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Advances in the development of novel E3 ubiquitin ligase ligands
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Abstract: The ubiquitin-proteasome system (UPS) is responsible for protein degradation in both normal and
pathological states. E3 ligases selectively attach ubiquitin to specific substrates, which is essential for regulating
cellular homeostasis. The function of E3 ligases has been associated with a variety of diseases, such as cancer and
cardiovascular disease. The discovery of E3 ligands can help regulate E3 ligases, thus expanding new ideas for
disease treatment. Targeted protein degradation (TPD) drugs, including proteolysis targeting chimera (PROTAC),
have become increasingly popular in recent years due to their dependence on E3 ligands. In this paper, we review
the discovery techniques of E3 ligands, including activity-based protein mapping, fragment-based drug discovery,
and library-based methods, and briefly introduce the protein interaction detection techniques involved in the ligand
discovery techniques, in the hope of providing certain ideas for the future discovery of E3 ligands as well as the
treatment of diseases.

Key words: ubiquitin-proteasome system; ligand discovery; E3 ubiquitin ligase; interaction

A A NI RE ) 1 ZE AT, RS TR

B> A RT RE T SO L A IR S, DRI R B 1 K R

B RN, B BT O MR i b %
H1 2920 000 R 8 A 5, B AT 5] A 5 RN 2% T T i 5
AP BRSO EE . AR AR IRE A

Wk F W 2024-01-29; & 181 HJB: 2024-05-02.

SETH: EH K E R RS & (82173660); #i T & £ & K it
(2023C03111).

*i# HLE 3 E-mail: dongxw(@zju.edu.cn; chejx@zju.edu.cn

DOI: 10.16438/j.0513-4870.2024-0093

FAEBRR/NY TR DS FE RS s seng, 2
E - A4 R 48 (ubiquitin-proteasome system, UPS)
& — Pl L B R IS T HLR, SR 5T R AR EDIR S
THIEA M. 2 FR@d W R ELZ RGN E2
RS E VB3 R IE R ) — R A B IR R AN 45
AP CEY (B ). BEJE, B 26S A
R AR 52 A IR AR . 72 3 (ubiquitin, Ub) i@ i 4E K¢
A A P28 AN RS £ M e ) RSO R T 4 D e . R,



FRMRAR: BT B3 2 3R LR IC AT A7 10 BT S E

+ 2927 -

ATP ADP+PP;

.w(‘

Degradation

Figure 1 Ubiquitin-proteasome system
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Table 1

E3 ubiquitin ligase and its corresponding ligand. ABPP: Activity-based protein profiling; CRBN: Cereblon; VHL: Von Hippel-

Lindau; FP: Fluorescence polarization; SPR: Surface plasmon resonance; RNF114: Ring finger protein 114; RNF4: Ring finger protein 4;

IAP: Inhibitor of apoptosis proteins; KEAP1: Kelch-like ECH-associated protein-1; PRC1: Polycomb repressive complex 1; NEDD4-1:

Neural precursor cell expressed developmentally downregulated 4-1; HOIP: HOIL-1-interacting protein; DCAF1: DDB1 and CUL4

associated factor 1; GID4: GID complex subunit 4 homolog; ITC: Isothermal titration calorimetry; DSF: Differential scanning fluorimetry;

NMR: Nuclear magnetic resonance; MS: Mass spectrometry; LOGSY: Ligand observed via gradient spectroscopy; STD: Saturation transfer

difference; HSQC: Heteronuclear singular quantum correlation
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Figure 2 Example workflow for use of ABPP probes in isoTOP-ABPP chemoproteomic experiments
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Figure 3 Workflow of the fluopol ABPP method (A), and the rdTOP-ABPP method (B)
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[, 3t i e A AN 75 By E B0 45 & AR BE ACHEAE T
AL AT E R 101 85 G 07 AT BLHE I 73 7 25 W0 1Y)
AR R, T AT RE 52 i 25 R0, /b i ifs 7
FEIBAE WD I RS RSB R R AR (A3 =2,
FEH 5K B0 B L A e Rk S P4, DA S i TR
2% B AR PR AR ELAE I 7 A B A0 i B 4 510708

PR RTAR N R IA K B TN 8 4-1 (neural
precursor cell expressed developmentally downregulated
4-1, NEDD4-1) 7& E3 4% HECT KR —Fp KB £
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S5 MBS AR . TN REREAT S 2 R N KR B
IR, BLFE A AR O L R AR E T DRt
NEDD4-1 # i\ 47 B 21 25 W48 /i 2015 £E, Kath-
man %5 P i 5 3% 2T 6 NEDD4-1 1143 2 HECT 45 #)
Rk T — AR BE, R TN B S Aie (K
5A), XA T B L o, B-AN AT F R N LA 3k, 5
627 B2 B & R (cysteine, Cys) Bl Cys627 %k £ 11 2
N K44 65 NEDD4-1 L 45 8, 7= 4 58 — AR
[ /NG 7 454 HECT E3 B B:lg 1Y) dh A 45 40, SR )5
A A6 R4 7, %t W IR £ R (fluorescence
polarization, FP) W/ H 2 /742 6 11 22 %

HOIP (HOIL-1-interacting protein) /& — ff >k H E3
A RBR R (1 E3 B HEBE 2K, R AV iZ 3 B2 3¢
5 & %) (linear ubiquitin chain assembly complex,
LUBAC) 1) K H AL il 7. HOIP A iR B Z8 172 &
BE W € 45 # $1 (linear ubiquitin chain-determining
domain, LDD) £5 38 #9932 3 70 7, e #kiz Z
RING2 1 08 57 2 D S IR ¥ 7 B4 2 2 R -
I, TR MR, LUBAC 1£ NF-«B {5 5 18 £ 1)
T PR A S BRAE FH, AT SR M s 5 R 8 AE S S FR) 3
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HL P B /N B o SC PR, Ay B 4K B BE 8 55 HOIP fig 1k
P73 N Cys885 LM A I A B, M %@ T Bla,
B~/ AN i g 3L 5 Sk i AK S ) 8. Bl S HOIP
RBR 54L& 8 185 (K 5B), LA [H] A B 44 6 (1) 5
AR AT B AR L, /5 3 K, > 400 pmol L.
XFTOARiE 1 VF 2 B AR E3 48, FBDR 77
AT DURAE TR /R T A A — el 5 5 o
A, BT LR EE TR ) BOR ik SR A B, SRS
BRI AR L, 1X4H R BOOE SRR 17, BT DU 80
[ i A RS, FE K L KEAPT 2545, Pallesen %54 3%
TN E A /N4> F KEAPL-Nrf2 PP #0171, #2 45
Ro3 K BAIT 4 fift B B, T 3RAF 77 AN 1 B A 5L
o X8 By B AR DU E A A A AT T AR, 158 T
17 AR e e G, Bl J5 X H 5 KEAP1-Kelch
SERYIRIA S5 G AT T X O R SR R AR, AR B
N B9 10 (B 5C). KA BA I A — R m
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Figure 5 Chemical structures of covalent ligands of NEDD4-1 (A), chemical structures of compound 8 (B), obtaining reconstructed
inhibitor of KEAP1 by FBDR (C), chemical structures of ligands of DCAF1 (D), and chemical structures of compound 14 (E)
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23 2 J5 ¥ SBDD & & 1V 2 7 1 e 8 i 771, B dE
a2,

25 I BTiR, FBDD J7 V£ 4E E3 1 #52 By INC A (1) & B 7
A T RERE, (HREER T — . BT E3
e i 5 8 B 2 (8] (1) 45 Gl 80 g, SR BEA AR A
JIIN G 1 B B — 8 BRI, 456 2 Bl A1y
AAY 2 7 1 15 R P LS i K I D 28 o[RS, K
BN B AE YIS TSR B 5 HLOBR N . &R A,
FATENER N B BB A 3 BOE YA S ) AR AE
PRAR, 055 H 8 A 1 ) 4 R URINE I AL, IX T RE R
BEAER A HE 3. BEE NMR X R SR 2 7%
T FEL B 55 U 208 R R 45 ) A ) 2 R IR A W A
FBDD 75 5 R RS B R I b R AR .

3 ETXENGE

B0 A P B AR 7 18 RRRARAL 5 S R A AR ) o
W 50 R0 2454 R v fe B L ) R IS e — 1 Bl
DNA % i 1k, % 3L E (DNA encoded compound library,
DEL) {E N — M 57181 & I, #h 78 T A& G 1) =08
0 i 1% (high throughput screening, HTS). 7i DEL H,
BRI VI ER LA 1 42 31— SRR () DNA A% | (]
6A), 1E WG AR R AT . 49T - DNA bR
RS 5 ] 5 FE [ A SCRRY) B BRFE 2 — ik
E. GBS SRS b, A S
PrRaE A W SR hRE o ¥ 25 A 78 AR SRR 0 53
TR R ok, B PCR ¥ 18 AR w5l & DNA I 3
AR BE L DNA F5 25 (1 F7 51 R ff b i iz 4K & P iR Ak 2 45
FaBOSN KR 4 i S W, DEL 1] 43 A DNA id 3% 3T J& il
DNA 7 [ 3 . 7E DNA L3R SCEH, SCEALE DI
T — b G UG 2 L BT bRt P B, Blidsfh
T R DNA SO EHR 2K “ o0 B - A -
5 B8 HEg N DEL R AT 2 T [ A (M 4 A, J5 ok, B 7N
53 2 B WUFH DEL A1 m] LR i AH [R] (1) 5 8% 78 i1 DNA
PRk bR (B 6B)™ . 7E DNA JE 7] 3L 1, DNA 43
T A FREE, Ty BAE AR, 3T 51 TLAME k45
SRR BT RS X R T A T AT R
N, [Kl 2 DNA XUEE R (T A i 2 s 0%, %
AT DAAE o 2850 JR IR R AT Gartner 25T 41
7 H T DEL 4 & ") DNA Bk A /% (DNA-templated
synthesis, DTS) J71%, 75 2 Ja 34T St I S, & Ak
T —A M 13 000 > DNA EE A R ED)
HER I A ES . BT A B, DEL R 28 00 &
g, T 5REANE R EREAREL —E
() DNA & &, BN P Rl 7 B 2 ST DR /0N PR 8 o T
kg, 1 H R AW B S GBI RefE Bk R A7 B
TR, X T BOM R0 SCRE A R AN IE T 5 BRI

McGregor S TF K1 — B WA AL £ 77 1%, B AH
H AE A M #i 7k PCR (interaction-dependent PCR,
IDPCR), DNA A7 ic [ #8851 Al /0 29 7 2 [8] (1) AH A
F43: 3 DNA JR A8 Fl K e 85K (R T 1, 120K e 45 K 42 5
YIAE AR A DNA 334 J5 gt 25 5 7+ AR 8 ), 7] BAVT
fitf DNA Fric iU #E 2 A DNA /N7 TSP B2
G2 A 45 A . DNA FE P4 S5 FlAR i (DNA-pro-
grammed affinity labeling, DPAL) 9 7& —Fh ¥ i #H 5 $¢
T3k, ot e s E A L S A0 M R A
MAEAS . fEDPAL Y, B A 5-8 FRFL AT A 7 1
DNA % 1% 1 R (DNA oligonucleotide with a 5’-azido-
phenyl photocrosslinking moiety, PC-DNA) Jf i H %M X
5 DNA Gt (/873 1 BE A 2™ J 2 Ja, B E I 45
581 PC-DNA )6 is Vb 2 3 in $E R H , 4w R
fili % PC-DNA 5L H #6221k

Shi 85 F DPAL Jfi i ¢ 8 11 B fie 4l 25 3%
KBaam5ESE 5B EE N TR K.
DCAF1 /& B F AN [F] E3 3% H2l§ (CRL4PAT F EDVP) (1)
JEEA 524K, A5 40 JE 1 T A0 i o) 2 4R B G B L i
AU A8 TE A L Ty e DA S B 1 o At v AR o O B 1 AR
AR, A A & B i 1) 2 P 5 f 00 Li S5
{8 H DCAF1 f¥] WDR 45 #4532 59 1> DNA % i 1k
FOCPER) T 14024051, i AR AU R AL 2
SRR B AT /b3, 28 DSF FIERTH &5 5 T R L 4R
(surface plasmon resonance, SPR) | 5, Z1391232269
Wik A e S A (K SD), H SPR K, 4 11 umol- L.
B e il — R PO A S0, 158 1A RN
DCAF1-WDR 45 #4380/ 7> 7 BC 44 13, 2022 4, Chana
LDV X} 14 GIDA4 ik 7 DEL JFSORE 7 $241L 1) 44 12
4 %) DEL, B )5, ¥ GID4 WT # i o & £ 11 904 1
43T I 200 /N5 340 & 58 ik BB3 #4 @ B il A
F, WA SR e 5 — A AR > 7 T
%A DNA BRI O0 T BEAT FE-5 B, A3 31 5458
FHEY. HiX 5% FUEYE DSF M FP RAE 5,
1658 A5 W) 14 BEAT 5 2255 15 T € 8 % (isothermal
titration calorimetry, ITC) 43471 SAR 4341 (K 5E).

ek, £k &4 SCEE AT BAF PNA (peptide nucleic
acid) 45", PNA 1E A9 AR R ¥ 7E AL % £ H DNA
T EAF 2, R L BE WS A Y BE 732 Ak 2 T7 12 R 1) 4% 5
JEPT, {H /& PNA 55 PCR ™ 3 F0 24 i i 77 B AR A e 2%,
JIT LA PNA 9 ith 1) SC P — M 5 Tl B 21 2% 52, 3l iod 4 B 41
H5hd & B i g kS mEmgam™. mT
DNA F1 PNA % i B 44 5 W) ST o VF DRI 25 58 25 51,
1A 845 G A s (R0 PR Bl B, DR R D) N2 H T
I LA B DA A AN AT 24 I B 1 5T R AR A AR B A
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Mo SR, SR —Se i 25 FAE M BEOR 2 B IEAE R AE
F 2T DECL 1) 77 ¥ 348 37 11 E3 B A&, 1B i oK #ie i s
F DECL & 7€ ¥ & A Be A4 1) 4 1 B ™

W A A JRE 7 152 AR g 1 R 48 T M DR R T ) AN
PR SR IR A I B A T ik 2 — o FEIZFR T,
H4 BEHL A ) DNA ST PR 7 N\ W B AR ) i 2 4 b 5
HEERF (B 6C), fit H Kt B AT M13K07 4 Bl
BRI AR AT 14 Wk T A SR, A 22 b R AR Y 7 R R T A
HMHE, 9 b DNA 6 B AR e 55 . B J5 3t 4% DEL b —
FE, B IRAF I “WR AR SO 5 [ e s bR — R F, 28
J ek DA 25 B R 5 A 00 W TR AR o B S %) R B A A
JUt, R JE FH T 2% e 0 e 41 TR 40 B AE 15 77 ik v 4R35 48
MR, P3G R — AN W R e AR . 20l LR ik R
Jai, AR B AR I bR v 2 RN 0 B I T A4, I RT DAL
HEAT DNA W5 DL 58 3 S8 0k, 38 ok i 106 # 28 W% R s
4% (enzyme linked immunosorbent assay, ELISA). £ %)
T #5 H R (bio-layer interferometry, BLI). ITC. X 4}
2 AR S T AR A 1 i Y 5 DEL —#F,
Wi B A S P I e TG A L 8 AR e R AT ke (49 dn
HAE R R 7)), RN IR SE S H B WkE DEL 2 %€
AR —POE s T A, BT R R R %
€ W IEAE N 98 45 5 B3 3% 452 g 35 4 F T8 ) 2 11 o
B A2 TR, W LD T A Ik PROTACH,
4 FAREEERKNEAR

76 E3 L AR (1) & Bk 72 Hh, B3 32 % #2165 i A4
M A BEAEH J12 — AN EENSF R K, JrAdE

PERR I VAR eI R E 2. i B B i T
RBE RIS, NS BRCREEA S EE R
M &EG R MRS . BRI, B R A4 A0 F A ) B 4
AR HEAT S BE T %6, 4 NMR L SPR (/& 7A).DSF 1 X 4
AR5 BT DL BRI B TR K
A AN 4> #7125 (mass spectrometry, MS). FP (& 7B)
1% L5y B ARSI 7 v A1, 38 B 35 40 AlphaScreen £ R IX
SIS L PR P 0 2057 A T R

AlphaScreen £ A 52 — Fh 5E T 2k (1) T PE B A 77
% (B 7C), RI A% FH [R5 3850k I 7 B 0 o “ A4 Bk 5
HERFE LG, HAE 680 nm [ 5 (8 I 5 44 A5 B
RERLERS o HEARER UL B AP 77 4225 60 000 >4 51
AR, W2 200 nm B KEE RS . 24 E3 RN AN
T A 7= AR AH ELAE I, O BRFN“ 2487 BRAR H IR, “fit
A7 R RS (1) PR S T 2 AR BRAE 520~620 nm Ak
L. IR IC B RURL K B 45 & B3 3 H2 B 1K) /)N
G3 T ORI, “HUAR” BRAN“SZAR BRIRRFE — e BR RS, KU
R, AR IARS 25 & I FH T en@ E L. 5
FP OR8] 43 3 25¢ 6 FE 9% B B #5 #2 BUR (time-resolved
fluorescence resonance energy transfer, TR-FRET) #H
tt, AlphaScreen i % 7 73 At i W AL &0 B KK
SERDGEC SR KPR, D TIER ZOE T

SRR T A B SR ER A Bl MS BAR
Bz N T ABPP R J7 5, HOG 7R B AR R EE
B R, (B2 HE LA X 23 JL 00 55 AN AR SL A 45 &5 o P
ZH AR (microscale thermophoresis, MST) (& 7D) & H
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(¥ 3% 1, Lucas 5" AT T =R A BLO ik,
5 YKl i DSF, — Gl i NMR. A T & 8L UHRF1 )
#0177, Chang 24 A = Fp A [F] () £ A : DSF.
AlphaScreen. TR-FRET, £ % UHRF1 [45 & TTD (tan-
dem Tudor domain) i 1% T —~2 2 300 4 Jv Bt 1
[ . Parkin & J& T RBR E3 7 £ 5 ik 1) — P 2 {1
P, TS RE S AR T AR VE 1 Parkin FR1IE) 7,
Regnstrom %5 il 4= K: Parkin il id SPR f#ii 1 5 260
A BUH R 5E 1) ST PR, B J Ad A Parkin ) RORBR 45
30K 3 35 11 5 T4k & Ptk — 25 F STD NMR 5256 DA
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E3EHRGE UPS RA T K EEE/EH, HEES
59 o0 L 5 03 55 22 B0 s 1Y) K e, B3 TE 4 TG
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I, E3 3% 52 B Bl 44 /2 PROTAC 1) ¢ 8 4 il 4 2 —,
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SR IE FH G, 3 o B T 0 AR S, 1R TR
S SR E 2. T FR R, AXAH
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29 RING finger E3 ¥E #: i RNF114 [ FL 4K, 3] 2 5
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A DEL 255 T S 7 AU IR T R4 i R 4t BART
T 5 B3 AH TAE 9 A BCAA, {H 2 7R 40 L N TTREAS
—EERREN = 0EEY. Hik, 45 E T ZEX
B EAT SRR AL, [RS8 & S B T I BAR TR
FF R E3 Be R R BRI 7%, N idE B A TREA
e I O 3% S AR WAL 2 N oy T AR R 3 Bh A A
E3 2 RIEEEM S WA TR, o 7 X B M ROk
KT AN 2% % > FIE A VG B2 A ]
PATIIN B3 vz R OIE LRG8O AA 45 0, P45 &1 A
2 E R W A A RS B3 2 R e
BCAA, FFREAT A0 I 2452800 72, PR SR SRR
DA K - AU AR (0 B, AR BE 22 () B3 U AR AR R vA
I7 HF A5 DA FH, HESH TPD 54508 1 R Jé

YEHZ TRk: T /=g 6 51 SERMEE 5485 ; [k 4 £ S it
CEE IR U A TR R A S CEM R W
FE

FITE ST A SCAEE 75 S A R 2 R



FRMRAR: BT B3 2 3R LR IC AT A7 10 BT S E

2937

References

[1] LeelJ, Lee Y, Jung YM, et al. Discovery of E3 ligase ligands for
target protein degradation [J]. Molecules, 2022, 27: 6515.

[2] Wang D, Ma L, Wang B, et al. E3 ubiquitin ligases in cancer and
implications for therapies [J]. Cancer Metastasis Rev, 2017, 36:
683-702.

[3] QiJ, Ronai ZA. Dysregulation of ubiquitin ligases in cancer [J].
Drug Resist Updat, 2015, 23: 1-11.

[4] Popovic D, Vucic D, Dikic 1. Ubiquitination in disease patho-
genesis and treatment [J]. Nat Med, 2014, 20: 1242-1253.

[5] Celebi G, Kesim H, Ozer E, et al. The effect of dysfunctional
ubiquitin enzymes in the pathogenesis of most common diseases
[J]. Int J Mol Sci, 2020, 21: 6335.

[6] Metzger MB, Pruneda JN, Klevit RE, et al. RING-type E3

(7]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

ligases: master manipulators of E2 ubiquitin-conjugating
enzymes and ubiquitination [J]. Biochim Biophys Acta, 2014,
1843: 47-60.

Bulatov E, Ciulli A. Targeting Cullin-RING E3 ubiquitin ligases
for drug discovery: structure, assembly and small-molecule
modulation [J]. Biochem J, 2015, 467: 365-386.

Sluimer J, Distel B. Regulating the human HECT E3 ligases [J].
Cell Mol Life Sci, 2018, 75: 3121-3141.

Wang P, Dai X, Jiang W, et al. RBR E3 ubiquitin ligases in
tumorigenesis [J]. Semin Cancer Biol, 2020, 67: 131-144.
Rothweiler EM, Brennan PE, Huber KVM. Covalent fragment-
based ligand screening approaches for identification of novel
ubiquitin proteasome system modulators [J]. Biol Chem, 2022,
403:391-402.

Chen X, Ma J, Wang ZW, et al. The E3 ubiquitin ligases regulate
inflammation in cardiovascular diseases [J]. Semin Cell Dev
Biol, 2024, 154: 167-174.

Kumar V, Harjai K, Chhibber S. Thalidomide treatment modu-
lates macrophage pro-inflammatory function and cytokine levels
in Klebsiella pneumoniae B5055 induced pneumonia in BALB/c
mice [J]. Int Inmunopharmacol, 2010, 10: 777-783.

Ito T, Ando H, Suzuki T, et al. Identification of a primary target
of thalidomide teratogenicity [J]. Science, 2010, 327: 1345-1350.
Zhu YX, Braggio E, Shi CX, et al. Cereblon expression is
required for the antimyeloma activity of lenalidomide and
pomalidomide [J]. Blood, 2011, 118: 4771-4779.

Buckley DL, Van Molle I, Gareiss PC, et al. Targeting the von
Hippel-Lindau E3 ubiquitin ligase using small molecules to
disrupt the VHL/HIF-1a interaction [J]. ] Am Chem Soc, 2012,
134: 4465-4468.

Burslem GM, Ottis P, Jaime-Figueroa S, et al. Efficient synthesis
of immunomodulatory drug analogues enables exploration of
structure-degradation relationships [J]. ChemMedChem, 2018,
13:1508-1512.

Lucas X, Van Molle I, Ciulli A. Surface probing by fragment-

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

based screening and computational methods identifies ligandable
pockets on the von Hippel-Lindau (VHL) E3 ubiquitin ligase [J].
J Med Chem, 2018, 61: 7387-7393.

Kannt A, biki¢ I. Expanding the arsenal of E3 ubiquitin ligases
for proximity-induced protein degradation [J]. Cell Chem Biol,
2021, 28: 1014-1031.

Spradlin JN, Hu X, Ward CC, et al. Harnessing the anti-cancer
natural product nimbolide for targeted protein degradation [J].
Nat Chem Biol, 2019, 15: 747-755.

Ward CC, Kleinman JI, Brittain SM, et al. Covalent ligand
screening uncovers a RNF4 E3 ligase recruiter for targeted
protein degradation applications [J]. ACS Chem Biol, 2019, 14:
2430-2440.

Chessari G, Buck IM, Day JE, et al. Fragment-based drug
discovery targeting inhibitor of apoptosis proteins: discovery of
a non-alanine lead series with dual activity against cIAP1 and
XIAP [J]. ] Med Chem, 2015, 58: 6574-6588.

Johnson CN, Ahn JS, Buck IM, et al. A fragment-derived clinical
candidate for antagonism of X-linked and cellular inhibitor of
apoptosis proteins: 1- (6- [(4-fluorophenyl)methyl] -5- (hydroxy-
methyl)-3,3-dimethyl-1H,2H,3H-pyrrolo[3,2- b]pyridin-1-yl)-2-
[(2R, 5R) -5-methyl-2- ([(3R) -3-methylmorpholin-4-yljmethyl)
piperazin-1-yl]ethan-1-one (ASTX660) [J]. ] Med Chem, 2018,
61:7314-7329.

Davies TG, Wixted WE, Coyle JE, et al. Monoacidic inhibitors
of the Kelch-like ECH-associated protein 1: nuclear factor
erythroid 2-related factor 2 (KEAPL: NRF2) protein-protein
interaction with high cell potency identified by fragment-based
discovery [J]. J Med Chem, 2016, 59: 3991-4006.

Pallesen JS, Narayanan D, Tran KT, et al. Deconstructing nonco-
valent Kelch-like ECH-associated protein 1 (Keapl) inhibitors
into fragments to reconstruct new potent compounds [J]. J Med
Chem, 2021, 64: 4623-4661.

Shukla S, Ying W, Gray F, et al. Small-molecule inhibitors
targeting polycomb repressive complex 1 RING domain [J]. Nat
Chem Biol, 2021, 17: 784-793.

Kathman SG, Span I, Smith AT, et al. A small molecule that
switches a ubiquitin ligase from a processive to a distributive
enzymatic mechanism [J]. J Am Chem Soc, 2015, 137: 12442-
12445.

Johansson H, Isabella Tsai YC, Fantom K, et al. Fragment-based
covalent ligand screening enables rapid discovery of inhibitors
for the RBR E3 ubiquitin ligase HOIP [J]. ] Am Chem Soc,
2019, 141: 2703-2712.

Li ASM, Kimani S, Wilson B, et al. Discovery of nanomolar
DCAF1 small molecule ligands [J]. J Med Chem, 2023, 66:
5041-5060.

Chana CK, Maisonneuve P, Posternak G, et al. Discovery and
structural characterization of small molecule binders of the

human CTLH E3 ligase subunit GID4 [J]. J Med Chem, 2022,



22,

2938 - 222248 Acta Pharmaceutica Sinica 2024, 59(11): 2926-2940

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

65: 12725-12746.

Niu L, Hu M, Wang L, et al. Applications of activity-based
protein profiling in target identification and drug discovery [J].
Chin J New Drugs (H'E#i 2 ¢ %), 2023, 32: 1629-1635.
Weerapana E, Wang C, Simon GM, et al. Quantitative reactivity
profiling predicts functional cysteines in proteomes [J]. Nature,
2010, 468: 790-795.

Hacker SM, Backus KM, Lazear MR, et al. Global profiling of
lysine reactivity and ligandability in the human proteome [J].
Nat Chem, 2017, 9: 1181-1190.

Backus KM, Correia BE, Lum KM, et al. Proteome-wide cova-
lent ligand discovery in native biological systems [J]. Nature,
2016, 534: 570-574.

Bateman LA, Nguyen TB, Roberts AM, et al. Chemoproteomics-
enabled covalent ligand screen reveals a cysteine hotspot in
reticulon 4 that impairs ER morphology and cancer pathogenicity
[J]. Chem Commun (Camb), 2017, 53: 7234-7237.

Bachovchin DA, Brown SJ, Rosen H, et al. Identification
of selective inhibitors of uncharacterized enzymes by high-
throughput screening with fluorescent activity-based probes [J].
Nat Biotechnol, 2009, 27: 387-394.

Yang F, Gao J, Che J, et al. A dimethyl-labeling-based strategy
for site-specifically quantitative chemical proteomics [J]. Anal
Chem, 2018, 90: 9576-9582.

Niphakis MJ, Cravatt BF. Enzyme inhibitor discovery by activity-
based protein profiling [J]. Annu Rev Biochem, 2014, 83: 341-
377.

Willems LI, Overkleeft HS, Van Kasteren SI. Current develop-
ments in activity-based protein profiling [J]. Bioconjug Chem,
2014, 25: 1181-1191.

Yang P, Liu K. Activity-based protein profiling: recent advances
in probe development and applications [J]. Chembiochem, 2015,
16: 712-724.

Spradlin JN, Zhang E, Nomura DK. Reimagining druggability
using chemoproteomic platforms [J]. Acc Chem Res, 2021, 54:
1801-1813.

Deng H, Lei Q, Wu Y, et al. Activity-based protein profiling:
recent advances in medicinal chemistry [J]. Eur J Med Chem,
2020, 191: 112151.

Lapinsky DJ, Johnson DS. Recent developments and applica-
tions of clickable photoprobes in medicinal chemistry and chemi-
cal biology [J]. Future Med Chem, 2015, 7: 2143-2171.

Geurink PP, Prely LM, Van Der Marel GA, et al. Photoaffinity
labeling in activity-based protein profiling [J]. Top Curr Chem,
2012, 324: 85-113.

Willems LI, Van Der Linden WA, Li N, et al. Bioorthogonal
chemistry: applications in activity-based protein profiling [J].
Acc Chem Res, 2011, 44: 718-729.

Speers AE, Cravatt BF. Profiling enzyme activities in vivo using

click chemistry methods [J]. Chem Biol, 2004, 11: 535-546.

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Yan T, Desai HS, Boatner LM, et al. SP3-FAIMS chemopro-
teomics for high-coverage profiling of the human cysteinome
[J]. Chembiochem, 2021, 22: 1841-1851.

Ishida T, Ciulli A. E3 ligase ligands for PROTACs: how they
were found and how to discover new ones [J]. SLAS Discov,
2021, 26: 484-502.

Cheng J, Sheng C, Dong G. Recent developments of the frag-
ment-based drug discovery [J]. Chin J Med Chem ("' & 2541t
24K, 2018, 28: 504-510.

Congreve M, Carr R, Murray C, et al. A 'rule of three' for frag-
ment-based lead discovery? [J]. Drug Discov Today, 2003, 8:
876-877.

Jhoti H, Williams G, Rees DC, et al. The 'rule of three' for frag-
ment-based drug discovery: where are we now? [J]. Nat Rev
Drug Discov, 2013, 12: 644-645.

Gossage L, Eisen T, Maher ER. VHL, the story of a tumour
suppressor gene [J]. Nat Rev Cancer, 2015, 15: 55-64.

Cai W, Yang H. The structure and regulation of cullin 2 based E3
ubiquitin ligases and their biological functions [J]. Cell Div,
2016, 11: 7.

Buckley DL, Gustafson JL, Van Molle I, et al. Small-molecule
inhibitors of the interaction between the E3 ligase VHL and
HIFla [J]. Angew Chem Int Ed Engl, 2012, 51: 11463-11467.
Deveraux QL, Reed JC. IAP family proteins--suppressors of
apoptosis [J]. Genes Dev, 1999, 13: 239-252.

Salvesen GS, Duckett CS. IAP proteins: blocking the road to
death's door [J]. Nat Rev Mol Cell Biol, 2002, 3: 401-410.

Yang L, Cao Z, Yan H, et al. Coexistence of high levels of
apoptotic signaling and inhibitor of apoptosis proteins in human
tumor cells: implication for cancer specific therapy [J]. Cancer
Res, 2003, 63: 6815-6824.

Zhang DD, Lo SC, Cross JV, et al. Keapl is a redox-regulated
substrate adaptor protein for a Cul3-dependent ubiquitin ligase
complex [J]. Mol Cell Biol, 2004, 24: 10941-10953.

Itoh K, Chiba T, Takahashi S, et al. An Nrf2/small Maf heterodimer
mediates the induction of phase II detoxifying enzyme genes
through antioxidant response elements [J]. Biochem Biophys
Res Commun, 1997, 236: 313-322.

Pallesen JS, Tran KT, Bach A. Non-covalent small-molecule
Kelch-like ECH-associated protein 1-nuclear factor erythroid
2-related factor 2 (Keap1-Nrf2) inhibitors and their potential for
targeting central nervous system diseases [J]. J Med Chem,
2018, 61: 8088-8103.

Tran KT, Pallesen JS, Solbak SM@, et al. A comparative assess-
ment study of known small-molecule Keap1-Nrf2 protein-protein
interaction inhibitors: chemical synthesis, binding properties,
and cellular activity [J]. J Med Chem, 2019, 62: 8028-8052.

Jiang ZY, Lu MC, Xu LL, et al. Discovery of potent Keap1-Nrf2
protein-protein interaction inhibitor based on molecular binding

determinants analysis [J]. ] Med Chem, 2014, 57: 2736-2745.



FRMRAR: BT B3 2 3R LR IC AT A7 10 BT S E

2939

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

[73]

[74]

[75]

[76]

[77]

Tayek JA, Kalantar-Zadeh K. The extinguished BEACON of
bardoxolone: not a Monday morning quarterback story [J]. Am J
Nephrol, 2013, 37: 208-211.

Flora P, Dalal G, Cohen I, et al. Polycomb repressive complex
(es) and their role in adult stem cells [J]. Genes (Basel), 2021,
12: 1485.

Piunti A, Shilatifard A. The roles of Polycomb repressive com-
plexes in mammalian development and cancer [J]. Nat Rev Mol
Cell Biol, 2021, 22: 326-345.

Aljoundi A, Bjij I, El Rashedy A, et al. Covalent versus non-
covalent enzyme inhibition: which route should we take? A
justification of the good and bad from molecular modelling
perspective [J]. Protein J, 2020, 39: 97-105.

Ray S, Murkin AS. New electrophiles and strategies for
mechanism-based and targeted covalent inhibitor design [J].
Biochemistry, 2019, 58: 5234-5244.

Maurais AJ, Weerapana E. Reactive-cysteine profiling for drug
discovery [J]. Curr Opin Chem Biol, 2019, 50: 29-36.

Sutanto F, Konstantinidou M, Démling A. Covalent inhibitors: a
rational approach to drug discovery [J]. RSC Med Chem, 2020,
11: 876-884.

Huang X, Chen J, Cao W, et al. The many substrates and func-
tions of NEDD4-1 [J]. Cell Death Dis, 2019, 10: 904.

Conway JA, Kinsman G, Kramer ER. The role of NEDD4 E3
ubiquitin-protein [J]. Genes
(Basel), 2022, 13: 513.

Zhang Y, Qian H, Wu B, et al. E3 Ubiquitin ligase NEDD4

ligases in Parkinson's disease

family-regulatory network in cardiovascular disease [J]. Int J
Biol Sci, 2020, 16: 2727-2740.

Wang ZW, Hu X, Ye M, et al. NEDD4 E3 ligase: functions and
mechanism in human cancer [J]. Semin Cancer Biol, 2020, 67:
92-101.

Fuseya Y, Iwai K. Biochemistry, pathophysiology, and regulation
of linear ubiquitination: intricate regulation by coordinated func-
tions of the associated ligase and deubiquitinase [J]. Cells, 2021,
10: 2706.

Smit JJ, Monteferrario D, Noordermeer SM, et al. The E3 ligase
HOIP specifies linear ubiquitin chain assembly through its
RING-IBR-RING domain and the unique LDD extension [J].
EMBO J, 2012, 31: 3833-3844.

Stieglitz B, Rana RR, Koliopoulos MG, et al. Structural basis for
ligase-specific conjugation of linear ubiquitin chains by HOIP
[J]. Nature, 2013, 503: 422-426.

Tokunaga F, Iwai K. Linear ubiquitination: a novel NF- xB
regulatory mechanism for inflammatory and immune responses
by the LUBAC ubiquitin ligase complex [J]. Endocr J (Kyoto,
Jpn.), 2012, 59: 641-652.

Chen H, Zhou X, Wang A, et al. Evolutions in fragment-based
drug design: the deconstruction-reconstruction approach [J].

Drug Discov Today, 2015, 20: 105-113.

(78]

[79]

[80]

(81]

(82]

[83]

(84]

(85]

(86]

[87]

(88]

[89]

[90]

[91]

[92]

[93]

Michaelides IN, Collie GW. E3 Ligases meet their match:
fragment-based approaches to discover new E3 ligands and to
unravel E3 biology [J]. J Med Chem, 2023, 66: 3173-3194.
Macarron R, Banks MN, Bojanic D, et al. Impact of high-
throughput screening in biomedical research [J]. Nat Rev Drug
Discov, 2011, 10: 188-195.

Neri D, Lerner RA. DNA-encoded chemical libraries: a selection
system based on endowing organic compounds with amplifiable
information [J]. Annu Rev Biochem, 2018, 87: 479-502.

Shi B, Zhou Y, Huang Y, et al. Recent advances on the encoding
and selection methods of DNA-encoded chemical library [J].
Bioorg Med Chem Lett, 2017, 27: 361-369.

Keefe AD, Clark MA, Hupp CD, et al. Chemical ligation
methods for the tagging of DNA-encoded chemical libraries [J].
Curr Opin Chem Biol, 2015, 26: 80-88.

Gorska K, Winssinger N. Reactions templated by nucleic acids:
more ways to translate oligonucleotide-based instructions into
emerging function [J]. Angew Chem Int Ed Engl, 2013, 52:
6820-6843.

Gartner ZJ, Tse BN, Grubina R, et al. DNA-templated organic
synthesis and selection of a library of macrocycles [J]. Science,
2004, 305: 1601-1605.

Tse BN, Snyder TM, Shen Y, et al. Translation of DNA into a
library of 13,000 synthetic small-molecule macrocycles suitable
for in vitro selection [J]. J Am Chem Soc, 2008, 130: 15611-
15626.

Satz AL, Hochstrasser R, Petersen AC. Analysis of current DNA
encoded library screening data indicates higher false negative
rates for numerically larger libraries [J]. ACS Comb Sci, 2017,
19: 234-238.

McGregor LM, Gorin DJ, Dumelin CE, et al. Interaction-depen-
dent PCR: identification of ligand-target pairs from libraries of
ligands and libraries of targets in a single solution-phase experi-
ment [J]. J Am Chem Soc, 2010, 132: 15522-15524.

Shi B, Deng Y, Zhao P, et al. Selecting a DNA-encoded chemical
library against non-immobilized proteins using a "ligate-cross-
link-purify" strategy [J]. Bioconjug Chem, 2017, 28: 2293-2301.
Schabla NM, Mondal K, Swanson PC. DCAF1 (VprBP):
emerging physiological roles for a unique dual-service E3
ubiquitin ligase substrate receptor [J]. J Mol Cell Biol, 2019, 11:
725-735.

Kim K, Kim JM, Kim JS, et al. VprBP has intrinsic kinase
activity targeting histone H2A and represses gene transcription
[J]. Mol Cell, 2013, 52: 459-467.

Ghate NB, Kim S, Spiller E, et al. VprBP directs epigenetic gene
silencing through histone H2A phosphorylation in colon cancer
[J]. Mol Oncol, 2021, 15: 2801-2817.

Zambaldo C, Barluenga S, Winssinger N. PNA-encoded chemical
libraries [J]. Curr Opin Chem Biol, 2015, 26: 8-15.

Chouikhi D, Ciobanu M, Zambaldo C, et al. Expanding the



y

2940 - 2524} Acta Pharmaceutica Sinica 2024, 59(11): 2926-2940

[94]

[95]

[96]

[97]

scope of PNA-encoded synthesis (PES): Mtt-protected PNA
fully orthogonal to fmoc chemistry and a broad array of robust
diversity-generating reactions [J]. Chemistry, 2012, 18: 12698-
12704.

Smith GP. Phage display: simple evolution in a petri dish (nobel
lecture) [J]. Angew Chem Int Ed Engl, 2019, 58: 14428-14437.
Liang CT, Roscow OMA, Zhang W. Recent developments in
engineering protein-protein interactions using phage display [J].
Protein Eng Des Sel, 2021, 34: gzab014.

Guenette RG, Potts PR. High throughput E3 ligase degron
binding assays for novel PROTAC ligand discovery [J]. Methods
Enzymol, 2023, 681: 23-39.

Yasgar A, Jadhav A, Simeonov A, et al. AlphaScreen-based

(98]

[99]

assays: ultra-high-throughput screening for small-molecule
inhibitors of challenging enzymes and protein-protein interac-
tions [J]. Methods Mol Biol, 2016, 1439: 77-98.

Chang L, Campbell J, Raji 10, et al. Discovery of small
molecules targeting the tandem tudor domain of the epigenetic
factor UHRF1 using fragment-based ligand discovery [J]. Sci
Rep, 2021, 11: 1121.

Regnstrom K, Yan J, Nguyen L, et al. Label free fragment
screening using surface plasmon resonance as a tool for
fragment finding - analyzing parkin, a difficult CNS target [J].

PLoS One, 2013, 8: €66879.

[100] Boichenko I, Biar K, Deiss S, et al. Chemical ligand space of

cereblon [J]. ACS Omega, 2018, 3: 11163-11171.



