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(& & o TIHEHFMESHERF ST WD, /NalkD 2 X7 BREEFICHE VT, FIR
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BT 29 Z TEERKSTHY , —AN/MMUE T AV T 1+ RiEG DOTERGE
AT 2 2 Lk, MR D X v RIE T —T 4 v 7k L CHEFNC# <
EINTVD, /MaEITELETTERBEN A b & i L TR bR B Th
D, PANVT 4 FRERTEEICHE LICG 2R L TV D, S bIC, /MMakix, VAR
V= EDOLERENTFHAERY XTF REO VAV T o REE TR DA
T 5720, T OBLEIL & fiti9~ % PDI-Erola A RIC L 2 LA 7 4+ —
VT 4 TN B Do FERY XTF FEHO T AT ¢ RiFETRRICHE- TA
C5ETIL. PDIIZziES L, PDI #41 L C Erola ~&fniEESND, BE1F52%
(TH > 72 Erola (357 FIREEFR (Oo) ~E 1 & ftH U, IEMEREREFED —FE T 2 ik
{EkFEMH0 ZPEAT D, = D HoOo D& 72 FEA T/ MR DR LIE LB BT 2 12
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EEEOHICLVIEEL, Erola 75 ERdj5 OETEER & LTE Z L2 50
IZ L7, F£72. ERdj5 2 Erola (2 X DHAERY X7 F REOEBL 7 +— VT
AT INBETEES Z LT, BRI HeOg FEA Z M 2, /NIRRT & MR IS
THETLZE LR LT, S 61T NIRRT INIFHAER Y X7 F FEOWE
7 +—NT 4 T BAELLIEFPOMGEEINDG Z EEHBLNIT LT,
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1. EZE

AR/ NGB D— DT D/NEKIT W « X XTI EDT —IVT 4 T D
PTHY . INERNIEED S T v R R LB SRR L D X LN B
BHIZ L o THEHFEEDHEFF STV D, /NMalRo &2 v 37 B EEEBIZB W
T, BRI DO— 2> Th DV ANT 4 REEGIERILY 7 BN ZEN /25T
ARG Z ST 255 XA CEERKIETH Y, —ROIT/MIER T ALV T ¢ ik
BOEBEBREZRET D Z 13, MR X o RXTE T =T 4 TR L
THAE &S TWD, /IMARIZIRLESCERENR Y A YL & i LTz
LR TH Y . VALV T 4 FIEGTERICHE LG A ME L T0D, 6
W2, AMEIRIE, VAR Y — A0 AaR ST HER I RTF REOTALT 4 R
AT 2 S RINEtE T 5 720, = OB & filfii 9% PDI-Erola 4
RIZ X DL 7 +— T ¢ TR B 5, BiTAERY XTF FHOY A LT
4 RFESTERRI > THE U D EFIL. PDLICEES L, PDI 241 L C Erola
~NefmESNS, BT E%FE -2 Erola 1345 FIRERFE (O ~EF 2 it L.
TEMERR IR — T d 5B bk FEMH0) ZFEAT 5, Z D HoOg DI 72 FE

AT NAIR DT IE TR BE 2 BEL L, /N R O TEEPEGHE 4 51 &k 2 JRIK &
0%, —h. ERAJS IFELEOSICRHME LTERIE TH A /MERkTY AL T ¢ Rig
JuBEE & UCRERE L. /N IRBEE S R/ MR D I VD I A A TR
BOWTHLAZREE Z R4, L, DX 912 ERAjb BSEMLAI R BREE Th
L/ TEFCEIL N ZZITEY . BTG & A L T2 IR O F
FTHY . /INaE~OET IR S A Th o 72,

AW CliL, ERdj5 OET K —% X7 E L L OUNMalkiE bR Erola %
BEOIIZEVFEIE L, Erola 2° ERAj5 DiETCEFE & L TEIK Z & 2B 5
L7c, F72. ERdj5 7 Erola I L 28BN Y ~NTF REHOBILH 7 +—vT 4
VIO EFEED LT, w7 HeOo FEAEZ I Z . /INRAKRDTE FMHEHERF 2
THETHZEBRM LT, S5, MEASOBEITTITHERY XTF FHO
AL 7 +— T 4 VI BAELLE TP OGS Z 26T LT,



2. WEEE

ADP: Adenosine diphosphate

ATF6: Activating Transcription Factor 6
ATP: Adenosine triphosphate

Ala: Alanine

Asn: Asparagine

BiP: Binding immunoglobulin Protein

CHX: cycloheximide

CNX: calnexin

CRT: calreticulin

Cp: peroxidatic cysteine

Cr: resolving cysteine

Cys: Cysteine

DPS: Dipyridyl disulfide

DTT: Dithiothreitol

DVSF: divinyl sulfone

EDEM1: ER degradation enhancing a-mannosidase-like protein 1
ERAD: Endoplasmic-Reticulum-Associated protein Degradation
ERGIC: ER-Golgi intermediate compartment
ERManl: ER mannosidase 1

FAD: Flavin Adenine Dinucleotide

GSH: Reduced glutathione

GSSG: Oxidized glutathione

Gle: Glucose

GlcNAc: N-acetyl glucosamine

Gpx7/8: Glutathione peroxidase 7/8

IRE1: Inositol-Requiring Enzyme 1

LDL: Low Density Lipoprotein



LDLR: Low Density Lipoprotein Receptor

Man: Mannose

NADPH: Nicotinamide adenine dinucleotide phosphate
NHK: Null Hong Kong

OST: oligosaccharyltransferase

PDI: Protein disulfide isomerase

PEG-Mal: polyethylene glycol-maleimide

PERK: Protein kinase RNA-like Endoplasmic reticulum Kinase
Prdx4: Peroxiredoxin 4

RNase: Ribonuclease

S1P: Site-1 Protease

S2P: Site-2 Protease

SERCA: Sarco/Endoplasmic Reticulum Ca2* ATPase
Ser: Serine

TCA: trichloroacetic acid

TXNDC11: thioredoxin domain-containing protein 11
Tm: Tunicamycin

Trx: Thioredoxin

TrxR: Thioredoxin Reductase

UGGT: UDP-glucose/glycoprotein glucosyl transferase
UPR: unfolded protein response

XBP1: X-Box Binding Protein 1

elF2a: eukaryotic Initiation Factor 2 alpha

mRNA: messenger RNA



3. il

3-1. /MaFER F LR HE

EEAEYORIITIZ, VARY =268 ESNDHAERY XTF RED 5
B K I/ MaR~BAT L, b« X 7B E LTRENVT D, HiAERY
ARTF REIE, VAR Y —2OFIER & R U CTOMaRIZBIT T % 1 # (co-
translational translocation) & A kY /L CRIERSE TS/ MaRICBATT 5 1%
% (post-translational translocation)® == (2 ~ DD IZ K > T/INEKIZBEITT
HTENFHILTND 12

INIERIZRAT LT AR AR U <7 F R/ NMaIRAIE £ 7213/ AR A7
Do osm ROPEBAT B BR{L - BEouk KO RMALEER I K DRk A e
FIRRREM AT, ELWILIAE 285 L, sl 25, LrL, BisiRg
BN 2L DA R L ALK o TH /R BITIE LW SRR IE O RRK
TLZERRTH—=NT A )R H 53, MIFIZBNT, IAT =L X
YNTEDOERTE R BIEEME(T 0T A A2 X)WL L, MER X b
L Z(ER stress) # BT 5 4, /PR A N L 2 TR ZE PR BB R IR IR
SNDEBRIHRORBIE L OBEMERH L Z L RO TEY 5, IAT74—
WV RZ N EOERTEENRER G S EZ L, MlEEZFET 5, Dk
D, MR NEEAR MLV REEFI L, FREEMT A0 OHEARE LT
/IR A b L AU (UPR © unfolded protein response) 23 777E 9™ % (Fig 1)8,

MEE A R U RREE, MaEREIZ$H 5 PERK (Protein kinase RNA-like
Endoplasmic reticulum Kinase). IRE1 (Inositol-Requiring Enzyme 1), & L
T ATF6 (Activating Transcription Factor 6) D 3 DDJEH o /37 I X - THil
N2 ENMBNTND T, ZAULITNMUER LAt h— ST,
INIEBIRNIED EE 25y v <1 > BiP (Binding immunoglobulin Protein)(Z
o TEMATET STV 5D 89, FEHIHE BIP 34 A b L 2k ¥ —/Mafk
NI D KA A A L, TEEZAIZHE L T2 03, /MaEA b L RRRIC
X, MEEA S LA —0 5 BiP AFREL. FA ML RAE U F—RENE
NDRA T = AL K-> TEHEML L, MaAEZ b L ZREED B M2 €T 5,
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ATF6 X IRE1 <° PERK & %272V | BiP OfFEEIZ K > T/Malkin s 20 4R
S S AL, TEEEME S B (Fig 1A), SV IARICHE S vz ATF6 12 =1
URIEIZRIfET % S1P (Site-1 Protease) & S2P (Site-2 Protease)® —-2>D 7 1
TT—RBIZ L DU E T, EE(ET S 1011, S1P (3 ATF6 O /L P {RIEE
C RimfEE 2 5k L. S2P 13 ATF6 W1 Y /Ld N Kustai 2 U1 %,
OIWr &7z N RimsEi o ATF6 (JE G R+ & L TEE . ERICBITL T, /Ma
RA NV RAEENT D01 Y0 ORBFEEEIT,

PERK /% BiP g L7-D b, & &KL, A b IO KA A 0
B U vz 92 Fig 1B), VU Bk L7- PERK (3% 1 F Y I H D %
—FB FAA &5 LT, BHaRBHAEIR 7 eIF2a (eukaryotic Initiation Factor 2
alpha)a U Vb9 2 1213, Z DU UBEIZ K-> T, U AR Y — LAOFHRN—kKt
BN S, MR D 7 a T A A Z L AR B AR S D,

IREL IFEFIRIBIZISN T, IMEENIED R A A %25 LTRE ZRIKEZTE
B L. BiP 3B L 72 RICZERIENSI SR Z S s 1415, LR
IREL YA hY O RAL o 2HEY VBT 5(Fig 1C), BV kL
72 IRE1 1L, %1 b Y WIIZH 5 RNase (Ribonuclease) N A A » 3EMEAL L |
YA bV NMZRETET D mRNA (messenger RNA) CT&H % XBP1 (X-Box Binding
Protein DO AT T A 2> 7 feted % 1618, X7 5 A 27 Sz XBP1 1%
P A MYV THERS L, BRNICB TS0, BERT & L TEREIZ R
T, BENICBIT L7 XBPL X, S A7 4 —/L KX U RT B OS5 RbETd 5/
R iR B S i (75 3-DIC P E-T DR LR ITBE R0 1o v X1 v DR BLA HE
L. MRz /MakR L ANDRERESE S, 20X 91T, PMaEEI A7 +—
WRBRIERERT DL, IATH— IV REZ AN TEOPFY I HE LR
/AR B AR B R -« IR IZ e R ORBLF L 21T O Z &I XV /ER
A B UVADPLHRILTND,

I, 2R b/MaEA LAt o= M RRBEICE R LTI A7 4 — b
RE NI EIZ L D/NEA N VA Z AT 57200 T < /NMaRER Sy D g
BRELSVA Y NVOBEA VAL NaEAEDETA F L AR EIZL - T
FIEEISNDA NV RZEHAT LN H D Z ENWE SN TND 1921, L
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60

R\\\\|BE1
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SoP S ]
XBP1S ‘/translation
Nucleus P

)
ER lumen
P
P

A

ATF6 PERK
P
N\

ATF6 (N)

| UPR target genes l/

‘ Inhibition of protein translation ‘ \ﬂg%
AW AN AP

Fig.1 /MafkA b L A JR&E
A. ATF6 it B. PERK DG LS C. IRE1 OiF ML



3-2. /NaEOBAL - BRI K SBRILRI T = — 1T 4
7

INFRIZ IS N TR « IS 2 R B DRRENIE, Kfix 22 BB IE R A3 2L82C
b, TO—DL LT, VAT A 5EHFE(Cys : Cysteine) DT 4 — /L H(SH %5)
DHEITHEREESND D ANVT 4 BN H L, UL, /WNatko 2 X787 +
— VT 4 U IRV TALIRIEE D2 EALRCE BRI B A B & R 7= 7,
DANT 4 RS E OGN RIIA M N E O iR e R B IR FE L, M
DR TR XA RN 7 Th 5 7V & F 4 > (Glutathione) DL 7 L
% F 74 (GSSG : Oxidized glutathione) & i#=5t 77 /v 4% F4 2 (GSH : Reduced
glutathione) DILBIFIE & STV D 22, A HTF AT A MY L TERKS
. YA BV Lo GSSG @ GSH Hhid 1 : 10~100 (ZfR72AL TN D 23, Z AU kS

. MEEAFED GSSG : GSH Hid 1 : 1~3 IZHEFF SN T\ D72, /Mialk

NIZEIZY A R YL &bl U TR R BREE A A5 L T\ % &5 2 5 (Fig 2)23,

ZOBRBIIVANT 4 N EED Z I EDT 3 — VT 4 > 7 (ALK
7 4 —I/VT 4 7 :Oxidative folding I 725 TH Y . I 52, /Mafkizix
) 20 FREORR{L - BMALBEREDNFEL, HEOVANVT ¢ FIEETEMZZhER
PIZIEE L T D 24, 20T, PDI (Protein disulfide isomerase) /Mg Aiz
BT HRENRBIEERTHY . BWVOHE, PDLIZEEO YAV T 4 REEATERK
R 2 & BRI ) & GSSG bR L TV D EEZ LTV,
L2 L., /Mafkizis T FAD (Flavin Adenine Dinucleotide) =17 7 7 2 —
&9 % Erolp SEERFCH RS 1L, 0 FIRIEFE 090 HIb ) 245 L. /Malk
DEEACHI T +— VT 4 7 % L0 BRIAEET DERH O o T
2526, Z DR ROZIT, HAIEMIETH Erola/B 28270 . PDI &AHAEH
L. PDI 2@+ 52 & T, HEDOY ALY ¢ AR AREL TWD Z L
N ENT7-(Fig 2)27.28, HWE DY AV 7 ¢ RiSETERICEE PDI N E - 72
1%, PDI 5 Erola/B 125 FE &4, Erola/B O4rFWIZH 5D FAD 41 L
T O MBEES L, {EMERBFEDO —>TH Dt /kFEH0)EAITHE S
% 29, &bIZ, Erola (I PDI L EEKRZEMT 52 & T, thomft - S LR
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FREBTInERY NI =T ZEE L, WEHDOIZAVT 1 FEBATERZE ZZFIC
e Db A — R B L TWDH T LN LMNITZ 7230, ErolB |3
T CREBRAVICHEI L, A RY CORIERI T =T 4 TIZHBT 5 2 &8
FHITWD 28,

Cytosol
GSSG:GSH=1:10~1:100

Ribosome

Translocon (Sec61 complex)

HS S-S
oH Oxidative folding -S-8 Maturation
/ 5 > [ >
¥ €
S-S % £ °§

O, H,0, ER lumen
GSSG:GSH=1:1~1:3

Fig.2 /NMakDOmR{t « BMALEERIC L DI 7 +— VT 4 7

AL 7 +— VT 4 U TIEVANT 4 R E D N7 =N T 4 v T %k
WL MRICBAT LTIEBER Y XT7F REILY AL T ¢ REEATERICHEWE T ()%
PDI 77 X V=% o\ EICZTET, EFE2%TR-7PDI 7 7 I U —% X7 EIX
Erola/B IZE T % L, Erola/B | J:o‘(ﬁ&ﬂﬁéﬁ”béo PDI 77 XU —% /"7
HET#%ITE -7 Erola/B I3 1% 0 FIREEFR OIS L, il bk FE(He02) % PE
T D, Elo. Ao 7L 5 %ZL/(GSSG) LB I E F A4 (GSH) D i
YA MY ADEEE LT GSSG OFEIGHE < MaRITEBE /e RE AL L T
Al

11



3-3. PDI-Erola & IZ BT 2 B InEE & = OfHE

PDI O R A A UAEIEIXERLE S SOL DOIETEH L & 72 5 CXXC (Cys-X-X-Cys :
XWIEEDOT 2 JB)ETF—7 2 E&TeT 4 L K& ¥ 2 (Trx : Thioredoxin)ff K 2
A% 20066, FTNEiha RAL L@ RAAL L EREER TV S (Fig 3A),
ZD 205D RAAL L DMIZ, CXXCEF—7 5 FF-720, b KAA LD RA
A EHTD, BALBIGOSGE, STHEDO VAT A VRN CXXC EF—7
IREHBE L, —DOETHEENS CXXCEF—7 0 C Ko AT A
VIERRRICZITIEEIND, OB, CXXCEF—7 D N Ko v AT A 7R
FRE LN FHTANVT 4 REGEIERT 5, £D%, KEOMOL AT A
PRENEE LR LT AT 4 REEGITRERES 52 & T, 208
BEUWT 5, 20X, Trx AL NIFEEDO VANV T ¢ REEETEALE fil
#35(Fig 3B EX), —F. &S OHA, £7 CXXC EF—7D N K|
DY ATA VEREDIEEDO TV ANVT 4 NEEGITREREL, —DD0ETFEZEE
2% TS, ZOEE, CXXCEF—7 D N RO AT A UFRFEITE &4
TRICANT ¢ RIEEERT 5, £O%, C RO AT A U FEFEN Y
TR LTZFRHIY ANV T 4 FREEICRERBE S5 2 LT, £ OG22l
5o TDOEITLT, Trx RAA NNIEEDOHFNIANVT 4 NG ERITT
%(Fig 3B T, £D7=, Trx RAA K DETKIGOIEE L 70D 2 X

78 L Trx RAA OMBEAMERMBHTIZIE CXXCEF—7 D C KD AT A
VR AT T = pFi(Ala f Alanine) b L < 13 U 7K (Ser © Serine) (T E #
L 7= CXXA (Cys-X-X-Ala) F 7= 1% CXXS (Cys-X-X-Ser) & A (CA/CS 2 HAK) 13
HAunsinsg 81, EEE PDI O E 2575 Erola i3 PDI @ CS ZHEK &
AT 2208 MbNTND 32, 72, PDIIEY AL V&2 L CTHREL
FIAEEH L, a RAAL D CXXC EF—7 TEDOHRED Y ANLT 4 NEGTER
RS 2 ENERE SN TND 2938, ZhbDZ ENnb, PDIIZW FAA
ENLTHEEELMBAE L, a RAAL COBBIENEIC LY BREO ALV T ¢ NiES
TERL Z il % (Fig 3C : Step 1), HiAERY XTF RS a KA A T
SNTELIE, PDID a’ KA A 2dH D CXXC EF— 7 ~MuEs s (Fig 3C

12



Step 2), B &= THL~>72a KA A 1% Erola ~¢EF%5E L., Erola D
FALTEPEIC IS W CTHODH R B 2 R I2 T 94 FE DT AT A (CIDVE G TEY
AT A _XTIZ L > TRk &5 (Fig 3C : Step 3), PDIIC k- TEc&hiz
Erola i3 FAD 41 LT O ~E & it L. HoO2 ZFEAT 5 (Fig 3C : Step
4),

PDI " 6E %25 T~ 72 Erola 1% O Gk )1 & %845 L, PDI Z%h=3 X
AT 20, ZORLIEHEIZBH DS FNIZH LN DD AT A T
2 & o TR IZHIE ST 5 (Fig 3D), i@ T Erola 13 E1C C94 & C131
BEUCI9 & C104 B3 TNT AT 4 RiEGE L, BEISHES I Sh
T ARIEMRIOx2) & L TIFET 5 2 EBH LIV TV S 34, PDI 2 b ARTEHER O
Erola IZBE MG I D &L C94-C131 DV AT A 3T NI S 4L,

Erola [ZiEMAL L, #EMHER(Ox1) & 72 %5, ML D Erola (£ C94 & C99 23y
ANT 4 RFEEEER L., ZOV AT A T %4 LT PDI 2280 bLT
%, PDI OERLIZ E- TAE U =B 1L, Erola ® C94-C99 DY AT A LT
ML THTFRICH D C394-C397 DY AT A T I2% T E S, FAD 240
LTOllfnESND, BFEZITH -7 021 HoO2 & 72 %, IEMAL LT
Erola |£ C94-C99 DL AT A X7 & C104 B LW C131 DT AT A VERFEN
H202 12 & » THEML S, RIEHEIE 220 | BLIEHERFIE S LD, 2nb
PISND T AT A4 T % Erola O4r 1N DWW d 50 1 T miEseE OFliEic
BT 5HLEEZ LTS 3235, 21X, Erola ® C208-C241 DY AT A
TN PDIIC L > TETLEIND &, Erola ® FAD il OfEEE LA 5] & i =
Sh, ZO#E, 02D FAD ~DO7 7 v 2042 % Z & T, Erola OERLIEM:
R ET 5 2 LRSI TN D 3637, F7z | IEMERIEICED 5 C104 &
C131 ZXR#E S H7- Erola T HeO2 \Z X DX TT 4 77 4 — R 7RI 5
7272 %, ZHBRIKT Erola 2 HPEA S LD HoO D3/ MafRIZERE L. /M
KA RNV AZBIER T ENRESNTND 3438, ZDXHIT, /Ialko
HoO2 R E 2 UNZHHET 2 2 & i3/ MR OEFE R ICB W TEETH 5,
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Fig.3 PDI-Erola #&RICET 2 E B2 & 2 Ol

A. PDI @ KA A 4R, B, 4L FFR2 0 KA A (Tl L 5 FE (Substrate) D g
b+ BoeOh, ERNEE LIS 2R L, FRIKESSKIGE R~ T, RERANT S AT A ok
KORBHEOFMEEZ R L, REZBIN Trx b LAUIREIXE 22705, C.
Step 1: FERY XTF RENLDEFIEIPDI D a RAA AIZITFEEND, Step 2
B E@)EZITHR-T-a FAAS VT a RAAL D CXXC £F— 7 BT HRET D,
Step3:a’ KAA v Z&iEILII7- PDI X Erola ~E %% 7EJ, Step4: BT %2%
(TEX > 7= Erola X FAD 2/ L T IREEFR(O)IZE 25 L, @bk FEH02) %
PEAT 25, D.Erola OIEMERIEEERE, Erola ORIEMER(0x2)1% C94-C131 (S94-S131)is
F OV C99-C104 (S99-S109 353 TNV ANV T ¢ RiEEZIEK L TS, PDI O ET 2%
T E - 72 ARTEMR Erola 1% C94-C131 & C99-C104 A3 iEL S, C94 & C99 231N
TANT 4 RiEE(S94-S99) kL, IHHER(0x1) & 72 5, TEMHE(L L7z Erola X 02705
fefb 12545 L. oo PDI 220 i0ICifb L, Z ORLG CTH > 728 11X HeO2 D
PEAICIHE SN D, TEMR Erola 13 H20212 C94 35 X8 C99, C104, C131 2@k &
%2 & T, mEIZRIEE L IH S b,
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-4, FLIBLEERIC X A/ B DOBBR{LKRIEE#E

/IR D HoOg BT M O/ NRE & el LT @ Z & AsRE ST
% 39, Erola \Z X DEE(LHI T + — /LT 1 ¥ 713/ NRIZ I 1T % HoO2 DFEAETR
DOEDTHLH I EBFENTND 0, BRILINT 4+ —/VT 4 71T L - THEA
STz HoO2 13/ MEBROPIRLEE R IZ L > TEIIL S, HoO2 2 K- Tk s

IZPURAERESR (T2 2 VDOV AV T 4 REERIERR GSSG DA Rki7 & % fili
ERAR

Prdx4 (Peroxiredoxin )IIZ/NMafEDERLEEE TH VD . HoO2 M BT 2 %

ZEIkY, EHOUANLT ¢ Rk ERET 5 (Fig 4A)4, Prdx4 I$H Y
Db TeiE ML E L TE < Cp (Sp : peroxidatic cysteine) & Cr (S, :
resolving cysteine) & H., —45 1 ® Prdx4 A= k& 72> T HaO02 L R(L
EIEREZAT 9, Cp 13 HaOg L RN L, A7 = VBRSO L 725, £
Dk, Ce NANVT = Ul le-7 Cp EHTHZ & T, Cp & Cr W TH M
DVANT 4 RSB ERT Do ZOBRIC L - T Prdx4 (X&KL, &R
L L7z Prdx4 1ZZ D FRIP AN T 4 FiEEOBL)TPDI 77 2 ) —4&
NI B EbT 5, Gpx7/8 (Glutathione peroxidase 7/8)i% HaO2 7> H Rk 7
15 L. GSH 2t L. GSSG =& kd 5 (Fig 4B)4243, Gpx7/8 1X H202 %
Cp T&EixL, Cp BANKR UL D, £EDAVE BTz Cp 25 GSH
b5 2 &2k GSSG ZEAT D, GpxT7/8 1% GSSG ZEAT L7201
72< . HoO2lZ Lo TRt & i=tk, PDI 77 2 U —X U XU EaFRLT 5 2
CIWCEVEBEDO 7 +—NVT 4 T ERET H Z & b ST 5 (Fig 40),
IO DR/ MBSO RKST D L. /MAKRA FLARFFEIND Z LR
HINTWDS
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-S.H \ / : S,0H

Fig.4 HiR LEEFRIZ K 2/ MR i bk 3314 phs

A. Prdx4 O5y 7B % 77, Prdx4 (3—20 1 Ol bk FEHO)IC L S =k, U A
N7 4 NG EI LT E R T 5, &b L7z Prdx4 (332508 PDI #2245,
B-C. Gpx7/8 Oy it %2 <3, Gpx7/81F—0+F D HoOz 2 b ST, ELH/v
2 F A (GSHIZ L » TEITL S, B V2 F 4 (GSSG) 24T D, & LI
PDI 2 k» TiErEn5(C),
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35 ZUNIBIT+—IVT 4 U TICBIT B NEEESHOE
£

UIRY =L EMS I, /IMAUERA~BAT LIS AR U <7 R/ aAER
T, VRANLVT 4 FREBTERIZT TR < BRRERE & LT N APEEMAIN S =21
%o PEBHNIINES NI T BEITHES X7 B AL, N TRGRT S
537 ORI 90%05 N BIBEBMINZ 521 5 Z L AT D 4, N HEE
$H1X., b7 > A\ =2 (Translocon) & FHAAMEM LT % OST
(oligosaccharyltransferase) &5 KIZ & - T, /IMERITBIT LI2BiAER Y X7
F FEHD N-X-S/T (Asn-X-Ser £ 721 Thr)fid 5D N (ZFHn &5 (Fig 5)4, £
nEisd N AESH O 2 7 i1 1% GlesManygGleNAcs (Gle : Glucose, Man :
Mannose, GlcNAc : N-acetyl glucosamine) TH ¥, fHinShi=oH, F ok
B X7 B ORGRIRREIZ IS U T/ MR THRESH OBl 72 S5 (Fig 5), =2 74
WO NRPESEHP IS NToAR Y T TF RHIL, ZORE#HNS 207 1ra—2
MW Ny Z—E I EBIOINIZE > TR, £/ 703 S hEsng
1&(GleiMangGleNAcg) & 72 % 46, ZOMRREDHEHIT, V7 F ok v ~m 5y
+® CNX (calnexin)X> CRT (calreticulin) 278k =415, CNX <° CRT |+ ¥
N UiREE A L. EEERGE ORI XTF REO 7 +—VT 1 7 AR
L. BEE, £, VMAESEERICLER Y AV T ¢ RiESITIRL - Bt
eIt S, AY ~TF FHISHEA SRS (i 3-3), EHIZ, £/ 70
IV ALREZ VORI ED TN a— AN T ) av A —F L > U S
& . CNX/CRT 5 fighftd %, UGGT (UDP-glucose/glycoprotein glucosyl
transferase)|$R U X7 F FEHERIHK L., D7 +— T 4 7R EE RSy
T EARHREDTER S TV WAIE, UGGT 27V 22— 2 2 {44 %
4148 AN E 72 AR Y X7 F RE{IL CNX/CRT 12 L W FFUGERR S L, 74—
VT 4 T BRRBBND, ZOHA 7 0L CNX/CRT A 7 /v EMEN TV 5
(Fig 5).
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Cytosol

CNX/CRT cycle

ER lumen

P .’ 2\ Glucosidase Il

v

UDP UGGT .
Maturation
v: Glucose

o: Mannose
= : N-acetyl glucosamine '/ﬂj).«@

oop) : Uridine diphosphate (UDP) glucose

Figh # 2 /NVE T +—/)VT 4 o 7\Z8BT 5 N AFEHOBE

INNEIRIZEAT L2 AER Y R7F REHIL OST 12 L > T N-X-T/S OEF|D N |2 N A
HoaT7mERfmEns, a7BERMMEnEEZ7 va vy —8 Ul
(Glucosidase /IDIZ X 0 G 5 — 5y 1D 7 v 22— A (Glucose) YK S v 5, YIS
7o pESIMEE L CNX E721% CRT 38 S, TOREDO 7 +— N7 1 I MEES
Do TDH, INavZ—E Il 2L o CHREDOHEHNORED 7 V2 —ZARE S,
1E LWAZIRREE 2 5845 L TV 35 8 30 it s ~tEde, —J7, IE LWDILIRHEE DS R &
NTWiRrol2E1E UGGT NEDOEEZR#HR L, —0 D7V a— A& RS AT
MT2%, Zra—RAEEMANSNZEEIIHOCNX/CRT IZLED 74— VT 4 VT &%
T 5, ZO—HEHOiEfRIT CNX/CRT ¥ 7 JL(CNX/CRT cycle) & M:iEL 5,
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3-6. /INha A BEE Sy A

s W2 XTI AR TN T IE LW RS 2815 L. il T

ELHDTTIEARV, MMARIZI AT 4= RE R ERE-T D LNk A
FMUARERIND 2D, MARIIEI AT 5= R R T E Z/NaiR 5
YA bV ~NEERET S TH T v 1V (Dislocon) 23 /MEARRRIZ & 2 4951, /)y
ok BEE 43 fi# (ERAD : Endoplasmic-Reticulum-Associated protein
Degradation)i®, & OW{THiET ¥ RNV EN LTI AT 4 — /L KX I E%
YA R ~EEL, A MY NVCHLAEXTF o - TuT T Y — ATHFET
HFRDZETHY ., ERAD [T/ & o3 7 BB B 360 C B 7 A
ELTLESIT BTV 5 52, ERAD IR\ T, e O8I/ NMakm <
R ICHIE S AL TR0 . X L/ B ORI IE N BURESH 3 /3 i hEE % )]
HEERE LTRSS D, Fam 8-6 Tk~ 7= X 512, N AHESIL CNX/CRT 72
EDGTF vy~ a U PNEEERWET 50 A THERKRI GRS, Ll &
BEWNMIETHRTOREIRT =V RZ NI FLRRENTHE, €D
FE o N ZBEEH X ERMan1 (ER mannosidase 1)IZ & > CUIr X, BEgHagE
7 MansGleNAcs (Man : Mannose, GlcNAc : N-acetyl glucosamine)® & 72 %
(Fig 6)44,

EDEM1 (ER degradation enhancing a-mannosidase-like protein 1){%//\id
KA R L ATHEINDSSTTHY ., MansGleNAce BIDFESE 2 285% L. iR
8% CNX o2 is 2 & TREZ W THEF v 2V 7 v— 95
(Fig 6)3354, EDEM 7 7 X U —% > X7 '&|ZiZ EDEM1, EDEM2 & EDEMS3
DHEIEL, 2D OEEZBRZ LN/ Y 525 % 55, EDEM1 & EDEM2
(T ERManl &l L Tv >/ w4 —BEED RV, LinL, €O~/ v
— BRI ME RO R LR TSR T 5 TXNDCI11 (thioredoxin domain-
containing protein 11)»% EDEM1 %721 EDEM2 s A& KE BT 5 Z &
T, WHRINb, 2oL o, EDEM1 & EDEM2 (2 TXNDC11 & &K%
R L, ERAD Z{EdE LT\ 2% 5659, —J5  EDEMS |d/MafRNEE O biE T
% Ch D ERpd6 EHEKEZEK L, BHDO~ ) VX —EBIEEEZI LT
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ERAD (2 &k L Ty 5 60,61

Proteasome
po7 Cytosol
CNX/CRT cycle Dislocon
Glucosidase Il ER lumen

ERAD
/
— @
o

v: Glucose

' 2
o: Mannose

= : N-acetyl glucosamine

Fig.6 /Nia{ARBSE 5 fiE
CNX/CRT A 7 /L TIE LW NAARKE & OBEGITR L 7= b2 > )7 E 1%, Glucosidase
II 12k %270 2— 2(Glucose) DEIErD#%12. ERManl 2SBEgEN O — 5 F D~ ) — A

(Mannose) 30l X%, EDEM1 (XU S 7-bE8HREE 2 585% L. & DORE 2 1 TG
%F v %L (Dislocon)iz V 7 )L— 9%,
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3-7. /INEIEY AV T 4 FETEER ERdj5 D&E

ERAD (2 X DHEH /R 7 D3RIz W T, N AEEFH O LI & % O8I
I 2 WA TS T X FVETY 7 b— N+ 5 EE e %EI %2 o238, ERAD T
FE % X0 BSRIC O RT HI2i3, TONRIEENR L TNWDH P ALT 4 K
A E2YWr (P A7 ¢ Rigst  Disulfide reduction) 9% Z & BULETH D,

ERdj5 13055 v X7 B O3S E 78 %3 %5 EDEM1 EHHAAEHT 2K+ &
L CRE S 7z 62, ERAj5 1E N KD I R A A > LRt o Ol % it 4
HIEMEFLE 72D CXXCEF—7 28T Trx FA AV (Trx1~Trx4) Z U5 6
HJE R BERBIOF AL RFL 77 I =B L TWA(Fig 7A), C
RIHANZ I3/ NI #EE 3 5 720 @ KDEL (Lys : Asp : Glu : Lewfd% % & 5,
Z OFcF7 ERGIC (ER-Golgi intermediate compartment) T KDEL 5 &A1
WS DZ ET, b TND, J RAAL T Hsp70 77 2 ) — & >
RIBEOREGEEEA L, /MR TIEEERS VxS BiP G L,
BiP ® ATPase iR ET 5, Trx KA A 1 CXXC £F—7 %4 L Tk
BUCSISE S 5 RAL U ThD, ZNHD RAAL o ZHANT, ERAjb A3/
FIANTIICO TOERTHERE LTS, S AT+ — L RE NI EHEDOY AV
74 Pt aEm L, MAREEZ T2 2 L1280, DL < ERAD Z1¢
HELTNDZ ERHLNIC 572 (Fig TB), & BT, X #Rfs i & & £k«
72 AEAL R FEBRIZ L W . ERdj5-EDEM1-BiP OBy +#HA K L 5 ERAD JEE

DB DX DI DWATINET v FN~D Y 7 b— ~ F TOFEM AR5 FHEAE
L BT 57263, ERAjp D& LI KA A VD Trx2 RAA VETEE
NIEN 7 FAZ =L Trx3 BX O Trsd RAA L EEGEALTEC U T AX—ITK
LT HZENTELFig70), C7 7 AX—(X EDEM1 & OfERREND
V. ERdAj5 £ C 7 7 A X% —%4r L C EDEM1 L fHAEHT 5 Z &£ T, EDEM1
WY 7 — b LTE A E 20 5, ERj5 (2R S Mo iR E 1
ERdj5 ® C 7 7 A X — %% T2 Trx3 & Trxd KA A OiEHEFLICEY P
AT 4 REEENETTEIND, BILSNTZHEEILERDS O J KA A EHHEAE
fi3 % ATP (Adenosine triphosphate)fii 5% BiP &f5G L, BEEMHAMEAL
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72 ATP #5657 BiP 1 ERdj5 @ J RN A A /12 L - T ATPase {HMEDMEE S 41,
ADP (Adenosine diphosphate)f &% & 72 %, ADP #5467 BiP 13 BiP O
NHo7 L7 MIIEE A, ERAB ICE» TEILINTZHRED VAT A ¥k
HOBFBILE <, 20X 52 ERdj5 13X EDEM1 35 X OVBIiP & #aF L <.
ERAD I[CHEAL T\ 5 Z &N A E 7= (Fig 7B),

WA, ERdj5 121E C 7 7 A # —3BEAI O E (Form DIZxt L TR 1107 [A1#5
L7281 LW E(Form IDBFET D Z ERH LM - 7= (Fig 70)64, B
WO FIZIB W T Form I & Form II OFEE(GITEIR T CTH Y . £ D
EEIZTERAS DN 7 T AL —L C U TAX—DOMIZH DY > h—FE O
EREATHZ ETHIEXEZIND, MIENTER5 13KE5 2 Form I Of%
ECHETDHEBZONTWAEN, Form I & Form I OEhR) Ze i & 2135y
FHNETS YAV T 4 PG 25 L TE &R L7z ERAD LE O 5 i
WIZHEIRT D Z ERAHESnTWD,

ERdj5 12 & B IC ST/ D ERAD 2R+ 57717 T, P RALT
1 REEBDEMNENGW - E o RIBEDT +—VT 4 Y TIZHERT 52 &
PHIDILTWND 6, ZDT 4 — VT 4 » THEDVES>TéH % LDLR (Low
Density Lipoprotein Receptor) iX#fJki#{t % {2 # 9% LDL (Low Density
Lipoprotein) D= FATH 5, LDLR 2MERER) 7241 2 459 5 120X, /Mg
T30 »ATb DTNV ANT 4 Riht %€ ONWAEEIZH L TIE LWLEL
T A2MENRH S, LorL, LDLR /MK TO 7 +—vTF 4 7RI
WCHERRI D 2V T ¢ REEGETER LT LE D 2 & HE STV S 66,
ERdj5 IL LDLR 237 +—/VT ¢ » ZRHIIERK LT IERR O 2V 7 ¢ KRGS
EEILTHIETLDLR D7 4 —v7 4 72T HZ RPN,
& 512, ERdj5 O X 13/ 1 v 2w MMEEHEHERFC § E I 25 A Rz
LTWD, /NaERO TN T DRI A YL LT 1 fEEm<. 20
AN DY i < RFFT D 2 ST NMAROTEF AR B W TEETH S
67, 7z, /KR~ D I LT KRN ARIEZ F{ET 5 SERCA
(Sarco/Endoplasmic Reticulum Ca2t ATPase) 7 7 IV — & L R 7 BT &
T, YA BV b/NaIRARZE~ ATP A7) ANEND, BEIUHER

D
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ERAj5 1Z3Z D7 7 IV —Z "I EHOOEDTHDH SERCA2D [TV ANVT 1 R
s B EAEINCHE S L. SERCA2b O/NEERED P AV T ¢ R Z1E LT 5
Z LI LT, ANEEANED VT AR A SR EICHERF T A 2 E N B
(Z7ao72 68, F7-. ERAj5 & K4E L7/ Nk 7 v o SR VEDSGE
L. A N AVDEFHRAN T T LA T ARERELS 2D Z RSN
69, ZIMFRINEZRY, 2 har RU TWZRK T TH 2 Drpl (dynamin-
related protein DAAEMAL L., 2 b KU T OMWELRMANG| S EZEZ Shb
ZERBH LN o7, ZD X H1IZ, ERAj5 1E SERCA2b DR 7 %M % il il
L. NEED TN T DA F e — RS Z & T, MldND ALy T A
VT FVEIEFICHE L T\,

A
N-cluster C-cluster
'HPD CSIHC CPPC ”CHPC CGIPC]
DEed o) fns) @
B

Cytosol

ER lumen

o : Mannose
Disulfide reduction Activation of ATPase activity =: N-acetyl glucosamine
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C N-cluster C-cluster

Form II j\
A N

"y i 8 \
Lo / 4
R /

I -4 ."’\ Y
,

Fig.7 /NMafE> 2 v 7 ¢ RigTEE# ERdj5 O%HE|

A.ERdj5 O KA A UM, JI1xd RAA U EIRL, 2D KA A T/ MMEKRDSY T3 % 2
1> BiP @ ATPase {EVEZRET 2K EIN D5, Tex (IF AL FF U N A A 2R
L, Trx NAA & FENDH CXXC EF — 7 IELE TS DESAA. T 5, ERA)5
DOHEEIL I AL 6 Trx2 FCON 7 F A2 —& Trx3 726 Trxd £TD C 7 T A
=T FHZ ENTE 5, B. ERdj5 13X EDEM1 L AHAEHAT 5 Z & ¢EDEM1 23V
7 — bk L TE7 ERAD WHARFE L, ZOHREDO VAL T 4 REEAICE T (@& 5 2.,
#5579 5 (Disulfide reduction), =M%, ATP A BiP 28 ERdj5 ® J KA A %L T
ERdj5-EDEM1 #EA&RICFHAIEA L. BiP @ ATPase {EMEDMEE X115 (Activation of
ATPase activity), ADP %! BiP (% ERdj5-EDEM1 #HA KN 5 0 fRIVE 25 T HY | i
1TH5 T v /L (Dislocon) ~JEE % U 7 — b4 5, C. X ismEEiric L vGon
72 ERdj5 O, N7 7 AZ—[FKETRL, C7 7 AZ—I~vE ¥ AFormDE X
O 7 vta(Form IDTART, ERGEOERIR TR LT I/ BikEKILTn i Trx3 &
Trx4 O CXXC EF—T7 DI AT A U 3ITH S, Form I 13 Form TIZxLTC 27
A B =73 110° [EE L 7oiE A & D,
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3-8. X T VT DONY FTXAIERT HETIEME
HELIEMIEIC IV T, /Malky 2 v 7 ¢ RigsclEsR ERdj5 13/ ko # 2o
7 EMEEESL AN U MEFEMEOMERFICEE R EZR 2RI LTWD, L
L. BREROSIZHE L2 BREE & S o /MNafs <, /iR~ E (& 1) et
MIIRMEHOEETHY 10, XD X512 ERA)5 BNETCEILIDEZES L, /E
(RNIEECIR TG DAY A 7 V%2 B L TV EDNIARATH 5,

W FLE AR O/ NMAEA~DIRT A A E 2 5 9 2T, N7 T VT DY
TITALNEDET MM L LTHRIT O TN D 22, XY 7T XN/ Malk L
B LT LR BRI TH Y | N7 T U TIZBWTHWE /7 EDERR DY
ELTHRET B, BT, XY T T XANIZIF/NEIR T « X2 T EDY
AT 4 RiEETEMZHH 5 PDI-Erola &K & [F] C#&HIZ 7= 3 DsbA/DsbB
VAT L(Fig 8A)RYV ANV T 4 RIZIUEOG F 7o EBMAVRIS Z i3 %
DsbC/DsbD ¥ 27 A(Fig 8B X)X FET 5 22,

DsbA 3RV 7T ALTUANT ¢ FlefbfEA L LTHREL . N U 7T X4

BRI 3Z X T BED T AN T 4 RSB TR A i35 T, 2 DAL
IZEWAE U7 71X, DsbA #41 L CHIRIZRTET 5 DsbB IR I LD 72,
DsbA O E T Sz DsbBIZEH O FRNICHDH2EF )
(ubiquinone)IZE - Z ML, BT EZ Moz EF ) it x /) —b
(ubiquinol) & 72 %5, & F /) — /LT X% ) — VERLEERIC L - TRk S
%o TORBEIS TAEUTEEFITEKETFZAETH D Oz ITHHH S,
DsbA/DsbB ¥ 27 LI L% VANV T o4 NfEETERUSE > 7o B ARz DS ik 4
HTEDBMBENTND T,

DsbC/DsbD v 27 A TiE DsbC 23XV 7T XA LTIV A)VT ¢ Rigon « Bk

k=t

fbEER & L THEREL . DX VXDV ANVT 4 RisaZRITT 5 475, &
T2 BB Uz DsbC I3kl & 72 2728, WIRIZ&H % DsbD 22 b &%
ZATHY . BONETTEFR L LTl 5 X 91272 % 1677, A% k-o72 DsbD 1%
YA MY IVICRIET DV ANVT 4 RELHETH D Trr NOETEZED, H
BT ) 215G L, DsbC (2 X 22 ITRISOfBES A 7 v &2 B LT\ 5, EF%
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DsbD (25217 L7z Trx 1T H & D& e & L THEET 2 TrxR (Thioredoxin
Reductase) 241 L C NADPH (Nicotinamide adenine dinucleotide phosphate)
MOEFEZITID, LIy > T, DsbC/DsbD ¥ 27 A DOEFHHFGIRIT Y A

YLD NADPH Th 5 LB 2 LTV 5 B, WFLEMALCIE TrxR1 &%
T LMD 2 L RTEDOVANT 4 REERTERICE B 2525 2 &L RHlE
STV DH 2N 78 LRI O/ MaREZ Fu T DsbD #ROBERE A2 A9 % I &
PN EIERE STV,

N7 T VT OWNIEIZIE DsbD L3RR 58T~ 7T A AICE 2 a7
% CydDC &R IFET 5 (Fig 8B AKX, CydDC #HA&AKI% CydD & CydC
MAT 1 ZBREER L, N7 T U T ORNET I NG T A ks & L Ciie
T5, ZOEGRITT A MY AN ATPase KAA 3BV, 2D ATPase N
AL OEEZRWT, BNV F A Bl RERE TH LA F v
MHRY T XLA~REEICHEL, B FaXY 77 XA LTS,
ESNIEIC T N Z F AT DsbCICEF g L. ~Y 77 X LDE T
RMACROS 2 RET D, L L, T, BERECII/NaE~OFER Y X7 F R
O KT Amar & LTEH Sec6l Mg e /L4 F 4 F ¥ xv e LT
CZ e, 77U 7o CydDC EHEKRD L 5 ICEEEIRYIZIE
BT NEF A H@ET D b T AR—F — [ TEER LA &6 bk
WTHREALSA TR, £ 2T, AWFZE T O /M EARE T A
VT 4 RiETlES & L CHRET 5 ERAj5 DEF R —EM X o X7 B DRE %
ARy E L. /MafE T OB 2 5T 5 Z &ic L,
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Cytosol

Inner membrane

Periplasm
HS
HS
Cytosol

Inner membrane

Periplasm

sH

O,
A

= Ubiguinol oxidase

-S. S

A 4

Oxidative folding

Disulfide isomerization or reduction

~§
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Fig.8 277 U 7 O~ 75 XM % B TR
A.DsbA/DsbB ¥ A7 LI K HEEHI 7 +—/TF 1 > 7 (Oxidative folding), DsbA [3J&
HinbEfe)aB, PANVT 1 FEERE M 5, | 2% -7 DsbA (T
(Inner membrane) ZJRET 5 DsbB IZEFZ T 5, B A% ITH -7 DsbB i34
FHNEBEEZT L TEX ) /(UQ) Bl EBEL, 28X ) — L EEAT D, =
B ) —Lida B ) — Lig{lE%3E (Ubiquinol oxidase) |22k & v, BRfbICfEWAE Uz
1T FIREEFZ (O &5, B. DsbC/DsbD v AT AMZ KDV ANVT ¢ REME
f b« EsohOt(Disulfide isomerization or reduction) & CydDC AR L %i&E ol 7 v
ZF A OEERE, NIEIZ DsbD (394 b Y MZRTET 2 Trxl b EF A2 TED |
D FNEFREE I LT DsbC ~EFZIFIET, CydDC #HEMKIZA S D ATPase 151
WCEODBETMINZTH YA NI AN T X L~GEEET D, @ik Ihi
GSH % DsbC IZEF % 5% %, DsbD 72 13&E M7 NV E F A b EFEZITR- T2
DsbC [ZHEE DT AT ¢ REMAL « B IS 2 M 5,
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4. FER

4-1. ERdj5 DEF R —EM & X7 EBDREE

IMaRY 2v 7 ¢ RiEICEESR ERAj5 1X N K25 BiP @ ATPase VL% 2
T 5 I RAA L EBETCIEMEFOE 72D CXXC (Cys-X-X-Cys)EF—7 &5 A
72 Trx1~Trx4 KA A > %A L TWA(Fig 9A), 9. ERdj5 D& ciEtd &
B RMICHEST D4 78 L ERAJp OME/ERAZ2E2ET D720, VAT A v
IO T A — )V IE(SH FOIZHE B 72 284& /4] T & % DVSF (divinyl sulfone) %
W, FLAG # 7 %@h& L7= ERAj5 L T DfEAH L7 B L B 546 L 8182,
FLAG HURIC X » TREFLRE ATV, V=X 7 ryT 47 (FigdB) B &
DRG0 (Fig9C) I LA X v NI B2 BE L=, B/AER ERAj5
(ERdj5/WT) Z B FIFEL L 7-#ife Cix, ERdj5 D5y 1 #(90 kDa) L 0 & @&\ iz
BEICEA RN R E LTEE S Z(Fig 9B, C), Zi15H 23 ERdj5 @ CXXC
EF— 7 IRFHICIER LTEERTH D Z L 2R T 5720, ERAj5 DT T
® CXXC EF—7 % AXXA (Ala-X-X-Ala) Iz @ #a L 7- 25 BAK(ERJj5/AA) % {EHL
L(Fig 9A), FkEDFEBR%1T-7-, ERAj5/AA ERKZFH STV F LT
(X, DVSF QUEKFANTTER SN DGR AN FOW OBl s /a7
-7-(Fig 9B, C), LIETOME LV . ERAj5 1% Trx3 & Trxd N A A &4 LT
BHDOYANVT 4 RIBETLIGZEES 5 Z ENH BT 5 636883 ERdj5 O
Trx3 & Trxd KA A > D CXXC EF—7 LRRIHEST DX 7 BIZHEH
T5H70, Trx3 & Trxd KA A D CXXCEF—7DHEFKL, ftho CXXC
EBF—7 % AXXA (TE# L 72 A RIAR(ERD5/C3, ERAj5/CH) % (L L (Fig
9A). DVSF WIMEAFH e A B A 8122 L7z, ERdj5/C3 ZR{KI LY
ERdj5/C4 AR Z FRHE SR TIX, ZnEh, R85 KER . —
vERLIZ(Fig 9B, C), TN HLDOFERE S &IT, BYEEE LI 7 A b#fl~
#14 DAY R L, RERORY: - R 2R & odLFEFEIZ LD . £h
FNRU RIZEENTWD X X T FEEEIHTIC X - THE L7 (Fig 9D),
ZOREFR, KOS RC/NMaROf « BAELR % i+ 2 PDI 7 7
U—Z X ENRE STz, #T O30 R T/ MNaE TR b s o o & E
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B R THEEESE Erola NEEA X 7 E LCRIESNIZ 30, /-, #TD
X Ri% ERAj5/C3 ZE5A L < 13 ERAj5/C4 28 SR 2 J6 3 S W 7= 4 T & B
HEN T2, Erola (X ERdj5 @ Trx3 & Trx4 @ CXXC EF— 7 ITHES
L2520 B2oN=(Fig90), TNHDZ &b, Erola & ERdj5 OfEA

\Z%& B L. Erola 2’ ERdj5 OFETF KNI —& /X7 EH & U THERET D Db % i
Oz,

A B
HPD CSHC CPPC CHPC CGPC o ERJS/FLAG
WT S F o <
H ~m~ (kDa) Eo = 0O O g
HPD CSHC APPA AHPA AGPA
ct (D) (o) ) [Tt B e
HPD ASHA CPPC AHPA AGPA P E o
c2 ()fnt)  ([Foed) (Foed) (o) 250- =
HPD ASHA APPA CHPC AGPA
c3 (U) ([ (Trx2)(Trx3) (Trx4) 150- o
HPD ASHA APPA AHPA CGPC i &b
cs (W)@nd)  [Fn2)(Fne) ) 1004 | “"
HPD ASHA APPA AHPA AGPA ““
m s () ) e 75
IP : FLAG
IB : FLAG
C
ERdj5/FLAG
X
%) = ™ <
(kDa) Eo = (@] ] }
1>
250-‘ g*ﬁ *
"B o> 88, BN
150 12>
13z
9>
14>
100
e - - e -

IP: FLAG
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D

Gene name  |Full name Protein name  |band number
PDIA3 Protein disulfide-isomerase A3 ERp57 7,8,11,13
PDIA4 Protein disulfide-isomerase A4 ERp72 1,2,3,4,6,10
PDIA6 Isoform 2 of Protein disulfide-isomerase A6 p5 1,2,3,4,6,7,8,11,13
P4HB Protein disulfide-isomerase PDI 7,10,12
TXNDC5 Thioredoxin domain-containing protein 5 ERp46 7,8,10,13
TXNDC12 Thioredoxin domain-containing protein 12 ERp18 14

ERO1L ERO1-like protein alpha Erola 7

FASN Fatty acid synthase FAS 5

HRNR Hornerin HRNR 10

RPS27A Ubiqutin-40S ribosomal protein S27a RPS27A 1,4,6,11
CCT2 T-complex protein 1 subunit beta CCT2 2,34

Fig.9 ERAjp D&+ KT —{Ehh 2 > <7 B ORE

A. FLAG % 7 % ft& L7z ERdj5/WT £ X O ERdj5 OiFEfLTHh 5 CXXC TF—7
Z AXXA (T L - ZBRIEkD a2 N5 7 v a v, FlziE, ERAj5/C1 2 # K% ERdj5
D Trxl RAA D CXXC EF—7DHEKL, D CXXC EF—7 % AXXA |ZEHE
LT\W%, ERdj5/AA ZEEIKIT CXXC EF —7 23T AXXA [TEH L T35, B-C.
FLAG % 7 % @l& L7 ERAj5/WT 5 LN C3, C4, AA ZH{R% HEK293T fllfia |2 i i
FHEL, TV AT 27 v ar LIElaz &R E 100 pM DVSF T 1 FEfEQAER L, Al
b L=, M A bt 24 FLAG-M2 77 4 =5 4 — 4 /L EiRA L, FLAG # 7
ZElA L7 ERAj5 281 ¥ v B ARE FLAG X7 F R CIRHE S ® 7, L
P27 WL SDS-PAGE 1T\, vz AZ T yT 47 (B)ERYAC) THT LT,
D. BT X 0 FE &7z ER5/WT 5 L O ERdj5/C3, ERAj5/C4 ZEERICHEA L
TR ED—E,
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4-2. Erola iZ LB PDIBIUPDI 77 IV —& U XU &
DAL

/AR CEESE Erola 1350 TIREEFE (O bk 125 L, PDI 77 IV
— X2 EDRETH D PDLICK L TR bEESE & L CHERET 5 262930, &
¥, Erola 7% PDI Otk & L TEIK MR o720, # /7 HOMALE
TCREEAZBIRT LM TELPEG LA X K7 87 vEA (polyethylene
glycol-maleimide shift assay) % 17> 7-(Fig 10A), ~ LA X FiE%xH9 2% PEG
~ LA I FPEG-MaDid, ¥ A7 A 5D SH AL & FrRINICH AT 5, FEBR
\Z1%, 2kDa @ PEG-Mal i L7, ZDOFRZH\, C K< Mye # 7 %
A L7z Eroloa @EIFH T2 15 5 PDI Ol ik iE 2 #8152 L 7-(Fig 10B),

C KiiilZ FLAG # 7 % fit& L7 PDI O Az g E ¥ 7255, FigloB 12w
9 & 912 PDI ® K#6%53 7% R2 (Reduced form 2) D& 2N Ko7 kL, PDI
DOIALEITCIRIBITE TR RSN Enbho7-, —F . Erola & B IHT-
%54, PDIIX 02 (Oxidized form 2) TV R 7 95 2 & BRBIEI T,
INETOREEY . Erola 28 PDI Of{bEEE & LTl 2 & AR T & 7o,
Erola |Z PDI E HEKZEKL, W< 20D PDI 77 I U —& R H %
b3 % 2 & T/INEIRIZRBAT LTEHER U N7 F REOBRNIR Y AT 1 Ri
BIGRAERT 2 LR RESN TS, PDILSIO PDI 7 7 IV —F "7 H
(29 % Erola D525 7-%, C KimlZ FLAG # 7 % @& Uiz pb &
ERp46. ERp57. PDIR £t 24 & Erola ZBH L. FNEFNOER(LIE TR
he &2 #122 L7-(Fig 10C : ERp57, D : ERp46, E : p5, F : PDIR), = Of5%E., ki
4FHO PDI 7 7 X U — & N7 B oOB{bECIRIE Erola 2R B T IZRB W
TR SN L7z, Erola (3 PDI LS OWL 252D PDI 7 7 X U — 4 X
BRI L TCHE bR L L THEET 2 Z & bhro Tz,
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A

0
wa) S 5 5
TCA precipitation (f:J (f:J
,55 Oxidation % 5 ~and , 30-
Protein +————— PEG-maleimide modification > Electrophoresis - - w4 -
Oxi Reduction  Red S-S 20 =l on
PEG-maleimide
B
Ero1a/Myc
(kDa) & e + Reduced PDI
o Qo -
100 1 ™
75- *R7 09 1
:(E” 08 +
*02 .
EO.? +
504 IB: FLAG (PEG+) _@0 6 1
100 m
75 e 05T
%0.4 T
— — — — i
n:”0'3 +
50 IB: FLAG (PEG-) 02 +
750 - = o= o= |
01 +
 S— 0 | n — 3
50 IB: Myc (PEG-) -+
Ero1a/Myc
C D
ERp57/FLAG ERp46/FLAG
PEG (-) PEG (+) PEG (-) PEG (+)
(kDa) - + - + Erofa/Myc (kDa) - + - + Erofa/Myc
75- — 75-
5080 IB: FLAG 50 IB: FLAG
75 754
504 IB: Myc 504 IB: Myc
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p5/FLAG PDIR/FLAG
kDa)" = &+ - + Erola/Myc (kDa) -+ - + Erola/Myc
75_ 100' - 4
75-
gg IB: FLAG 5. B FLAG
| 75
50- IB - Myc 50 IB : Myc

Fig.10 Erola {2 &% PDI B L UYPDI 7 7 2 U — % /7 EH DOERAL

A. PEG ~ U A I ROSHTREE, HIRAHN CRIE D & 37 Bk & 38T O Rk ikl
boHY%E. MU 7 aafiEg (TCA) B LV BMLETIREZFEET 5 2 &N TE 5,
TCA JLE%., ¥ AT A U HOWEEEF 4 — VX PEG ~ LA 2 R X > TREBRAICE A
End, Bz, 22DV AT A EETe 20kDa O X L X7 B O TTIREER . 2kDa
® PEG < L' 2 F(2kDa-PEG-Mal)% T Z OHETHIT % & EXIKEI%IET
WHEDSK) 4kDa D> 7 R 453, B-F. PEG~ LA I R 7 7 v A %= PDI 7
7 U —=Z R EORLETIREONE, Myc ¥ 7 & L7 Erola & FLAG % 7
ZRlE L7z PDIB) £ 721X FLAG # 7 % @l& L7-PDI 7 7 X U — % /37 E(C : ERp5T,
D : ERp46, E : p5, F: PDIR) % HEK293T a2 3Bl S w7=, PDI O v 7V idfgfb
HEITIRRE ORI FEER & L CHifEiC 1 mM DPS %7213 10 mM DTT T 5 /00 L= %
DERE L, D%, TCAILEEZITV., % L /37'E D SH % 2kDa-PEG-Mal T&
fifi L7z, %> 7L SDS-PAGE #1771k, V= AZ 7y h&ir-7, % PDI 7
7 U =X OB LETIREITE TR 2 R, bR % O TrRd, F£o, Eeil
Z R1, &l 2 # R2, M1 %2 01 2 L CEbAL 2 2 02 LoRd, BR{baE oo FAHnk
B&iX E T/iod, PDI OofLiETIREEIZ AL Ry 7 ZREER+E+O) (2% 4 % & oY
(R1+R2)D /N> RO E % Imaged TEE LTZ, E®T — XX 3 HOFERDFJ+/-0 SD
fETH s, PIEIE, *P<0.05, **P<0.01, ***P<0.001 % /<7,
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4-3. Erola 28 %iE3 ERdj5 DOEMLE TTIREE~DHE

4-1 OFEFR DS Erola 28 ERdj5 DE R —Ei& > x7'F L LTRIE S
2o £7. SH EFFRM2Z4EAITH H DVSF HAFE TIZEIT 5 Erola &
ERdj5 D& % Sy vl 3251 L 0 78 L7 (Fig 11A), EBRIZ FLAG ¥ 7' %
C I fA L7575 ERAj5 35 £ 08 ERAj5/AA 2 54k % ERAj5 JE I
(ERdj5/KO)ZFHL &+, TCA (trichloroacetic acid)iL i CH7-#lfia nl A Lk %
vy, FLAG $URIZ Lo THRERREZ1T > 72, ERJ5/KO MlaIZ AR L7
ERdj5 O % B FITNENE ERAS ORBEIHYSTH - L2 v T AZ LT ay
F CHEER L7-(Fig 11A EB 5 FBHD AT L V), ZORBREDSMET T,
NEMED Erolald B4R ERdj5 & A L(Fig 11A lane 3~5), ERdj5/AA 4 %
RIITFES L2 & 2R L7-(Fig 11A lane 6~8), X512, Myc % 7% C
KimlZ@ha L7z Erola & FLAG # 7 g L7844 ERA)5 & L < 1%
ERdj5/AA 28 B 2 R B KB 5F 2B\ C, Erola & ERdj5 O EAER %
B Lo, T ORR, BARELIIR S L7722y, ERAJ5/AA A #K1% Erola &
fEA LZeoo7=(Fig 11Blane 5,6), 2115 Z &5, Erola i ERdj5 @
CXXC EF— 7|7 LT ERdj5 EFHANEHT D Z EDRHLMMNI -T2,

4-2 DFER T, Erola (I PDI B LN 20O PDI 77 I U —F X7 ED
Mefblesa & LTl 2 & 2 L7z, RIZ, PDI Ofefkli#3# CTdH 5 Erola 73
ERdj5 O {LEITCIRBIC ED X 5 B2 76T PEG LA I R 7 |k
At %ﬁﬁu\ﬁjﬁf\“f:(mg 11C, D). ERdj5 DEHR MR LETTIRAEL O
(Oxidized form) DEIG R LN Enbor-7z, Erola & LRI LI-54 .

ERdj5 @ R (Reduced form) 23N 2 Z & 2300 | #FIZiE T 1 (Reduced
form 1: RDMPPEAZE ZHIMN L 7= (Fig 11C), & 512, ERdj5 OEE(LZETLIRREIC %
T HWNTEM Erola D22 #1233 570, ERdj5 Z @I L 7=#ikalZ Erola
IZ%3 % siRNA (si/Erola)x h 7 > A7 =7 a > L., ERdj5 OB bETIRAE
%~ 7-(Fig 11D), W7EM: Erola I% si/Erola ZHIMIC h T v AT =7 v a
LTo5 96 RFMRICIREL /v I X &b 2 L 2R L= (Fig 11D),
si/Erola 2 N7 > A7 =7 v a > LA TlX ERdj5 O#{biEITTIRIEDS si/NS
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(Nonspecific siRNA)Z b T > A7 =7 v a > Lizflifn & el L CGREIe oS
A L7z (Fig 11D), 2 b OfERN S, Erola X ERdj5 IZE 1% 5 2.
ERdj5 OE LR & L THRET A2 Z L b7,

A
x ERdj5/KO
[e]
3 v AA _ (ERdj5/FLAG)
'_
kDa) = £ i d
75
* IB: Erola
— e D e e € e e
ol IP: FLAG
1004 o -~ —|IB: FLAG
754
IB: Erola
50
100- IB: FLAG
75
100- j
—|IB: ERdj5
75- |
50
— P T G S Sy, IB N aCtIn
374
Lane: 1 2 3 4 5 6 7 8
B
Ero1a/Myc
$¥ - <
(kDa) S 8 = I ERJSIFLAG
75
IB : Myc
50- IP: FLAG
1004
75, ——|IB: FLAG
75- =
50-
100
75, —=|IB: FLAG

Lane: 1 2 3 4
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Ero1a/Myc

w
(kDa) & E -+
1501
100 (R
e - — cy :8
75 IB : FLAG (PEG+)
150/
100
750 |IB:FLAG (PEG)
75J
50- IB: Myc (PEG-)
3
9w o
£ u
(kDa) & &
100- #R2
*R1
*0
75. IB : FLAG (PEG+)
100
251" |IB: FLAG (PEG-)
754
IB : Erola (PEG-)
50-
IB : actin (PEG-)
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Fig.11 Erola 23 &%1E9 ERdj5 DOER{LIE TTIREE~D 4

A. ERdj5 % K48 L 7= HEK293T #l(ERdj5/K0)iC FLAG # 7 %Z @& L 7= ERdj5/WT
HL<IT AA BRERKEZHKBE ST, NG A7 272 ar Lz TCA bk Crl
L. AT kiR % 5T FLAG JuiR CHREbE 217> 72, ¥ 711X SDS-PAGE %17
W, Uz RBE Ty T 2 T LTc, R A X Y 271X ERAj5 ICHEG LT NTENE
® Erola #7~7, B.Myc % 7 Zf& L7 Erola/ WT & FLAG % @4 L7- ERAj5/WT %
L <% AA £ ¥k % HEK293T filalc B Sz, M T A7 =7 v a Loz
TCA ik ik L. MM TTIA(LIE 2t FLAG $ifk TRtk 21T -7, v 71k
SDS-PAGE %47\, V= AKX T avT 47 Tt L7z, C. Erola @I FIZH
\7 % ERdjb OEE{LETCIRIEDOHIE, Myc Zflé L7z Erola/WT & FLAG ¥ 7 @& L
7= ERdj5/WT % HEK293T Ml 3658 L, Mk oikiBoxf SRR & L Cllfalc 1
mM DPS %72/% 10 mM DTT T 5 3B L= b D& HE Lz, ¥ 7Vt Fig. 10A
O EER L7 FIECER L7z, /ERLL 724> 71k SDS-PAGE Tik#EIL, 7= A
Zr7uayT 4 » 7T Lz, D. FLAG % @& L7z ERdj5/WT % HEK293T Hifaiz
24 Wrf, WRERH IE-%., FOMIC sINS & L<IX si/Erola Z b TV AT =7 ¥
a2 L7, siRNAZ T AT 27329 LT 96 K%, Fig. 2A OFBHICEER L
T=FINETY > TN EERL L 72, ERAJS/WT ORR{LETIRRE TR TR 1 4 R1, Eoil 2 %
R2 Z LTt % O Txd, ERdj5 OR(LEICREEIIAL Ky 7 ZARER+ONIKTT
%50 R (R1+R2) D /3 KD H % Imaged TEELZ, TET — X1 4 BIOFERD
SE+H-0 SDETH 5, PEIL. *P<0.05, **P<0.01, ***P<0.001 %77,
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4-4, HFBTANT 4 FEEE ZI LTz Erola/ERdj5 HE
LTS

Wiz, Erola 78 ERdj5 @ £ D CXXC EF— 7 IR T 2 et f#eT L
7=, ERdj5 (21X N KM»S CXXCEF—72HT 5 Trx KA RN 4055
(Trx1~Trx4), =2 T, THEND Trx KA A D CXXC EF —7 DR EEL
7278 BAR(ERAj5/C1 3 L O ERdj5/C2, ERdj5/C3. ERdj5/C4)% fiv (Fig
9A). Erola & ERdj5 DA & i 58RI X 0 fifhT L7 (Fig 12A), Erola
IX ERdj5/C1 & L O ERdj5/C2 A RMRIZITHE A Lieh - 7223 (Fig 12A lane 4,
5). ERdj5/C3 & L <% ERdj5/C4 ZRAK L A L7=(Fig 12A), &2, & T
?® SDS-PAGE % i\, Erola & ERdj5 D4y FY A7 1 AR 2 8152
L 72(Fig 12B), BAME O HFILF Tl /3> K23 250kDa LL_E(F**)D 5y
FEONME & 150kDa (*) DN E (28122 X 7= (Fig 12B lane 3, 11), ERdj5/C3
BEAR L OIFIL T T, /32 23 200kDa (F*) OALE I H S 7= 23 (Fig
12B lane 6, 14). ERdj5/C4 ZE 84K & O3B Tld. /S 3% 150kDa @
friE 2 @lgg 7= (Fig 12B lane 7, 15), ZiLH OfER2 6, ERdj5 & Erola
Do FMTANT 4 RS %I LA RITIZ—20F 0 ERdjb (2% LT 0+
® Erola BEGT HIREENRH D = L NE 2 b i=(Fig 12E), ZOfsi& kI
WTIL 6 BEOTEIZTFHLIBELET H, 61T, ERdj5 @ Trx3 ¥ L O Trx4
KA A 2 & Erola Of5EZiEMICHH~5 72, ERdj5 ® Trx3 & L < IE Trx4
RAA D CXXC EF—7 DA% SXXS (Ser-X-X-Ser)(Z i L 7= 28 BLAK
(ERdj5/C3/SS. ERdj5/C4/SS) & Trx KA A DT _RTD CXXC ®F—7 %
SXXS (ZiE# L 7= A RAK(ERAj5/SS) #/EL L, Erola & Oy Y ALVT 4 R
AT 28122 L7 (Fig 12D), ERdj5/C3/SS IR L DILIFEH T T3 R
23%9 150kDa DAL EIZF H & #U(Fig 12D lane 4, 10). ERdj5/C4/SS ZE B ALK & D
HFEH T Tl N> K238 200kDa OO EIC#1E2 S 7= (Fig 12D lane 5, 11), =
U Fig 12B OF5EFEZBROFER L —E3 5 2 L6, K 200kDa OAZE [ ZF H
ENb/82 RiZ ERAj5 @ Trx3 KA A > & Erola N3P A7 4 RiEETE
e L72BEEIETHY . K 150kDa OE (R S5 ) Rik ERdj5 @ Trx4
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RKAA > & Erola 230 Y ANV T 4 REERTER LTZEAIRTH D Z LR
Tz, 2F V., ERAj5 X Trx3 & Trxd KA A D CXXCEF—7 %I LT
T3 7 ® Erola EREET B AREMENEN T BT,

A
Ero1a/Myc
S S
“‘57’2) 2 255883 < ERISFLAG
& o b ____,*IB:Myc
50 s 2 &
IP: FLAG
100 St i | |5 : FLAG
754
75
IB: Myc
50 input
100+ '
Lane: 1 2 3 4 5 6 7 8
B
Ero1a/Myc Ero1a/Myc
%%’—‘—va ﬁﬁl—x—mmv
wa 228z0883% 222003 83 % ERISFLAG
fa— £ —~ €k k*
250 [ RN E T R [ S Yy — yu——
= e BN St 52 & - p— ¢k
1504 ' C— = == o= =
IP:FLAG| 100A
754 | il N
50+
2501 2 -} - = Db
— — _ —_— 4—**
150- T = | = - -—
input| 100-
757 MeEREERE ..z T
50+
Lane: 12 3 4 5 6 7 8 9 10 1112 13 14 15 16

IB: Myc
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IP: FLAG

input

HPD CSHC

CPPC CHPC CGPC
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ok kk

% *
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€k k*

% *
<*

WT (D) o) o) o)
HPD CSHC CEPC §HF§ CGPC
cass (V) nd)  ([Tmed) (Frxs) e
HPD CSﬁC CEPC CHFC §GP§
caiss () fme) (o) () ()
HPD SSHS SPPS SHPS SGPS
ss (V)@  (Tnee) (Frea) (Foes)
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o)
(kDa) 2223838 0 2£2=g30
1= B B |
250' ——:— —-—— -—_,._..:_ \—-—q
150- — g
100-
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50-
250- = .
150- SR ES T 0 . it
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50-
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1] 1]
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ERdj5 (J ) {na)

(Fr2] (Trxa] (Frx4]
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Fig.12 73 FHlY AN 7 4 RiEG %I L7z Erola /ERd)5 A AR
A. Myc ¥ 7 % @& L7z Erola/WT & FLAG % 7 %A L7 ERAJ5/WT & L < 1% C1,
C2, C3. C4., AA ZE (L% HEK293T fifalic LB 72, ¥ 7 /1id Fig. 11A O
HIZBER L72FIECTIERL L, SDS-PAGE 4TV, V= AZ T a7 4 7 TN LT,
By 241 22713 ERAj5 I2#EA L7z Erola #7754, B.Fig. 12A TERIL=9- 7%
FEIEILD SDS-PAGE TUkEN L, Ve RF Ty T 4 T u{Tole, YU ITNT AL
U A7 ()X Erola 28 ERdj5 @ Trx4 KA A ZHEE L TCWAEAKERLTWD, X7
T ZZ Y A7 ()% Erola 78 ERdj5 @ Trx3 R A A NZFEAE L TWABESEEZRL T
Wb, MUTZATAHZYRT ()T " 557O Erola 3—%31® ERdj5 @ Trx3 & Trx4
RA A AAZHEB L W BAEAIRE RS, BV —27 13 ERAj5 O fiEY % 19, C.
FLAG % 7' %Z @& L7z ERdj5/WT 3 LY ERdj5 OiFEF.LTHD CXXC EF—7 %
SXXS IcE# L= ERIED AL A NFr gy, Bz, ERdJ5/C3/SS 2 BLRIX ERdj5
D Trx3 KA A D CXXC EF—7 DFH% SXXS TF—7I(C@EH L T 5, ERAjH/SS
EHRKIT CXXC £F—7 %2 F T SXXS | Tﬁ%bfb\é D. Myc # 7 %@& L=
Erola/WT & FLAG # 7 % & L7- ERdj5/WT & L < 1% C3/SS, C4/SS. SS ZEHR (k%
HEK293T Mo BB &7, ¥ 7 0id Fig. 11A OFtAICBER U2 FIECrER L,
JEEITTD SDS-PAGE #1T\, U= AKX T uvT o 7Tt L=, E. #HEINh5
ERdj5 & Erola Ofi&bEE, —4F® ERAj5 @ Trx3 & Trx4 KA A »® CXXC £F
— 712 Erola ¥ —4F 2B/ L TW\W5,
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4-5. Erola 23 %I93 ERdj5 @ Trx3 * Trxd KA A - DOER{L
BILIRRE~ D&

4-3 DFER G| Erola 1% ERdj5 O LR & L THEE L. ERdj5 @ Trx K
AA L DOFEHEHRLTHD CXXCEF—7 2B ITLTHIENRHLNI ST, K
\Z. Erola 2 ERdj5 D ED Trx KA A D CXXC EF— 7 ZE %5250
#5728, ERdj5/C1 B LY ERdj5/C2, ERdj5/C3, ERAj5/C4 % Fik%
M, Erola &R TIZKIT 2 BERKORETCIKELZ PEG v~ LA I R
VI RT oA VB LT-(Fig 13), Erola & 38 L T\ aWHIlRIZE
W, ERdj5/C1 & ERdj5/C2, ERdj5/C4 28 BARDER{LIE TLIRAEIZ K43 2% O
(Oxidized form) T - 7=D (2% LT, ERdj5/C3 28 BARI I DA FAR & il L
T R (Reduced form) DEIE RN L 3boyo7z, Erola & HFEIHLIZHE.
ERdj5/C1 & ERdj5/C2 OEELIETTIREEIZZL L7227y 7223, ERdj5/C3 8 LY
ERdj5/C4 OETTRIOEIENBE NI 5 2 ENBE ST, 2 b OfE R
5, Erola iZ ERdj5 @ Trx3 £7213 Trxd KA A D CXXC EF— 7 ([ZRpHE
MICETE G252 ERH LN T,

WT C1 Cc2 C3 C4 ERdj5/FLAG
(kDa) - + - + - + - 4+ - + Erola/Myc
100+

T ——— o — T p— :8
75. IB: FLAG (PEG+)
100-
B e e N— ol oy |\ g
75- IB: FLAG (PEG-)
75
504 IB: Myc (PEG-)

46



Reduced form of each Trx domains
0.8

dedek

07 1

.0 I 0 L nz3

- + -+ - + - + Erolo/Myc
(@]
S

10
[40)
€0

Fig.13 Erola 73 )13 ERdj5 @ Trx3 * Trx4 K A A > OELIETTIRIE~ DR

Erola @I FI2351F 5 ERAj5 D Trx3 B3 L DN Trxd RN A A > OEE{LIETTIREEDHIE,
Myc % 7 %A L7z Erola/WT & FLAG # 7 %4 L7z ERAj5/WT & L <% C1, C2,
C3. C4 EBEK%Z HEK293T Mfllc B L, > 7 /11T Fig. 10A OFBICEER L7 F
NECYERL L 72, {ESRLIL 7=% > 7 id SDS-PAGE THkENL, V=2 Z T uyF 4
TfEMT L7, ERAj5/C1, C2, C3, C4 ZHE{KDOmbECIRIEITE cH A R, B2LA O T
759, ERdj5 OELETTIRIEIZEL v 7 ZREBRAONZHTT D@D R ROHHR
% Imaged CE&E LT-, E&7T —Z L 3 BILLEDOEEBROVE)+/-0 SDETH %, P EIE
*P<0.05, **P<0.01, ***P<0.001 %<7,
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4-6. Erola 7>5 ERdAj5 ~DEBEFLZEDRFA =X A

Erola /X PDI & OFEAREIZEE T2V AT A U XT NEH Dy +INICHEE
171545, PDI Ofigfbigs# & LT Erola 2MERET 28541, T2 C94 & C99
N TINTANVT 4 RIEREIR LTV AT A X7 (C94-C99) CTigE ! PDI
ENTRIC AT 4 RiEAEEER L, PDI D LE 28, ErA PDI #%)
RIS BT 5 2 LG ST\ 5 32348 ERdj5 23 Erola @ C94-C99 &
DT ANT 4 REEBERT DR 570, C94 &£ C9 %7 7=
(Ala : A)IZEH L7= Erola O BZIR(CI4A/C99A) & ERL L 7=, FEIRITLHMD
SDS-PAGE % vy, ERdj5 & Erola @ C94A/C99A ZHEAK L D4y A v
7 4 REBEN LB A IR 28122 L 7-(Fig 14A), B4MF 1 <ix ERdj5 &
Erola Oy 1Y AN 7 4 RiEEZEI LTZEAEIRD B L% 250kDa LA E(x**) b
200kDa (**), 150kDa (") EIZfiH S 7z (Fig 14Alane 3, 16), [RAEIZ,
C94A/C99A ZHAKIT ERAj5 &MY AN T 4 RiEE A L. ERdj5 &
AR ER L= (Fig 14Alane 6, 19), Ziu 6 OfEHE 25 ERdj5 13 Erola @
C94-C99 &L IFEHFEA L2 EdbhroTs,

wIZ, Erola @ C94-C99 LIS DT AT A X7 ) ERdj5 &4y Fy A7
4 Ffie xRk L, ERdj5 ~DEFZEICEEGT5Z &2 EE Lz, C85-
C391 B L1 C104-C131, €208-C241, C394-C397 DKL AT A T |%
Erola OE TRz L ONEMERIEICED S L ZEx bt 3235, 22T, &
VATART BT T = T E R LT 2R SR (C85A/C391A, C104A/C131A,
C208A/C241A, C394A/C397A) % {E&L L, Erola & ERdj5 D4y ¥ A/~
1 REEA B Z I LT B AR 2 8152 L72(Fig 14A, B), £ OfERE,

C85A/C391A EBIKD AN ERAj5 & T ANV T ¢ FiEGZERK L7 < 72

Y (Fig 14B lane 6, 16). ERdj5 IZ Erola ® C85-C391 IZ#EA L C Erola 725
EEZITRDZ EDRB ST, £Z T, Erola ® C85-C391 »>5 ERdj5

BB ZEEA BT 5700, B Erola & #EEA ERj5 % 4G5
L., ZINHOEREEZRBRENTHER L., LETOMZEIZ LY Erola
R ek IEE D SDS-PAGE 44 FC. 3 DOIRAE(Ox2 : ATEMER,
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Ox1 : IGMAL, Red : ButEDICHBECE 2 Z LRGN TS, 202 H, K
55 kDa ffiTICBEZ SN DN R 0x1 BICH Y . 2 Erola @ C104-
C131 NI SN TH D Z & MESNLT WD, —J7. % 60 kDa it
IR &Ny RIZETEITH Y . Erola @ C85-C391 MiE L S /- fREE &
TFRHEN TS, £, Z0ETH Erola #3272, C104A/C131A B
LUV C85A/C104A/C131A/C391A ZE 5k % His 11 7 DM X VG RI L7z, €
D%, L7 Erola ORI CIREEZ FEE LD SDS-PAGE THI%E L 7-(Fig
14C), = DO#ER, C104A/C131A ZEMAKRITAI 60 kDa fFilriz/ N K& L TH
S, ZoOBETTIRER, B b Z LA Tl 7= (Fig 14C lane 5),
Z T, ZOERKICIRLAITH D DPS #AH L, LB CiREEZBIEZT 5
&L BTN DS Ox1 B~V Ko7 MBI S 7= (Fig 14C lane 6), Z1
IR LT, BMERBRIC k- TRIEREZ Sh DN R 7 ME
C85A/C104A/C131A/C391A A HEAKIZB W THIZE S 2o 7= (Fig 14C lane
7,8), ZMDZ &% C104A/C131A ZRIRIZIT C85-C391 MLk TH 5
el TN D,

Z DiEtH Erola 2 AV, BR{LH ERAj5/C 7 T A X — & DFEAniE & Bl52
L7z, B4R C 7 T A% —(C-cluster/ WDIZ ] &K FHIIC Erola Z & TG
Ox1 B~F17 &8 7-(Fig 14D lane 2~4), L/>L, Trx3 & Trx4d FAA 2D
CXXC EF—7 % AXXA ITEH# L 7= 2 BAR(C-cluster/AA) X Erola DiE )
5 Ox1 MA~D/NY Ko7 &R Lo - 72 (Fig 14D lane 5~7), 2% V|
ERdj5 i CXXC &F—7 %M LT Erola ® C85 & C391 MY A /L7 1 NfEA
R A L T D Z e RbhoTe, £7-. Erola ® C85-C391 DfE{kiE T
AZlx ERdAj5 OFR(LIETTENMN LV BN &ERHE ST =(Fig 14E)8, —fk
(2, B EIIBLETEMIMEN S F &SV~ S s, Liznio
T, BLETENMOBLE S ERAj5 28 Erola @ C85-C391 76+ & 70
P2 TELD Z &R ST,

KT, FRNICEIT D Erola @ C85-C391 Z 4 L7z ERdAj5 ~D&E F1xiES)
RaERFRD7-D, ERdj5 DfE{tiEICkEL PEG v~ LA I RV 7 T vk A
X v #Ig2 LU= (Fig 14F), B4 ERdj5 OfLiEoINEIXE 47 Erola & D it
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FREUC X o TETA 1 (Reduced form 1 : R1)DEIENBEZEITHIIN L 7228,
C85A/C391A LILFEH LIGE. ToMInIdmi s iz, —75.
C104A/C131A 134 Erola & bk LT ERdj5 @iEsc! 1 oA o 7>
WZHHl L2, & 612, ERdj5 OELEICIRREICT % Erola @ C85-C391 @
WL ST 572, ERdj5/C3 & ERdj5/C4 ZERK DR LR TTIRAE D
#1522 L7=(Fig 14F), ERdj5/C3 %7213 ERdj5/C4 OERMLETTIRAEIX, B/
Erola & ® 3 HIC L v ETA (Reduced form : R)OEIE SBEF 28N L 7=

73, C85A/C391A DILFBL T IZIHBWT, Z oIl sz, BF4% ERIj5
OFER LR T < C104A/C131A A HEIRITE AR Erola & kg LT ERdj5/C3
L OVERdj5/C4 OETLARIOHE NN Z DTl Lz, 2 b0z Enn, #il
MIZEBWTH ERdj5 1E Erola @ C85-C391 241 L T Erola 7»HEF 2R X
SZITER-TWD Z LRI T,

<< < < <
< © o < © T
3 o R 3 5 q
Q &)
< 3 3 2 3 3
- < o o - < o o
s & 5 8 S 3 5 8§ Eotumye
5 ct . P e TRt LoTLoE.
kDa) 22 2 $ 25325328325 2823255 2355 2z g ERGSFLAG
250 ~ - =] ™ = = = EET -
150- ' o
100-
754 — — -~ .
501
2504
150-
100- e TR RS s
754
50

Lane: 1 2 3 4 5 6 7 8 910111213 141516 17 18 19 20 2122 23 24 25 26
IB: Myc IB: FLAG
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Ero1a/Myc

V.6EONV6ED

Y16€0NVG8D

1M

V.6EONY6ED

V16€0/¥VG80

1M
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4_**
-«—*

£ < ERJ5/FLAG

"
L

m| ]
p leli
el

11 12 13 14 15 16 17 18 19 20

2 3 4 5 6 7 8 910

1

100

751

50

250+

150

100

754

50

Lane :

IB: FLAG

IB: Myc

NR

(Ero1a)
+ (DPS)

VI6€ONVIELD
V¥01O/NVG8O

VI€LONYOLO

VI6€ONVIELD
V¥01O/NG8O

VI€LONYOLO

+

+

(kDa)
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NR

WT AA
(kDa) - d -

100
75

-+

50

100
75

50

C-cluster (ERdj5)
(DPS)

37

o5 ——————

20

Lane: 1

Low

-300 mV -275mV

-200mV' {165 mv

e

~a
-100 mV

2 3 456 7 8

(Erola)css-C391
N
180 mV

C94-C99

+-0mV

\

High
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-|1
=
—
O
w

C4 ERdj5/FLAG

< < < < < <
o) o o)
o ® o R R
O O O
s $3x,.33¢ 32
kDa) 2258322582205 8 ErolaMyc
100- = 4R
—_— - — — - *O
75. IB : FLAG (PEG+)
100-
sl e Tl PRGN IB : FLAG (PEG-)
75-
504 IB : Myc (PEG-)

Fig.14 Erola 7% ERdj5 ~D&E FARIZED I3 1 A 71 = X A

A-B.Myc # 7 %A L7z Erola/WT F£7213 Erola D&V AT A X7 %27 7= (AIZ
B LB RIK L FLAG % 7 %@A Lz ERAjB/WT & L <13 AA AR (k% HEK293T
MBS, PT AT =7 var Liciilaz TCA LB TRl b L, AR T s
bk ZFEE T SDS-PAGE TIkEN L, V= RAZ T a7 4 v T T &4T o712, v
INT ALY 27 ()% Erola 78 ERdj5 @ Trxd R A A SHEA L TCWABEGIKE R LT
W5, TN T A% Y 227 ()L Erola 73 ERAj5 @ Trx3 KA A TS L TWAHES
KERLTND, N TAT AHZ Y A7 (%)X "5 1O Erola 73—y ® ERdj5 ® Trx3
L Trxd FAALAIZRHAELTVWDHIEAEERZRL TS, C. B# L% Erola
(C104A/C131A/C166A, C85A/C104A/C131A/C166A/C391A) & # K% . 1 mM DPS
(Dipyridyl disulfide)L¥#&H 0 (+) F 7213 ()72 LT, = TS5 o, eS8z, G,
TRTOFHY 7, HEETTO SDS-PAGE (NR) % L < 1% SDS-PAGE (R) TikE) L,
CBB Y5 %17 - 72, Red [ZiELH! Erola Z77 L, Ox1 1% Erola ® C85 & C391 73T A
V7 4 RiEEEK L7 Erola Z/r9, D. ¥ L 72&E LM Erola # 1 mM DPS
(Dipyridyl disulfide)L#id ¥ (#)FE721xC) 72 L, H LI, ERAjp © C 7 7 A X —Z 5
{K(C-cluster/WT) & 7213 AA ZZ 5K & RIE T 5 0. SUE S8, BUGH. TR TORK
P o7, HETLO SDS-PAGE (NR) % L < X SDS-PAGE (R) Cik@h L, CBB ¥t %
1To7=, B. BB{LEITLENIZHES W= PDI & Erola, ERdj5 OFE ffzi#, F. Erola i
FIFBLTICH1T 5 ERdAj5 O LEITLIREOHIE, Myc ¥ 7 % FiE L7z Erola/ WT £7=
1% Erola D& AT A _XT %7 7= (MICER LT EREKE FLAG ¥ 7 %f& L
ERdj5/WT & L< 1 C3., C4 £ H{k% HEK293T iz 38 L, ¥ 7 /L% Fig. 10A
OFIAIEER U= FIETIERL L 72, ERAJ5/WT O g cikig @ ol 1 2 R1, &@oi
2 % R2Z LTk % O Td, C3. C4 ZRIRDIR LR CIRREITE O 2 R, b
0 T/RY,
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4-7. NMR % 7= ERdj5 ® C 7 5 A ¥ — & Erola D
B AERENT

iz, ERdj5 OEBEMZFMEIERIC X 5 Erola OREEZ(LZBIRT 5720,
NMR % v, Erola OEAZHEE 2 A#AT L 72, NMR IZHF KT R 7T
WFFERMTINTEZEZ . K B L o LRIEE L TiTo 7o, 7eds. ARERIC
BWTIT ERAj5 DFHAAERFALICE £ Erola OV AT A VI OBREIC
EREYTHIED, VAT A 5% [15N] L-cysteine TT7 4L L., T~
{t L7z Erola ORI ZHIE LTz,

£7. Erola ® C85-C391 3L C94-C99 #IRET 57, KL AT A v
RT % T T =@ LT Erola (C85A/C391A, C94A/C99A) & K5HL L |
NMR it L7=(Fig 15A, B), C85A/C391A Z8 BARDAIE Tli#6 DRIz H
BINTZV T T IVEHI O FICBIE SNV 7T ARERLEZENG, Th
5 ODY TV C85 £721% C391 TH D Z & VB L 7= (Fig 15A),
C94A/C99A ZE AR DR E TIFH2 DJEBIZH D DDV 7 FUBEK L, 2D
“ODV T TN C94 21 C99 THDH Z LA LN LT (Fig 15B),

INETORFENS, Erola 28 ERdj5 @ Trx3 & Trxd KA A VNHET 5
CXXC E=F—7 LRSS L, ERdjp ZiEtT D52 E#HLMIZ LT
%5, 2T, NMRIC X DMAEMHFERIZIEL, ERA5 ® Trx3 & Trxd KA A~
Haie C U 7 AKX —%H, Erola DY AT A VERIEDEREN C 7 T A X —
DIFEDOF I L > TEDOREZRT 20 %88 L7=(Fig 150), 7=, 1M
AN T 4 RIEAIHMEIFHI M BEAERIC £ % Erola OfEEEL 2 BIRT 57
W, ERdj5 D C 7 7 A% —%L Erola DV a2 ) M U X7 IR RIC
ME L. NMRf#trzi7-72, ZORR. C 27 T AL —DFETIZBNT
Erola @ C85-C391 HIKD ¥ 7 FANHEERLFL 7 M amnd T EnBlEsh
77o —77. Erola ® C94-C99 kD 7 F WTIT & A EBAL AR E R D>
7o ZNHDOZ ENG, ERdAj5 O C 7 7 A% —|% Erola @ C85-C391 DiTf#
ICHEMER L, ZOBRBICHEL KITT I ENRBENT, S5, #3B LIV
#6, #8, #O DL T TN C U T AX—DFETFICBWULFEY 7 MR 5
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ZENBIEINT, INODOV T TN ERBT DI EIITERNSTEN, #3 5
L UH6, #8, #9 DfkF T 7 ~E. Erola @ C85-C391 Li4® ERdj5 & Erola
DFEATANL 2 KR L TV A AMEEME S L < 13 ERdj5 23 Erola @ C85-C391 2k

ETDHZELICL - THIEEZ Sz Erola OREEZAL 2 KB LT 5 ATEeMEN

FExbiz, TNHDFEY T FRbLBERINDLERIT, BRTEAT D,

A
Wild type
1144 C85A/C391A &> -
C94/C99 \1
~ 1184 b
€ A
= ,
=
12 7
- - 5
! " T
~ s
] (&
-
126 - C85/C391- .
1 1 I 1 I
86 84 82 80 78
H (p.p.m.)
B
Wild type
114 C94A/C99A
€94/C99 1
1184
122 2
126
T T T T T
86 84 82 80 78
H (p.p.m.)
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Erola

144 Erola + C-cluster @

C94/C99

126+

86 84 82 80 78
H (p.p.m.)

Fig.15 NMR % i\ 7= ERdj5 @ C 7 7 A & — & Erola OAH At

A-B. NMR #% Hl \» 7z Erola ® C94-C99 I L 8 C85-C391 O i J& .
Erola/C104A/C131A/C166A & L 1Y  C94A/C99A/C104A/C131A/C166A
C85A/C104A/C131A/C166A/C391A B HEIRD v AT A 5% % [15N] L-cysteine T7 X
MMEL, NMR 12XV ZOBREA L L7, A 1Z C104A/C131A/C166A ZHK(E) &
C85A/C104A/C131A/C166A/C391A ZFRAK(E' L 7)D NMR v 7 F v EHG HE 2K
#7579, BliX C104A/C131A/C166A ZHMAR(H) & CI4A/CI9A/C104A/C131A/C166A 2%
BIRGED D NMR v 7 FvEEREGbEEX%Z77, C. Erola/C104A/C131A 2 BARD
VAT A I A [15N] Lrcysteine T7 /L L, NMRIZ LV ZOEEAZBIZE LT, £
DFERTHE SN NMR > 7 F L (E)E ERAj5 D C 7 5 A X —%ZiRINMLTIESHATELA
72 NMR > 7 V0GR EDOFEWEBE Lz, ABIOBORKRICL YRR L7 Erola ©
C94-C99 Hi3k»D NMR v 7 F L&k Cr L, C85-C391 & & 7 TR,
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4-8. PDI iZ & % Erola DAL

/NMEARIZEB W T Erola 1 EICARTEMERI(Ox2) & L CTIEE L, RAIEMERNT C94
L Cl131 BELCI9 & C104 NAWVIZHFHNI AL T 4 RiEA(C94-C131,
C99-C104) ZJERk L= IkFETdH 5 (Fig 16A F[X), Erola OiEMALIZITIE TR
PDI "6 OB AHAENMETHY . Z OB GBI L - T, RAIEHR Erola ©
C94-C131 & C99-C104 D4y FHNY AT 4 FHEE DR R Z KRNk Z 5,
ZDORIG%, Brola X C94 & C99 343 TNY A7 ¢ RfEA(C94-C99) % 2 Ak
L 71 MA(0x1) & 72 % (Fig 16A T, Z OIEMELZERE T, Erola iX C94-C99
TPDI 77 I U —Z "I HEETRZZITH 3034, PDIIZL D Erola OF
PAL 2R 579, FEEITO SDS-PAGE Z v, #BZL7-, ZhE TOH

H | BAR PDI 2 33880 L7254 TlE, Erola NEMRICEITT A2 &%
fez8 L7=(Fig 16B), PDI @4 XT? CXXC E=F—7 % AXXA |[T{EH L 7=
PDI/AA 28 B4R Z IR EL L 7o 2F TlE. Erola O ANEMERID HIEHERA~DOBAT
DR SN o Tz,

4-6 B L 4-7 OFERD S, ERAj5 1 Erola @ C85-C391 DT IZHH A AEH]
L. ZDOVATA o RXT EHRFMTPANT 4 PG ZBAT 5 Z & T Erola 7
ODEFEZITMDZ WM LT, £z, BLETEMEEELTH
Erola ® C85-C391 X ERdj5 ® CXXC & F — 7 IZE T &% T I+ A RerE s R
7= (Fig 14E), — 5T, Erola ® C94-C99 O LiZTcENITZE D AT A
YRTICE T EZTET PDI OfLECEME D bEWI LR TFHITE 5 (Fig
14E)86, ZhxaBET 5 L&, PDI Of{LiECENM LV bIRWVERLERICENE b
> ERdj5 7% Erola @ C94-C99 ([ZE T2 FIET RIREMEN & 5 6263, £ Z T,
Erola ® C94-C99 & ERdj5 [l CHERENRNLT 20~ 57, FEETO
SDS-PAGE % i\ T Erola O ARJEHERL ) HIEHERI~D 2L 2 8122 L 7= (Fig
16B), ZOfEHR. Erola OAEMHR ) HIHFHEI~DOITIL ER)5 W EIFEEL T
IZBWTHElEIN o, ZOZ b, ERAj5 75 Erola OIEMHALIZET G- L
W ERboTz, T2 5, Erola @ C94-C99 & ERdj5 [l COE %%
=95 BV B AR/ RSV N Al
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A Inactive form (Ox2) of Ero1a

. —/
w TS o S T >35>
W OO~ — ol o [sp Was M op]
- —0—o o—o * -
Erola FAD
B
Ero1a/Myc
PDI ERdj5 (FLAG)
5
(kDa) & = S-S 5
754
" 8
50 — X
IB: M
754 ye
— w—— - g— ]
50-
R | 1001 o
> IB: FLAG
50-

Fig.16 PDI |Z & % Erola OiEMAL

A. Erola OARTEMAL(0x2) £ 72 13EMHRL(0x ) D4y F+IN Y AV 7 4 Rikié, Erola OiE M
ENCEA G T DV AT A VERIEIIHRTRT, PDI L OB RZICEAGT D5 AT A V5%
AR TRT, Erola O FWNEHREICEGT VAT A VEREITHA TR, &5
F AT A VR ER LTS, Erola OIEVERENCREE T 50N A LT 4 RS
FHEMCTR L. FNEHBREICEET 20 FRNYALT ¢ REEEIEEMR T, ERdj5
L DOEAREBE TS Erola D4y +HNY ANV T 4 REEAIIRR TR, B. Myc ¥ 7 %
& L7 Erola/WT & FLAG # 7 % @& L7- PDI/WT % L < X PDI/AA, ERdj5/WT,
ERdj5/AA % HEK293T i |ZHRBLL, T A7 =7 va v Li-filaz alizfb Lz
%, 7 EIEEITD SDS-PAGE (NR) S L < X SDS-PAGE (R)Tlk#h L 72, Erola
DIEMR(0x1) & NEHAN(Ox2) % V=A% 7 vy M Cfiftt L7z,
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4-9. FoFxor 7 Ial—varicks ERdj5 & Erola
DB BB E DFENT

ERdj5 & Erola [ TOEFR=2IZEW T, ERAj5 D Trx3 £7213 Trxd KA A
Y Erola MO ELFEZITRD ZERHLNIRoT, EDX 512 ERdj5 D
Trx3 B3 L O Trx4 KA A 25 Erola & fHAAEHT 2 D& FOBLAE D BN
BT, BALKZ - R ER L O RFEFRE TRy F /v Ialb—va v
2L v ERdj5 D EEHE L Erola OEA RS2 Tl LT,

ERdj5 DA IZ1%, Form I & Form II O S FFE L TW5, Form I 0%
L Erola # Ry %o 7 LEfER. ERdj5 @ Trx3 KA A @ CXXC £F—7
7N Erola @ C85-C391 O EIZH AAER T 2 AT T L35 b (Fig
17A), Trx3 ® CXXC EF—7 & C85-C391 DI 6.5 A THD = Lhb
o l=(Fig 1TAJERX), LU, ERdj5 ® Form I ZHW/-RyF 7o o
L— 3 > CliL, ERdj5 @ Trx4 KA A > & Erola WHEEMERT 2H B E
KETNAREGELNR o7, £ZC, Form II Of&EE AW, HE. Erola &
DRyF L7 vIalb—yarafrolz, TOfHE, ERAj5 D Trxd KA A >
? CXXC EF—7 Erola @ C85-C391 Ot I AIER T 2 A KRET L
2345 5 1L(Fig 17B). Trx4 @ CXXC EF—7 & (85-C391 DOFEHEITH 11.4 A
ThH D ENbho7=(Fig 17B 5K K),

Rydo 7o Ialb—rarTEoiuiz ERdj5 & Erola OEARET LN
IE LW T 572, ERAj5 D&% Form I & Form ITIZEET 5 2 & A
TE B BREEERLL (Fig 17C)84, Erola (2 & 5 ERdj5 ~DEFImE% PEG
LA IRV T T vEAICEVBIELZ(Fig 17D), Erola & H3HLL7=EED
Form I Of{liE ok EEIX R (Reduced form) DEEMBEIIMN L7, #71C. Form I
® R1 (Reduced form 1)iZ Erola & #:5H L 72D Form II @ R1 O IE &
el UC L 0 BEE RN Z R Lz, 2 O FIZE 4 ERdj5 @ R1 O#NE &
—FH LW, 4-5 OFER T, Erola iX ERdj5 ® Trx4 KA A > ® CXXC E£F
—7 50 b Trx8 RAA D CXXC EF —7 2 IBILT 52 ENH LA
S, ZORRLERNyXF U7V Ialb—var TEHERERNS, ERd5 O
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Form I TlX Trx3 KA A > CXXC EF—7 N Erola IZ X > TGEITLEI N,
Form IT T3 Trx4 RAA > ® CXXC EF—7 N Erola lZX > TiELIND &
EzT, TNEHEHT D70, Form I I2H#EE % EE L7z ERdj5 D Trx3 KA
A 2D CXXC TF —7 % AXXA ([Z[EH L 722 B AR (Form I/C3/AA) & Form II
IZHE 2 [EE L7z ERdj5 @ Trxd KA A @ CXXC EF—7 % AXXA |Z(EH
L 7= ZBAR(Form II/C4/AA) = {E8L L (Fig 170). TN ENOEBIKOERLIET
REEIZXF 9D Erola O2 %8122 7= (Fig 17E), Erola ®IHFEH Tz
T. Form I/C3/AA TiZ R1 oA 47z, Form II/C4/AA TH [FIEEIC
Erola ®HEFHUZ L 5 R1 OB BIRE IR <o, THLHDRERND,
Rydor7vIalb—rvarilloTHEoN7 ERA5 & Erola DEARET
JNTIE LW T E BRI S LTz,
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HPD CSHC CPPC CHPC CGPC

Form | (J) @nel) (o2 frres) (Foct)

S557P
HPD CSIHC CPPC CHPC CGPC
Form Il (J) [l (o) (Fes) (o)
|
G1(I)BC W5S87C
HPD CSHC CPPC AHPA CGPC
Form IC3/AA (J) (el () (Frxe) [Fned)
85|57P
HPD CSHC CPPC CHPC AGPA
Form [1/C4/AA{J | {imet (Tr2](Trx3](Trx4)
| |
G103C W5S87C
= w WL ERdj5/FLAG
(kDa) - + - + - + Erola/FLAG
10041 = oo xR2
-— — — *O
754 IB : FLAG (PEG+)
1004
N c— S — —
75 IB : FLAG (PEG-)
75-
- —— ——
50 IB : FLAG (PEG-)
_ 8 ¢
— £ £ £ £
5 o o o
= i w w L. ERdj5/FLAG
(kbPa) - + - + - + - + - + Erola/Myc
100- R
— . S WY —— - %)
75- IB: FLAG (PEG+)
1004
ey — — — — T —— —
75- IB : FLAG (PEG-)
75-
504 IB : Myc (PEG-)
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Fig.17 Ry¥> 7 v 22l —v 3 &Mz ERAj5 & Erola O A KGO fighT
A.ERdj5/FormI & Erola D Ky ¥> /v alb— a U TCHELNEEAKRTT IV, kA
KT Trx3 @ CXXC £F—7 & Erola @ C85-C391 & iz /xL T\ 5%, B.
ERdj5/FormII & Erola ® Ky ¥ > 72 ab—v 3V TELNAZEASKRET L, K
XX Trx4 ¢ CXXC EF—7 & Erola ® C85-C391 & D%~ LT\ %, C. FLAG
2 7 xA Lz ERAj5/Form I B3 L O FormII a2 A 77 v a3, FormIda A
FZ 7y a AN RS 557 HHOEY ()27 Y v PIUIE#R L, Form II 0=
VARNTZ 7Y avid N KU 103 FEOZ V(@ E 58T FEHO RNV T b7 7 v
W) E> 2T A4 (ONZEH L CTuv5, Form I/C3/AA iZ Fom I R IZhNz ., Trx3 KA
A D CXXC EF—7 % AXXA (ZfE#: L, Form II/C4/AA % Fom IT OZFIZHNZ .
Trx4d KA A > ®D CXXC EF—7% AXXA ([ZEH#H L T 5, D-E. Erola iEEIFEH T
17 % ERdjp OEE{LEITCIREEDOHIE, FLAG % L< X Myc ¥ 7 % fia L7 Erola/WT
& FLAG # 7 %ft& L7= ERAj5/WT & L < % Form I, Form II, Form I/C3/AA. Form
II/C4/AA % HEK293T #ifiic BB L, ¥ > 7 /Ui Fig. 10A OFIHIZEER L= FIAT
ERL L 72, ERL L7297 L% SDS-PAGE TikEh L, xR &7 vT 47 Tfif
Hr L7z, ERAj5/WT OfLiETIRREIZE T 1 2 R1, iEcM 2 2 R2 £ L TR % O
ISZNE
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4-10. ERdj5 R RZIE9 Erola DEEREE L B KREL

~DER
/MAAIREEE#R Erola 135 FIREER (O 2 HE L. ML 25T 52 &
T, ®uM PDI Zlfb9 %, Zo&x, &M PDI ORKIZK > THELE

F1% Erola 43 FNEFEEEZ T LT 02122 T E S L, @bk EH09) 5
BICHESND Z ENRMBILTND 40, ZE TORENS, Erola 1% ERdj5
BT EEX, TOEHR L L THERIET L Z LWL -72, ERAj5 2
Erola mHE 25T & 5D THIUL, ERAj5 1X Erola DEEFEIEE & % DK
o7 HoO FEAE T L 52 5 Z B Z bz, £7. Erola OFEFHRH
Zzxt9 5 ERdAjp DB a BT 57~ #0M PDI 55 X O Erola, ERdj5
DOEFAER C 7 T A% —(C-cluster/WT), AA ZEIKDOKY a2 hF X
78w AV, BBRE O FAERGR THIE L7-(Fig 18A), Erola HUM E 721X
ERdj5 OEAEM C 7 7 A% —1 L I1X AAZRIKE Erola ZIRE L7
Tl Erola |2 & 2 MFHE MBI S e h - 723 (Fig 18A B, BEOM
C-cluster/WT, JKtaDHE : C-cluster/AA), iE7cf PDI iRE L7726

Erola [3%h=RM 2R IEE 2/~ LT7-(Fig 18A F#)., Z OSMHTx LT,

ERdj5 DEAM C 7 7 A% — %A L1256 1L, Erola ORI 72 SR THE )3
i S 7= (Fig 18A #5#), —JF. C 27 7 A% —D AAZRIEDYE . ERdj5
I% Exola OEEFINE 29 L 72h>- 7= (Fig 18A K DR,

RIZ, ARNICI T D Erola ® HeO2 FEAZWNET 72D, /AR OFE Y
72 HoOo M 2 ET 5 = L W TE HWNH v /37 B v ¥ —0 ER-HyPer %
INEARIZR B S E 89, T4 T A A= T %475 7=(Fig 18B), ZEBRIZL si/NS F
721% si/Erola. si/ERdj5 % ER-HyPer N3 I L7-MEIC N T A7 =7 v g
L. &siRNAZ N T A7 27 v ay LTHE 96 K112 ER-HyPer @ &
ATA A=V T aAT o Tz, WERLE 2 531%1C 2 mM @ DTT T/hMafkd
Ho0: &+ IciiiB &, 4 0%, DTT 2 & AR EZR VKL, DTT 24 %
ZRUVET LR & A L 72, 2 D% O/MEfR D HeOg PEAIREE 2 I E L 72,
silErola z b7 v A7 =27 v a»y LMl sINS # b T A7 =7 a L
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T MifE & bhig U T/ MR O HaoOg PE AL 23 BE A5 12 AE L 7= (Fig 18B H#). 2
DZENDL, LRIOHARY . Erola 2A/MaRD HeOr D EF R EAIRTH D

ZEWbhol, —Ji, ERAj5 &/ v 7 XU v LRI/ MNaR O HeOg EA
AN < 72 o 72 (Fig 18B /R, ZH b 0fER S ERAj5 13 Erola 7257
T&%ESH Z LT, Erola OFEEHE ZHHI L., Erola ® HeO2 FEAEZINZ D Z

& MR ST,

A
105 T
-+Erola
o
=
2
c
Q
jo)]
<
o L PDI+Erota
0.7 T T T T
0 120 240 360 480 (sec)
(Time)
B
14 1
12 1 S/ERdj5
E 11
Tp]
% 08 +
SiINS
o 06 T
®
04 +
02 si/Erola
0 T T T T T T T T T T n214
024 6 8101214161820(min)

(Time)

64



Fig.18 ERdj5 7° %IE 9 Erola OIEFIHE & BB KR FEA~ DR

A. RERENICEIT S Erola (C104A/C131A/C166A) DEEHEE Ty, SAFNREFEILEE DK 250
uM % 1 A7 L, YHIZ R L TW5, Erola HARMIESIE iﬁ%ffﬁf“ﬂ‘ L. ERdj5 ® C
7T AR *(C'cluster/WT)?E) L<1T AA ERIKE Erola ZRE7-F5M 1380 LYK E

DO T/RT, Erola &iEcH PDI 2R 725013 H M T L, Erola, C-cluster/WT %
L <13 AA ZBHEK L EeH PDI 2B E - RFIIRARE L OBEAOMR TRT, ThEno

VarveFy NE R 7 ERE L Erola:1uM, ERdj5:1uM, PDI:100uM Th %,
E'T — 213 3 BIOEERDNV-E)+/-D SD T 5, B. ER-HyPer % H\ 7=/ Matk otz
LAk#EH202D T A 7 A A— 7, ER-HyPer % HeLa flfalc 24 R, WEFEHL S
Bi=th, TOMIIZ sINS § L< X si/Erola, si/ERdjp % h 7 v A7 =7 v a v Liz,
SIRNAZ# T A7 =272 ar LThbI6HRE%E,. 74 T7A A=V T 52{T-72,s1/NS
DTATA A=V TR TRT, si/Brola DT AT A A=V TIEHFERTRT,
si/ERAj5 DT A T A A= U ZIFARMTRT, EET —F 1% 14 BILLEOSEERO W2+
O SDIETH D,
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4-11. FAESHERKRIZ X 5 ERAj5 DELE TIREE~DRE

PDI i3/MERIZRAT LT R Y RTF NEHNOE T 28N, TDOVA/NLT
# NG RE S 5, FEENOE T 2% T - 728508 PDL I Erola @
C94-C99 (S94-S9)ZFE 1 % Jit L. Erola (CHR{b &5 (Fig 19A H#b), o F
D, HIEANIZIEWT Erola 1X PDI Of#{bEESR & L O, REOM(LA) 7 +
— VT 4 T ERET S 2 NS TND 3047, 2Dk, PDI 2 LT, %
BrbDOEFEZITE -7 Erola lZBH D53 FWNIZH H C394-C397 (S394-S397)
& FAD #4r L ChHIRBEHR (O E & fe U, g bk E(He02) 2 FEAET D
(Fig 19A H#), TO—FH T, ZNETOFEEIZL Y, ERAj5 28 Erola @ C85-
C391 (S85-8391) 241 L T, Erola 7»HE 28\, Erola DBEFHEEL IO
HoO00 FEAEZMHIT 2 Z & & B L72(Fig 19A 7780, b DfER LY |
ERdj5 X Erola (2 X ABLH) 7 +— VT 4 > 7 % L CONBRIZAT L7284k
RUNRTF FEHOE - E252ITHY . ERAjp DEITLIIERD I ENEZ LN,
ZZ T, VAR Y —2OFERLERTH 5 CHX (cycloheximide) % #ll i |2 ALEE
L. W7EM: ERdj5 D& CkiELZ PEG LA X RV 7 h 7 v EAICE VB
2 L7-(Fig 19B), = O#t%E. ERdj5 ® R (Reduced form) D E[E 72 CHX ALFE
RERMRIERCI L. O (Oxidized form) DEIG RN EMT 5 Z L ¥biroT-, =
D END, ErolalZ L BHAERY XTF FEOBIL T +—NT 4 VT b
EUTEFD ERAS DEITLII 705 Z LR LT o7,
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\;998 o Erola
@2lss o,

e
~a H20,

85", | AD

B Reduced ERdj5
*k*k
07 +—=
ns
CHX 06 L=
(kDa) 0 05 1 (h) -
g g 05 1
100 - =
R1 ° 04+
0 ta
B:ERM5 (PEG+) ¥ 03 |
[1'd
100 ® 02 f I
IB : ERdj5 (PEG-) 017
0 .

0051 2 3 (h)
(Time)

Fig.19 #HiAE#HAKIC X % ERdj5 Ol mikiE~D 2
A. PDI, Erola 3 X0 ERdj5 (251F 5B HnEtéiE, PDLIZHAERY ~7F FHO Y
ZOVT 4 REEBTRE ML L, AR XT7F RN OB T 2% 18D, PDLIEAZITEL
> 7-%E 1% Erola ® C94-C99 (%48, 9945, BT %%~ 7= Erola (ZH&H D
1R D C394-C397 (3948, 39TS)|ZE A 1FIE L, FAD %41 L T FIkEEF#(02)
B E BT 5 2 & TR bkFEMO) ZFEAET D, Z OB HRERIKITH KAITR
3“0 ERdj5 (% Erola @ C85-C391 (858, 391Q)/ L E 2% T D, Z OE iRl
FREHEIT/xRY, B. HEK293T M VR Y — L2 DFRLETH L 7 o ~F I
(cycloheximide : CHX) % 50 ug/ml ZLFE L. Fig. 2A OFBHICEER L= FIECTH 7%
ERL L7, ERdj5 OfE{bETREEIEETR 1 2 R1, #xhl 2 2 R2 £ L T#g{bAl% O
T/, ERdj5 OBMLETTIREIT 2L Ky 7 ZRER+O)ICH T 53ETTA R (R1+R2)D
Ny ROFE % Image TER L, EET —XIT 3 FIOEBROF+-0 SD fETH
%, PHIE. *P<0.05, **P<0.01, ***P<0.001 %77,
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4-12. Erola |2 & 2 1BFI 2 BERL/KREALIZKT 5 ERdj5
DFE

LT OS5, Erola 7 HEEA I VD HoO2 1E, /NARPNZELZ 5 1 - 25
T EMABA N L AZFER T ENMHITND 3438 ERdj5 & KHE X
72 (ERA5/KO) I /MEfA T HoOs & 35 (ZFEET 5 Erola O E HiE MR
(C104A/C131A) Z i FIFEEL L, /IMafs R kL 2% XBP1 OEME(L TR L 7=
(Fig 20), BFARMARWT) T, fEFEIEER Erola OFBEN K DR & X
I% XBP1 Ok (Spliced form)2ME & A EHENN L 722> - 72 53 (Fig 20 lane 4),
HH 15 Erola OIS EAKIEAIIC XBP1 O ALV ANEEZE 12 H#N L 72 (Fig 20
lane 5, 6), ZHF TOWEEY . HFEIEMR Erola 13/MIE A b L R 25HE
T5Z MR SN, —J7. ERAj5/KO flliE CIEtEHE EMER Erola O3B &
D b IRVGRAEIZ I T XBP1 OREVEL D B 7o N3 8l2E S 7= (Fig 20
lane 9), Z®OZ 5. ERdj5 2% Erola 7 HE 2%\, Erola ® HyOs FEAE
AT 52 & T/MEAR P L AEIMR D Z LA LNT LT,

WT ERdj5/KO
Mock C104A/C131A Mock C104A/C131AEro1a/Myc

il _—ll _—all__—l

unspliced
spliced

IB: Myc

IB : ERdj5

IB : actin

Lane: 1 2 3 4 5 6 7 8 9 10 1112
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Quantification of XBP1

spliced form

0.7 S
3 e S
206 T .
s |~
£05 +
g I
50.4 T
©
2 03 T
[
£
:g 02 t+
e
8014 I
=3
D)

0 ==X P P
30 go go
_.——-—'—"‘—"-_-—__—-
Ero1a/C104A/C131A

Fig.20 Erola (2 X 2522 im e bk FrEEIC k5 ERAj5 D% H

ERdj5 # KX 8 & 7= HEK293T i i (ERdj5/KO) (2 Erola O 18 & % M b &l
(C104A/C131A) % 77 A X FREKFIIRRIFI I E, N T RA7=rvar Lk
L Z Al b Lz, o 7% SDS-PAGE TikEiL, A&7y h T L
72 /MEEA L 213 XBP1 O EVE (Spliced form) & FiiBR{A(Unspliced form) D 7E(E L
TR L 72, XBP1 ® 4 &(Unspliced+Spliced form){Zxf9 2 il#A D b3 % Imaged T
ER L, ERT — 13 3 B0 FEERDIEE+-0 SDETH %, P Ei, *P<0.05, *¥*P<0.01,
***P<0.001 &R,
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4-13. ERdj5 D/MNERBEE AR IZ3 35 Erola D EBR

CIRTOMFSEE R D& . ERA}5 13 B & OIE el 2/t U C/Na iR B E 5 i
(ERAD) #1235 Z & 245 LT 5 626383 ERAj5 DIED—>TH D
NHK (Null Hong Kong) % #ifi (2% Hl X &, ERdj5 @ ERAD {2iEzhH% v
AF = A ZAEBRIC XV R L= (Fig 21), EW 72 NHK O BLEIL Y = A ¥
7 a4 7 THER LT-(Fig 21A), ERdj5 & NHK % 38 S & 7- i ©
(X, NHK O &% R8I S 7= B ARG (WT) & bz L C NHK 0 55 i 5353
< 7potz, (Fig 21B B EFY, 2o Ehb, ERAjp O@FEIFILIL NHK
D fREREST D 2R LIz, ZORE MW, ERdj5 OFE 1 K —F 3
78T D Erola DEEREZFHS7-%, Erola % K SH 7=l (Erola/KO)
% CRISPR-Cas9 v A7 AL VER L7z, Erola ZKEINTWDEHNEY =
2T a T 47 THER LT (Fig 21A), Erola/KO #lfa i EF AR & L
i L C NHK O/ 230 Ll S 7= (Fig 21B #a0#), £7-. ERdj5 Difd
FIFELIC L D NHK OO fEHER F A Erola # KT 5 Z Lz k> THEESh
72K 2o 7=(Fig 21B H#), ZDZ &5, Erola iX ERdj5 @ ERAD 1 E%hH
B THDZ ERNbooT, &5, ERdj5 OIETIEHEKTFR 7 ERAD (i

HEZNFNZKT 5 Erola OB ZHBET 5720, JHEILO SDS-PAGE #Hw

TINT 27 ¢ RiEA EI LTz B NHK (NHK/dimer) D5y i & %
8152 L7=(Fig 210), —&fk NHK O 4 fifdl B 13 AR AR L 0 & ERdj5 & 46
FE S OE D Nk 2o 72 (Fig 21C B &R, ZhE ToRE®
v . ERdj5 I3 &K NHK O FHNY AL T ¢ NG a8 7T L, NHK 043
ZREHET D Z E DRI OMNTR o7, —F ., Erola/KO Allfa i X8 AR & b
L C &K NHK D53 h3 L] Su(Fig 21C BEO#), ERAj5 Ol 1%
B X 5 &R NHK OR R 725 EER B S e 72 o 7= (Fig 21C &
B, ZhbofERI D, Erola ld ERAj5 OETiHMEZ A L7~ ERAD et (C
G422 RPN -T2,
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Ero1a/KO
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37-
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100
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0051 2
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———

L I

. e
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L I
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WT

Ero1a/KO

Mock

ERdj5 Mock

ERdj5

0051 2 0051 2 0051 2

005 1 2 (hn)

NHK/

. =5 | . - -
dimer

- — . W W -

NHK/
monomer

e L I I | L B .

-nut .

-~~0 .

NHK/dimer

100

80 T+

60 T+

40 4

Relative radioactivity (%)

—e—WT/Mock
1 ——WT/ERdj5
—— KO/Mock

—o— KO/ERdj5

20

0

0 1 2
Time (hr)

Fig.21 ERdj5 O/ MaRBI#E #5795 Erola O ER

A. Erola % /K8 &7~ HEK293T #ilu(Erola/KO)IZ NHK & FLAG % 7 Z@hé Li-
ERdj5/WT ZilmRIRHE G, FT AT =27 va vy Lizfilaz sk Lz, o7
% SDS-PAGE TUk#iL, v=x% 7 my NCfT L7z, B-C.(AA)DFIETKZ 27
7 va vy LiilEaEHE L, MlENO X R7 8% 1530, 338 T~V LTz, 0D
%, ToULBAo MR RIR 2 bR E . fREORM £ BB ZITV., T OME ATE L
L7z, FRR ¥ EHR 2 5T Alpha-1-Antitrypsin i CTHRZEIRME 21TV, 32 7 Lid SDS-
PAGE (B) & #Ei#tD SDS-PAGE (C) TkE) L7z, R Siviz 35S OfkdHENE % Imaged
TER L, NHK O 2 71~7=, —&iKo NHK (NHK/dimer) D) s 1L — &
EOREFERL, 77 7 %EK LIz, BT —Z 1% 3 BIOEROFE)+-0 SD ETH 5,
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5 E%

ERdj5 13/NMEETHIO TROM STV ANV T 4 RBETXESR THDI N, DX
912 ERAj5 2/ MakNECEFCRICNEES L, YAV T ¢ RETEERE L
THEREZ I L TV D DNIRMAD E E Th 72, AWFETIL ERAj5 ICHEET
DB XY B DR 72 RN 24T\, ERdj5 OFE - R —X o7 L LT
fafRliR{bE% 3% Erola Z [FE L7z 2780, Z 2 Tldk, BHEBNCZ I 6 ORI
HHEDTHEERT D,

5-1. ERdj5 DEF K+ —F LRI EDFE

BT N—TDATHIZE T, ZHETIZ, ERA)5 DY ANV T ¢ NI % fil
W42 CXXC EF—ZITHEAT DX /37 B ORI RNT 3 T Tz
65, LorL. ZOWETld ERdj5 @ CXXC EF—7 % CXXA IZEH L7- CA
EHREZ VW, ERAj5 OfEE X L7 BxAE LTz, CAZERKIL CXXC EF
— 7D CRIGMD Y AT A VFRIENT 7 = VFEFEICEBR SN TNWD 2D, NEK

SO AT A VERIENIEE D AN T 4 RIERITRERBE L, TORE Ly
TP ANVT 4 FfEE 2 RN T 5, MU, Trx FAA 0D CA ZE 5
RICHEAERT 2 /37 B, @HE ., Trx RAAL COBETTEEE 2D, 2O
L EEBETD L, ATHZET ERAS OFEG X X E L U TCRIE ST sl
LRI BEOHMNS ERAJS DET R —X X EERFRTHZ L IXRETH
STce ABFETITY A F Y UZE T 5 TrxR & Trx OIETCMOCEIRZ D Z &M
TX % DVSF #fH\Wi7= 8182 ERdAj5 D&ET R —% 2 7'H L LT Erola
ZAET DI LTI LT EERX TS, £72. Erola MFE S AL TWHT D
N2 RIZERdA)5 D Trx3 £7213 Trxd KA A D CXXC EF—7 DOHxFE LT
2 HIK(ERj5/C3. ERdj5/CHDH » I BN T b & Tz (Fig 90),
ZOZENB, ErolalX ERdj5 @ Trx3 B LV Trxd KA A > ® CXXC EF—

IZKiE L. ERAj5 IZE T2 52 5 AREMEDN B 2 bz,
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5-2. I FHEVANT 4 FiEEFZS LTz Erol/ERdj5

DFEEAE AT

BEODIT THEONT-EREZEMNSITSHDE LT, Erola 28 DVSF JEFE T T
ERdj5 @ Trx3 & Trxd KA A D CXXC £F—7 LERAICHETHZ &%
B 5202 L7=(Fig 12A), & 512, FEEILD SDS-PAGE % W =Tz L v |
Erola & ERdj5 1343+ AV T 4 NG Z I L TEAEREZIEKT 5 2 L 23
5vE 720 (Fig 12B). Erola & ERAj5 IZE T HR%Z&21T9 Z X E X LIV,

Erola (343 7Y ANV 7 4 RiEE 2 LT ERAj5 @ Trx3 8 LU Trx4 K £
A D CXXC EF—7 LRRINIHEET 20, HFHTALVT 1 FEiGZITL
7= Erola & ERdj5 O#EAMIZFEE LD SDS-PAGE (2B W\ TR 545 - B O
BRSNS Z ERH LN 5 72(Fig 12), Erola & ERdj5 O &I+
NENK 60kDa & 90kDa TH 5 Z &0nh, Trxd KA A > & OEARIT—5
FRILOEARETH L Z LB LN oTz, —F, Trx3 KA A L OBEEK

13# 50kDa OEEMNAH Y . Erola & ERdAj5 O —4yFREOEAKRTIZ2 AT
REENB Loz, L, FEEIILO SDS-PAGE Ty AL 7 4 NiEATEAK
IREDEEIT LY 2 N EORENEL L, OREZEERIE & 72 0 vk

WCEBENECDLZENR®DDH 8, ZNaBETHE, ERAj5 D Trx8 KA A &
Erola OfEGHIT—x—Th o2t bE 2 bihvle, —F5. ERdj5 @ Trx3 %
L <X Trx4 @ CXXC EF—7 DA% SXXS IZiE#H L 72 F2AK(C3/SS,

C4/SS) % W= fEMTAE Tk, BpAME - TR &5 250kDa LL EOE AR
N EN7e < 2o 7-(Fig 12D), Z DfEH1%L. ERdj5 @ Trx3 KA A v &
Erola OfEEEN—%—THAABEMELAEHWVWI L2 ERLTEY ., Erola &
ERdj5 D53 1Y ANV T 4 REEETEEE I LIZE S RIE—5 1O ERdj5 (2%f
LT 1? Erola BPfEETHZ R Inl, L, ZO/EHE B
ICHRET DITIEE R DHGENLETH D,
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5-3. Erola X RIFTPDI 77 IV —F U X7 BB LW
ERdj5 DER{LZETIREE~ DL

Erola (3/MaRIZBEAT LT-HER Y XTF REO T ANV T ¢ REG A% fil
42 PDIBLOPDI 77 2 U —& R B0 LIS & L TRE % 37z
9, PDIX° p5. ERp46. ERp57. PDIR OfgfbizEcikiElL Erola MILFEH T
[ZR W TRITERID I LB AT Lf:(Fig 10), —J. ERdj5 OEE{LiETIRAE
I% Erola & OIFEH T CLE N HETCHIZBIT L, Erola ®/ v 7 X0 T
IR CRAT ST D 2 & v o f:(Fig 1), 2o OFERD S, Erola i
PDIS°PDI 7 7 X U —& X7 2% L ClRfbEESE & L CTHBET 523, ERdj5
WL CITR R & LT 22D LNICR o7, 61T, Erola I
ERdj5 ® Trx3 B L DO Trxd KA A D CXXC EF— 7 #FrRTGEITL L, £
DB ITCNRIL Trx3 A A D CXXC EF— 7R Trxd KA A D CXXC EF
—7 X0 bEmnZ ERbho7=(Fig 13), Trx3 KA A @D CXXC EF—7 Dfig
{EEILENMIT-172mV TH Y| Trxd KA A D CXXC EF—71%-185 mV T
H5 63, Trxd FAA T Trxd NAA X0 S {LETTENOED EWTZD
Erola 2O LK EFEZITRY, BLINDZ ENEZ LN,

5-4. Erola 28 &%IF3 ERdj5 D/ NARESE SR~ D B2

SEATHIZEC ERAj5 14 Trx3 & Trxd KAA D CXXCEF—7 % LT,
ERAD JEED VANV T 4 it & L, TORRARIET D Z Lnms S
U5 6, ERdj5 & ERAD HED—HTh 5 NHK 125 TN AL T ¢ R

HBEN LT ZEREZIERT 5, £ O &KX ERAj5 OiETCIEMARFIINZ 0D
RESND Z LNF BTN S 626383 Erola KIEMILTIX ERAj5 (2L 2 &
KD NHK O iR & B il s = Enbhr-72Fig 21), ZnbD
&6, Erola X ERAj5 IZE T2 5 x5 Z & T, ERdj5 OEILIGTEK IR
ERAD (REIZFH 532 Z BB LN o T,
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5-5. Z UV BREIMHAEIER & BILBILEBAMICE DN
Erola 7>6 ERdj5 ~DEFLEDLGF A=K A

PDI i% Erola & & 1425 %17 5 /MaROREN 2@ bR & L TabTn
% 2930, PDI |% Erola ® C94 2 & A T2 A5 A 27 (C94-C131 £ 7-1% C94-
C99) & MY A7 4 RS ZERM L. Erola Of{biEMEIC K-> T CXXC
EF—TRRIEIND T ENRHEINTND 34, Zuzkt L, ERAj5 12 b
DY AT AT EFFMTANT  FREGETER LR ERH BN -
7=(Fig 14A), L»>L. PDI, Erola % L ERdj5 Offl ¥ DEE(VIE STEN =5
B+ % &, ERdj5 1% Erola @ C94-C131 %7213 C94-C99 S MHAEEA L., HEF
B %AT O AIREMEDN B 2 HivTE,

ERdj5 Dfigfli® T ENITFI-180 mV T 5 6263, —J57 Erola ® C94-C99
\ZFE %5 %% PDI (3£)-165 mV T 25 86, L7=28-> T, Erola ® C94-C99
13-1656 mV LV b @V LB CEMEZ O ENTFHIE, ERA5 226 HE
ZATHD 2 ENARETH H(Fig 14E), LU, #EN T Erola @ C94-C99
EFAAER T 51213 Erola 3 AEMAL(0x2) 7> HIEPERI(OxIIZZ L L 722 1T 4LiE
73234 T ETOWEEY . PDI X Erola & ANEMERID HIEHERNIIE
fbEE7=23, ERd)5 1LE DIEHELICT G L7222 L3> 72(Fig 16B), &

IZ. NMR % 7= ERdj5 @ C 7 7 A% — & Erola OF AN FEBR OHE R H
5%, ERdj5 28 Erola \ZFEE T A& ATX Erola @ C94-C99 {1 ClIZ2wnW2 &
MR E 7= (Fig 15C), > % Y. ERdj5 1% Erola ® C94-C99 & B b AT
AT EFHAEEHL, Erola EEFEEZT LI EnboTe,

Erola DA IRV AT A o _XT %7 7 =\ CEH LAk E ERAJ5 OfES
FB» 5. ERdj5 1% Erola @ C85-C391 &y TRV AV 7 ¢ RiE& 2T
52 ENProTa(Fig 14B), 62, BBENB IOMEANIZE VT, ERdj5
I% Erola @ C85-C391 Z /" L C Erola "L EEE, B2 ITWMHZ E&2H5
Mz L7=(Fig 14C, F), Zh b0 Z Eove, Erola @ C85-C391 28 ERdj5 (2
FENREILS GRADIATA L _XT ThHZENRALMNIRoT, £, BT
58T, Erola ® C85-C391 DE{LIZILENIL-276 mV ThDH Z LA S
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T2 85, ERdj5 OEE{LEITCENIZ-180 mV THDH Z &b, BLiETEN D
B 5 1, ERA5 1% Erola @ C85-C391 ML E T2 ITHD Z & AR X
7= (Fig 14E),

ERdj5 X Form I & Form II D&% &> Z LN HIL T4 (Fig 7C-

E)64, Erola ¢ DRy F o7y alb—varOfifsns, ERA5 @ Form 1
TIE Trx3 KA A > CXXC EF—7 7 Erola ® C85-C391 DI IZHE HAEH]
L. FormII Tix Trxd KA A > D CXXC EF—7 ) Erola @ C85-C391 Dt
FHZHAEEHT 2 Z &AL 5 72(Fig 17A, B), & 512, Form I @
ERdj5 IZ Trx3 KA A > @D CXXC EF— 7 Erola (2 & » TEIEMITE T X
. Form IT 13 Trx4 KA A > ® CXXC EF— 7 N8B RANGE TSN D Z &M
o7 (Fig 17E), ERdj5 1Z Form I & Form II Of&&ERENEIN TH D = &
DHRE I TWDS 64, DF D | ERdj5 iX Form I & Form IT OfE&EZEAY % 15 A
IZFIH LT, Erola ® C85-C391 MO EFZNHE L ZITE- TS Z &R
e X7,

ZHET, Erola ® C85-C391 LAHAMEM L, B FHYANLT 4 FiEG LT
D &2 R BOREFNLIR N, FDi=d, Erola @ C85-C391 7% ERdj5
D CXXC EF—7 ZiBILT D0 FHEMBIIELHO L TIEERY, L2l Fy¥x
YU alb—va rORERIZEY . Erola @ C85 7 ERAj5 @ Trx3 8 L
Trxd FAA D CXXCEF— 7R bIEHE L TNDH Z EnbioT(Fig 17A,
B, Z®Z &0 5, Erola (XLL FIZFLHET 25 0 7HA%EIZ L Y ERdj5 @ CXXC
EF— T HIEILT D AREMENE 2 bz (Fig 22), £7. Erola @ C85 73
ERdj5 @ CXXC EF— 7ITREHE L, ERAj5 Lo TRIVALVT 4 RiEG %
T 5, T, TOHFRIY AT 4 Fiid % Erola ® C391 2045
Z & T, Erola % ERdj5 ® CXXC ®F—7%&mt L, ERdAj5 ICEFE2 525
ZENEZONT,
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Step 1

I I S-S cn ug}
‘f\@

CySBS Cys391 CysBS Cys391 Cysas Cys®
Ero1a Ero1a Ero1a
ERdjS .

ERdjS Cysas Cy5391 Cysss Cys%1
CXXC Ero1a Ero1a
n w
I T
Cy535 Cys391
\ Erola

Y
Step 3

— Step 2

Fig.22 Erola ® C85-C391 (2 & 5 ERdj5 ~DE TniEtEDE T L

Step 1 : Erola @ C85 (Cys8®)23 i 7 k> fk. L. ERdj5 @ CXXC & F— 7 TR &
T 5, RS- ERAj5 1% Erola @ C85 L4y AN 7 4 RiEBERKT 5,
Step 2 : Erola ® C391 (Cys39)2% ERdj5 @ CXXC EF—7 D C Kuflld v A7 A 12
LoTh7m b &, C391 1% Step 1 TR SN0 FRIV AL T 4 REAITRKEE

K4 %, Step 3: C391 MY ANT 4 FiEH 20 L7-%. ERdj5 X Erola 7>
OEFEZITED,
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Erola (% C94-C99 Z# /1 L CiZcM PDI MO E T2 TS Z L5 T
W% 2984, Z D%, Erola ld0FHIZH D C394-C397 IZE T Z{niE L. FAD
L THTIREEONZZEDETFEHINT 5, ZOEFRERKEEZMLT
Erola (32N RBEREE 21T O, WHBFEREZHWIZHER) G, ERAj5 IX
Erola DR REFIEE ZMET 25 Z ENbhr-o7=Fig 19), L E TORE
RE2pE 25 &, ERAj5 1% Erola @ C85-C391 # 41 L C Erola O E 4%
9 Z & T, Erola OBEHEEZMZADZ ENBLONTZ, LirL, EDLIHIT
Erola 7% C94-C99 T PDI /6% 17 B> 72 1% C85-C391 ~MriE L, ERdj5
~NEFEBRE L TS ODEHA LTI, BEETCEM OB
C85-C391 78 C94-C99 M HE A% THD Z L1 nﬁﬁ)ﬁﬁioﬁvmsof:(]ﬂ”ig
14E), =®—J) T, NMR O#ER N5, Erola ~® ERdj5 OfE &1 Erola ®
C94-C99 Z &<, C85-C391 Z G-\ DMD Y AT A T OEYEIZ 2
#hH 252 ERbnoiz(Fig 15C), £7-, KMRFESRMETIZH VT Erola i
C85-C391 NN A < EITIRREIZ /2 B Z &SN T 5 88, DF D O b
DIEH Erola D5y FWNEFREREO HFEEZROD TWDH I EREZI LN
b, ZOHER L NMR TEIZ LK R 2 5. Erola ~® ERdj5 O A/ERIL
Erola DY AT A T OREE 2 E 2 2 S5 2 & T, Erola & O2 ®D
w53, ZOfER. Erola @ C85-C391 73 C94-C99 M HETF X ITHLD
TENTEDAREMENEZ BN, 2D XKD R HEIZ LY Erola @ C85-C391
%, C94-C99 L DIAIEILEM OENM A% F Vi x . ERAj5 & DEFniEx ik
VEETWAZENEESND N, ZOFEMITESHE S BITHIAFT 2 BEEDN H
Do
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5-6. Erola (T & 5 1@F| 2B LKREAIZXT D ERDj5 @
BE

Erola (% O ([ZEF & Lotz 1EMHBFEFEO—>TH D HoO ZPEA L |
/NI D HoOp D ERFEAEPRIT/A D Z & DG STV D 10, EH Y
Erola % / v 7 # 0 v LT MRl 3/ MR D HoOg FEA DS BRI H éﬂ“wi(Flg
18 H#), —J7. ERAj5 D/ v o7 Zw v TldvMalkd HoOg FEAENTLHE L 72
(Fig 18 ’#), F7=. Erola |2 X 2idFl7e HoOg BEA T/ NEE A b L X & i
EHDHZENMEN TS 3438, ERdj5 KEMALIT Erola DR 72 HaOg sEA
WETEtEZ R L, MERA R L ARTLHET D Z Lo 7= (Fig 200, 2 b

DOFEFR NS, ERdj5 1% Erola 2 1R 72 HoOo PEAEZINZ 5 Z & T, /Mafk
D IR ITTEREE D EF M2 R OB L R 2 LRI N, JATHIE T,
/IR D HoOg BEAE Z I35 K 7- & LT Prdx4 X° Gpx7/8 238 5 Z & ¥ A1 5
TG 443, T HDRFITIEL LS HO: ZIHET D7OIC, TR
PDI & GSH 25 OE G AL TH 5, ERAj5 12 L D HaOg FEAE NI 2H H
IZ Prdx4 <> Gpx7/8 LI F7 DR T/MNER D HoO2 ZFHETI L TR Y . DT
FEITELRTR Y,
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5-7. VAR Y —ALFER &% LT-/MaE~0F -8 1t
ot

AN T Erola i3 PDI & EGRZTEEL L, /NMEARIZEAT LTHTAER Y X7
F RENDOEF % PDI O . WEOYALT ¢ RiEETERZ e T2
BRI T =T o o 7 a2 5 3047, U AR Y — LOFIERAEAITH 5 CHX
ZALERS % & ERdj5 OFRLIRITTIRREN IR LRI S B L AU AT T 5 2 & 238
S 72 o572 (Fig19), Z D Z &b, ERAj5 DiEIT /11T Erola OEE{L 7 4+
— VT 4 T INBIHE SN D 2 E N BN - T (Fig 23),

Ribosome Cytosol

Translocon

HS Oxidative folding S-S
S A
S-8
|

ER lumen

% )
BHOETImERE

% )
ERdi5~ D EFEERE

Dislocon

Fig.23 Erola OFALI 7 + —VT 4 > 7 & et Utz /R ~D & T T A A
PDI/Erola A WIZ/ MEKICHAT LB ER ) ST F FHOBILI 7 +—1VT 4 v 7 %
REEL . FERY XTF FHNOE ()52 S, Bol-FE 1% Erola Z#47 LTH ik
e (02T S, iR bk (He02) DREAICIEE SN D (F R, Zhhesk, &
BN TWZEBHmERE Th 722, ERdj5 (3 PDI/Erola HAMKIC X BE{LA 7 4+ —
NT 4 T InBAE LT E % Erola @ C85-C391 (S85-S391) 557 1T LY . A D&/
AR D IRARED),

81



W FLAE AR B W O/ R TR e sR & L CHERET 2 ERdj5 23 L &40 TR
Ko MEAE~OBETLNIFTFEICZOORKIZE > T e S &EEZEx b TW
7o FO—2NINTT VT DORY F T X LA~DOEFAEEFT 9 DsbD D L 9 7
% X7 I L DA T H 5 (Fig 8B)7677, DsbD (3377 U 7 ON

WZRTET DIEZ V7B THY . A MY VORISR Trxl 2 HE %

A NYIMAIICZITIRY | RY T T XL~NELEHRHT 5, Trxl ORISR L L
T < TrxR (X NADPH 2 HE 4% T H 5 729, DsbD O 7t H54K1%
NADPH ThH 2 &EZ BN TWND B, JATHFE T, MFLEMNA T TrxR1 OFHE
HaMz s e, WaEOZWE NI EDT +—NT 4 VT BEE 525 2
EDRENTEY 8, YA KL NADPH & /NMaRD&E TS & 72 5 Al HEMER
Ez BN TW5, ERAjp B X7 B A2 LT TrxR1 O E 2% T HLD
AREME D EEERINTWDEN, FEZO X D 72X L X7 EIXRE STV
W, b9 —D1F CydDC HAERD K 9 7ig el 7 2 F 4 Vs iRic L 5 E T
LA T H 5 (Fig 8B)™, CydDCHEEGIKE N7 7 U 7 OWNIRICRHTET 2 54
YRJETH Y, ATPase {EMHIKFHINZ T A Y AN BHRY 7T X A~ETLE
TNHETFF ek L, XY 7T XLORMA - B OhERETHEE 26
NTWsg, UL, WAEMRICEWNWTZO M T v AR—4—& L ClE URRE
BEFONES X EH B WERERE SILTWRY, —F, BERETIIamwms X7
BORNTZ oA arThb Sec6l WL NV H F A4 v ZlgikdT 5 F v kL b
LTHERET D L B2 BTV 523 80 SZERHL /N ~E e 7 v 2 F 4
A IATHIE CTH D720, CydDCHEAGKR LY b EFHAEIRITENZ &2
FHIE N5, WHAEMIETYH Sec6l 2RI TNV A F AL DF ¥ 3 E LTHE
FZ2 RN B 2 DB, 2R EFITV, X612, BITHFE T/
FRARINIE D& TR 7V 2 T 2 % N THICRB S8 T8, ERdj5 @ ERAD %

B TdHDH NHK ONRL T +—VTF 4 v ZHBE L 725 LDLR DRI 13523
TRWZ EDRWHE SN TNV 8, ZHUTETR 7 V2 F 475 ERd)5 DI/
272 D AREEDNMENZ E 2RI LT D, £, BBV T4 v O bR
TEENLIZHI-230 mV TH V. ERAj5 ICEF %5 2 % Erola @ C85-C391 D
LRTENMN LD bEW =, BTV F 402 kD ERAj5 ~DEF=ERD
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RIHMENZ L BRI, SHIT, AMIFEIZIVALNE o7 R Y — 4
DOFFR & 1% U 7o/ MafE~0iE T ) fifatE X, DsbD <° CydDC #HE1AD X
IMEAIRERE LV bR ICE ARG TEL I EnER LN, #lx
X, MG D—>THDET N I NIRRT ER SN WA /R ET
B, ELWANAEGE DB 1THO Y ANV T 4 FREATERPLETH D
4790 L7 o T, — DT NT I U/ MIERICAER SN 721 T 34 HOE
TR S NS Z &2 D, ZHuUZxt LT, DsbD (2 & % & s
BIE—FOMGT2HOBETEHIEETHZ & LnTERY, —J7, CydDC I
BT 2T DTDICATP O X VX —RNUELE 25, DFD, VARV —LA
DOFHFR & 4% UTe /MR ~OiE T DG TN O = x L £ —n 2281 2
TeEBRIRBEAIRIERE TH DL ENF A D,

LU, flfasy/ a2 s L 2REBICHE S &, PERK OTEMAIZ X D —RFP)
IZURY —LOFERPMEIET 2 Z ER LTV A Fig 1B)1B, ZD72H, /)
JfR 2 R L AT, AEFER L 7o/Naik~0 & o ke & B2 28I
KV EFD/PEMEGE SN AMEERNH S B2 5D, ERA)S IZ/Mafk A
FNUATHEINDGFFTHHDHD 62, /MR L RREBIZEB W T HIET
172 D EF DA ASMEE SIS RH D00 h L,

ERdj5 (Z/MafEmEcii< AL T ¢ RiBIiEER & L THID TR0 o7
N, BAEOMZEIC LV . ERp18 b/MafENFET Y AL 7 ¢ R el & L T
RET 5 2 &N STV 9tz F7- /P aRIEIC T TMXT ° TMX4 72 &
DBTLEHERDFIE LTI Y 9395 2 HIRTEER b/ NMaROEH MR B
REEERETEEZLN TS, LrL, EDXHIC ERdj5 A OIETHES
D3/ IR NI & 2 M /AR T TT ) 2 1845 L TV D DRI OfE & L
THEREINTWS, £, MREERICBWGE I ROSITHIE SR OE F M Z2 %>
ZCARARIBBERTHDHZ EDRHLMNITIR 0 DOH D08 1096 Z 1 HiRtliER
DILRMERHE R R HOWTIR, 4%, T & BERNZEREDO—>T
0%,
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6. ERITIE

6-1. REBI Oy 7 7—H

HREITEFRE LT DOLAME, T T4 7 A7 L ITfefisEtslo o %
fER U7z REBRICHEH LR T XIS T LI NNy 77— 7T
A <=2 PlEFE 1 IR T,

6-2. fER L7-9ifk
AWFZETHER LU R NFOFRIRERIT, #2177,

6-3. MfEE

b MEEE A HEK293T fifdd L O b1 SEERE B Ml HeLa Hifg
(HeLa Kyoto strain)iZ., DMEM 5t (Gibco & L <I1XFH 74 7 2 2)500 ml
IZ 10% Fetal Bovine Serum (FBS : sigma) & 1% Penicilin-Streptmycin
Mixed Solution Z /1%, 37.0C, 5% CO2 & L72H58 1A F 2 _X—F THFE L
7=

6-4. 77 A ROHEE

KIGEFHBA Erola & PDI © 77 X I NI X OWFLEMARE BN Erol o &
HFEPDI 77 I U —Z NV HOT T A RiE, FIARMFEELL Y435 L TIH
W7z, ER_HyPer (3 ALK —1H 1=KV 455 L CTHEVW -, WFLIEM A
ERdj5 & NHK O 77 2 I R H AR B L OHEHE L LV 55 L T
TEW, AEBRICHEHA LIzar A NT 7 v a 33K 31LRT,

Erola/WT/Myc (% Erola/WT/FLAG %88 & L, 5KuMIC BamH I, 8K
il Xho I OIREESR YA FBMHASNDL L OICT T4 ~—&KiEt L,
KOD-plus-# U 2 7 —P(TOYOBO)IZ & - C PCR FEM 4 B4l & t7-, 840 L
7= PCRPEMNIXT T o — A7 )VERIKENI. ., gel extraction kit (QIAGEN) TH
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L, PCDNAS3.1(+) (Thermo Fisher Scientific)iZ BamH I, Xho I 1 MK
ERNCHRA L, fE L7z, Erola O3 AT A U _TITx DA BRIL,
Erola/WT/Myc Z 865 & U, SR RIVERH O T 7 4 ~— %Gt L. Pfu
Turbo R U £ 7 —E(Stragene)|Z L > T PCR JEW Z g X H7-, HEE L=
PCR FE#IZ Dpn 1 ¥ % 37°C | 1 KfIATV, 855 DNA 28l L7, 2D
SRR Z RIGEICTEEE#HR L, IELSERPGASN 7 n— 0 2R LT, K
I F B Erola D2 S{KI1T His/Erola/C104A/C131A/C166A Z#HI & L,
E#L L7z, ERdj5/Form I/C3AA/FLAG ¥ X U ERdj5/Form II/C4AA/FLAG 1%
#1724 ERdj5/Form /FLAG & ERdj5/Form I/FLAG % $§1 & . {8 |
72o Erola Z/KIEE¥ 577 23 F(CRISPER/Erola)iX add gene 2> HHEA L
72 px330 (2, BbsI ¥+ MEFAICHHRAL, ER L=, #—7 > MEdFl(Erola
target primer set)lZ, CHOP_CHOP (https://chopchop.cbu.uib.no/) THizE

L. fERL 72,

6-5. NTFLU RT3 a v

60~80% D = 7L Ml Tzl HE L, 77 A3 F DNA %
Lipofectamine 2000 (Thermo Fisher Scientific) % W CTHIEIZ F T v 27 =
7 v a v L7z, Lipofectamine 2000 ® s T > A7 =7 ¥ a XL FOFNETIT
572, Opti-MEM (Gibco)iZ 7Z A 2 K DNA & Lipofectamine 2000 # &4
L. IBE LTI 2 IR 0 Hhi), 24 BERIES#E L7z, 7=, siRNA & #iljy
R T v A7 273 a1 584, RNAIMAX (Thermo Fisher Scientific) % f
WTHTo 72, Opti-MEM (Z siRNA & RNAIMAX #iE& L., IBA LICRK %
2.0x105 cells/ml DOIREDOMIGEHEIC 3.5 ml IZ1%, 6 cm dish (CHEFE L, 48
REfEIESEE L7z, 48 REREG L, NI v A7 =7 v a v LiciiflazmR L, k&
EFRCFNECHE, siRNA %Z RNAIMAX ChRI7 A7 =7 ar L, &HIZ
48 WFfHEs#E L7, AMFZE TR L7z siRNA & £ DOIREEITR 4 1TR T,

6-6. HikDAEL
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TCA WL % W= AR O AT LIZLL F O FNETIT - 72, #las>5 DMEM %
TAEL—Z—Tk&, PBST15ml 77 /b2 Fa—7ZEILL, 1300
rpm. FiE., 34MTELL, PBSAZ7 AL —X—T\\ -, KIEE 10%
TCA L L7=TCA Ry 7 7—%MMz, 10EEXyT 7 L, KET30%5M
FriE 7o, EFEL. 10000 rpm, 4°C. 30 i Ciml L. EIEZEFRE. TREWY
T b ERINA . EE AR TR LT, ZOE¥EL 3D IR LT
%, W7 N UERE, REWEER, 15 SRR S, Bz S S ikEY
(A PAf#E R (Cell resolved buffer) Z 1z, HEZ AL TR L, RS
Iz WIRSETY TN DO—EIFTREZIREDOY 7V E LT Lz, %k
BEDREM 722 FIEIT 6-6 OFIZFLH L7z, 7%V O AT LT 7 vs8y
77 —%MZ, 10 77f, 60°CTA > FaX— kL7, 71T SDS-PAGE
EITWV, U= RAZ 70 yT 40 7 T LT,

M LA I A "I ER 1 (Cell lysis buffer 1) & W 7= Mo "l ki, LA T
DFNETIT> 72, Miaz PBS T2 [\IWeid U7z, WFL M v bk 1 200
Z.15ml =y Xy N TFa—TICmIN LT, £DO%, 10EERy T 4

. K BT 20 rflERE L7z, EiEf%. 12000 rpm, 4°C, 20 57 Tl
L. o7z alistim oy & NP0 T 1o BRI O I L7z
AIEEMEE I, M A ¥ 2 X—Z N THIEE 100 uM @ DVSF % 1 FFfijL

L. WFLEEAII A fTA iR 1 2 el b 2170, 1ERLL 72, 20k,
DVSF KRR AAEH ZBR< 72, AIEPREICHEIRE 1% & 725 K 9 (1
SDS Nz, O EtE 7y % ANTI-FLAG® M2 Affinity Gel & 4°C, 24 HF
BN ST, RISHRDOT 7V BiEZRE . B —XWH Ny 7 7 —A (High
ionic buffer) T 2 [P L, v — XN v 7 7 —B (Low ionic buffer) T 1 [H]
Ve i1 o7, Veifth. IR 500 ug/ml @ 3xFLAG peptide A CiaH L
oo o7 MZiE, ANy Ty —%x, 10 3. 60CTA F =
NX—h L7, ZhHH 7T SDS-PAGE 21TV, VoA T ayT (v
7% L <UFBRYA(a 2 D) &V, f#T LTc, BRAEIXa ZE1 40
V= a TIVITHEW, ToTz, SRYEE LTS DIER & LN REI0 H
L. D/ K% MALDI-Qq-TOF MS/MS (Matrix-assisted
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laser desorption/ionization-quadrupole-time-of-flight-tandem mass

spectrometry) CHEHT L. & /X7 E % [FE LT,

6-7. Yz RE VT T 40T

= hetre—2E(Cytiva) Z LERRKE STV, FTU AT 7—N
> 7 7 —(Transfer buffer) CHK/LABEE L7z, =Dk, 7.5%7 7 VLT I F&
Gt VT SDS-PAGE TR L2/ WM AT Ly EHDE, FT VAT 7
—/\y 77 =T, 100V, 4C, 1K TRHE L, BEROA T LT
Blocking one ®H1C, =R 30 il v v ¥ 7 Lz, —RIUAKRIGIT 4C, 1
RF OGS ST, %, A7 Lo Ny 7 7 —(PBST buffer) D¢, 2
M. 5 iR E SN0 ZRIgeE Uiz, Beid%. IRPUASUSITE=E T 1 I
MRS SE T, BOSRIZA T Lot Ny 7 7 —C=EBEF LTz, N2 R
HZEE ¢ SIGMAFAST™ BCIP®/NBT (Sigma-Aldrich) 2 & & L CTHiHE L
7o

6-8. SRR

TCA LB TR L, AISIARHE AR L7z > 710 SDS #EE7S 0.1% & 7
% Z O FIEM H A bR 1 2Nk, £ O Y 7)1 Monoclonal ANTI-
FLAG® M2 antibody produced in mouse (F3165) (Sigma-Aldrich) % i1 % .
4 CT—Mp, vm—7—3T a8z, £D%. Protein G Sepharose 4 Fast
Flow (Cytiva)Z iz, 4°C, 1 WSS, 7SV AT = A AEBRTIL,
MO rIPa iR 1 & B T2 5 RS L 72 Al YA TE R 45 12 Polyclonal
Rabbit Anti-Human Alpha-1-Antitrypsin (Agilent)# il 2. 4°C. —Ba)o &
7=, = D%, Dynabeads Protein G (Thermo Fisher Scientific) % /il ..
4°C, 1BMBOE ST, Stk OY o7V EiEalrE, ©—XWEH Ny 77—
AT20EEHEL, E—XWH ANy 77 —B T1EWEGHEZITo 7z, Ry 77
—ZFEEICRY RV, T TNy Ty —20x, 10 43, 100CTA >~
FaX— kL, 12000 rpm, =i, 10 /i O Lz, &=O0%., EiE% SDS-
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PAGE TiiiL, "xRARZ TavT 4T % LT,

6-9.PEG~VA IRV T okA

a5 DMEM 27 AL —# —ThlrE, PBST15ml 77 /bvavFz—
ZNZEYY L, 1300 rpm, ZEiE, 3 T L, PBS %7 A L—& —TkR
e, FAIRE 10% TCA & L= TCA NNy 77 —% Mz, 10 RIEXy T ¢ 7

L. Jk T30 pff#E Lz, #iE%. 10000 rpm, 4°C, 30 43Tzl L,
EEEBRE, RED BT 2 N ENA, BE R TR L7, Z OfEE
Z3EWVIR LI, M7 o2 RE, B EER, 16 MR I,
JERZ /7L PEG ~ LA X FERiH /N> 7 7 —(PEG-Mal modification
buffer) N A, B ERRHE CTHRE L, BRI, BRL-Y 7, &
YTINNy Ty —FE A, 10 5, 60CTA v FaX— KL, V7T
SDS-PAGE AT\, V= AZ 7w yT 47 Tt LT, SbiE ol
DR L ORI, EHrREEDEI A % Image J (NIH :
https//imagej.nih.gov/ij/) CE& L 7=,

6-10. /PEEDBBILKFEDFTA TA A=V T

ER-HyPer 2 N7 > A7 =7 3 > LIz#lild % 1.5x104 cells/ml O E D
JaRIZ L, £ @ 9 5 300 ul % triple-well glass-bottom dish (Iwaki) (Z#&HE L
7z, #ildiX FluoroBrite DMEM Media (Thermo Fisher Scientific) Th;# L
2o L—H¥—1F 405 nm & 488 nm Thjft =, L > X|¥ Plan-Apochromat
63%/1.40 0il DIC Z 72, /MR OBIACKSRIRE 2 —BmrICH S ¥ 572
D, FEIREE 2 mM @ DTT % 4 pfAEL L, £ D% DTT &3 AT A BR
& T LWERHLT 4 B HAZHA 24TV, 20 o2 A AT T ABIR E1T o 72,

6-11. XBP1 O ML DA

Afd2»6 DMEM 27 A8 L—Z—TEr&, PBS T2ml =y X KL 7 5
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2—7 2B L, 3500 rpm, 4°C, 57 TELL, PBSZT7 AL —F—
ThRV =, RNeasy Mini Kit (QIAGEN) Z HV>, #ifaz rliE kb L. RNA %l
H L7z, K37 RNA OEE% 100 ng/ul & L, XBP1IZxT 257 T A ~—
(XBP1 primer set) % V>, SuperScript™ III One-Step RT-PCR System with
Platinum™ Taq DNA Polymerase (Thermo Fisher Scientific)iZ & - T PCR
PEY) % HENE X 7=, XBP1 OBk (unspliced form) & f%#% (spliced form)
#| 4% Image J CE® LT,

6-12. NIV AF = A REER

3.5 cm FFEEILTHAE L 7o Ml H DMEM % FrE, 37Co PBS TUE# L.
10% FBS % il 272 DMEM, high glucose, no glutamine, no methionine, no
cystine (Gibco) T, 30 /7, A v F a2 X—XNTHEE LT, HE%. BUHMER
FEDKIREEDS 4.07x103 KBq & 72 % & 9 |2 EXPRE35S35S Protein Labeling
Mix (PerkinElmer)Z /%, 1553, # "V BEx2 T~V LT, 16 553tk. 7
LAY Oz ERE . 37°CoO PBS THi% L, DMEM Zhix., FEERH, 5
B Lz, MIRORAE LT 6-4 TRtk U 7= FLIEMIIH AIiA bk 1 2 W
ETITO, RO TR 6-6 TRER L7z, fER L 7-% 71 ix SDS-PAGE
ZATUN, RN T O NI HURTEE 2 Image J CTE& L7,

6-13. ¥ U7 BRI LEER

Erol a OFBFHEL LY o vy M o7 BRI T OFIETHED
7= KIGFEFRHIH 77 A2 F pET-Duet vector |Z Erola Z3EAL7=7F A3 K
% KNI BL 21 (DEKRICTEEE L, JPHER L can=—2 1y 7 L,
100 ml ® 100 ug/ml 7> U v % &te LB HiHic TRk % 37°C. 180
rpm C{To7=, RilEE L2 KGHE %2 & e LB B5H 10 mL % 100 ug/ml 7 > &
v raEie LBEH 1L ITNA ., AREFE 21T -7, ODeoo=0.5 127225 ET
37°C. 180 rpm THiE L, # > "7 HEORBUX IPTG % #&IEE 500 uM (2725
LTINS 5 2 & CHE S, FBLFHEIL 30C, 180 rpm T 4 KFHl{T-
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2o FBIEEER, 6000xg, 4°C. 15 syfilis i LA L7z, SE L7 O3fEH
2% % T-80C TIRAE L 720

L L ERIE, EERE@ICXR LT 10 fFE&mD O KEEH rE bR A (E.
coli lysis buffer A)IZRRE L, & EAEIH#(QT700, Qsonica) T B 1A 4 it L
1o T bZ 4°C, 30100 rpm, 1 KffH, =0 L B & ILBICITZ, BiF%
0.45um O 7 4 /L ¥ —%i@ L, HisA N> 7 7 —1 (His A buffer 1) CF-fi{t L
7= His Trap HP (Cytiva)ic 7 77 1 L7=, His B \v 7 7 —1 (His B buffer 1)
T, BT 0o S, W Z PR+ & 30 kDa DRSSl =
h (Millipore) T L. ¥ Liz¥ o 7 THKIRIE 20 mM L /25 L5107 =
Vo7 AL U v bhaia, BALLEE LTz, Zha s Ay 77 —1
(Gel filtration buffer 1) T ¥l L 7= Superdex 200 Increase 10/300 GL
(Cytiva)lc 7 77 A L, FNAVAEIT-7, B % PR 1 & 30 kDa &
RO Ai = N Tl L7z, I L7 Izl f oy 77 —A
(Anion buffer A) Tl L 72 Mono Q™ 10/100 GL (Cytiva)iz 7 77 A L. [&
A 473> 7 7 —B (Anion buffer B)IZ X % 0 mM~500 mM ® Y =7 72 NaCl
REEARLT, 7 LB Sz, sy 2 P8R+ & 30 kDa DRSS
= O L7,

=t Erola ® Y a5 & X7 E 1% His Trap HP © 5 7 AT 5
R ATV, AFR U7z, BBIGEERBREMIIEER LB TH D,

PDI O Bi355 1 Erola & [A U&MFTITo7, £E LI2EERIE, BHEREICK
LT 10 f5&ED KM T Al bk A IR L, B E AR C IR 2 Ml L
7o FHBH % 4°C, 30100 rpm. 1R, O L BiE &Iy T2, R
0.45um O 7 4 VX —%@L, His A Ny 7 7—1 CTEi{k L 7= His Trap HP
27774 Lic, His BNy 77 —1 T, W7 LS, WHES %
HYEBR Sy 75 30 kDa ORSM Al = » N TR L7z, IBME Lot 7 zhaA
FNy T 7 —A CEME L 7= Mono Q™ 10/100 GL 27 75 A L. [aA 4>
Ny 77 —=BIZL%D 0mM~500 mM O U =7 72 NaClLIREARIT, BT Lk
A S 7, Ay 2 HEBRS7 1 & 30 kDa ORAf Al =~ TR L 7=,

CUIAX—DORBFELBI Y v b o EREELILLTOTFIE
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TiEDT-, KGFERHH 7T A I K pET-Duet vector (2 C 7 7 A X —%EA L
7277 A3 F&KiIGE Origami™ BOE3)KKIZE LM L, 100 ug/ml 7> £
YU b 15ugml hF~A T, 125ugml 7 F T ~A v aETy LB #ER
I CRE L, WEERR L/-ao=—%E v 7 L. 100 ml ® 100 ug/ml 7
eV 1bugml B AT, 125 ugml 7 I~ A &2 E T LB
EEHZ TR 4 37°C. 180 rpm TITo72, HiEG#E L7C KIGE 4 & e LB K5l
Z 15 mL # 100 ug/ml 7 > >V 25T LB EH 1L 12Nz, AREEEZIT-
72, OD600=0.51272% % T 37°C, 180 rpm THFE L, ¥ L 37 HORIIL
IPTG ZH&PRE 100 uM IZ72 2 KO ICINT 5 2 & THE S 7z, RBEFHLEIX
18°C. 150 rpm T 16 FFAT o 72, FHHFHEHK, 6000Xg, 4°C. 15 3D
LEF L, £E LT LOMEHT 5 £ T-80°CTHRIE LT,

LB U7 EIRIE, BREITR LT 10 5 &0 KM H AT ki B (E. coli lysis
buffer B)fE L, HE BB CRERIKZ B LT, £ b % 4°C, 30100
rpm, 1FEf, =0 L ByE SRy 72, EEZE 0.45um O 7 4 VX — %@
L. HisA N 7 7 —2 (His A buffer 2) Tk L 7= His Trap HP (27 7 F A
L7z, His B/Xv 7 7 —2 (His B buffer 2){Z X % 20 mM~500 mM ®V =7 73
A I —)VREARLT, BT ANOE S, EHES & BERS 7& 10
kDa ORAAith= = (Millipore) TiEffE L7z, Wi L7=t o 7 WTHKIREE 1
mM & 725 X 92 DPS #iNx, M bBlis Lic, ZhET VAN y 77 —2
T4k L 7= Superdex 200 Increase 10/300 GL (27 774 L., ZIL A&7
o7, TS 2 HERSy 78 10 kDa ORAF A = > b Tl L7z,

LB 5 0 ERAj5 OERLL, BIHCHRE 251217572, FLAG % 7
A L7 B4R ERAj5 2 ER BRI IR - RStk = 60 5 L C
TEV =, 15 cm DOEFEIL T 70~80% > 7 )Lt | & 7g o 72 22 R B %
IREEAY 300 ug/ml @ p-A ¥ 7u VZEFM: L 100 nM @ PMA (Phorbol-12-
myristate-13-acetate : Sigma-Aldrich)Z Nz, A > F 2 X—% NT 48 K55
T, BEFEE L, ¥BBFE%, 1500 rpm, =EiE, 5 0oL, Mgz
LT,

15 cm DEGE L 20 F43 (2% LT 10 ml O AT big 2 (Cell lysis
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buffer 2)% M, 770 BT T A F—THRAE MR LT, MRk L7y
PRI ACIRE DY 1% & 72 5 K 912 Tween-20 21z, 4°C. 1Kfim—7 — =
U, Al b Uiz, " b L72imie % 4°C. 14500 rpm., 1 H#RE, =0 L BT
LY A . 10 ml O LiEICkE LT ERAj5 BN » 7 7 —(ERdj5
purification buffer) C¥ffi{l; L 7= £*— X (DDDDK-tagged Protein
PURIFICATION GEL : MBL) 1 ml #EA& L, 4C, 2Kffin—7—va &
®iz, vm—7—varthk, EEEKRE, 10ml ® ERdAj5 BRAH ANy 77 —T3
[l B — X2 LTz, e L7z B — XIS EE 200 ug/ml @ DDDDK-tag
peptide (MBL)Z % T¢ ERdj5 ¥ /Ny 7 7 —%& 5 ml A, 4°C, 2 Wil —
T—varl, BHSEEEH D, B L7%O e — X2 ERj5 Ry
77 —%10mlNx, FEHSEZEEH 2), w1 L2 28D EHESy
WCHREN 1M £ 725 £ H I NDSB-201 #/ii%, 4CT—Hft, v—7—3 3
W7, HERRSY 7B 50 kDa D[R A = k(Millipore) CiEfg L7-, Zi
Z 7V AN 7 7 —3(Gel filtration buffer 3) Tl L 7= Superdex 200
Increase 10/300 GL (27 77 A L, 7 /VAMEIT-7=, WHED = RS &
50 kDa DR St = > kT L7z,

UL EDH T 28124 T AKTA pure 25 (Cytiva) Z#V Y, 4°CTIFV, 9T
D I NG TPED | TIRAR 22 32 TR RS L. -80°C THRIF L 7=,

6-14. BRRHEENHIE

A7 321X FireStingO2 fibreoptic oxygen metre (Pyro Science) % vy,
E LTz, HERNC, WAmRFENEH N> 7 7 —(0xygen monitoring buffer) ™
B RIRE 2 =7 — R 7 TR EE, 30CORMATHIE Lz, HIERIZH
V7= Erola (C104A/C131A/C166A) % X O ERdAj5/C-cluster, PDI O X%
NEZN1pM BEL O 1 pM, 100 pM T, HIEBI4A 30 ##12 PDI 200z,
Erola OfEF#N# 28122 L7=, PDI % Erola ®ET R —& LTHWZD
G e UTHE Lie, Eoo PDII3EL T O#IEZIT, MER L7, L
PDI (Z#4JRE 10 mM OE Al DTT 2%, K ET20 0o % a~x—hL
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2o TOD, Y7 L% PD-10 Column (Cytiva)iZ 7 774 L. #EFD DTT
ZhrE . WWHE S 2 PERSy & 30 kDa DRt Aif— =~ k (Millipore) CiEfig
L7ze ZOEHEICBT DNy 7 7 —13EGFHRENEH Ny 7 7 —&2 H\ iz,

6-15. Fyx o7y Iab—vay

ERdj5 & Erola O#EF#H(PDB ID 5AYK : ERdj5/Form I, PDB ID 5AYL:
ERdj5/Form I, PDB ID 3AHQ : Erola) % H\), FyF o7 v Ialb—vay
BAT o1z, FATRRCIZ 2N 6 2 U X7 HOREEERIC IS W2y R OFE
FHEAEH, BUKMEFRBAEA 2B E L, Surfit Web Server
(https://sysimm.ifrec.osaka-u.ac.jp/docking/main/) CHEAIRETT LA REE L
7o BT, 44 DETRLESFHEIY AVT 4 RiEE % L7z Erola/ERdj5
BAEBRIEROMERZILIC, DB ALVT 4 REATHROEZ LML, Ky
Fr7UIal—vary TRLONTERERTT VNEZER bR LT,

6-16. NMR ##&#T

NMR ###HTIZ v 72 Erola O3 BLEHE TR E 50 mg/L [15N] L-cysteine
(Cambridge Isotope Laboratory) % & e M9 iR/ N CIT - 72, FEELSRME
ERERGMIIBER L7280 THY . AWMDY7 7 —FEE2 TV A
> 7 7 —2 (Gel filtration buffer 2) & L7=, =Dk, HEFR5 1 & 10 kDa DR
A=y hEHNT, HE L7~ Erola & C 7 7 AX—0D/Ny 7 7—% NMR
HEM /Ny 77— (NMR measurement buffer)iZ/ N> 7 7 —RHa L 7=, Z DY
> 7V bmm v A 7 2R b AT 2 —7 (Shigemi) 2 L. Bruker Avance
Neo-800 MHz spectrometer (Bruker) Ci#tT L 7=, Erola HAlH > 7 /i
25°C, 29 HFRIAIE L, C 7 T AZ —LiRE LIZ Y 71T 25°C, 39 KifHRIE
L7z, 55725 —# % TopSpin 3.1 Software (Bruker) % FVMENT L 7=,
Erola DV AT A U _XTIIER & LTV AT A XTI DA RR (R
L. @B L7, 77 A FOMET 6-4 F=IZHER L7,
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*1

T54<—

BL 5l

Erola target primer set

5-CACCGTGTGAACAAGCTGAACGACT-3'

5-AAACAGTCGTTCAGCTTGTTCACAC-3'

XBP1 primer set

5-GCCTTGTAGTTGAGAACCAGGA-3

5-TGACTGGGTCCAAGTTGTCC-3’

Ny T y— HHERK
Cell resolved buffer [100 mM phosphate buffer (pH 7.0), 1% SDS, 20 mM NEM]

High ionic buffer

[20 mM NEM, 50 mM Tris-HCI (pH 6.8), and 400 mM NaCl]

Low ionic buffer

[20 mM NEM, 50 mM Tris-HCI (pH 6.8), and 150 mM NaCl

Transfer buffer

(192 mM Glycine, 25 mM Tri-HCL, 20% MeOH)

PBST buffer

(1xPBS, 0.05% Tween 20)

PEG-Mal modification buffer

[100 mM phosphate buffer (pH 7.0), 1% SDS, 1 mM and 2 kDa PEG-Mall

Cell lysis buffer 1

[20 mM NEM, 50 mM Tris-HCI (pH 6.8), 150 mM NaCl and 1% Nonidet P-40]

Cell lysis buffer 2

[50 mM HEPES-NaOH (pH 7.0), 100 mM NaCl, 20% Glycerol 1 mM EDTA and 1 mM PMSF]

E. coli lysis buffer A

[20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 20 mM imidazole, 0.02% Triton X-100, and 1 mM PMSF]

E. coli lysis buffer B

[20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 20 mM imidazole, 1 M NDSB-201, 0.02% Triton X-100, and 1 mM PMSF]

His A buffer 1

[20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 20 mM imidazole, 10% Glycerol and 0.02% Triton X-100]

His A buffer 2

[20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 20 mM imidazole 1 M NDSB-201, 10% Glycerol and 0.02% Triton X-100]

His B buffer 1

[20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 500 mM imidazole, 10% Glycerol and 0.02% Triton X-100]

His B buffer 2

20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 500 mM imidazole 1 M NDSB-201, 10% Glycerol and 0.02% Triton X-100]

Anion buffer A

[50 mM Tris-HCI (pH 8.0), 1 mM EDTA]

Anion buffer B

[50 mM Tris-HCI (pH 8.0), 500 mM NaCl, 1 mM EDTA]

Gel filtration buffer 1

[50 mM Tris-HCI (pH 8.0), 300 mM NaCl]

Gel filtration buffer 2

[25 mM Tris-HCI (pH 7.1), 100 mM NacCl]

Gel filtration buffer 3

[20 mM HEPES-NaOH (pH 8.0), 100 mM NaCl, 10% Glycerol 1 M NDSB-201 and 0.05% Tween 20]

ERdj5 purification buffer

[50 mM HEPES-NaOH (pH 7.0), 100 mM NaCl, 20% Glycerol, 1 mM EDTA, 0.2% Tween 20 and 1 mM PMSF]

Oxygen monitoring buffer

[50 mM Tris-HCI (pH 7.5), 300 mM NaCl]

NMR measurement buffer

[25 mM Tris-HCI (pH 7.1), 100 mM NaCl, and 10% D,0]

*2
— LA WB P
Antibody for the detection of FLAG™ conjugated proteins (ROCKLAND ™) 1/1000
Anti-Erol Antibody, clone 2G4/12 (Millipore) 1/1000
Anti-Myc-tag pAb (MBL) 1/1000
DNAJC10 monoclonal antibody (M01), clone 3C4 (Abnova) 1/500
Polyclonal Rabbit Anti-Human Alpha-1-Antitrypsin (Agilent) 1/100
Monoclonal ANTI-FLAG® M2 antibody produced in mouse (F1804) (Sigma-Aldrich) 1/1000
Monoclonal ANTI-FLAG® M2 antibody produced in mouse (F3165) (Sigma-Aldrich) 1/100
R/ CTRES WB
Alkaline Phosphatase AffiniPure Goat Anti-Mouse IgG (H+L) (Jackson ImmunoResearch) 1/1000
Alkaline Phosphatase AffiniPure Goat Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch) 1/1000
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&3

IvRbEZ0vav

ERdj5/WT/FLAG in pcDNA3.1 (human)

ERdj5/AA/FLAG in pcDNA3.1 (human)

ERdj5/WT/FLAG in pcDNAS.1 (mouse)

ERdj5/SS/FLAG in pcDNA3.1 (mouse)

ERdj5/C1/FLAG in pcDNAS3.1 (mouse)

ERdj5/C2/FLAG in pcDNA3.1 (mouse)

ERdj5/C3/FLAG in pcDNA3.1 (mouse)

ERdj5/C4/FLAG in pcDNA3.1 (mouse)

ERdj5/AA/FLAG in pcDNAS.1 (mouse)

ERdj5/C3/SS/FLAG in pcDNAS.1 (mouse)

ERdj5/C4/SS/FLAG in pcDNA3.1 (mouse)

ERdj5/Form I/FLAG in pcDNA3.1 (mouse)

ERdj5/Form IVFLAG in pcDNA3.1 (mouse)

ERdj5/Form I/C3/AA/FLAG in pcDNA3.1 (mouse)

ERdj5/Form II/C4/AA/FLAG in pcDNA3.1 (mouse)

PDI/WT/FLAG in pcDNA3.1

p5/WT/FLAG in pcDNA3.1

ERp46/WT/FLAG in pcDNA3.1

ERp57/WT/FLAG in pcDNAS.1

PDIR/WT/FLAG in pcDNA3.1

Erola/WT/FLAG in pcDNA3.1

Erola/WT/Myc in pcDNA3.1

Erola/C94A/C99A/Myc in pcDNAS.1

Ero1a/C104A/C131A/Myc in pcDNA3.1

Erola/C208A/C241A/Myc in pcDNAS.1

Erola/C85A/C391A/Myc in pcDNAS. 1

Ero1a/C394A/C397A/Myc in pcDNA3.1

ER-HyPer in pcDNA3.1

6xHis/Ero1a/C104A/C131A in pETDuet-1

6xHis/Ero1a/C104A/C131A/C166A in pETDuet-1

6xHis/Erola/C94A/C99A/C104A/C131A/C166A in pETDuet-1

6xHis/Ero1a/C85A/C104A/C131A/C166A/C391A in pETDuet-1

6xHis/PDI/WT in pETDuet-1

6xHis/ERdj5/C cluster/WT in pETDuet-1

6xHis/ERdj5/C cluster/AA in pETDuet-1

CRISPER/Erola in px330
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#4

siRNA ERRE
Erola 5-CAGGAACUUGUUACAGAAUAUUCAU-3 50 nM
ERdj5 5-UAAGCAUCCCUAUUCCAACCAUUGU-3 50 nM

siRNA (24 TThermo Fisher Scientifich 5 BA L 7=,
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7. WL H &%

BRI FIZROFRIN OB D,

Kaiku Uegaki, Yuji Tokunaga, Michio Inoue, Seiji Takashima, Kenji Inaba,
Koh Takeuchi, Ryo Ushioda & Kazuhiro Nagata
“The oxidative folding of nascent polypeptides provides electrons for

reductive reactions in the ER”

Cell Reports (2023 7 6 AR, 7 A AR
DOI: 10.1016/.celrep.2023.112742
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8. HEE

AAFEIL, IT Afmasht el O R Th 2 K HFNZEBR & EEE R T KT
Bt « ZEmEH AR OB HERR O b & 2L OFICTHRE L T 2T
TIThOivE LT,

KEAFZHEIZIIL, FHEOR D Z O ERICEE S TEE, Aifts
ED DO RERE 2R L TV & E L, 2, FARORET
A SIS E 21T O KIS 250V Lz, M ERi#ERREOII Ui, 1
& 1) 7 CRAfiE & 7= ER and Redox Meeting ~®D H i, L HATRE TlE A
A TR =72 EMBO meeting ~®O M0 AEMFE 21X LD L35
Bex 2EN - BBRESEICSMESE TR E, DOLEHP L ETET,

W SEHEBERZ I, FEAEDENLIRE L TV & < O FR
iz I W& £ L, £, AT —~OREXROWEERH 2 Z1R%E
HX, ZOMRICKESEMLTCWEEZELE, E5IC, MEEICRD7D
DHEZFRH Y FH75 EORMIREE S L TWeeE | IREH W LET,
T, LA TH, RLBISETW WD L 2EHW = LET,

HOXRFRFRE « FEFROPZER O NEEER & Tk B #1213, Erola
DY areFr MR ERERB LONMR 217> CTIHE, NMR 226455
N RIIAMREOREMEEMIT 2O THY . RESEMW W2 &%
ESEH W2 LET, £, NMRAIOLEOFUS, 7 — X OO R %2 T 5
IZZHURWZ 202 2 L 2 L E T,

ALK « e E R A FE T O R SRR B 1213 Erola & PDI DY =2
By M E R B CHRETHN . R Ry x /vl alb—va VA
W7z ERdj5 & Erola OEA KM 2P < 51 & 201 TW a2 & & 1R < J&#Hf
HL EFEd, £, P2SLTRBEVW L & S ICIIfgEoEE IR 2 Elico
Wi L TR W2 2 EEE#O T LR,

RIRRZFRFPE « 5 RAPFER O 8 Bl BRI E &5 2 v 72 ERdj5
D & 737 B OMFERIIRNT 2t < 5l 2522 1T TWTef2niz 2 &b b
LEFES, £ KiaaXOBEMRIZET 2ECHEU R EZ L TWizZne
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RSB L BFET,

PEEHAMTRAMIEI OF AT LI2IE, 77 23 K DNA O v X
7 BEREMOERSEM A B A THEEH L B0 7, KT —~ Ok~ 7ok
imAa LWz E, EEHB L BT ET,

KHEWFFEED OB Th D47 KA, AP L g 23,
BN TOEFHEDOEE, Famtt & 2 e E DL < Oifgim 4 L CIH & i
LTEVET, EROFTRISZ M T TMIIXHLTH, T—2D5 TR TR
<y RS HIE L TNz E R EHH L EF £,

BEE I AT, PRENTIIARNFIET —~ D Z ERkA RO Z & %
Ham L TN 2 EEEHR L EF E T, 2, = b= LT
ATESCRLVETS . R E A2 X2 TV W2 LD BV L £,

WA MR O K BATFREOE —WADEIE L U TORRHEFRIEITIT,
WL - BEAEICBWCIHRE L CTHESEHEZHR L LT ET,

[T —LD%ETHHMHIEKREIX, FEBRONLSL EFAOER LT —4 %
HXHEZZE~DOEQREE#E R L EFEd, F72, ERdj5 / v 7 7 7 Ml
faz <2t L T & L TR £97,

BAEFH N DIE, FERAICHER 21T O RSP 2B m B ICHY AT kR 770
SR Az Tz & Lz,

KEMEHEROWETH LA S AITITHETRE 0 &, e 2 F EEHED
BriZHAMAEAWVIHES RS EHH L LT ET,

BE OB S A DI T B SR AR T EFRE L T l2nTe
RGN LET,

B, FAOWFGEAEIR 272 N DX 2 TN ZAD B & | R H %
FHNC bR — LT Zfligl - BURIZ OBV LET, 4% L b%
KOHFOTHEEAZTAZ NS, —WIEFEL L TE N L TWETnEBnEd,
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a specific electron transfer pathway in
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SUMMARY

The endoplasmic reticulum (ER) maintains an oxidative redox environment that is advantageous for the
oxidative folding of nascent polypeptides entering the ER. Reductive reactions within the ER are also crucial
for maintaining ER homeostasis. However, the mechanism by which electrons are supplied for the reductase
activity within the ER remains unknown. Here, we identify ER oxidoreductin-1a (Ero1«) as an electron donor
for ERd]j5, an ER-resident disulfide reductase. During oxidative folding, Ero1a catalyzes disulfide formation in
nascent polypeptides through protein disulfide isomerase (PDI) and then transfers the electrons to molecular
oxygen via flavin adenine dinucleotide (FAD), ultimately yielding hydrogen peroxide (H-0,). Besides this ca-
nonical electron pathway, we reveal that ERdj5 accepts electrons from specific cysteine pairs in Ero1a,
demonstrating that the oxidative folding of hascent polypeptides provides electrons for reductive reactions
in the ER. Moreover, this electron transfer pathway also contributes to maintaining ER homeostasis by

reducing H>O, production in the ER.

INTRODUCTION

The endoplasmic reticulum (ER) is the site of secretory and mem-
brane protein folding in eukaryotic cells.”* Disulfide bond forma-
tion in nascent polypeptides entering the ER is crucial for the
maintenance of the correct protein structure. This disulfide
bond formation is mainly catalyzed by several ER-resident oxido-
reductases, including protein disulfide isomerase (PDI) and ER
oxidoreductin-1a (Ero1a), which constitute an electron cascade
for efficient oxidative folding.®* The ratio of oxidized glutathione
to total glutathione in the ER is higher than that in the cytosol,*"°
which maintains the oxidative environment in the ER.

Despite the oxidative environment, we identified ERdj5 as a di-
sulfide reductase in the ER of mammalian cells.” This enzyme is
involved not only in the degradation of misfolded proteins in the
ER-associated degradation (ERAD) pathway but also in the pro-
tein folding of specific substrates.® ERdj5 also regulates the ac-
tivity of SERCA2Db, a calcium influx pump on the ER membrane,
to maintain the balance of calcium concentrations in the ER.’

uuuuu

Although ERd]j5 is critical for maintaining protein and calcium ho-
meostasis in the ER as a disulfide reductase, how ERdj5 ac-
quires reductive force in the oxidative environment of the ER re-
mains unknown.

In the bacterial periplasm, reductive force is provided by two
major pathways.'®'? One is the DsbC/DsbD pathway.'®'*
DsbC in the periplasm receives electrons from cytosolic thiore-
doxin (Trx) through DsbD on the cytoplasmic membrane. DsbC
utilizes these electrons for the reduction or isomerization of sub-
strates.'"® The other is the CydDC complex on the cytoplasmic
membrane, an ATP-binding cassette (ABC) transporter for
reduced glutathione (GSH).'” The CydDC complex transports
GSH into the periplasm using energy from ATP hydrolysis. The
transported GSH acts as the electron donor for isomerization
of the substrates. In contrast, the electron transfer pathway
into the ER lumen in eukaryotic cells has never been identified.

Here, we propose a pathway for supplying electrons into the
ER lumen by utilizing electrons produced during the oxidative
folding of nascent polypeptides entering the ER. In this process,
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Figure 1. Ero1a acts as the reductase for
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50 1B : Myc (PEG-) 0 - * @ g (B-D) The ratio of each band of the reduced form to
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electrons provided to PDI from nascent polypeptides are trans-
ferred to ERdj5 through Ero1a for subsequent reductive reac-
tions in the ER.

RESULTS

Ero1a is an electron donor for ERdj5

First, we tried to identify upstream molecules of ERdj5 that can
provide electrons to ERdj5. As two Trx-like domains (Trx3 and
Trx4) in the C-terminal cluster (C-cluster) of ERdj5 were reported
to have disulfide reductase activity (Figure S1A),'® molecules
that bind specifically to the Trx3 and Trx4 domains through
intermolecular disulfide bonds were explored using the bifunc-
tional electrophile divinyl sulfone (DVSF), a thiol-specific cross-
linker."® We identified molecules that interact with FLAG-tagged
ERdj5/C3 and ERdj5/C4 mutants in which the catalytic center
motifs (Cys-X-X-Cys [CXXC]) in only the Trx3 and Trx4 domains,
respectively, were retained, whereas the remaining three CXXC
motifs were substituted with AXXA (Figure S1A). Immunoprecip-
itation combined with mass spectrometry analysis revealed that
in addition to several ER-resident oxidoreductases (Figures S1B
and S1C), the ER-resident oxidase Erola could interact with
ERdj5/wild type (WT) and the ERdj5/C3 and ERdj5/C4 mutants
but not the ERdj5/AA mutant (red arrows in Figure S1B). This
interaction was also confirmed under coexpression of each pro-
tein (Figure 1A, lanes 3 and 4). Even in the absence of DVSF, we
observed the binding of Ero1a to ERdj5 at physiological expres-
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the total protein amount was quantified by Imaged.
The means + SDs are shown (n =3, B; n =4, C;
n =4, D). *p <0.05, *p <0.01, and **p < 0.001.

sion levels; however, this binding was not detected in the ERdj5/
AA mutant (Figure S1D, lanes 3 to 8), indicating that endogenous
Erola interacts with the CXXC motif(s) in ERdj5.

We then observed the effect of Ero1a on the redox state of
ERdj5. As previously reported, PDI and other PDI family proteins
(ERp57, P5, ERp46, and PDIR) were oxidized by the overexpres-
sion of Ero1a (Figures 1B and S2B-S2E),° as detected by the
modification of free thiol groups with 2K-polyethylene glycol
(PEG)-maleimide (Figure S2A). In contrast, we found that ERdj5
was reduced by Erola overexpression (Figure 1C). It is worth
noting that our previous study showed that the redox state in
the ER is not altered by the overexpression of Ero1a.”° Thus,
these results suggest that Ero1a specifically reduces the CXXC
motif(s) in ERdj5 independently of the change in ER redox states
under Ero1a overexpression. Next, we treated cells with small
interfering RNA (siRNA) against Erola. to determine whether
endogenous Erola is involved in the reduction in ERdj5 in the
ER (Figure S2F). ERdj5 was present in a predominantly oxidative
state in the ER due to its redox potential. However, Ero1a knock-
down caused a slight but evident shift of the ERdj5 redox state to
its oxidized form (Figure 1D). These results suggest that Ero1a
serves as the reductase for ERd]5.

Active motifs in the Trx3 and Trx4 domains of ERdj5
accept electrons from Ero1a

We then determined which CXXC motifs in ERd]5 are responsible
for its binding to Ero1a using ERdj5 C1-C4 mutants in which only
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Figure 2. Erola transfers electrons to the
active motifs in the Trx3 and Trx4 domains
of ERdj5

(A and B) Cell lysates were prepared for immuno-
precipitation with anti-FLAG antibody as described
in Figure 1A. The immunoprecipitants were sub-
jected to reducing (A) or nonreducing (B) SDS-
PAGE before immunoblotting with the indicated
antibodies.

(A) The asterisk indicates immunoprecipitates of
Myc-tagged Erola that bound to ERdj5/WT,
ERdj5/C3 mutant, or ERdj5/C4 mutant.

(B) The single, double, or triple asterisks denote the
mixed disulfide complex between Erola and the
ERdj5/C4 mutant, ERdj5/C3 mutant, or ERdj5/WT,
respectively. The transfection of empty vector is
indicated by “mock.” The lower band shown as a
black circle is the product of ERdj5 degradation.
(C) The redox states of ERdj5s (WT or the indicated
mutants) were observed using 2K-PEG-maleimide.
These samples were prepared as described in
Figures 1B and 1C. The ratio of each band of the
reduced form to the total protein amount was
quantified using ImagedJ. The means + SDs are
shown (n > 3). *p < 0.05, *p < 0.01, and
***p < 0.001.
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and 200 kDa (Figure S3B, lanes 5 and
11), respectively. This result was consis-
tent with the data shown in Figure 2B,
which again suggested that ERdj5 binds
to the two molecules of Erola through
the Trx3 and Trx4 domains (Figure S3C).

The reduction of each Trx domain of
ERdj5 was more directly shown by PEG-
maleimide analysis, as shown in Fig-
I ure 2C. Although the Trx1 and Trx2 do-
mains were not reduced by Erola, the

+ Erola/Myc

one CXXC motif among the four was intact, whereas the remain-
ing three CXXC motifs were replaced with AXXA (Figure S1A).
Ero1a preferentially bound the C3 and C4 mutants (Figure 2A,
lanes 6 and 7). Under nonreducing conditions, mixed disulfide
complex formation between ERdj5/WT and Ero1a. was predom-
inantly observed at over 250 kDa (Figure 2B, lanes 3 and 11). In
contrast, Ero1a formed mixed disulfide complexes with ERdj5/
C3 and -C4 mutants, the sizes of which were approximately
200 (Figure 2B, lanes 6 and 14) and 150 kDa (Figure 2B, lanes
7 and 15), respectively, and these findings suggest that the
two molecules of Ero1a. can bind to one molecule of ERdj5 (Fig-
ure S3C). We then analyzed the interaction between Ero1a and
ERdj5/C3/SS or C4/SS mutants in which the CXXC motif in
only the Trx3 and Trx4 domains, respectively, was replaced
with SXXS (Figure S3A). The molecular sizes of mixed disulfide

active motifs in the Trx3 and Trx4 domains
of ERdj5 were specifically reduced by
Ero1a overexpression, and the reduction
in the Trx3 domain was higher than that in the Trx4 domain (Fig-
ure 2C). Taken together, these results suggest that Ero1« trans-
fers electrons to the active motifs of ERdj5 (the Trx3 and Trx4 do-
mains), which provides reductive power to ERdj5 for various
reductive reactions in the ER, an oxidative organelle.”*'8"

0]
28]

C85-C391 pair in Ero1a is required for electron transfer
to ERdj5

To identify which cysteine pairs in Ero1a are involved in elec-
tron transfer to ERdj5, we constructed Ero1a cysteine mutants
and examined mixed disulfide complex formation with ERdj5
under nonreducing SDS-PAGE (Figures 3A, S4A, and S4B).
The mixed disulfide complex formation of ERdj5 with the
Erola mutants was only eliminated when cysteine residues
in the C85-C391 pair were mutated to alanine residues
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Figure 3. ERdj5 receives electrons from the
C85-C391 pair in Erola
(A) After the cotransfection of Myc-tagged Erola
(WT or C85-C391 mutants) and FLAG-tagged
ERdj5s (WT or AA mutant) into HEK293T cells, cell
lysates were subjected to nonreducing SDS-
PAGE before immunoblotting with the indicated
antibodies. The transfection of empty vector is
indicated by “mock.”
(B) Model of electron transfer from the nascent
0 chain to ERdj5 through PDI and Erola. After the
oxidative folding of a nascent chain by PDI,
reduced PDI releases an electron to the disulfide
bridge formed by the C94-C99 pair (5°*-S%°) on
the shuttle loop of Erola. Then, Erola transfers
the electron to the disulfide bridge formed by the
C394-C397 pair (5%94-5%7) and produces H,0, by

Erola

WT AA C-cluster (ERdj5)
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1004
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50 -‘-OX1 — 118
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FAD binding to Erola in the canonical electron
pathway in Erole. In contrast, ERdj5 can hijack
the electron from the C85-C391 pair (S%-S3")
in Erola from the canonical electron transfer
pathway.

(C) Purified red form of Ero1a was treated with (+)
or without (—) 1 mM DPS or coincubated with
C-cluster/WT or AA mutant for 5 min at room
temperature. All final samples for reducing (R) or
Y nonreducing (NR) SDS-PAGE were in 1x Laemmli
buffer, after which samples were subjected to
Coomassie Brilliant Blue (CBB) staining.

(D) Site-resolved analysis of the molecular in-
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ERdj5 are overlaid. Resonances from the C85-
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(E) Disulfide arrangement in the active and inactive
forms of Ero1a. Description of disulfide bridges in
the active form (Ox1) or the inactive form (Ox2) of
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Ero1a. Cysteine residues are shown as red (reg-
ulatory site), green (outer active site), or yellow

(inner active site) dots with amino acid numbering, and disulfide bonds are depicted as green (shuttle disulfide bridge), yellow (inner active disulfide bridge), blue
(reported regulatory disulfide bridge), or red (novel active disulfide bridge found in this study) lines.

(F) Detection of disulfide rearrangement in Ero1a. After the cotransfection of Myc-tagged Ero1a and FLAG-tagged PDlIs (WT or the indicated mutants) or ERdj5s
(WT or the indicated mutants) into HEK293T cells, cell lysates were subjected to R or NR SDS-PAGE before immunoblotting with the indicated antibodies. The

transfection of empty vector is indicated by “mock.”

(C85A/C391A), as shown in Figure 3A (lanes 6 and 13), which
clearly indicated that ERdj5 binds to the C85-C391 cysteine
pair through the mixed disulfide bridge and likely acquires
the electron from Ero1a.

Next, we confirmed the direct electron transfer from Erola
to ERdj5 by in vitro analysis using purified ERdj5 and Ero1a.
A previous study reported that Ero1a shifts to the reduced
form upon mutation of the C85-C391 pair to alanine residues
under nonreducing SDS-PAGE,?* indicating that the C85-
C391 pair is cleaved in the reduced form of Ero1a. Then, we
purified the C104A/C131A mutant and the C85A/C104A/
C131A/C391A mutant to confirm the redox state in the
reduced form of Erola. under nonreducing SDS-PAGE (Fig-
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ure S5A, lanes 5-8). While the C104A/C131A mutant was
dominantly purified in the reduced form (indicated as red in
the figures), this mutant shifted to the active oxidized isoform
1 (Ox1; which is shown in Figure 3E) under oxidant treatment
(Figure S5A, lanes 5 and 6). On the other hand, the shift from
the reduced form to the Ox1 form was not observed in the
C85A/C104A/C131A/C391A mutant regardless of the treat-
ment with DPS, an oxidant (Figure S5A, lanes 7 and 8). This
result suggests that the transition from the reduced form to
Ox1 depends on disulfide bond formation between C85 and
C391 in Erola. Using this purified reduced form of Erole,
we examined the effect of the C-cluster domain of ERdj5 on
the oxidation of Erola. The results showed that the
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C-cluster of WT ERdj5 promoted the transition from the
reduced form of Erola to Ox1 in a dose-dependent manner
(Figure 3C, lanes 2-4). However, this transition was not
observed upon incubation with the C-cluster/AA mutant in
which the CXXC motifs in the Trx3 and Trx4 domains
were substituted with AXXA (Figure 3C, lanes 5-7), suggesting
that ERdj5 catalyzes the disulfide bond formation of C85
and C391 in Ero1a through its CXXC motif. From these in vivo
and in vitro analyses, we concluded that ERdj5 directly
accepts the electron from Erola via the C85-C391
cysteine pair.

Ero1a is reported to indirectly receive electrons produced by
the formation of disulfide in nascent polypeptides entering the
ER. The electrons generated by disulfide formation are initially
transferred to PDI and then to the C94-C99 pair in Erola by
direct binding with PDI (Figure 3B). From the C94-C99 pair,
electrons are then transferred to the C394-C397 pair and
FAD before their final transfer to molecular oxygen to produce
hydrogen peroxide (H>O,) (Figure 3B). The redox potential of
the C94-C99 cysteine pair in the shuttle loop of Erola has
not been determined, but this potential is assumed to be higher
than that of PDI (approximately —165 mV), allowing electron
transfer from PDI to Ero1a (Figure S5B).%° However, the redox
potentials of the CXXC motifs in the Trx3 (—172 mV) and Trx4
(—185 mV) domains of ERdj5 were estimated to be lower
than that of the C94-C99 cysteine pair,'® which indicated that
electrons could not be transferred from the C94-C99 cysteine
pair in Erola (Figure S5B). This result is consistent with the
finding that the C94-C99 pair of Ero1a is not essential for disul-
fide complex formation with ERdj5 (Figure S4A, lanes 6 and 19).
However, a previous study showed that the redox potential of
the C85-C391 cysteine pair in Erolo. was —275 mV.?* This
finding implies that once the C85-C391 cysteine pair receives
electrons, these electrons can be efficiently transferred to the
CXXC motif in the Trx3 or Trx4 domain of ERdj5 due to the
much lower redox potential of the C85-C391 pair. As expected,
mutation of the C85-C391 pair (C85A/C391A) in Erola
decreased the reduction of ERdj5 compared with that observed
with WT Erole (Figure S5C).

To confirm the direct contact of ERdj5 with the C85-C391
pair of Ero1a, we examined the structural interaction between
Ero1a and the C-cluster domain of ERdj5 by nuclear magnetic
resonance (NMR) spectroscopy. For this purpose, "H-"°N cor-
relation spectra of the N cysteine-labeled, constitutively
active C104A/C131A mutant of Erola were measured (Fig-
ure 3D).*?° Furthermore, we used an oxidized form of each re-
combinant protein to analyze the effect of ERd]5 binding on the
structural position of cysteine pairs in Ero1e. in this experiment.
Backbone amide resonances originating from the C85-C391
and C94-C99 pairs were identified by mutational analyses (Fig-
ure S6). When one molar equivalent of the C-cluster of ERdj5
was added to Erola, the resonances of the C85-C391 pair,
but not those of the C94-C99 pair, exhibited significant chem-
ical shift changes. This finding strongly suggests that the
C-cluster of ERdj5 is in close proximity to the C85-C391 pair
of Ero1a. Other resonances, #3, #6, #8, and #9, also showed
chemical shift perturbations upon addition of the C-cluster.
Although we do not have assignments of these resonances,
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these changes may reflect the presence of additional contact
sites between the C-cluster of ERdj5 and Erola or the long-
range structural changes induced to Erola upon binding to
the C-cluster.

Although the redox potential of ERd]5 is lower than that of the
C94-C99 cysteine pair in Ero1a, electrons were not transferred
from ERdj5 to Erola, as shown in Figure S5B. The inactive
form of Erola exists as Ox2, in which C94 forms a disulfide
bond with C131 and C99 forms a disulfide bond with C104 (Fig-
ure 3E). Before the transfer of electrons from PDI, Ero1a. is con-
verted to active Ox1, in which a disulfide bond is formed between
C94 and C99; this cysteine pair receives electrons from PDI.
These disulfide rearrangements of intramolecular disulfide
bonds between Ox1 and Ox2 of Ero1a have been determined
in previous studies.?>*® When WT PDI was overexpressed, the
Ox1 form of Ero1a was observed, whereas the inactive form of
PDI (AA mutant) did not convert Ox2 to Ox1 (Figure 3F). In
contrast, the Ox1 form of Erola was not observed following
the overexpression of either WT or mutant (AA mutant) ERd]5,
suggesting that electrons were not transferred from ERdj5 to
Erola. These data are also consistent with results showing
that the binding of ERdj5 to Ero1a affects the dynamics of the
C85-C391 pair in Ero1a but not that of the C94-C99 pair in the
NMR analysis (Figure 3D).

A conformational change in ERdj5 allows electron
transfer from Ero1a

The electron transfer from Ero1a to the C3 and/or C4 domains
of ERdj5 was further examined based on the molecular struc-
ture. Because the molecular structures of Ero1lo and ERdj5
were available,'®?> we performed a docking simulation using
an available algorithm.?”*® As shown in Figure 4A, Erola
C85 is separated from C588 at the redox-active site of
ERdj5 Trx3 by a distance of only 6.5 A, which likely allows effi-
cient electron transfer from the Ero1a C85-C391 pair to ERdj5
Trx3. However, this complex model hardly explains how elec-
trons can also be transferred to the CXXC motif of ERdj5 Trx4.
Recently, a structural analysis using X-ray crystallography re-
vealed that ERdj5 can adopt another conformation (form Il) in
which the C-cluster is rotated by 110° relative to that of the
original structure (form 1) (Figure 4B).?° While form | is domi-
nant, forms | and Il of ERdj5 are interconvertible by a confor-
mational change via a flexible loop region between the N- and
C-clusters. A docking simulation employing the crystal struc-
ture of form Il provided another solution for the Ero1a-ERdj5
complex, in which C85 of Erola was located 11.4 A from
C700 at the redox-active site of ERdj5 Trx4 (Figure 4C), sug-
gesting efficient electron transfer from the Ero1a C85-C391
pair to ERdj5 Trx4.

These two pathways of electron transfer were verified by the
production of two ERdj5 mutants, the S557P and G103C/
W587C ERdj5 protein mutants, which were fixed in forms | and
Il, respectively (Figure 4D).?° As shown in Figure 4E, Erola
reduced both form | and Il ERdj5. However, Ero1a did not reduce
the form | ERdj5 mutant (S557P) with an inactive CXXC motif
(AXXA) in its Trx3 domain (C3AA) or the form Il ERdj5 mutant
(G103C/W587C) with an inactive CXXC maotif in its Trx4 domain
(C4AA) (Figures 4D and 4F). These results clearly suggested
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Figure 4. A conformational change in
ERdj5 allows electron transfer from Eroia
(A and C) Docking simulation of the complex be-
tween Erola (gray) and form | (magenta) (A) or
form Il (cyan) (C) ERdj5. Magnified pictures show
the distance between the active site of ERdj5 and
the C85-C391 pair in Ero1a.
(B) Structural differences between forms | and Il of
ERdj5. The C-cluster is composed of the Trx3 and
Trx4 domains, which have reductase activity. The
C-cluster in form |l is rotated by approximately
110° with respect to the same cluster in form I.
(D) The series of ERdj5 mutants constructed in
this work.
CPPC CHPC CGPC (E and F) The redox states of ERdj5/S557P and
SES G103C/W587C were observed using 2K-PEG-
S557P maleimide. These samples were prepared as
CPPC CHPC CGPC described in Figures 1B and 1C.

C-cluster
CPPC CHPC CGPC

W587C
CPPC AHPA CGPC

S557P
CPPC CHPC AGPA

than that without PDI (Figure 5A, blue
and black line). However, oxygen con-
sumption by Ero1a and PDI was signif-
icantly reduced in the presence of
C-cluster/WT but not in the presence

W587C

E - = F g g of the AA mutant (Figure 5A, red line
E L% L% ERGS/FLAG _ - Q e and green line). This suggests that
(Da) = + - % - + ErolaFLAG = £ L% E E CRaSLAG ERdj5 hijacks electrons from the ca-
100] 8 o +R2 (kDa) =+ -~ Em’g/Myc nonical electron 'transfer pathway.
S i I*B? FLAG (PE 100, ] 1R2 Next, the ER-localized H,O, indicator

133 ' (PEGH) S S N W T5T P W (O ER-HyPer was used to investigate the
————— - 754 IB : FLAG (PEG+) effect of this electron transfer pathway

;: 1B : FLAG (PEG-) 100 on H,0, production in the ER in living
B - et = E PEGY cells.”” First, as a control experiment,

bl 75 we examined the binding between

50 IB : FLAG (PEG-) ERdj5 and ER-HyPer to confirm
50 IB : Myc (PEG-) whether ERdj5 reduces ER-HyPer as a

that Ero1a reduced the CXXC motif of the Trx3 domain in form |
ERdj5 and that of the Trx4 domain in form Il ERd]5 after form Il of
ERdj5 emerged following a conformational change.

The nascent chain provides electrons for reductive
reactions in the ER

When PDI receives electrons from nascent polypeptides,
those electrons are transferred to the C94-C99 cysteine pair
in Erola, then to the C394-C397 cysteine pair, and finally to
molecular oxygen via FAD, producing H,O, (Figure 3B).%%"
We have revealed that some of these electrons can be trans-
ferred to ERd]5 via the C85-C391 pair of Ero1a. If this electron
pathway exists, oxygen consumption through the PDI/Ero1a
pathway should be suppressed by the presence of ERdj5.
To demonstrate this pathway, we measured the oxygen con-
sumption of Erola by an in vitro reconstituted system using
purified recombinant ERdj5/C-cluster, PDI, and Ero1a. In the
presence of excess reduced PDI, oxygen consumption by
constitutively active Erola. (C104A/C131A) was much faster
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substrate. Even the substrate-trapping

ERdj5/CA mutant could not bind to

ER-HyPer, confirming that ERdj5 does
not directly affect the redox of ER-HyPer (Figure S7A). Live im-
aging of ER-HyPer showed that Erola knockdown almost
completely prevented the production of H,O, after washing
out 2 mM dithiothreitol (DTT) (Figure 5B, blue line). In contrast,
ERdj5 knockdown promoted the production of H,O, (Fig-
ure 5B, red line). These findings suggest that ERdj5 salvages
the electrons consumed to produce H,O, in the canonical
electron transfer pathway. Next, we addressed the most
important and interesting question about ERdj5: do nascent
polypeptides actually supply electrons to ERdj5? If this is
true, then translational inhibition should shift ERdj5 to a
more oxidative state. This was the case. The redox state of
endogenous ERdj5 gradually shifted to an oxidized state after
treatment with cycloheximide (CHX), an inhibitor of translation
(Figure 5C). Previously, it was shown that long-term treatment
with CHX does not affect the balance between oxidized and
reduced GSH in the ER.°®* Thus, the change in the redox
state of ERdj5 induced by CHX treatment is not due to the
perturbation of ER redox conditions. From these findings, we
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Figure 5. ERdj5 hijacks electrons produced
from oxidative folding of PDI/Ero1a
(A) Oxygen consumption by Ero1ea.in vitro. Oxygen

consumption assays were conducted in air-satu-
rated buffer, which was designated 100% oxygen
(~250 uM oxygen). These assays were initiated by
the injection of reduced recombinant PDI. Oxygen
consumption during the incubation was monitored
with an oxygen electrode. The means + SDs are
shown (n = 3).

(B) The H,O, concentration in the ER was
measured with ER-HyPer, an ER-localized H,0,
indicator. The lines indicate a change in the ER
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concluded that nascent polypeptides supply electrons to the
ER for reductive reactions (Figure 5D).

Electrons derived from oxidative folding in the ER are
utilized for reductive reactions by ERdj5

We previously reported that the reductive activity of ERdj5 is
involved in the acceleration of ERAD of misfolded proteins.”"'®
Next, the effect of electron transfer from Erola to ERdj5 on
ERAD was examined by transfecting a null Hong Kong (NHK)
variant of al-antitrypsin, an ERAD substrate, into Ero1a-defi-
cient cells (Ero1a/knockout [KOJ) (Figure S7B), followed by the
examination of NHK degradation using pulse-chase experiments
(Figure 6). Although the degradation of NHK was accelerated in
ERdj5-overexpressing cells compared with WT cells (Figure 6A,
black line and red line), its degradation was slightly repressed in

0246 8101214161820 (min)

H,0, concentration in HelLa cells transfected with
NS (black) or specific siRNA against ERd]5 (red) or
Ero1a (blue). The means + SDs are shown (n > 14).
The timing of DTT treatment is indicated by the red
arrow. The removal of DTT is indicated by the blue
arrow.

(C) The redox states of endogenous ERdj5 under
treatment with 50 pg cycloheximide (CHX), an in-
hibitor of translation. The samples were prepared
for the PEG-switch assay as described in
Figures 1B and 1C. The left graph shows the
quantification of reduced endogenous ERdj5 by
ImageJ. The means + SDs are shown (n = 3).
*p < 0.05, *p < 0.01, and **p < 0.001.

(D) In the canonical oxidative folding pathway in the
ER, reduced PDIs from nascent chains are
oxidized by Erola. Erola releases electrons to
molecular oxygen through FAD, producing H>O,
(black and blue arrow lines). Most electrons from
the pathway of oxidative folding by PDI-Ero1a are
diverted to the production of H,O,, and some of
those electrons are utilized to produce reductive
force in ERd]5 (red arrow line). In fact, Ero1a spe-
cifically binds the active sites of the Trx3 and Trx4
domains in ERdj5. ERd]5 is reduced by only Ero1a
and inhibits the oxygen consumption of Erola,
which implies that ERd]5 hijacks electrons from the
canonical pathway of oxidative folding by PDI-
Erola.

—>
Canonical electron transfer pathway

—>
Electron transfer pathway to ERdj5

Ero1a/KO cells (Figure 6A, orange line),

which suggested that endogenous

Erola is involved in ERAD. Notably, the
acceleration of NHK degradation by ERdj5 was clearly inhibited
in Ero10/KO cells (Figure 6A, red line and blue line). Furthermore,
to directly assess the acceleration of NHK degradation mediated
by disulfide reduction of ERdj5, we observed the dimer species
of NHK (NHK/dimer) under nonreducing SDS-PAGE (Figure 6B).
NHK/dimer decreased more rapidly in ERdj5-overexpressing
cells than in WT cells (Figure 6B, black line and red line). While
the decreases in NHK/dimer in Ero1a/KO cells were slightly
slower than those in WT cells (Figure 6B, orange line and black
line), the decrease in NHK/dimer depending on ERdj5-mediated
disulfide reduction was obviously suppressed in Ero1a/KO cells
(Figure 6B, red line and blue line). These findings support the
conclusion that electrons from nascent polypeptides are trans-
ferred to ERd]5 via Ero1a and then utilized for reductive reactions
by ERdj5, resulting in the acceleration of ERAD in the ER.
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DISCUSSION

Three paradigms for redox regulation in the ER are elucidated in
our conclusion described above (Figure 5D). First, Erola, a
representative and hub oxidase in the ER redox network, can
also act as a reductase for a specific substrate, ERdj5. Second,
electrons previously thought to be automatically consumed to
produce H,O, through the canonical electron transfer pathway
including PDI and Ero1a. can be salvaged and used for reductive
reactions in the ER.

Third and most importantly, nascent polypeptides entering the
ER can serve as electron donors to provide reductive force to the
oxidative ER. In the periplasm of Escherichia coli, electrons are
transferred from Trx, a typical reductase in the cytosol, to
DsbD on the periplasmic membrane and used as an electron
source for DsbC, a luminal reductase in the periplasm.®**° In
mammalian cells, however, no factors that, like DsbD, mediate
electron transfer to luminal proteins in the ER have yet been
identified.*®%"

The mechanism through which the ER acquires reductive
force is currently unknown, except one recent report has shown
that small reductive molecules, such as GSH, are transported
through translocons on the ER membrane.*® Specific trans-
porters for small reductive molecules, such as GSH and
NADPH, have not been reported. When one molecule of GSH
is transported by this unidentified transporter, two electrons
are introduced into the ER. In contrast, the efficiency of electron
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Figure 6. Electrons produced from oxidative
folding in the ER are salvaged by ERdj5

24 h after transfection, HEK293T cells were labeled
for 15 min with [**S] methionine-cysteine (the
transfection protocol is described in Figure S7B)
and chased for the indicated periods. The meta-
bolically labeled NHKs were immunoprecipitated
with an a1-antitrypsin-specific antibody and sub-
jected to R (A) or NR (B) SDS-PAGE. The means +
SDs are shown (n = 3, A; n = 3, B). The transfection
of empty vector is indicated by “mock.”

transfer into the ER by the Ero1a/ERdj5
pathway proposed here might be much

NHK/dimer higher than that by GSH translocation
100 4 across the ER membrane because one
nascent polypeptide chain contains multi-
80 ple disulfide bonds.
In Figure 4, the results from docking
60 simulation and biochemical analysis indi-
cate that the target CXXC motifs of elec-
20 tron transfer from Erolo differ between
forms | and Il of ERdj5. Previously, it was
—&—\\VT/Mock . . .
) reported that this dynamic conformational
20 | —emWI/ERdS hange between forms | and Il is involved
— e KOMock change between forms | and Il is involve
——KO/ERG}5 in the efficient reduction of unfolded sub-
0 ) ,  strates in the ER.?° According to our re-
Time (hr) sults, Erola recognizes the respective

structure of ERd]5 and efficiently transfers

electrons to the active motifs in the Trx3
and Trx4 domains of ERdj5. However, it remains to be elucidated
why two active motifs are required for efficient substrate
reduction.

In Figure 3C, we clearly show that ERdj5 accepts the electron
from the C85-C391 pair of Ero1a using purified recombinant pro-
teins. Furthermore, NMR interaction analysis and immunopre-
cipitation analysis revealed that ERdj5 preferentially binds to
the C85-C391 pair of Erola but not to the C94-C99 pair. We
may argue that a conformational change in the C85-C391 pair
induced by the binding of ERdj5 observed in the NMR interaction
analysis could allow the C94-C99 residues in the flexible shuttle
loop to access the C85-C391 pair, which is otherwise buried in
the interior structure. Such an on-demand electron-transfer
mechanism may be advantageous for the transfer of electrons
to the noncanonical C85-C391 pair only when ERdj5 binds to
Ero1a and does not interfere with the canonical electron transfer
to the C394-C397 pair when ERdj5 is not bound. However, the
detailed mechanism by which the canonical electron transfer
pathway (Figure 3, blue arrow) is switched to the pathway to
ERdj5 via C85-C391 (Figure 3, red arrow) remains to be ad-
dressed in the future. In a previous study, it was observed that
the C85-C391 pair in Erola is reduced under hypoxic condi-
tions.® This result indicates the possibility that molecular oxy-
gen determines the electron transfer pathway in Ero1a. In other
words, the reaction efficiency of Ero1a with molecular oxygen
may control the cleavage of the C85-C391 pair to reduce
ERdj5. In Figure 3D, we observed that ERdj5 binding induces a



Cell Reports

conformational change in Ero1a. From this observation and a
previous report, we assume that the conformational change of
Ero1a by ERd]j5 binding might affect its reaction with molecular
oxygen, resulting in a change in the electron transfer pathway
of Ero1a.

Figures 5A and 5B demonstrate that some electrons for the
production of hydrogen peroxide are salvaged by ERdj5 and
become available for reductive activity. This mechanism also
contributes to reducing Ho.O, produced by Erol1a, which may
prevent the excess production of cytotoxic H,Os in the ER. In
Figure 6, we show that ERAD enhancement by ERdj5 overex-
pression is completely abrogated in Ero1a-deficient cells, indi-
cating that electron transfer by Erola is sufficient to maintain
the reductase activity of ERdj5. While GSH possibly serves as
a reductant for ERdj5, the previous study reported that the
depletion of ER Iuminal GSH has no effect on ERAD.“° Based
on these observations, we concluded that most of the electrons
supplied to ERdj5 come from oxidative folding by the PDI-Ero1a
complex rather than GSH.

We previously reported that the ERdj5-mediated reductive re-
action is directly involved in ERAD and the maintenance of cal-
cium homeostasis, and thus the importance of reductive reac-
tions in the ER, an oxidative organelle, is gaining increasing
attention. We hereby established a paradigm regarding the
mechanism through which the ER acquires reducing power,
which is the basis of the reductive reaction.

Limitations of the study

Our findings reveal that ERdj5, a disulfide reductase in the ER,
utilizes electrons from the oxidative folding of nascent polypep-
tide chains via the PDI-Ero1a. complex for reductive activity.
However, we could not estimate the exact number of electrons
transferred from Erola to ERdj5 or to O,. We also consider
that switching these electron transfer pathways in Ero1a is driven
by the conformational change triggered by binding to ERdj5.
Since the electron-transfer-associated interaction between
Erola and ERdj5 is a rapid reaction, it was challenging to
observe detailed structural changes occurring in Ero1a. Addi-
tionally, previous studies have suggested the possibility of other
electron pathways from the cytosol to the ER.*® Thus, exploring
the functional redundancy and contribution of these electron
transfer pathways into the ER will lead to understanding the sig-
nificance of the electron network in the ER.
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Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23227
EXPRE®S%°S Protein Labeling Mix PerkinElmer Cat# NEG772
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(Ultracel-30 regenerated cellulose
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Experimental models: Cell lines

Human: HEK293T ATCC CRL-3216; RRID: CVCL_0063
Human: HelLa Kyoto S. Narumiya RRID: CVCL_1922
Human: HEK293T ERdj5 KO This paper N/A

Human: HEK293T Ero1a KO This paper N/A
Oligonucleotides

siRNA targeting sequence for ERd]5, see This paper N/A

the plasmid and siRNA section in method

details

siRNA targeting sequence for Ero1a, see This paper N/A

the plasmid and siRNA section in method

details

gRNA targeting sequence for ERd]5, see the This paper N/A

plasmid and siRNA section in method

details

gRNA targeting sequence for Ero1a, see the This paper N/A

plasmid and siRNA section in method

details
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Mouse ERdj5/SS/FLAG in pcDNAS.1 Ushioda et al.” N/A
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Mouse ERdj5/Form I/FLAG in pcDNA3.1 Maegawa et al.” N/A

Mouse ERdj5/Form II/FLAG in pcDNA3.1 Maegawa et al.*® N/A

Mouse ERdj5/Form I/C3/AA/FLAG in This paper N/A
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Mouse ERdj5/Form II/C4/AA/FLAG in This paper N/A
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p5/WT/FLAG in pcDNA3.1 Araki et al.® N/A

ERp46/WT/FLAG in pcDNAS.1 Araki et al.® N/A

ERp57/WT/FLAG in pcDNAS.1 Araki et al.® N/A

PDIR/WT/FLAG in pcDNAS.1 This paper N/A

Ero1o/WT/FLAG in pcDNAS.1 Araki et al.® N/A

Ero1o/WT/Myc in pcDNA3.1 This paper N/A

Ero10/C94A/C99A/Myc in pcDNA3.1 This paper N/A

Ero10/C104A/C131A/Myc in pcDNAS.1 This paper N/A

Ero10/C208A/C241A/Myc in pcDNA3.1 This paper N/A

Ero1a/C85A/C391A/Myc in pcDNA3.1 This paper N/A

Ero1a/C394A/C397A/Myc in pcDNA3.1 This paper N/A

ER-HyPer in pcDNA3.1 Kirstein et al.®” N/A

6xHis/Ero10/C104A/C131A in pETDuet-1 Araki et al.® N/A

6xHis/Ero12/C104A/C131A/C166A in This paper N/A

pETDuet-1

6xHis/Ero1a/C94A/C99A/C104A/C131A/ This paper N/A

C166A in pETDuet-1

6xHis/Ero1a/C85A/C104A/C131A/C166A/ This paper N/A

C391A in pETDuet-1

6xHis/PDI/WT in pETDuet-1 Araki et al.® N/A

6xHis/ERdj5/C-cluster/WT in pETDuet-1 This paper N/A

6xHis/ERd}5/C-cluster/AA in pETDuet-1 This paper N/A

CRISPER/Ero1a in px330 This paper N/A

CRISPER/ERd]5 in px459 This paper N/A

Software and algorithms

ImagedJ NIH https://imagej.nih.gov/ij/

Pymol Schrédinger https://pymol.org/2/

Surfit Web Server Osaka university https://sysimm.ifrec.osaka-u.ac.jp/
docking/main/

CHOPCHOP Labun et al.*’! https://chopchop.cbu.uib.no/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ryo Ush-

ioda (ryo3ussy3@cc.kyoto-su.ac.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.

® Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HEK293T and Hela cells (HeLa Kyoto strain) were cultured in Dulbecco’s modified Eagle’s medium (Gibco, 11995) supplemented
with 10% inactivated foetal calf serum and 1% penicillin/streptomycin.

METHOD DETAILS

Plasmid and siRNA

Human Ero1a and PDI family member constructs were kindly provided by Dr. Kazutaka Araki. Ero1a cysteine mutants (C94A/C99A,
C104A/C131A, C208A/C241A, C85A/C391A and C394A/C397A) were generated using the QuikChange site-directed mutagenesis
kit (Stratagene). For target gene knockdown, stealth siRNAs were obtained from Life Technologies. The siRNA sequences were as
follows: siERdj5, 5’-UAAGCAUCCCUAUUCCAACCAUUGU-3’; siEro1a, 5’-CAGGAACUUGUUACAGAAUAUUCAU-3’. Medium GC
Stealth™ RNAIi duplexes were used as negative controls. The construction of the vector for Ero1e. and ERdj5 knockout by the
CRISPR/Cas9 system was performed according to Zhang’s protocol.*? The target sequences were investigated at the Chop-
Chop site’’, and a primer set (5-CACCGTGTGAACAAGCTGAACGACT-3’), (5'-AAACAGTCGTTCAGCTTGTTCACAC-3’),
(5’-CACCGTAAGAAAGAGAATGGGAGTC-3’), and (5’-AAACGACTCCCATTCTCTTTCTTAC-3’) was synthesized by Invitrogen
Custom DNA Oligos. These primers were annealed and phosphorylated by T4PNK in the thermal cycler. Annealed and phosphory-
lated target sequences were digested by Bbsl. Digested target sequences were inserted into px330 or px459.

Antibodies

Mouse monoclonal and rabbit polyclonal anti-FLAG antibodies were purchased from Sigma-Aldrich and Rockland, respectively.
Rabbit polyclonal antibody against Myc-tag was purchased from Medical & Biological Laboratories. Mouse monoclonal anti-
Ero1a was purchased from Merck Millipore. Mouse monoclonal anti-ERdj5 antibody was purchased from Abnova. a.1-Antitrypsin
antibody was purchased from DAKO. GFP antibody was purchased from Proteintech.

Transfection
Cell transfection with plasmids or siRNAs was performed using Lipofectamine 2000 and RNAIMAX (Life Technologies).

Cell lysis and immunoprecipitation

Cells were denatured and precipitated in ice-cold PBS containing 10% trichloroacetic acid (TCA). The precipitants were incubated on
ice for 30 min and centrifuged at 10,000 rpm and 4°C for 30 min. The pellets were washed three times with ice-cold acetone using an
ultrasonic sonicator (Bioruptor, Cosmo Bio Co.). The pellets were completely dried and then incubated in 100 mM phosphate buffer
(pH 7.0) containing 1% SDS and 20 mM NEM for 1 h at room temperature. The samples were diluted 10 times in dilution buffer [20 mM
NEM, 50 mM Tris-HCI (pH 6.8), 150 mM NaCl and 1% Nonidet P-40]. The diluted samples were incubated with specific antibodies for
immunoprecipitation. The incubated antibodies were collected by incubation with Sepharose beads for 1 hour and centrifugation at
1,000 x g for 3 min. The immunoprecipitants were eluted in 2x sample buffer for 10 min at 60°C and separated by SDS-PAGE. Immu-
noblotting was conducted under reducing or nonreducing conditions with the antibodies indicated in the text. Regarding the samples
for mass analysis, the cells were washed twice with ice-cold PBS, lysed in lysis buffer [20 mM NEM, 50 mM Tris-HCI (pH 6.8), 150 mM
NaCl and 1% Nonidet P-40] supplemented with protease inhibitors (Nacalai Tesque) for 20 min on ice and then centrifuged at
15,000 xg and 4°C for 20 min. The supernatants were incubated with specific antibodies for immunoprecipitation. Silver staining
was performed with 2D-Silver Stain Reagent Il (Cosmo Bio Co., Ltd.) as described in its manual. The target bands were excised
from the gel and analysed by matrix-assisted laser desorption/ionization-quadrupole-time-of-flight-tandem mass spectrometry
(MALDI-Qg-TOF MS/MS). To stably detect redox protein complexes, the cells were treated with 100 uM DVSF for 1 hour before
cell lysis.

PEG shift assay

Cells were treated with 10 mM DTT for 5 min or 1 mM Dipyridyl Disulfide (DPS) for 5 min, denatured and precipitated in ice-cold PBS
containing 10% trichloroacetic acid (TCA). The precipitates were incubated on ice for 30 min and centrifuged at 10,000 rpm for 30 min
at 4°C. The pellets were washed three times with ice-cold acetone using an ultrasonic sonicator (Bioruptor, Cosmo Bio Co.). After
drying the pellets completely, the pellets were incubated in 100 mM phosphate buffer (pH 7.0) containing 1% SDS and 1 mM 2K-
PEG-maleimide for 1 h at room temperature. To detect endogenous proteins, samples were precipitated with 10% TCA again after
PEG modification. All final samples for SDS-PAGE were in 1x Laemmli buffer, after which samples were subjected to immunoblot-
ting with each antibody.

Purification of recombinant proteins

E. coli BL21 cells (Novagen) carrying pETDuet-TEV-PDI or Ero1a were cultured in LB medium with ampicillin (Amp) at 37°C until an
AB00 of 0.5 was reached. Protein expression was induced with 0.5 mM isopropyl-B-D-thiogalactoside (IPTG) for 4 h at 30°C. For
analysis of the interaction with the C-cluster of ERdj5 by NMR, a "°N cysteine-labelled Ero1a sample of the constitutively active
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C104A/C131A mutant was used. For the resonance assignments of C85-C391 and C99-C94 disulfide pairs, C85A/C391A and
C94A/C99A double mutations, respectively, were additionally introduced into the C104A/C131A/C166A triple mutant. The
C166A mutation was introduced to prevent disulfide dimer formation via C166. The E. coli cells were grown in M9 medium sup-
plemented with 50 mg/L ['°N] L-cysteine (Cambridge Isotope Laboratory) and other nonlabelled amino acids. Harvested cells were
sonicated in 50 mM Tris-HCI (pH 7.5) containing 300 mM NaCl and 1 mM phenylmethylsulfonyl fluoride (PMSF). The cell lysate
supernatant was loaded onto a HisTrap column (Cytiva) equilibrated in 50 mM Tris-HCI (pH 8.0) containing 300 mM NaCl and
20 mM imidazole. Proteins were eluted with a linear gradient of 50 mM to 0.5 M imidazole. Ero1a was loaded onto a Hi Load
16/60 Superdex 200 pg column (Cytiva) equilibrated in buffer [50 mM Tris-HCI (pH 8.0), 300 mM NaCl]. Eluted proteins were
applied to a Mono Q™ 10/100 GL column (Cytiva) preequilibrated with 50 mM Tris-HCI (pH 8.1). The samples were eluted
with a linear NaCl gradient ranging from 0 to 500 mM in buffers A [50 mM Tris-HCI (pH 8.0), 1 mM EDTA] and B [50 mM Tris-
HCI (pH 8.0), 500 mM NaCl, 1 mM EDTA]. For purification of the reduced form of Ero1a, harvested cells were sonicated in buffer
[20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 20 mM imidazole, 0.02% Triton X-100, and 1 mM PMSF]. The cell lysate super-
natant was loaded onto a HisTrap column (Cytiva) equilibrated in buffer [20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 20 mM
imidazole, 10% glycerol, and 0.02% Triton X-100]. Proteins were eluted with 0.5 M imidazole.

For purification of the C-cluster of ERdj5, E. coli Origami™ B(DE3) cells (Novagen) carrying the pETDuet-TEV-C-cluster were
cultured in LB medium with Amp at 37°C until an A600 of 0.5 was reached. Protein expression was induced with 0.1 mM IPTG for
16 h at 18°C. The harvested cells were sonicated in buffer [20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 20 mM imidazole, 1 M
NDSB-201, 0.02% Triton X-100, and 1 mM PMSF]. The cell lysate supernatant was loaded onto a HisTrap column (Cytiva) equili-
brated in buffer 20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 20 mM imidazole, 1 M NDSB-201, and 0.02% Triton X-100]. Proteins
were eluted with a linear gradient of 20 mM to 0.5 M imidazole. The C-cluster was loaded onto a Hi Load 16/60 Superdex 200 pg
column (Cytiva) equilibrated in buffer [25 mM Tris-HCI (pH 7.0), 100 mM NaCl].

Oxygen consumption assay

O, consumption was measured with a FireStingO2 fibreoptic oxygen meter (Pyro Science) by mixing 100 uM reduced PDI with 1 uM
Ero1a mutants in air-saturated buffer or 100 uM reduced PDI with 1 uM Ero1a in the presence of 1 uM C-cluster/WT or AA mutant
at 30°C.

Live imaging of ER-HyPer

The cells were harvested on a triple-well glass-bottom dish (lwaki) in FluoroBrite DMEM (Life Technologies). An LSM700 microscope
equipped with a Plan-Apochromat 63x/1.40 oil DIC lens was used for live imaging. The cells were excited with a laser at 405 and
488 nm with 2.4 and 2.4% power, respectively. Fluorescence emission from ER-HyPer was detected with a 490/555 nm bandpass
filter. Images were analysed using ZEN software. Ratios of fluorescence intensities at 405 nm/488 nm were determined from the
average fluorescence intensities at regions of interest.

Docking simulation

Docking simulations to analyse the molecular surface, electrostatic potential and hydrophobicity complementarity were carried out
online (https://sysimm.ifrec.osaka-u.ac.jp/docking/main/) and weighted by the conservation of interacting residues.””*® To this end,
we employed crystal structures of Ero1a (PDB ID: 3AHQ) and ERdj5 (PDB ID: 5AYK for form | and 5AYL for form I1).25:2°

Metabolic labelling and pulse chasing

Cells cotransfected with ERdj5 and NHK were preincubated in DMEM lacking methionine and cysteine (Invitrogen) for 30 min and
labelled for 15 min with [3*S]methionine-cysteine (PerkinElmer Life Science). After labelling, the radioisotope was removed by
washing with PBS. The cells were then incubated in DMEM during the chase period. The cells were washed with ice-cold PBS, lysed
in lysis buffer [20 mM NEM, 50 mM Tris-HCI (pH 6.8), 150 mM NaCl and 1% Nonidet P-40] supplemented with protease inhibitors
(Nacalai Tesque) for 20 min on ice and then centrifuged at 15,000 xg and 4°C for 20 min. The supernatants were incubated with
a.1-antitrypsin-specific antibody for immunoprecipitation. The band intensity in pulse-chase experiments was quantitated by
measuring radioactivity.

NMR experiments

Ero1a and the C-cluster of ERdj5 samples were exchanged with NMR buffer containing 25 mM Tris-HCI (pH 7.1), 100 mM NaCl, and
10% D,0 by ultrafiltration using Amicon Ultra centrifugal devices (Millipore; MWCO 10K) and concentrated to a protein concentration
of 150 uM in 230 pL. The NMR samples were transferred into a 5-mm microtube (Shigemi). NMR experiments were performed with a
Bruker Avance Neo-800 MHz spectrometer equipped with a TCI triple-resonance cryoprobe (Bruker). Two-dimensional 'H-"°N
TROSY HSQC spectra were acquired at 25°C.** The acquisition times in the direct and indirect dimensions were 40.0 ms (t2, "H)
and 13.2 ms (t1, °N), the spectral widths were 14 ppm (F2, 'H) and 32 ppm (F1, "®N), and scans were accumulated 1,536 (free
Ero1a) and 2,048 (Ero1a-ERdj5 mixture) times per indirect t1 point with an interscan delay of 1 s. The experimental times were 29
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and 39 hours, respectively. Data processing was performed using TopSpin 3.1 (Bruker). The time domain data were zero-filled in the
indirect dimension and multiplied with a squared sine function in both dimensions followed by Fourier transformation to obtain 2D
spectra.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative data are presented as the mean + standard deviation (SD). ImageJ was used for data analysis and statistics. Two-
tailed Student’s t tests were used for comparison of means of data between two groups.
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Figure S1. Identification of ERdj5-binding proteins using DVSF
(A) The series of ERd]j5 mutants constructed in this work. (B) Silver staining of proteins that bind ERdj5 and the
indicated mutants. Twenty-four hours after the transfection of FLAG-tagged ERd]j5 and ERd|5 mutants into HEK293T
cells, the transfected cells were treated with 100 uM DVSF for 1 hour. Cell lysates were mixed with anti-FLAG-M2
affinity gel, and protein complexes including FLAG-tagged ERdj5 were eluted with FLAG peptide. The eluted samples
were subjected to reducing SDS—-PAGE for analysis by silver staining (upper column) and immunoblotting with the
indicated antibodies (lower column). The transfection of empty vector is indicated by “Mock”. (C) List of the binding
partners of ERdj5. (D) Twenty-four hours after the transfection of FLAG-tagged ERdj5/WT and ERdj5/AA mutant into
ERdj5-deficient HEK293T cells (ERdj5/KO), cell lysates were mixed with anti-FLAG-M2 affinity gel, and protein
complexes including FLAG-tagged ERdj5 were eluted with FLAG peptide. The eluted samples were subjected to
reducing SDS—-PAGE for analysis by immunoblotting with the indicated antibodies. The transfection of empty vectoris
indicated by “Mock”. The red asterisk indicates immunoprecipitates of endogenous Erola.
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Figure S2. Other PDI family members are oxidized by Erola.
(A) The principle of PEG-maleimide analysis. If certain proteins are in equilibrium between oxidation and reduction in
the cell, the redox state can be fixed by trichloroacetic acid (TCA) precipitation. After TCA precipitation, the free thiol
group in cysteines is specifically modified by PEG-maleimide. For instance, if the redox state of a 20 kDa protein
containing two cysteines is analysed by this method using 2 kDa PEG-maleimide, the reduced state shows an
approximately 4 kDa shift after electrophoresis. (B-E) After the cotransfection of FLAG-tagged PDIs (ERp57 a, p5 b,
ERp46 c, PDIR d) and Myc-tagged Erola into HEK293T cells, the cells were prepared for the PEG-switch assay as
described in Figure 1B and 1C. (F) After the transfection of nonspecific SiRNA (si/NS) or specific SIRNA against Erolo
(si/Erola) into HEK293T cells, cell lysates were subjected to SDS—PAGE before immunoblotting with the indicated

antibodies.
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Figure S3. Erola forms a mixed disulfide complex with ERd]|5.

(A) Series of ERdj5 mutants constructed in this work. (B) Cell lysates were prepared for immunoprecipitation with ant
FLAG antibody as described in Figure 1A. The immunoprecipitants were subjected to honreducing SDS—PAGE before
immunoblotting with the indicated antibodies. Single, double, or triple asterisks denote the mixed disulfide complex
between Erola and the ERdj5/C4 mutant, ERdj5/C3 mutant or ERdj5/WT, respectively. The transfection of empty

vector is indicated by “Mock”. The lower band shown as a black circle is the product of ERdj5 degradation. (C) Binding
stoichiometry between Erola and ERd]5.
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Figure S4. The interaction between Erola and ERdj5 depends on disulfide bonds.
(A and B) After the cotransfection of Myc-tagged Erola (wild-type or the indicated mutants) and FLAG-tagged ERdj5s
(wild-type or AA mutant) into HEK293T cells, cell lysates were subjected to reducing (lower panel) or nonreducing
(upper panel) SDS—PAGE before immunoblotting with the indicated antibodies. The single, double, or triple asterisks
denote the mixed disulfide complex between Erola and the ERdj5/C4 mutant, ERdj5/C3 mutant or ERdj5/WT,
respectively. The transfection of empty vector is indicated by “Mock”.
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Figure S5. The C85-C391 pair in Erola is required for the reduction of ERd]5.
(A) Purified Erolo proteins were treated with (+) or without (-) 1 mM Dipyridyl Disulfide (DPS) for 5 min at room

temperature. All final samples were subjected to reducing (R) or nonreducing (NR) SDS—PAGE before CBB staining.
(B) Model of electron transfer from Erola to oxygen (black arrow) and ERd]5 (red arrow). The horizontal axis indicates
the individual redox potentials of PDI, Erola, ERdj5 and molecular oxygen (O,). The redox potentials of PDI and ERd|5
were measured with reduced and oxidized glutathione buffer in previous studies. On the other hand, the redox potential
of the C85-C391 pair in Erola was measured with reduced and oxidized thioredoxin 1 buffer in a previous study. (C)
After the cotransfection of FLAG-tagged ERdj5 (wild-type, C3 mutant or C4 mutant) and Myc-tagged Erola (wild-type
or C85-C391 mutants) into HEK293T cells, the cells were prepared for the PEG-switch assay as described in Figure 1B

and C. The transfection of empty vector is indicated by “Mock”.
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Figure S6. Assignments of C85-C391 and C94-C99 pairs in Erola by NMR.

Assignments of NMR resonances originating from cysteine residue pairs of interest. Two-dimensional 1H-1>N TROSY
HSQC spectra of [Cys-1°N] Erola C85A/C391A (left, magenta) and C94A/C99A (right, green) double mutants are
overlaid with that of wild-type Erola (black). For each mutant, the positions of two resonances that disappeared upon
mutation are indicated. The assignments were established using Erola proteins with both the constitutively active
C104A/C131A mutations and the C166A mutation that prevents dimerization via intermolecular disulfide formation. The
latter is not introduced in the Erola samples shown in Figure 3D. Thus, minor chemical shift differences were detected
between the wild-type spectra in Figure 3D, and the resonances corresponding to #4 and #5 in Figure 3D were not
identified in these mutational analyses. It should also be noted that we could not assign resonances to the C394-C397
pair because the C394A/C397A mutant was not expressed in the soluble fraction (data not shown). Some additional
peaks observed only in the mutant spectra might originate from the structural inhomogeneity introduced by the Cys to
Ala mutations.
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Figure S7. Interaction between ERdj5 and ER-HyPer and Expression of NHK in Erola-deficient cells.

(A) The series of ERdj5 mutants constructed in this work. After the cotransfection of ER-HyPer and FLAG-tagged
ERd]j5s (wild-type, AA mutant, or CA mutant) into HeLa cells, cell lysates were prepared for immunoprecipitation with
anti-FLAG antibody as described in Figure 1A. The immunoprecipitates were subjected to reducing SDS—-PAGE before
immunoblotting with the indicated antibodies. The transfection of empty vector is indicated by “Mock”. (B) After the
cotransfection of FLAG-tagged ERd]j5 and NHK into HEK293T cells (WT) or Erola-deficient HEK293T cells
(Erola/KO), the lysates were subjected to reducing SDS—PAGE before immunoblotting with the indicated antibodies.
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