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S/0RaU;!9))=&*XX'42;43HXR0;R00ZX&00ZZaM0RaMR/-` Ma!

`1! 84%H#3.!+;!@;.!843%#))(.!@;!N;!r!<2=)(>.!+;!";!Y=#C)34&C4=2C!5A2'#%C#!$43!
5D#C)34%2C!84%)34D!4$!G#7#!G,'346,D()24%!J,!I&'E;!H=(-5#=3),4%./3+"-&!), .!
Ra1aaMRa1-a!S/0RbU;!9))=&*XX'42;43HXR0;R0/RX(C&;2%43HC9#7;bJ0/a`0!

`a ! P(D>#3.!B;!@;!+(H%#)2C!&=#C)34&C4=2C!S5?N.!5Y55+.!+q&&J(F#3.!+8"!(%'!
f+NU!&)F'2#&!4$!D4:M&=2%!$#3329#7#!C#%)#3&!(%'!)9#23!C433#&=4%'2%H!9#7#!
=34)#2%&;!4((-83=#"3(=,4%./3+"-&,D.93.E+!$,) J$,* .!1ZRMa`1!SRbbbU;!
9))=&*XX'42;43HX9))=&*XX'42;43HXR0;R0R-XY00R0Mca1aSbbU000/bM- !

https://doi.org/10.1021/ar9001685
https://doi.org/https://doi.org/10.1074/jbc.RA117.000830
https://doi.org/10.1074/jbc.M112.448399
https://doi.org/10.1021/acs.biochem.8b01198
https://doi.org/10.1021/ja076679p
https://doi.org/10.1074/jbc.M709486200
https://doi.org/10.1007/s00775-015-1263-5
https://doi.org/10.1021/acs.inorgchem.9b02530
https://doi.org/https://doi.org/10.1016/S0010-8545(99)00029-6
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`- ! <2=)(>.!+;!";.!P#%.!e;!r!T3#%.!\;!<;!f+N!(%'!"BQ!I%A#&)2H()24%!4$!G#7#!
NF$$D2%H*!BF%C)24%(D!I7=D2C()24%&!$43!8,)4C9347#!C;!<(*-=#',(F,"%.,0/.-3)#=,
4%./3)#',!()3."& !$'" .!bZa`MbZ-`!S/0R0U;!9))=&*XX'42;43HXR0;R0/RX[(R0/0bc=!

`Z! PF.!N;,.",#'1!s#7tY)(=9,D4C4CCF&!(F3#F&sX#7t!I&'E!(%'!I&'I.!G#7#M'#H3('2%H!
5%L,7#&!:2)9!Y)3FC)F3(D!Y272D(32),!)4!+4%446,H#%(&#&!p;!<(*-=#',(F,;3('(53)#',
4%./3+"-&!",. .!/c10M/c1-!S/00aU;!9))=&*XX'42;43HXR0;R0Z1X[JC;+10ba/-/00!

`c ! V>=(J2.!E;.!Q(>(,(7(.!Y;!];.!+(F>.!@;!E;!r!+F3=9,.!+;!5;!I%(C)2A()24%!4$!)9#!
9#7#!'#H3('2%H!#%L,7#!I&'I!J,!(%!(C)2A#!&2)#!&FJ&)2)F)24%!)9()!'272%2&9#&!9#7#!
3F$$D2%H;!<,;3(',4%./ !",+ .!`1RZbM̀1Rcc!S/0R/U;!
9))=&*XX'42;43HXR0;R0Z1X[JC;+RR/;`b`/1b!

`b ! Q(>(9(&92.!Y;,.",#'1!V%2KF#!5D#C)34%2C!Y)3FC)F3#&!4$!)9#!G2H9D,!NF$$D#'!G#7#&!2%!
G#7#M"#H3('2%H!5%L,7#&!4$!Y)(=9,D4C4CCF&!(F3#F&.!I&'E!(%'!I&'I.!J,!
N#&4%(%C#!N(7(%!(%'!5D#C)34%!?(3(7(H%#)2C!N#&4%(%C#!Y=#C)34&C4=2#&;!
;3()%./3+"-&!)- .!`bRcM̀b/c!S/0/0U;!9))=&*XX'42;43HXR0;R0/RX(C&;J24C9#7;0C00Z`R!

10! YC9F#D>#MY(%C9#L.!@;!5;.!843%#))(.!@;!N;.!\4C2(%.!Q;!@;!];.!84%H#3.!+;!@;!r!
<2=)(>.!+;!";!NF$$D2%H!2&!#&&#%)2(D!$43!Y)(=9,D4C4CCF&!(F3#F&!I&'EMC()(D,L#'!
'#H3('()24%!4$!9#7#!)4!&)(=9,D4J2D2%;!<(*-=#',(F,H=(-5#=3),;3()%./3+"-&!"'. .!
RRRZZa!S/0//U;!9))=&*XX'42;43HX9))=&*XX'42;43HXR0;R0R-X[;[2%43HJ24;/0//;RRRZZa!

1R! <#'3(,.!@;!?;.!\3#&).!8;!+;.!_4&C(.!Q;!G;.!+2))3(.!\;!r!E3##%.!+;!Q;!@&C43J()#!
?#3462'(&#!847=4F%'!II!I&!(%!I34%SIWU!d64!Y=#C2#&;!<(*-=#',(F,"%.,0/.-3)#=,
4%./3)#',!()3."& !$(" .!/01RbM/01/a!S/0/0U;!9))=&*XX'42;43HXR0;R0/RX[(C&;0C0bR0c!

1/ ! _#9.!G;M8;.!E#3$#%.!E;!];.!P(%H.!];MY;.!Q&(2.!@;M<;!r!P(%H.!<;MG;!89(3(C)#32L()24%!
4$!)9#!?#3462'(&#!+#C9(%2&7!F=4%!N#(C)24%!4$!?34&)(C,CD2%!Y,%)9(&#!:2)9!
?#3(C#)2C!@C2';!I'#%)2$2C()24%!4$!(!Q,34&,D!N('2C(D!I%)#37#'2()#;!;3()%./3+"-&!(, .!
bRZMb/c!S/00bU;!9))=&*XX'42;43HXR0;R0/RXJ2c0R`c/A!

1` ! GF,#)).!];!5;,.",#'1!847=4F%'!5Y!4$!8,)4C9347#!C!?#3462'(&#!84%)(2%&!(!Q3=!;=2;M
8()24%!N('2C(D*!89(3(C)#32L()24%!J,!84%)2%F4F&!P(A#!(%'!?FD&#'!gMT(%'!
56)#3%(D!fFCD#(3!"4FJD#!N#&4%(%C#!Y=#C)34&C4=,;!<(*-=#',(F,"%.,0/.-3)#=,
4%./3)#',!()3."& !$$+.!b0`` Mb01R!SRbbaU;!9))=&*XX'42;43HXR0;R0/RX[(00R10(0/R!

11! 5H(:(.!Q;.!Y927('(.!G;!r!I&927F3(.!_;!5A2'#%C#!$43!847=4F%'!I!B437()24%!2%!
)9#!N#(C)24%!4$!8,)4C9347#M?1a0C(7!:2)9!7M89D434=#3J#%L42C!@C2';!
;3()%./3)#',#=8,;3($%&+3)#',D.+.#-)%,4(//*=3)#"3(=+!".$ .!R1-1MR1-b!SRbb1U;!
9))=&*XX'42;43HX9))=&*XX'42;43HXR0;R00-XJJ3C;Rbb1;Rc-c!

1a! +44',.!?;!8;!5;!r!N(A#%.!5;!<;!Q9#!f()F3#!(%'!N#(C)2A2),!4$!B#33,D!G#7#!2%!
847=4F%'&!I!(%'!II;!0))(*="+,(F,4%./3)#',D.+.#-)%!)$.!1/ZM1`a!S/0RcU;!
9))=&*XX'42;43HXR0;R0/RX(C&;(CC4F%)&;ZJ001-`!

1- ! Q(%(>(.!+;,.",#'1!@C)2A()24%!4$!9,'34H#%!=#3462'#!2%!943&#3('2&9!=#3462'(&#!
4CCF3&!:2)92%!(==34627()#D,!/00!72C34!&!4J&#3A#'!J,!(!%#:!$3##L#MKF#%C9!

https://doi.org/10.1021/ja102098p
https://doi.org/10.1074/jbc.M409526200
https://doi.org/10.1074/jbc.M112.393249
https://doi.org/10.1021/acs.biochem.0c00731
https://doi.org/https://doi.org/10.1016/j.jinorgbio.2022.111775
https://doi.org/10.1021/jacs.0c09108
https://doi.org/10.1021/bi801382v
https://doi.org/10.1021/ja00140a021
https://doi.org/https://doi.org/10.1006/bbrc.1994.1868
https://doi.org/10.1021/acs.accounts.7b00463


!
!

%-!
!

'#A2C#;!;3($%&+,<!,( .!RbbcM/001!S/00`U;!9))=&*XX'42;43HXR0;R0R-X&000-M
`1baS0`UZa00cMa!

1Z! G2%#3.!@;!f;!?;,.",#'1!"#)#C)24%!4$!(!)3,=)4=9(%!3('2C(D!2%!)9#!3#(C)24%!4$!(&C43J()#!
=#3462'(&#!:2)9!9,'34H#%!=#3462'#;!2*-($.#=,<(*-=#',(F,;3()%./3+"-&!"*, .!
`0bRM̀0bc!S/00RU;!9))=&*XX'42;43HX9))=&*XX'42;43HXR0;R01-X[;R1`/M
R`/Z;/00R;0//0c;6 !

1c! P2D>&.!@;!r!d3)2L!'#!+4%)#DD(%4.!?;!N;!N()!D2A#3!9#7#!46,H#%(&#;!G2H9!D#A#D!
#6=3#&&24%!4$!(!)3F%C()#'!&4DFJD#!$437!(%'!%()F3#!4$!)9#!7#&4M9,'346,D()2%H!
&=#C2#&;!<(*-=#',(F,;3('(53)#',4%./3+"-&!"*, .!//`aZ M//`-/!SRbb`U;!
9))=&*XX'42;43HX9))=&*XX'42;43HXR0;R0R-XY00/RMb/acSRcU1Ra`-M0!

1b! \2)([27(.!f;.!I)4.!+;.!BF>F2.!G;!r!+4344>(.!_;!@!3#(C)24%!7272C!4$!),34&2%#!
9,'346,D(&#*!9,'346,D()24%!4$!(!=9#%464!$#332C!C47=D#6!)4!(!C()#C94D()4!C47=D#6!
:2)9!78?T@;!<(*-=#',(F,"%.,0/.-3)#=,4%./3)#',!()3."& !$$).!b``a Mb``-!SRbb`U;!!

a0! Y=4D2)(>.!Q;.!BF%94$$.!5;!E;!r!T(DD4F.!";!?;!Y=#C)34&C4=2C!&)F'2#&!4$!)9#!462'()24%!
4$!$#332C!8_?Ra`@-!J,!=#3(C2'&*!I%&2H9)&!2%)4!?1a0!92H9#3!462'()24%!&)()#&;!
0-)%39.+,(F,;3()%./3+"-&,#=8,;3($%&+3)+!(-' .!Rc1MRbR!S/0R0U;!
9))=&*XX'42;43HX9))=&*XX'42;43HXR0;R0R-X[;(JJ;/00b;R0;0R1!

aR! +()&F2.!Q;.!\27.!Y;!G;.!]2%.!G;.!G4$$7(%.!T;!+;!r!I>#'(MY(2)4.!+;!847=4F%'!I!4$!
G#7#!d6,H#%(&#!8(%%4)!G,'346,D()#!I)&!G#7#!7#&4M8(3J4%;!<(*-=#',(F,"%.,
0/.-3)#=,4%./3)#',!()3."& !$", .!R0b0MR0bR!S/00-U;!
9))=&*XX'42;43HXR0;R0/RX[(0aZaZcL!

a/ ! Q(>(,(7(.!Y; M2;!];.!<4F)#).!Y;!@;.!+(F>.!@;!E;!r!+F3=9,.!+;!5;!?;!@!B#332Ci
?#3464!I%)#37#'2()#!2%!)9#!d62'()24%!4$!G#7#!J,!I&'I;!;3()%./3+"-&!)( .!/-R` M
/-/R!S/0RaU;!9))=&*XX'42;43HXR0;R0/RX(C&;J24C9#7;aJ00/`b!

a` ! \:4%.!G; ,.",#'1!"23#C)!A2&F(D2L()24%!4$!(!B#SIWUi dG!2%)#37#'2()#!2%!(!9#7#!
#%L,7#;!C#"*-.,4(//*=3)#"3(=+ !+.!R`11a!S/0R-U;!
9))=&*XX'42;43HXR0;R0`cX%C477&R`11a!

a1! N4'32HF#LM<4=#L.!];!f;,.",#'1!Q9#!I%(C)2A()24%!(%'!8()(D,)2C!?()9:(,&!4$!
G43&#3('2&9!?#3462'(&#!:2)9!s#7t7sX#7tM89D434=#346,J#%L42C!@C2'*!@!
Y?58QNd?GdQd+5QNI8!@f"!QN@fYI5fQ!\If5QI8!YQV"_!p;! <(*-=#',(F,
;3('(53)#',4%./3+"-&!"+" .!a1-bMa1Z-!SRbbZU;!
9))=&*XX'42;43HXR0;R0Z1X[JC;/Z/;b;a1-b!

aa! gF#.!<;!A%&+3)#',6."%(8+,3=,;3(3=(-5#=3),4%./3+"-&J,!$.)"-(+)($&,#=8,
6#5=."3+/ ;!!SV%2A#3&2),!YC2#%C#!T44>&.!/000U;!

a- ! Y#%H#.!+;!d;.!N,(%.!@;!@;.!<#)C9$43'.!\;!@;.!+(CE4:(%.!Y;!@;!r!+2#D>#.!Q;!
89D434=9,DD&.!Y,77#)3,.!8923(D2),.!(%'!?94)4&,%)9#&2&;!!&//."-& !* .!ZcRMc1`!
S/0R1U;!!
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https://doi.org/https://doi.org/10.1016/j.abb.2009.10.014
https://doi.org/10.1021/ja057578z
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https://doi.org/10.1038/ncomms13445
https://doi.org/10.1074/jbc.272.9.5469


!
!

&.!
!

aZ! G4D7KF2&).!T;!r!W(DD##.!T;!<;!2%!6."%(8+,3=,2=K&/('(5&!W4D;!1b!!!!R1bMRZb!
S@C('#72C!?3#&&.!RbZcU;!

ac! 89##&7(%.!+;!N;.!E3##%:44'.!8;!r!Q947&4%.!@;!];!2%!089#=).+,3=,H=(-5#=3),
4%./3+"-&!W4D;!`-!!S#'!@;!E;!Y,>#&U!!/0RM/aa!S@C('#72C!?3#&&.!RbbRU;!

ab! E3474A(.!_;,.",#'1!I%A#&)2H()24%!4$!@HI%Y/Xh%Y!gF(%)F7!"4)&!J,!+(H%#)2C!
823CFD(3!"2C9342&7!Y=#C)34&C4=,;!6#".-3#'+!$".!`-R-!S/0RbU;!!

-0 ! Y)4DD.!Y;!r!YC9:#2H#3.!@;!5(&,Y=2%.!(!C47=3#9#%&2A#!&4$):(3#!=(C>(H#!$43!
&=#C)3(D!&27FD()24%!(%'!(%(D,&2&!2%!5?N;!<(*-=#',(F,6#5=."3),D.+(=#=).!$+,.!1/M
aa!S/00-U;!9))=&*XX'42;43HX9))=&*XX'42;43HXR0;R0R-X[;[73;/00a;0c;0R`!

-R! Q(,D43.!8;!?;!Q9#!5?N!4$!D4:!&=2%!9#7#!C47=D#6#&;!N#D()24%!4$!)9#!)/H!94D#!
74'#D!)4!)9#!'23#C)24%(D!=34=#3)2#&!4$!)9#!H!)#%&43.!(%'!(!%#:!7#)94'!$43!
C(DCFD()2%H!)9#!D2H(%'!$2#D'!=(3(7#)#3&;!;3()%3/,;3($%&+,0)"#!(-$ .!R`ZMR1c!
SRbZZU;!9))=&*XX'42;43HXR0;R0R-X000aM/ZbaSZZUb001bM- !
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+8"!(%'! C47=F)()24%(D!'()(!$43!)92&!C9(=)#3!:(&!(CKF23#'!J,!+())9#:!@;!84%H#3;!
Q#6)! $347! )92&!C9(=)#3! 2&! &FJ72))#'! )4! ]4F3%(D! 4$! @7#32C(%! 89#72C(D! Y4C2#),! 2%! )9#!
$4DD4:2%H!$437*!!!
E34A#3!@;.!84%H#3!+;@;.!<2=)(>!+;";.!K4?L/=/>?4/50!51!4D2!B2889=M5F5D2;2!B58;!51!
!"#$%&'()())*+,#*-.*+ !@6AE!L9!G=234850!N8?06128!185;!?!K2350AJKHD282!N89H45HD?0.!
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B#33,D!9#7#!C47=D#6#&!(3#!92H9D,!3#(C)2A#!&=#C2#&!)9()!C(%!C()(D,L#!3#7(3>(JD#!

C9#72C(D!)3(%&$437()24%&!:9#%!#7J#''#'!:2)92%!(%!#%L,7#!(C)2A#!&2)#;#!?#39(=&!)9#!74&)!

l$(74F&m!$#33,D!9#7#!2&!)9#!8,&MD2H()#'!$#33,DO4649#7#!4$!C,)4C9347#!?12-.!:92C9!C(%!

(J&)3(C)!(!9,'34H#%!$347!(%!F%(C)2A()#'!(D>(%#!$4DD4:#'!J,!(!3#J4F%'!3#(C)24%!)9()!,2#D'&!

(! 9,'346,D()#'! &FJ&)3()#;/ ! G2&MD2H()#'! $#33,DO4649#7#! &=#C2#&! (3#! (D&4! C32)2C(D!

2%)#37#'2()#&! 2%! &#A#3(D! #%L,7#&.! 2%CDF'2%H*! 943&#3('2&9! =#3462'(&#! SGN?U.! (&C43J()#!

=#3462'(&#!S@?eU.!C,)4C9347#!) !=#3462'(&#!S8)?U.! (%'! '#9(D4=#3462'(&#!S"G?U;$.#/ ! I%!

H#%#3(D.! )93##! $437&! 4$! $#33,DO4649#7#! (3#! $4F%'! 2%! #%L,7()2C! &,&)#7&*! C47=4F%'! I.!

C47=4F%'!II.!(%'!C47=4F%'!5Y!SB2HF3#!/;RU;!847=4F%'!I!2&!):4!#D#C)34%&!462'2L#'!(J4A#!

$#332C!9#7#.!:2)9!)9#!(''2)24%(D!462'()24%!4CCF332%H!:2)92%!)9#!=43=9,32%!D2H(%'!)4!H#%#3()#!

(!C()24%!3('2C(D;#$.#, !847=4F%'!II! '4#&!%4)!C4%)(2%!(!=43=9,32%!3('2C(D.!(%'!2&!4%D,!4%#!

#D#C)34%!462'2L#'!3#D()2A#!)4!$#332C!9#7#;#+!B2%(DD,.!D2>#!C47=4F%'!I.!C47=4F%'!5Y!2&!):4!

#D#C)34%&!462'2L#'!3#D()2A#!)4!$#332C!9#7#;#30#4!TF).!2%!)9#!C(&#!4$!C47=4F%'!5Y.!)9#!C()24%!

3('2C(D!2&!D4C(D2L#'!4%!(%!(C)2A#!&2)#!(72%4!(C2'!&2'#MC9(2%.!74&)!C4774%D,!(!Q3=!43!Q,3;/- .

// ! @DD! )93##! $437&! 4$! $#33,DO4649#7#! (3#! 92H9D,! 3#(C)2A#! &=#C2#&! )9()! C(%! C()(D,L#!

C9(DD#%H2%H!46,H#%()24%!3#(C)24%&!F%'#3!72D'!C4%'2)24%&;!

@!%4A#D!$437!4$!$#33,DO4649#7#!9(&!J##%!3#=43)#'!$43!!"#$%&'()())*+,#*-.*+ !I&'I;!

Y#A#3(D! ,#(3&! (H4.! 2)! :(&! 3#=43)#'! )9()! )9#! (''2)24%! 4$! 7#)(MC9D434=#346,J#%L42C! (C2'!

S/ 8?T@U!)4!)9#!$#332C!9#7#!$437!4$!I&'I! ,2#D'&!(!3#D()2A#D,!D4%HMD2A#'!$#33,DO4649#7#!
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