmitter to control the flashing of the light [17]. How-
ever, the role of nitric oxide in the bioluminescence
reaction is not clear. In addition, the role of antioxida-
tive DTT is not yet clarified. Here, we explored the ef-
fects of lipoic acid on the in vitro bioluminescence
reaction in the presence or absence of nitric oxide, and
with the addition of some additives such as CoA-SH
or DTT. Because it is difficult to add nitric oxide gas
to the reaction mixture inside the luminometer, the nitric
oxide generator, NOR1, was injected. NOR1 releases ni-
tric oxide with its short half-life of 2.6 min [14,15]. Nitric
oxide enhanced the bioluminescence reaction in vitro
and lipoic acid inhibited it, even after the addition of ni-
tric oxide (Fig. 6C). In the presence of CoA-SH, nitric
oxide further accelerated the inhibition by lipoic acid
(Fig. 6A). Similar results were observed for DTT (Figs.
6B and D). Final concentrations of DTT and NORI1 in
the reaction mixture were 15 and 0.5 mM, respectively,
indicating that nitric oxide acts more effectively than
DTT. Lipoic acid could inhibit the bioluminescence
reaction even in the presence of CoA-SH, suggesting
that lipoic acid with nitric oxide might have some func-
tional role in the in vivo bioluminescence reaction to
regulate firefly lighting.
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Fig. 6. Effects of the addition of lipoic acid, DTT, and/or NO during
the bioluminescence reaction. After lipoic acid inhibition, NO (A) or
DTT (B) was injected into the reaction mixture in the presence of
0.3 mM CoA-SH. In the absence of CoA-SH, both NO (C) and DTT
(D) enhanced the luminescence; subsequent injection of lipoic acid
inhibited the reaction. NO was introduced by injecting the NO
generator, NORI.
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Luciferase inside the lantern cells of the firefly is
localized around peroxisomes because of the peroxi-
somal targeting tripeptide sequence, SKL, at its C-termi-
nus [18], whereas it remains unclear how lipoic acid is
localized and functions during the bioluminescence reac-
tion in firefly lantern cells. Further studies are in pro-
gress to understand this aspect.
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Firefly luciferase exhibits bimodal action depending
on the luciferin chirality *
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Abstract

Firefly luciferase is able to convert L-luciferin into luciferyl-CoA even under ordinary aerobic luciferin-luciferase reaction
conditions. The luciferase is able to recognize sirictly the chirality of the luciferin structure, serving as the acyl-CoA synthetase
for L-luciferin, whereas p-luciferin is used for the bioluminescence reaction. b-Luciferin inhibits the luciferyl-CoA synthetase activity
of L-luciferin, whereas L-luciferin retards the bioluminescence reaction of p-luciferin, meaning that both enzyme activities are

prevented by the enantiomer of its own substrate.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Chiral recognition; CoA-ligase; Enantidselective; Firefly luciferase; L-Luciferin; p-Luciferin

The firefly is quite famous for its brilliant biolumines-
cence, whose biochemical mechanism is explained by the
so-called luciferin-luciferase reaction [1,2]. Firefly p-lu-
ciferin is first converted to luciferyl adenylate in the pres-
ence of ATP, Mg?*, and firefly luciferase (EC 1.13.12.7).
The luciferyl adenylate is then oxidized by firefly lucifer-
ase using molecular oxygen, yielding yellow-green light
(Ammax = 550-570 nm) with the formation of oxyluciferin,
CO,, and AMP (Fig. 1)

Firefly p-luciferin is the specific substrate for the
luciferin-luciferase reaction. L-Luciferin, the enantiomer
of p-luciferin, is not used for the light-producing reac-

* Abbreviations: ATP, adenosine triphosphate; AMP, adenosine
monophosphate; CoA-SH, coenzyme A; HPLC, high-performance
liquid chromatography; MALDI-TOF-MS, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry; RP, reverse
phase; ODS, octadecyl silyl.

* Corresponding author. Fax: +81 424 86 1966.

E-mail address: niwa@pc.uec.ac.jp (H. Niwa).

! Present address: RIKEN Harima Institute/SPring-8, Sayo, Hyogo

679-5148, Japan.
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tion [3-7], but behaves as a competitive inhibitor for
the bioluminescence reaction of p-luciferin [5,8]. How-
ever, Lembert [9] reported light production from L-lucif-
erin in the presence of luciferase.

On the other hand, firefly luciferase catalyses the ade-
nylation of dehydroluciferin in vitro, and dehydrolucife-
ryl adenylate is converted into dehydroluciferyl-
coenzyme A (CoA) by luciferase (Fig. I, below) [10-
12]. Long-chain fatty acids are also converted into fatty
acyl-CoA by the firefly luciferase [13].

Based on these previous reports, the question occurs as
to how CoA-SH affects the r-luciferin under ordinary
luciferin-luciferase reaction conditions. We now report
that the firefly luciferase has two distinct activities for each
luciferin enantiomer: (i) CoA-SH ligase activity for L-lu-
ciferin and (ii) bioluminescence activity for p-luciferin.

Materials and methods

Materials. CoA-SH and firefly luciferase (from Photinus pyralis)
were purchased from Sigma. ATP was purchased from Tokyo Kasei
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Fig. 1. Scheme for firefly bioluminescence (above) and dehydroluciferyl-CoA synthesis (below) by firefly luciferase.

(Tokyo, Japan). Firefly p- and i-luciferins were prepared from 2-cya-
no-6-methoxybenzothiazole as previously described [14]. The reagent
buffer, consisting of 50 mM Hepes containing 20 mM KCl, was ad-
justed to pH 7.6 with KOH.

HPLC analysis. Analytical RP-HPLC was conducted on a JASCO
1500 system (JASCO, Tokyo, Japan) with a chiral ODS column Chi-
ralcel OD-RH (4.6 x 150 mm, Daicel Chemical Industries, Osaka, Ja-
pan). The compounds were eluted with a linear gradient of 2%
acetonitrile containing 0.1% TFA increase/min (from 10% to 70%) at a
flow rate of 0.8ml/min and detected by measuring absorbance
(~=254nm) and fluorescence (excitation 2=400nm, emission
7.=500 nm). Elution times of luciferyl-CoA, p-luciferin, and 1-lucif-
erin were 13.0, 18.1, and 19.0 min, respectively.

MALDI-TOF-MS measurements. The mass spectra were acquired
using a Voyager Elite MALDI-TOF-MS (PerSeptive Biosystems,
Framingham, MA, USA) equipped with a delayed extraction source
and 337 nm pulsed nitrogen laser. The accelerating voltage in the ion
source was set to 20 kV. For the matrix, o-cyano-4-hydroxycinnamic
acid (Aldrich Chemical, Milwaukee, WI) was dissolved in a 50% ace-
tonitrile solution containing 0.1% TFA at 10 mg/ml. The mixture
(50 ul) of ATP (2 mM) and MgSO, (10 mM) in 50 mM Hepes buffer
was added to the mixture (50 pl) containing p-luciferin (2 uM) or
L-luciferin (2 pM), CoA-SH (1 mM), and luciferase (20 pg/ml) in
50 mM Hepes buffer. After 15 min, 0.5 pl of the reaction mixture was
picked up, mixed with 1 pl of the matrix solution on the sample plate,
and then air-dried.

Kinetic analysis. The reaction mixture (100 pl) contained v-luciferin
(0.1-100 uM), ATP (1 mM), CoA-SH (500 uM), MgSO, (5 mM), and
luciferase (10 pg/ml) in 50 mM Hepes buffer. The reaction was started
by adding ATP and MgSQOy, and then incubated at 25 °C for 15 min.
The products were measured by RP-HPLC as described in the HPLC
analysis section. The K, and V,,,, values for L-luciferin were deter-
mined at concentrations from 10 to 100 pM of L-luciferin by the
standard method for Lineweaver-Burk plots.

Luminescence assay. The reaction mixture (100 pl) contained p-
luciferin (1 pM), L-luciferin (1 pM), ATP (1 mM), CoA-SH (various
concentrations), MgSO, (5mM), and luciferase (10 pg/ml) in 50 mM
Hepes buffer. The reaction was started by adding ATP and MgSO,,
and incubated at 25 °C. The photons were counted by a Luminesc-
encer-JNR IT AB-2300 luminometer (Atto, Tokyo, Japan). )

Results and discussion

Firefly L- and p-luciferins were synthesized as de-
scribed in a previous paper [14]. Their structures and

purities were confirmed by NMR spectroscopy and
RP-HPLC using a chiral column.

Even under ordinary bioluminescence reaction condi-
tions in the presence of CoA-SH, L-luciferin was ligated
with CoA-SH by the firefly luciferase to yield luciferyl-
CoA, which was identified by MALDI-TOF-MS (Fig.
2). On the other hand, when p-luciferin was used for
the bioluminescence reaction instead of L-luciferin, the
formation of dehydroluciferyl-CoA was observed with-
out any formation of luciferyl-CoA (Fig. 2). This result
does not conflict with those of the previous studies, in
which dehydroluciferin was found as a by-product of
the luciferin-luciferase reaction [10,15]. The presence
of CoA-SH in the bioluminescence reaction mixtures re-
sulted in the rapid removal of dehydroluciferyl-AMP as
the competitive inhibitor of the light-producing reaction
by conversion into dehydroluciferyl-CoA with the lucif-
erase (Fig. 1, below) [1,2,11,12,16,17].

The formation of luciferyl-CoA from L-luciferin by
the firefly luciferase could be observed on RP-HPLC
using a chiral column (Fig. 3). With time, L-luciferin

L-luciferin D-luciferin
1028.0 7659
F-4
i is 1025.9
2 ey
7660 s
0 H—MM MAM».__ 0 M
700 B0 300 mpe 1000 4100 1200 760 850 0w 1000 TR0 1200

Fig. 2. MALDI-TOF-MS spectra of the reaction mixture of CoA
ligation in the negative mode. The reaction mixture (100 pl) contained
L-luciferin (1 pM) or bp-luciferin (1 pM), ATP (I mM), CoA-SH
(500 uM), MgSO; (5 mM), and luciferase (10 pg/ml) in 50 mM Hepes
buffer. The reaction was started by adding ATP and MgSO,, and then
incubated at 25°C for 15min. Calculated [M—H] of CoA-SH,
dehydroluciferyl-CoA, and luciferyl-CoA were 766.12, 1026.09, and
1028.1, respectively.
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Fig. 3. RP-HPLC analysis of the reaction mixture of CoA ligation. The reaction mixture (100 pl) contained L-luciferin (100 uM), ATP (1 mM), CoA-
SH (500 uM), MgSO, (5 mM), and luciferase (10 pg/ml) in 50 mM Hepes buffer. The reaction was started by adding ATP and MgSO,, and then
incubated at 25 °C for 15min. The reaction mixtures were eluted with a linear gradient of 2% acetonitrile containing 0.1% TFA increase/min
(from 10% to 70%) and detected by measuring absorbance (/. = 254 nm). L-Luciferin, p-luciferin, and lciferyl-CoA are indicated by the open circles,

closed circles, and open squares, respectively.

decreased, but luciferyl-CoA increased. The peaks were
then fractionated and analysed for identification by
MALDI-TOF-MS. However, the chiroptical property
of the yielded luciferyl-CoA from r-luciferin was un-
clear. It was thought to be racemized, because luciferin
methyl ester in 50 mM Hepes buffer at pH 7.6 was easily
racemized (data not shown). In contrast, the formation
of luciferyl-CoA or dehydroluciferyl-CoA from p-lucif-
erin could not be observed on RP-HPLC. In Fig. 2,
trace of dehydroluciferyl-CoA from p-luciferin could
be detected with sensitive MALDI-TOF-MS. It indi-
cates the possible presence of dehydroluciferin in the
reaction mixture. Dehydroluciferin can be readily con-
verted into dehydroluciferyl-CoA in this condition
(Fig. D).

Luciferyl-CoA and dehydroluciferyl-CoA formation
from p-luciferin by luciferase could not be observed on
RP-HPLC using a chiral column. The MALDI-TOF-
MS and RP-HPLC results indicate that a trace of
dehydroluciferyl-CoA was produced from bp-luciferin
under these reaction conditions.

The kinetics of the luciferyl-CoA synthetase activity
on luciferase was explored for a more detailed under-

100

Intensity

500
time (sec)

Fig. 4. The solid lines indicate the effect of coenzyme A, when 1-
luciferin (1 pM) is inhibiting the bioluminescence reaction. Concen-
trations indicated with arrows are those of coenzyme A. The bold line
shows the standard bioluminescence reaction (no i-luciferin inhibi-
tion). The dashed line shows the control condition (no substrate p-
luciferin).
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Fig. 5. Scheme for vL-luciferyl-CoA synthesis by firefly luciferase.

standing. According to the Lineweaver-Burk plot, the
K., and V_,, values for L-luciferin were calculated as
98.2 uM and 0.136 pM/min/mg protein. The K, value
of the CoA-SH ligase activity was approximately 10
times higher than those of the fatty acids (e.g., linoleic
acid: 13.6 uM) [13], meaning r-luciferin has 10 times less
affinity for firefly luciferase than the fatty acids.

The quantity of p-luciferin was almost constant dur-
ing the observation (Fig. 3), because the p-luciferin was
in excess and the reaction rate of bioluminescence was
significantly slower than for the CoA-ligation. The K,
value for p-luciferin of luciferase in bioluminescence
reaction was calculated as 4.54 uM (data not shown).

p-Luciferin inhibited the CoA-ligase activity of lucif-
erase (1Csp value was 135 pM against 100 uM for L-lucif-
erin). L-Luciferin inhibited the bioluminescence activity
of luciferase (ICso value was 115 uM against 100 uM
for p-luciferin). These results imply that the luciferins in-
hibit the luciferase activity that is caused by their own
enantiomeric luciferin.

The CoA-ligase activity of luciferase is helpful for
interpreting the function of CoA-SH, which enhances
the luciferin-luciferase reaction in vitro [12]. CoA-SH
releases the inhibitors, such as dehydroluciferin
[1,2,11,16] or fatty acids [18], from the enzyme by pro-
ducing the corresponding CoA thioesters. Firefly L-lucif-
erin is a competitive inhibitor of the luciferin-luciferase
reaction [9]. The inhibition of L-luciferin was removed
by the CoA-ligase activity of luciferase, which is similar
to the case of dehydroluciferin (Fig. 4). Although L-lu-
ciferin could contribute to produce light [9], the lumines-
cence intensity from p-luciferin was extremely stronger
than that from L-luciferin.

The reaction of vL-luciferin- by firefly luciferase was
shown to be quite similar to that of dehydroluciferin.
L-Luciferin is converted to luciferyl adenylate in the
presence of ATP and firefly luciferase, and the adenyl
group of luciferyl adenylate is then substituted to
CoA-SH to give luciferyl-CoA (Fig. 5). The adenylated
compound of p-luciferin is an intermediate of the biolu-
minescence (Fig. 1). Even in the presence of CoA-SH, p-
luciferin was used for the light production reaction, but
was not converted into luciferyl-CoA. This means that
the firefly luciferases strictly recognize the stereogenic
centre at C4 of the luciferin, and exhibit a CoA-ligase

activity for L-luciferin and dehydroluciferin, or biolumi-
nescence reaction for p-luciferin.

Under a low-oxygen atmosphere, firefly luciferase
can catalyse the synthesis of luciferyl-CoA from p-lu-
ciferin, ATP, and CoA-SH [15], although, in air, dehy-
droluciferyl-CoA was produced. Light production
from L-luciferin had a slower reaction rate than that
of p-luciferin [9]. Consequently, these reports and
our results infer that, in the firefly luciferase, the
CoA-SH ligase activity for r-luciferin is faster than
the bioluminescence reaction of L-luciferin, whereas
the bioluminescence reaction of bp-luciferin is faster
than the CoA-SH ligation.

The first report of the CoA-ligase activity of lucifer-
ase concerned dehydroluciferin in 1958 [10]. A similarity
regarding the ATP-dependent reaction mechanism has
suggested a strong correlation between luciferase and
other adenylation enzymes, including the CoA-ligases.
An amino acid sequence homology between luciferase
and CoA-ligases was then found [2]. Recently, Oba et
al. [13] reported the long-chain fatty acid CoA-ligase
activity on luciferase. These facts suggest the ambiguous
substrate recognizing ability of the CoA-ligase activity
by luciferase, which shows why L-luciferin can be a sub-
strate for the CoA-ligase activity of luciferase.
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Abstract—L-Luciferin can be converted into p-luciferin with an enzyme/co-factor system consisting of firefly luciferase, an esterase,
ATP, Mg?", and coenzyme A. By this means, a new firefly bioluminescence system can be constructed that uses L-luciferin as the

substrate.
© 2005 Published by Elsevier Ltd.

Bioluminescence systems are widely used in various bio-
logical, medical, and health science fields because highly
sensitive devices are available to detect the light emitted.
Of these, the firefly bioluminescence system that requires
ATP as a co-factor is particularly useful for the detec-
tion of various biological events involving ATP and
the detection of bacterial contamination of food, water,
air, and various environments.!-> The firefly biolumines-
cence system is also useful for monitoring gene expres-
sion in promoter assays and for protein localization,
with measurement of the emitted light.> 7 In the bio-
luminescence reaction, firefly p-luciferin is first con-
verted to luciferyl adenylate by firefly luciferase (EC
1.13.12.7) in the presence of ATP and Mg”*. The luci-
feryl adenylate is then oxidized by luciferase with
molecular oxygen, yielding a yellow-green light (Aynax =
550-570 nm) with the formation of oxyluciferin, CO,,
and AMP.S ! p-Luciferin, the specific substrate for
the bioluminescence reaction, has the same chirality,
with a stereogenic centre, as unnatural p-cysteine. The
enantiomer L-luciferin has the same chirality as natural
L-cysteine, and behaves as a competitive luciferase

Keywords: Firefly; Bioluminescence; Luciferase; CoA ligase; L-Luci-

ferin; p-Luciferin.
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inhibitor, as do dehydroluciferin, fatty acids, and lipoic
acid.!? 1> Whereas several research groups have reported
that no light was produced from vL-luciferin,'® ?
Lembert noted that L-luciferin produced weak light very
slowly under the usual bioluminescence conditions
(firefly luciferase, L-luciferin, ATP, and Mg”*).2° More
recently, light production from luciferyl-CoA and
AMP in the presence of firefly luciferase has been
reported.?! Firefly luciferase is known to have coenzyme
A (CoA-SH) ligase activity for dehydroluciferin and
fatty acids.!>?2?? We have recently demonstrated that
firefly luciferase exhibits a bimodal action depending
on luciferin chirality under normal aerobic conditions:
p-luciferin-specific bioluminescence activity and L-luci-
ferin-specific acyl-CoA synthetase activity.!* The inhibi-
tion of bp-luciferin bioluminescence by L-luciferin,
dehydroluciferin, or fatty acids is known to be abolished
by the addition of CoA-SH to the reaction mixture.!? 12

Based on previous reports' ** including our recent find-
ing,!® we anticipated that the epimerization followed by
hydrolysis of luciferyl-CoA derived from L-luciferin by
the action of firefly luciferase may yield biolumines-
cent-active D-luciferin, which would allow us to produce
continuous light using L-luciferin (Scheme 1). We found
that luciferin methyl ester was easily racemized in
50 mM Hepes buffer at pH 7.6.!> As mentioned above,
firefly luciferase exhibits L-luciferin-specific, CoA syn-
thetase activity.!® Therefore, a thioester-directed hydro-
lytic enzyme could hydrolyze epimerized luciferyl-CoA
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Scheme 1. Proposed mechanism for the production of p-luciferin from L-luciferin via luciferyl-CoA.

to yield p- and vL-luciferin. Whereas the regenerated
L-luciferin would be rapidly reconverted to luciferyl-
CoA, p-luciferin could be used for the light-producing
reaction. We report here the development of a new fire-
fly bioluminescence system using L-luciferin, the anti-
pode of p-luciferin.

An esterase from porcine liver (from Sigma-Aldrich
Chemical Co., Milwaukee, WI) was used to hydrolyze
the luciferyl-CoA thioester, because the enzyme is flex-
ible in its recognition of substrates. The esterase hydro-
lyzed luciferyl-CoA (data not shown). The reaction
mixture (400 pL) contained L-luciferin (50 uM), CoA-
SH (500 pM), ATP (1.5 mM), MgSO, (4 mM), lucifer-
ase (10 pg/mL), and esterase (0.2 mg/mL) in 0.1 M Tris
buffer at pH 8.0. The reaction was initiated by the addi-
tion of a solution of ATP and MgSO,. The reaction was
monitored by high-performance liquid chromatography
(HPLC) analysis of p- and L-luciferin using a chiral col-
umn (Chiralcel OD-RH, 4.6 X 150 mm; Daicel Chemical
Industries, Ltd, Osaka, Japan) eluted with 27% aceto-
nitrile containing 0.1% TFA, by measuring fluorescence
(excitation 330 nm, emission 530 nm) (Fig. 1).

As shown in Figure 1, the quantity of L-luciferin rapidly
decreased (Fig. 1, A and B) and luciferyl-CoA appeared
instantaneously, as reported previously.!® After an
induction period, the amount of p-luciferin gradually
increased. This indicates that p-luciferin was generated
from L-luciferin in the presence of firefly luciferase,
esterase, CoA-SH, ATP, and Mg®*. In the absence of
CoA-SH in this reaction, L-luciferin was essentially not
consumed and its concentration remained almost con-
stant during the observation period, indicating that
CoA-SH is the essential component in the production

of p-luciferin (Fig. I, C). On the other hand, luciferyl-
CoA was not produced from p-luciferin by firefly luci-
ferase.!® Therefore, L-luciferin was not produced directly
from p-luciferin by the action of firefly luciferase and
esterase. This means that this conversion reaction is
enantio-specific, and this enantio-specificity is due to
the strict chiral recognition capacity of firefly luciferase.
These results indicate that L-luciferin was first converted
into L-luciferyl-CoA by the action of the luciferase serv-
ing as L-luciferin-selective CoA ligase, in the presence of
ATP, Mg®*, and CoA-SH (Scheme 1).!3 The epimeriza-
tion of the derived L-luciferyl-CoA and the subsequent
hydrolysis of the epimerized luciferyl-CoA with the
esterase furnished p-luciferin along with L-luciferin.

Since p-luciferin was found to be always present in the
reaction mixture at a certain concentration over several
hours as shown in Figure 1, the continuous light pro-
duction was observed through several hours (data
not shown). Most of the luciferin used was present
as luciferyl-CoA (luciferyl-CoA:L-luciferin:p-luciferin =
96.5:0.8:2.7, 10 min), because the reaction rate of the
luciferyl-CoA hydrolysis with the porcine liver esterase
was slower than CoA ligase reaction with the firefly
luciferase. Therefore, the amount of light emission
should be controlled with the hydrolysis activity of
esterase co-present in the reaction mixture.

L-Luciferin is known to inhibit the bioluminescence -
activity of p-luciferin, and the binding ability of L-luci-
ferin to firefly luciferase was found to be three times
stronger than that of p-luciferin.?® The inhibition of
D-luciferin bioluminescence by L-luciferin is known to
be abolished by the addition of CoA-SH to the reaction
mixture.!® 1 Thus, L-luciferin regenerated from the
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Figure 1. The time course of the change in fluorescence intensity of L-
and p-luciferin in the reaction of L-luciferin with ATP, MgSOy,
luciferase, and esterase in the presence of CoA-SH (A and B) and in
the absence of CoA-SH (C). B is a magnification of the figure in A. The
reaction conditions were as follows: (A) L-luciferin (50 pM), CoA-SH
(500 pM), ATP (1.5 mM), MgSO, (4 mM), luciferase (10 pg/mL), and
esterase (0.2 mg/mL) in 0.1 M Tris buffer at pH 8.0. (B) The reaction
conditions in the absence of CoA-SH. The reaction was monitored by
HPLC analysis of p- and L-luciferin using a chiral column (Chiralcel
OD-RH, 4.6x150mm; Daicel Chemical Industries, Ltd, Osaka,

Japan) eluted with 27% acetonitrile containing 0.1% TFA, by

measuring fluorescence (excitation 330nm, emission 530 nm).
L-Luciferin and p-luciferin were eluted at 7.1 and 8.4 min, respectively.

hydrolysis of the epimerized luciferyl-CoA does not
inhibit the bioluminescence activity of p-luciferin, because
the regenerated L-luciferin was immediately reconverted
into luciferyl-CoA with firefly luciferase and the result-
ing luciferyl-CoA is removed from the active site.

The bioluminescence activity of the present reaction sys-
tem using L-luciferin at various luciferase concentrations
exhibited linearity (R >0.99) with the luciferase con-
centration used (Fig. 2), indicating that the present
method should be useful as a promoter assay in which

12

10
y = 2.08x - 0.0955
R?=0.9985

luminescence units (x 10 RLU)

luciferase (ug)

Figure 2. Assay of firefly luciferase using L-luciferin as the substrate.
The reaction conditions were as follows: L-luciferin (50 pM}, CoA-SH
(500 uM), ATP (1.5 mM), MgSO, (4 mM), luciferase (see figure), and
esterase (0.2 mg/mL) in 0.1 M Tris buffer at pH 8.0. The vertical axis
indicates the integration of luminescence from 1 to 50s.

luciferase concentration is monitored as a reporter

enzyme.

In conclusion, we have identified a novel route of D-
luciferin formation from L-luciferin in vitro that allows
the construction of a new firefly bioluminescence system
using L-luciferin, which is available cheaply from natu-
ral L-cysteine. In living cells, CoA-SH, ATP, Mg”*
and some kind of esterase or thioesterase are present
as ubiquitous cell components. Therefore, vL-luciferin
may be used to quantitatively monitor luciferase concen-
tration as a reporter enzyme for gene expression in living
cells.
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