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Biosynthetic Pathways of Iron-sulfur Clusters and Molybdenum Cofactors

SHIBATA Katsumi and IMI Yukiko

Abstract : It is well known that vitamins exert their functions in cooperation with enzymes after being con-
verted into the active form in cells. Also in some minerals, after being converted to the active forms, cooper-
ate with enzymes to exert their functions. In this review, we focused on and addressed the “iron-sulfur clus-
ter biosynthesis machine” and the “molybdenum cofactor biosynthesis pathway” including with our specula-
tion. In humans, the synthesis of iron-sulfur clusters is carried out by the ISC (iron-sulfur cluster) machin-
ery. The ISC machinery consists of 7 types of proteins (IscS, IscU, IscA, HscB, HscA, Fdx, IscX). It is esti-
mated that 6 types except IscA are involved in the [2Fe-2S] cluster, and all 7 types are involved in the bio-
synthesis of the [4Fe-4S] cluster. In the synthesis of molybdenum cofactor (Moco), in humans, Moco can
be synthesized by a three-step reaction (GTP — ¢cPMP — MPT — Moco) from GTP and MoO%". Moco can
bind with the two apoenzymes of sulfite oxidase and amidoxime reducing complex to make the holoen-
zymes. However, Moco cannot bind with the apoenzymes of xanthine oxidase and aldehyde oxidase. To in-
sert to the active sites of the two apoenzymes, Moco require a reaction in which Moco is further sulfurized.
As the result, MocoS can bind with the two apoenzymes of xanthine oxidase and aldehyde oxidase to make

the holoenzymes.
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= duodenal cytochrome b=Dcytb), [Tl i
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Dcytb = NADPH-ferrihemoprotein reductase = duodenal cyto-
chrome b. DMT1 = divalent metal transporter 1. FPN = Ferro-
portin.
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INIETHAT ) F » (Ferritin=Ft) (207
SN b,

Fe' ZiEHE L7227 R 7 A7) (MT
YAT7 ) v —gREXB ERHT L2017 R
FIUAT Y rEL WD) EMEEETTYH
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Sulfurated molybdenum cofactor (MocoS)
4 E) 7T UHIKTD Moco & MocoS Db
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INBOFRIATET N D 7 53 5 i 7 H de AR 5 M

EHEBRTH 5, =20 #E T (MOCSI,

MOCS2, GEPH) DZEFEPHRIN TN DY,

(1) EFHEA ¥ 2 44—+ (sulfite oxidase=SO
[EC 1.8.3.1])
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(2) Mitochondrial amidoxime reducing compo-

nent (mARC)
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G AREE LTRWEES N, T
Z, 3bIAYFYTTIFRFTLARITEHT
(mARC) &&4fHT BNz,

B D mARCL 2D FA AL », C-K
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BV E MOSC FAA v & HIFENS) & N-K
WD B-NLIV R AL OB bY, REHERZ

A [Molybd cofactor (Moco) of SO and mARC |
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Sulfurated molybdenum cofactor (MocoS) of
XH/O and AO
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Oxidized form Reduced form
5 (A) SO & mARC DO#ilE#% TdH % Moco DI ¥
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L >
\ H OH OH oOH
A
HO OH
SAM +
Reduced
acceptor 5'.deoxyadenosine +
Oxidized acceptor +
Met
o
Ay
)\ N H o
N
HoN | Il 1l
NoH 0 (‘:—O—I"—O—~
OH OH
H 2 molybdopterin-synthase
sulfur-carrier protein
HO OH

(8S)-3',8-Cyclo-7,8-
dihydroguanosine
5'-triphosphate = 3°,8-

2 [molybdopterin-synthase
sulfur carrier protein]-

0 s—cu
HOH \
N s
N ‘ N (H)
)‘\N NT | o T/O_T_OH
HN H  Hn o uf  on
H

Molybdopterin= MPT;
Metal-binding pyranopterin dithiolene
ATP-Mg2*

PPi + Mg?*

Moly

cH,GTP Gly-NH-CH,-C(O)SH + H,0
H,0
PPi
o "o on Moco can bind directly to
SO or mARC apoenzyme.
N N H‘ O\F/OH
AJI B
NN RTOT T

Precursor Z;
Cyclic pyranopterin monophosphate = cPMP

The sulphurated Moco (MocoS) can bind
directly XO or AO apoenzyme.

= Moco$S ‘

q— suip

6 Y MIBIFS Moco & MocoS DA A KARRE
(1) GTP 3¢,8-cyclase [EC:4.1.99.22], (2) cyclic pyranopterin monophosphate synthase [EC 4.6.1.17], (3)
molybdopterin synthase (MPT synthase) catalytic subunit [EC :2.8.1.12], (4) molybdopterin adenylyltrans-
ferase [EC :2.7.7.75], (5) molybdopterin molybdotransferase [EC :2.10.1.1], (6) molybdenum cofactor sul-

furtransferase (Moco sulfurase) [EC:2.8.1.9].

&2, C-E ¥ @ MTARCI K 4 £~ X MOS
(Moco sulfurase) 151 % A L, Moco IZHiiE =
T 5 UL E il 2. X6 DO UL % fill
WS DHHRTHDH L. N-KIiD BNV K x
A VIEEE L OG> T 5,

7IFFYLAHDOREITEIT) I2IE, mARCIL
MDD ¥ 37 B EEEHEE TS 52
BB Db, TNWZ, mARC & ZD#ER Y ~
N7 B E DO AR IL ARCO (Amidoxime Re-
ducing Complex) &% S, RGO Y 4 73
MY NI EORBEIZEINEDLLZI NS,
Moonlighting enzyme & FFIE L TWw %9, & |k
IZBWTIX, mARC 123 M ¥ K1) 7 DA
(AR L, MBEERAL O C-Ki K A 1 > & Ml
HIZHLTw5"Y C-Kiili FA AL Y Ofa s ~
NZEEY hranbs & AL b5-R T
HH,

P horu b5k TN 0 LbSR KA
ARCO IE, DFIZ/RLZZLH T I FF I~
DRICHIE % NADH KAF 2 i3 % 5

R, R*~N-OH + NADH + H* =R, R’~NH + H,0

+NAD"

@) ¥Y>FoFeRaOFF—t Fx2 48—
+ (Xanthine dehydrogenase/oxidase=XH/
X0) . ¥ % > F Ul KFEEBFE [Xanthine
dehydrogenase=XDH, EC 1.17.14] & %
H 2 FUBIEETTEESR (xanthine oxidore-
ductase=XOR, [EC 1.17.3.2])

AEEFIZHSBIZ/R L7 L9 12 Mo A3t ¥
fL &7z MocoS # &R TH Y, MILE I
fFES %0 M5B OENPHBILEITEY) 770D
BRILEI+6 TH B, K5A DLV EITLETE
) TF OB +4 TH D, TT) DY)
Y REMEECEE) 7T 2 2 ORI
F L1V EOWME R 2B L Twb, &b,
XH/XO I Z#filT & LT, FAD, ~A, &51Z
2ME D [2Fe-2S] #&H T AMETLH L,
MIBITF 5 EET4E XDH TH 5,

XH/XO IR LR TH L, T ORFEIL,
WHE TlL NAD 2 E LA 5 F9 7 Vi
KFEBEFHE (XH) [EC 1.17.14]) & L CTHAEL,
DT @ BUS % filliE 4 % o

v RF¥FH 2 F 2 +NAD +HO—>F 4 2 F

+NADH+H"
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BLW

¥4 » F ¥ +NAD' + H,O— /R % + NADH +

0

ETAHN, BERSTHICZY AT 4 BEEEN
e ENL EmELBTZHRET LI F
YERALETEESE (XO0) [EC 1.17.3.2] IX&H T
L%, 58 NAD' L O RUn % vy, LLF o
BB % il 4 2 X912k %,

ERFHFVAHO+0>FH T+

H.0;

BIU

¥4 v F ¥+ HO0+ 0~ R + H.0,

H DB,

RH+H.0+2 0,—ROH+2 0> +2H"

(4) 7IVFE R+ x> 4 —+ (aldehyde oxi-
dase=AO0, [EC 1.2.3.1])

REEF T SB IR L7z & 9 12 Mo A %
EE N7z MocoS 2 &THLETH Y, MIWEIZ
BT D, TIVTL FEAF 25— BIIHRET &
LT, &5I2FAD, N4 k2H O [2Fe-2S]
AEHTAIEETLDH D, L MIBUT LT
%lZ A0X 1 TH Do DT ORIE % iES %,

TIVTE K +HO0+0,~ 7 VAR VEE+HO,

& HW T

R+H0+0,»R=0+H0,+H"

2-2. HEEHAE

Moco EERIZE T 5 BIZFOAHIIEE BT
&, MOCS (Mo Cofactor Synthesis) 2% fifi > 1
%o Moco (X16) &, GTP & MoO:” (€1 7
T URIE) DOIEBN S, MoOi 1EEY) 7T~
PRI ERIC K o TRl A E B, fil
¥ T X, MOT1 (Molybdate transporter type 1)
PHE SN Tn 5,

b M T, #EfnFELTE6 M, BRy N
7B ELTH 6 HEHD Moco LEERUIHD - T
Who H6IZBWT, KSDEE@IE =20
%5 8 7 H, GTP 3,8-cyclase & cyclic
pyranopterin monophosphate synthase 2% &1k %
TR L TS %2, L7245 C, GTP 5 5
Weg 771 %7 Vg (cPMP) ~D AT
v, —ODORIEEEZ LI ELTES, £
72, BIS@EIBOORIGS, ZOoO RS
X7 &, molybdopterin synthase (MPT synthase)
catalytic subunit & molybdopterin adenylyltrans-

ferase VAR AT L Tl 5, L722%-
T, E)Z7 K77 Y (MPT) OFEHEILE Mo
DIFARILE —D2DRIHE LTELZHT LD
T &5, T 5L, GIPH»S3BMH O KT
(GTP—cPMP—-MPT—Moco) T Moco %= 4 &
WMTAHZENTELI EIZT D Moco 1E SO
& mARC O 7 RERICHEHEK AT 52 LT,
ZADEEZEARTLTE D, LDLAEDNDS,
X0 & AO O 7 REFIZIX, Moco DIEHETIZ
EHEROIZHAST, HASNDHIIZ, &5
|2 Moco H1 @ Mo 23t AL & L A RIn@®7A Vs
BT, MocoS & o725, 7ARXO H AW
X7 R A0 & Aufbd %,

(1) GTP 3’,8-cyclase [EC :4.1.99.22]

# 3 RCIt, GTP— (8 S)-3°,8-Cyclo-7,8-
dihydroguanosine 5’-triphosphate (3°,8-cH.GTP),
x filfit 3 5 3R 1L GTP 3°,8-cyclase TH D,
Fa Y RYT7OTRN) Y 7 AHFIET D, 2D
S IZBWT, F7=2rD 8D iFEL ) K-
AD 3D RFEDFEE LT, RNEER 3 ,8-cH,
GTP 23T %0

t MIBWTIE, #EEF% MOCSI 12X - T
I— FEMN5 MOCSL % 7827 B D MOCSI A
R % 4 > (GTP 3°,8-cyclase [EC : 4.1.99.22]) #°
filiit g 22, KEEFRIE, VDN S-TTF /¥
WAFF = VBEHR (7T 5 )V SAM) D A —
=T 73)=Thb, _DODOFEREZEDOH
-7 T RY =% EL*Y, TV SAM
BREOETIE, KL L TEITAE [4Fe-
48] "I T ALY —=Hh 5 1 BADTSAM 2T E
S, SAM @ S-C5 #EEDRITHIFHZEIZLD
5 FF X7 T NVT Y H IV (5-dAdoe)
ERXATFFZUDBELDLEEZ LN TS,
BRTIZZOT AV EFH LT GTP 205K
FHF OG5 EKEEITV, GTP VNV E 5 -
THXTTT ) BEL S,

nB, EoOKSE LT, Y% 3V B, il
Db, €F IV By fEERIIEERLICT
T UNANT I VRO, €Y IV By DM
FHUSTIZI/N)V b Co-C5 FADHZEIZLY
LD 5-dAdoe T VA NVEFH LT, £EIY
KERFHIEIREISEIT) . T2, L7 7
IV —IZBTAEERIC, ) RBOAABICED
Lk -2 A8 —IKE®E)RA VD v
% — ¥ (jon-sulfur-cluster-dependent lipoyl syn-
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thase=LIAS) 2’ %o ZORISIZBWTIX, F

2y ) ANED 6L 8ALIZ SH &EAAY, H-

Protein 6 N -dihydrolipoyllysine 2S£/ 3 %%,

(2) cyclic pyranopterin monophosphate syn-
thase [EC 4.6.1.17]

8% H oL % il B9 5 B L cyclic
pyranopterin monophosphate synthase T %, )
FEROG & fill 3 % 3 GTP 3°,8-cyclase & DO
HEHRELTI MY FYTORIY) v 7 A
3 5, B MZBWTIX, GTP 3’ 8-cyclase &
U<, #BEFH MOCSI IZk->Ta—FEn
% MOCS1 ¥ > 7827 B D —#Td %5 MOCSIB
N X A » % cyclic pyranopterin monophosphate
synthase i T % A 3 5%, & B FE % &
MOCS1 ¥ /827 M ® MOCSIA F £ A /%Pﬁﬂ
W9 2 9% FE Tdh 5 GTP 3’ 8-cyclase 1514 &
D bRV, L72A> T, GTP %° GTP 3°,8-
cyclase 12 £ > TALE 7% 3°,8-cH.GTP 74 %,
T, REEREPHEE CPMP IZERT L,
bbb, GTP 7°5 cPMP ZIERIZ BT %
BELUSEGTHHE T ) T71) v EiEEE
(B89 2 B 7 UG IEAREER 2L LT b,
LaL, REROKUSIIEMHEFIELETIER
<, — By 70 BRG ZE b SO S & o THEAT T
bo AMEFIZ, 3, 38-cH.GTP D7 V&
WD 6D IR VIS ZEEILT 2 2k
T, C8NOMAEEMASETRISE MG S,
BRILAOR EBALUG2S ), 2L TR
YRGS OMEEAN &, EW E LT cPMP
DT %o

AR L72cPMP I, S hI Y FYTHED
et & /X7 D ABCBT 12 & o THEFBE 12
ik I N5,

(3) molybdopterin synthase (MPT synthase)
catalytic subunit [EC :2.8.1.12]

=4 H O BUS % il 3 % % 3% 13 molybdop-
terin synthase (MPT synthase) T & ), #ifz &
\ZHAET 55 MPT synthase (£, & MZBWT
&, a4 MOSC21ZL>Ta—Fasha
MOSC2A % > /87 H £ MOSC2B ¥ > /37 4
DEERELTHELTEBY, 2200KRE %Y
7= v b MOSC2B (it Effr) & 22D/
EhYT72L=v F MOSC2A (£ 7 K77
vy — Bk s Yo7 E) OIS
NHZNTUOT FIY—L L THELTWD, K

BEEPUGIZ BT, oPMP 12 2 D DR JE -7
I h, D54V UENTEB SN, MPT 2%
i&@“é B, MPTOYF 4L D=5

DR ILH Cu 255 L T EY, Cudt e
DEHIZLT, HASNLZDOPIEIAHTH S
5, VT ALY EDPT S NE RIS RA O
ANRBLIE o TEASNL LD LIRS
%o Cu DFENE, BZHL, ROUGIZHW
THEZ % Mo DI AT O#FFERETH D b D
LEZOND, 2, VF AL VOB LA
flga720Ld, EXHNTWA,

B, MOSC2A @ C RigldF A 7 IV K F ¥
WEENTWBAY, ZORIEIE, molybdopterin
synthase sulfurtransferase [EC 2.8.1.11]) (MOSC
3) & o THE S 22%, £ 0 S IE
[ molybdopterin-synthase sulfur-carrier protein ] -
Gly-Gly-AMP + [cysteine desulfurase]-S-sulfanyl-
L-cysteine + reduced acceptor — AMP + [ moly-
bdopterin-synthase sulfur-carrier protein]-Gly-NH-
CH.-C (O) SH + [cysteine desulfurase ] -L-cysteine
+ oxidized acceptor
THb,

(4) molybdopterin adenylyltransferase [EC :
2.7.7.75]

bt FTid, #IZT% GPHN Ha—F L, &
Moy 2 B3 7 4 » (Gephyrin) T
Hbo I74) Ik ZODFXA Y, G AR
4~ (molybdopterin adenylyltransferase) & E F
A 4~ (molybdopterin molybdotransferase) 7
S SN T B REERITMIENIZIA <FF
FEL T2,

molybdopterin adenylyltransferase (77 1 1) ~
DG FXAY) &, Mo & MPT IZHiA$ % 72
D OREIBRE O UG % filllft L, ATP-Mg™ K471y
|2 adenylated molybdopterin (MPT-AMP) % ﬁ?
%o AEMEHLIE G- F X A @O N-FKhn sy
5", EB L7 MPT-AMP &, 7741 v ®
molybdopterin adenylyltransferase = A 3 % G
A A~ 7 5 molybdopterin molybdotransferase i
HrHTHE FAL VICBITT %,

(5) molybdopterin molybdotransferase [EC :
2.10.1.1]

774 YDE F A A Y% molybdopterin
molybdotransferase C & %, A< [ 3 2%, MPT-
AMP % AMP & MPT (27K 53 f# L, MPT O
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VIFA L UEICH A L7 Cu R MoO: & K
THSEMBEL, €Y 77 UHHETF (Moco)
ED. b, ZORIBIE, Zn® /MnOi KA
DIIETH 27 HEPLIX E-FX A 2D C-
KB4 T 5*c Moco 1%, SO & mARC D
TARBIEEL, Tthehkalle b,

%8, WEHEIREED Moco 1ZERLIZR L CIEH
WCANZHTH Y, in vitro TOPI X545 T
H A, N TE T Moco & 5F 5 72 8 12 Moco
binding proteins (MCP) A F1E$ 5%,

(6) molybdenum cofactor sulfurtransferase
(Moco sulfurase) [EC :2.8.1.9]

XH/XO & AO Ok & L THRET 5720
121&, Moco 1&, & 512, fit # 1L & L7z sul-
phurated molybdenum cofactor (MocoS) & 7% %
Vo B DS & %o molybdenum cofactor sulfurtrans-
ferase (Moco sulfurase) &, & M IZB W T,
BIET % MTARCI \2 k> Ca—FEhz s~
INJETh DB, TORLE T HEEITE S
IV BOEWR PLP # L E L F 5, Lk
(2-1. (2)) DX 912, mARC O C-K Ui F A 1
DR BEF ORI TH 54,

KEZ I T OIS % il %,

AH, + L-cysteine + Mo-molybdopterin (Moco )

— A + H,O + L-alanine + thio-Mo-molybdopterin

(MocoS)

2-3. BT T ORINELE

Ao Mo X, B 77 UBRIEE LT,
B &/ A & 2B & REB A1 & ) RIS
N5, FmH D Mo OIRILRIL, Mo s 3
ATVICHELTEL, 90% BETH L L S
NTWw52, Mo DRHHEIEE X Mo DR
EERWHIBEMRY S 5, B, MERY L
R T 1E Mo Bk R AT 2 & LT B 75,
IHFLEI T O IE 2 v,

Eifs3

FAEHOMEEICH 72, FIEERE w4 (GERmst
(B), FLETES 20H02943. WIARE 7 L A VP&
FEROSTI 3y P 7HERERIE O &g R
FH WD) O—HEHE L. BREAICEHT
5o
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