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Abstract: Phenotypic drug discovery (PDD) represents a vital source of first-in-class drug innovation; however,
its central bottleneck — demonstrating efficacy without a clear mechanism of action — remains a fundamental
challenge in modern medicinal chemistry. This review discusses how chemical biology serves as a critical link
between phenotypic screening and target validation, leveraging an integrated technological repertoire — including
chemical proteomics, genetically encoded biosensors, and chemical genetics — to seamlessly connect phenotypic
assays with target deconvolution, thereby accelerating the iterative cycle of "phenotypic investigation — target
identification — medicinal chemistry optimization". Drawing upon cutting-edge modalities such as proteolysis
targeting chimera (PROTACs) and molecular glues, we analyze the pivotal role of chemical biology in lead
discovery, target deconvolution, mechanistic elucidation, and the design of novel drug modalities. Looking forward,
the field is poised to deeply integrate artificial intelligence (AI)-driven drug design and single-cell chemical
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genomics to tackle previously undruggable targets and drive the modern revival of natural products. Concurrently,

its research paradigm is shifting from a narrow focus on molecular mechanisms toward a systems-level regulation

of biological networks, ultimately laying a solid technological foundation for precision medicine and the development

of next-generation therapeutic modalities.
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Figure 1 Labeled target identification strategies. A: Activity-based protein profiling (ABPP); B: Affinity-based protein profiling (AfBPP);
C: Degradation-based protein profiling (DBPP). PROTAC: Proteolysis targeting chimera. Created in BioRender. Lu, E. (2026)https://Bio-

Render.com/upntqpu
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Figure 2 Chemical structures of compounds 1-9. A: Chemical structures of 1 and its probes 2 and 3; B: Chemical structure of 4 and the
schematic diagram of 4 as a molecular glue to mediate the interaction between PKMYT1 and TRIM25; C: Design of biotin-artesunate probe
5; D: Chemical structures of 6 and its probe 7; E: Chemical structures of 8 and its probe 9. Created in BioRender. Lu, E. (2026)https://Bio-
Render.com/upntqpu
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Figure 3 Label-free target identification strategies. A: Proteolytic techniques; B: Thermal stability techniques; C: Protein precipitation

techniques; D: Target-responsive accessibility profiling (TRAP); E: Multiplex thiol reactivity profiling (MTRP). ITRAQ: Isobaric tags for
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(1 #FRE L T, M8, AT IR ) B 45 A bR, tH AR
o BAE G B A R Al R, AT
ZisEAR 5 IR RS RN B B - R E A -
FAEMRNT, AV TR ) T A

Liu Z525R FON SR o 20 000 B 47 0 e B, s R
F B R i 7 R (bufalin, 12) 19 B3V S8 AR A
R 7 E2F2. 12494 TR, MR i E2F2 59k it Y
2 REM ZFPI = c B &), dhimiiid iz £-&
1A 38 A B A E2F2, $R e K R o 12 |l B AR BEZ
5 o- MM 6 Fr B A . R B FE 4 A AR, 1R 4
DARRERR (85544 AUP0) 5 oIk W T4 Dy 32 4 45 6 R,
o T R S 2 PELIBT 12 5 B2F2 [ 45 &, 171 oc- MEL i 1 DU
R S AN &I 5 ZFP91 (A BLAE A . CETSA sE5 it
— ARSI, oML PG I W] 386 5 ZFPO1 (¥ A% 5 v, e i )

Figure 4 Chemical structures of 10-14. Created in BioRender. Lu, E. (2026)https://BioRender.com/upntqpu
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TN, W] 12 T ER I - ML B S ZFP91 25
& (E4). U, Jang @ i AL % FRESE 7 12
1) 55— T IR fg, o] i i3k ME B3R 214 o (estrogen
receptor a, ERa) 5 E3 ##: i STUBL JE i = s H &4,
753 ERo B, M 98 At 558 55 i I R i 24 . ik
W USR8 7= KRN 73 5-AF D9 73 1 I SE DAL 8 4
o R AL 1) A T R 24 W O BIE O SR R TR I A A
KA,

P28 J 5 988 AT JHL A R P J R A P . 5 L i o 2 1T
WEIT T o R AE I 1l e HL VG g AL W (PF403, 13,
Pl 4) BB e DR, AR RIALHI AR W] . Li 552971
22 ABPP BOR M ARG, (H T SRR B0 22 A8 E A
JB, HMECAORFF IR 2506 PE . & 3% m AT A AL 1) TPP 4R,
PLSEBER BE 13 R SRTE 1 ol A iy 4 B AL
0 i 0 A, 418 € DU M IE SRR E . 4K A5 Bh R
J5 B 1 CETSA B8 AIE, & B 13 o A0 Bk e Tk 19 A% 4k e
#% (nicotinamide phosphoribosyltransferase, NAMPT)
) TR S RN B N i o E — A A 4 I L A i R
W A R = AN T S8 AL A IO AIE, HE S 13 W)
FF8E NAMPT. B AR S0 UE 92 — 3% (A /) R 455 F1 )
(K, =2.69 umol-L™"); F & ff b7 15 82 HE 18 st 5% A5 K 1 1)
W7 A AR R TAERIE 7 13l HEd 6
1 NAMPT, #E 35 28 g )9 NAD", M\ ifig $00 fi1) Jie /o 98 A=
K, & TPP 5 CETSA HXHI B AR MM R IR My EAR I 22
LS

X EE b3 P R AR E 23 BT HORAE 254 R I
(¥ 52 H, TPP 5 CETSA & H4F (0 AR 4 AH L. TPP BX
R, W R, Bl & /v 5 e tm P A
B ETIRERF bR EXHMEEEEE A W EA
UM 2, Bl =B M a R, A EIR/PE
Z 5. CETSA JUJ ] = 42 m) 56 41F, 250 F91 15 5 58 #EAR FFAK
SRR S VE DU, WO R IR RE, HE & AT R CE E &
RS AE 5E R E IRLRS RO R, R AR TR, AT i TS
AL N AR H A2 g R, I AR IR,
FITHET . BEFCSLEd, —F % W EIEH: LTPP T i
IR, F3 LL CETSA K HEffIE, 2 A 58 1% O B bR it
FL MG ORI, 1K P A 77 925 250 35 T B 1 o 1 B AR 1k
J& T AR T, 28U E R AR R AT
ULk, Bk T B LAAE, I CETSA I TPP %4 H #f LA 3K HL
MESEHMRE SEHRRMKEERN%SH; AT,
TW#e o] RER T 29 E B 45 &, T RE i RIS S E0E
SR BN 51 S, AN S5 SRR ) IE A ORPY,

3123 ETFEURXZAREMMNERITENER
LEHAR WA U DARTS 5 CETSA 2 hE T3
7B AT A 2 AR E MR (stability

of proteins from rates of oxidation, SPROX) Il| & 7E fi#
Bre e 45 & 45 7 987 2 ). SPROX [F] A A I T
A5 T R B A AR08 AR A SEILER AR R0, R HAE 5
U5 B PR (Met) 5% & 840K T B B RFE 4
2 B R FRIE B 5, 8 345 G R BE 1R Ak 2 AR PR R A7
7E N B S A S8 B R A AL D FE A R R
(Met-O) BB (Met-0,), ¥ K M. i 28 Ji g 7 40 A0 o 1
G3HT, BRA B R K B ) SR A e i 2, KA Ak
AV M 2R 7 i mAS  E BEAR HEHE LSS S K E (B
3C). AHEL TR ALY DARTS 5 CETSA 58K,
SPROX R F b 2278 1%, Ree A3 &L IX 4 HL & 5 Al #4E
H, RS K AERNFSH, EEREETEAFEE.
SR, o= PR AE T A s BR ik S AL, S8 A
JRAH 8 55 FEZ IR, Hl W RS AMIREZ . R
PR SE A PR AN T I AR N B B ARG A TR, AR
SPROX 5 H3 A 53 115 b5 25 Bl A (RIS bt X, $2 7+
EEAAEGED,

TR FRE A B E R E A, TR
22 AR R S B A DU ¥ (chemical denaturant and
protein precipitation, CPP). 1% J7 7%l & T SPROX [
154G 1 TR 38 5 TPP (T UE 43 55 SR, 8 i b A8 1
FHFEAVUE, LS5 B SEANA KX 5, A
0 38 B, 17 oF FH AR 22 R Bk 2 S AL IR AR, %5 SPROXFE R
15 2H 78 o5 55 548 BE P ) 5 T A R T (B 3C).
Fitzgeral 254 7E — I Jif 235 uE #fF 72+, A CPP Hi A
TEEREF RIS T IR A RIS R PE 8 25 1 R0 3
b, FEIREL T X 25 Y 1) 47 & H B A 5 MR ALK,
8, 18 K 85 SCRiRE AW & o [FIR, %35 AR5
7E N MCF-7 2 ffa 2 fife 0 A 1l D %5 7t HR 25 37 4% g 4100
il 770 74 4% 55 1 O EEAR B 1, MHAL T SPROX A (7 i
2800 FEE ), CPP H AR K H ALE HE R TT £ 4)
1200 F ($ 72120 30%), FLAR 15 K L% 3 PRAR
3.1.24 #EMBAI RS ERERBE HH0
M A] Je M (target-responsive accessibility profiling, TRAP)
T TC AR 4 0 R R T e R R e L B
I A T 80 1) D R, R 7 41 R PN 4 R 1 R
) 245 ) EL 3 A FSERRPY (B 3D). Zhu 250752 H TRAP
ARG R I, BT BRI LBEAH S8 1 1 (cyclase asso-
ciated protein 1, CAP1) N A J#E 4L % (celastrol) 1) B
FAE H B AR ; 22 CETSA iIE 5E celastrol 7] 3 5% CAP1 [
2B P #AEE e 1, FE 8 3 MST.ITC X biotin-celastrol
HIHE B IR T B AL R E CAPL N &, M
BELST T cAMP-PKA-NF-xB % i {5 5 38 i, B & 25038 &
NEWI R &7 3 /N AR R G R S AAIE = T
AR FAE H BB AR 5 HLE], oA 2R A 1R
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PIHTRIATT S AL 1 B 7 1)

TRAP AR L 32 (81 1 78 o A 0 A s R4
R TR, AH FL ARG T T 40 i P R R B R 1 T
T ic A5 B8 AT e P 2 e AR - B8 2 1) 1) R AR AR BAE H
NI — R PR, Tian PR T 2 5 55 ) BT 4
M7 (multiplex thiol reactivity profiling, MTRP), F T %
JE S L R AR =) I SN BB AR o 107V L o hR 10 iR
T REIRF WAL I 2R A, DURIE T 2 19t AR B b
MR, LM 5 2 A, SR A I SR = At
TRETFRiC B SE S PR, RS i 25 58 ¥ 2 3 R AR s
M (BI3E). iz FH b SN, AT 58 1 I8 7 ik 3R 5 i
HHE2HIEM G SR, R O & & A B
ik 5 HSP60 3t i £ & M 1y 4 1) L 7 7 AE AR i A .
MTRP &M BARFEA & 0 R 5 m eR L%, £
AR JE A=) 5 250 R I AU T 5 ) R

zi b, BRARAT A A T 9 3R R 3 T AR S T AL
AR E PR 5 —— N BT A AR AL T A BTDTTE
HPibrid— LIRS E . BREAREH RS RR
&, i BT AR FEE AT « 2 SENG IR 7T 2 25 42
THEL b %8 BOAERAIE 5 AT SEVE, ARG AT 25 1E H
BIL HEE S5 SR B8 e 1 S LAl o
3.2 EERmEEMERBFBESRGEEA

B D] G T A 1) A Jek 25 308 1o ik [R] B 2H 5 DNA 4 B
R AE 77T R, v R AL 22 B B AE 5 B 4 o
AR T, SEILE R B N AR o 7 AR ERLBh A
SR AR A ) S I 7R B

B PR i 5 ¢ Ol A% B % 2 S P TR A B AT B
KR BT &R A& B ARy 1, J5 28 WK 4 & AT
NI REAS 5 (A7 ). AR 4 A IR 2 5 245 1 K¢
fiE, EE 5 =2 B¢ [ (fluorescent protein,
FP) 1L J 8% B T LR ae B R B8 1AL R (B 2O S
AEVROCIRERFRL), UL T PO AN R G (W
Wy T 5= TP HANY . =Rl 5 BN,
AN ACHAT IR T 2 e BOR g (8] 5).

(®

) . O
7 Metabolites A 4

O

. ol ~
Luciferdse Substrate

3201 BUCRERERRE

FLFP AR AR 3L T 9O E B IR B He B R M 2,
TE LT B-ARIR 45 44 ) PR X Bk AT D)) 5 B, 5%
2 1) 2 ' B0 Ry BB AR 5 AR A U (1 5A). %K%
IR B —PORE RN, B 5T RE/D 200K
RAEER) 0 1E F B A DR TP /NS AR H
A TR B ] S AR 1 I T T R AR ) e R R A
Mo AR AR WM, 7 7 IR R LT f A A 2L, H
JeB 5 B =AY e R OE PR PR

BEFAERARBEMAGE S 5T, 24 i &
WG A S 25 B A R B T AB A . R R g B Ca® 4R s
(genetically encoded calcium indicator, GECI) & H A
AR A uE G T, K5 E 7465 KE
RN, TR GRFE AR, M S 42 70 & Bl Y
SR I . S AR B R LT A T A s B
WA 22 0 28 BIF T #4834 B D RSB AT VPR 2 B 20 #T
PR 22 G0 95103 W 9T ) 245 0 7 36 VP A S5 438 . GECT
I H AR ML GCaMP R 41, &4 586 HE (41 GFP
%5 555 2 19 (calmodulin, CaM) M ILEREE 1142 55 I
filg M13 25 R 3k fih & 1M i, 36 AFVF, FTIR B S E, &
B AR EAREC . TR, B 9T £E GCaMP B il
IRARRAL, B B AR AE S5 5 B D)2 5 U SR T T
DS EZ S
3.22 ETHIRESEBIERSE
3220 ETRAHIREEERBMERSE S5PFP
fE IR AE AN A, RO I 4R B8 B ¥ #% (Forster resonance
energy transfer, FRET) 14 B 3% K (AR — 52 4R X% 6 B
IR, i B 2 A] BE 5 5 B O R AR 4R 5 R B R
SRRSO, HE BT 25 g R S 1 B b G S L R A
(W CFP) 55244 (4n YFP) %% 8t 1 48 e M e He 1 H Bk
1M % (B 5B). $EAR 2 A 175 5 A% B i R A4k, B it
SR TE] BE B (1~10 nm) 5 A0 0 B A, 3251 3 ] FRET
R, B IR S VR K 5 AR 5 TR I N EAE 5
W N2, S I 3% 20 B P 40 1 AR S0 R B A B L

Figure 5 Technical classification and structural characteristics of genetically encoded fluorescent biosensors. A: Single-FP based sensors;

B: FRET/BRET-based sensors; C: Molecular fluorescent complementation. FRET: Forster resonance energy transfer; BRET: Bioluminescence

resonance energy transfer; BiFC: Bimolecular fluorescent complementation; TriFC: Trimolecular fluorescence complementation. Created in

BioRender. Lu, E. (2026)https://BioRender.com/upntqpu
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o ZB TR T A SR S AR g 1, x5 A SR BN A
BRURR, JUIE T I RR B AW, & R fide b R A A BLAE
M RIS E5HSRAMEGEIHENEET
Foo SREBCR 75 & (8% > 54 kDa) ] g T3 H
FriE B hRe, HREE AR Z R, £ A5 ik
TRk
Zheng &P T — BT FRET [ PKCe ¥ P 5K
B MR A &R, F T 0 08 & 7 % 42 1) sn-1,2-DAG-PKCe
I RAR P . il ik CFP-PKCe-YFP M%< e filt
G A, NI FRET HUAE A1k J it PKCe [R5 f R
A H B PKCe WG W BB TS, GG mN
zuﬁﬂ%f%nﬁ%%ﬁ%ﬁ%ﬂ UPLC-TOF-MS Jifi i 43 #7,
ROLEARWE T (14, B 4) 77 308 PKCe % 07 5 05,
T 2 AR IE kAR OC 1) JBR B R AP i3k — 2B R H ABPP
FoR, S IR H B0 DGKQ o 14 1 HL#:A4F H
B, $E7R8 14 0] BEAFE T DGKQ 114587 24 A48 44 35k DL 1A 75
B . 2R E 2P T “FRET i & - Dh fE 46
HE—b 5 8 P2 5 3 bR 4 A A e
BT FRET R 3, AT 2 et Bk . H
IR TTVEAESR TR N B8 70 77 TH G N R, 7370 v FE T
w6 7% iy 1% (fluorescence lifetime imaging micros-
copy, FLIM) ] FRET 4 47 % 2 25 F11 35 AH I [6] 53 9% ¢
H LR AE B % # (time-resolved FRET, TR-FRET) f£ J&
#%. FRETZEW)fL KA M& T FRET e R AL 5
PNFF A AT TP, L AR B £ S FRET 4 1
e g g 2, AR B AR A O 5 A ) SRR E &
FRET R, HUAR 746 5 0 5 FE 1) B 89 . AR 34
TE TAX T BRI AR 58 6 75 i, T4k T PRAEF 1T I Rk
TSRS ERE VE R DU R R A E R A S 8]
Hife 2, I AR R 5 5 (1 248 55 DN B, 7 3 A Ak
WS RHUg  BRA AT BRI E. 55%
5 5 # 5% 335 A T (signal transducer and activator of
transcription, STAT) K & MM 5 3 & Gk e
IR YT I B AR AR, A T S R I B R G 2 T
R 50 k. U, Nguyen P & T FE T FRET-
FLIM ) 2E ) 4% [ 2% 52 ik STATeLights, 52 8%t iif 41 A
W STAT B#UFE AR A B Zh 2 WM . B 7t LL STATSA 9 %f
FOEHFFEM ARG A ZhROtED, B
STATeLight5A % & #% . STATSA i B2 1L 38005 J5 & &
¥ A4k, % 6 B 1 TA) BE /N BUE FRET #40% Tt i,
PEAR 9¢ 6 73 iy 45 B FLIM B2 AR 8 346 0 77 iy 19 48 4k
M R RO . SRS — D) 2 STAT 4
K, 1343 BH) FRET W K. . BF 98 #F — 25 4F 52

STATeLight5A 0] 1 Ay & 20 #0177 9% 16 7 &, MR T
STATS 11 75 7] 5€ 4= P Wr 3L — 5B fb . Z#H & FLIM-

FRET AE Y14 J 2% 68 1% SIZI | vy 280 I 735 240 i Y STAT
PG Eh A, AN T JAK-STAT {5 5 # S K 7505 A1
RRABFAE T B AB EE TR, 75 ¥ ] JAK/STAT i
RZTmIk Rt 7 A 3R .

TR-FRET 4 W) £ I 258 W 2 & 1 1 (6] 43 #2665
FRET X E MR H . HAI S RI0E (W B Tb) 1)
K T i 5 e AE N Ak, T8 S SR A W A R B R
B . I TR S A RS PO R FE L,
KA A H S BN ). Z TR )R
IS T BRI A, HiE s B AR e T,
T 7E AR 473 - AH EAR PRI 90 R o e 5 24 40 i ag e
HO s ) RS 55 8 LA % . Konstantinidou 2P
I A B 75T & A RE 14-3-30 5 ERa A B 1R Y
NG, LA ERo B 535 M, O ER o B % 2L R e 42
PR IT RGBTSR BT 2 400 I NAL 22 IR BN
B AR SR S S AT PR AT AR S . MR
el I o T 5 3 5 A5 TR A B 2 AN AN B A 15k o)
T, 3@ 1 TR-FRET “F & X _F 3 0 %tk R AT I, 13
FI [ a5 14-3-30 5 ERa AH BAE A IR 35 F ik . BF
FUH KR 7oA His bR i) 14-3-30 1 H, LRAEYI &R
1) ERo BE R AL 2 IR, 43 5l FH T 45 & 80 (Tb) F5id 1)
His B A4 A 2 R A 3R PUAA, @ id AN 8 A 455 5 1 RE
BEBEN =TTEEMNEE (B 6). ZitFhET
Gy TR 250 R B AL T v R RIS R 0 i 5 56 IR
(N

Tb emission s

@ JonauitS
TR-FRET

Scaffold hopping % \
Q
O

C' His-14-3-3

TR-FRET emission

f?f/ (665 nm)

Streptawdm
Blotm Era pp

Figure 6 Time-resolved fluorescence lifetime imaging micros-
copy (TR-FRET) application in the discovery of new molecular
glues. Created in BioRender. Lu, E. (2026)https://BioRender.com/

upntqpu

3222 ETFHEYEAAHRESHBNERSR £D
K6 R AE B 7 % (bioluminescence resonance energy
transfer, BRET) 5 FRET J& # AR, 12 H AR R &
B (luciferase)™. fEJRMAFE T, RICEMIIEN K
i e B R UK 2RO N RO, TR & H
JAHEAEH . st B AR 8 o SR (PO R
) B2 AR RO E ARG . MEAB/EMNE LS
Wi, B R A Re &, k4R s AR (B 5B).
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AHET FRET, BRET JG 3 AMR Y6 UK, 8 e T 6
e M R B R POCT I, B LT . B i
FH 305 41 R A5 R 16 B ELAE CATP AR ) I B 14
WEEHFFE . W WO R B IR B FEHEE (Rluc). b3
(Pluc) K ghK 7% & (Nluc) & . H A, Nluc K/
TR (19 kDa) 5 & 50 5 R b SR B AR v, B T
HIF R 1) NanoBRET #5 AR Jt H i Y 7376 40 it ) 2 11
JR /7Ny R LA F R A

Zhang 55" R4 E T NanoBRET 5 ABPP
W FH (BB AR R ISR o X RV &R (IR Bl AR 45
Jis RO B ME R, 1% BIE AT DL A i R ) AR B R R A
CCNEI1 5 CCNE2 ([A] 8 1 55%) AR, ¥ e F) A
ABPP ${ RiE 52 7 CCNE2 H 2 Bt & R C109 1 3L 4 fic
A8 71, I F CCNE1 Hroxf B ik 25 5848 (N112C), 3115
T 5 JRE R TR T R AR B R A S AR — AN RORE R R
AFfA . BT R NanoBRET-ABPP =il & i ik 7 &
(NIuc-CCNE1™"2¢ + % S 3L #5841 15) F LA 12 fie BH
Witk g 5 AR EAE R BN T (B 7). 1% TG
Ih % 5 AT I 0 ) N112C 5248 Y K 85 4 A9 CCNEL:
CDK2 E & WIMtb &9 . 348 75 76 N112 48 1)
CCNEI1: CDK2 Ft A7 7E — N Fh AR kg3, v 5 Fik
Al GRS G . 1% LAER R 7 ABPP 5 BRET H b
PE&E A 20 ABPP PRI 11 51 L & 1 - ¢ AH B 1R
I, BET 46  BRET #R4F, 13 DL B8 UE 25 (1 i 4H.
R AL BT 24 1 BEA

NanoBRET

substrate

/ 15
R = NanoBRET™ 590

ABPP: Click chemistry
Figure 7 NanoBRET combines with ABPP for target discovery
strategy

323 DTRABHERG

73T HANRGUE A ] R B B AN R 2%
AR R PIDOCERBNE ST TEAMRG EE
ALFE Xy 7 ¢ e H AR (bimolecular fluorescent comple-
mentation, BiFC) F1 =4} F % Yt H%b (trimolecular fluo-
rescence complementation, TriFC) R4 5% .

BiFC £ A @ % 2 06 8 B BEAT He R BT 4%, 4 35
FINH KT HR I N 5 C i v B, 709 5 — X3 47
LR E RS RIL . Az LR A ELAE ) B
PO A BUE A 8] b SR, 80 450 HoRb SR O
HESTREE SRS, MR I6ME 5774

(B 50, Hiur, BIFCHE O A FEA-EA
FHELAE FEFE, S - FR 08 VR T $EAR A 2 B A 2T
B fEUbSE Al -, 3 — P A7 4 i BiFC-FRET it & &
4, 3L 4> %) FRET 524K LT £ 2% (M H.4E F A0 o
[FAR ™, BiFC )2 F T 9% 28 5 18 32 AH B /E FH AT
Fe, Nt H 79 1 A i JE SR S0 L LA B

Aslam ZE™ 4 F 78 R I SO0 7 1 (nonstructural
protein 1, NS1) & 45 PI3K {4 ELAE F, #)2 T BiFC *F
GLUBERBEONE EESEEWNERELRE.
ZF 6% YFP [ N uf i Be (YN) 5 PI3K i ft W7 &
p110a/p/6 B N i it &, YFP 1 C i Jv Bt (YC) W) 5 9 45
W p85a/B 1 C il £, A 24 # IE 40 26 h Th e
PSR — B AR 7 T YFP %€, T SB[
PI3K 53 R AR BB B . WF 7T & B NST 45 = 1
454 p8Sp, HHIlIL p110 L1 (a/B/6) ¥ %€ PIBK H A 41K
V40 i 52 2 5 Th BE A F) . PIBK AL 5 18 5 7 5 _E 1
I S S50 98 A% W] AR DL NST 1% 5 B9 2R, 358 70 5 b [
P85 4l A BB AT B BRI L PE AR R o i AL LA —
YN/YC Bt s Eh bt 7 PIBK -Gl I B ) 5h & v i,
SEPL B A5 5 TS 40 P RAL, 7840 B T BiFC 7E 4
AT PE 2R G0 FH P % SI B 5l 2 R 7 T ) S 3 AR 3

TriFC & %t t1 BiFC fi7 A2 1 5%, FH T fid A 41 g 4 &
F-RNAM EAEH . e Cum v Budid &
HMIHAFHE AR A'S RNA (D) I % T4 7 mRNA Lk,
N Bl 5 RNA 5 G A Bl & %Kik . & B'HEE
BEME R 5 I 45 A3 55 mRNA I8 E 51, W &N
Ui 5 C i b B BRI, K b B BT R RO (B
5C)™, TriFC AU AT H T % 2 5 U -RNA M AR H,
AT S LE VS 20 A P 6 B Ik R AT B A Bh A AT

5 DR G B 20 16 A SRR A% DA IS A% 2 0 O W A, JE 4y
T B AHEETE 8 IR G A, T A% G AR 4K VA S
PE5 2 18] 43 R R R BR T, SR T M SR 4T A I 41
A Z RS A E &2, AR R AN TR EE S
W28 A AL T S DM ) T ALEF . AR
AR AR AP AT B E ARG fE L T8 AR MRS R R
L, BB RS 5 THCKER . BitizEARe
T3z N - 2510 i 3 R 0 3 A I 4% T ALY K 9
AR5 1 TS T S U
3.3 HEEEE

b 5 1A% % (chemical genetics) #& LA/ 73 T &
Wik TR, TP el T AR B R A SRR 1 5 T R
Je A dr L, e H bR iR AT R R SR A AL 5 2P e
PR R I

2384 2 4y 9 TE 1) 5 ) 6 R SR g (1] 8). I
] Ak 2% 18t % 2% (forward chemical genetics) M 3% B! H
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Figure 8 The experimental workflow of chemical genetics. A: Forward chemical genetics; B: Reverse chemical genetics. HTS: High-

throughput screening. Created in BioRender. Lu, E. (2026)https://BioRender.com/jfa8113

R, ik v g TR T 5] R R R R AR A )T
G 1, B AR AT A B SEAR, T ER AR NI T RN Z
MR o Ik 51845 % (reverse chemical genetics)
)b H R, Bk R RS S BEAR R A L&Y,
W LA A R G 51 R R AL, R %R
FH A2 ThRe, v AR NI AR 25 R I .
2 AR A T A TR RS R M AL 2 18
HESE, A48 71 26 i WL A IS 25 Wi e B2 64t 7 0 AL
RIGHIAT TR . v 80T 50 SR 3 o AR T v
0T A KRR AL & P R SR, LS K& &
P BT AR o
3.3.1 DNAZREECE

DNA % 13 1k & % JF (DNA Encoded Compound
Library, DEL) 1E i X mil & &7 &, @& 745
12 5L R TR AR, BT 22 i A 4 B A RS 7
/Ny FECARY . 3T =14k, DEL A5 PE A 2 Kk
S 8] ) O R A I BRI R A 8 S A
R, AR AR FHUS T B R, RO~
ZMRIETHT AR 2 —. 4G DEL Z KA 50T
T g R SRS, B T FRA S B e 2 AR
FKEER Z FEVESZ PR &5 1) fL . T 4R SR, iZ AR IEZ A
B i LA ) SO M RS HE R T R IR0 A SR Y

Schafer S5Vt X A% Ge W R “AS AT Rl 247 1) B9 2 4k
%0 B 1 USP39, BRI IE A A e M, R R &
I (200 /> 43, I 1) 3 008 A4 /89 #2 4 DG R bR) 5
DEL (& 6 1¢.57 1) AT i i 5w (B19). & A
G AT R RE AT S0P E AT, KIS i
HRPNFTF16NTEHRNFE TR EEE. H—
A5 By AlphaFold BP0 £ | i 98 AR 6 0IF J 45 & S0,
TN T /N F 16 5 USP39 AR My I 45 & . WF 70 % Bl
J& B A Ak N = A USP39 #E i) PROTAC 4 fif 751 18,
%4> FF 1 nmol- L ¥ FE T R AT SEHL USP39 [ i 24 F%

fift, H 428 (4 24 0 B s L SR R SR AG . i% T
PEAAN S EL T X6 USP39 1) 15 6 14 v g 8 1 P e, o
P oR T —FlE I A S N AR s A IR S« S
BT 355 N S B 1) 25 A AR G ME G R BB .
W 78+ DEL £ AR IR 348 B T HL, 1 A2 SEI AN 1] B
297 BT B AR S ) S B ART A: HR B E RS T
Xof W M BEAZ I ROR I, N e S A RS I G 2R
PROTAC 7> F ¥ 1T B8 5E | P PEAER
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Figure 9 Discovery of USP39 inhibitors and degraders by DNA
Encoded Compound Library (DEL). Created in BioRender. Lu, E.
(2026)https://BioRender.com/upntqpu
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Figure 10 Fully functionalized tags-biocatDEL (FF tags-biocat-
DEL) selection strategy. PHGDH: Phosphoglycerate dehydrogenase.
Created in BioRender. Lu, E. (2026)https://BioRender.com/upntqpu
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Figure 11 Chemical structures of compounds 19-23. A: Discovery
of 19 as an allosteric 14-3-3 inhibitor for Nrf2 degradation via
phenotypic screening and chemoproteomic-based target deconvolu-
tion; B: Al-driven discovery of dual antiaging and anti-AD thera-
peutics via PROTAC target deconvolution; C: Chemical structure
of the molecular glue degrader 23 and characterization of CRBN-
23-HuR ternary complex formation. Created in BioRender. Lu, E.
(2026)https://BioRender.com/upntqpu
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Table 1 Comparison of representative chemical biology technologies: Advantages, limitations, and applications
. Specific . L
Technical category . Advantage Limitation Application
technique

Chemoproteomics ABPP
based on
derivatization

AfBPP
DBPP
Chemoproteomics DARTS/LIP-
without MS
derivatization
CETSA
TPP
SPROX
CPP
TRAP
MTRP
Genetically Single-FP
encoded
biosensors &
imaging FRET/BRET
technologies
BiFC/TriFC
Chemical genetics DEL
Target
deconvolution

Directly reports on active-site
status of proteins; high quantitative
accuracy

Relatively flexible probe design;
enables identification of
enzymatically inactive proteins

No probe modification required;
compatible with live-cell treatment

No chemical modification required;
operationally straightforward; LIP-
MS offers high resolution

No probe modification required;
compatible with live-cell treatment;
operationally simple

Panoramic, unbiased screening;
high-throughput

No thermal or enzymatic treatment
required; provides thermodynamic
parameters

Low false-positive rate; broader
proteome coverage than SPROX

High proteome coverage; high-
throughput

No lysine labeling required; high
resolution

Enables real-time monitoring of
dynamic changes; genetically
encodable

Ratiometric detection corrects for
experimental artifacts; BRET
requires no external excitation,
offering low background

High sensitivity; detects weak/
transient interactions; low
background

High-throughput; low sample
requirement; short screening cycle;
operationally simple

Establishes phenotype-target causal

relationships; low false-positive rate lethality upon knockout of certain essential

Applicable only to covalently modified
proteins; probe design dependent on active-
site architecture; high nonspecificity
Requires ligand modification without loss
of activity; capture efficiency affected by
binding affinity; high nonspecificity
Depends on meticulous optimization of
proteolytic conditions; nonspecific
degradation; perturbation of protein
homeostasis

Relies on protein conformational changes;
poor applicability to membrane proteins;
low-abundance proteins difficult to detect
Requires pre-specified target; dependent
on specific antibodies; low throughput

Large sample requirement; intensive MS
acquisition; insufficient sensitivity for low-
abundance membrane proteins

Dependent on methionine content; limited
proteome coverage; high drug

Suited for various enzyme
families; natural product
target discovery

Target identification for
known compounds; affinity
screening

Identification of undruggable
targets; preliminary
assessment of target
druggability

Preliminary target discovery;
rapid screening of natural
product targets

Validation of pre-defined
targets; target pathway
analysis

Exploration of unknown
targets; multi-target network
interaction analysis
Thermodynamic evaluation
of ligand binding

concentrations required

Requires chemical denaturant treatment;
applicable only to soluble proteins

Relies on lysine labeling; relatively low
sensitivity; high false-negative rate
Limited by MS acquisition depth

Challenging engineering; spectral overlap;
applicable only to validated targets

FRET requires meticulous spectral
crosstalk correction; BRET signal intensity
dependent on substrate levels; limited
dynamic range

Irreversible complementation; may
interfere with native protein function

Requires purified target protein;
constrained by physicochemical properties
of DNA

Lengthy timeline; compensatory effects;

targets

Affinity determination;
protein-drug interaction
screening

Rapid cross-validation of
candidate targets
High-resolution thermal
stability analysis in complex
systems

Live-cell binding analysis
and real-time imaging

Real-time detection of target-
ligand interactions in live
cells; high-throughput drug
screening

Detection of protein-protein
interactions and ligand-
induced complexes
Large-scale high-throughput
screening of lead compounds

Target and mechanistic
validation following
phenotypic screening
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