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Abstract: Oxidative stress is a redox imbalance in the body, which is one of the important factors leading to
tissue damage and diseases. The nuclear factor E2-related factor 2 (Nrf2)-Kelch like ECH-associated protein 1
(Keapl) signaling pathway is not only an important defense system against oxidative damage, but also one of the
key signaling pathways of the antioxidant capacity. Numerous studies have shown that targeting the Keap1-Nrf2
signaling pathway to activate Nrf2 has become an effective strategy for the treatment of oxidative stress and related
diseases. Using small molecules to directly block the Keapl-Nrf2 protein-protein interaction (PPI) is one of the
important directions for activating Nrf2 and exerting the cytoprotective effect, which can avoid the potential side
effects of covalent modification of Nrf2. On the other hand, the Keapl is an efficient E3 ubiquitin ligase that has
been used in the design of proteolysis targeting chimeras (PROTACs). This review summarizes the research
progresses of Keap1-Nrf2 protein interaction inhibitors and degraders based on the Keapl E3 ubiquitination system
in recent years.
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Crystal structure of Keap1 and Nrf2"~..
(PDB: 1X2R) &

Crystal structure of Keap1 and compound 1
(PDB: 41QK)

Crystal structure of Keap1 and compound 2
(derived from PDB: 4XMB)

ICso (FP) = 2.7 pmol-L~
Ky (BLI) = 1.69 pmol-L"

ICs (FP) = 28.6 pmol-L™
Ky (BLI) = 3.59 pmol-L"

cLogP =34 cLogP = 3.0

Figure 1 The crystal structures of Keapl with Nrf2, compound 1 and compound 2. The structures of compounds 1 and 2
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Figure 2 The structures of compounds 3-5 and the structure-activity relationship
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Figure 3 The structures of compounds 6 and 7
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Figure 4 The structures of compounds 2, 8 and 9
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Figure 5 Development of naphthalene sulfonamide inhibitors 10-21
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Crystal structure of Keap1 and compound 25
(PDB: 6SP4)
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Figure 6 The structures of compounds 22-25 and the crystal structure of Keapl with compound 25

KW S (EC,, = 0.95 umol-L™), 32 1M & 4% {# 37 1F
F o A3 751 26 1) 25 = e F R 3 3ol 2, 45 34k
)27, Keapl Kelch 5465927 LR 01, HORFE T
3FhEZEMAE BAEH: VYA SRR 5 ARG-415 1) FH
BT -n M E AR I = 5 TYR-525 ) -z HE AR AR
F Bt % 5 SER602 (A BEAH ELAE . bk, (&9
27 ) I = et 5 SER-555 A GLN-530 E.A5 S 8 A
HAEH . SEBERE, &P 27 FIRERIUR T /KT
G T PLIAS, 5 ARG-483 JE il 1 #98 i AH BLAEH -
I R PR AS 5 TYR-334 A HAF A, {H B A [ PHE-557
A TYR-552 4 JE 2 [a], PR AE 2R BR | 5] AN A [A] 1R HL
B, 69 28 (175 M Ko A0 itk — 3B 4 7, EC,, Al
K, %124 0.36 umol-L" #10.7 nmol-L". {4 &4 28 B
A AR AR 2B S R, 45 T KBRS mgkg' 4R
245 ) & J5, B 28 K 1 A (area under curve, AUC) Ny
2 720 ng-h-mL", ML i% &% (plasma clearance, CL) A
958 ng-mL", IfiL 2 ¥k FE ik U I [A] (time of maximum
concentration, 7)) 90.92 h, EYIHI 1 EE N 20%. FE4E
WIS, AR T2 A 10 mgkg ' 3872 50 mg kg
MR, fE45 %52 ha, B EH ) HMOX1.CBR3.NQO1
FIOSGINI KA Z, i H 21 OSGINT Kik¥E £, H
FHASHIMNQOL [RIA.

1.3 =M Keapl-Nrf2 /)N 43 FHIEI 5 2015 ¢,
Bertrand "8 T — R4 1,4- K HE-1,2,3- =L
E (B 8). MR ANRIRET, b5 29 TEHR 41 FP 5256
HiR A, BCy, o8 5 umol- L' {HJEF 41 il NQO1 52 5 &

24 hJ5 1755 NQOT Fig iif P4 14 I iy % Fir 7 (I BE (CD
fH) KF 10 pmol-L's MR ES X (30~32) K,
FEI0 T A (40 B (CD < 2 pmol-LY). X345
5 Keapl A3 25 &, 7044 40 A0 40 i A $01 fil] Keap1-Nrf2
EA-EAMEER, IF EE N2 R EE. Hrp,
A4 30 T B A4S /N B pR 2 v AR Sl LA 2
Bk, AT RAE i 2B AT PR I TR R 9T 254

2016 4, Davies il Heightman Z5“7 3 F F BE 1124
WIBETE 7 VEARE T — o B = IR P R 2K Keap 1-Nrf2
FIHIFR o AT ST XS 2 A AT S O O
B, Edid— P BREKERSSR 715933
(IC,,= 61 pmol-L"). 7EALA Y 33 FARIELM 34151 N Jit
FEORTE I B B, DAY S S SR R ik 2 (1) - HE AR A
HAEH, 46 & 9 34 (035 £ 15 2 K 08 B 42 T+ (IC,, =
0.27 umol-L™). #HJi, A 7 H s/ FReW AR 2 1
SR A, I8 IR R M R N TE R T BT
eI 24438, Horp, b &4 35 35 B, FL1C,, (FP) =
15 nmol-L", K, (SPR) = 1.3 nmol-L". 44 Py 3% 4 J5 1,
AW 35 R DL 12 P BH 2 M i 45E B AR S S
240 A ) Nref2 38 B, AT 5 5 R R SRk, 4R P
AATEYE, AR JORE OB, 5 TR AE 0 A RS SR AR B
1 (F=17%).

2017 4, Kazantsev 25" 3@ o 57 ik & 9L B 4- 7%
FE-1,2,4- = W B A G W) 36 RE TS 41 i Nrf2-ARE
B, 755 22 SARWF AT R R I o — & = We-3-Fi R i
BRI A 37 0 B A AL 1, B 4115 Keapl Kelch
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26
ECso = 0.95 pymol-L™
Kq (SPR) = 56 nmol-L"!

ECso = 0.69 pmol-L™"!
Ky (SPR) = 2.5 nmol-L"!

o
~ TYR-525 i@-ﬁS
GLN-530.4  PHE-577
y . \
L = 28
Crystal structure of Keap1 and compound 27 ECsp = 0.36 pmol-L"
(PDB: 2TYP) K4 (SPR) = 0.7 nmol-L"*

Figure 7 The structures of compounds 26-28 and the crystal structure of Keapl with compound 27

N=N.

R

——

29 R=COOH ECs, (FP)=5.0 ymol-L™" CD > 10 pymol-L"!
30 R=Me  ECs (FP) =10 ymol-L™! CD = 1.3 ymol-L™"
31 R=Cl ECso (FP) = 8.8 ymol-L™" CD = 0.7 pymol-L™"
32 R=l ECso (FP) = 7.1 umol-L™" CD = 0.6 ymol-L" b,

Crystal structure of Keap1 and compound 35

(PDB: 5FNU)
(o}
HO
i 0
HO =N Cl
N=N =
o, = :
~N Cl
N=N

0=S=0
ICs0 (FP) = 61 umol-L™" 34 35
Kq (ITC) = 59 umol-L"! ICsp (FP) = 0.27 pmol-L"! ICso (FP) = 15 nmol-L™!
Ky (ITC) = 0.67 pmol-L™! Ky (ITC) = 1.3 nmol-L"!
Qe
O\/Q N N ©/o\/L N
37
K4 (SPR) = 22.8 pmol-L™! Kq (SPR) = 16.5 umol-L""!

Figure 8 The structures of triazole small molecule inhibitors 29-37 and the crystal structure of Keapl with compound 35

SE RS K (B 59 51 22.8 R 16.5 pmol L FP A MU S IC, AT 10 F1100 nmol-L™ 2 [H],
1.4 DLW #R AR 2K Keapl-Nrf2 /N4> FHIHIF 2019  TR-FRET 7754k &4 38 1) IC,, {H /s F 10 nmol-L™;
A, Astex™HIE 2 K w25 AR B TSRS AR NIE Rl b R 40 i BEAS-2B H HI DY HY S i 0 £
EWL R, #RE A R I 42, Hoh 4k 54 38 F139 bk (NQO1 MTT S256) M #3464 39 ¥ EC, E N
37~ Keap 1 -Nrf2 iy JI0 i) 35 14 A0 A i R 4 B st (B19). 79 nmol-L".
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T, Norton Z8PVEE T v R W) B it k45 1 — 28
I MR TR SR A G 40, 1AL AW Keapl B A
Ay, 3K, = 2.5 nmol-L", J7£ BEAS-2B 41 ffi #5 71Y
R N2 O ) 2 K 2R0E, 20 i NQOT MTT & 46l
#3 EC,,fH N 43 nmol-L". Pallesen &%} B A7 17 1] 57
HEAT T R B A4 E 7E (fragment-based deconstruction
reconstruction, FBDR), W& il 1 — 28 MR BR IS 401
il AT THE 6 ECLRIE /N> T Keap1-Nrf2 PPLI 71
THERTTA R B, IEAE 4 IEAS A i S e v dbAT 1 I,
IR A B E I S i 1A 54 41, K 4B 9 40 nmol- L
1.5 H fth 3¢ Keapl1-Nrf2 /) 5 F 0% 51
ST 4k 58 58 FE 43 AT 43 BT (two-dimentional fluo-
rescence intensity distribution analysis, 2D-FIDA) i3 17

Marcotte

OH

>\1 . OH &
N : B
N W\ N’
N
S [3e
o C/\l "1.@_.\\
O “n-Bu
39

38 ICso (FP) = 10-100 nmol-L""
ICso (TR-FRET) = 10-100 nmol-L"!
ECso (BEAS-2B NQO1 MTT) = 79 nmol-L"!

ICso (FP) = 10-100 nmol-L"!
ICso (TR-FRET) < 10 nmol-L"!

o)
RF OH
| N
V,
_N IN\ Ny
o ¥z |
o
40

T I R IR AR A A 42 (R 1V
B2, N IC,, = 118 umol-L™. 2014 4, Sun &5
PG 8 R B 1 55 IR AT A= 0 43 3 PR AF, EC, (FP) M
9.8 umol-L"o ASife 5 20 3 3k 43 20 o 00 07 34 % 9% Y 75 17
S 23 H R BT P2 Nrf2-Keapl PP 754, 46 &
V) 44,45, (HHIEMH — M, 5 Keapl H 45 A 1 1C,, H
Qb T TR R VA, VAT T R S 2R HT AL . Satoh ZEPUAY
T iS4 S ) 46 F1 Keapl Kelch 45 #4)35k JL 45§, (2
B B LR BT F 45 R . Shimozono S5 4 i (1)
1) 47 J& — PP TE 1) Keap 1 -Nrf2 PPL I 71, 75 7%
J6 R NQOT ARE $% PRI, 52 30 771 44 i
PEBOE Nrf2. SPRSZLG i TR B R BRI MEIE & &
P 3 FE EC, A 1.36 umol- L.

o

9, ,N\)OJ\
S OH

T
ICs0 (FP) < 15 nmol-L™

K4 (SPR) = 2.5 nmol-L"! “
K; = 40 nmol-L"

Figure 9 The structures of pyrazole carboxylic acid small molecule inhibitors 38—41

Table 1 Other Keap1-Nrf2 protein-protein interaction small molecule inhibitors

Compd. Structure Activity Ref.
42 o IC,, (2D-FIDA) = 118 pmol-L" [15]
NJK/SY/N .
cr, M Hij\"
i
o o
43 o EC., (FP)=9.8 umol-L"' 53
/@%N‘NKN,NW\COOH 0 (FP) # (53]
HOOC H H
44 ! ol K, (FA)=2.9 umol-L"' [34]
d
45 K, (FA) = 10.4 pmol-L" [34]
46 / [54]
47 o EC, (SPR) = 1.36 pmol-L"' 55
2
NG o o
N7 N/“\N AN
H O H |
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Continued
Compd. Structure Activity Ref.
48 s IC,, =22 nmol-L"' [56]
_ -1
\Qs,p T K,=58.4 nmol-L
SN s
Zan
" M
—0 N
@#”
N, 0
o o,,S
A
/
49 . @ K, (FP)=5.1 pmol-L" [57]
@(j/ts K,(SPR)=48.1 pmol-L"
N 07N
K O)\O/\/
50 5 002N EC,, = 1.46 pmol-L" [58]
4 N
ateqetoS
51 NG N 0. IC,, (FP) =258 nmol-L"! [59]
@NINIOO" K, (SPR) =114 nmol-L"
0=8=0
52 09 IC,, (FP) =2.7 pmol-L" [59]
K, (SPR) = 158 nmol-L"'
oo IO 570
N2
S
[e]
53 cl IC,, (FP) = 1.09 pmol-L" [60]

K, (ITC)=0.71 pmol-L"!

2 15 PR 4 PO 3 2R B 0 Rk &R T AT R B
— 25 DLIS| W IR A R A% 1) Keap 1 -Nrf2 1171, 1k &4 48
ST % RGP CH SO R, A A Keapl 4 il v 14
IC,, = 22 nmol-L"; 7E H9c2 > WL 41l i v A 45 2k i
Nrf2, 3 H 5 57 A i b i Nrf2 A1 56 5 R A 88 1K
-, I HAEAA A At i 22 0 55 5 1) HOC2 O JULEH i 453 425
KA RHEH .

ARV A A SO %58 T — Rl 1)
Keap1-Nrf2 & [ -4 A A BAE FH#0H| 7] 4957 &
Wid Ik FP S50 #4358 5 25 A1 JJ K, 5.1 pmol-L, SPR
LIS K, = 48.1 umol- L' FE/RSME T Nrf2 1% 5 fir,
HE T 5 3 Nrf2 #2.3E K HO-1 #TNQO1 HI/KF T & . [
B, A S HH] 7 LPS 55 1 H9c2 -0 JL4H s H ROS
B 7 A2 A 56 4 B IS 1 TNF-a IL-15 AT TL-6 ) mRNA
KT, A PN AT R PR (R0 B EE M o UL R P o

2020 4, Kim 55538 1 5 #0075 308 1 07 72 3 HR e %
TPt Keap1-Nrf2 A7 .1 F 1) %7 8L 40 1] 771 50, EC,, =
1.46 pmol-L™, Ful LAE 936 T7 WA 4 A% 16 — Bl oA 807

1% . Gorgulla 2% F VirtualFlow V- & B 2L i iE T
I 1042 S K B, I T — R A AN A 45
TR 5, DAEARBE /R SEFI /) 55 Keapl 456 . Hirh,
& 51 BA GEIRISEA T (K, = 114 nmol-L™), J
4K Keapl 55 Nrf2 2 [ ) AH BAE F; (b &Y 52 I K, =
158 nmol-L", IC,,=2.7 pmol-L",

2021 4, Li &% I G T — R VIR (iridium,
Ir) f1%% (rhodium, Rh) Fit & #01F A Keap1-Nrf2 #1118l 5],
WOE Nef2, B P RS . Hod, 5 I R
WA 53 & A 2,9- FHHE-1,10-40 3 2 koA 4-5-2- 2%
Femg bR M) i PERC AR, 5 Keapl & F1 45 & 1C,, (FP)
41.09 pmol-L™, K fE40.71 pmol-L", 7T DA #E N IE &
JH4H A (LO2) H Nrf2 # 5% 47 355 5 HO-1 #1NQO1 1]
AR, R AT I G RS FE ) (acetaminophen,
APAP) 7 3 I 407, A 51k /I B 2 B 1470 M e g 5
P, H B R )4 i oF 1 ik i 25880 71 2 1 i,
A DA A AL 4 & A HLSE Keap 1 -Nrf2 PPLAH B AF FH 41
i35, 6097 APAP 7 5 1 S AT 45245 .
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1.6 KA Keapl-Nrf2 /N FHIHIF  LM49
& — PR T ALY, I AR E B 1R R I B A R
71,25 7 Keapl-Nrf2 i& 18 . Feng 106 &4k 24 1 Al
R T I N B LM49 il 4 7 27 MmOk, Kbk
9 54 (I 10) 1 EC,, = 0.82 umol-L", 3 it A it 5
Keapl & 152 5€ REFBPUANWAER, BA BT IIK
T T R EE T BE M, S — 2B A Keap I -Nrf2 2 - 25
FRR ELAE R A1 51 o

W) 55 7& Zhang 551\ 2R B b 43 BE 45 B 1 R
B, B — % Keapl-Nrf2 #lH1E M, Sk &4
Al B #: 5 Keapl 1 Kelch 345 &, T #1l] Keapl 25 A
ENrf2 A A, K= 19.6 umol-L". £ HCT116
Y, SR 2B R R I ik S Nref2 98 % HLO, T it ik
443, I X DSS % F 1 45 g R A — 2 R
TEH

20204F, Yang S5 V5 BT — 0B AL R AR AT AR )
At 5 Keapl 454, JF7E R 7ME0E Keap1-Nrf2-ARE 15 5
. WEEERM, (LAY 56 (HI22) iEid #H] Keapl 5
Nrf2 (AR BAE M A% Nref2 (0355, M #0420 1L
LR N 48 B BAF 2R 1 (thioredoxin-interacting
protein, TXNIP) /1 5 (4% H B2 45 & 5 AL G5 W 3lobE 52
&% 1 3 (NOD-like receptor protein 3, NLRP3) #$AiE/MA
(R o AT AR AT DA 25 ki G B 2R (ibotenic
acid, IBO) 5 5 1Y K BIA A0 D) B Fee i A B ) 12 L i 2
RREFVEA R, B A VR IT B IR M BRAE R 77 -

5T, Zhang S5 LTRSS 2 1) £ 1) ginnalin
A (GA) BEAT 73T Xf 2, 25 RR W] GA il i S B Al 7K
HIEAEH, 1R 15 Hh 45 4 F Keapl Kelch 45 #3511 3 4~ 11
48 (P1.P2.P3). 540 38 i i B Nrf2 1IE 3K 7 &
) 571038 i Keapl/Nrf2-ARE & 1% & ¥ £ W) 35, 7]
338 5 A 25 0 e S 7 1 R e ARV S A S

a4a

OH O Br O
o, =

OH
Br OH

LM49

2 KIFZE Keapl-Nrf2 H# 5

KIFE AW (macrocyclic compounds, MCs) 7E #E
) £ 1 AH ELAE 5 T B A R 0 R e v ) Ak i
PEo 80% M MCs FHXT 73 B & K T 500, A FF&E“KZY
TR, AH 2 e BA & R, B S B KT 3E
BV RECIR 45 B T R (R R 4 A, S SR AV R v i
FRPE,

2018 4F, 22 IF PG @A i 7 —Fh IRk, 55
N ¢c[GQLDPETGEFL] (58, ¥ 11), 5 Keapl HH % &
&s& 71 (ITC S5 K {6 4 18.12 nmol-L'; BLI 525
H K A 4 6.19 nmol-L™), FP 524 & Bl %t Keapl-
Nrf2 PPI# 5% (#4041 /E A (IC,, 2% 18.31 nmol-L™"). 58
76 40 B 7K S b 38 S B00E Nref2 8 45 10 B B8 &R G A Bt
FALRE 17, 72/ B RAW 264.7 41 i b 26 30 B 47 1)
PLRAE M . 2021 4F, Whitty ¥ #8144 35 Nrf2 J %)
DxETGE %5 & & [ @ik 45 1 & i 1 4P 7-mer 2 1K
(Ac-GDEETGE-NH,), 1% £ Ik fll Keap1 Kelch 45 1415 2%
A 71 KA R 4.3 pumol-L7, FL 3 P AS & 4 J IR AT Ag A2
LEU-84 F1 N-ify £, 19 1% 2 [8] {1 731~ 4 S0 8 DL & LEU-84
) T e 36 [4] Al Keapl ASN-387 (1) 43 1~ 18] #2 P4 AH H.{F
sk . ARG, B S BE 2 K 4, AR
7-mer % Ik 59 7 %1 A c[(D)-f-homoAla-DPETGE], 5
Keapl FH FAE FH B 38 50 AT AT 28, (H AR B 1 45 A 4
FK 5 Keapl Kelch 45 & 77 K #2522 20 nmol - L.

Fasan /)N 1 18 7 — 7 284 A 540 Ji 1 1 Bk 7 440
W RIA L k414 B (MOrPH-PhD) IR &, 35 3PA5 1
ZF 6 H T RIUK IR KL & P 5 5 Keap1-Nrf2 45 &
0] Ty f6 14 7 T P o o O 3 S P ATE AT I R T
&1 60 (1 12) R I ARG B RIS F ), K,
Y~ 40 nmol-L',

1 1, Begnini S8V 3E 47 R 72 W 1) 43 O 2 T
%, RILT —F0HT IR Keap1-Nrf2 PPI 5] 61, 1%

N/\|
K/N‘o O F
‘O ‘O - OH
HO. OH
F OH
54
ECs = 0.82 pymol-L™"
0”7 " YoH
HO

A o
N H o)
55

Ky (SPR) = 19.6 pmol-L"! 56 (HJ22

o
»
N
cl
)

57 (GA)

Figure 10 The structures of natural Keap1-Nrf2 protein-protein interaction small molecule inhibitors 54-57
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Crystal structure of Keap1 and linear 7-mer peptide
(PDB: 7K2D)

59
K; (FP) = 20 nmol-L™!

/\\HO‘<

58

ICs0 (FP) = 18.31 nmol-L-"'
Kq (ITC) = 18.12 nmol-L""
Kg (BLI) = 6.19 nmol-L"!

Crystal structure of Keap1 and compound 59
(PDB: 7K2S)

Figure 11 The crystal structures of Keap! with linear 7-mer peptide and compound 59 and the chemical structures of compounds 58 and 59

AW Keapl 454871 K, = 4 pmol- L™ s H 5 IR,
%M 0 77 A Keapl 2 A L 3 MM R R 5L FE ARG-
380, ARG-415 Fil ARG-483 {4 = [ 45 &, KRN
ALA-556 1 ARG-415 2 [ JE B FH & ¥--n #H HAE H, C-
Uity ) B R R 5 TYR-572 AH B8 0, %o 2 B R 358 43
5 ARG-483 TR L Eh#fr o RO R TE R IE, 61 B
AR T R A . PR R IR I A — A Ak, TR
G NS T EAR 2 5 R g s A S8 0 (TR R L
M E AR 6% 0 FF 23R | 5] N SRIREAR, #4595 5 ARG-
483 M EAEH, s Atk 61 41 T 100 %5 . oo, fk
G 62~64 5 Keapl 45 &5 it J1 AR, 75 1TC 5256 K,
B3 51 4 68.29.29 nmol- L. %ZAb-& W) B A B )
I, FEAR SN N BORL A4 A2 e PR
3 Keapl1-PROTACs

PROTACS /& —Ff X Ih e 71, 1E FMLHIZ4E 25
E3 2 RIE M T ¥ 5 A (protein of interest, POI) I,
12 B AR A TR R A R, BT AR T K
I # i z —U% H TR A N A 3 600 FlE3
Rz, Hp N/ A (cereblon, CRBN) F1 i 8 #1
|25 A (von hippel-lindau, VHL) B4 5 AT iz i
{E PROTAC W 5T . Keapl #& cullin 3 E3 %0 5 &
V) E B G S, TE AR AR P S A TR 4% N2 B K
FIAER . S OL T, Keapl Al cullin 3 B 488 H .
RBXI EHASEGWME S, MES G N EHIF NS
Hiz #= b, o (B AR, 4iFF B A 2 REDY . A

I, Keapl-cullin 3 E3 #4505 52 AW — MR G 200
E3Z R ARG, nlREWH] T PROTAC KR it, 5%
Keap1 £ [ S B BE AR P2 il o

ZIEP R HRIE T —Fh KT Keapl 22 40—
B A AR B P 34 47 oK B fif Tau 51 A 1 Ik 28 PROTAC
(peptide 1, 65, K 13). 65 7E: /& 4} 5 Keapl Fl Tau £ A
IRBRIEE G RE ST, SN E B S G K E 5 78 22.8
1763 nmol-L™'. UM AFN T A B34 45 B,
65 BEFE NP2 RN H fiE 0 £8 BEAH R 41 &% SH-SY S,
I DR [R) R4 BB AP TR T 4 i Y Tau 2 1 KF .
1 Keap i [ AN T 28 1 Bl (4410 1 77 MG 132 45 7 30
UESE T 65 7] LS T Tau 25 (1 P Af 2 K T Keapl V2 &
E A RP . (FESTEERR, XFEMAFEPROTAC
() 3233 1t AN 25 A3 77 e A AN BAR, B Ry ik — 2
otk . ZWF A AR, B H PROTACs 8 %5 Keapl 5 3
Tau £ [ M AT BEAE PR 22 IR AT PR IR 97 T BT R
B FA) B FH RT3

BE Z5 W i (piperlongumine, PL) 7] % 5 ROS [ %
ik, AT LAY Keapl E3 3% #5 il & A= 340 45 &, $0 ) i Je
a0 M ) A KT, X S Keapl E3 BCAA PL, Pei 2617
i JE B 254K 38 VE B 9 (cell division protein kinase 9,
CDKO9) & 11 $ i 771 SN'S-032 LA [A] i% #2277 20 5 PL
AHIZE, 3715 — R 5| PROTACs, H A 1L &4 66 1] L34
i 67 N5 Keapl B3 B4 &, iZ F-E M
AR ¥ 7 A R B % CDK9. £ 44 4t MOLT4 4
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60
Kg =40 nmol-L™"
ICs0 = 2.8 nmol-L"

(PDB: 6Z6A)
5 COOH
~ S X
S o AN
HN o S/ﬁ 8

61
Ky (SPR) = 4.1 ymol-L™ Ky =41 nmol-L""!
K4 (ITC) = 3.7 ymol-L"! Kq (ITC) = 68 nmol-L"
Solubility = 805 pymol-L" Solubility > 850 pmol-L™
Clint (human liver microsomes) = 36.5 pL-min'-mg™ Clipt (human liver microsomes) < 3 uL-min""-mg™*
COOH COOH
SN SN ¢
o~y o
HN 0 HN (0]
O Oj (o] O oj o
NH NH Ny~
o N o N
le) o
63 64
Kgy (DBA) = 97 nmol-L"" Kg (DBA) = 27 nmol-L""
Ky (ITC) = 29 nmol-L"! Ky (ITC) = 29 nmol-L™"
Solubility = 965 pmol-L"! Solubility > 1000 pmol-L™
Clit (human liver microsomes) < 3 pL-min"!-mg"" Clint (human liver microsomes) < 3 pL-min"'-mg""!

Figure 12 The crystal structures of Keapl with compound 61. The structures of compounds 60-64

,,,,,,,,,,,,,,,,,,,,,, H (e} OHH 0 OH Cell-penetrating peptide
| GQEDATADQYQQY — R T
! : N\)J\N N\)J\N/g“/\

H o) '

H o

Motif for recognizing Tau
Motif for Keap1 binding

65
Kq4 (ITC) = 22.8 nmol-L"! (Keap1)
Kq4 (ITC) = 763 nmol-L™ (Tau)

Keap1 ES3 ligase recruiting

o o o Q)?\N/Nl}_s M iPro,S

SRAOOUS R .

L o~ "
o\

ZL
b

inhibi N
N\) Rk mhibier Keap1 ES3 ligase recruiting \r
NH

i 1.
66 .‘/‘\N = O~ o
DCsg (MOLT4 cell) = 9 nmol-L"", D, = 96% (16 h) ) N o
ECso (LNCaP cell) = 3.2 nmol-L™ (72 h) oY EME4-ALK Inhibitor
O )

ECso (22RV1 cell) = 4.4 nmol-L™" (72 h)
ECso (PC3 cell) = 6.4 nmol-L™" (72 h)
ECs, (DU145 cell) = 8.5 nmol-L™" (72 h) 67

Figure 13  The structures of compounds 65-67



=i 145 Keap1-Nrf2 & FAH ELAT HT /NG040 ) 70 2% e fgé ) Tk Feé © 2945 -

H R AR B 16 h 5, 66 AEXT CDKO #H4TH 2B ## (D, =
96%, DC,, = 9 nmol-L™"), EJf# 31 (6 h) 4b#, 66 117
X CDKO BEAT A R A, i 40 1 77 SNS-032 AN BE F# fi#
A . NHE— PPN PL BE S AE N —FBT 1Y) Keapl
E3 3% 2 g 0 A Ok [ e b 8 2 1, iR BTt S T
75— ¥ PROTAC 67, 45 R £ W], 7E NCI-H2228 NSCLC
4 i 67 T3 i 4 5F Keapl KA 5 EML4-ALK DA
TR AR 1) 77 3P

CDDO 1] o- UM i 25 1 58 1% 5 Keapl 2 H L1
o R AR AT R 4 A . 2020 4F, Tong & 73R0E T
CDDO 1E N Keap1 E3 7% H2 By Fic 4 A1 7 I 45 #3251 4
(bromodomain, BRD4) 11| 51| JQ1 3% &y 53 XU T 6E 43
T 68 (CDDO-JQI, K 14), 7€ A\ FLIR = 23 IMFP 41 fitd
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