6 BEETORELT U VEOBRSE E7 SOLROERAE

(45MBE, MFEH) HEHETT PRV T 4 Y VIEBREORMILA X T
FRICBELFLEEVFRONS, —ZRERBMBTCRET, L, REAOIEESRE
T HRMBRABIES LS.

e BEETONELT ¢ U EOHES (PAS
).

i FRBoTMImS R PASHEW R OLE
Bbohvs.

Mo BMREMEMENLT < UVED
ERERER (a7 B4, BAm)
HiichrBemE Ry, E@icT L
T WAL RS 5.

10 BREREALT ¢ U EOEKR A7RBE,
HEFE)
9 L F—EH., FHELACHaNoaRILEZEY,
FEOTETLA L REBRBEIFEL TS,
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E12 RRUERBENLT 1 UVEBRED
Reb RV 7 ¢ U EEERORR
BEOREZKREBBLIUFTINVTVI-MIZLY
WAL, THa-NVEGOREFELT, EZQTH
MR, HIXRERENMERERE L. RERER

. HSH X D RBOIEIBB SR,
E11 MBEERRALY «UVED
EEpE(R (56 MAciE, HAEE)
Bt Reme Ry, ERcwt
CHRF£XED 2.
@RmEBBTe MRL7 2 Y VER : BROD (1) BRERAEK

CRLHHLZRER, Rnppsa bELT 4
JYOERTHE. BEATIEI00ug/ de
RBCUTFTH 575, EPPREETRRMEEZRT.
})k =

@EPPIZH T 25D EELHRISBEL 80
TdhbH. VeRBEEIRERERINGED ST HER
FRCHHDT, ThoOXREZENTSL LS
HABETESREEHWA, —K4, EPPICH
i WAL RIEHL STk v, B
ELFbATVEDIRf-HuF Y ORRTH
5%, ZTOFHEIZ—EL Twiw,

RREENENT 1 V)

@BRRYEFZ M ARV 7 4 1) V¥E (porphyria cutanea
tarda : PCT) &, NADORBEBICBIT A
B® uroporphyrinogen decarboxylase (URO-
D) DEHETAEEL, chic7ra—n,
oA N AKIE, ¥l EOBREFIMEHL
TRETLHOOLEZLNS. PCTERIL
TR E LTI, AVEYTIF, ALY
Yi—bF, A by rBFLrilash
Twa,

@RETIX, CEFRLOEHFHEEZE-TY
5. PCTRERCABEREERTEEND
A, AR TREENICHESRONZDIE1%
BEZ RV,

@ WRRUBOPEBECRET S LPE
A%, I, REMALHML TS, MR
B THEODLHAKI LR T ol
TR 2 A% L, RBICHERICARRL
#H, K, UbA, BRZEVELD. KIS
£, BakEizk) @o~11).

()2 W

@AKBTIE, RPBV7 1Y VEOERRD
AZY—= v IBREL LTHRTHS (H12).
PWiREEICIE, FRLTIBORPYaRL 7
1Y Yk RS 5, ETORERLT7 1Y
ko R Sy, RIS TIXEPP
LIZIZRROF R OIS,

(38 ™

@TNI—-VHAFEROEEE, ChEegEzs %
RAIER BALEELEHDOMHIEZL NS
i, Fhaedukt s, 2LT, ok
i & RIS BB RIS B T 5 EEPDETH 5.

EbYIC

@®EPPIZ, FALDLDIHIEELZLIDS
RRTHHIH,bOT, HBMREZED
HoT, HEMICIRZZT LRI BAShAT
v, S, HEWEEREHCIVELT 4
Y AEDIEL BREN, PIROERE EHICX
D EVRBORBIELC LAWRELS,
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FHOBHRIAE LMK
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*IRREREARILT « U VEPCT) DIFRE
IRIIhELUETHS.

*PCT (&, BREBIC7ILO—IVEFREE
OFRBEHS T EHBL.

*PCT ORBERE, HEFHOBRAELE
FOKE - USh - FiIRZTHS.

*PCT OBHfIE, RAIOKILT UV OR
[EZATAICEICEDBESNS.

*PCT D&, BRESIFEBOLE,
BLUBHDEXTDS.
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P LxORAMEEZTS

FRECBBORELENALR, SbIT,
K - O A - I - MR E Mo TOVHA,
BB, EHBBIED, ErOBRERENZ
EWNT B0, MEBRLOBFEILAE OH KL N
5. BERUEVEBLBRBTLHE, W
YRz AN 7 4 Y v %E (porphyria cutanea tar-
da:PCT), R7 75, HEHMLMBRAER L
2E, FLVHZ, LiFEROWNE KRP
HN7 4 Y OME, BIOEMERERETE
MBW AT . EBCHEENHY, Rpvo
BT 4 ) v ROERRM, KMAERTHREL

B oS BB PAS BHEWHE OLE TN S
hhi, PCT LBKTE5%.

o
iE 541 S 2008E 7 B

[ERIFBEORRLBEVSA, HIE.

(BR{ERE - RIKE]HFECBIRISL.
(BRE 9 hATN S, ABDACENER
K- TEREVDNT W, 28/AET B
EEURBEFEICESEH# > TKEDELUR
b, MELTLWzETAERICEBRUL. FEH,
EREICPOREVKEEUSAZREURSD,
R2Uk.
(L REE] R - BEELEICBEREZRLT

(@ 1] EFEORFR
FHICEME S NBRDIBEL. % | EHICEAFAD
USADHSE.
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(2] BR, TREBDREARER
B - B2 AICBREERL T

L. BFEICOBBO0BRAENSDD, FH
(CIEARE S/NBRIMAELTLE. & 11BICiE
KEXOUSADHENTE. (B, 2)

P -
RO EZON AR

BLFRCBELELULA - BRAALR
LI L, PIELREIZRET 5 EHUERIE &
LTPCT 25Ebh 5. 13008 EEE T,
BH MBI, X575 LOBNEES .
LidioT, ShHDRBOBNZHIE LT,
RICBR2 B gHFTROBE, L UOKRE

P

2179

T

- AR U% HEAOHBROA K
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| eFEEHE | FIFOEBLN LM |

- BRI

- A AR IR E R RAE AR L) 5
FHNZDOWT

- FTHIOH I

RIEFITIE, BEEBULBBEOEAD D
ofeZ & HWME (HAINT3 &% 35 EH)
ELTWDI d bz, BE WIRLTY
LFEAIIRVEVS.

......................................................................

GBI LOL RSN

- K HRMAENE, FEABE A SBEIFERE IR
9 BEMIRZE O £ fi

R XY RO RO A

SR T, BHEFSMC BRI %
< K BRIMERE, FEAKSBOOHNL)-
7o B L, BFBEIEAREN L Ao .

 LALRED LT

s —RERRRAE  RIR, AL ERE
CERVT 4 AROEER Ry oRLT 1Y)
v, RbarsaRrrz49y, RPRELT 5 E
Y=y, mMp7a bRz

© SO F BRI AR R S
CEMAR: FEOKM I VT, (H-E %,
PAS 3:f8)

—REBRRETIE, —BRBREICERETRE
L. —#I#gRA T, RBC 372 F/ul, Hb 141
g/dl, WBC 4,000/ u! (B2 ®R¥E 2 L), Plt 130
F/ul, HEALEBAE T, TP 7.2 mg/dl, T.
Bil 1.3 mg/d/, ALT 110 IU//, AST 119, ALP
321 IU/I LDH 273 1U/I, y-GTP 441 TU/L. ¥
PR, EMEICKICRE L L. HBs #UK,
HCV fifkiziatt. R 74 v ol T,
Rty o kN7 4 v 1199 ug/g - CRE (i
EIX36LUT), RepasuRr 71 v 112
pug/g - CRE(EEMIZ 170 LLF), RrpEn 7
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Y =42 11 mg/dl(FE#EHEIZ 20 L),
Mm7a bRV 7 4 > 64 ug/di(FEHE/EIZ 30
~86) THY, REYURL7 4 Y BROEH
Bhnhiohiz, =aF BROMPIRER, 6.1
ug/ml(FHHMHIZ47~79) Tho/z. EMAER
Tit, H-E R CHE LR IMmE I
BUDEOLERA LN, TOYWEIL PAS %
BEEETH o7, FHERLERICOWT, HILE
WR 2SS L, 7Lra—LlEFE LS SN

§£w¢mvﬁ®%§aﬁﬁ

RBV7 4 VEER N2ORBREICLS
REBROBRKETDHY, EHEBEZE) ZM
RV740) VEEL, M- WILBRERZELE
LYBRERLVT 1) VECGEEND. WE
DELZFERICE, MRIICREL, LEICER
hIFEELEIFME ST PRV 7 0 ViE
&, FEDRICREL, £ RERCFRE(T
Va—ViEFREE, BECRFALZE)EHES
PCT w% 5.

.......................................................................

§Pcr®ﬁ®kﬁmm%m

PCT, wa®fN74Y) /=7 FAHNVE
% ¥ 5 — ¥ (uroporphyrinogen decarboxylase)
DFEHETHIBEL, Shic7rva—, ¥4
VA%, Bl EOFZRFIERLTE
ETAH PCTEREI LR TWVWEAME LT,
ANVKYT IR, WWVERML—b, ZA MY
YBHAERLI{AMbNhTWS, &k, CE
FREDAEHIBBEE 2-oTn5., HEEFEMIC
BEREEEEREEZRTESNDY, FBT
BRERNICFESALNADIX 1% BELE LR
W,

PCTOEMAERIE, FTHEBRBICLIVE
KA E > TRELEVEL, REIIK
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MASHETS 2% 2 7230, BMZIMORIBCTESIC
WMEEREZT LIRS, 20720, KEPR
H, BRiLE GREREIRELLCKEICRY,
KIS, ZEZMED.
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PCT ot 2 AN ERERI RS, BE
HEFIZBITAERVROERTHS. RVT 4
Y VBT AERERIE, RERRNMED S
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BEEHTHLI)RIONEFT L. EHIT,
FRELRET L ENEETH), KiEEE
25T L, HEEZSIERITEAIZLS~K
BFH LS ICHEET 5.
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FEYv IR

BIGFREEEGOU HY REUTDNLOHEE

Heme-dependent Regulation of Gene Expression and Protein Functions

ALRALY YNV BROBRGTRELT, TRASF
DUGERREILBTRICZ Ko LT 24 OBREGEHE
T EMEMONTELD, HE, ¥ o7 BOBELHR
BTAYT L FELTONLARH AL 3-8 LTOH
BEARMSND LR, Hhh aOBELBHT 2
BB INTWVA, ~ALdfEE TR IRV T4 ¥
XOBEAKE LTHONTEY, BERDITLALOEY
CBWTHEELT, RO EGREOERFICMS T2
SEMESIT VA, ANLAOEIZERESE RY, T#¥
AELHET A4 OFHETIHLATEY, BB T
(BT R IMBRIZ 31T B2 AL GBI OWTEEMZ
s T &z,

BHOANLEROMBERBEII b PUTOTY Y
YERZ L N-CoA DFEIIEE D 8 R OBEERIGIC
Lo THEFL, FNODAEBORISIIHEES T ORI

M, BYOKSICHEST28REI a7
KLRBIELTWA Y. AABROBEEEMIE WEEED
J-aminolevulinic acid synthase (ALAS) Th 5. F/naf
B8k A 4 A RETHY, ARSI AT I8
IR A B L CECEHEBREoREICH S
transferrin receptor % /i L THIBIPICI D A b, A&
NTOANLABFORFIRLKELYZS P2 EDHLIONE
+ B LO8A F L ORVAATH Y, RFEOHR
B OB NLDOERTE L2069,

BN OSRBEICEELEHERLLTVIDRAL
5788 % 47 5 heme oxygenase (HO) Td» 5. HO (& NADPH-
cytochrome P450 reductase, NADPH 5 & U F KB &K &
HoTALEBILZPET L. ARUEOERYO UL
SE Y AN Y 2 B biliverdin reductase 12X o TE Y
W o THRER NS, T/, HOWHRA A L—B
bwFE(COo) ML, /A XERBEEN, COERA
FLABEBHEL LTORELRATILEPFAOLNE L
127 Y. HOIXHO-1 L HO2 O 2O T 1 VW
£ LhH Y, HO-1 IXBHLA P L A, &, B REXR
HAPAL R EOELORTFEERATHANLILE .
CTHBEINDLANLVAY 27 ETHBY. 7. HO=2
DREBRZ—ET, FloGHECHERR TORRAES
%\>, HO OK & 72 13121 hemoglobin X #isd & F 5~
LY ORI EOBAF v OBMETHA Y, HO-1 RZ®
YR CREBEORME~ /7O 7 7~V R ETOEEL

160

OERDVBDHONLI L PEANLGEDE L HOL A
FroTwa I EdfAZE. T, NAEDOFTHIZHO-I
ARET A A 4 OB~ ORE & HO-1 IZIRFFL
HVEBGOHFO B YHLEEILNDL Y.

WEAAL LANLOAN LIS & 5B

ALAS (2135 C H 4 O##IZ BT 5 ALAS] ERMER
FHRTEH < ALAS2 O 2HEOT A VAL APMLNT
BHY FRFGES WETE RV A, ALAS] R
BALIZL-TRO T 4 — F25y 7 RE 2 2Tl
ANLROBEFIZEEREH L RAL TS, ALASI O
A L P8, ALASIMRNA O LI X B RETE
LS 52 I3HIERBO ALASI HilREDO I ba v FUTAD
BAEOIEIZ RS (1) . ALASI BIBEAEOBITONLIC
X 208 ALAS) BT8R 2 b v FU T RERLLO
heme-regulatory motif (HRM) (ZHHM$ 5LV A5 4 ¥ — 70
U v % &t K/RCPV 7 3/ BERCH| (CP-motif) DAL
SBILLBLDTHE Y. ALASIMRNA ~OEGHE 2
SV, BESOMESRLSNTET, NALLEL R
PO 42 OBEFLCT LI NLEHRDETEVAL
LLHWFTOHErm LA, BEEOYMRTFARETR
BAR#EHTAIEAHSENTVEY, Ll ~AlL
2 ALASI OB EHIHILZ DT I BIRE 2 B O M 1212
BoTwuhw, i, 1358 CHE T REV-etba A5
Ak LT, ALASI @ X 24— FHIR O E-box (4%
& L CilMALETF PGC-1a % HEBRE L T Co-repressor T
2 %I F NCOR-REV-erba #8164 ALASI BIEF %4
HEHALTAOTREAVPLEZLNTWAY, KAlE~
® 2 ALASI B{EFOALIC L 2B 0w TR
PARTAER, N3 2 (20-50 uM) WLER L /oI TIE ALASI
BIEF O 7 1€~ ¥ — 1R (-300bp 1F35) @ GC-rich
BRI EERFEGRI P#EETAIEZRHL L
EGR-1 {3 2 & 1CHIHIEF NABIRZ L ALK L TR
EFFRNEELT 288, AL hb0RFLEDL S
HHEEEETAPRAHTHE Y.

AL LB HO-l RBEOBEELFEIMRAONLL
NNEETIELILICEEBT S HBAORA L ATH
WXL HO-1 BEFOTOE—F—FIZIIFE 2 OH
HEIPESTAIEMMENTVE Y. ANAILL A
EFOERLIIPVTIRETOI EFHELMICEATY
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Protei
Deradation
Progursor proteds

=

Hemoproteins B

1, ~AERME A S 2 XL L ~LOSWOFE L2 OEH

A eida vy, Lo, %, HHRIEF Bachl (K4
AFEET % & Bachl OIHIEHEA Kb IS T & THO-I
OFEPHETER L 2o/ T E, Bachl X
Maf BF L & E 2B L T HO-1 BIEF OEE R s
& 10kb Bl E iz 4 A MARE 8R4 & L CBIET 5
HAEMHLTOAY, NLEHEHEETALAILIZL2T
MARE 8674 5 88 L T b b (LB F NRF2 A°
Maf BT & #8482 L T MARE #f7il# & L TRIE
FHEHLT2EEZLN TS WY,

MERFELTONL

LA ORI IRET B 2 L Id BT A5 % <
ORENHD. B L HALNTVEORKRFRMEZD
SO ANLOLEETH 5. RFFKT LR OMIE
OV LT A colony-forming unit (CFU) (ZP LT, 7k
HFr) A0KZF UHHEELTOENLEREHET S
¥ CFU DBBETHEoELESALR, 03 22 FM
45 & CFUMBOMMP RO ONE T EARESLTY
5wy AFRE M (MEL) MRS A F VA NFF S
FE o FBRERLE TR T 2 2 LA L (A

161

(% 3 84%

LNTWVS, ZOMBEEAI Y (20-100 uM) T UET 5
LRI AEOE AR HE ST T A I 8
MENTWVWDE WY THLORHIZL » THIBROAN A
ERABELBROM L ON LK ORFRERN S
RO BHVHEEEINTVLEELLND (b)),

Y AFRMESFHING 3T3-L1 % 4 ¥ AY v L F A A
YEOFNE L TRET S L BRI B 2 &
MHENTVEH, ZOMIEEAIY 25uM) TRET S
LEBIMET AT ERESRTBN Y, 51T
AT FR e HMEPRRO HILTWE O F
b OMERIFEHEHINE S N 3 2 (50 M) RLER L oA, b
BEgRG Y >y oY uEaol RSO o/
IESHESTWA Y I Mg bRz
aema e BEFPEELI Ty EE L oNE. —
F, ML o THEAI VABEETZEI I FYT
DNA O#it#EL bOMI#EE L 26T I LA S RESN
THENY, EEAOERAPLLOTHBE LTALE
LEEBLUTER O,

AN LEFEORETRR

BHOANMMIE > TEEPERINTVA I EPFRY
ICEeN2 LIl o ORBERO I by K TR
¥ v 237 BT D iso-1-cytochrome (CYCI) & iso-2-
cytochrome (CYC2) Th D, Thbb, HAEKTTER
F % & iso-l-cytochrome O A A5 B 4 S L 5. CYCI &
CYC2 13 HEMALE T HAPL 8 7 0 F — & — 3% (UASD) I
EET AL TIEMILS LA, HAPI @ USAI ~O# &
FALIIE - THIMT A, HAPLIEDNALLEGT A Y
74 v ALILHEET B CP-motif & &L M
LB 2 SR 2 LTV A . A4 — HAPI 5 TS
PEET A oW EF £ LT COXVb, cytochrome by, cata-
lase T ¥ CPOX %2 A& TV A A, COXVa tdaifiilfd
HABA TR cND Y. LelfEitho L T25%<
OIS T T TN LS FE HTF CooA HRIE S 1,
CO #BME LTl T / AIIEEE L CRIEF RIEHEILT
ZIEPHLNALIIIRY, BEbo LD LIRS
NN AL o H—Tdh b,

AW TRDALEBEAUFETIEERFLLT
S H XL/l Bachl TH O, Maf HF & E&ET 5HEIE
FHIHIEFTdH S, Bachl 1212 6 AT CP-motif DS
LTHY, ~AHBachl O CP-motif I2#EET 5 & HIHIA
FrLTOERERTERIIENBHONL LI
7o FRMERGILIC 2 b % > T a, f-globin WS X L5705,
28, EMALETF NF-E2-Maf # & 1k 7° globin #E{ZF O
Ty R ( uLCR) 12$ 5 MARE W 1 MZHE& L
TREFEERLETIZEPEHIATWS 22 [
2 MARE % 4 } % #2384 % Bachi-Maf O¥IRIEE 2 N4
HE YR & LT, NF-E2 %5 2% 4T globin EH % 5|
AMLTWw2 EEZSNTWA, Bachl OBEEEL LTIk
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R OIERFHRMILTO HO-l DALIZL L FEOY
GLEUOBETHLL VALY, LiL, ~AadvER
O globin AL THH L) T LICHLTIE, BE
M B Sy, EE ALELVRLPERTELWE
EARMIKT b globin mRNA L XVIETEETHH L) S
EhbbEas, ~ArEREET LT ARETFERL,
HEIRBMAES 72 /WYY — LEBEEKD cytochrome
P-450 (b &) oMM IXBIZT 70— & —FBRADAL
WETT Y- OHEPBRESNATVLY, BFORE
FTIEE Tz 2,

2005 fE, L a Y a v SIOBET EIS AL RS
TAREND o T2 HFA S T NIHET2LE
2ONAEMREFO T OE—- & - HES L TEE
P A AL CONO HEOH ANEM T 5 L co-activater
AEEEG L TRIEFEERT 52 LA E SR, BRT
OYH L FELTONLEHONA LR, 17
LB TL E75 IR E R Y — 0 b HHETF REV-erba (B
H DI L &4 LT, plasminogen activator 2 ALAST %
AL TiEMLEF PGC-1a % PPARy O & 5T & 8
GrarrbEZLNLY, LA L. REV-etba (2 E75 Ok
EW Y THY, E15 TRHALIZCOR NO BN T LI L
BESNTVLEDOTH  SH%REV-erba #EENLAD I
AOBRMIZ L 25 TRIEOHEEBEF/HLMZELLL
WhH L, Fl ANLEEIZRBEEBES Y, FOE
{EIZHIBERI AN L L OV D BEIZ & B ALAS] OFBE O%
BB L TWA I AR SN Y. ALASI O H EH
TORBRESICIIEEHRE T NPAS2 AN LLIHEG LT
BMAL! L&A LR 2 2 LT ALASI BIET % &M
b4 5 A% CO A NPASZ/BMALI # & th o {614 & #1813
HIEDGHY, NPAS2 A AL v — & L TokEs
e lo sz COIRHO ORILEY TH L0 T, #Hila
HONLLXVOEFH I TCOAMML T ALAS &
EFOREEL 2T GEW R 7 14— KX 7 BEAE
25N TwvA. 552, NPASYBMALI # &4 % AL
TAEE R PERZ b E A ALD AT ALY 2 HE
LTsh, 20—HIBLBEALSHET 2 EREEID
Lo ToBahad 2lo~Lb LLERBTEALLE
EHF CRY 255 &1 5 LR L S CENRIETO
UE—-¥— L CRETRERES Y RET L LER
LILTWA. IHLOEEDS PER AL L
LELNALIE - ZOL S 2 HAEIL ALASI O
12, FRIMERFR O ALAS2 BT 2 OB H B L - Tl
235 EBox ¥ 7 1E—F — | IHFORETFHOBIILSE
WL BB CHR STV A I EPHLMIIEINT
CHILED, BHIIAADH LW T FELTOME
DEHINAZI oY, DEDX S, A4k
BHER COFBMMLTY /8y B2 B33 TEY
BEFORBLAE L TVAI LT R Ly H—-0OF

7
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7 A 125
TErubhd LIk
ANLEESHHET REV-erba 13~ Z 3T3-L1 FRAAHNR
OFLRICBE S NAZEPREINT, ANAILLDIE
BiloSofErBETsEEI o0 Ky ikl
HEEOBHRTFoONLEERERASEZ A, BIFMRS
ILOHL B A BT RXRa (N LEERENIFH S 2
EAREHLA LAL, ~AERXRaDBREAKTSE
TAIT-LI oMby 2 2 egho 2. 1
BB AL LRERFOMEERICHEL TR,
PIRIHTFOBEX BT X NABEOAPHEINTED
KIZHAPI O LI AL L » THEERHLS L EE
TR s Twiv,

BEEHRDA LIS & 5 HEEEHH

FRFFMIETOIOE L ROy L8 WERE B
$ % protein kinase DiFMEIZA LI L o THEIS 4L, heme-
regulated inhibitor (HRI) &£ M4E4L TV 5, HRId elF2a @
a¥ Ty PEY CRBBILLTHREMEET S, elF2a
@) » B4k id HRI, double strands RNA-dependent kinase,
GCN-2. ER resistant kinase % & TAT LT 4 %%, HRI
DIRDBEANL EEESGTH I LI - T kinase ifMEFET 2
#3. PEoT, HRIEWMOBE FTid elF2a 2iEMHLL. &
FHOFES YRV O8REENSEL L
AH STV A, HRIOEHE T 12 ALAS2 O#IiR% & {2
# L, hemoglobin &R IEHEOMHFED R L EL Y. Ok,
AL AEBERORAGIIOVWTLHADRF » T TAH
HILD D EMHE XML LI R o/ microRNA BIEEME
DB I3 DGCR8 DG LA TH AH, ~NAN
#4 L 7> DGCRS @ 8 K7% microRNA RiBRf& L W & 1%
T A V) BBRECREESRERE S, L
ML, FOFMEIRFEINTES T, HEOEEY M
L,

MR O BB EE 1 o LR 2 L FERRIC BT <
FELAVIRMRAOHEOR Y A, FIH, FEs XU
HTREBIIFEHSATVE, THOOFOBEBLRET
2% 2237 B ¥ mRNA |2 (4 iron-responsive element (IRE)
DEELTEY, IREEEY 2378 (IRP) DERMUAOE
GLBETHE AN TVA, IRPIE2ESEOT 1 Vik-—
L{RPL X AN TWA, IRPLIGEE-14Y 25 A
Y G Y 287 T aconitase HEERTH, VT AY —
DFEREE & i OB T mRNA N IRE & O#5 & HE% 1%
4%, IRP2 O IRE ORI FORNLERCHE S
Twd, RP2ETOFF 7~ A THBEEiish L
LOWMMT IRP2 OFILAEH L O FF L LEBWTH
X5, IRP2 OFELIZ I IRP2 O iron-dependent degra-
dation (IDD) S ~NOBULR AL OB S PLETH Y,
IDD #5420 E3 ligase O ki o~ LG5 v NV H
HOIL AP ETH L e HEIATWE Y. Lol
IDD 47 & HOIL M5 2 #: KA MO IRP2 D5 HIZ D
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WTEMMT 2 MENH Y Y, 610, REfkEaEi
hemerythrin £RECH] % 4§ 5 FXBLS 4% IRP2 O S&KFHR 5
MIERT A EMMOND LS IR0, MMk
FULNLREEHICHEAR SN TV IAREELE L S
BHERECHETH B,

ALEEEA L L CEHYW TRAIHEE S /O3 FLVCR
T& 5D, FLVCR 3O B> 1V A OB REHLE T
HHIEFMSNTWwA, B, FoEE: LTE~NA
DR MEE (exporter) & LTV TwA EFELLNA L
31z Y, FLVCR / 2 7 7 by A Cla i< mEki
Mol ELHOERPBEOLNAEPLw IO T 77—
TONLOMBAEGRIZEET A LG,
HRG-1 § AL fEE LTHIGI, =¥ FY— LIl BE
LT H-ATPase lI2EBE L, =0 F/— L %8N pH IJHERE
L T#ORLY 3AHIZM S % transferrin receptor Z 1@ &
THRBRBREOT Y P b A EEZ SN
T, HRG-IIZAEANLEHAREL TV AHBIIE
WTALBEO-OOY V2 EE LTHEESILTED
BRI 74 2 llBWTLREO Y BHEEL, R
MIRFEA GV EABEY o BETHD EPHMeNT
VAR F S HIRAANOSORD AR 2 iFkE ER
4 % divalent metal transporter (DMT) 2% o T 5 %%, #l
FEETIRIMSL 2\ BT 2080H5. 81
F 2 OBICISIEEE BRI O cytochrome bsy 77 32U — D
ANLE 230 B Deytb BEISND L DAY, Deytb (34F
B TO2WMBEORYAAICIELETH A, cyto-
chrome bset 7 7 3V —{2id 101F6, SDR2Z &0 & T 58
HERHOBBBHOALY V82 BN TEY, #
NOR7RAINE CEEOES LG L TH Y ORS T
HOLEWORTRIGICHEY LT3 iEESEZ O
Y. —F, RFRRIEHBEERS » 232 H Steap3 ¥
A4 OBTICBHCTWAZEPELRTWAY, &
7:, EEBEOEBKIIHI AL FYANDIETIA
P74 KT AR 7 4 I EET A LYY
LKAEM Slol BK F & A L 1d, RESNAALEEET]
EF—-TEHLTVAS. ~NLDe b Sl FrANBLY
Ty bORICHAFER BK Fr AV EEEREL T
B0 I EFBREREN  MEFOLERIZL T
REN Thbh, BEHEBTEOANLN SOl F v
FNY R BIZELT, FyAVEDEELES T
SEIEDEEBAK EREEL(HET S ZOBKF Y
FVOBEERNE-LY, IhFTHOh T8
BOL 7 NMEETTLLTONLOREDHEL P
Ty P2 8, :

T, HiADANLHEEY o BRALEREY L3y
%@%%ﬁ@ﬁWTﬁﬂ,%h%ﬂm«Aﬂ%m%%%
VAt HCP-1, OXG. ABCG2 H EEANLR RN T 4 ¥
O BT A L HME SN TWED, #5508
BB EOSL LRI NTVA, S5, in

163

(¥4 3. 84%

viro TOEBRNEAMT artifact DT FEMEDL H Y, KK
BB EE 2SS ORESLETH D, AL
By o8y BHICECRL L TR R B s, o4
e H ADE b LT TR B RE & B
LI LH, e ORERPEREYOFERRGFORED
BEAPOHLPILENRTETVD, G, SHRENL
%tho & T AMTFI L bR EHNBHOMEORRASER
THHOEROBBEICOZ A I L2HBLTRE R

Key Words . heme, transcription, nuclear receptor, heme
oxygenase, ALAS]

Department of Biotechnology, Kyoto Institute of Technology

Shigeru Taketani

FETEEMEFTREDFRM e &

X #

UERLE, ke 802003 ~AERE BH. EILFE 75,179
186

2 Taketani S (2005) Aquisition, mobilization and utilization of cellular
iron and heme: endless findings and growing evidence of tight
regulation. Tohoku J Exp Med 205, 297-318

3) Shibahara 5 (1988) Regulation of heme oxygenase gene expression,
Semin Hematol 25, 370-376

4’ Kikuchi G, Yoshida T, Noguchi M (2005) Heme oxygenase and heme
degradation. Biochem Biophys Res Copimun 338, 558-567

5! Maines MD (1997) The heme oxygenase system: a regulator of
second messenger gases, Ay Rev Pharmacol Toxicol 37, 517-554

6 Lathrop JT, Timko MP (1993) Regulation by heme of mitochondrial
protein transport through a conserved amino acid motif, Science 259,
522-525

7} Podvinec M, Handschin C, Looser R, Meyer UA (2004) Identification
of the xenosensors regulating human S-aminolevulinate synthase.
Proc Natl dcad Sci USA 101, 9127-9132

8 Wu N, Yin L, Hanniman EA, Joshi 8, Lazar MA (2009) Negative
feedback maintenance of heme homeostasis by its receptor, Rev-
erbalpha. Genes Dev 23, 2201-2209

9) Gotoh 8, Nakamura T. Kataoka T, Taketani S (2009) Possible
involvemnt of EGR-1 in transcriptional regulation of the mouse
ALAS! gene by heme. #5322 B H R & FHMELKE & MK
2009.12) B E % 2P-0231.

! Sun J, Hoshino H, Takaku K, Nakajima O, Muto A, Suzuki H,
Tashiro S, Takahashi S, Shibahara S, Alam J, Taketo MM, Yamamoto
M, lgarashi K (2002) Hemoprotein Bach] regulates enhancer
availability of heme oxygenase-1 gene. EMBO J 21, 5216-5124

b Alam J, Igarashi K, Immenschuh S, Shibahara S, Tyrrell RM (2004)
Regulation of heme oxygenase-1 gene transcription: recent advances
and highlights from the Intemnational Conference (Uppsala, 2003) on
Heme Oxygenase. Antioxid Redox Signal 6, 924-933

 Gilmore MM, Bishop TR (1999) The role of c-myb during the
maturation of murine CFU-E. Blood Cells Mol Dis 25, 68-77



3% (3 A)2010)

13

14)

P

=

26

27!

Fukuda Y, Fujita H, Taketani S, Sassa S (1993) Dimethy! sulphoxide
and haemin induce ferrochelatase mRNA by different mechanisms in
murine erythroleukaemia cells. Br J Haematol 83, 480-484

Sassa S, Nagai T (1996) The role of heme in gene expression. /nt J
Hematol 63, 167-178

P Chen JJ, London IM {1981) Hemin enhances the differentiation of

mouse 3T3 cells to adipocytes. Cell 26, 117-122

: Swierczewski E, Pello 1Y, Arapinis C, Aron Y, Krishnamoorthy R

{1987) Characterization of rat preadipocytes from normal rat adipose
tissue by their effector response. Biochem J 248, 383-387

Ishii DN, Maniatis GM (1978) Haemin promotes rapid neurite
outgrowth in cultured mouse neuroblastoma cells. Natwre 274, 372-
374

' Bonyhady RE, Hendry 1A, Hill CE, McLennan IS (1982) Effects of

haemin on neurones derived from the neural crest. Dev Newrosci §,
125-129

i Kumar S, Bandyopadhyay U {2005) Free heme toxicity and its

detoxification systems in human. Toxicol Lett 157, 175-188

Pfeifer K, Kim KS, Kogan S, Guarente L {1989) Functional dissection
and sequence of yeast HAP! activator. Cell 56, 291-301
Gilles-Gonzalez MA, Gonzalez G (2005) Heme-based sensors:
defining characteristics, recent developments, and regulatory
hypotheses. .J fnorg Biochem 9, 1-22

Ogawa K, Sun J, Taketani S, Nakajima O, Nishitani C, Sassa §,
Hayashi N, Yamamoto M, Shibahara S, Fujita H, Igarashi K (2001)
Heme mediates derepression of Maf recognition element through
direct binding to transcription repressor Bachl. EMBO J 20, 2835-
2843

Tahara T, Sun J, Nakanishi K, Yamamoto M, Mori H, Saito T, Fujita
H, lgarashi K, Taketani S (2004) Heme positively regulates the
expression of beta-globin at the focus control region via the
transcriptional factor Bachl in erythroid cells. J Biol Chem 279,
5480-5487

' Sultana S, Nirodi CS, Ram N, Prabhu L, Padmanaban G (1997) A 65-

kDa protein mediates the positive role of heme in regulating the
transcription of CYP2B1/B2 gene in rat liver. J Bio/ Chem 272, 8895-
8900

| Reinking J, Lam MM, Pardee K, Sampson HM, Liu S, Yang P,

Williams S, White W, Lajoie G, Edwards A, Krause HM (2005) The
Drosophila nuclear receptor ¢75 contains heme and is gas responsive.
Cell 122, 195-207

Marvin KA, Reinking JL, Lee Al, Pardee K, Krause HM, Burstyn IN
(2009) Nuclear receptors homo sapiens Rev-erbbeta and Drosophila
melanogaster E75 are thiolate-ligated heme proteins which undergo
redox-mediated ligand switching and bind CO and NO. Biochemistry
48, 7056-7071

Okano S, Zhou L, Kusaka T, Shibata K, Shimizu K, Gao X, Kikuchi Y,
Togashi Y, Hosoya T, Takahashi 8, Nakajima O, Yamamoto M

(2010) Indispensable function for embryogenesis, expression and |

regulation of the nonspecific form of the S-aminolevulinate synthase
gene in mouse. Gento Cells 15,77-89

164

28

29

300

31

33

36

37

38

39

40

41’

A 127
Kaasik K, Lee CC (2004) Reciprocal regulation of haem biosynthesis
and the circadian clock in mammals, Nature 430, 467-471

Meng QJ, McMaster A, Beesley S, Lu WQ, Gibbs J, Parks D, Collins
J, Farrow S, Donn R, Ray D, Loudon A (2008) Ligand modulation of
REV-ERBalpha function resets the peripheral circadian clock in a
phasic manner. J Cell Sei 121(Pt 21), 3629-3635

Chawla A, Lazar MA (1993) Induction of Rev-ErbA alpha, an orphan
receptor encoded on the opposite strand of the alpha-thyroid hormone
receptor gene, during adipocyte differentiation. J Biol Chem 268,
16265-16269

' Gotoh 8, Ohgari Y, Nakamura T, Osumi T, Taketani 8 {2008) Heme-

binding to the nuclear receptor retinoid X receptor alpha (RXRalpha)
leads to the inhibition of the transcriptional activity, Gene 423, 207-
214

Igarashi J, Murase M, lizuka A, Pichierri F, Martinkova M, Shimizu
T (2008) Elucidation of the heme binding site of heme-regulated
eukaryotic initiation factor 2alpha kinase and the role of the
regulatory motif in heme sensing by spectroscopic and catalytic
studies of mutant proteins. J Biol Chem 283, 18782-18791

Faller M, Matsunaga M, Yin S, Loo JA, Guo F (2007) Heme is
involved in microRNA pracessing. Nat Struct Mol Biol 14, 23-29

! Ishikawa H, Kato M, Hori H, Ishimori K, Kirisako T, Tokunaga F,

jwai K (2005) Involvement of heme regulatory motif in heme-
mediated ubiquitination and degradation of IRP2. Mo/ Cell 19, 171-
181

i) Zumbrennen KB, Hanson ES, Leibold EA (2008) HOIL-1 is not

required for iron-mediated IRP2 degradation in HEK293 cells,
Biochim Biophys Acta 1783, 246-252

Vashisht AA, Zumbrennen KB, Huang X, Powers DN, Durazo A,
Sun D, Bhaskaran N, Persson A, Uhlen M, Sangfelt O, Spruck C,
Leibold EA, Wohlschlegel JA (2009) Control of ron homeostasis by
an iron-regulated ubiquitin ligase. Science 326, 718-721

' Keel SB, Doty RT, Yang Z, Quigley JG, Chen J, Knoblaugh §,

Kingsley PD, De Domenico 1, Vaughn MB, Kaplan J, Palis I,
Abkowitz JL{2008) A heme export protein is required for red blood
cell differentiation and iron homeostasis. Science 319, 825-828

O Callaghan KM, Ayllon V, O'Keeffe J, Wang Y, Cox OT, Loughran
G, Forgac M, O'Connor R (2010) The heme binding protein HRG-1
is induced by IGF-1 and associates with the Vacuolar (H+) -ATPase
to control endosomal pH and receptor wafficking. J Biol Chem 285,
381-391

McKie AT (2008) The role of Deytb in iron metabolism: an update.
Biachem Soc Trans 36(Pt 6), 1239-1241

Ohgami RS, Campagna DR, Greer EL, Antiochos B, McDonald A,
Chen I, Sharp }J, Fujiwara Y, Barker JE, Fleming MD (2005)
Identification of a ferrireductase required for efficient transferrin-
dependent iron uptake in erythroid cells. Nat Gener 37, 1264-1269
Tang XD, Xu R, Reynolds MF, Garcia ML, Heinemann SH, Hoshi T
(2003) Haem can bind to and inhibit mammalian calcium-dependent
Slol BK channels. Narure 425, 531-535



Int J Hematol (2010) 92:769-771
DOI 10.1007/s12185-010-0725-3

The low expression allele (IVS3-48C) of the ferrochelatase gene
leads to low enzyme activity associated with erythropoietic

protoporphyria

Tsuyoshi Tahara - Masayoshi Yamamoto -
Reiko Akagi - Hideo Harigae - Shigeru Taketani

Received: 4 October 2010/Revised: 8 November 2010/ Accepted: 9 November 2010/ Published online: 4 December 2010

© The Japanese Society of Hematology 2010

Erythropoietic protoporphyria (EPP) is an autosomal-dom-
inant inherited disorder characterized biochemically by the
excess accumulation and excretion of protoporphyrin, an
intermediate precursor of heme biosynthesis. The enzyme
abnormality that underlies protoporphyrin accumulation in
EPP is a defect of ferrochelatase (FECH). Patients with EPP
are clinically characterized by painful photosensitivity in
skin and some (5-10%) exhibit liver failure due to massive
hepatic accumulation of protoporphyrin [1, 2]. After we
demonstrated the structure of the human FECH gene [3],
more than 100 different kinds of molecular defects of FECH
have been reported throughout the world. It has been
reported that the low expression of a wild-type allelic var-
iant trans to a mutated FECH allele is generally required for
clinical expression of EPP [4]. According to this back-
ground, Gouya et al. [5] have found that the presence of a C
at IVS3-48 in the human FECH gene causes the low
expression of FECH. This intronic single nucleotide poly-
morphism (SNP) of the FECH gene, IVS3-48C/T transition,
is key to the EPP phenotype. It is suggested that partially
aberrant splicing of pre-mRNA by IVS3-48C is responsible
for the clinical manifestations of EPP, although change in
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the enzyme activity has not been examined. Here, we report
mutations of the FECH gene associated with IVS3-48C in
five Japanese EPP patients. We found that the FECH
activity of peripheral blood lymphocytes with IVS3-48C/C
was <50% of that with TVS3-48T/T suggesting that the
variations of the activity in patients with EPP could be based
on the different levels of control.

1 Mutation of the FECH gene in patients with EPP

We have diagnosed five patients with EPP in Japanese
hospitals (Table 1). All patients suffered photosensitivity
and three of them (patients 3, 4 and 5) developed hepatic
dysfunction and died. Biochemical analysis of all patients
showed marked elevation of protoporphyrin in erythro-
cytes. The FECH activity in peripheral blood lymphocytes
of EPP patients decreased to 19-39% that of the control.
After informed consent for all examinations had been
obtained from patients and their families, blood samples
were collected for genetic analysis. The total RNA was
isolated by the guanidine thiocyanate method from lym-
phocytes or Epstein—Barr virus-transformed lymphoblas-
toid cells. cDNAs were synthesized with oligo(dT) primer
using ReveTra Ace (Toyobo Co. Ltd., Tokyo, Japan). The
entire FECH protein-coding region was amplified by PCR
using two synthetic primers, 5'-GAGGCTGCCCAGGC
A-3" and 5'-TTTGCCTAACGCCACGGGGT-3'. The DNA
fragments were ligated into pGEM-T vector (Promega Co.,
Madison, WI). Several plasmids-carrying FECH cDNA
from a patient were isolated and the inserted DNAs were
analyzed by sequencing. We found mutations in cDNAs.
To confirm the mutation, we tried to analyze mutations of
the FECH gene; namely, genomic DNA was isolated from
whole blood cells. Regions containing molecular defects
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Table 1 Characterization of Japanese patients with EPP in terms of phenotype and genotype

Patient no. Sex Age Symptoms

Protoporphyrin in

b

Mutation in FECH Genotype of normal

lood (pg/dl RBC) allele IVS3-48

23
33
41
27
36

Photosensitivity
Photosensitivity
Photosensitivity liver failure
Photosensitivity liver failure

I S
EEEEREX

Photosensitivity liver failure

1

9,127

1,424 C
9,274
2,574

8,779

IVS4(—4)a>g
ASb (751-755)

T557C (1186T)

A16b (574-589)
IVS9(+1)g>a

el oo Ne!

found in FECH cDNA were amplified with primers as
previously reported [6]. The amplified DNAs were directly
sequenced. Then, we identified five different mutations that
were the same as those previously reported for Japanese
and European patients [2]. The common mutations between
Asians and Caucasians can be ascribed to their common
ancestry.

2 Relation of IVS3-48T/C of the FECH
gene to Japanese EPP

The IVS3-48C/T transition of the FECH gene from EPP
patients and their families was also analyzed. To amplify the
DNA of the intron 3—exon 4 boundary (278 bp), the primers
5'-TCTACAACAAGAGAGCTGGC-3' and 5-ATCCTG
CGGTACTGCTCTTG-3" were used. Five Japanese EPP
patients presented in this study were found to exhibit IVS3-
48C of the normal allele (Table 1), which is consistent with
the previous studies of Japanese [7], Caucasian and Asian
EPP patients [2]. On the other hand, all carriers (n = 4) in
their families were found with IVS3-48T of the normal
allele. Other possible low expression alleles of the FECH
gene, such as —251 G/A and [VS1-23C/T transitions linked
to the disease [4], were also examined for the five EPP
families, but the examination was not conclusive. Thus, the
variation of IVS3-48C/T transition in the FECH gene may
explain the difference in the residual enzyme activities in
asymptomatic and symptomatic mutant carriers. Alterna-
tively, because EPP development requires with the mutated
allele of the FECH gene as well as the allele with IVS3-48C,
it can be said that EPP is a recessive-inherited disease in a
broad sense. We examined the relationship of decreased
FECH activity with the genotype of the FECH gene,
including IVS3-48C/T transition. After the isolation of
peripheral blood lymphocytes of EPP patients and Japanese
healthy controls, we examined the FECH activity by the
formation of zinc-mesoporphyrin [8]; namely, homogenates
from lymphocytes were incubated with mesoporphyrin
(10 nmol), zinc acetate (40 nmol), Tween 20 (0.01%), and
sodium palmitate (400 pg/mL) in 100 mM Tris—HCI, pH
8.0. The formation of Zn-mesoporphyrin was determined by
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Fig. 1 The FECH activity in peripheral blood T lymphocytes from
healthy controls. Lymphocytes were isolated from healthy volunteers
with IVS3-48T/T (T:T) (n =9), IVS3-48C/T (C:T) (n = 10) and
IVS3-48C/C (C:C) (n = 4) of the FECH gene. The FECH activity
was measured using homogenates. The activity of 100% is equivalent
to 67.2 + 6.5 nmol Zn-mesoporphyrin formed/10° cells/h at 37°C
with IVS3-48T/T. *P < 0.01, C:T versus T:T, **P < 0.005, C:C
versus T:T

HPLC with 5C18-5AR column (4.6 x 150 mm) (Nacalai
Tesque, Kyoto, Japan). As shown in Fig. 1, the highest
activity was observed in the genotype with IVS3-48T/T, a
moderate level was shown with IVS3-48C/T, and the lowest
level was with IVS3-48C/C. The FECH activity with
IVS3-48C/C was only 38% of that with IVS3-48T/T. Then,
we compared the FECH activities in EPP patients with those
in healthy controls with IVS3-48C/C, C/T and T/T. As
shown in Fig. 2, the activities in EPP patients relative to
those of the controls were divided into three groups, which
corresponded to 15, 35 and 64% of the controls, and these
were dependent on the three genotypes. Various investiga-
tors have found that the FECH activities in EPP patients vary
widely (8-45%), compared with those in controls [1, 9].
Some researchers reported that EPP seemed to exhibit
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Fig. 2 The FECH activity in EPP patients relative to that of healthy
controls with IVS3-48C/T transition. The FECH activity in peripheral
blood lymphocytes of patients with EPP (M:C) was measured by
comparison with that of controls with IVS3-48T/T (T:T) (n = 4),
IVS3-48C/T (C:T) (n = 6) and IVS3-48C/C (C:C) (n = 5) of the
gene. * P < 0.01, M:C/T:T versus M:C/C:C; **P < 0.01, M:CIC:T
versus M:C/C:C

autosomal recessive inheritance owing to the low enzyme
activity [10]. We now demonstrate that this variation is
derived from the three different genotypes of the FECH
gene. Thus, heterozygotes with the low expression allele
(IVS3-48C) in combination with a null allele would produce
a small amount of FECH when compared with the normal
group. Similarly, a low expression allele combined with a
missense allele could explain the weak FECH activity
observed in patients with EPP. Conversely, the FECH
activities in healthy controls varied, the level of the relative
FECH activities in EPP patients differed, depending on the
different activities from the IVS3-48 genotypes of the FECH
gene among controls. To estimate the frequency of IVS3-
48C/T transition of the FECH gene in the Japanese popula-
tion, analysis by single-strand conformation polymorphism
(SSCP) using GeneGel Excel 12, 5/24 kit (GE Bioscience,
Buckinghamshire, UK) was carried out with the genomic
DNA of healthy volunteers. Of the 148 Japanese examined,
the genotype with IVS3-48C/C was found in 32 (22%),
IVS3-48C/T was in 68 (46%) and IVS3-48T/T was in 48
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(32%). Thus, over half of the subjects have IVS3-48C. This
value is similar to those reported for Asian people [2, 7].
Given that 10% of Caucasians have IVS3-48C, Asian people
including Japanese face a higher risk of EPP. Although the
reduced FECH activity is an important factor to diagnose
EPP, it is difficult to evaluate EPP by FECH activity because
of the high frequency of healthy controls with IVS3-48C in
Asian populations.
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Table 1 Characterization of Japanese patients with EPP in terms of phenotype and genotype

Patient no. Sex Age Symptoms

Protoporphyrin in
blood (pg/dl RBC)

Mutation in FECH Genotype of normal

allele IVS3-48

23
33
41
27
36

Photosensitivity
Photosensitivity
Photosensitivity liver failure
Photosensitivity liver failure

(S N T R N
EEEEEX

Photosensitivity liver failure

1

1,424
9,274
2,574
8,779
9,127

IVS4(—4)a>g
A5b (751-755)
T557C (1186T)
A16b (574-589)
IVS9(+1)g>a

C
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found in FECH cDNA were amplified with primers as
previously reported [6]. The amplified DNAs were directly
sequenced. Then, we identified five different mutations that
were the same as those previously reported for Japanese
and European patients [2]. The common mutations between
Asians and Caucasians can be ascribed to their common
ancestry.

2 Relation of IVS3-48T/C of the FECH
gene to Japanese EPP

The IVS3-48C/T transition of the FECH gene from EPP
patients and their families was also analyzed. To amplify the
DNA of the intron 3—exon 4 boundary (278 bp), the primers
5-TCTACAACAAGAGAGCTGGC-3' and 5'-ATCCTG
CGGTACTGCTCTTG-3" were used. Five Japanese EPP
patients presented in this study were found to exhibit IVS3-
48C of the normal allele (Table 1), which is consistent with
the previous studies of Japanese [7], Caucasian and Asian
EPP patients [2]. On the other hand, all carriers (n = 4) in
their families were found with IVS3-48T of the normal
allele. Other possible low expression alleles of the FECH
gene, such as —251 G/A and IVS1-23C/T transitions linked
to the disease [4], were also examined for the five EPP
families, but the examination was not conclusive. Thus, the
variation of IVS3-48C/T transition in the FECH gene may
explain the difference in the residual enzyme activities in
asymptomatic and symptomatic mutant carriers. Alterna-
tively, because EPP development requires with the mutated
allele of the FECH gene as well as the allele with IVS3-48C,
it can be said that EPP is a recessive-inherited disease in a
broad sense. We examined the relationship of decreased
FECH activity with the genotype of the FECH gene,
including IVS3-48C/T transition. After the isolation of
peripheral blood lymphocytes of EPP patients and Japanese
healthy controls, we examined the FECH activity by the
formation of zinc-mesoporphyrin [8]; namely, homogenates
from lymphocytes were incubated with mesoporphyrin
(10 nmol), zinc acetate (40 nmol), Tween 20 (0.01%), and
sodium palmitate (400 pg/mL) in 100 mM Tris-HCI, pH
8.0. The formation of Zn-mesoporphyrin was determined by
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Fig. 1 The FECH activity in peripheral blood T lymphocytes from
healthy controls. Lymphocytes were isolated from healthy volunteers
with IVS3-48T/T (T:T) (n =9), IVS3-48C/T (C:T) (n = 10) and
IVS3-48C/C (C:C) (n = 4) of the FECH gene. The FECH activity
was measured using homogenates. The activity of 100% is equivalent
to 67.2 £ 6.5 nmol Zn-mesoporphyrin formed/10° cells/h at 37°C
with IVS3-48T/T. *P < 0.01, C:T versus T:T; **P < 0.005, C:C
versus T:T

HPLC with 5C18-5AR column (4.6 x 150 mm) (Nacalai
Tesque, Kyoto, Japan). As shown in Fig. 1, the highest
activity was observed in the genotype with IVS3-48T/T, a
moderate level was shown with IVS3-48C/T, and the lowest
level was with IVS3-48C/C. The FECH activity with
IVS3-48C/C was only 38% of that with IVS3-48T/T. Then,
we compared the FECH activities in EPP patients with those
in healthy controls with IVS3-48C/C, C/T and T/T. As
shown in Fig. 2, the activities in EPP patients relative to
those of the controls were divided into three groups, which
corresponded to 15, 35 and 64% of the controls, and these
were dependent on the three genotypes. Various investiga-
tors have found that the FECH activities in EPP patients vary
widely (8-45%), compared with those in controls [1, 9].
Some researchers reported that EPP seemed to exhibit
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Fig. 2 The FECH activity in EPP patients relative to that of healthy
controls with IVS3-48C/T transition. The FECH activity in peripheral
blood lymphocytes of patients with EPP (M:C) was measured by
comparison with that of controls with IVS3-48T/T (T:7) (n = 4),
IVS3-48C/T (C:T) (n = 6) and IVS3-48C/C (C:C) (n = 5) of the
gene. * P < 0.01, M:CIT:T versus M:C/C:C; **P < 0.01, M:C/C:T
versus M:C/C:C

autosomal recessive inheritance owing to the low enzyme
activity [10]. We now demonstrate that this variation is
derived from the three different genotypes of the FECH
gene. Thus, heterozygotes with the low expression allele
(IVS3-48C) in combination with a null allele would produce
a small amount of FECH when compared with the normal
group. Similarly, a low expression allele combined with a
missense allele could explain the weak FECH activity
observed in patients with EPP. Conversely, the FECH
activities in healthy controls varied, the level of the relative
FECH activities in EPP patients differed, depending on the
different activities from the IVS3-48 genotypes of the FECH
gene among controls. To estimate the frequency of IVS3-
48C/T transition of the FECH gene in the Japanese popula-
tion, analysis by single-strand conformation polymorphism
(SSCP) using GeneGel Excel 12, 5/24 kit (GE Bioscience,
Buckinghamshire, UK) was carried out with the genomic
DNA of healthy volunteers. Of the 148 Japanese examined,
the genotype with IVS3-48C/C was found in 32 (22%),
IVS3-48C/T was in 68 (46%) and IVS3-48T/T was in 48
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(32%). Thus, over half of the subjects have IVS3-48C. This
value is similar to those reported for Asian people [2, 7].
Given that 10% of Caucasians have IVS3-48C, Asian people
including Japanese face a higher risk of EPP. Although the
reduced FECH activity is an important factor to diagnose
EPP, it is difficult to evaluate EPP by FECH activity because
of the high frequency of healthy controls with IVS3-48C in
Asian populations.
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At the terminal step of heme biosynthesis, ferroche-
latase (FECH) catalyzes the insertion of Fe?* into
protoporphyrin to form heme. It is located on the inner
membrane of the mitochondria of animals. The enzyme
inserts divalent metal ions, including Fe?*, Co®*, and
Zn**, into porphyrins in vitro. We have reported that it
can remove Fe?* from heme. To characterize the iron-
removal reverse activity of FECH, we examined its
properties in porcine liver and muscle mitochondria,
and isolated porcine FECH c¢cDNA. The amino acid
sequence of porcine FECH showed high homology with
bovine (91%), human (85%), mouse (87%), and rat
(76 %) equivalents. It was expressed in Escherichia coli,
and purified, and the Kinetic properties of the zinc-
chelating and iron-removal activities were examined.
Both activities peaked at 45 °C, but different optimal pH
values, of 7.5-8.0 for zinc-ion insertion and 5.5-6.0 for
the reverse reaction were found. The K, values for
mesoporphyrin IX and Zn’>* were 6.6 and 1.1pm,
respectively, and the K, for heme was 5.7 uM. The K.y
value of the forward reaction was about 11-fold higher
than that of the reverse reaction, indicating that the
enzyme preferably catalyzes the forward reaction
rather than the iron-removal reaction. Reverse activity
was stimulated by fatty acids and phospholipids,
similarly to the case of the forward reaction, indicating
that lipids play a role in regulating both enzyme
activities.

ferrochelatase; = iron-removal
Zn-protoporphyrin; porcine
mitochondria; cDNA cloning

Key words: reaction,

muscle

At the terminal step of the heme-biosynthesis path-
way, ferrochelatase (FECH) (EC 4.99.1.1), located on
the inner membrane of the mitochondria, catalyzes the
insertion of ferrous ions into protoporphyrin IX to form
protoheme.” FECH protein has a molecular mass of
40-42kDa on SDS-PAGE analysis. Mammalian FECH
is active as an homodimer, as analyzed by radiation
inactivation and X-ray crystallography,>> and contains
an iron-sulfur cluster as a functional group.** Some
lipids promote its enzyme activity,> while this activity
is inhibited by heavy metal ions, such as lead and
mercury.” Ferrous ions are the target of the enzyme

in vivo, while other divalent metal ions, including zinc,
cobalt, and tin, are also utilized to form other metal-
loporphyrins in vitro.'®

Both the ¢cDNA and the gene for FECH have been
isolated and sequenced from micro-organisms, plants,
and animals, including humans, the cow, the mouse, and
the rat.”’ The mammalian enzymes from humans, the
bovine, the mouse and the rat have been expressed in the
active form in E. coli. The kinetic properties of the
enzyme were examined.'-?

Although iron is an essential element for living cells,
an excess of intracellular ferric ions can be toxic.”
Uncommitted heme in the cells is also very dangerous
for the maintenance of living systems.®” Therefore,
reutilization of iron, including degradation of the heme,
catalyzed by heme oxygenase, is essential for the
homeostasis of iron in cells. Recently, we reported that
the removal of ferrous ions from heme occurred in vivo,
and that FECH removed iron from heme in vitro,'")
but the role of the reaction in removing iron in vivo is
not clear.

The red pigment of cured ham is usually due to
nitrosomyoglobin, a product of the thermal treatment of
meat with nitrite. Nitrosamines can be generated in that
process during storage or shelving period.'"'? There-
fore, nitrite-free ham is a preferred alternative. Dry-
cured ham (Parma ham), which is nitrite-free, is made
from porcine muscle with only sea salt at a suitable
temperature for long periods.' The main component
of the red pigment of the ham has been found to be
Zn-protoporphyrin,'®'¥ a pigment stable under air
exposure and heating.!” Although the mechanism
involved in the formation of Zn-protoporphyrin during
the production of dry ham is unclear, formation in the
muscle may be related to mitochondria and enzyme
catalysis.'® Very recently, we found that FECH is
involved mainly in the formation of Zn-protoporphyrin
via iron-removal reverse reaction,!” but little attention
has been paid to the characteristics and kinetic proper-
ties of the reverse reaction of FECH.

Here, we characterized FECH in porcine liver and
muscle mitochondria. Then we isolated the FECH
cDNA, the actively expressed enzyme in E. coli, and
purified it. The catalytic properties of the forward and
reverse reactions were compared.

The nucleotide sequence will appear in the Genbank/DDBJ Nucleotide Sequence Database under accession no. AB530166.
" To whom correspondence should be addressed. Fax: +81-75-724-7789; E-mail: taketani @kit.ac.jp
Abbreviations: FECH, ferrochelatase; SDS-PAGE, sodium dodecylsulfate-polyacrylamide gel electrophoresis; MDH, malate dehydrogenase
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Materials and Methods

Materials. Restriction endonucleases and DNA-modifying enzymes
were obtained from Takara (Tokyo) and Toyobo (Tokyo). Mesopor-
phyrin IX, protoporphyrin IX, and Zn-protoporphyrin were from
Frontier Scientific (Logan, UT). Hemin-imidazole was prepared as
previously described.!® Pig kidney LLC-PK1 cells were obtained from
the Japan Cell Bank (Saitama, Japan). Porcine livers and muscles were
generously donated by Itoh Ham Inc. (Moriya, Japan). The antibodies
for ferrochelatase used were as described previously'” and the
antibodies for malate dehydrogenase (MDH) were obtained from
Calzyme Laboratories (San Luis, CA). All other chemicals used were
of analytical grade.

Isolation of mitochondria. Pig muscle and liver were suspended in
10 mm Tris—HCI (pH 7.5), 0.25 M sucrose (6.0 ml/g) and homogenized
at 4°C. The homogenates were centrifuged at 600 x g for 10 min at
4°C, and then the supernatants were centrifuged at 12,000 x g for
10min at 4°C. After they were washed twice, the pellets (mitochon-
drial fraction) were dissolved with the above solution and stored at
—20°C. The protein concentration was measured by the method of
Lowry et al.'® or that of Bradford,'” using BSA as standard.

DNA cloning. Total RNA was isolated from LLC-PK1 cells using
RNAsol Super (Nacalai Tesque, Kyoto, Japan), and poly(A)*-rich
RNA was obtained with oligo(dT) cellulose (GE Healthcare, Buck-
inghamshire, UK). Single-strand ¢cDNA was synthesized using an
oligo(dT) primer (GE Healthcare). For isolation of porcine FECH
cDNA, several primers for PCR were designed on the basis of the
¢DNA of human, mouse, and bovine FECH. The primers finally
used for DNA amplification were as follows: forward (PoFl1: 5'-
AAGAATTCAATGCTTTCAGTCGGCACA-3'), and reverse (PoR:
5'-AAAAGCTTCACAGCTGGCTGGT-3'). After PCR was completed,
the product was separated on a 1.1% agarose gel, digested with EcoRI
and HindIll, and ligated into EcoRI/Hindlll-digested pBluescript II
KS* vector (Stratagene, La Jolla, CA). The inserted fragment of the
plasmid was confirmed by determining the nucleotide sequence.

Expression of porcine FECH. To express porcine FECH in bacteria,
the ¢cDNA was amplified with a second forward primer (PoF2: 5'-
AAGAATTCAAGCCCCAAACTTCAAGT-3') and the reverse primer
PoR described above. The resulting DNA fragment was ligated into
EcoR1/Hindlll-digested pET carrying His-tagged expression vector
(Merk, Darmstadt, Germany), and the plasmid obtained was transferred
to E. coli, BL21. The bacteria were grown in LB medium for 16 h, and
then the culture medium was diluted by 10-fold in fresh LB medium.
The enzyme was expressed with 0.3 mM isopropyl-B-D-thiogalactopyr-
anoside at 30°C for 2h.

Purification of recombinant ferrochelatase. The cells were
harvested by centrifugation and suspended in 20mm Tris—HCl
(pH 8.0), 10% glycerol, 1 mm DTT, 0.1% Tween 20, 20 mM imidazole,
and 0.3 M NaCl. They were disrupted by sonication and centrifuged at
5,000 x g at 4 °C for 10 min. The supernatants were shaken with Ni**-
NTA beads (Qiagen, Valencia, CA), and washed 3 times with the
above solution. The enzyme was eluted with 20 mm Tris-HCI (pH 8.0),
10% glycerol, 0.1% Tween 20, 0.25m imidazole, and 0.3 M NaClL

Immunoblotting. The proteins were analyzed by SDS-PAGE, and
stained with Coomassie Brilliant Blue or electroblotted onto a
polyvinylidenedifluoride membrane. Immunoblotting was carried out
using anti-ferrochelatase as primary antibody.'®

Enzyme assay. FECH activity was determined by measuring the
insertion of zinc into mesoporphyrin, as described previously.”” For
examination of the reverse activity of FECH, a reaction mixture
containing 10um hemin-imidazole, 2mm ascorbic acid and 10mm
potassium phosphate buffer (pH 5.5) in a final volume of 1.0ml in a
Thunberg vacuum tube was used. The dissolved gas was removed
in vacuo. The reaction was carried out at 45 °C for 1 h. To measure the
conversion of heme to zinc-protoporphyrin, 20 uM zinc ions was added
to the reaction mixture. After incubation, the protoporphyrin or zinc-
protoporphyrin formed was measured fluorophotometrically.'?)
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Fig. 1. Characterization of Porcine FECH in the Muscle and Liver,
and the Activity of Porcine Liver and Muscle FECH.

A, For the forward reaction, liver and muscle mitochondria were
incubated with 20mMm Tris-HCI, pH 8.0, 0.1% Tween 20, 15uM
mesoporphyrin IX, and 40um zinc acetate in a final volume of
200l at 37 °C for 60 min. The formation of Zn-mesoporphyrin was
measured. Data are expressed as mean & SD of triplicate experi-
ments. For the conversion of heme to Zn-protoporphyrin, a reaction
mixture containing liver or muscle mitochondria (0.2-1.0mg,
protein), 10 mm potassium phosphate buffer, pH 5.5, 10 um hemin-
imidazole, 50 um zinc acetate, and 200um NADH was used, in a
final volume of 1.0ml. The reaction was carried out at 45°C for
60 min. The formation of Zn-mesoporphyrin or Zn-protoporphyrin
was measured. Data are expressed as mean =+ SD of triplicate
experiments. B, Immunoblot analysis. Immunoblotting was per-
formed with liver (lane 1) and muscle (lane 2) mitochondria, using
anti-FECH and anti-MDH as the primary antibodies. Liver and
muscle mitochondria (5 ug of protein) loaded into slots were used.

Results

Characterization of FECH in porcine liver and muscle

To characterize muscle FECH, mitochondria were
isolated from porcine liver and muscle by centrifugation
and FECH activity was examined. The formation of Zn-
mesoporphyrin in the muscle mitochondria was much
lower than in the liver mitochondria (Fig. 1A). We also
examined the reverse activity of FECH by measuring the
conversion of hemin to Zn-protoporphyrin. The con-
version activity in the muscle mitochondria was about
40% of that in the liver mitochondria (Fig. 1A). Then
the proteins in the mitochondria were analyzed by SDS-
PAGE and transferred onto a membrane, and immuno-
blotting was performed using antibodies for bovine
FECH and for the mitochondrial matrix protein, MDH
(Fig. 1B). The results indicated that FECH was ex-
pressed in both tissues, and the amount of FECH in the
muscle was low as compared with that of the hepatic
enzyme.

Cloning of porcine FECH ¢DNA
To isolate porcine FECH ¢cDNA, mRNA was isolated
from kidney LLC-PK1 cells, and PCR using specific
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Porcine 1 MLSVGTNMAARLRSGAVLLRDLLVYGGSRACQPWRC AA--EAVQ SP! VvV 58
Bovine 1 - MAAALRSAGVLLRDRLLYGGSRACQPRRC MAAAATETAQRARSPKPQA 53
Human 1 MRSLGAN LRAAGVLLRDPLASS SWRVCQPWRW ADAAAVTTETAQ G, vV 60
Mouse 1 MLSASANMAAALRAAGALLREPLVHGSSRACQPWRC AAVAATTEKV-H TTKPQA 59
Rat 1 MAVLGC----ACRLVQ-LVRCGSPVGLCLSSSL-RRQST—ATAAAFNTT -~ —AT--—PET 47
Porcine
Bovine
Human
Mouse
Rat
Porcine 119 EQYRRIGGGSPI YIGFRYVHPLTEEAT] 178
Bovine 114 [EQYRRIGGGSPI Y IGFRYVHPLTEEAI 173
Human 121 [EQYRRIGGGSPI YIGFRYVHPLTEEATI 180
Mouse 120 EQYRRIGGGSPI YIGFRYVHPLTEEAT] 179
Rat 107 EQYSKIGGGSPI] 'Y IGFRYVHPLTEEAT] 166
Porcine 179 RAIAFTQYPQYS TGSSLNAIYRYYNEVGK! 238
Bovine 174 RAVAFTQYPQYS TGSSLNAIYRYYNEVGR! 233
Human 181 RAIAFTQYPQYS TGSSLNAIYRYYNQVGRKPT 240
Mouse 180 RA[IAFTQYPQYS TGSSLNAIYRYYNEVGQ 239
Rak 167 RAVAFTQYPQYS TGSSLNAIYRYY|SNRAD 226
Porcine 239 ILFSAHSL VVNRGDPYP| 298
Bovine 234 RREVVILFSAHSL VVNRGDPYP 293
Human 241 RSEVVILFSAHSLPMSVVNRGDPYP! 300
Mouse 240 VILFSAHSL VVNRGDPYP| 299
Rat 227 VILFSAHSLPLISVVNRGDPYF 286
Porcine 299 MPWLGPQT] IKGLOERGRKNILLVPIAFTSDHIETLYELDIEYSQVLIGSEC 358
Bovine 294 MPWLGPQT IKGLC RKNILLVPIAFTSDEIETLYELDIEYSQVLASEC 353
Human 301 MPWLGPQTDESIKGLC] RKNILLVPIAFTSDHIETLYELDIEYSQVLAKEC 360
Mouse 300 LGPQT IKGLCERGRKNILLVPIAFTSDHIETLYELDIEYSQVLAQKC 359
Rat 287 WLGPQT IKGLC RNLLLVPIAFTSDHIET! LDIEYSQVLGEEV 346
Porcine 359 NIRRAESLNGNPL STRLITTISCPLCVNPVICRETKS| 418
Bovine 354 NIRRAESLNGNPL SITQLTL{SICPLCVNP(T, R;E 413
Human 361 NIRRAESLNGNPL SKQLTLSICPLCVNPVICRET 420
Mouse 360 NIRRAESLNGNPL S[TO! PLCVNP| gkﬁ: 419
Rat 347 NIRRAESLNGNPL SIRQ PLCVNP(T 406

* * *

Porcine 419 421
Bovine 414 416
Human 421 423
House 420 422
Rat 407 409

Fig. 2. Amino Acid Sequence Alignment of Porcine, Bovine, Human, Mouse, and Rat FECH.
Amino acids identical among the five species are boxed. Asterisks show the conserved cysteine residues for the iron-sulfur cluster.

primers was carried out. A DNA fragment of about
1.2 kb was obtained and ligated into pBluescript vector,
and the plasmids obtained were sequenced. The nucleo-
tide sequence showed a high homology to the bovine,
human, mouse and rat equivalents. Figure 2 shows an
alignment of the porcine, bovine, human, mouse, and rat
amino acid sequences. The overall homologies of the
porcine enzyme were 91% with the bovine enzyme, 85%
with the human, 86% with the mouse, and 76% with the
rat. There were many highly conserved regions and four
cysteine residues at the C-terminus of the iron-sulfur
cluster among the mammalian enzymes.

Expression and purification of FECH in E. coli

We conctructed an expression plasmid, pET-pFECH,
and was transferred to E. coli strain BL21. Protein
expression was induced by incubation with 0.3 mm IPTG
at 30°C for 2h. When the enzyme activity was
measured using cell extracts of untransformed and
transformed bacteria, the rates of both the forward and
the reverse reaction in the transformed cells were high as
compared to those in the control, indicating that the
enzyme was active (Fig. 3A). The activity of the
conversion of heme to Zn-protoporphyrin in extracts
of FECH-expressing cells was similar to the reverse
activity. His-tagged FECH was then purified with Ni-
NTA agarose beads. The purified His-tagged FECH was
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analyzed by 10% SDS-PAGE and stained with Coo-
massie Brilliant Blue (Fig. 3B). A specific band with a
molecular mass of 42kDa was found, and the specific
enzyme activity increased by about 20-fold after
purification. Immunoblot analysis revealed that the
protein reacted with anti-FECH antibody (Fig. 3C).

Kinetic properties of purified FECH

When enzyme activity was examined with the purified
FECH, the conversion of heme to Zn-protoporphyrin as
well as iron-removal reaction occurred in a similar
fashion.

When the temperature of the reaction was changed, the
forward and reverse activities peaked at 45 °C (Fig. 4A).
Figure 4B shows the pH profile of the forward and iron-
removal reverse reactions. The zinc-insertion reaction
showed high activity at pH 7.5-8.0, while the reverse
reaction showed high activity at pH 5.5-6.0.

The K, of the forward reaction for mesoporphyrin IX
and zinc were 6.6 and 1.1 pm, respectively (Table 1).
The ke value of the enzyme for the two subjects was
estimated to be 400min~'. The ratio key/Km of
mesoporphyrin IX is approximately 6-fold higher than
that of zinc acetate. This means that the reaction velocity
depends on mainly the mesoporphyrin IX concentration
in the reaction mixture. For the reverse reaction, the
values of K, and kg, of hemin were estimated to be
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Fig.3. The Molecular Properties of Recombinant Porcine FECH Expressed in E. coli.

A, FECH activity. Supernatants obtained by centrifugation from control (lane 1) and FECH-expressing E. coli (lane 2) were used to measure
the forward, reverse, and conversion reactions, which were performed similarly to the description in the legend to Fig. 1. Data are expressed as
the mean & SD of triplicated experiments. B, SDS-PAGE analysis. The proteins in the supernatants as above (lanes 1 and 2) and FECH purified
using Ni-NTA beads (lane 3) were analyzed by SDS-PAGE and stained with Coomassie Brilliant Blue. C, Immunoblot analysis.
Immunoblotting was performed using anti-FECH as the primary antibody.
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Fig. 4. Characterization of Forward and Reverse Reactions of
Recombinant FECH.

A, effects of temperature (A) and pH (B). FECH activity was
measured with mesoporphyrin IX and zinc acetate for the forward
reaction. The reverse reaction was performed using hemin-imidazole
as substrate. Data are expressed as the mean =+ SD of duplicate
experiments.

57uM and 31.4min~' respectively, suggesting that
FECH proceeded readily in the forward reaction.
Previous studies’*?" have found that FECH activity
increases owing to various lipids including fatty acids
and phospholipids. To determine the effects of fatty
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Table 1. Kinetics of FECH

Forward reaction* Revqseyﬁ

reaction

Parameter -
SIESPEAEN Zinc Hemin
X

K (um) 6.6 0.2 1.1 £0.1 57+02
Kear (min~!) 400.0 +38.0 31.4+24
Keat/Km 60.7 £ 6.0 351.2£45.7 55+£05

(um~"-min~")

*The assay conditions used were as described in “Materials and Methods.”
Data are expressed as the mean = SD of 24 experiments.

acids on iron-removal reverse activity, we added sodium
palmitate to the reaction mixture. Upon increasing the
concentration of sodium palmitate to 100pg/ml, the
forward and reverse activities increased concentration-
dependently, and the rates of the forward and reverse
reactions increased 2.5-fold and 2.0-fold in the presence
of 100 ug/ml sodium palmitate, respectively (Fig. 5A).
Other fatty acids such as stearic acid and oleic acid
showed activities similar to those of palmitic acid. At
100 ug/ml, phosphatidylcholine, the rate of forward
activity increased while that of the reverse reaction
decreased. Lysophosphatidylcholine slightly activated
forward activity, but inhibited reverse activity. Sphin-
gomyelin and lysophosphatidic acid markedly inhibited
reverse but not forward activity.

Finally, we examined the effects of heavy metal ions
on iron-removal reverse activity. As shown in Fig. 5B,
the reaction was markedly inhibited by ferric and cubic
ions, but ferrous, cobaltic, and tin ions had no effect.

Discussion

We characterized porcine FECH located in the liver
and muscle mitochondria. The amount and activity of
FECH in the muscle mitochondria were low compared
with those in the hepatic mitochondria. In addition to
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Fig. 5. Effects of Lipids (A) and Metal Ions (B) on FECH Activity.
The forward and reverse reactions were performed similarly to the
description in the legend to Fig. 4, but without (lane 1) or with
sodium palmitate (lane 2), phosphatidylcholine (lane 3), sphingo-
myelin (lane 4), lysophosphatidylcholine (lane 5), and lysophos-
phatidic acid (lanc 6). Data are expressed as the mean & SD of
triplicate experiments.

Zn**-chelating activity, NADH-dependent conversion
of hemin to Zn-protoporphyrin was observed in the
muscle and liver mitochondria. The conversion from
hemin to Zn-protoporphyrin was found to include the
following three reactions: reduction of hemin, removal
of ferrous ions from the heme, and insertion of zinc ions
into protoporphyrin.'” Methemoglobin reductase cata-
lyzes the reduction of the ferric ions of hemin and
oxidized hemoprotein,>>*® and the ferrous ions in heme
can be removed by FECH. When hemin was chemically
reduced with reducing reagents, the iron-removal reac-
tion of heme occurred with the porcine recombinant
FECH, indicating that ferrous ions in heme are removed
by the FECH reaction.

cDNAs and genes of FECH have been isolated from
bacteria, fungi, plants, and mammals.? The amino acid
sequence of porcine FECH showed high homology with
those of mammalian FECH. The metal-chelating activity
of FECH is well documented. It is evident that porcine
FECH exhibits iron-removal activity as well as con-
version of heme to Zn-protoporphyrin, since both
activities were detected with purified recombinant
FECH. We have reported that bacterial and yeast FECH
exhibited reverse activity, suggesting that the reversible
reaction of FECH is a general property.!”’ The present
data indicate that the k¢, value of the reverse iron-
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removal activity was much lower than that of the zinc-
chelating activity, indicating that FECH functions in
heme biosynthesis. Hence the formed heme is utilized as
a prosthetic group of cytochromes and myoglobin in
muscle. Otherwise, considering that the conversion of
hemin to Zn-protoporphyrin did not proceed at higher
pH levels at which the zinc-chelating reaction occurs,
the rate-limiting step of the formation of Zn-protopor-
phyrin from hemin was the iron-removal reaction.

Ham is produced mainly using pig muscle. Although
the pigment of cured ham is nitrate-binding myoglobin,
dry ham consists mainly of Zn-protoporphyrin.'> We
and others have reported that the reverse reaction of
ferrochelatase, namely, removal of iron from heme,
occurs in vitro.'%'®  Therefore, hemoprotein-heme,
including myoglobin and hemoglobin, becomes a sub-
strate of the removal reaction of FECH,'® and the
protoporphyrin thus produced can be utilized in the
formation of Zn-protoporphyrin, a major pigment of
dry-cured ham. The enzyme naturally utilizes ferrous
ions as a substrate in vivo, but additionally inserts
divalent metal ions such as zinc and cobaltic ions into
porphyrin rings in vitro.""® Thus zinc-chelating activity
is essential for the formation of the pigment of dried
ham in vitro, but the utilization of ferrous ions to form
heme in cells is tightly controlled.”

The present data indicate that the formation of Zn-
protoporphyrin from heme was markedly activated by
fatty acids, including palmitic acid. Phospholipids,
including phosphatidyl choline, and lysophosphatidyl
choline had various effects on the formation of Zn-
protoporphyrin. It is well known that the metal-chelating
activity of FECH is markedly activated by fatty acids
and phospholipids.'?" The mechanism of activation of
both reactions by fatty acids is not clear, but it is
possible that a specific environment dependent on the
species of the lipid groups of the mitochondrial inner
membrane® influences the reversible reaction of FECH.

Since divalent metal ions, including Co?*, Zn>*, and
Cu?*, can be inserted into porphyrin rings to form the
corresponding metalloporphyrins, they inhibited FECH
activity to different degrees via competitive inhibition.®)
Heavy metal ions can bind with SH-groups in the
catalytic domain of the enzyme, and then the activity is
inhibited.?*?> The present data indicate that the reverse
reaction was strongly inhibited by Cu?* and Fe**, but
not by Fe?*, Sn?*, or Co?*. Thus, the sensitivity of the
reverse reaction for divalent cations was different from
that of the forward reaction.

The present data indicate that FECH in porcine
muscle is an active enzyme catalyzing the metal-ion
chelating and iron-removal reactions. Other investiga-
tors®® have reported that the formation of Zn-proto-
porphyrin in Parma ham significantly increased after a
curing time of 40 weeks, in which pig leg was incubated
with salt at 1.0-1.5°C for the first 10 weeks, suggesting
that FECH is not involved in its formation. It is possible
that zinc chelation occurs by non-enzymatic reac-
tions,””-?® or that porcine FECH is partially involved.
Since the removal of iron from heme occurs only by a
chemical reaction under strongly acidic conditions,?”
the removal reaction must be enzymatic. Furthermore,
lead poisoning or iron deficiency causes an accumula-
tion of Zn-protoporphyrin, and the possibility that the



