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Mechanisms of Iron-sulfur Clusters Assemble in Eukaryotes and Related Diseases
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(School of Laboratory Medicine and Life Sciences, Zhejiang Provincial Key Laboratory of Medical Genetics,
Wenzhou Medical University, Wenzhou 325035, China)

Abstract Iron-sulfur (Fe-S) cluster is an ancient protein cofactor which has been known with many
functions, and it involves in many physiological processes, such as catalysis, electron transport and regulation
of gene expression. Despite the simplicity of its structure and composition, Iron-sulfur cluster (ISC) has an
complicated assembling process which is a well-organized catalytic reaction. Over the past years the mechanisms
of the process of iron-sulfur clusters’ assembly and incorporation into apoproteins have been gradually clarified.
Defects in the mitochondrial Iron-sulfur cluster assembly and export systems have a powerful impact on
cellular Iron-sulfur protein’s function and intracellular iron distribution. These provided strong evidences for the
indispensable role of mitochondrial in life. In this review, we have summarized our current knowledge about the
ISC assembly machinery briefly, and presented an overview of various (Fe-S) protein assembly diseases.
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YA L R N =B (B D). B, 1R s R RIS
ZRER 1 ( iron-sulfur cluster assembly protein 1, Isul)
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Fig.1 Mechanisms of Iron-sulfur clusters assemble in eukaryotic cells
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LRI N BRI AR 2L & B 5 0 IS A HTsul b
BRI E R R L S e E A& . BRI
MIsul bR BEHsp705> FHABR RE RN T %
ARG E R =AE AR, B6Jacl(the Dnal-like
cochaperone). Ssql(Hsp70 ATPase) M A% 1 1R A2 46 [A]
FMgel(nucleotide exchange factor)!'™, Hsp707 -1
18 RGN SRR RUN 7> 7 DL 5Hsp707E R 5
A & b R FE B VR ISR, B Sk, Jac il 1 C-i)
R GE Kk S holo-Tsul S MR 45 & T2 U S 1KY, %285
AR REE I H 2 IR S I S Tsul B AR SF FILPPVKHA
i IR SEESsqIE A . SsqlE AR &2 EEATP
KR, (EIsul 49 B 248, Jac 14 B i, Isul 5[2Fe-2S]
S5 S AR AA T S Ssql 45 AR B E P, SR, BRI %
MIsul bR HOE 75 225 55 FE 45 460348 5% 1 S(monothiol
glutaredoxin 5, Grx5)f) 2 5, Grx5H¢ 5 ADP-Ssql &
Filsul 45 & 3Im T 1 2 IR0 s 45 &, T8 RCFE 23 1) L
15 B 32301 i Tsul-Ssq1-GrxS & & &, i A Bh T ¥
[2Fe-2S]/% 5 #8245 Grx 5™, B I e — MR E A%
IR ACHR T Mgel (I, ATPRIZKf#, Fr A 212 A
¥ L3 i B [2Fe-2S] (M Grx S 42 5 41 fif 2R T, [2Fe-
2SI A 3 M Isul 4% 3 45 GrxS, N 2% ki 4 M [2Fe-2S]
BEm R AR MEGR. 70 T8 RGERIERIB/E
HH FIsul & SsqlZ 5 T — 1 ¥ H 2k i % 1 A Al
iz
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M2 HKEAZ REPERSRES. A
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{H 5% H [2Fe-28]ik ¥ A% i [4Fe-4S1 8 Bk Bl 7% 1) 5
Isal/2(iron-sulfur cluster assembly 1/2) % Iba57(iron-
sulfur cluster assembly factor for biotin synthase and
aconitase like mitochondrial proteins with a mass of
57 kDa) & A i [ & 52324, a] |, 2 5[2Fe-2S]1A 8k
i 77 2H 25 (1 IS CA% U 2H 28 2 11 Ty At B 2 00 o 40
P I A R B B R R, T Tsal/2 M IbaS5 78 H D g
SR SR 2R AR T L SR L S R S il A
[4Fe-4S1H4EkER 4 1 A LA, JEANE I B IE S H
Yahl. Rieske¥[2Fe-2S]% £k fiff &5 (1 19 gl 24, —
Se PR RN, Tsal s Isa2FlIbaS7 =AN4H K T[] AH H.
YRR, ATATT— AN g B £ 19 o 1) 268 8] sk 2K 8 ] 3 B80HH

BAURZRA, S EAIZ 51— R B RS, (H 2
AT AR Isul b 7= A5 [ 2Fe-2S] 1% #% 38 J9[4Fe-
4S]7%, [4Fe-4STRAE A IR RE b, BTS2 I A
AR Rt — B 5T .

b & [4Fe-4S1i% 1 AL B, AR ke 7 IISCA
% Al T 4 [4F e-4 STHE HE [m) 5 Ao B A [ 1) 2kt £ 1
W X R ) 2 25 (R S ISCRZ O A 3 o A, B
MRS 58RI E AL, EEkmm 8 5L A, Xk
Bt A 2H 2 () HARE R E A AN R . A7 SR B R 1 i0 R
A SRR, IS AN H A B T BRI R
RUFA AR B . 140, P-loop#% 1 /K i Ind 12 51
W S A ARTI B, B H AN IR, R Ind 13X —
NMEEEE A, & 5 CIA(cytosolic Fe-S protein assembly)
HECAIFINbp3S B A U IR M, Thae EARALL, mr bl
BVELE A [4Fe-4S]HE IR H B b 45 H &K1 ki 25
A, Hindl Bb, ISCH R FNful th 44—
M4Fe-4S1H%E, JRIG HARIZ 4 E AP, Nful¥EEH
FhRE 2 WARIP IR S AL, EE8 IR FIR G
Ao, ENful A 25 5 0 5 Sk R Bl ) R 24050, A R
)72, Nful (388 47 e 1 2 LR DR R AR 19 A
AR EIRILE, RN RN E A ARG . B
FIR G B PERRAR, 5 SO0 BRI . 74 P 7R it
Z B (pyruvate dehydrogenase, PDH). a-Hi /& — & i
Z( M (a-ketoglutarate dehydrogenase, a-KGDH). ¢4
Pl 2 5t 2 (branched-chain keto acid dehydrogenase,
BCKDH) A& H 2 R % it /R iH & [ (H protein of the
glycine cleavage system)if P T [&B%, X ¥ B, Xt T
IX LB AR [4F e-4S1HUER TR 2 1 145 A, Nful /2 AF A
R A ) 2L N T R AEAE R . [RIE, Nfulf% i
[4Fe-4S % B4R e 11 CE I BEAH i rh 45 BIIE S, 1X 3R
WY, Nful f)2EP) D REAE EAX AW e FE AR -1 P
22 BRI R R T AR E R R

ISCHH 2% 22 4t i SR A A MR 2R b AN AT
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SRR E AL, AR ZR AR P R AR A 4 2 3 458 72 AT el
BB St 7% 1 4 2 S i A Ao N2 5 iz A
IR, X B — A R IR ARt R F(ISC
export machinery)P' I/ 5, WK, % R A AT B
H =N 12 5 A Fi[Atm]. GSH(glutathione) & Erv1]
. AtmIEABCHS 35 1A, Ar T 2ki 7k i, 3
ABCE; W A [ ZE KR B 5, 25518 R G %0 B
5y, BZ 5S8R N YR . Atml R DI RE
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BT SRR MR IR AR K. 4G R
BRI S R Bk R ARAE . Kuhnke350Y)
TEAAAN A AL 2 b A4 158 2 3 Atm 1 5 xf £ 47 ) RE
&, KILAm 1 ATPEGE P AT DL L8 U7 2 5 4L 1
BEWBeE, THRWAR Z AR 2
JRGE, DA, BT DLAHE N At 1 [ i 5T 5 38 1R ) o 2
—REHH BRI Y BT Ervg Zoh ik s 5k
HH, ARSI AT AR TE s B AL sy, FEAR ik
AN AR B 7 324K, HEFIEVIRES 5 &
BRI RN . Brvl 8 FER A AL Atm ] 6k
RERA, 1R ES 5 ERARIMEER B 3 R S 2
KR AT, IEAk, Ervi ] 5Miad0E A 4G TE
B IRAL), SRS 5 EORR IR B A AL 2t
HITK(GSH) A2 41 o P 25 22 (1) S 40 ik J5 I 745 741, Sipos
SEBOE GSHAE PRl i bk 1 40 M A L vh R B, R AT
TR R I ) 240 6 A B A 4 PN I R SR ARE R
KA, I HAEGSHBR KR A H AR R v, 200 fifd 57 A 4 i
A% AR B 1 1) RSB R B, T R R PN kA
A BRI AN B2 B2, ITTT 5 Atm 1A Erv 1 6k 2K ) 2
MR — 3. H k] WL, GSHT 2 i 5T A 2k i 7% 1)
AWM AAEEEH. BARCKIAmI. GSHR
EvvI=NMEAZ S 78RR SEE iz, ERX
TR AR 2 12 5 1 2 S Ak A 3 38 ot A S
2 32 30 240 0 J5 1 2 A e o ] P 47 7 ot — 2B T A
2.3 YHBERR P SkERARLE S ALE

2 JE0 5T PN AR ) 2EL 3 i BRI R B R G0
LR A B S R B AW s AR, JF
55 20 1 Jo b ) IV R T AR AT B R T AR AL R
(the cytosolic Fe-S protein assembly machinery, CIA
assembly machinery)f¥] /1 5 '~ 20 3¢ BUER B AR, B 5
2H 2% B R T A% T S 67 3 45 b R 1 R ) R L £
A ED. BIHACY I, SR\ FEARS S
JH 5 R A 1 2H e, X 6 B i L FECRd 1. Nbp35.
Narl. Tahl8. Dre2. Cial/2 f1Mms19. Hr, Cfdl
& FP-loop % H /K ERERT, & H ATP/GTPREES F 5k
e DU ST V2 Job R A R X, FE o R A R s 1
It B e X 0T Cd1 DI RE I R 35 A EEAEH . Cfdl
HE PR A AT B T L% 9 Bk AR B D R, (DX
AR A BRI B G B RS2 BT, Nbp352& o —
P-loop#% H /K il By, & H 5 Fr 41 ke J2 C-dis 55 CEd 1
FHALE®, FEN-3i TS S FE IR Tk ik DL A w]ad et Y A
PRI IR IR & — DNRBUAE, 2B HN-m 2R AR

2 b R Bk B T SNbp3S R 5 Bk ik 45 A b
f§0%, Nbp35nl 5Cfd145 & % i Ri&E &), 1%
T EWT Re Bk AR 2L 1 R ZIh e e . FEISC
AL 8 2P BT A Bk AR A% I 8 i L P-loop
X 5[4Fe-4S)isa B Y45 &, 1 1% 1B BENADPH-
Tah18-Dre2 % T 4 #Cfd1-Nbp35% & 14 b &k B #%
et R A EENEM. Frbia M AN, Cfdl-
Nbp35E A 1R M it N Bk iR 2 1 S 28 85 . fH
B AR H ek 72 2 oy T LRI AN TG . X T2k iR AE
Cfd1-Nbp35_F 41 %% J5 #& dn ] ¥ % 45 Apo & 111, H
HIACA, CIAZE HNarl 5Nbp35AH BAE H vl 2 5808
TRIEERE), Narl 7] LLEE A AN [4Fe-4S]i%M, ‘& Bk
M E R CIANLE 4 5 73« Narl B
BRI AR 2H 3 AR T R AR ISCLH 34 KB Hh R 4,
[F] B 38 75 ZLCEA 1 FINbp35 PR 8, JR B, X T-CIA
4 3% R 48 T 186 5 1 4 99 Narl & Nbp35, H Mk
A B SR T E AT WIAAAE BRI R 425 R G, IXFhexs
ARG I A6 RO G H I AE B 4 20 e 2R
FIYahl 425 FE . BT CIAZL 23S R 40 HA kAR
TR S P 1) 58 A B A [ R Bk 2 1 AR AN 7 ZENar 11
%5, Bk J9Narl J2CIA R G A W) & s 15 5190 2
Ja BVE FH B AA . 3 R B CIAZH 3 Cial . Cia2
FIMms197] T2 L CIASE 7] 52 544, H AP Cial 5 Nar 14
S, X A S SRR IE S 585
TR 1) 8 00 T 5 K B 2 IR R A 44, R N
CIASE 7] 5 A Mk 5 Apo Bk i &5 1 EL B2 I W #EAE o
Cial 5 ¥) 7F 2458 e B 11 il & 2 TR Op I, TE R BE
H, Cial BRI 5CEd1. Nbp35FINarl k2 & A
ANIA], Cial R 520 26K H bR 8kin 8 H(WLeul . Rlil
FINtg2) 1) i, X CTAL 2% 2 4 A 8kt £ 1 40 4 (n
Nbp35FINarl) LR M. FH LA A, fECIAZH2E R4t
H1, Cial /& fENbp3SAINarl 2 5 KIEMER . B T LA L
AL, BN A AR B A Grx3-Grxd it i S %
PRI 2R (1 1 A St 1R S g g R R () CTA
Ml E BAEH 28 &M A B ERARHHR . H AT,
TAT R BEA] A0 AW 28 07 A4 1R A 7% 1 2H & AL i
BLRN T I T K E IR N A 258 50 % N CIAZ
o I B AR T e B AR ELIR AR R &R

3 ZNFBMERAREESFPHNEER
Hfsr
B AL O BE S W, K L L ISCAL3E 2R 1
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AL B ICIAZH % B ) B BF 1 47 35 #2255
HEL H, RIS X W B A K R AN K () 2R 7%
AR H, HAE AR B RIS R 5T (B NFU 1E)
LIV RE 52 450 I 1 2 0k N AR i 7 A= 7 B 1R 52 )
I, S A o R A% 1 41 25 T e A 45 4ok A Bl R 48
JfL A ANTET 2 ) — R A A% . SOk A [R] B 2 2
Jid H ATP ™ A= () B 2237 B, o038 H A IR D IR A AL
RGN HE D RE, H R K X =R M
STl R A T BE 1 40 B A T A M) FH OB I8 At = A e
F(UIRhoOZH ), T 284 1 2k 2 Bk it ke 2H 2% 1 g
J&, 2R 4E A A BBk 2R A B, 451 i BT
% 0 1 2H 23 B ARINTYY, DNAME & i 12 A 1) fif Jie
i XPD™, DNAK fill id 75 o (1) 51 Pl Pri2t™ I ik g
Uity For K B FRRTEL 1WA, e AT 14 52 M 248 i 1 285 (R 5%
15 A BRI R A AR S, TS 204 i i)
SETC. UbAb, I R A AR B AT K
I, AT Hi(microsporidia). X% Hi(diplomonads)
N4 B (amoebozoa) 25 AE W) 4k A 5 A 2k ki AR 1Y

FEAERO, BT AR 2 R A2 T3 — Pl B2 J6E 465 44 1) &7 e e
& (mitosomes) 3% & {4 (hydrogenosomes), 48| 4
GRETERELT TR & e, B ST
FR1b = FRERTEM AN ML R A S, MEMIL ) T4k
T A PR 2L 3 B e 12 T, B 7 A A A i K o
Hie Rz BRI E AR, XN —T7 i 7
FH LGSR AR (1) oA 28 L Dl e, SRl it i 4H 2 58

4 BREARTRRARERSIENKRRE
SEES

TR WA 5 A KT 80 A K
BERAF, H (KT, AT D T2 i e 1
AR EREE. AR LIRS, ISCRST
TR 5 110 e R A 22 S BT AR 93BT 5
FIRT A Ik, 5 LR 5 Bk A4 B 1 ]
A R A P, 1 L83 D) 4F: FXN, ISCU,
FDX2, LYRM4. GLRX5. IBA57. NFUI. BOLA3.

®1 BMRAREAERAESHAEXER

Table 1 Diseases linked to defects in iron-sulfur clusters assemble protein

S SN PR 2 K] S 3CHR
Diseases Affected gene References
1 Fe/S diseases associated with mitochondrial iron accumulation

1.1 Friedreich’s ataxia (FRDA) FXN (Frataxin) [54]
1.2 Hereditary myopathy with lactic acidosis (HML) ISCU [55]
1.3 Mitochondrial muscle myopathy with deficiency of ferredoxin 2 FDXIL (Ferredoxin 2) [56]
1.4 Combined oxidative phosphorylation defect with ISD11 deficiency LYRM4 (ISD11) [57]
1.5 Sideroblastic anemias

1.5.1 Inherited sideroblastic anemias

1.5.1.1 Sideroblastic anemia with deficiency of glutaredoxin 5 GLRXS5 [58]
1.5.1.2 X-linked sideroblastic anemia with cerebellar ataxia (XLSA/A) ABCB7 [59]
1.5.2 Acquired sideroblastic anemias

1.5.2.1 Refractory anemia with ring sideroblasts (RARS) ABCB7 [60]
1.5.2.2 Refractory anemia with ring sideroblasts and isodicentric (X)(q13) chromosome ABCB7 [61]
2 Fe-S diseases without mitochondrial iron accumulation

2.1 Multiple mitochondrial dysfunction syndromes

2.1.1 Juvenile encephalomyopathy with deficiency of IBAS7 (MMDS3) 1BAS57 [62]
2.1.2 Multiple mitochondrial dysfunction syndrome with functional NFUI1 deficiency NFUI [30]
(MMDS1)

2.1.3 Multiple mitochondrial dysfunction syndrome with functional BOLA3 deficiency BOLA3 [63]
(MMDS2)

2.2 Mitochondrial encephalomyopathy with deficiency of IND1 NUBPL (IND1) [64]
2.3 Infantile neurodegenerative ISCA2 [65]
3 Variant erythropoietic protoporphyria with abnormal expression of mitoferrin 1 SLC25A437 [66]

(Mitoferrin 1, MFRNT)
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