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WE  UhiiFe-SIRE NEkBE A MBI T 22 5O a . WRAERIRE T2 3855 2 F A2l e, RS 56—
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Wachtershauser (1992)#El, ek - 314
A BE R FE BRI B R TR, X R 1 Ak
WAEE R BB 88 IR SR DR . ki 2 1 LRI [Fe-S]
WA 7, RV 2 BERAEYEERE, WpRfE
. OEEER. BB HEAELIER . DNAK
Mg, FERREWRE. B ESHAtRNAZ T
#2 4 F (Beinert et al., 1997; Balk and Pilon,
2011; Balk and Schaedler, 2014; Zuo et al., 2017;
Van et al., 2023). &tk AFRE L, AAF PN
FIEME, TZAAAE TAMAZ . B ZokiiA i i
Jii+H (Dunkley et al., 2006; Wu et al., 2012; Qin et
al., 2015; Wang et al., 2019).

H 20t 0 604 A 7 ik IR S IR B LAk, Y
7E R A Y4, B 5T (Arabidopsis thaliana) sl £ 4 &
1200 Ff(Przybyla-Toscano et al., 2021) 4 7] 257
HIRG AN AR B 0 & AR . BRI I AH SCH 7T, R
FLOH G R AT It A R R 425 2 [ B b B 90 A
o ARCEEEES T H AT E N AMEY) SR A BRI %
FR) 2L S AL ) S JHG A 42 FRD I 9 e R B A 2 Bk T
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VAR E 5 a0 B 52 o 56 TR AR (EAE D)
S M SRR AR B, B e B A R A )
FLZYT, S W0 E%(2008). NetzZ:(2014). #t
}4%(2015). Przybyla-Toscano%(2018) LA % Lill Al
Freibert (2020)1 25k

(>3

1.1 BREREX

RO A AE BB AR P A o 2R 2 s B . BRI AR
R T 5, (H AR N BRI AR I A B, ki

HThae R0 EE . filan, nf A FEMIE R H T
ML, TR o) 1 s gk R LR T S A
TR . MLAh, BB AR A AR A U A R ) B R
777 N2 — o RIS (O) 1 M BRI, Bk
(Fe) M (S) e H Al m AEMA H E MR T &R, 77
W AFe® FIS* 1l ¥ 1 R A7 75 (Balk and Schaed-
ler, 2014). {EGREAIELT, PRANET AT SN AL F o Bk
W, BN RE AP 3 — REJE (Wachtershauser,



500 YA 60(4) 2025

2006). B SCE/EHAPLURIREL, KO0 & &
WA L0.001% F T 521%, SEFe® #ith, HEM
SRVEYIR AR R, B2 LAl VA ML B R R
(SO ERAETE T H i1 (Ward et al., 2016).

BemisEth, BB AST IR TR, ST ER
2. 34N T, BRI TT7EFe® AIFe™ W Al i/ 25 2 1)
e, DAL, BRERAREA A 8 R A AR T
AE7J(Lu, 2018). FEMAMIAR % A SEAG R I
AN B Fe® ™ ST — MR S 4R 1, T
H RISk % . 201206044, W2 WF 0 & i %
THSRES, MINFEARSMAE T Emig il AR 2 E G
JEH, HCA IS AT — BE R BRI I 4E 2R v] B R AT
(Malkin and Rabinowitz, 1966). #&1f, 904EAX )5 11,
Dean%5(1993)id izt Aiff 7 [ % B Azotobacter vinelandii
MIE T ae, JFEITE L R AR I AE & R iR
Ui, ZBUGA N RE B RETE AR S B R TE %, 5
a5 B L T4 Bh R 7 W By, DA A4 N B 77 2 FRe
S HE sk (Jacobson et al., 1989). Sib[A/l;, 2kitifE
T3 45 Gy OB, BRI HA Ui 55 I BR A BR,  onT 4
HA T 40, Fe® B AL 35U i AL iE v, il
IR 454 5 Tk (Balk and Schaedler, 2014).
Rk, BRI AN ARKESiEh, HAEME
S AR U 38 (X B 7E 4 B 2, 52 B — R VIR A
R

1.2 BRWEMSH

TR AT DAAS [F] BE R Eh 45 &, MUkmife B 2 b
gERT . b f Bk A 45 A2 25 TR K [2F e-
2S]#% AL J7 T 1 [4Fe-4S)#%, {H tH 77 7E [3Fe-4S]#%
FIE 5 L f)[8Fe-7S]#%(Balk and Pilon, 2011; Balk
and Schaedler, 2014). A [FIZEB M ERIR AR AIAAE—E
AR EL A4 . INSEH AT AL DRe |, 22TEI[2Fe-
2SR AR R AL A AL, ST AT ) [4Fe-
AS]i% H 2~ [2Fe-2S]EHE A B H AL U F, [3Fe-48]
%2 tH[4Fe-4 S5 M B 1/ Fe o i, [8Fe-7S]i% i
21 [4Fe-4S|iRL: & J RS 14N STE R

R Ak ZE R 5 B AR P e R R
(Cys)ikE M Fi I (-SH) AR 4 & B 2 JIKEE b iAEdE
e S KT [ R % (D Rieske Bk IR A% ) 1, Bk R T8
A5 4 SR (His ) 5 P IR e B o 605 A0 ELAE
[2F e-2S] AR AR 4 22 25 R % 525 (1 T A4 AR [ W] 2y 3
BRR, 5355 R A A R R BR R AR AL
2 $[2Fe-2S]i%, 53/ FMaF kA1 HEA TR
VR IEHC AL FINEET 28 [2Fe-2S)#%, LK 524K s
i % ik R 24 2H R Bk 2 TEC A7 1 Rieske 25 [2Fe-28S]
%o TM[3Fe-4SIZ L% 2 N 5 3/ I & IR vk F: Fic
fir. [AFe-4S|ZREIR K N 2 A5 AN W 2 1R Tk B 45
A a5 3 2 B AR B R AT AN SRR T K (1 R A AL
(Lu, 2018) (1)

A B C
C C Cys His Cys Hi
ysé Fe:S:Fe f g ™~ Fe:S “Fe - iy FeiS:Fe o )
Cys S Cys Cys v S Cys Cys v S ¢ His
D E F
Cys ., Cys o, AIME
Fe—S Fe—S8 W”%C
ys ,
S/ I | S/—j- Fe /* Cys . s
| S—Fe | S-I—Fe% Fe—/ v
Fe/— S / Tow Fe/— S /o Sas e ’I? y
e
Cys v CVS( l / ‘I_/ “ Cys
Fe —8
Cys v

Bl1 BREifERFE AR L) (S % Ly, 2018)

(A) HaAE PR E R ([2Fe- 2SR Bk TR A%, (B) HI3ANEBEE MR AN /ANH Z MR IE I IINEETE[2Fe- 2SRk TI#E; (C) 24 2Rt
TR 2 H A R % B2 I RieskeZi[2Fe-2S)i%; (D) HI3™ M E BR 5k 2L i B2 (1) [3Fe-4S)i%; (E) H4A MR IR R FEE B2 M [4Fe-4S]
%, (F) HaEBeR R FE N [4Fe-4S] 5%, wT LA ES He o f8 E 2 41 3% .
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Figure 1 The basic structure of iron-sulfur clusters (adapted from Lu, 2018)

(A) [2Fe-28S] type iron-sulfur clusters linked by 4 cysteines; (B) NEET [2Fe-2S] iron-sulfur clusters connected by three cysteines
and one histidine; (C) Rieske [2Fe-2S] connected by two cysteines and two histidine; (D) [3Fe-4S] connected by three cysteine
residues; (E) [4Fe-48S] linked by four cysteine residues; (F) [4Fe-4S] coordinated by four cysteine residues, can bind heme with

mercaptan coordination bonds.

1.3 SMRNERIER

BHEIFN D3 B P AE A T 55 5 T BRI AR ) AR s
172, X HAAT TR A AT R I 3Rk i 7% A
E RS, 43 B NNIF & 4 (nitrogen fixation sys-
tem). I1SC &% (iron-sulfur cluster system)fISUF %
43 (sulfur utilization factor) (Xu and Mgller, 2011).
FANERMAEEY SRR G ——NIF R 582 7 [ A H
Azotobacter vinelandiih &K B, iX— R G4 F N FE &
By AR AR BR R . (H2, NIFRGHAZA. vine-
landii 1 ME — IR & i R 4e, DR NIF 4 43 Bk O
J&, FLIE UL o s NE . B, I A
J7VRAEZ 0 P % e B S NIFAL 5 B vE R A, 3k
iM% BT isckE M #% . Rouault (2012) 7 K i #T 5
(Escherichia coli) it 7t 7 2k fE A NE X RGFE—
ISC % %t - SUF 2 4t 52 5 34N B I B IR R A £ W 5 Tl
i&1%(Takahashi and Tokumoto, 2002), - F-7E KM
FFHR A B 25 5, B S 76 S 40 i ¥ % Synechocystis sp.
PCC 6803 #i% 1411 7. .

AR A LA PR, AR GH I ) 2R A e T A T
MR, MHafpRiEeys s, Rk, BERE. " ELshgn
JH AR 490 200 e v P 2ok R gk K T A SE RIISC & 4. Ll
AlMahlenhoff (2008)#F 7t & 8L, £ MR+ 34 T
—Fl#7 i CIA (cytosolic iron-sulfur cluster assembly)
R, IS YA M 5T AN 2H AR 2R R A,
{H S BEARRISC R G, HE WA B RE A 1 S Ak o T 3
& 1 IR AZ U A I SUF R 4

BT, AR S0 O TR R A AE BN BRI AR 5 i
AG——MIS (minimal iron sulfur)f1ISMS (SUF-like
minimal system)&4i. XLEAH 5 RS IRE E b #
FHEM R h 2 B8 2 ok, LS EAMOTIRE, 3K
3 B v ORI A% 5 BRI, T A2 SUF L ISCHINIF
ARG WL 7K B R AL LR T AT IR L R Gt
RLLsEs, HmidE AR AERENRE ). Garcia
55(2022)W 7L R M, EREL FIH A MISHISMS £ 4t
AT ALY A K, X240 RGAEFROL M 51
BRIRE gt e Bl I SR AR Je AR A, MOLRIRS

HEROL & U HEEH R -

XFAEF— N RG, Pk e 2k
ek (Fe® IFe” )Mk . HAPBURIE T AR, hid
ik 2 e . T T e D s e B2 A9 21, Bk ) SR U 1 AN T
o AELRARISCRGH, Btz nl e HFrataxinZk [
Feflt . SRR A A 38 Bk, BRI S 42
wE EHR RS, KK, o FHEENTERT,
FIFATPK AR Re &, BREBRAE M SCHE BRI, &E,
RV ER IR A e 7% R 2R 2R L AT b, TR RO A Bk
BiEA.

2 EMBRENERRS

21 SUF&R%
SUF RSt f W1 K LT K I AR, I HL 2 5 20 i i 35
Synechocystis sp. PCC 68034k #% & it X 5 &
4t o A SUF RGN TE S0 I 18 RSk i 18 T~
2 5 2 /E B (Nachin et al., 2001; Barras et al., 2005;
Ayala-Castro et al., 2008). SUF R G333, 4
128, HISUfSHISUfEZH 1l I ~F bt 22 I it ik lg 52 4 fhie
I R AR SN, AR BT 2 BRI N BRI A A
B R 7, SUfERT RO R SUfSHEYE, BIAE
AT DA 52 IRON = AR B R T o BRI SR VR B R R
Ao 278, BRI SufBCDE &4
HRRIAE, H i SufCH A ATPEG(ATPase)if I,
M SufBRENESUFCXTATPINI K. XZEEAE G
HSufB 2 H IR BBk % b 77, Hfg 5 SufER H
HAE, MSUfEEZH 5 . 553200, e 25 ek kst
B BRI AR L AT AR, B30 5 SUufAZL & B8 i A7 -
LR T I FL R, KA T SUF-like R 4i4 T
MRERAd, S EH S MR P IR 5 40T T I SUF R 412K
Bhe 2510 A SRR R 1 1 2 JDE 2Rl T il AN S 2
(SufSHyENRE A )C €, HB B rEseEd 5
SUfE )[R & A AtSUfE -3 L /E M I » B o7 4 258k
BRI SR E A E AP HASUfB. AtSufCHIAtSUD
=/ABC (ATP-binding cassette)Z ti & (120 k.
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T AtSUB# A et B IE 4L kR A 44y, LA
ATPEHTME . fe)m, HIAtSUFAZSRE RS B (KRR A
YR AR RS R AR

THYISUF R 48 v th A — Se 545 10 2k At 7 20 2 28
(1, WISufE1. SufE2MISUfE3. SufE1T]AEENFS2
(X FXCPNIFS: Chloroplastic NifS-like protein)fj#i
TE T (Ye et al., 2006), NFS2H] {4k ¥ bt & B2 k5 1k
N SRR AR, SR B 2 R e X TR 2 IR R AT,
SufE2FISUFEI P A JE K 7E AL H e S M ik (Murthy - et
al., 2007). FHF 7K, 24 FF 7rDnal & FIDJAG
FNDJAS B E I R 7 1 e B ke J 45 & ik, IRl
T EATT IS K8 5 SUFEA ASUfC 4 &, 1Rtk 4: &
Fl[Fe-SliEr, HALAMT R AN b=
f#5¥(Zhang et al., 2021). Yang%:(2023)HF 5 & 1,
H5R LA BRI B 12 5 Fell it 4R IR N i
CRARELIR, HEATH BRI M AN B

2.2 ISC&Y:

221 BEZEMISCERRS

TE R AT B, 1ISC & St i) 225 K 41 BtiscRSUA-
hscBA-fdx & Kl #%, HdiscRSUA NI T, IscR%
BZ BN TR E . IscRE S [2Fe-2S]i% 1
g A 1, BA R R-F5 12 )E (helix-turn-helix, HT-
H) DNA%: 418 (Schwartz et al., 2001). 7EELBRFE TS
BT, S8 % IscR (Holo-IscR)AE % 11
ISCH ) FRIE . MR BB G Z I, Apo-IscR (JEgk
W) SR F SRS, fH1SC R G5 13 N 15 LLEIE;
[, fEAAHE TR, HARE 5 SURSE M S 31
GEA NS 1k (Giel et al., 2013). HE 6N 3E B 43 5
YahdlscS (LA BLAEEE). IscU (HEZ2EE ). IscA
(iR k4 & ). HseB (3l h4r T-AE1R) HscA
(4 FHEAB)FIFDX (LA L E H).

5 FIRSUF R4 AL, ISCEH IR FEM 3. 6
155, BRJE T ANBR R T /EHE SR 2R 1 IscU - 20 265 s ik i
%, BT 7 IR IR T E IscS AL 2 B 2R 7 A 2 41 (Fli-
nt, 1996), #kJR T HIKIEHJCE 18, IscA (Ding et al.,
2004)A1Frataxin (HCyaY#if5) (Layer et al., 2006;
Adinolfi et al., 2009)# I\ AT g2 2k i) 44 . FDX
R AR A R A 7 (Xu and Mgller, 2011). 5%
N G, IscURERMRALE M AEE N, Hi
O 25 14 FH 5 oM e A1 34 I 1) AT 1 B AT B 41 Rk

(Ramelot et al., 2004). fEgkBifEHIELFES, IscU
ElscSAW HAEFAER . MlscS5IscUHAER, IscS
R RS R scU b, fIscUH o7 W G B 17
K%, BEAIBR RS0 1E IscU b 45 & B #% (Raulfs et
al., 2008). Ub4h, AWFFLLRM], A1 VAR 5
(dithionite) fF Jy B A&, wIAS Il £l 1scU — 4k -2
AN [2Fe-2S]#% M & T ik [4Fe-4S]#% (Chandramouli et
al., 2007), {H2 %M & R AE R K(Raulfs et al.,
2008).

#5225, 1£DnaK/Dnad % % 4 T £ A8 /4 Bh 15
HscAFIHscBHS B T, 48 24 i 2k i 7% M IscU b &
B, PR RS E AN fELLE AR, HscAr)
ATPaseif M A i@ K ARATPIR1S RE &, ReiAE 5
BIRME G R, Niifeidt 5lscUZ&, Ik ek
T 7% (1) B& Jit (Dutkiewicz et al., 2017). HscB45 & i1 fa
ElscUNH 7 % (Kim et al., 2009), 81T IscU5
HscATAE, {4 B2 E A5 &4 iz e
(Vickery and Cupp-Vickery, 2007). 4% 220 58 K 0,
IscU%E A _EHILPPVKIE 5t T HscARlIscU ) BAE &
JHE  (Tapley et al., 2006). 44k #% MIscU_F R
J&, w2k B T4 (Silberg et al., 2001).
filtn, Reyda%s(2009)8 7% W], BhimiE ARG
1% B (biotin  synthase, BioB)ifi i J& /% HscA-BioB-
IscU K &4 58 BRI R 1) 7 7%

E KPR Ry ARk SRR AN S G
HizEamHY. Kgteie 2 ¥isEa, W
IscA. SufA. ErpA. NfuA. GrxDAIMrp. HFi, ™
TOUEHE R X iz i H B B Bk, P
AN 0z B 3 R R A e 18 2 BT R B T T
b (HIX L [ R AR R0E, M Z B F K
A 143 i (Baussier et al., 2020).

222 HBEYISCARERS
SRR, B RERIE ALY G Sk Ak, HISC RS
IR T 2R, (ELH 441 i J5 R 40 A 1 2
FIR LRI R . 1SC HR Ge i3 4L v [] 7= 1) e 195 532
FLERLRAL, HUE T I CIAR G A 1E 52 BV BT 5
2% o DRIk, 1SC 2 Gk I BEFING L3000 4 e 1 2K 1
HARREREE,

BEEEISC R Gurfr, bk 20 IR i i il &2 & A Nfs1-
Isd 1148k % 20 24 1 i 1L (Adam et al., 2006).



Nfs12 4 B IscSH [FVR & F, 1 Isd 1 MU AF7E T H A%
Ay B FE AR S, HREEE 4E RENFs 1 &8 (1 1 R e
FHES 4 (Adam et al., 2006; Balk and Pilon, 2011).
SR ISC RS, BRI KI5 H AT 1 AN B

— UL NS & B A Yfh1/Frataxin (Cavadini et
al., 2002) 7] i & i (9 {4 (Duby et al., 2002). Bab-
cock%5(1997)F1Mihlenhoff% (2002)#f 75 & B, Yfh1
EE AR N 5 Isul-Nfs1 A0 B 4F A, Bk £
Isul EERER RN K G R, FEGRAEHEMA R, &
R 2 2R B Frataxin VBB & (A A AT % 7

e RErh Isut/Isu2 241 1 ISCig 12 H IscU e [ 5 2%
H, EHEREAMMER. SsqlflJact I j&HscAFI
HscBif [EJE & H, S IiaeEeL, Jacti@id
Hlsu14i & iJact-Isul & 4 ¥ (Ciesielski et al.,
2012), % Ssq1iE H Slsul LR F FILPPVKE 7
4h4r . Ssql7E M ATPaseid M AE iz Jac-Isut i,
TEKFRATPI= A M Re EAEH T, Isul i Rk AR,
5 [2Fe-2S1iE I 45 AR R ks, FI 5Ssq145 &4
%% (Vickery and Cupp-Vickery, 2007). 5 Kz
AR, BERFAR AT H— B AR L E 5 (mono-
thiol glutaredoxin 5, Grx5)% 5 [2Fe-2S] IR iU 4%
B(RE WA [2Fe-2S|HHEH# £ 2k T A FIRIE
(Braymer and Lill, 2017)). Grx5ft5Ssq1fillsu14;
& T HiIsu1-Ssq1-Grx5 & & &, H MIsut1$z 32 [2Fe-
28], NEKLIE AR e R R . B R,
Ssq 1T ATPI/K fif i ADP 5| 2 H £ ¥4 G 8 A0 5 Bk B ik
PR R 2, M RO REAE A H IR A8 # IH 1
Mge11E i Nk, T HiSsql 5 M4 & AR I R
(Dutkiewicz et al., 2017).

b 1A 4 2% [2Fe-2S]E I T WIISC R Gi4b, iR}
LRAAEAFAERRR A “ T HIER &) (late-acting
complex) ML 1 51 [4Fe-4S)F% & k. ZE At
Isa1-Isa2-1ba57 4 ik, Bk 7 £ [2Fe-2S1i% N K ¥ 41,
5 FRFTIAISC #4036 H B Bk & (MUhlenhoff et al.,
2011). Brancaccio®(2014){E {A&#hsz56 4 ¢4 % Hi[2F e-
2S)#%RE M Grx5iz ik Elsal-lsa2 F i — Bk, LUK
DTTHI 5 20k J5 AR B K [4Fe-4S)#%, H.iZ% = N Al 7
A bab7E &Y AT .

PR R A R i 5 — P R M BRI R % 2= H I
EAE R E A . FiR¥155E E Grx5hEK[2Fe-2S]
FIE Ik BB R ARk . [2Fe-2S]#E 475 i [4Fe-4S)
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%5, P-looptH /K i Ind1 7] 5 [4Fe-4S) 5% 46 8
dity, 2R HLEERE TEREEE SIS E
FIEJE 32 R Nful ] 255 11 [4Fe-48)i%, IR
HiBE BIFEE AR A R A B
HH(Tong et al., 2003). 5 4h—HEBR LR A E
Bol1fliBol3&Bol (BOLA)E [ FK K It « Melberss
(2016)F1Uzarska% (2016)#ff 5t & B, Bol1A1Bol3%
558 R M Sl DL R o R 5 il 55 2 R /A [4F e-48S]
HHEMIE G

HNSCHR G L TEekifk. BFE N A A A
vl 5 D)Re S E 7k, BEAT T V20 BB R A A
HER T, KIHEDLRARISCH k125 1 BEE R
AL PLRGTT RS D A B A FE 1, Nfs,
Isd11 #l Frataxin 1) [7] ¥ 25 F AtNfs1. Atlsd11 Pl &
AtFrataxin 73 7] #& it 5% 1k, JF H.7E Isut [7] 96 25
Atlsul BB Mm% . SEEREANFERZ, I
YR FIsufa 3Fh, KrAtlsul4hE A Atlsu2 FilAtlsu3,
CAT IS BB A5 S T R ORI R kAR
(Léon et al., 2005), H A Isut{EHIEE I+ H (IR IE B
L, WA R FEEER, Isu2fIsu3 L FE LR
ik (Armas et al., 2019). 5251, Ssq1FJact K[H
J8 2 1 AtHscA2 fil AtHscB 2 [ /7 7E M HAE A, A
AtHscB it 1 15 AtHscA2 ) ATP g iif 11 I 75 Bl lsu 1 R
ek % (Leaden et al., 2014). #H4b, EIETFH, &
Y sE A A — ANk Hsp70 8 1 AtHscA1 (AT4G3
7910). Xu%§(2009)Hf 7t % B, AtHscBFIAtlsu14&H
A A AtHSCAT IIATPRE, X % B AtHscA17E 25
K Fe-SHEAYI R L REIEH

3N B BRI R i A A AR AN [R] ) Bk
i 2 AT b (B12), Wi SkEREg . ARV 3G R DL
N A% 4% (electron transport chain, ETC)H I E
A1, AN 4155 (Pedroletti et al., 2023). #lFd
FHHFIAICIAFT (E&RIHZER T EZ &I
WHTYKY BAE, 7K [2Fe-2S]iktk ik 45 120 5 it
Firh & %45 Fl (Ivanova et al., 2019; Lopez-Lopez et
al., 2022). E-&YI—HE Y371 I ZBF (succinate
dehydrogenase, SDH)H SDH3. SDH4FISDH241 %,
HHh SDH2T] 58k 1% 45 & (Meyer et al., 2019). 7E
ARARZ GV, H TG 78 53 R R W H Re
SRR, (EX NI, HsLYRM7 (Ll T
H AR FVR ALY RM) BE 08 B 45 & 5 Bh 5 &
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Fe?

-

Mrs3. Mrs4

[FREA
Frataxm
Fe2 AtHscA1/2-ATP. AtHscB
FIAtGrxS15
@ AtMFDX /

Ala AtMFDR

tiscA1
AtlscA2
Atlba57

NADPH  NADP* m%a:m& iy
H LRASHE N FEMFREIE 1L A

B2 #EIFLRARISCH Mg F A E(Z%Lill, 2009)

M 52 R RARISCA UG AR, 416 77 HE R ¥ 40 20 TE R0 B JF o ok I SCRAROE - 25 125 h AtNFs 1-Atlsd 115 & 444
B iR, Frataxin T 83 b8k . AR % @ 1 [R5 2k 4% 12 B A Mrs3 R Mrsd4 v] 44 Jii J5 (1) 8k % 32 28 26 i 4 55 Frataxin 5 &,
AtMFDRFIAtMFDXT] G #5 BINADPH#4 RS B 7. AR FIBRAEAtIsul L& ki iz, 55245, AtHscA2fIAtHscB 5 AtIsu14t 4, JEHAiE
BTN ALsuT RIS 3L R FE X B ARSI E AP, WGrxS15. LR ME T WS LEREE. V& gL
M TFAEIBEER AT WA B2 1 s T AR A 2R R 1. AR 72 (AtlscA1FIAtIscA2)FIZH 2% K FAtIBAS7 2 5 .

Figure 2 Hypothetical model of the mitochondrial ISC biosynthetic pathway in Arabidopsis thaliana (adapted from Lill, 2009)
The schematic diagram refers to the yeast mitochondrial ISC synthesis pathway model, and the components in the red box
have not yet been reported in Arabidopsis. In the first step, the AtNfs1-Atlsd11 complex desulfurates cysteine, and Frataxin
may provide iron. The unidentified homologous iron transport proteins Mrs3 and Mrs4 can transport iron from the cytoplasm to
the mitochondria where it binds with Frataxin, whereas AtMFDR and AtMFDX may assist in electron transfer by NADPH. Iron
and sulfur are synthesized into iron-sulfur clusters on Atlsu1. In the second step, AtHscA2 and AtHscB bind to Atlsu1, pro-
moting the release of iron-sulfur clusters from Atlsu1. The third step involves transporting the iron-sulfur clusters to various
iron-sulfur proteins, such as GrxS15, mitochondrial iron-sulfur proteins, fumarase, biosynthetic enzymes, and electron transport
chain complexes |, II, and Ill. The transport of some iron-sulfur proteins requires the participation of iron-sulfur cluster assembly
factors 1 and 2 (AtlscA1 and AtlscA2), and the assembly factor AtIBA57.

H HsHsc20, Jf#HsHsc20/HslscU5| 5 & & &4l GrxS157] 5 35 1 ¥ £k ki 7k B A IscA1a/1b/2 41 .
i) Rieske £ it & 4 1. % HsSUQCRFS (Maio et al., EH .

2017). $LEGIF HR AL T R AR 1 Bk iRt i % 12 8 FAINFU4

FINFUSTE(ESM AR B A R, AN =ik 23 CIARSE

Al LAZE A 14 [4Fe-48)i%, Al N1/ MIscAla/2 57k — CIARGAL T A b, B ereBER i B BT
RiAFe | H[4Fe-4S]i%(Azam et al., 2020). Fritz A G I R AR, R X R A T
Ah, WF TN T3 HE DR ARk T LR B B R E b B R, i ELRARISCR G IR E T EREREF,
S15 (GrxS15). HHEIAWFLRMA, &N AESN T CIAZRG EE H8Fh & A2k, 437l /&Cfd1. Nbp35.
VE AT LR I 214D 75 77 GrxS15 5 Isc AR (A 2 8] f A1 B Nar1. Tah18. Dre2. Cial. Cia2f1Mms19.
VEF o I, B RERU S AE AW 235 't Ho AR S0 26 B CIAIZ BRI R 4 28 i 75 I B oKk H 2B KR ISC &



g AR AR SRS, HBABC (ATP binding
cassette)i% iz HAtm1 iz A5t . PRI T4
MR, AH BRI i C AR ROE . 2 S A PHIINTP
fif(NTPase) Cfd1FINbp35JE mff] VY T M4 A A 3
BE A Th g (Netz et al., 2007), 45 7 FE 5 176
Cfd1-Nbp35P4 ik I 4 ifi[4Fe-4S]i% . Tah18F1Dre2
PALFT S BT (Netz et al., 2010).

Nar1#l1Cia17ECfd1-Nbp35% 4L & (4 5 &1 T i
RIFEAEH, 2 58RI (Lill, 2009). Nar1/&—
AL T A B R, HEiRIE RSS2
[4Fe-4S]i%, Hrhz —RHEFESM—s, H—1
A fgiEIT 5 Nbp35 BAF S 48 AR ok, I Re
& & He R &8 A AT 4k - (Lezhneva et al., 2004;
Yabe et al., 2008). [Kit, HEERERENZAREA,
HACIARG AR5, B2 S EUR R ™ E 1)
R % A BB R (Balk et al., 2004). CIA &R 4+
[4Fe-4S1#% I R il [F] i) tH 75 22 Cfd1 ¥ Bl (Balasubra-
manian et al., 2006). Cia1/& A WD40H & 45 #)1k
HEH, fit5Nar1 f1Cfd1-Nbp35%& & MM LLAEFH, 1’
BEER B % O FR i (Sharma et al., 2010).

AL AR, EREBF P Nar @ id 5 CIARE [ &
4WICTC (ClA-targeting complex) E.AE, ##[4Fe-4S]
1% 12 2 4 CTC U I E AR Bk i &k A AT . CTC
s iMet18. Cialll K Cia2ZH i) 2 &1k, REfsts =
PR I 4 A BT K BRI A4 C oK I £R 57 (1) [LIM]-
[DES]-[WF]-COO- =k &5 #4, M A ai A H 6k ek
Wiik. 20, ZHFINACIAR G R FA[4Fe-
AS|FEEE H, {H & Marquez%5(2023) 1 7t & I A A]
AL R [2Fe-2S]% HE H .

Couturier4s (2013) % 0L B 7+ o 78 & I, B Cfd1
Ab, O E YR T O CIARC 1 RIS, 3
BTE LR AE D) h CIARAE i FE AR ST, M CIA G L
il 5 e AR AL . BRI AR G BT 7 I LT R
Tah18-Dre2 [F] i & & ¥ 3 {it (Varadarajan et al.,
2010). HTJECfd1, Y+ FINbp35 1] fg Al H 1714
AR AWM IRE, DL RAR MY 58 N [4Fe-4S]i%
{1425 (Bych et al., 2008).

3 LRGHMEEENENEKATHN

N

PRBR AR ERBL SR AN R B, F2 5

WAL VLR IR ERBI % & R G SRR FC kR 505

55 PR 2 2 5 R 9 1) ik PR T B K R AR R R B
WERRESE . SRTT A T REFEAR 0 RAL IR RERE A7 35, (2
RO — AR eUENRE, 78T AT T EEka
A LA S Bk AR 1 T RE o T T B ATTX A M ek
TRISC £ G AH 50 5 K R A 0 AW AL KR B 25 (152 R
BEAT RS (FR1).

3.1 Frataxin

Frataxin &t i 2R 5 F, BN R ER % & )
HRR LR T . LR I Frataxin [K o B ik 2k /AR 4
I, XU WZERNAEEY A KR E SRR A B
B X34~ B A frataxin ik H e (1) Salk 78 48 4 (SAL-
K_021263. SALK_094203FISALK_122008, )5
% Matfh-1. atfh-2F1atfh-3) I Fo4h K B, ks
Ak atfh-1 1) Frataxin#% 5% 7K 1 [ 22 87 42 Y (1 29 1/4,
RIEW A B AR RN 2150%. 1% R AR KRR I
AR AR IR 2 . TR S B gl 2 > 30 % JF HLA - B i ik
MR A, M. ATERTES T E SR . atth-11 5
3L R I (aconitase, ACO) LA J 3% 31 iR it & I &k i
¥ F#(succinate dehydrogenase iron-sulfur subunit,
SDH2-1) &M T B, bk EL I, [FEL
F P HE M4 (reactive oxygen species, ROS)& &
T, ROSRE RAR R FE R e AP N . 145 R
7 W Frataxin Jy 4 £f 26 R0 A4 Bk Bl 85 305 18 P 4 75
(Busi et al., 2006). atfh-2Flatfh-34 g 7 & H 447,
G TIRAE Z25% A B M T, XUl ¥ Frataxinff)
ek 22 FECE T BRI G EE, AtFrataxin i BE7E
FIAM 1R & T kK $EEEZAEH (Busi et al.,, 2006).
Busi% (2004) 7F Ji i i BE frataxin it 2 2845 f& Bk ok
VAL AtFrataxinfl Dy REfF, R IH AT RE 2 S5 2 ki
P WP A LB B o 4R, Martin® (2009)/# 7t &
B, AtFH-1 (SALK_122008)Z45 A B~ tH B EH MR F
B AR TR S I H B A B INOKT, 1X
W Frataxinih = 2 S EAMMIE .

3.2 Nfsi

- Jofe 0 I ot A T N 7 A ) 28 s A R A 7% 1) 2R
RO 2 H R B A% AR B 5 T (Stehling and Lill,
2013). #FETF, AtNfslid Riktk RZ X H K E 7
W, AFEE R IL S AELRITE R R A AR
ARIFIRF IE R B W 3 . 5 B0 SR A JE A AT
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Table 1 Phenotypes of mutant alleles involved in mitochondrial [Fe-S] cluster assembly genes in Arabidopsis thaliana

3 A

ke 2% 3k

Frataxin SALK_021263

AR g R E AR ELAT T s>

Busi et al., 2006

SALK_094203 WAFFAE Busi et al., 2004
SALK_122008 WA TAE, BHR Martin et al., 2009
ISU1 T FRik I E R Song et al., 2022
RNAI ZEAN, FEARE N Frazzon et al., 2007
SALK_006332 ity SZ N Frazzon et al., 2007

NFS1 U SV

HscB SALK_099684

WM BTG AELAERE 3 R A AR T A B
ZFIEZ, R R

IR AR BOK TR, BRAERH Th AR

Frazzon et al., 2007
Fonseca et al., 2020

Leaden et al., 2016

SALK_085159 RN M ORR A, BRI AR Xu et al., 2009
HscAl  SALK_081383. SALK_081385. L0, YEJE RN Wei et al., 2019
SALK_128982F1SALK_140494
HscA2  SAIL_354_EO09. SAIL_302_GO7/1 JTHERA, XH/MNEMERELA bk Wei et al., 2019;
HscA2m g 5845 Zhang et al., 2025
GrxS15 SALK_112767. GrxS15°™R, MR, HEPRIAS /N, ARSI 2 A, SR e ) Moseler et al., 2015;
SALK_112767C. GK-837C05 it eg, BN RG S8 Stroher et al., 2016
FMISAIL_431_HO3
SSR1  FLAG_356A08FIFLAG_571A02 R A 52 F i) Feng et al., 2025

RESENFS LR MM DI AR & . AL TE R (ab-
scisic acid, ABA)FI4: K 2 (auxin) & i g — 5 (I
£ 1k (aldehyde oxidase, AO)Z&kHiE H . K,
ANFS1HIA IS 2 R M AO KB 5 LR X, Nfs 1
FEIA IR 33 e B IR M ) o AOE 1 KB PR AR, HE—2F
Ui INfs1 7] e 5 MR 19 AE V)& A % (Frazzon
etal., 2007). BRAEK K G A WAL, EFRI K
i, NfSI{EREYI e N2 F B R IEVER . I R T Bk
NS R) 2 A 2 451 35 0 000 Sl 27 32 40 110 S AR (R 40 1k
NS Lt 2 15 1) 4 Ji DR RE AR U Y2 7 L O3 Jit BT 1R 012
PL K 22 /N B A AH 5 2E R 1 _F 18 % 18 (Fonseca et al.,
2020).

3.3 lIsul

Isul 2 KIRISCRG P A EH . Song5#(2022)
WHFRRY, R T R IA Isul &3 SR TH R N
REJJ, SDHAMACOE MR & Ferm, M 1 X EkE = i1
M 521 o 5 PR AT e 2 Isudid # ik f A P R AE Bk Bk = 5%
PER S A 2 AR R 8k, DAZERFHOB R (1 26 A

U AR, WHE A 1F A SSBE R A 2 F 35 14 (Song
etal., 2022). # i FTid R I IsuLbk R 2 H IR il 28
KRB BRI 3B G 2 R A, XA RE R TR
I FH AR R (AP Wk 2, 1R (indole-3-acetic acid,
IAA) 5% 7525 Z (gibberellic acid, GA))fI/K %4 T 45
W, SE L K ADH (Frazzon et al., 2007). 2R,
AtlsulBLAtisu2 (T RNAIZ A i bk 22 B A B4 2%,
BRI LR AR . ZEAtSuL ) T-DNATH A A
s AR L 52 21 2K {8 B (Frazzon et al., 2007).

3.4 HscB

HscBEISCEEHMEIEEH, SHscA2—ii & 53¢
B AISU EHT & BUR BRI AR R . AtHscBId 1A
S RGP AR RPN R, ERIZH
Zfth BB, FEGEYHL IS R PR . HscBRi bk
AR AR I AR BT, R Z R AR IR K T B
K, (HRSER T 2 (Leaden et al.,, 2016). 7f
T-DNAJH A 58 48 44 (SALK_085159) 1 K B, & T 5%
Wi 5k PR 20 AT A6, R PR B AtHSCB % S A 7 E R i,



ARERII FAtHscBEE . R TR I, & RAAK
ZHE R HCIE B, BA DR AR, SRR, 5
EBE NI R A FIEIR, RYIHscBERIE T 7]
RE = FECR B A G IR, JFs2mi e A
H

A BRANIE H 2B S I R (Xu et al., 2009).

3.5 HscAl/2

TEREP L RLA P I H 2FHSPT0E H, BImtHSC70-1
FIMtHSC70-2 (X #x NHscA1F1HscA2) (Wei et al.,
2019). ‘BT TR IE SE 2 5 SRR I 2 7% 2H 256 (Xu
et al., 2009; Leaden et al., 2014). Wei%%(2019)#t 7%
KW, P ST HSCALEE KRB ik R B3 H ™ H A K
RRE, HSCALZRAL 5 (IAEA 14 W ROS S AR B i LU B A4E
B2, WHESE B T HSCALTRAR T BUZ KA H 2 ffd Fp i
Wl BN T AR A AL R T4 . T, HscA2
FAIHSCALIE R AR 15 78%, 1E H HTHSCA2{E )
HRZ EA HROE, O TR AE KR E B A A
AR . AT BORTI T 45 AR B, U JrHscA2%E
FRAE B4 E S ATPREGIE PE s RAE, R4 = R
AR AL R X 405 I 2 Ak B 5 I R AR 3 1
%1 (Zhang et al., 2025).

3.6 GrxS15

A GE R AT A B B A DR IR A/ e IR AR
S S BRI B . AR, REEEA
S15 (glutaredoxin S15, GrxS15)x hF I+ A4 K &
B 2 OCHE B HAE B & A B A& R O E
RETI R T T8 A 0 Sk R g 1) R B AR R P R AN A S
1 GrxS15TREZ S, WGrxS15/1 T-DNAH A KA
R SALK_112767C. GK-837C05#1SAIL_431_H03,
IR AR Bt R A, R GrkS15 4 1E 7 Ik
K G b7 (Moseler et al., 2015). H4b, i8G W%
B, 7f GrxS15 1) T-DNA#H A\ 28 4% fA grx4-1 (Salk_
112767) FIRNAIFE & GrxS15°™R b | GrxS15 % [ (1)
S K Al AR 2 B A Y 1 22% A110% . 5 8 AR 7
HIE, grxd-1MGS15 ™ R K AR 4, 4 Bl 9 BF A
H163%M118%. % HIEA&M FAKIMIKE, grxé-1
AN GrxS L5 ™™ fy 32 i i T A7 43 ) Ay B85 2 T84 ) 85% Al
19% (Stroher et al., 2016). GrxS15 I IEIL
HEREZRTIAA, StroherZE(2016)0F 78 &3, L
R GrxS15FRALIE 2 H TR i 55 7% 32 B 2 ), [R] 32

WAL VLR IR ERRL % & R G SRR FC kg 507

SR A 5 2 B b aa i 5 .

4 MERE

BRI AN TR £ 1 0 A 0 L (A M R A e 4
FERAAESER, BESS5HEMMRNTZE
AR, W AE A AR BRAEE AL
RGP ANAHBE S . DNABE
AR PESE . DB REAE A0 IR A& R 3 &R
GIER, 53 R L T SR A SR AR R I B AR R
BRARMISUF RS0 A T 2R AR Sy 28R4 A0 20 A JoR 4kt
EARMBEREMISCR Y, & 5ISCRS &1E N
JEL 5T RH 2 R Bk 2 AR R BRI CIA R Gt XLt
F G0 1) B B R Dy e ik O 3 BRI R A
TEIGE 2R, MBEYNEKEE, BEE5lik
BT,

HHT, RTEBAERIT 2 5% TR K&
NHA B I Th e ORPENLS . SR, BREE AR
U 2 MR B AR A R G TE T . 0, AR R,
SUF R4 # I\ Ay e Tl £ 2 R4, SERER
Birh, SUF RGuAHCHE R (28 38 i, 35 B4 14
Tk ) FH AN 5] Bk 5 R 36 2 TR 5 R . suffR gl r
AT B HL O3 B 1K % 3 1 15 X 7 OxyR (Oxygen Ra-
dical Resistance Regulator)ii®, MififA BT 405
NEXHEAL W E (Xu and Mealler, 2011).

B TR H ARV T A Re R 3, SUbiE R %
X HAEAFROCHE . RS 55 (2018) F 5k L 1 55
(2024)WH 7L, BRBAE G R DR AR R0 T mi A A=
Yoiif . BN, /KAE(Oryza sativa)kl & HNfu2.
GrxS16. HscAl. HscA2. HscA3FIATM33E K 7EEk
BPE. IR —LE SR a5 T Fif(Liang
et al., 2014). SongZ%%(2014)%}#k(Amygdalus per-
sica)B 4l I A iR, I Rk AE T TR R R Ak
HEERLHIsd11l. HscAl. HscB. 1ba57f1GrxS15%%
(F2RIA; #h M 18 0 B K H A AR R Nfs1. Isul.
Nfud. HscA2. HsCAARIINd1&5IE K kik . #kih= 2%
£, %% (Fragaria x ananassa)4/i iR #Isul JE A i1
Fik/K T2 H(Song et al., 2022). Arabidopsis
eFP Browserd [ ## 2 7~, R I+ ISCE 1% 1)
S S L IR 1) R TA 52 21 22 Fe A A= P e 1) R A
KI3E7r, LRI T Atlsu2 ) % 5E 32 B 7 AR 4
YIMRE RS, T B35, AtHSCA2( R IAZ 3 £ 5
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Figure 3 Heatmap of gene expression related to the ISC synthesis pathway in Arabidopsis thaliana under various abiotic stresses
Heatmap of mitochondrial iron-sulfur protein gene expression under various abiotic stresses, with data sourced from the Ara-
bidopsis eFP Browser (https://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). The color markings indicate the fold change in gene
expression relative to that in the control group. The time of stress treatment shown in the graph is 24 h for all the samples.
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Research Progress on the Iron-sulfur Cluster Synthesis System
and Regulation in Plant Mitochondria

Tao Xie, Yifan Zhang, Yunhui Liu, Huiyu You, Jibenben Xia, Rong Ma, Chunni Zhang, Xuejun Hua’
School of Life Sciences and Medicine, Zhejiang Sci-Tech University, Hangzhou 310018, China

Abstract Iron-sulfur [Fe-S] clusters, which act as cofactors for iron-sulfur proteins, are ubiquitously implicated in a di-
verse array of biological processes, such as photosynthesis, respiration, electron transport, and the biosynthesis of es-
sential vitamins and cofactors. Their intracellular biogenesis is modulated by a suite of proteins that catalyze and regulate
the process, with compartmentalization occurring within discrete subcellular compartments. Mitochondria, as the central
organelles for cellular energy metabolism, harbor numerous key metabolic enzymes that are iron-sulfur proteins, neces-
sitating the provision of iron-sulfur clusters by the mitochondrial assembly machinery, the iron-sulfur cluster (ISC). Ad-
vancements in research, particularly from bacteria and yeast systems, have facilitated significant strides in the identifica-
tion and functional characterization of pivotal catalytic and regulatory proteins within the plant mitochondrial ISC system.
Additionally, considerable progress has been made in the research of the role in iron-sulfur clusters in the plant growth
and development. The elucidation of plant-specific components within the iron-sulfur cluster synthesis machinery and the
mechanisms by which this system responds to environmental stress are areas of growing interest. This manuscript pro-
vides a comprehensive review of the current state of research on the mechanism of iron-sulfur cluster synthesis in plants,
with a particular focus on the mitochondrial ISC assembly system. It also provides a succinct synopsis of the role of key
genes within the ISC system in plant growth and development, as well as their involvement in the response to abiotic
stressors.
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