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I exFv

X TF TR TOEBRAEMIFET D 76 7 X /B bR S D /NERIR 7 o 37 B
Thd, 2EXFIHEELZ AT HIIHET 22T rT T Y — MMEEFN IR
BIRTELTELSAMBNTWDNR L, IMEDOHIELY, 2 EXF U OMREIZ Y v 7B D
DIRDII T, SRR TH VXV BOMRELZRE T2 2 & T, HxRAEmBRo
HER & U CHBEA RIS 2 Z L REN TN D 2, X TFUNEIEL OEE, 28T 0
RV~ —THDHRVZEXFTFT UEHE L TH NI HICHEAST D Z & TEOKRE % il 18
THEEZLNTWD, 2EFF I TR 7T O Y v uiki (K6, K11, K27, K29,
K33,K48,K63) # L TCHEYN ., ZibD VP UVEEOWThnDeT I 7 HKE | o
ZEXFF LD C KOOIV RF LKL DA VT F FEGIZL VR Y 2 BT BB
S, WTNO Y PUEREE T DML 0 Z R ORISR D 8, Jelcak <7z
BN BRI ET 2R ) 2B X FUBHITRIC K48 2T 50D THY, ZDXKH7R
2R FAMEZT X ORI EIEIT e T T Y AR ES, TR E L THOMRIC
7% (Figure 1-1-1), £7=. ZOMITHEENR LIS MOENDIARY 2% F U #HI2i1E K63
T EFF NS B, K63 i3 DNA OEIE R EORRA 723 7 T /R G-32 2 &
WESNTVD 4

ZOEINT, 2 EFRTF U OBREIZE DIERBIZ L BN D &) T LMD THDN,
IAEOIFFEIZ L0 EHRAR Y 2 &% F U E TN D Bidbd 7 FORY 2 8% F L
—MRAET Db DN 2006 FFICEE SN S, EERAY 2R FoME, VU UERED
g7 I ETIFRL NREDATF A= VRO 7 I /KL OXRTF FEEIZE VB
INHZRVZEFFUETHD, DART LA —ZDHEABICEET LI EEZONTWS

HRGKF NF-«B OIEPEZ IEICHIET 5 Z LR EN TN D 6,
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TaT77)—LEKEFENE
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K631E+F 84 y ESRIESFFMH

DNAfEE NF-«BiE %t

Figure 1-1-1. Schematic representation of polyubiquitylation of substrate protein.
The function of polyubiquitin chain depends on the variety of linkage types of
polyubiquitin chains.



2R FUEIPRIE EL (2 BT AR EEER), B2 (= BT U AIESR), B3 (e F
U A7—¥) ©3FHEOREICL ks D (Figure 1-1-2)1, £9IXATP O R /)L ¥—%
FIAHLTELIZZEXTF URNT AT AT EEZ T L GREA L, EAUZ Lo et b
X TF IR ERE B2 12T ESND, £ L THREZICESICE>TE2 EOoaeFF U
BRI 2 R0 BEITREG T 2 2 & TRISHERET 2. B FCIE30-50 ® E2 73, E3 {235V Ti3 600
A HDHENFESNTEY . 2N OMAEDLEIC LY 2 X F VEHORARRADEE

SNDTEDBHBENATND T,

Deubiquitylation @

2~ “®
0B~ N- Gibeuais)
® ©

@®-s
ATP /
s
¥

E3

-@.E2

Figure 1-1-2. Schematic representation of ubiquitylation reaction catalyzed by 3
enzymes E1, E2 and E3.



F2Hi BERT NF«B

FlZ b7z Y . NF-«xB (Nuclear Factor of kB) & II#EE R FO—FTH Y, Y,
BAMAITCD & LTohRAx I K 0 iEM b S, RIEVEY A b0 A Ml i HE 5,
AHREBEIIHIA 72 & OB T OEGEZEE ST 5@ 2> 8, 20 L )12, NF«B 3k 72
AR VADNBRZSTD ETRPDERWRFTHL =T, ZOEFEEIZT LLF—=
DADRKERDZEBHBILTND 9, ZD7=H, NF«BIIB/ERIZEY —7 > F & LTH

% < OWFEEDIER 2D TN D,

NF-«B O

NF-kB i%. Rel homology domain (RHD) % N Ku{fliZ 4@ L CTFfO Rel 7 7 I U —
S UNTEBRREDDWVIEANT 0 D BEEZER L THEET DBERFHOBRETH Y
(Figure 1-2-1). =® Rel 7 7 2 U — & LTI p65 (RelA), RelB, cRel, p50, p52 @ 5 fEkE
FNHILTUWNA 10, F7-. p65, RelB, cRel |Z DNA LG L CIEE 2T HZ LN TE D
TAD (transactivation domain) %z L T\ 5728 p50, ps2 1TZNEFFZ 2N 2D LA ED
a2 T pb0, ps2 12 TAD %43 % p65, RelB, c-Rel &~7 1 “RIKZ AL L TIFET 5,
ARANF D IRRETIX, NF-«B i IxkB (Inhibitor of kB) & FHIN D X L VB LEATDHZ &

IZH o TREMRL L L CHIIENIZRIEL TW 5,



p65(RelA) || | | [ 1

RHD TAD
ReB [ T[] ] [ [ ]
Lz RHD TAD
cRel | | | | [
RHD TAD
P50 (p100,NF«xB2) [ | [ [0 [CLCEEEE B
RHD GRR ANK DD
P52 (p105,NF«xB1) [ | | N o o |
RHD GRR ANK DD
wBa [ LT | | |
ANK PEST

Figure 1-2-1. Members of the NF-xB and IxkB proteins. The domains that typify each
protein family are indicated. RHD, Rel homology domain; TAD, transactivation domain;
LZ, leucine-zipper; GRR, glycine rich region; ANK, ankyrin-repeat; DD death domain;
PEST, proline-, glutamic acid-, serine, and threonine rich.



NF-xB OifE AL

IkBs &fEd % 2 & TAREMHIL S LTV D NF-«B 2SRRI IE AL S 00 5 B I

T 2@ IcKElsnsd, (Figure 1-2-2)11,

1) T BAYRR K

fli % OFIC L 0 TKKa (IkB kinase o), IKKB, NEMO (NF-kB essential modulator,
IKKy) O 3HFDHX 37 EINHiER SIS IKK HEENEE (LS, IkBa% U U ER{ET 5,
ZORER L LT, IkBalZ K48 #4195 U 2 B F RTINS 4L, 26S 70277 Y — AT
Ko THfREEND, IkBa bRt S7z NF«kB IIEEN~BITTDHZ ENTEH L1220,

DNA L6 T 2 2 & Thix OB T OIRE A RET 5,

2) Pl BRI

A DR FE TITIEF B STV % NIK (NF-«B inducing kinase) 723, ffx O
FITIEAFANC ZE LT 5 2 & TIEMEH b S, AT Z&EZIEER L T D IKKax U kT 5,
ZOfEFR, IKKaATEMEL 4, R\ T p100 (NF-xB2), RelB 7> G 415 NF-xB @
pl00 % U g4 5, HWVT, pl00 1L K48 =X F o fb&h, Yusr 7V —AlZLY
FREANZ RS IND Z & Tpb2 L7225, ZAUT KD TEMHERL L Te o 7c BRI ~BAT L,

Hex RInf 25T 5,



o AR Iy L AGHE RS
TNF-a, IL-18, CD40L etc. .. LTB, BAFF, CD40L etc...

.1 :
I I
l }

C NIK

PP
KKt IKKp P l P
KK IKKax

Figure 1-2-2. Schematic representation of canonical and non-canonical NF-«B
activation pathways. The canonical pathway is activated by a variety of
inflammatory signals such as TNF-a, IL-1p and CD40L. The non-canonical
pathway is activated by LTB, BAFF and CD40L. Expression of multiple
inflammatory genes is induced by binding of NF-xB to DNA.
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EEURAR Y = B F 8D NF-«B {EMHAb~D B 5-

T 2 ORTKAEAIIC, BTE TEOR L7z IKK complex ORI T Td 5 NEMO (2 EH#0K
R X FUEHRMINESN S 2 & T, HHARE AL LT NF-«xB BEELIND 6,
EHRAR Y 2 BT U8 X 5 NF-«B iEME Lo L . Figure 1-2-8 D L 5 IZE 2 BTV 5,
NEMO IFESRAY 2 X% F ALOEE L 72213000 TR, EHERAY 2 2% F 8
OB EZ AT 20 7L LTh X<ABRTND 12, D72, TNF-aX° CD40L 72 &0
Bx 72 L0 NEMO NESURA U 2 % F 1 ba i) 5 & NEMO (SRS L7 B gk
R b xF oo IKK EEED NEMO (38 S5, Zic kv, IKK complex
ML # L, IKKBS &b dT 252 & THWZY VEB{EL, IEMHLIcED &5 %
HbiLTWg 18, LT, &Mk IKKBIZ NF-«B OHEZ /N7 HTh 5 IkBall
U b a i L, IkBad® 7 a7 7 Y — MMEFERRSR. = L TERIZk < NF-«xB O

TP b~ &L 8,

HEEIE

p®” )

IKKa IKKB PP

IKKB 1KKa: - %ﬁéﬁi

ESEHRAR)IEXF 8

Figure 1-2-3. Schematic representation of linear ubiquitin chain-mediated NF-xB
activation. Upon ligand stimulation, NEMO is linear ubiquitylated. Linear ubiquitin
chains conjugated to NEMO are recognized by NEMO in trans on another IKK complex.
Then, autophosphorylation of IKKB is induced by multimerization of the IKK
complexes.
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E3H EHERRY 2 vxF o $4mEER LUBAC

NF-xB OIEPEACIC EE 2 E] 2 R 7T EGIRR Y 2 e F Ui, 2exF 2 E3 D
— & T 5 LUBAC (linear ubiquitin chain assembly complex) (Zfiifit &% Z & 23
Mo THY (Figure 1-3-1)5, LUBAC LISAOESIRA Y 2% F U 82 AR DEEHR I
RIEHE STV, LUBAC i%, HOIP, HOIL-1L, SHARPIN ® 3 D&% /X7 'H LY
WA SN 50 FRE L% 600 kDa DEAEKTH Y 1416, HOIP @ RING-IBR-RING-LDD
RAA L ISEERIETE T D2 > TvD 517, 3 F (X UBA, UBL RA A CRIOMHAESEMIZLY
AL TEY, £/, HOIP ® NZF1 K A4 > <° HOIL-1L % LUBAC O#&E % /X7 & T
& %5 NEMO OFEKICMETHDH EEZ BTN D 5.18,14,18,

PLED X9 7eiex B35 2 &6 LUBAC IEMEO TLEIXTEEL B HiaER OV E A
KA B MR Y > E (activated B-cell-like diffuse large B-cell lymphoma;
ABC-DLBCL) <, #5f703 A D EH DB, % L THI AA cisplatin ~DIiHE DS 72 &

PRa RBRIBICEA G4 5 2 L 2R S DWE DR S TN D 1920,

LUBAC

| | [ NN TTER | HOIL-1L(510aa)

UBL NZF RING IBR RING

[T TN T B TTEETTT]  HOIP(1072aa)

PUB ZF NZF1 NZF2 UBA RING IBR RING LDD

| | | B | SHARPIN (381aa)
UBL NZF

Figure 1-3-1. Schematic representation of LUBAC (linear ubiquitin chain assembly
complex). The domains that typify each protein family are indicated. UBL, ubiquitin
like; NZF, Npl4 zinc finger; RING, really interesting new gene; IBR, in between RING;
PUB, peptide N-glycosidase/ubiquitin-associated; ZF, zinc finger; UBA,
ubiquitin-associated; LDD, linear ubiquitin chain determining domain.
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Fathi AHREOBH

RIEE ClIOR 7 FEE B E 2 5 L LUBAC AT HESIRA U = % F U BHOERKRET
MART LAF—72 EOkkx RIFEBREBEE LTS LB X b 5720 LUBAC (b0
PRHRDIRIRDOT= 0 O BIF 2 AIBIEN & 72 5 2 EBSIIR S LD, 2T, LUBAC 1% DAFEN
BOLNTHOLELHBES, ZOEBELABRNRERICOVTHEARHAZRENZ,
Z D728, LUBAC OEERAREAL, FKEDIHHRS LUBAC OREREMIA D720 —1
ELTHIHFICAEMARbD LD Z M sN D, LEXY . KD BRI
LUBAC OFEAIZBRET D52 L& L, RPAEA—T A /) _R—=va e Z—DDMRET D
KBALAEM 74 77 ) —%FATHZ L2k, BROEMERHTZ L2 B L,
A HETIT, K7Z LUBAC ORI R MER ORE TR SN TORNZD, ABFZEICIT

REREERPODLEEZADND,
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F1E FHEEHRRZ ) —=r 7O

LUBAC DO [REHI% R ~<< . FRET (Forster Resonance Energy Transfer) % fitH
FELE TR0 ) —=2 70 %Z B L= (Figure 2-1-1A), EfAMI121X FRET donor &
acceptor DZNTN%E T VUL LTZ2 X% F 2T LUBAC OFENKGEITI) HDT
HY ., ZOFHIRICEBW CIEEE UG L 0 2 B F UM R L72BRIZIE donor DJEh
MESH% . acceptor DR B S D Z ENWIRFS AL, ZHUZ L W LUBAC OEERIGME
ZAHiT 5 Z L FREL D BN D 228, KA Y —=7IZB W TIE FRET donor,
acceptor & L CENZI Th3 (A, fluorescein % AV 7=, Tb3EKDFN AT Fr b
fluorescein P AT R AZIZBIF 72 B2 0 36 51X 0 T/ < (Figure 2-1-1B), Th3+
70 & OF TR RBEEIRD O T D FIT— A d /Ny FIZ e U CEBIRIC R W IO
FEmEATLH (BN TOENFMRT /) A —F—Th DIt L, i LRI
T I VB A—F—) 72, BeEafidotis (i) 2Hns 2 LT/ A4 A& |l

WEDENAZ ) == T %(T) 2L TE L LN D,

A B
337 nm FRET 520 nm 8 1 r n
& E 1 —Fluorescein abs.
Tb  Fluorescein lg 08 : |. = Fluorescein em.
— — % \ =Terbium em.
ubiquitin ubiquitin S 06 '
s | |
Enzyme (+) = I i
w04 | X
337 nm 490 nm g | \
1; N \
g 02 r \
Tb Fluorescein s 1 k k\‘
!
350 450 550 650
Enzyme (-)

wavelength (nm)

Figure 2-1-1. (A) High-throughput screening strategy for identification of LUBAC inhibitor
based on time-resolved FRET. (B) Absorption and emission spectra of terbium chelate and

fluorescein. There is a large overlap between emission spectrum of terbium chelate and
absorption spectrum of fluorescein.
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FRET (Forster Resonance Energy Transfer)

He kg L ¥ — B &) (Forster Resonance Energy Transfer: FRET) & 1% 2 fi D
(#6) ARERNPHFEL. PORFOENKEAFE (donor) DHEIEANT ML L )i o HE
(acceptor) DWW AT RV EBE72ER Y BNRLNDHEIT, B S 47 donor @
TRV =N ERRE I acceptor (ZBENT D Z & AT, ZOT R X—BEREEER kr X
Forster O TE I D XK 91T donor-acceptor D FEEE, donor MDHLN AR h kb
acceptor DYWL A7 ML D ER Y FE4r, donor & acceptor D MART-E— A >k DOELHA]
TEBE KT T D (Figure 2-1-2)24, £#1Z., donor-acceptor D kD Z{bi% FRET 230
e LTHRIB LT < AL FEEDO S T FRET % HVW 7 BREEOHEE O fifHT 28 % <

MENTWD 25,

BERYES )
it
Donor Acceptor
emission absorption
Donor Acceptor Fo (1) en ()
BCREH : «?

J =j:D(x)a(x) M a
0

9000 (In10) Qo 2 J
128 5 Nn4toR8

kt: TRILF—BEEETEH
Qo: FF—NE N EFINE

kr=

k2! Erﬁl%ﬂl
2 = _ 2 J:BQYES
K (c?sBT .ScosencoseA) 2 N PRAFORES
= (sinBp sinB,Ccosd — 2c0SHHCOS0,) n: BROEHRE

w ! FF—D&EkHFa
R:FF—&E7 0T 52—DRER

Figure 2-1-2. Forster theory. Rate constant of energy transfer, kT depends on orientation
factor, spectral overlap between donor’s fluorescence and acceptor’s absorption and
distance between donor and acceptor.
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W [] S5 i s S

e i ek L ik, JIBROREHZ SV A2 RS L, —ED delay time O#&E D
RICEOLNE Z BT 5 2 & THRMOEWEOLOER S, RUWEfz FosotwE ko
CITFTNDOHBNELNDTFIETHD, ZHICLY, A7 U == THRRHCBW THRILEY
HY ORI, RPICEENLMOBNWEIZ LDy 7 770 ROYEBRMWAREL 720 |

EUWSIN CfEHEME R EEREBLILD K D12 D 26,

1 cycle

“
+

W

Flash excitation

Background
fluorescence

Lanthanide
luminescence

oy

time

Delay Gate
time time

Figure 2-1-3. Schematic representation of time-resolved fluorometric measurements.

Samples are excited with short light-pulse, and after a delay time, measurements are
started so that background fluorescence will be reduced.
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Petit-LUBAC, Petit-SHARPIN

KB IAC A7 V) — =2 T 54T O T2 DICIT K EORHFE 2 L L+ 55, LUBAC 1
KIGHE 2 VT REBICEIL - RS2 2 L ARETH - 72720 (B Rz v,
IV VDRI ARE), RRFE L L TESRA Y 2% F U842 AR REZe LUBAC
DOIERTESN D DA S5 Petit-LUBAC 35 X OY Petit-SHARPIN Z 5 Z & & L7
(Figure 2-1-4A), LUBAC iZ HOIP, HOIL-1L, SHARPIN @ 3 # /b S A EAIET
HBHM, 2 Z THWS Petit-LUBAC i HOIP & HOIL-1L @ 2 %, Petit-SHARPIN |3 HOIP
& SHARPIN @ 2 ENDOER I, & HICEERIENE & IXE#ENRBEEBRV R AL V%
truncate L7ZHEERTHY . ZHBITWVTNHESFRAY 2 X% F U HAKEEZH LTS
(Figure 2-1-4B)27, ZhIZhlx. Petit-LUBAC, Petit-SHARPIN |ZKJGHE % W CTES 12
KEIZHI BT D2 ENARETH 72720, b O#EE K% T high-throughput

screening #1795 Z & Hf5 L7z,
A B

L T . | HOIL-1L(1-191) PetitLUBAC - +

fmmmmmmmm e UBL Petit-SHARPIN - -
CCCTIIITTIIITTIIN N TN Holp (474-1072)

+ 1

Y
2
o
I
>
Y
9
4
c
3
2
z
@
©
Py
P
Z
(0]
&
o

CCTIIIIITIIIITTIE TN Hole (474-1072)

biini

oo SR I p——
S — SHARPIN (172-346)
UBL
LUBAC
HOIL-1L (510aa) —
UBL NZF RING IBR RING
(T TTI D [ CTETTTT]  HolP(1072aa) N
PUB ZF NZF1 NZF2 UBA RING IBR RING LDD E ‘
| T SHARPIN (381aa) IB: ubiquitin
UBL NZF

Figure 2-1-4. (A) Schematic representation of domain structure of Petit-LUBAC,
Petit-SHARPIN and LUBAC. (B) Petit-LUBAC- and Petit-SHARPIN-mediated ubiquitin
chain elongation. Petit-LUBAC and Petit-SHARPIN were incubated with E1, UbcH5¢ (E2)
and ubiquitin. Samples were probed with anti-ubiquitin antibody.
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B2 HOEER v T OER

ANRDIAY | ALEWA T V) —=2 7 %AT 5 7211 fluorescein 36 KT Th3+EE{A CHONATR
LicaexF o2 AWV 0ENRS 5, % Z T 014 X fluorescein isothiocyanate (FITC) T,
%% 1% FITC |24tV isothiocyanate 3 %3 A L 7= Tb3+g&{k (TbITC) #Hmk7 5 Z & T
Rk iR D Z & L L7z, Isothiocyanate f5IE—fk 7 I U RGN L, FADU LT

G 2 L TR L ORARE A 2 BT 5 (Figure 2-2-1)28,

® < ot
CO,H HN - CO,H
LSOO O
HO O O
FITC Fluorescein-conjugate

Figure 2-2-1. Scheme for fluorescein-labeling reaction with FITC

Th3+ (A Z ~ LA isothiocyanate Z & e & L 77 EFEGHANL GFR)., carbostyryl 124 (7%)
NG5 T T FEME. % LT diethylene triamine pentaacetic acid (DTPA) T Th3+%
FL— h LRI (bb) IC L vk E N5 (Figure 2-2-2A), v RS RESAIL. Th
B ORINAIEF I NS W ZDIZRE BIERIZTI, Lo L, IFCREDRER (77 7)
WDIET D&, 7o T T ORBNIZ LD =XV X —2Z MO ENTEL LT,

WA O L 912705 (Figure 2-2-2B)29,

Inter system
B y

crossing Energy

transfer

=

I
Phospho- 1 Lumi-

rescence : nescence

S1 —
#

i)

Fluo-
rescence

Excitation

I
v

Antenna Ln3*

€ - == ===
€ ——————

Figure 2-2-2. (A) Chemical structure of terbium chelate-labeling reagent (TbITC).
(B) Schematic representation of energy transfer from antenna molecule to lanthanide.
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PLEDTH A L0 To3EHRD % 37 'E Z ~L{tAl| TbITC % LA T @ Scheme 2-2-1

WZIEWE R LTz,

o O
oA

N
L .
H,N NH, neat, reflux, 48hr ~ H,N N“0

CO,H O,N
r 2 2 \©\ COZH HOZC
[e] N 0]
T\N/\/ \/\N/\f NH, CS124 TEA \©\ JJ\/N\/\N/\/N\)J\
\g) Kg/ DMF, r.t. 2 hr Ho c
2

COzH HOZC /@\)lo
PaiC. H, \©\ JJ\/N\/\N/\/N\)J\

MeOH, 2 hr

Crude

HOZC
2
y. 12.9% (2 steps)

7 /©\)\l HN /@\)l
ThCl \I\:’\{/&o HN NS0 \I\: /go HN 0

- Y7 K% H CSCl, in CH,Cl, \ i /%
b3+ +
H,0, pH 5~7, 1 hr (TR TN H,0 <Tb ~~~~~

AN Y X
[ORaESN AN O ~N
&\/N\,\J lo O)\/ v\{) lo
e}
ThITC
8 y. 96%
y. quant

Scheme 2-2-1. Synthesis of TbITC



Z 2T BN TOITC B3 LU FITC # T B X F oD 7~ R & 1T 5 72,
TR, TPITC, FITC IZ LV 7~k Shic2 % F v 222 Th-Ub, FI-Ub & i
T AR SN T b2 B X F o DX LRy R ER BCATEIZ L Y % LT Thahik,
fluorescein IRE# Z N LN OWIE LV ERR L& 25, Th-Ub, F1-Ub ® 2 "% F -

15 FHT0ITHEES L TWAEEZEDOEHDOEEITZENF 0.89, 0.81 L HEH S,

Z ZC. Tb-Ub, F1-Ub 7 Petit-LUBAC, Petit-SHARPIN OME L 720 | X F 8%
T D Z L R Lz (Figure 2-2-8), O DN T b % F o LEERZ X,
A FaX—T 3 LIEKIZ SDS-PAGE 247\, @t 2 G425 2 & T, 4t 7~k

IEXTFUNINODOBREOREE L 72D 2 ENHEND LT,

Th-Ub FI-Ub
PETIT- PETIT- PETIT- PETIT-
Enzyme — LUBAC SHARPIN Enzyme — LUBAC SHARPIN
ATP + - + - + ATP _+ - + - +
Ub, Ub,
Ubs] - Ub; —
Ub,— Ub,— —
Ub,—] Ub,— -—
Ub,— Ub, -
Uwa “hw‘_

Figure 2-2-3. Petit-LUBAC- and Petit-SHARPIN-mediated elongation of fluorescence-labeled
ubiquitins. Reactions were performed at 37 °C in the following conditions: 22.5 uM Tb-Ub, 50
ug/mL E1, 50 pg/mL UbcH5¢ (E2) and 50 ug/mL each E3 (left), and 3 uM F1-Ub, 5 ug/mL E1,
10 pg/mL UbcH5c (E2) and 10 pg/mL each E3. And then, reaction products were visualized by
acquiring fluorescence image.
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H3Hi MEFHRRZ ) —=TROFMHR

LLEE TOMGFINT X 0 1ERL L7 Tb-Ub, B X F1-Ub 25 Z & T, Petit-LUBAC &
Petit-SHARPIN OHEARNA 7 V—=0 T REMEETEZHZ LR/ ND 20, ITFD
Mz L0 @ 2 bSRM2 @ LT, B, UBROBENSILIT v 84 7L —FNT

BOSZE#IT SEHBRCAE L DA T R/NRICINA 5~ <. 2T=HEIRIZTT> T 5,

[y

. R B T DL

[\

. BESR OS]

w

- TS SO O R B

N

- B BOSE IR

ot

. DMSO iINZ K DR i~ D5

6. 7L — FNITBIT B —FEEOMER

]

. BEEno E1 BEANC X 5 3EH% O positive control DR
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1. o v F o DO NEE

AR RN TIE, BERSUSDEIT L, 2 X F U HBNER SN D & FRET 23220 |
acceptor T % fluorescein 13K 520 nm OE LN L L, donor T 5 Th+Eh{A
HID 490 nm OFSEIRE DT 25 Z LN TREIND 72D, Fso/Fago ZET 5 Z & T,
FERTEMEZ T 2 2 &R MRETH L LB X BND, £2 T, £71% Th-Ub, FI-Ub %
Petit-LUBAC % L < i% Petit-SHARPIN % W\ CHIS SH, & ORICHOGIRE 2 & L7
LA ERTENL2ME, L5V DTNy 7TV EREZRTORT, HIFFICK L

fER Lo T LE o7 (Figure 2-3-1),

2 1.2-fold 1.5-fold

n n B Enzyme (-)

H Enzyme (+)

—
o

Normalized Fg0/F 490
o
.U"I -

Petit-LUBAC  Petit-SHARPIN

Figure 2-3-1. In vitro ubiquitylation reactions were performed at room temperature for 6 hr in
the following conditions: in the Petit-LUBAC assay system, 0.025 uM Tb-Ub, 0.05 uM FI-Ub,
0.38 pg/mL E1, 3.8 pg/mL UbcH5c¢c (E2) and 0.6 pg/mL Petit-LUBAC, and in the
Petit-SHARPIN assay system, 0.025 uM Tb-Ub, 0.05 uM F1-Ub, 3.4 ug/mL E1, 3.8 pug/mL
UbcHb5c (E2) and 4.2 ug/mL Petit-SHARPIN. After the reaction, Fseo and Fag0 were measured.
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Figure 2-3-2. In vitro ubiquitylation reactions were performed at room temperature for 6 hr in
the following conditions: in the Petit-LUBAC assay system, 0.025 uM Tb-Ub, 0.05 uM F1-Ub,
various concentrations of ubiquitin, 0.38 pg/mL E1, 3.8 ug/mL UbcH5¢ (E2) and 0.6 ug/mL
Petit-LUBAC, and in the Petit-SHARPIN assay system, 0.025 uM Tb-Ub, 0.05 uM F1-Ub,
various concentrations of ubiquitin, 3.4 ug/mL E1, 3.8 pg/mL UbcH5c (E2) and 4.2 pg/mL
Petit-SHARPIN. After the reaction, Fs20 and Fig0 were measured.
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REE 234808 L T Bl TIED EF-3 2 2 L3R Sz (Figure 2-8-3), Ziuid, AE

REMEVY 2 FEOE IR EXF U0 E—D2 X F U HICHAIATEN D £ TIZ

gnu

—EDOKRHZEST 5720 ThdEeEXOND, U EDHERIY, BHITENT 7T BN
oA, D2ORISHEFNZE 5% O RIGKH & LT Petit-LUBAC 28\ TiE 2.5 hr,
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Figure 2-3-3. In vitro ubiquitylation reactions were performed at room temperature for each
time in the following conditions: in the Petit-LUBAC assay system, 0.025 uM Tb-Ub, 0.05 uM
F1-Ub, 0.4 pg/mL E1, 3.5 ug/mL UbcH5c (E2) and 0.6 ug/mL Petit-LUBAC, and in the
Petit-SHARPIN assay system, 0.025 uM Tb-Ub, 0.1 uM FI-Ub, 3.8 ug/mL E1, 5.0 pg/mL
UbcH5c (E2) and 3.4 ug/mL Petit-SHARPIN. After the reaction, Fseo and Fago were measured.
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ENie, UEXD, 4,6 hr O E725 5 hr TIEZ D X 95 RBEBECNICR D Z L%
HIFFL, I EROORRE LTRE LTz, &5<, 5 hr ISSETH H OMRRE LI
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Figure 2-3-4. In vitro ubiquitylation reactions were performed at room temperature for each
time in the following conditions: in the Petit-LUBAC assay system, 0.025 uM Tb-Ub, 0.05 uM
F1-Ub, 0.4 ug/mL E1, 3.5 pg/mL UbcH5¢ (E2) and each concentration of Petit-LUBAC, and in
the Petit-SHARPIN assay system, 0.025 uM Tb-Ub, 0.1 uM F1-Ub, 3.8 ug/mL E1, 5.0 ug/mL
UbcHb5c¢ (E2) and each concentration of Petit-SHARPIN. After the reaction, Fseo and Figo were
measured. The concentrations of 100% Petit-LUBAC and Petit-SHARPIN are 0.57 pg/mL and
3.4 pg/mL, respectively.
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SINDHTD, FIFETEE L 282, 22T, Z X7 EEMAIE LT guanidine-HCI %
Mg Z &z IR L, —ERFFOBERIGED%IC guanidine-HCl 2012, RS ZEEIESED
ZLNHRETH LM LT (Figure 2-3-5), — & DR O FE 3 i D% IR E %
HE L, £DO#% guanidineHCl Z/1x T 1 hr RBHICHEREZITo72E 25,
Petit-LUBAC, Petit-SHARPIN OWT D7 vt A RICBWTHIGEIMEIE L TWD Z &N
B S iz, LAEX Y. guanidine-HCl % SF1EIE E L THWD Z & T, HlEDEED

B BHBEOT L — FORICBIT A RISOEITEDEWNTE LR b EEZ BN,
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Figure 2-3-5. In vitro ubiquitylation reactions were performed at room temperature for each
time in the following conditions: in the Petit-LUBAC assay system, 0.025 uM Tb-Ub, 0.05 uM
F1-Ub, 0.4 ug/mL E1, 3.5 pg/mL UbcH5¢ (E2) and each concentration of Petit-LUBAC, and in
the Petit-SHARPIN assay system, 0.025 uM Tb-Ub, 0.1 uM F1-Ub, 3.8 ug/mL E1, 5.0 ug/mL
UbcHb5c¢ (E2) and each concentration of Petit-SHARPIN. After the reaction, 5 puL of 8 M
guanidine-HCl aqueous was added to 15 pL of reaction solution to stop the reaction, and then
Fs20 and Fag0 were measured. The concentrations of 100% Petit-LUBAC and Petit-SHARPIN
are 0.57 ug/mL and 3.4 pg/mL, respectively. -28-
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WP OFHERICE W TH DMSO IRINC L 53 7 T VOB REITBE SN Ao Tz
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Figure 2-3-6. In vitro ubiquitylation reactions were performed at room temperature for each
time in the following conditions: in the Petit-LUBAC assay system, 0.025 uM Tb-Ub, 0.05 uM
FI-Ub, 0.4 pg/mL E1, 3.5 pg/mL UbcH5¢ (E2) and 0.6 pg/mL Petit-LUBAC, and in the
Petit-SHARPIN assay system, 0.025 uM Tb-Ub, 0.1 uM FI-Ub, 3.8 pg/mL E1, 5.0 pg/mL
UbcH5c (E2) and 3.4 ug/mL Petit-SHARPIN in the presence or absence of 0.1% DMSO. After
the reaction, Fs20 and Fa90 were measured.
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Het

Figure 2-3-7. Z’-factor, which is an indicator of screening system reliability. Z’-factor is
estimated by indicated equation.
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Figure 2-3-8. In vitro ubiquitylation reactions were performed at room temperature for each
time in the following conditions: in the Petit-LUBAC assay system, 0.025 uM Tbh-Ub, 0.05 uM
F1-Ub, 0.4 pg/mL E1, 3.5 ug/mL UbcH5c (E2) and 0.6 ug/mL Petit-LUBAC, and in the
Petit-SHARPIN assay system, 0.025 uM Tb-Ub, 0.1 uM FI-Ub, 3.8 ug/mL E1, 5.0 pg/mL

UbcH5c (E2) and 3.4 pg/mL Petit-SHARPIN in the presence of 0.1% DMSO. After the
reaction, Fs20 and Fi90 were measured and Z’ values were calculated.
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Figure 2-3-9. In vitro ubiquitylation reaction was performed at room temperature for each
time in the following conditions: in the Petit-LUBAC assay system, 0.025 uM Tb-Ub, 0.05 uM
F1-Ub, 0.4 pg/mL E1, 3.5 ug/mL UbcH5c (E2) and 0.6 ug/mL Petit-LUBAC, and in the
Petit-SHARPIN assay system, 0.025 uM Tb-Ub, 0.1 uM FI-Ub, 3.8 ug/mL E1, 5.0 pg/mL
UbcH5c (E2) and 3.4 pg/mL Petit-SHARPIN in the presence of various concentrations of
PYR-41. After the reaction, Fs20 and Fio0 were measured and immunoblotting of the ubiquitin
was performed to confirm the ubiquitin chain elongation is abolished by addition of PYR-41.
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Figure 3-1-1. High-throughput screening of 141,117 compounds was performed.
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Figure 3-1-2. Scatter plot of tested compounds. Vertical axis and horizontal axis stand for
inhibition % against Petit-LUBAC and Petit-SHARPIN, respectively. Red and blue broken
lines show the criteria of 1st screening (average + 4 S.D.)
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Figure 3-2-1. Scatter plots or tested compounds. Each dot indicates inhibition % against
Petit-LUBAC or Petit-SHARPIN. Horizontal axis and vertical axis stand for the results of 1st

screening and average values of 2nd assays, respectively.
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Figure 3-3-1. Chemical structure of hit compounds.
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Figure 3-3-2. Hit compounds inhibited Petit-LUBAC- and Petit-SHARPIN-mediated
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ubiquitin chain elongation dose-dependently.
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E1-E3 [ DR M 0 5

U EETORGFLY . (LEWEE C1-C4 B F U EHOME G OLER L LT
REn7en, 22X F U HOMERISIZ EL, E2 8 X WNE3 © 3 FEOREERFICLY
fillfit < %729, E3 Th 5 Petit-LUBAC X° Petit-SHARPIN Ti%/2< E1 X E2IZ
KT HEEA S AR ICEBNTIEE Yy MG E L THRIEERLTLE S, £2 T,
AKAY V== 7 2TRbRce vy MR EL, E2 2 0ET 2065028 i+ 52 &
L L7z (Figure 3-3-3), Z OFHlIIZHWTIX EL, E21 X2 NETER—DHDEH,
E3 DA% DS T % NEDD4 ITHE E A 72 R 2 AN TV 35, Z OFEATRIZ THEDN
AoNTEHEICE, Z0EaWIT EL E2IEHT b0 E2 6%, LT, E1, E2
TIE72 < HEHEESE T H % Petit-LUBAC, Petit-SHARPIN %[5 L->>%, NEDD4(Z%
FERICAEF LTV D E W) AIEEME S RET 5 Z LIXTEX 20y, ZOgEIC L TGO
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Figure 3-3-3. Inhibition assay of NEDD4-mediated ubiquitin chain elongation.

Compounds C1-1 and C2-1 inhibited the reaction while C3 and C4 did not inhibit.
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b DG Y% NEDD4 [HEAIA 7 Y —=> 7 2OHlICft L& 2 A, C1-1, C2-1 1%
PHEEVEME 2 7R L2729, Petit-LUBAC, Petit-SHARPIN (259~ 2 @R 2 BLERTIid /v &
EZ, ZZTHRMETRTSZEE L, 2O 5T, C8, C4 DkAWiE NEDD4 (25 LT
— YO ETEM 2R & 72 o 7272, Petit-LUBAC, Petit-SHARPIN 4R (1972 JHLEHK] C
HHZEBHFESND, Ll (LAY CITHT THRMET TR, A7 U —=2 7D
BRI A BTz Petit-SHARPIN (%9 2 BLEIEMED RS Hiv7e o 7= (Scheme 3-3-1,
Figure 3-3-4), R S TCWALBEHOTNTE £ TOTEARHDNZ DOFLERRDOIEMAM T
L LEEDNDLR, ZORMMERET D ENTERNSTZTD, ZOEMORF %

Hiik L. C4 D&Y [gliotoxin] DA DOWNTAE DR D @RISR 21T 5 Z & & L7z 3%,

N\ N
Lk T
NH -
@ CI- N ,TEA N
X N\)
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z reflux, 2 hr \ N
~
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Scheme 3-3-1. Synthesis of C3.
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Figure 3-3-4. Synthesized compound C3 did not inhibit Petit-LUBAC- or
Petit-SHARPIN-mediated ubiquin chain elongation at all.
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#F 18 Gliotoxin iZ &% LUBAC fEHE

RTEDMER A 7 V== 27125V | Petit-LUBAC, Petit-SHARPIN (2 %f-3 % P& #
& LT gliotoxin # Lt L7z728, [RHLAWID in vitro 231} D RpEE L 0 3T RETT 2
TEEARLE, INETORZ Y == 7Tk, EREERLE L THEAR RAAL VR
truncate &7z HOIP, HOIL-1L 2 bAfsk S 251 TH 5 Petit-LUBAC &, HOIP,
SHARPIN 7> 54k S5 E AR TH % Petit-SHARPIN % T\ /=28, LUBAC 1
AERNIZ I T full-length @ HOIP, HOIL-1L, SHARPIN b STV B 728,
IO 3HEBEGIROEERTENEDS FARIZIHE TR TH 2 2 il 217 - 7= (Figure 4-1-1),
ZORER, gliotoxin XK FMIC LUBAC 12X B2 X F VO MERIEZET 5
ZEDHER S LT,

LUBAC - +
Gliotoxin(uM) 0 0 0103 1 3 10

Ub,
Ub |
Ub,— . ——
. . Ub;— -——
Gliotoxin ¢
Ub, |
Ub, — e —

IB: ubiquitin

Figure 4-1-1. Inhibition assay of LUBAC-mediated ubiquitin chain elongation. Gliotoxin
inhibited LUBAC enzymatic activity dose-dependently.
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Z 2T, &5IC gliotoxin @ LUBAC FHEICHT 5 1Cs DR %5272, LUBAC O3
FISEWTIAEXF R =—=Th Y, H—72WE T2, LUBAC OffRE %
BB DEINT 2 Z 38 L, BLEXY | BRIEEZ ERET 27O RIGD
BKELRLa0XTF o) ~—ODZ BT HENEE LV EBZXAONDT2D, e
RED LUBAC IZ LD 20X F U EHOMR IS EAT o I RIEGFT 220X F 8 /) ~—%
EETHILETHREMERE, 2T aiiC gliotoxin OFLEEHZ AL L& LT
(Figure 4-1-2), ZOfEHR, 2% F % /) ~—OiHEH &L LUBAC ORFEZEIZIEFIC L
FBT 2 2 &3bny, 22 THLNTMERE VD Z & T gliotoxin @ LUBAC LT

BIF5IC0=0.51pM RSN,
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Figure 4-1-2. (A) Linear ubiquitylation assay was performed at various concentrations of
LUBAC and gliotoxin. The concentration of 100% LUBAC is 25 pg/mL. (B) The standard
curve was drawn by plotting the ubiquitin monomer intensity against LUBAC (%). (C)
Inhibition (%) was quantified by the standard curve and ICso of gliotoxin against LUBAC
was estimated.
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% 281 Gliotoxin & LUBAC D4 5

Human HOIP (699-1072 aa) &{FHI78 2 % F L g B KIS DOFLE

Gliotoxin # I\ % Z & T LUBAC #FEARETH D Z LRI Niziod, Fi\ T
gliotoxin % LUBAC & &0 X S ITHENEHT 20 Hli+ 2% 2 &% Hg L7z, LUBAC X
HOIP, HOIL-1L # X Ot SHARPIN @ 3 /OS5 AKTH 52, gliotoxin 73
Petit-LUBAC, Petit-SHARPIN, LUBAC (4T OEERIHIEZ R OM S THET 5 2 & %
EETDHE. ToOETIZHEIZE TV 5 HOIP 723 gliotoxin DIEFJEIAL & 725 Z & A3
FRREND, U EaEE 2 T, BEEASETIEZR <, HOIP HEMIZ A X7 2 BEEIRAR Y
2R T UM ERIG B ILE AR CH 0 I L7z, LaL., @, HOIP (ZHMTIXHH D
N R OIS C RimOMBERIEET L LERET DI &IE . TOMEEMENEE ST
} 9. HOIL-1L X SHARPIN &G KA T 2 Z LI LV | ¥ TEDOHENN DRI
ENDHLOEHEHSNTND 37, D72, HOIP O&A% AWEREESEAT ) 2 & IR
ThdLEZOLNDN, TOHEFEICHEEGTH5THA S N KinfEkz kR L, C KDl
TEPEHULOZ4%5% L7z human HOIP (699-1072 aa) Tl BT L HDMENARE L 72 5726 17, 38,
INERWCHEi #1757 (Figure 4-2-1), Z O#5%, Petit-LUBAC, Petit-SHARPIN,
LUBAC & [A#£iZ. human HOIP (699-1072 aa) (2 X 5% F L gHAKAED gliotoxin D
WML VFEIND Z Rz, ZORERIE, gliotoxin 7% LUBAC OE#ZRTEMEH L
T % HOIP @ RING-IBR-RING-LDD K # A NZfEET 5 Z & THEHELRAR ) 2 &% F 80

ARBEZHET D L0 H 2L A2mMIRIR LTV D,
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Figure 4-2-1. Inhibition assay of HOIP (699-1072)-mediated ubiquitin chain elongation.
Gliotoxin inhibited HOIP (699-1072) enzymatic activity dose-dependently.
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Isothermal Titration Calorimetry ITC) ¥:IZ L A5 SfEAT

%\ T, isothermal titration calorimetry (ITC) %2 X ¥ gliotoxin & HOIP & OFH A
TERZFHE L7, ITCIE & X 2 0 TOFHAERZFHIT 2 FIETHY 2 FEDHEA L,
LEAL LTI SN BB AT 5 2 TCEOBEOBESEAELLE VI HDOT
o5 39, ITC ORETIE, MUNeBGEE FHIT 2 72 DI KM DR B A 2T 0 <. AlRg7e
RO @R CRBL AR T 2 0 E R HDH, £ 2T, HOIP (699-1072 aa), HOIL-1L,
SHARPIN o N A, CREZZFN 2 MBP, Hise & 7 A SE7- 2 v 30 B KIGE T
BB HRHL, 260X 72 HNT 2 BBEOT 7 4 =7 4 W E1TH Z & T, milER
B BB LTz (Figure 4-2-2A), & 512, 2B ORI L X7 B & AW CREATHIE %
{Fo72& =%, LUBAC ZHRT % 3F D% 37 B0, HOIP (699-1072 aa) 73 gliotoxin &
A LT BB i AR S 7= —J5 ¢, HOIL-1L X° SHARPIN TiZZ 23589 L
ol Z LB gliotoxin 13 LUBAC OEEFTEMEFLNIIERAICH G2 2 & TESMR

AU 2 X F UHAREZLEL TV D Z RS T R 7= (Figure 4-2-2B),
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Figure 4-2-2. (A) CBB staining of purified HOIP (699-1072), HOIL-1L and SHARPIN. (B)
Evaluation of interaction between gliotoxin and each component of LUBAC by
isothermal titration calorimetry (ITC). It was demonstrated that gliotoxin binds to HOIP
but not to HOIL-1L or SHARPIN.
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Gliotoxin |Z & 2 A Al i) 22 f a1 PE .5

VL bEF coat X v | gliotoxin 78 LUBAC OEEHETEM:H 0T 5 HOIP (699-1072 aa)
WATHZ LN RENTZ, LiL., gliotoxin (CEHEND VAN T 4 FiiE<L LUBAC ®
BERIGHER DRV ATA VERTHH 5B 2 DL, ZOMAIIIFEARE AN A
TERIZE Db D TiER<, VAT A AL gliotoxin &£ D TYANLT 4 NEEE ZTEAK
LTWAZENTIEEND 90, HOIP & gliotoxin & ORICHIAFEA DRSNS D THIUL.
Z DOIFERIEVELEII AR b D LD EZXBID, £Z T, gliotoxin Z#EHSE7
HOIP (699-1072 aa) #&EH /Ny 7 7 — T L, ZORICED TRERT v A 21T\,
FEFIEME D RIEN B 52 NEFHE L7z (Figure 4-2-3), Z OfEF, —J& gliotoxin T
SLEE L 7= HOIP (699-1072 aa) Ti. gliotoxin % Vi L= ICHB W T H 2 OEERIEMEIT
[ L7gdno 7272, gliotoxin 13N AIYICIERTE A FLE L T\ Z LR ST,
CORRIE, IO 2FOMTHARENTEH SN TNDLZ LERRTLIHEDTHD

W, e XFFT L5700 X0 EEMARBRA21TO 2L L Lz,

PD: MBP
Wash + -
Gliotoxin(uM) 0 310 0 3 10

Ub,

Uby — -
Ub,—7

| —
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| —

Ub,

Ubiquitin

E

Figure 4-2-3. Inhibition assay of HOIP (699-1072)-mediated ubiquitin chain elongation.
Enzymatic activity of HOIP (699-1072) was not rescued by washing gliotoxin.
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Gliotoxin & HOIP (699-1072) D IA#E 4 S

Gliotoxin N4 VX7 B L ILGREAGT HEICIE, VAT A VEREOTF A — N EENH LT
VANT 4 REEEEBRT 52 N TREND, KB, gliotoxin AT 52 &0
AN TS HOIP (699-1072 aa) DFEKIZITAFI 28 DV AT A VERENE ENTEHY |
gliotoxin & It L 9 2 EATIXIERIZZ VY, £ 2 T, gliotoxin RZNHDT AT A
B LA R TERT 2 WREME A UL F O EBRRIC L VG L 72 (Figure 4-2-4A),
AFHIG % Tl maleimide 23 F A —/VEE L RRRIVISHE AT D HE AR T2 41, 1Z LI,
HOIP (699-1072 aa) & gliotoxin & Z#{EA L. % 2 T gliotoxin & K& L T /2vy HOIP
(699-1072 aa) D AT A LD F F—/LH:% N-ethylmaleimide (NEM) THE#kT 5,
Gliotoxin & HOIP & OILEAFESITZ. DAL T 4 RESE N L TNWH EEZLNAT-D,
DTT ORI LD VANV T 4 FiEGZE T L TUW L, 22 CTHRHLIETFA— I
fluorescein maleimide (FL-MI) %#f5& &% 5, TD7=, gliotoxin 3 HOIP & DI
HEHES 2R LEBRICIX, 2 03I2E U HOIP ICHE#% SN 5 E B0 B3N 5
T, FOEKMME R BT D2 L TURLT 4 REES O A FEFREL £ 2 b b,
KERRBER T 21T o2& 25, gliotoxin DO EEEAFRIZ A IEIRE O EF B LW
S EOEMMB A G (Figure 4-2-4B), 43 78O Z{LIFHE# S 7z FL-MI O
JGLT2bDTHDHEEZ BN, ZOREFR LY gliotoxin 23% HOIP (699-1072 aa) (Z3:A
AL TWAZ LRI ENS, LU, HOIP (699-1072) & gliotoxin % it & ¥ BRI,
1 mM DTT & [RFHIINZ TRV RICEW TREOERERL S FBEOZLITFIC AZ T bh
hotz, £, ZRETO in vitro IZ281F %5 LUBAC OLET » A IZBWTIE, #IiC
AFIZ 1 mMDTT # /% CT\ie, BLEZEEE % 5 & | gliotoxin I£ HOIP (699-1072 aa) &
HH-BEERR LSS Lo, ARG EFAET L LUBAC OBERIEMZ IS L T\ 5
EWV O ATEEME B IEE SN D, 7272 L. DTT JEFEIE I 1T 285D gliotoxin O LA HEA

TERUTFERF R Z > TBY . ZEOZFHREE L T D 720 I B R 72 g6 50 B2 <0
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DFROZENPBLE SN bOLEZLND, TAHIZ, 1 mM DTT f#E T2V T
HHBRESLDFREROBAPITZLEALRDONT L b, RIWREELLET D720
FE IR IATA DS 1 TR S LT D &V ) AIREME B E TE 220y, LLEX Y | gliotoxin 73
HOIP LA EZIENT 5 Z LICEVHE L T 0 E01E & VIR &R T D72 0I2iE
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Figure 4-2-4. (A) Strategy for evaluation of covalent bond formation between HOIP
(699-1072) and gliotoxin. (B) The number of fluorescein conjugated to HOIP (699-1072)
was increased by addition of gliotoxin dose- dependently. However, in the presence of 1
mM DTT, conjugation of gliotoxin to HOIP (699-1072) was strongly decreased.
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Gliotoxin |Z & % LUBAC OE KB A~D 2

Jeikod X 91z, HOIP 3 HOIL-1L <° SHARPIN * ¥ A&KEZMKRT 52 & TLRER
LUBAC & L THAKRZIZAR L THERIEMZHRIETE 5L 91005, ZHETORE LY.,
gliotoxin (X LUBAC DR ILMEF LT D HOIP (699-1072 aa) DOFEIKICHERT 5 Z & T,
ZOBERIEMEZEFET S 2 LR EN TV 523, gliotoxin 28 LUBAC OEAKEAIC D
WA G2 DAL A ETE R, £ 2T, fulllength © HOIP, HOIL-1L, SHARPIN
N ORERRL SN D LUBAC (CFf 4 OFEFE D gliotoxin % #shN L 72#(2. HOIP @ N Rl @i s
LTCWb MBP # 7% HW\T pull down 7 v &A1 %179 2 & THEHABIKDER A FFMN L 7=
(Figure 4-2-5), Z OfEHE. 100 uM @ gliotoxin Z 12 T HE S RO IREEN B 52 -7z
Z M6, gliotoxin (T X% LUBAC OEEFIEMEILF IZESKROIERHILEFICH S & D Tl

rnWEEZLND,

MBP pull down
Gliotoxin(pM) 0 1 3 10 30 100

MBP-HOIP | *== om—— -n~|

HOIL-1L ———-.—.—I
SHARPIN M.l

Figure 4-2-5. Evaluation of LUBAC complex formation. LUBAC composed of
MBP-tagged HOIP, HOIL-1L and SHARPIN was incubated with gliotoxin at 37 °C for 10
minutes, followed by MBP pull down and immunoblotting of HOIP, HOIL-1L and
SHARPIN. Gliotoxin did not inhibit LUBAC complex formation.
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#3H fho E3 & OERMOFAM

ZNET, In vitro 2B} % gliotoxin ® LUBAC (x4 B 1ERIZ W CEEM i %2
7o T& 7, Z 2T gliotoxin 7% LUBAC UUSNDEEZR ISk U T2 5- 2 5 )i i &
To7z, OBFHZ LD, 2T ALEEH S El, E2 8L ES OHIZHWL T gliotoxin 1
E1 X E2 Ti3/%< E3 Th 2 LUBAC ZERWICIHET DL Z L amLicizd, it T,
gliotoxin @ E3 MIZHIT 2 EIRMELZFMT 22 LA B L7, E3 I F 1fbasind
HH S R BRITEDT DR TH Y . BUERE SN TWDEITTHZORIE 600 ZH 2.,
FEFIISHETH LD, TN ERINT D &2 DOEERIEHEFLOMED S HECT &, RING |
RING-IBR-RING (RBR) %o 3 fliHIC 5y Hi (Figure 4-3-1)42, RING-IBR-RING
RAA %4 LTW5LUBAC IZRBRENZ /S LD, 2N ENOMEEIC W TR 5 &
HECT i3 E2 b2 EF F 2 22T WY —FICAF DOV AT A VREICTF AT AT )L
HEEZ N L THO SE, ZOBRUD TEDLEXF U2 BT H I E~EAIT 5 43,
RING#IRING FAA NZE2 %2, £ U CRERSHMEACEE X v 7 Ha ) 7 v— b &,
E2 N HHE S VSV E~LEHELAEXF U OZTE LA SELHOOIGEOE & L THRE
+% 4, Z LT, RBR AT HECT # & RING HOME 4 ->7- 6D TH Y. RING1
RAL T B2 V70— LT, BHDOVRAT A VEEICaEXF U EfRHE S,

T, WEH L NRIENEZER T U BRI D 45,

A
aN®
) E
g (0
0B — Uy
20 @» @
& HECT | e—
RING type E3 HECT type E3 RING-BR-RING type E3

Figure 4-3-1. Schematic representation of ubiquitylation reaction catalyzed by each type of E3.
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Pl bEaEsE %, gliotoxin D&% A 7O E3 (k5 BLEREM: 2 51 L7~ (Figure 4-3-2),

HECT BUZIXEOMFHIH W NEDD4 B E £ TER Y, FERICH L TIE gliotoxin %

10 uM FTHATH —UHAELRNZ ENRTTICHRINTWS, 72, RING BIZiX

NF-«xB 7&EMALRRIEIZES 595 TNF receptor associated factor 6 (TRAF6)46, cellular

inhibitor of apoptosis 1/2 (cIAP1/2)47 23R L, gliotoxin |2 X DLENREZ MG L= & Z A,

TRAF6 Tid 30 uM & T gliotoxin Z 12 TH —HBIHEN A LT, £72 cIAP1/2 1BV TH

10 uM gliotoxin Z /M2 THIF L A EHENR bR o7z, &%, LUBAC &H{Elo

FERTEME LA A9 5 RBRAYD E3 Th % Parking HHART I3 % PHEEM: 2 ¥l L 72 45. 48,

Gliotoxin (% Parkin, HHART DWW #UZkI L THIERZA L TVVens, TOMFITHNER

PRI LUBAC HERFHZ L TEW 29, gliotoxin [ RBR A E3 %2 JR&ICHET 5 H DD,

2O LUBAC & BRI 5 EME AR S U7,
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Figure 4-3-2. (A-D) Inhibition assay of TRAF6 (A), cIAP1/2 (B), Parkin (C) and HHARI (D).
Gliotoxin did not inhibit RING type E3 non-specifically, and inhibited Parkin and HHARI

weakly.
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# 148 Gliotoxin 2 X 5#aN T» LUBAC ¥ X U NF-«B &M LR

IHNETOMFHZ LY LUBAC FHEHAI & L TR L7z gliotoxin (X, 7 AL /L ASED
JRIKH T o % Aspergillus fumigatus’s EOEEIZ LV PEA SN D “IRIREIEMTH Y |
Z ORIV G5 Z LG SN TN D 4950, F/, HHWI L2, gliotoxin (TLART L Y
NF-kB OiFHAbz HE T 566w & L TlE STz st FAEE 5 NF-xB Ok
M 2EZE T 2EM S FIIINETHBRICSA TR o7z, BLEXY | gliotoxin (T
LUBAC O[HE z i U T NF-«B OfFMAbZ2Mfil+ 2 Z L n PR nL720, ZoRE %
AEBT << £ 93 gliotoxin 28 in vitro DFH72 53 MfANIZIW T H LUBAC OFFERIGNM A

PLET D Z & s LT,
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Gliotoxin |Z Lk 5 LUBAC OfEFRTIEMEHE

PUFIZ . LUBAC %41 L7z d #1972 NF-«xB OTEELRREE 2 5o# 3% (Figure 5-1-1)13.52:54,
RAFNEOMATTIL, BGR T NF-«B (X2 OHEX XV ETHD IkBal BT 252LT
HIREANIZE D 5TV 523, Mgl TNF-aX° CD40L 7¢ & Ol % 5 % % & LUBAC 23
EOHEE L LRI ETHY, IKK complex OIEMEFHIA ¥ CTdh 5 NEMO (ZEFIRA Y
X TFUHERG ST D, FORE. NF«xB OEMHLICEE X F—ETh D IKK
complex H10 TKRBEHEMEAL S5, T, IkBa’s IKKBIZ &L 0 U UL S 41, K48 %
NLERY 2exF ALz ZT-gic e s 7Y —Lanfisnsg, £ LT, IkBanb
R ST NF«kB BN ~SBATT 2 2 LN TEH X 912720, DNA 56T 5 2 & Thkx /e

BioFOiRGZ2RE S5,

oy .
K48aExF ik

IxBa®Y) B P’Pﬁ IkBaD5 R

l e
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Figure 5-1-1. Schematic representation of canonical NF-kB activation pathway
induced by TNF-a stimulation.
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FRLOBESRFA Y X TF U9 5 NF-«B bR Z i E 25 &, NEMO ©
BEHRAY 28X F AL HEANICI T 5 LUBAC OEERIEM ORI K TH 5 &
Ezbhbl-d, TREHEEL LT gliotoxin 12X %5 LUBAC D% ZHF L7
(Figure 5-1-2), Z ZTi%, £7. t b T MlakO—FE ToH 5 Jurkat M2z TNF-ofilid %
Mz, 0% NEMO &% L, EHR T B3 F U $A R RIICERRT 2 bk 2 ¢
AL TayT 4T ET>TND, FIKIC 10 45O TNF-ofilidz 52 % & . NEMO (2
T OEHRRY 2% F A EHOWMMA AL 5N D23, gliotoxin APRIZ K-> T, Zan
RELPDYT D Lfgd s, £o. =7 A Blllabko —fTH 5 Ball7.2 ffaiZ,
CD40L #2272 R 55 NEMO (AT A ESRR U 2 B % F 8 gliotoxin
WINZ L VD22 &5 gliotoxin ITMIAINIZIE W TH LUBAC DOFEHRIE M4 PLE

T5 2 LR S T,

IP: NEMO IP: NEMO
Gliotoxin (uM) 0 0.3 1 Gliotoxin (uM) 0 0.3 1
TNF-a (min) 0 10 0 10 0 10 CD40L (min) 0 10 ©0 10 0 10
]
=175
linear Ub linear Ub
chain - 80 chain

=58
S ——— e on |+

NEMO | (S NEMO ‘.i:i

Jurkat Bal17.2

Figure 5-1-2. (A, B) The amount of linear polyubiquitin chain co-immunoprecipitated
with NEMO was strongly decreased by gliotoxin treatment in TNF-a-stimulated
Jurkat (A) and CD40L-stimulated Bal17.2 cells.
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7272 L. NEMO [ZESURA Y = &% F U HIC@mOBIREZ A L T 572 12, NEMO @
FIE IR AT - T2 IS L7 B8R R ) 22 % F 83 NEMO ICEBEARA ST
WD b0, Fivk H NEMO EIFLAR-EGRICHAEN L TWD DO TH D D)% X5
THLENRTERY, 2T, BEOAREEEEET X BWGEMA T CORELRK %
1To7z, BARMIIZIX, 1% SDS 25Ny 7 7 —CHllaZ ML, S 512 95°C TET 5
LKV, FAE— M OX NI EEEM,, £ UTOHERARERITHAEER L TV
BRI BEMBES YT, 0%, O TREEKET 2 Z LI2L Y NEMO I FHEA
LTWHESEHRA) 2 F o EHoArx Mt Lz (Figure 5-1-3)%5, 7272 L. Z Ot
CBWTIEY VRNV B EEISETLE D oI, mELBEICH WD HUERNTEED
NEMO Ziik C& < 28013 H % 72, HEK293T #ificllZ HA-human NEMO % 3§31
S, TNF-o THIM L72%I2ht HA Z 752 AW CTRIELRE AT > T\ D, 2 OO
FER. ZPESAT T T NEMO OfEILEZIT> CHESIRAR Y 2 &% F D v 7 F LR
RO Z &b BRI NEMO 2 ESUAAR U 2 e F oAb s d 2 L3 S v,
F 7z, gliotoxin DIFIIC LV ZD 2 XF HBHKTH Z Lvn, gliotoxin 23FIEANIZ
BWTH LUBAC #fAET 2 Z LA LR Fra iz,

HA-NEMO +

10 ng/mL TNF-a (min) 0 10
Gliotoxin(uM) 0 0 0.3 1

150

102
Linear Ub

IP: HA chain 76

L ——

Lysate | HA (NEMO) [ ——

HEK293T

Figure 5-1-3. Gliotoxin inhibited conjugation of linear polyubiquitin chain to NEMO in
TNF-a-stimulated HEK293T cells.

-58.



Gliotoxin IZ L 5 NF-«B JEIEVERE

fEVV T, gliotoxin (2 & % NF-xB OIEFMAVIHEREZ AT L7z, EIcbit L7zi@Y . NF-«B (%
FFEOHPAUZIBNTIE, EDOHEH LV ETH D IkBasz & EfEAT 5 2 & THIRENIC
B b, ZOWREIEERIH S TH5D, LavL, #Mifas TNF-aX° CD40L 72 & DR ED
iz 51T % & IxkBod® IKKBIZ U R K S 41, VT K48 = B3 F A RS & S L7212,
TRTT V=N LR e T D, TRICEY . NFBIZEA~BITL T, fkxe
BIEFOERGZIEM T 2, DLEZEEE R, LT D 3 45, [IkBad U VY. - 53], [NF-«xB D
EHNBAT]. B TF O mRNA OER] ZfHE L LT NF«B OfEMHE 27/ L 72
(Figure 5-1-4), = ORRFFOFE R TNF-o CTHIEK L 7= Jurkat #ifid, CD40L THl¥L L 7= Bal17.2
AL OWTIICEBWT S, gliotoxin OFTLERIZ - T IkBad U UL « 73, p65 DN
#17.% LT NF-«B OEEREE T ThH 5 IkBa, A20, cIAP2 OERENIIHI SN2 L,

FEATHIZE O D Y gliotoxin 7% NF-xB O{EMALZ i35 2 & 3 2eed THERS S 7z,
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A
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TNF-a(mn) O 5 10 30 0 5 10 30 0 5 10 30 CD40L(min) 0 5 10 30 O 5 10 30 0 5 10 30
pixBa [ == | PIcBo [ e |
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Jurkat Bal17.2

C D

Gliotoxin (uM) 0 0.3 1 Gliotoxin (uM) 0 0.3 1
TNF-a(min) o 10 30 0 10 30 0 10 30 CD40L(min) 0 10 30 O 10 30 O 10 30
RelA | | RelA | - -
Nuclear Nuclear
LaminBI-—-——-v--—-.-—l Lamin B | — — — — i — |
— —_— — - — ——
Cytoplasm IxBa I | Cytoplasm IkBa | — |
B-Actin |—- S | B-Actin | |
Jurkat Bal17.2
== DMS0 + TNFa
—— DMSO + TNFa clAP2 -
2 lkBa e . A20 e DMSO+ TNFa 15 &~ 0.3 uM gliotosin + TNFa
- 0. gliotoxin + a N
! & 0.3 uM glictoxin + TNFa =i 1 uM glictoxin + TNFa

—+— 1 uM gliotoxin + THFa

= 1 uM gliotosdn + TNFa

0 05 1 5 2 0 05 1 15 2 0 05 1 15 2
Time {hr) Time (hr) Time (hr)
IxkBa A20 ClAP2 __ ousoscoao
15 25 2.5 ]
—— DMSO + CO40L - DMSO + CDA0L == 0.3 pM glictaxin + CO40L
—8— 0.3 M glictoxin + CD40L 20 —a— 0.3 uM glictoxin + COA0L 2 —— 1 M gliotamdn + CO40L
1o —— 1 M gliotoxin + COA0L 15 —— 1 uM glictoxmn + CD40L 15
10 1
5
5 05
0 0 0
[ 0.5 1 15 2 0 05 1 1.5 2 0 05 1 15 2
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Figure 5-1-4. Inhibition assay of NF-kB activation by gliotoxin. (A, B) Gliotoxin inhibited
phorphorylation and degradation of IxkBo in TNF-o-stimulated Jurkat (A) and
CD40L-stimulated Bal17.2 cells (B). (C, D) Gliotoxin inhibited nuclear translocation of
RelA in TNF-a-stimulated Jurkat (C) and CD40L-stimulated Ball17.2 cells (D). (E, F)
Gliotoxin inhibited transcription of IkBa, A20 and cIAP2 in TNF-a-stimulated Jurkat (E)
and CD40L-stimulated Bal17.2 cells (F).



Z 2T, gliotoxin % VT NF-xB OIEMALZ G SEL Z LIk Y| HilROAFEZT 5
ZENARTH D20 MEE21To 70, Milez TNF-aTHIET 5 &, ko X 57 NF-«B
TEMALAREE & caspase8 DIEMAGIZE S TR b — A DB FIRFIZHEITT 5 56, Ll
NF-«B 25EMAL S D & £ OMIRASEZ i T 28EREIC L D @H X7 RN b= AR IEE A E
2 5720, £ 2T, gliotoxin THIE ZALBE L 72112, TNF-a T T2 2 &2 LD
TR P =Y ANFESND0FHE Lo, MIRZEDORHM X, 7R b— 2 AR R I
#Hi3 % phosphatidylserine (PS) & @\t % A4 % Annexin V-FITC % A C,
Ta—H%A hA RN —I2LV{To7= (Figure 5-1-5)57, Z OfEH, TNF-ak L 0.3 uM
gliotoxin Z B TH X TH 7R h— 2 Z 57223, gliotoxin %1%, NF-«xB %[
L7247 C INF-afilifiz A2 Z &L T, —MOMICTY R h—v AREESh D 2 &7

MR S iz, ZHuE. gliotoxin 23 NF-xB Z[HFE L, Mlastimib] OMRE LK T SETWnD

ZLEMIKFFTH LD TH D,
DMSO + TNF-a.20hr 0.3 uM gliotoxin + TNF-20 hr 0.3 uM gliotoxin + PBS 20 hr
{94. . 5.8% . 59.8% 140.2% 1. ) 89.8% 10.2%
c = c
2 ] S |
; ﬁ//\\J/ E
=] =) =
(=% (=% (=8
o [=] o 4
o o o
bl B | L] T Lk | gy FY T T T Ty e Sl b FRELIF G ML R b | s 1
AnnexinV AnnexinV nexinV

Figure 5-1-5. TNF-o induces apoptosis of Jurkat cells in the presence of gliotoxin.
whereas apoptosis did not occur when cells were treated with TNF-a or gliotoxin alone.
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N E TOMFHT XY gliotoxin 73 LUBAC |2 & 5 NEMO OESIRAR Y 2 & F 1k,
BLONF-«B OIEMHLALE T 5 2 & 5SS A7z, 72, in vitro DIRFHZ L U | gliotoxin
I3 LUBAC Z A A[RICHET 2 2 RSN TN L0, MNIZB N TH RIS
AR 72 L5 & 7R3 0y NF-«xB OTE AL 2 F5 21255 L 7= (Figure 5-1-6), Gliotoxin %
A 7= Ball7.2 M@ BT, MR A BB S U L TH CD40L #IFIC & 5 NF-xB @
TEHEALIX R SN2 o7z, ZORERIZ, gliotoxin 2SHEAEANIZ VT H LUBAC % A Al WifYIC

[HREL TS Z EZMRETHLDTH D,

Wash - +
Gliotoxin (uM) 0 0.3 1 0 0.3 1
50 ng/mL CD40L (min) 0 10 0 10 0 10 010 0 10 0 10
plBa | |
|ICBOL|— —— — — — .‘_-——‘
ﬁ-Actin |“--“ W|
Bal 17.2

Figure 5-1-6. Inhibition assay of NF-«B activation in CD40L-stimulated Bal17.2 cells.
Phosphorylation and degradation of IxBa did not occur in gliotoxin-treated cells although
cells were washed intensively after the treatment of gliotoxin.
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28 MEENIZEIT 5 gliotoxin ® LUBAC (%3 % ZHM: D 74

AITEIC T, gliotoxin Z¥RMNT % Z & T LUBAC (2L % NEMO OESIRA Y & %F Ak,
BLREDOHD NF-xB OIEMEAIIHI SN D Z & A x LA, gliotoxin 73 LUBAC
TlE72 < . LUBAC DIEFMALIZE D £ TO LD > 7 F VKT HFE LT 5 ArRetE & 4 7E
TER, £Z T, gliotoxin 25 LUBAC OEEFRTEM: 2 BINICIHE T % Z & T NF-«xB ©
AL ZH9 5 2 & 23 _< | LUBAC OBEREIELICE S £ TOYV 7V RFITHT S
gliotoxin O 5% % FAf L 72,

Hila% TNF-a CHl%d % &, TRAF2/5, TRADD, cIAP1/2, RIP1 72 & Ok % 724 L 73 7 B8
TNF receptor 1 (TNFR1) ~& U 7 )L— K &3, TNF receptor signaling complex
(TNFRSC) #¥hT % (Figure 5-2-1)56. 58, 4% &, ZOHEAKFIZBN T2 EFF
E3 Th % cIAP1/2 78 cIAP1/2 H&H<° RIP1 72 E D & 7 B2 K11, K63 /T 574K Y
X FUHENL 89, Z 0o B F USHICERIME A H T 5 NEMO <° HOIP (LUBAC) 73
YZN—hSN5 58 ZOLIICLTHEAEPICIRYIAEND Z & THWORREIED X,
LUBAC 78 NEMO ([ ESRAR Y 2 B F UHAR G S, 2O/ E LT IKKBDOEHE LA

B0, 5I&#H< NFkB OIEMALICES L BEZ BTV D,

TNF-a

it

TRAF2  TRADD Lys11,Lys63

AEFFUE
Ripy | CIAP12 ﬂ

HOIL-1L o NF-xB
 or TS — Eei

SHARPIN

LUBAC

E#RAR)IEXRF U

Figure 5-2-1. Schematic representation of signaling pathway of LUBAC-mediated linear
polyubiquitylation of NEMO induced by TNF-a stimulation.
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Uboy 7kl v, LUBAC 7 NEMO ([CESRA Y 23 F U #HeE A SIED
FTOERDAT » 7 ThsH TNFRSC ~® LUBAC & NEMO DU 7 /L— k| |2,
gliotoxin 23E2E % . 2 720N 2 & A3fERR S AuiuiX, gliotoxin (3 LUBAC Z 8 RAYICHHE L T
WD ZEDRHEMIOREND LE A BN D, £ 2T, Jurkat Mifld 2 GST-TNF-o THIF L .
I X VB & D TNFRSC % GST pull down 52 & 0 B L 72 (Figure 5-2-2),
RO cIAP1/2 ORLERITH S SM-164 (cIAP1/2 DHEZESFF ALEL, a7 7T V—2A
RIFHIR 3~ &8 2 & TEOBREAZ KRS E D 60) N2 72RICH VT, LUBAC @
TNFRSC ~® Y 7 b— F 3 PLE STV D D2k L, LUBAC X° NF-«B OfEMAL & [
T DD IREETH S 10 pM @ gliotoxin IX TNFRSC DI IT R % 5 2 72\
ZEnEREINTZ, UEORERE LY, gliotoxin (X LUBAC {&ME(LICE S Lo~ 7 v

REHIIZMEE T LUBAC £ Db D2k L TIEFREZ L T\ D 2 LaVRE L,

GST pulldown Lysate GST pulldown Lysate
SM-164 (nM) 0 100 0 100 Gliotoxin (uM) 0 10 0 10
GST-TNF-a (min) 0 10 0 10 0 10 0 10 GST-TNF-a (min) 0 10 0 10 0 10 0 10

Hoe | | [ o e 8| o [ | [enenent]
SHARPIN | e SHARPIN [ = | [ e |
HoIL-L | [———] HolLAL | | [ ——

RIP1 | | | e—-———— | RIPT | % ]| ————

RIP1 RIP1

L. (Long
E)Epc?;:Jgre) ' ! Exposure)

J NEMO | | [
-
aret [ ] ; ] TNFR1 [ e s ] [ e |
B = == e
Jurkat

Figure 5-2-2. (A, B) Inhibition assay of TNF receptor signaling complex (TNFRSC)
formation. HOIP, HOIL-1L and SHARPIN were not recruited to TNFRSC in
SM164-treated Jurkat cells (A), whereas 10 uM gliotoxin did not affect TNFRSC
formation (B).
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PLED X 51z, gliotoxin IEAIIEANIZIW T LUBAC %@ RAYICPHET 5 Z & T NF-kB ©
TEMEALZBH T 2 2 E DM R I NN, ZTOBREIZOVT I HITHEAET L,
HOIP-null Jurkat #i @i 3\ T gliotoxin (2 L 5 NF-«xB OGN ED L 9 ICEE %
ZF DR Lz (Figure 5-2-3), HOIP-null Jurkat #8233 Tik TNF-afl K7 72
NF-xB O1EMHAL 580 < #ifil 41Tk 0 . LUBAC @ NF-«B {EMELIZI1T 5 EEMEN D T
i< ZFRFE TV D, L L1 uM @ gliotoxin CTHAIZAEES % Z & T HOIP-null Jurkat

AN TS NF-kB OFEMEL2N ST LT LE O 2 L RS S iz,

Jurkat Wild type HOIP null

Gliotoxin (M) 0 03 1 0 0.3 1
10 ng/mLTNF-c(min) 0 10 30 0 10 30 0 10 30 0 10 30 0 10 30 0 10 30

-
-

plkBa . p—

L R T p— ----._--.M
B-Actin “---—---—-M

e L —_— ~ |

Figure 5-2-3. Inhibition assay of TNF-a-induced NF-kB activation in wild-type and
HOIP-null Jurkat cells. Phosphorylation of IkBa was slightly diminished by addition
of 1 uM gliotoxin in HOIP-null Jurkat cells.
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VL EORETE Y | gliotoxin 12 & 5 NF-«xB OIFPE(LFLE X LUBAC LIS D > 7 )LIRF- 0
FREICHREERLTWA Z RTINS, T2 T, IkBa® U VEg{b 2 5 TIKKBAFHE
SNDFHIl <<, TNF-oflliic & - TEMAL S 7z IKKBZ SafE ihfEisI L0 BEEL |
in vitro \ZBWTxF—¥7 vt A %21i7-72 (Figure 5-2-4)13, Z OMRFTOFELE, 3 uM
gliotoxin /% %5 Z & T, IKKBD X+ —EBIEMEDNHEFE S D 2 & DBMR SN, D728,
gliotoxin |Z & % NF-xB OIEMEALIHIIE IKKBOAE & % 5 L TV 5 ATREME A RIE S 415 13,
in vitro \Z8B1F % LUBAC BEED ICs0 = 0.51 uM TH ¥, IKK BLERL Y HIKBEETH D
Z &b, LUBAC OIEMERLE O J5 73 NF-xB OIEMHALMHNIC B W TREREF G 2R LT

WHZENRIEREIND,

GST-IkBa (1-54 aa) WT S32/36A
TNF-a - + + + + o+

Gliotoxin(uM) 0 0 03 1 3 0

plkBa

GST | o s e

Figure 5-2-4. Inhibition assay of IKKB-mediated phosphorylation of IkBa. IKKp
isolated from TNF-o-stimulated Jurkat cells were inhibited by treatment of 3 uM
gliotoxin. S32/36A IkBa is a mutant which is not phosphorylated by IKKp.
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% 3#i LUBAC FEHZ AW oRBIBE~DIEH

1 FEIZHIR 72 K 912, LUBAC BERIEMEO BRI TTHE TR~ 2R BICE 532 2 &7

Rl

WEINTWAH =, AHFZEIC TR L7= LUBAC FHL5EA gliotoxin 2 W5 Z & THEA
1B LIS ATRE T D 0MRET 21T o 7o, ITFEOMIZEIZ LV . LUBAC OREETEMEDHI AHA
cisplatin (27| &l Z S HMBSEZINHIT 5 Z L BHiE ST\ 5 21, £ Z T, gliotoxin %
T LUBAC OBEETEMEZ 632 2 & T, cisplatin &{FH972 7 A b — 3 ZAFHEHM: %
B LIS L7 (Figure 5-3-1A, B), 2 Z Tld. caspase-3 OOk LU, Mifao
Annexin V-FITC OR@EICEI D TR F— 2ADOFMET> TW5B, ZORER, WTFno
FEAG SR IZHB VT H 0.3 uM gliotoxin Z M T 72 HEIC B W TIRIZ & A E i 2E 1
B H70A, csplatin &M A D2 & TV AR M=V R &R ZTHREDO K 72 EHN

R I 7=,

72721, gliotoxin (LEHREE TIA S Z & TR FEIHET 5 Z LM BTN DT 61, 62,
ARRFHNT X0 B - Mgt LUBAC ZHE L7z 2 LI Ko MEZR TR, LA
gliotoxin & cisplatin O M2 EHRADOEZZ LICEVEZ - TLE 2L DO TERVMNE
Bbivd, £ZC, ZOREMEA PRI~ < HOIP-null Jurkat a4 v CRIERDOE 4
17> 7= (Figure 5-3-1C), HOIP-null Jurkat #fifd CiX cisplatin O Hl#E HHFZ % < O
THRBF—=VARRD LN G, LUBAC 2 cisplatin MifPE0OE&ICREE5 35 Z &R
W TR STz, £ LT, gliotoxin & cisplatin Z0ff] L 72#£ Tld, cisplatin Bl 5.0
FELEIG L CTHERENR LN N-oT-Z £ D, gliotoxin + cisplatin (2 X D &)L b
7R b= A1F LUBAC HFICERT 2D TH D Z LN IRE I 7o, ARERIT,
LUBAC OEEZRIEMFAE D cisplatin & DOOFHIC L W DADRKRERET1Z GO LND T L%

RETAEOTHY, LUBAC OASEIER & L TOBEREZWD TR XHTL2H0TH S,
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Figure 5-3-1. Apoptosis induction in Jurkat cells. (A) Cisplatin-induced cleavage of
caspase-3 was increased by gliotoxin co-treatment. (B) The number of Annexin V-binding
Jurkat cells (wild type) was increased by co-treatment of gliotoxin and cisplatin. (C) In
HOIP-null Jurkat cells, cisplatin-induced apoptosis was not increased by gliotoxin

co-treatment. * P<0.05, ** P<0.01, error bars show standard deviation (n = 3 each).
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B1HE #E

AWFRIZEBNTIE, WBRTTETHZ 22D, BDART VAT —FDK & 72 D5 K 1
NF-«B OiEME 2 5 5 EHIRA U = % F RS LUBAC O ERZRRE T2 L %
HAE9L L. Tb3+EAR L O fluorescein THEGE L7= = % F % T, LUBAC DBHEH|

T® 5 gliotoxin % RL.H L7,

Gliotoxin (¥ LUBAC OEEFIEMEF L TH S human HOIP @ 699-1072 aa O fEIk
(RING-IBR-RING-LDD R A A ) IZHGBT D2 L TEOMREHELILET S 2 &2
RENTZ, ZOX D REED 212, gliotoxin i3 LUBAC LISk @ RING-IBR-RING # 0 E3
TdH % HHARI X° Parkin 72 EHHE L TLE 9 Z L3580 541, RBR B E3 % JA&ICRHE
5 AREMEDS R S 7223, 1> RBR A E3 & bl L TR © LUBAC OREETE %
BE U722 &5, gliotoxin 1% LUBAC 2% L TEIRMEZ AL TWDH EEZBND,
F7-. RBR LS HECT <2 RING A > E3 (25 L CIIIERF RN e BLETE M2 A L T
WRWZ ERB RSN Z EnD | FEEITEIRAY 7 LUBAC HEHM & L THRIIC

FRRY— e Z EnHEEN S,

Gliotoxin I% in vitro D772 53, MBINIZHB W CTH LUBAC O EEHRTEME 2 BRIIC
PHET 2 Z EMRRO LI, ZHE TIZH BTV gliotoxin DA % NF-xB OiE AL
PHERE & LUBAC OEERIGEMEOMENTER L TWD 2 L B R S iz, LaiETO
I L0, gliotoxin X702 T 7 Y —ADFE U XU URRENEZILET D 2 LN HRE
SHTWDIzD, iy NF-«B OFEE LI OJIA & bR Tz, £ ORFICHE
JREED S 10 pM & FEHIT R < 63, NF-«B IEMECLEIC L BERIRE L O—EN R 5780
TER, TR TT Y=L LDGRED S EROT T T TH D IkBad U CEE{LAHE
ENTWVWDEWD Z L EELRD L gliotoxin IZ X D NF-«B OfEMALIGENLI T 077 VY — A

DILETHMZT L Z LIFEFICR#E LR LD LEX LN D,
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Mz <. gliotoxin %z LUBAC BHEAIE L THWSD Z & T, cisplatin (K72 7 R h— A
FHEILMEEZSO LD Z DRI, LUBAC OAIBKIEN S L TOEZRN ZINLETEL DL

RRSNDHRER IR,
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Bofi SHOBE

ABFFEN THER L 72 Tb-Ub B KL OVFL-Ub (E, U P u ks, & LI N KO 7 I 7 Ko
W T U AR SN DO THh L0, Blim ETIE, BEERAY 2vXF D H
BoEP. oY PUBEENTHIETOMOA X F U E AR T I ENTED, Z0D
2, INHOESRE X TF A2 MnDHZ LT, LUBACIZIRSL T, HHP o2 % F 8
EREEREDOEREZRRET L ENARETHDL EEXOND, TEXTF 1R, ABFEICT
TR Lie 7 a7 7 Y — MMKAFRI IR 2 2 X7 B D53 fERe . NF-xB OIEPE(L7R & OBEREIZINZ
DNA BEECERE, £ L TA— b7 7 U— R EIEFICZIGIT D 5 BRI ST 5
BUNRIETHDLIeD, ZOX) X F ALISEEFET HILEMERET 52 & T,

AMBGORALCAEEMIFEO TR EICRESEMRTE 2 Z ENifrsn s,

AHFZEIC T, LUBAC FLEHAI & cisplatin & OBFHIC L0 MO 7 R b — ZFHEEME %
O HID T & &R LI, £7-. LUBAC I3 cisplatin ™ #7259, etoposide X° doxorubicin
7 EOTMNAFTUEL L7212 H NF«xB OIEMHLEZR L, MIBOEGFEZBT S Z &N
RENTWD Z Lab, LUBAC HER LA PP AAIE OBFHICLY . 2D R%
MO LD T EDNHIFESILD 64, ZAUTMZ, Famll btk L72iE Y . LUBAC OREETEMET
WS AU DTEAE L FFED B Y L BHE LT D 2 &R STV D 728D 19,20,

IO DHEBIZHIRIFENR DD LD PBEEIT > TV E 2L,
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%5 O BEEICHFEL L2 Y | gliotoxin 137 A~UL¥ L ZFEDIFRE T % Aspergillus
fumigatus 72 E3PEET D FEER ZIRANHEN T, TS OMAEM O T T D Iw IR T
ThdHZENMBITND 36, NF-«B (38 EOREICEOHFE 2 S G R - O—2>Th Y |
AMFZEI LV gliotoxin 78 LUBAC OFEFRTEMEALET 5 Z & T NF-«B OiEH L2 #1635
T L KE SN LD, gliotoxin (X LUBAC OJEMEFAE 21 U C1E E05E 1 %
ORI, Y Z ) STV D ATREMEA R S D, F72, LUBAC IEMIIRZEDIIHNIC &
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Materials

Petit-LUBAC, Petit-SHARPIN, GST-TNF-o (77-233 aa), GST-IxkBa (1-54 aa), GST-
HHARI (177-393 aa), Hise-Ubc13, Hise-Uevla, MBP-Parkin and MBP-HOIP (699-1072
aa)-Hiss were expressed in Escherichia coli BL21 (DE3) and purified with appropriate
affinity resins, such as Ni-NTA Agarose (Qiagen), Glutathione Sepharose 4 Fast Flow
(GE Healthcare) or Amylose Resin (New England Biolabs). The vectors for expression of
Hiss-TRAF6 and LUBAC, which is composed of HOIL-1L, SHARPIN and Hiss-tagged
HOIP, were constructed with BacPAK6 baculovirus expression system (BD Biosciences),
and these proteins were expressed in Hi5 insect cells and purified with Ni-NTA Agarose.
Antibodies were purchased or supplied as indicated below: anti-ubiquitin (Santa Cruz
sc-8017), anti-NEMO for immunoprecipitation (Santa Cruz sc-8310) and for
immunoblotting (BIOZOL MBL-K0159-3), anti-IxBa (Cell Signaling Technology #9246),
anti-pIkBoa (Cell Signaling Technology #4812), anti-B-actin (Santa Cruz sc-47778),
anti-RelA (Santa Cruz sc-109), anti-LaminB (Abcam 16048), anti-RIP1 (BD Biosciences
610458), anti-TNFR1 (Santa Cruz sc-8436), anti-HA (Santa Cruz sc-805), anti-MBP
(Santa Cruz sc-13564), anti-GST (Santa Cruz sc-459) and anti-caspase-3 (CST #9662).
Anti-HOIP, anti-HOIL-1L, anti-SHARPIN and anti-linear ubiquitin chain antibodies

were described previouslyl4 67,

Preparation of Tb-Ub and F1-Ub

In preparation of Tb-Ub, 3 mM ubiquitin and 3 mM TbITC were mixed in 100 mM
NaHCOs aqueous, and in preparation of F1-Ub, 1 mM ubiquitin and 1 mM FITC were
mixed in 100 mM NaHCOs aqueous and those samples were incubated at 37 °C for 8 hr.
Then, labeling reagents those were not conjugated to ubiquitin were removed by gel

filtration column chromatography.

High-throughput screening

In the Petit-LUBAC screening system, enzymes and ubiquitins were mixed on the
384-well plate. The reaction components were: 20 mM Tris-HCI (pH 7.5), 5 mM MgCl.,
2 mM DTT, 2 mM ATP, 0.5% Tween 20 (w/v), 0.1% DMSO (v/v), 2 uM each compound,
0.025 uM Tb-Ub, 0.05 uM F1-Ub, 1.2 uM ubiquitin, 0.4 pg/mL E1, 3.5 pg/mL UbcH5c
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and 0.6 pg/mL Petit-LUBAC. In the Petit-SHARPIN screening system: 20 mM
Tris-HCI (pH 7.5), 5 mM MgClz, 2 mM DTT, 2 mM ATP, 0.5% Tween 20 (w/v), 0.1%
DMSO (v/v), 2 uM each compound, 0.025 pM Tb-Ub, 0.1 uM F1-Ub, 2.8 uM ubiquitin, 4
pg/mL E1, 5 pg/mL UbcH5¢ and 3.5 pg/mL Petit-SHARPIN. In the NEDD4 screening
system: 20 mM Tris-HCI (pH 7.5), 5 mM MgClz, 2 mM DTT, 2 mM ATP, 0.5% Tween 20
(w/v), 0.1% DMSO (v/v), various concentrations of compounds, 0.025 uM Tb-Ub, 0.05
uM FI-Ub, 0.3 uM ubiquitin, 0.4 ug/mL E1, 3.5 ug/mL UbcH5¢c and 3.4 ug/mL NEDDA4.
These reaction solutions were prepared in a volume of 15 ul.. Enzymatic reactions
were performed at room temperature for 2.5 hr, 5 hr and 3 hr in Petit-LUBAC,
Petit-SHARPIN and NEDD4, respectively. After the enzymatic reaction, 10 uL of 5 M
guanidine-HCl aqueous was added to stop the reaction, and then Fsz0 and Figo were
measured by time-resolved detection (excitation wavelength; 340 nm, delay time; 50
us, gate time; 450 ps and flash times; 300 cycles) to evaluate ubiquitin chain
elongation. Small chemicals used in this screening were provided by the Open
Innovation Center for Drug Discovery, The University of Tokyo. The small molecule
library used in this screening is composed of structurally diverse compounds,
including natural products. The integrity of these compounds were assessed by

LC-MS.

In vitro ubiquitylation assay

In vitro ubiquitylation reactions were performed as described below, 5 pg/mL E1, 10
pg/mL UbcH5¢, 50 ug/mL each E3 and 150 pg/mL ubiquitin (SIGMA) were incubated in
buffer containing 50 mM Tris-HCl (pH 7.5), 5 mM MgClz, 1 mM DTT, 2 mM ATP at
37 °C, together with cIAP1/2 for 1 hr, Petit-LUBAC, Petit-SHARPIN, HOIP (699-1072
aa), Parkin, HHARI (177-393 aa) for 2 hr. In TRAF6-mediated ubiquitylation assay, 5
pg/mL E1, 2.5 pg/mL Ubcl3 and Uevla as an E2, 50 ug/mL TRAF6 and 150 pg/mL
ubiquitin were incubated in buffer containing 50 mM Tris-HCI (pH 7.5), 5 mM MgCls, 1
mM DTT, 2 mM ATP at 37 °C for 1 hr. Ubiquitylation reaction products were probed

with anti-ubiquitin antibody.
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Isothermal titration calorimetry

ITC measurements were performed using an ITC 200 MicroCalorimeter (GE
Healthcare). All assays were performed in 20 mM Tris-HCI buffer (pH 7.5) containing
5% DMSO (v/v) at 25 °C. In the sample cell, 20 pM of proteins were loaded and 500 uM
of gliotoxin was filled into syringe. Data were analyzed with the Origin7 software

(MicroCal) supplied by the manufacturer.

Evaluation of gliotoxin conjugation to HOIP (699-1072)

HOIP (699-1072) was mixed with various concentrations of gliooxin in 50 mM Tris-HCl
(pH 7.5) in the presence or absence of 1 mM DTT at 37 °C for 30 minutes. Then,
gliotoxin which was not conjugated to HOIP (699-1072) was removed by ultrafiltration.
To cap free thol groups, 10 mM N-ethylmaleimide and 1% SDS in 50 mM Tris-HC1 (pH
7.5) was added to HOIP (699-1072) and they were incubated at 37 °C for 1 hr, followed
by ultrafiltration to remove residual NEM. To cleave disulfide bond between HOIP
(699-1072) and gliotoxin, 100 mM DTT in 50 mM Tris-HCI (pH 7.5) was added and they
were incubated at 37 °C for 60 min. Residual DTT was removed by ultrafiltration and
free thiol groups were capped with 1 mM fluorescein-maleimide. Finally, fluorescence
and immunoblotting images were acquired after SDS-PAGE and PVDF membrane

transfer.

Cell culture

HOIP-null Jurkat cells were prepared and kindly gifted by Yoshiteru Sasaki and
Tadahiko Matsumoto. Jurkat and Bal17.2 cells were cultured in RPMI-1640 (SIGMA)
containing 10% fetal bovine serum (v/v), 100 U/mL penicillin G, 100 upg/mL
streptomycin and 60 uM 2- mercaptoethanol at 37 °C in humidified air containing 5%
COz (v/v). HEK293T cells were cultured in DMEM (GIBCO) containing 10% fetal bovine
serum (v/v), 100 U/mL penicillin G, 100 pg/mL streptomycin and at 37 °C in humidified

air containing 5% CO2 (v/v)
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NF-kB activation assay

Jurkat and Bal17.2 cells treated with DMSO or gliotoxin for 10 minutes were stimulated
with 10 ng/mL of recombinant human TNF-a (Promega) or 100 ng/mL of recombinant
mouse CD40L (R&D Systems) for the indicated times, respectively. Cells were lysed with
buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100 (w/v),
protease inhibitor cocktail (SIGMA), 2 mM phenylmethanesulfonyl fluoride, phosphatase
inhibitor cocoktail (Nacalai Tesque) and then pIkBa and IxkBa were probed by means of
western blot. B-actin was detected as an internal control. For fractionation of nucleus and
cytoplasm, cells were separated using NE-PER® Nuclear and Cytoplasmic Extraction
Reagents (Thermo) and nuclear translocation of RelA was evaluated by immunoblotting.

LaminB was used as a loading control for nuclear fraction.

NEMO linear ubiquitylation assay in cells

Jurkat and Bal17.2 cells treated with DMSO or gliotoxin for 10 minutes were stimulated
with 10 ng/mL of TNF-o or CD40L for 10 minutes, respectively. Cells were lysed with buffer
containing 50 mM TrissHC1 (pH 7.5), 150 mM NaCl, 1% Triton X-100 (w/v), protease
inhibitor cocktail, 2 mM phenylmethanesulfonyl fluoride, phosphatase inhibitor cocktail.
Then, lysates were incubated with anti-NEMO antibody on ice for 1 hr, followed by
incubation with rmp Protein A Sepharose™ Fast Flow (GE Healthcare) at 4 °C for 1 hr. After
intensive washing of the beads with buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1% Triton X-100 (w/v), proteins conjugated to the beads were eluted with 2x
SDS-PAGE sample buffer and probed with anti-linear ubiquitin chain and anti-NEMO
antibodies. To confirm the linear ubiquitin chain is conjugated to NEMO covalently,
HEK293T cells were transfected with HA-human NEMO-expressing vector and then
stimulated with 10 ng/mL of TNF-a for 10 minutes in the presence or absence of gliotoxin.
After the stimulation, cells were lysed with PBS containing 1% SDS (w/v) and heated at
95 °C for 10 minutes. Lysates were sheared with a 25-gauge needle and centrifuged at 15,000
rpm. The supernatant was collected and incubated with anti-HA tag antibody on ice for 1 hr,
followed by incubation with rmp Protein A Sepharose™ at 4 °C for 1 hr. After intensive
washing of the beads, proteins conjugated to beads were eluted with 2x SDS-PAGE sample

buffer and probed with anti-linear ubiquitin chain and anti-HA tag antibodies.
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Real-time RT-PCR

Jurkat and Ball7.2 cells treated with DMSO or gliotoxin were stimulated with 10
ng/mL of TNF-o or 100 ng/mL of CD40L for the indicated times, respectively. Then, total
RNA was isolated with an RNeasy Minikit (Qiagen) and cDNA was generated by using a
High Capacity RNA-to cDNA Kit (Applied Biosystems). Real-time PCR was performed
in the presence of SYBR® Green (Applied Biosystems) and relative abundance of cDNA
was calculated by the comparative Ct method (AACt). B-actin was used as an internal

control. Primers used for real-time PCR were listed below.

Primer

Sequence, 5'-3’

Human lkBa F
Human IkBa R
Human A20 F
Human A20 R
Human clAP2 F
Human clAP2 R
Human B-actin F
Human B-actin R
Mouse IkBa F
Mouse IkBa R
Mouse A20 F
Mouse A20 R
Mouse clAP2 F
Mouse clAP2 R
Mouse B-actin F

Mouse B-actin R

TCCACTCCATCCTGAAGGCTAC
CAAGGACACCAAAAGCTCCACG
CTCAACTGGTGTCGAGAAGTCC
TTCCTTGAGCGTGCTGAACAGC
GCTTTTGCTGTGATGGTGGACTC
CTTGACGGATGAACTCCTGTCC
CACCATTGGCAATGAGCGGTTC
AGGTCTTTGCGGATGTCCACGT
GCCAGGAATTGCTGAGGCACTT
GTCTGCGTCAAGACTGCTACAC
AGCAAGTGCAGGAAAGCTGGCT
GCTTTCGCAGAGGCAGTAACAG
GGACATTAGGAGTCTTCCCACAG
GAACACGATGGATACCTCTCGG
CATTGCTGACAGGATGCAGAAG
TGCTGGAAGGTGGACAGTGAGG
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TNF receptor signaling complex (TNFRSC) isolation

Jurkat cells treated with DMSO or giotoxin (10 minutes) or SM-164 (1 hr) were
stimulated with GST-TNF-o for 10 minutes, followed by lysis with buffer containing 20
mM Tris-HC1 (pH 7.5), 150 mM NaCl and 0.2% NP-40 (w/v). Then, the lysates were
incubated with glutathione Sepharose™ at 4 °C for 30 minutes. Beads were washed
intensively with buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% Triton
X-100 (w/v) and the TNFRSC were eluted with 2x SDS-PAGE sample buffer and probed
with the indicated antibodies.

In vitro IKK assay

Jurkat cells stimulated with 10 ng/mL of TNF-a for 10 minutes in the presence or
absence of gliotoxin were lysed with buffer containing 50 mM Tris-HCl (pH 7.5), 150
mM NaCl, 1% Triton X-100 (w/v) and then NEMO was immunoprecipitated with
anti-NEMO antibody and rmp protein A Sepharose™. After intensive washing, beads
were suspended in the buffer containing 50 mM Tris-HCI (pH 7.5), 5 mM MgClz. The
anti-NEMO immunoprecipitates were incubated with 5 mg/mL of wild-type or S32/36A
GST-IxkBa (1-54 aa) in 20 uL of reaction buffer composed of 50 mM Tris-HC1 (pH 7.5), 5
mM MgCls, 1 mM ATP at 30 °C for 30 minutes in the presence or absence of gliotoxin, followed

by immunoblotting with anti-plkBa antibody.

Apoptosis induction assay

Jurkat cells were treated with DMSO or 0.3 uM gliotoxin for 10 minutes, and then
DMSO or cisplatin or TNF-o were added to the cells and incubated for 48 hr. Cells were
stained with FITC Annexin V Apoptosis Detection Kit I (BD Biosciences) according to
the manufacturer’s protocol, cells were analyzed with a BD FACSCanto™ II (BD
Biosciences). Data were analyzed with FlowdJo version 9.5.3. Also, apoptosis of Jurkat
cells were detected by cleavage of caspase-3. After the treatment of DMSO or gliotoxin
or cisplatin, cells were lysed with buffer containing 50 mM Tris-HC1 (pH 7.5), 150 mM

NaCl, 1% Triton X-100 (w/v), and then, caspase-3 was probed by means of western blot.
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Synthesis of CS124

o o
/\QJJ\/U\ X
HZN/C\NHZ neat, reflux, 48hr  H,N N~ 0
Cs124

m-phenylenediamine (2.44 g, 22.6 mmol) was dissolved in ethyl acetoacetate (2.88 mL,
226 mmol) and the solution was refluxed for 12 hr. After the reaction, there was deep
brown solid in flask. Washing the solid with dichloromethane gave 2.44 g of light brown
solid (y. 62%). "H-NMR (300 MHz, DMSO-d¢) &: 2.28 (s, 3H), 5.75 (s, 2H), 5.94 (s, 1H),
6.36 (d, 1H,  =2.0 Hz), 6.46 (dd, 1H, J =2.0 Hz, 8.6 Hz), 7.33 (d, 1H, J= 8.6 Hz), 11.14
(s, 1H). 3C-NMR (75 MHz, DMSO-de) §: 18.5, 96.8, 110.4, 114.7, 125.5, 140.8, 147.9,
151.5, 162.3. LRMS (ESI*): 197 [M+Nal*
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Synthesis of 2

CO,H O,N
r 2 2 \©\ COZH HOZC
(o] N e}
T\N/\/ \/\N/\f NH, CS124 TEA \©\ JJ\/N \)L
\g) Kg/ DMF, r.t. 2 hr HO c
2

1
e I JJ\/N\/\NNN\)L

crude
MeOH, 2 hr

HOZC
2
y. 129 9 (2 S18pS)

Diethylene triamine pentaaceticacid dianhydride (1.4 g, 3.9 mmol) was dissolved in
DMF and triethylamine (catalytic quantity) was added. To the solution, CS124 (680 mg,
3.9 mmol) and p-nitroaniline (640 mg, 4.6 mmol) in DMF were added dropwise, then the
resulting mixture was stirred at room temperature for 2 hr. After the reaction, the
solution was concentrated in vacuo and the residue was purified to some extent by
HPLC (A:B = 90:10 to 60:40 in 60 minutes) and crude compound 1 was afforded. The
crude 1 was dissolved in MeOH and Pd/C was added to the solution. Then, the flask was
filled up with hydrogen gas and the solution was stirred at room temperature for 12 hr.
Pd/C was removed by filtration and the filtrate was concentrated under reduced
pressure. Purification by HPLC (A:B = 99:1 to 70:30 in 60 minutes) gave 325 mg of
white solid (y. 12.9 %, 2 steps). tTH-NMR (300 MHz, D20) &: 2.21 (s, 3H), 3.28 (s, 8H), 3.59
(d, 6H, J=17.6 Hz), 3.80 (d, 4H, J=15.4 Hz), 6.17 (s, 1H), 6.93 (d, 2H, J= 8.8 Hz), 7.07
(d, 2H, J = 8.0 Hz), 7.12 (d, 1H, J = 8.0 Hz), 7.33 (s, 1H), 7.47 (d, 1H, J = 8.0 Hz).
13C-NMR (100 MHz, D20) &: 18.7, 43.2, 52.1,52.2, 52.8, 54.9, 56.2, 56.4, 57.7, 58.3, 107.1,
116.5, 117.8, 118.1, 118.3, 121.7, 123.8, 126.1, 126.4, 137.6, 137.7, 139.2, 151.9, 164.6,
167.6, 168.7, 172.2, 172.8. LRMS (ESI*): 640 [M+H]*
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Synthesis of 3

RN Y SNY O\)l = S aas
N \ /
J\/N\/\N/\/N\)J\ < \“‘be**\zf\@o

H,0, pH 5~7, L hr 5
HO2 \ng
2 o} o

y. quant

Compound 2 (28 mg, 0.044 mmol) was dissolved in H2O and TbhCls + 6H20 (18 mg, 0.048
mmol) in H20 was added and stirred at room temperature for 1 hr. Then, the solution
was concentrated and the residue was purified with Chelex 100 (Bio-Rad). Removing
solvent by freeze-dry gave 35 mg of white solid (y. quant.). HRMS (ESI*): m/z calculated
for C30H35sN709Tb [M+H]*; 796.17497, found; 796.17339 (-1.58 mmu)

Syntehsis of ThITC
_S
_C~
J@f oy
\l\: f(go HN N
¥b3* CSCl, in CH,Cl, N“‘:\‘rﬁ; + H
=77 \ \:7N \\\\\ HZO O'_ .—"'\F \\\:\:’:‘ T
O b d 0 Xp
ThITC
y. 96%

Compound 4 (28 mg, 0.035 mmol) was dissolved in H2O and thiophosgene (50 pL, 0.51
mmol) in 3 mL of dichloromethane was added dropwise and stirred at room temperature
for 1 hr. This solution was extracted with H20 and aqueous layer was dried up and 27
mg of white solid was afforded (96 %). HRMS (ESI*): calculated for CsiHssN709Tb

[M+H]+; 838.13139, found; 838.13503 (+3.64 mmu)
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Synthesis of C3

(" NH C;[Nj\ . TEA ﬁ,\,\/[:j\

N

A
| N Toluene N N\)
z reflux, 2 hr \ N
~
C3
y. 15%

1-(2-pyridyl)piperazine (273.0 mg, 1.68 mmol) and 3-chloro-2, 5-dimethyl pyrazine
(113.3 mg, 0.79 mmol) were dissolved in toluene and catalyst quantity of triethylamine
was added. The reaction mixture was refluxed for 12 hr and solvent was removed under
reduced pressure. The residue was extracted with 2 N HCI and then 2 N NaOH was
added to the extract to be basic and the solution was extracted with dichloromethane.
Combined organic layers were concentrated and purified by flash column
chromatography with NH silica (CH2Clz : MeOH = 100 : 0 to 90 : 10), and 32 mg of light
yellow solid was afforded (y. 15 %).'H-NMR (300 MHz, CDCls) &: 2.42 (s, 3H), 2.52 (s,
3H), 3.33 (t, 4H, J=5.1 Hz), 3.69 (t, 4H, J= 5.1 Hz), 6.64-6.67 (m, 1H), 6.72 (d, 1H, /=9
Hz), 7.52 (m, 1H), 7.95 (s, 1H), 8.23 (dd, 1H, J = 5.1 Hz, 1.5 Hz). 13C-NMR (75 MHz,
CDCls) &: 20.9, 21.4, 45.3, 107.3, 113.6, 136.1, 137.5, 143.2, 148.0, 148.3, 156,4, 159.7.
LRMS (ESI*): 270 [M+H]*

Credit

The figures below were reprinted with permission from ” Sakamoto, H., Egashira, S.,
Saito, N., Kirisako, T., Miller, S., Sasaki, Y., Matsumoto, T., Shimonishi, M., Komatsu, T.,
Terai, T., Ueno, T., Hanaoka, K., Kojima, H., Okabe, T., Wakatsuki, S., Iwai, K., and
Nagano, T. (2014) Gliotoxin Suppresses NF-kappaB Activation by Selectively Inhibiting
Linear Ubiquitin Chain Assembly Complex (LUBAC), ACS chemical biology. DOI:
10.1021/cb500653y.” Copyright © 2014, American Chemical Society.

Figures 2-1-4, 2-3-8, 3-3-2, 4-1-1, 4-1-2, 4-2-1, 4-2-2, 4-3-2, 5-1-2, 5-1-3, 5-1-4, 5-1-5,

5-2-1, 5-2-2, 5-2-4.
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