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Abstract: Protein phosphorylation modification is an important mechanism of physiological regulation that is
closely related to protein biological functions. In particular, protein kinases are responsible for catalyzing the
phosphorylation process of proteins, and phosphatases are responsible for catalyzing the dephosphorylation process
of phosphorylation-modified proteins, which together mediate the achievement of dynamic and reversible phos-
phorylation modifications of proteins. Abnormal phosphorylation levels of proteins contribute to the development
of many diseases, such as cancer, neurodegenerative diseases, and chronic diseases. Therefore, rational design of
small molecules to regulate protein phosphorylation is an important approach for disease treatment. Based on the
mechanism of protein phosphorylation regulation, small molecule drug design strategies can be classified into three
types, protein kinase modulators, phosphatase modulators, and bifunctional molecules with proximity-mediated
mechanism. This review emphasizes the above three small molecule design strategies for targeting protein phos-
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phorylation regulation, including molecular design ideas, research progress and current challenges, and provides an
outlook on small molecule modulators targeting protein phosphorylation modification.
Key words: phosphorylation regulation; small molecule design; kinase; phosphatase; bifunctional molecule

1 FBAWBERILEES /D F IR

1.1 EEWBELIE & ARSI 2N
B R AR bR 2 A () 45 16 i #£, Edmond Henri
Fischer fll Edwin Krebs 7F 20 1t 20 50 SEAX R 8L T 55 —
A EE IO PR IR R R A T 2R B (cyclic-AMP
dependent protein kinase, PKA), 15 X #& H AL 44 25
F1 IR AT R S A R Dy — Fol AR A R Y L T AR
eV, AR A A R ISR, B
R MR g LR 2 5 . Horb, WE 75T M0 B K
FR AL FE, K = BEER AR (ATP) KAL (p hr) 111 Bk 5

21

5% 7% 2 R 8 1 AR AR TR b, 24T A 21
TR U] 47 T AL B (3 b L& R AR R AL A 1 1 = 3
TR 2 WAL, T8 7K A 5 8744 Tl T2 BT 7K il e — A 19
Tk AL R0 — A0 B 2 5k DL e BR IR B A (L 1A).
DL 8 2 1 Jo 9 R A = B A Dy £/ R R R R A R T
FRBERR LS. H AT C R ILL) 560 Fi B T, 226 Fi ik
PR, 2 WL R 1 T A U 7 A A i 30 1) T o A
HEHAT

AR B RS S 5 90 A AR 2 AR B TE B),
WA R NS 5 AR T R R SRk T 4% L 4 A S R A AR

A Phosphorylation modification of proteins The main related pathology
Kinase Tau
G P —
Hyperphosphorylation
O — ®—
@ @ Hyperphosphorylation
Phosphatase Abnormal activity
The main biological activities of tyrosine kinases
Abnormal ;
Actlve % glycogen L.
decomposition
Inactlve
Regulation of activity Localization Abnormal activity of
glycogen phosphorylase
1kB
‘ * Degradatlon )
o —&
£5 : : TNF ((i/ -
» Protein-protein Activate :
A i interactions IKK Inflammation
Immune modulation
B Small molecule design strategies

Klnase activator

6

Kmase

Klnase inhibitor

PHORC
™ -

—»

-5 ‘\/’

/Phosphatase . |

Phosphatase activator Phosphatase inhibitor

Figure 1 Phosphorylation modification of proteins (A) and small molecule design strategies for its phosphorylation regulation (B). AD:

Alzheimer's disease; CML: Chronic myelogenous leukemia; TNF: Tumor necrosis factor; IKK: IxB kinase; IxB: Inhibitor of nuclear factor-

xB; PHORC: Phosphatase recruitment chimeras



- 2914 - 224224 Acta Pharmaceutica Sinica 2024, 59(11): 2912-2925

WA 2R R A e PR E A DL S A 4350 R A S AR
SN, 2ok, 22 R FEE AL B B (mitogen-
activated protein kinase, MAPK) i % 5t /& H1 VU 4™ iR
1 2 N0 SR 2H RS 2 R % 52 A IR R B 3 3 AR 4L
I, B MAPKKKK 23 4 52 14 i 22 IR T I 9% 1% 1 S
5. Ja 35 [ MAPKKKK 2 4k 82 R 16 55— N Wi
MAPKKK, #R Ji5 8 & 16 28 = AN MAPKK"™ . )5,
T MAPK 5 R A0 FH 775 44 55 i MAPKK FE 8 R A4 1T
Az, AT R 428 45 S e g AT 14D 9 P 0 6 [ 1) 3R
AT T WL, BRI IR B IR A ] T 4E R AN i Y
PSR KEHE,

T E BRI S B S AR D) Re Y ST R % B
R, LR B RACR S E B8 S8 2 5m =
A, QERE  JORE PR R 2 IR AT VRS B B g A
R S I A R TR i B R AL B 2 5 0 I o i
AR, FBERR A KT 1) 7 3 BB 7K S 216, e
PRI B A Ao [ B AT 2R 9% i BR v IR, A 22 D
2T 2f 9 46 BT tau B (O BB R AL 51 AT Y. TR,
BTt/ PR R AR Al IR A B A A DS T
RIT R EETFE.
1.2 $BEEBBIRCEIHATINS FILITRE M
B E R BB A WL R, 255 KA LA T
B B OO A R R VR TR (1B
B0 Ik BE R AL BB 1, W PR AR LB R A /K, AT
LA T S 1 0 o) 551) B 3 IS I ) B sl 7R o TR
B0 BB 1 R Z IR AL RIS O, 7 L i B R Ak K
P, JURT RLASE T B 1R Sl 7 B B R I ) 00 7
SR, 5 S BRI 78, o Sl 4 1) g 1% T B8 1) /0N 70
TV RIRAN KM RE . LML HER,
WG /N T — HARAWIT KM FIA/TTT A, BE 2024
B, OE&H SOM/Ny T 24 FDA#ILHE LT, 51k
TV R BH OO B R, T b T s R E, R A —
ANy T ER B B E &R, T R F 4L FDA #HE I
M, HRAS 5 R TE T W IR A 1 1 A 3 & IR L AT, T
B /NG HI I R I T A B TR A LA, AR
RN FHECARR A . R T AR G 4 B ) e A
T R B 1) /N 23 A% 770 A6, B TR A — AN 87 8 SR g
R BTE AR5 LA In) 2 B PR AL T 4% . XD RE 4>
FRU AT R TT M2 —, %K TR
T4 LW N % (5] a0 B3 32 2% 3 $2 1 B 10 1R
B\ W ALEESE) 1)/ 2 7 R AR AN AR & E /N 9
e 18 0 3 K R ) A 2 T e I R A R RS H bR )
RO 11 DU v 310N e W B Y s e e D S Y Vi =X 7
RN A AR AR ), R A M AR . BIhRR Ay T
W, B BT I BEE B K AR B ) R A R (proteolysis

targeting chimera, PROTAC), 3k #{ 73 T ARV-471 H #ij
e Bk I PR IR T B B, O Ja SR XU B 701 1O T
RBUE TR EERAE O Rl 8 B R
A R X Ty 8 7~ o Bl 2 2 HH O FE SE AR AR Y
A R, LT 1 S G S L RE 2R 1 IR AL I B R 1L
% T ik & 7K (phosphorylation-inducing chimeric small
molecules, PHICS) 14 %52 1 FR B SC I B (1 L B IR 10 1
T TR AL B 1] ik A5 44 (phosphorylation-targeting chimeras,
PhosTAC)™*!, 47, PHICS [ 846 A\ it iZ % A 81
7 < 24 A 7] Photys Therapeutics, 3543 MPM Capital
LA TN IR 7 500 536 B . HE AR E
B R AL A 410 ) XUy BE 70 7B T B % PROTAC it B A
B PRE A R P S T 1 P T AN W) B2 SR AR A AR B b, IR AERIL
il b B AT 2 AR AR, RIZ I 4 7 A0 7 R
FRAARZS, AN 2 R BEAR 8 A B (1 3R3E K1 i R
Wy, 36 4 1 T AR R AR T P AR T AE AN RS R

2 HEEEEE

2.1 ERESHNEUTR N AL S LA A A R R
SR I I P 2 A AR o A 5 ) SR 0 T 4
Sl A7 AL T 20 P A0 T 2 AL R, B R 5 A R R
ey sk 3 2 A/ 35 ) SR L P 95 A S5 R T 2, L P 4
He) S5l A5 P10 2 Il 5 ) B o A A T A L P 4 ) 45 A B
i P DX A R R A DX, T D N g X3 L C
Ui [X 3 DA R 2 N 3 AT C 3 PO B0 X (hinge). ATP 45
A AR T N i 5 C i 2 1], [FlIN 7E ATP 45 & 1142 B
T, IEAFAERE — SR TG AR, 1% SR TG AL PR I N B A2 H e 2
TRAF IR A Z R (Asp, D)-FKH AR (Phe, F)-H &R
(Gly, G) ZH 5, B DFG /7 %1%, 4 DFG [ 1 H [f] Asp
SR I [F) PA) JE 7 1) 23 25 I (¥ A4 S B DFG-in 14 4,
SEI S K 2 B TR R (B DB T AR R
%); 24 DFG 751 i Asp >R B Fh e e (1) 248 285 I RT3
ity A4 R B 2y DFG-out £ G, b I 380 Bl Ak T I 3% 44 4
FEN A ) R S R O A S R A
P, BET P& Bl LR B R 2 I AL, A
SPGB A A P BERR AL R o SR I RIAR A 45
B AN R AT 73 0 ATP 38 P2 400 1) 77 A0 ATP 3 58 4 4
PG ATP 5E 4 PR 40 75 (OCFR 9 IE A 410 1 7710) 38
i 55 R A £ P 3 P ATP 45 45 57 1t (R AR X T L
i, T T 4 M A0 ) ATP 55 B 45 A0 AR IE B
S5 G B IRAS AN [F], ATP 38 4+ 18 #0) 77) v] DLk — 28
43 N Type 1. Type 14l Type 1T (& 2A). H A, 5
DFG-in PR F i 148 G 45 4 1 A0 ) 77 RN Type 12440
1 7), 55 DFG-in IR 25 B JE 35 PR A4 R 45 & 50 40 ) 71 A4
Type 12157, 5 DFG-out IR A& B FE G 11 B 45 &
(41 770 A Type TP, ATP 3E 58 4+ 1 40 1 771 (OLFR



B SCoras: A 5 8 BRI A B 1 B/ 2 1 BE T SR ¢ 2915 -

AR KA 7)) 7E TR ATP 45 6 47 55, HAE H AL
TR R H B S MRS 5 JE IS MRS R R R 22
5, PR 1E ¥ 5 3038 7 %1 (activation loop) T & 211 1
R, T A B TG AL o IR 2R A AL RN AR R
B A, R R T IR 45 & N A8 2 4 Ho et & s 1
A IS L o R P AR AL ) R AR AR A5 A R B AN
[d], 7] #E— 35 43 A Type 1. Type IV Type VI. Type VII
A, Horf Type IR #4400 ) 55 25 & A s 4 ATP 148 I
i (EANEB), Type IV 22K #1177 45 & A7 73 1 ATP
HI48 ({HE 72 BBEAE AL 25 M 380N ), Type VIS & 07 A
AR 45 R I AR A TR ATP 45 & T 4% (B0 2
Tt 55 U Al 285 A ek v FEE AR BB AS L & AL D R 0 25
4, AR Pl AR R 10 1) ATP 45 & 4R B AR AR R A
), Type VLB 71 45 & 72 0 1) B b 45 R 3012
BE H AT, NSRBI 560 M E B M, 4967
150 Foft 25 1 W6 B AR R B8 SEAT 290 F R (A o N3
LR ALK 30%), Horr 2y 45 B (1 OF Atk Ll
(B 2B) s A e 40 T 1 35 0 410 o) ) F 7 0 O
A KK F B Ak (epithelial growth factor receptors,
EGFRs) il £F 4 41 i 4= K Kl ¥ 32 f& (fibroblast growth
factor receptors, FGFRs) Il & P & 7 2E K K 7 52 14
(vascular endothelial growth factor receptors, VEGFRs).
A7 - 4 % 2 BR I B (brutons tyrosine kinase, BTK). 3F
RIS A IR 5 A (janus kinase, JAK) « % I i VL A%
3-1 M (phosphatidylinositol 3-kinase, PI3K)- 4H fitd J& 1
T A K M B EE (cyclin-dependent protein kinase,
CDK) 4/6. % T 24 fih = A W 1= 24 B0 405 e R ) 2 e 22
Cortellis *J- & Drug Discovery Intelligence 24 ¥ 7- 3 fiff
RAG R, X A ER BRI R 2 AT Gt . 4
SRR, BUE 2023 4 10 [, A ERAE Tl R AT V131 119
T 490 Il P BIF 7 i B ) 0 g 4100 ] 791 245 40 23 0l 437 939
460564 A1 137 Ao IEAF HIE b T A0 580 400 1) 77 245 4
A28, &bt BT il R R 25 1361,
A 84NN 24 FDAILME Bt . b miT Aty A i 41 i) 771
L K23 ATP 56 G M3 1570, A0 9 A28 # #]
T, 43 9 R 2. L TR A B O IR 1/2 (mitogen-acti-
vated protein kinase 1/2, MEK1/2) #lI il 51 il & & J&
(trametinib) & kb % JE (cobimetinib). tt 3& # JE (bin-
imetinib). 7] 5% % J& (selumetinib); 75 T 5 % % & A
(mammalian target of rapamycin, mTOR) # il 57 7§ &
¥ H] (sirolimus) # 74 % 5 & (temsirolimus)- & 2 5%
7] (everolimus); BCR-ABL (break point clusterregion-
abelson) % 2 B& U 4101 1) 770 BT 75 K JE (asciminib) F17%
SR B4 2 (tyrosine kinase 2, TyK2) I fill 771 77 vl K &
% J& (deucravacitinib). 1 & 5 B H 1) 751 & SORE £ 7

b A ZE R P R G0 R R VIR BN SORE LB B iE
R MR GV R G G 9 o0 W 5 AR LA
BHAR OME RE IMIRAEE RS AR /2
W) RS A g A

H 1995 4 Rho #H 5% £& 1 ¥ H§ 1/2 (Rho-associated
protein kinase 1/2, ROCK 1/2) Il 71] Fasudil & H 4= #%
et BT DK, AN A SR TR — B R
VI A B PR, B S 7R 2001 4F, HURERE S 25
% J8 (imatinib) 28 FDA fit #E L 17, 1y — Fh #E )
BCR-ABL [ 2 8 0 400 1] 70043 FH 196 97 12 1 B 1 1
ML (chronic granulocytic leukemia, CML)"", 2013 4,
i35 % JE (trametinib) KL L7, A 07 BRI,
ST AN MEK 0] 1), 972 28 — 3508 1) o il 410 i) 7%
14, RO 136 MRS R 25 Yt dE BT, KR
AR B . E NI, A O & 0 I R A AR AE
W2 MERRA R U DR 22 B b T IR SO 1 R 25 P A
FH T U0 45 KA 380 1K) ATP 45 & 47 £, SR T 06 1 1 Ak 45
3 v R ARAB, A e 26 45 0K ot 8 2 A 1 /N 40— 0 1 55
B FF R K BRI AR . [F S, PR 557 1 ATP &5 A f
PRI A A 5 2 B AR 2R AT A5 12 U ) R R 2 BB 4
NEE . WAk, TEH 2 RE R, B O 4 A A AR
PR T 2 1) L, A 49 2590 TAE B AR A AT = = AR
ZHIE R AR KA 2 EARAE i 25 M R
It L B 1 5 U T EL R RO AR (BB = R G AU
o I 4 A Sk PR T R B 1R AR R BE AN, DA RO AR A S
TE B B FE AN e o I A G e AR AT I )
Y IEA, o %% A% S — AN DL IR I IR [l R, o] o a2 i
ML Fi J57 5% P18 R A 5 24500 ) BT R (Cn R k4
PR BN TR A R SR T S — AN R R AR
AR, IR 7 Ak 2 IR R 2 R . H
R, T Al 0 1) 70 g T 2 R R A A R R
FEAEPUM 2451 259, [RI 0 AR R G B k1975
%5 77, WA R AN R AR AE R B DG E R . R
SR IE 23 TR I T 2208 IR A R R S, BE S
JrikeE G PR m U 25 A BEL BT 22 N SR ) XL
R PEPUAR R B PROTAC $7 A [ fift 25 (1 B0 55t
A 6 T HE A B Rz R TR T e A ) 7R )
R T ER, AR ]I R ARk, 12 U B R AT AL T
=5 R VR LAY, RORIGAH T 2 B R AE AR T,
22 HEHF BN R RS EOMEL
G5, Rets 3G R v R 4 1, R ARk B B e S
ELER 456 AT BRI AL SO, 2 e R R I B RR 1L K
P, SEBLGHEAE E BEER AL R 4% . B B (protein
kinase, PK) AR H3E AL S5 AR AR, BT 40 2 8 0 A
(protein kinase A, PKA). £ [1### G (protein kinase G,



- 2916 - 224224 Acta Pharmaceutica Sinica 2024, 59(11): 2912-2925

»

D Neurology/Psychiatric D Endocrine/Metabolic

D Dermatologic D Musculoskeletal

3

D Ocular

|:| Cardiovascular

A 1 B
B Orthosteric Kinase Inhibitors ] B Clinical-Phases
1
1
:
B Kivase stibivor ATP-blinding Motif :
1
1
Allosteric site remote from ATP- j DFG sequence ]
binding Motif 1
1
1
Allosteric site :
within ATP-binding Motif 1
J m Phase [
i H Phase II
! ® Phase III
! m INA Filed
! Launched
! Preclinical
{:} ?DFG-in {:} ?DFG_in {:}DFG-out !
1
1
1
1
:
Kinase (active state) Kinase (inactive state) Kinase (inactive state) ]
Typel Type I, Type II !
i
i
& % ) 1 .
B Allosteric Kinase Inhibitors 1 B Therapeutic Area
1
1
i
1
! D Cancer D Respiratory
1
! 5
! D Immune \:‘ Infection
1
1
1
1
1
1
1
1
1
1
1
1
|
1
1
1
1
1
g
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Kinase Kinase
Type III Type IV [ ] Iflammatory [l Genitourinary/Sexual Function
[ ] Gastrointestinal || Other/Miscellaneous
Extracellular
Finase \:\ Hematologic \:‘ Toxicity/Intoxication
Database:
Intracellular B Pharnexcloud
B Cortellis | Drug Discovery Intelligence
Pseudokinase
Type VII

Type VI

Figure 2 Classification of kinase inhibitors (A), and clinical overview of kinase inhibitors (B)

PKG). & A 4 C (protein kinase C, PKC). 145 i &
1K 36 P 119 85 (1 ¥E§ (calmodulin-dependent protein
kinases, CaMK)™*", H 1, PKA tH cAMP J&i 31, i SLHR
B A S A R R O % 2R VRS (cyclic adenosine
monophosphate, cAMP); PKG H cGMP Ji3 5)), R JRFE
W& 14 A 1 2 (1 BB (cyclic guanosine monophosphate,
cGMP); PKC HH Ca*"\ Bt H i (diacylglycerol, DAG)
H B Fi Bk 22 % R (phosphatidylserine, PS) Ji 31, X Fx
Ca™ F1B4 5 M 1 2 3 8 ; CaMIK Eh 5 B 1 A4
wHED.

NEE RCHR AR R 5017, AR AN - SO sl 790 1 i
IR I b 250ME BRoR, B T2 50 Fhisie £ Bl il
WEFT, R PO BT BE SO AT B B (gluco
kinase, GK). 54§ B2 i 1 7% 16 1) 25 2 B (AMP-acti-
vated protein kinase, AMPK).- filf FiZ L% 3- 3 & - 2011 A
SO 1) 2R 1 VG < I 2 A T R VR AT I TR UL

fi§ (pyruvate kinase, PK). 2 T 24 i 2= A2 4 = 25 50405 122
AL 4 ME 22 Cortellis *F- & Drug Discovery Intelligence
25 R IR RS R, X A BRI B Eh F Z i AT R
oM, 45 R EoR, #E 20234 10 H, &BREHE A 4T
Il PR 717 LA S T S TN B 9 B B 1) I 8 3 7) 24 4
TP IAT 51,1435 FT8 AN (I 3A). L _E vl i) S Ik
NN 104, L35 5 7] P4 BH R V8 L/R i) B R oK
flPC AR (mitapivat sulfate); #2 [ 5 %5 B 3 5 (19 2 $L A%
5 ¥ T (dorzagliatin); #E 7] AMP ¥ 46 1) 2 1 BB 1) —
FH U (metformin)« 7 3€ #% 1) B (imeglimin) (K& 3B);
1 1) JH-410 B A2 K Al F (hepatocyte growth factor, HGF)
HI 55 K % I (beperminogene perplasmid); # [ Ifil /> 4R
7 A TR F 524 (platelet-derived growth factor receptors,
PDGFR) 1] Wl & ¥ #) B (becaplermin). becaplermin
follow-on biologic %3 5 7 /) 2 (oprelvekin); # [i1] i
HZFBEAE KR F 1 (insulin-like growth factor 1, IGF1)



B SCoras: A 5 8 BRI A B 1 B/ 2 1 BE T SR

+ 2017 -

)35 R 4 B (mecasermin); $ [\ 38 J7 AE KPR - FR R A=
K K F 52 4R 1) £5 UL 48 B (nepidermin) (beperminogene
perplasmid.becaplermin.becaplermin follow-on biologic.
oprelvekin. mecasermin . nepidermin 4 4= ¥ 2§ ).
H mitapivat sulfate .metformin.becaplermin iX 3 4~ 24
2 FDA fIb#E L7 3 S0 P I s 771 25 1) 0 3 BEAE £
G NV SR I HESE S N4 S TN RS S N = 87
T RS0 MR G R R G0 B L 2 W 5 AR UL
RH B RGO RE W IRAET RS = R0
U T AT R K AR S A R T ),
— /N2 K H AT (dorzagliatin FEHE T, 2 AY
B JR i 583 0 3 AF 7E GK 451403, GK T e 2 35 PR IK, =
BBREWR (RS R G RSE) /W R H R
A RS2 B DA R A 0 5 R F e 7 BRAIRM™ . 248 51 3877 )
B 5 2 BUWE PR S 10 R A RE e T R, B I
PEARADY,

ARSI 2 1 e A0 o) 77 B A ) LK R T, g
BB A K kB85 . H AT B 50 R g 1E
A R BEAT BN R 25 T R, AE R LT R O SN 7
i BB TG, W SN AR IR 9TV D0
BE— Dy ARSK, WS ) BRI ST AR UK 3
TR AR TR ML ROF R S FLAE AL B B B o [RDAN, of
T AT B AT 2 R, SR A Sk R AR

A B Clinical-Phases

Phase I
Phase II
® Phase IIT
® Launched
H Preclinical

Database:
B Pharnexcloud

B Cortellis | Drug Discovery Intelligence

Q A 20
NH S,
\ HO™™
—N X OH
_) ©

N:

NH
0.
N \S H”ONH

Z
shalye
0.
N H”OSH
Mitapivat sulfate
PKLR ND

(1)

I Q‘Cl/g\; i
s NN
N =
Y H NH, O\@ \L/N—_\—\

HaC

PR TR AR DR FE () /N G A R TR T N 7 25 ) R R
() ST N A o TR AN 7 R AP A AT R, e
Pk 5 18 .
3 WAERESIAEET

R — IS AT DU R Y R B L B A 1Y)
B A, WL RS RS & R B B % (protein tyrosine
phosphatases, PTPs). 4 J& &5t 25 I BEIR S (metal-
dependent protein phosphatases, PPMs)- i & [ T 2 B
(phosphoprotein phosphatase, PPPs) LA 5z i g it 11 724 f
2l (phosphatases of the haloaciddehalogenases, HAD)
VU5 (E14D)P. 2 205 A BRI B 5 i M1k 1 4%
e B AR ST LA A FLA IR R B, B R B — BE AR A A
AR . TEMIFER FH AR )T, IR FRAE
Tkt TR ity A1 428 79 ) O R B RS SR MR e, EE AR 9T
EC RIS
3.1 EEREGHDHIF i, Wl R R A T R
4 HH7E PTPs Rl PPPs X Ji% . PTPs 501 8K 1 b fi Ak 45 4
SR SR 5 AL S 2E B, L (R TS R R A X v M . AR AR
HAEAG R 1A [, PTPs W] LA E— 25 43 A1 1 1A
IV DY K50, 138 G 55 i BR % 2 IR % 5 Itk %% /& PTP
(receptor protein tyrosine phosphatases, RPTP). iF 5% f
PTP AU 72 % PTP (dual-specificity protein phospha-
tase, DSP); 1125 HAK 4> T & PTP (low molecular weight

B Therapeutic Area

D Cancer
D Immune

D Neurology/Psychiatric

D Respiratory
D Infection
D Endocrine/Metabolic

D Dermatologic D Musculoskeletal

D Ocular

D Inflammatory

D Cardiovascular
. Genitourinary/Sexual Function

D Gastrointestinal D Other/Miscellaneous

D Hematologic

0 N
HO OH
Metformin Dorzagliatin
AMPK ND GK ND
(2) (3)
S—NH  CHy

N\ 7N
>N CHy
HoN

Imeglimin
AMPK ND
4)

Figure 3 Clinical overview of kinase activators (A) and chemical structure of launched kinase activators (B). ND: Not determined



- 2918 - 252 %4} Acta Pharmaceutica Sinica 2024, 59(11): 2912-2925
A B O
H o 5‘3&/ B e .
a 5 SHP099 2 NH; NH,
| SN Optimization mN_<=’\/l s C‘\ NH,
h o) N~ N \ N
Cantharidin NH; 7
PPl ICs= 1700 nmol-L-! ) NH, TNOI55
PP2A  1Csy=1.60 nmol-L"! Active Inactive SHP099 SHP2  1Csy=0.071 pmol-L"!

Clinical condition: Launched (Open conformation)

(5)

B Phosphatase inhibitors

(Closed conformation)

SHP2  ICsy= 70 nmol- L1 Clinical condition: Phase II
(6) (7)

g G0

FO. i
‘ 10 OLF HOL
Ol
NG Isa Lo PO
Phase II 15 «.N.S\‘ @ D/ 'OI‘NV
= Phase 11 & H O S H
Launched 1 DT-061 ATUX-1215 Chlorproazine SMAP-2
i 1 PP2A Glgy=5x103nmol-L-! PP2A ND PP2A  ND PP2A ND
SHP2 72 (8) 9) (10) (11)
19
PP2A s
PTPIB 9 (:( D
uEya 3 NS NN NH, N
2 OH S\© K/NI 2 OH o*@\
Br OH OH odl
D u PP7 C2 Ceramide Perphenazine D-erythro-Sphiingosine iHAP1
= PP6 PP1/PP2A ND PP2A ND PP2A  ND PP2A° ND

u PP5
u PP4
= PP2B

®u LMPTP Sua7-2 I
CDC25 11T
EYAIV

FTY-720

(16)

(12)
mPP2A HOJ H
PP Ny
= RPTP DSP I OHO

( \ O

9 9 = /©/\.'N>_<:§_
= 3 Q
WOH Ho)l'(\/\/)’5 c N-¢f \

PP2A  ICsy=1x10-3nmol- L*!

(13) (14) (15)

Arachidonic Acid Chaulmoogric Acid P5SA-2
BPS PP5 PP5
ECg=7.81x10*nmol- L' ECsy=1.3x105nmol- L' IC,> 1x10°nmol- L'
(17) (18) (19)

Figure 4 Chemical structure of cantharidin (A); SHP099 molecular information and its mechanism, and then modified to obtain TNOS55

(B); clinical overview of phosphatase inhibitors (C); classification of protein phosphatase (D); chemical structure of phosphatase activator
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Figure 5 Mechanism of PHICS (A), platform 2 mechanism of action (B), and representative PHICS compounds (C)
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Figure 6 Mechanism of PHORCS (A) and representative PHORCS compounds (B)
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