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Design of small molecules targeting molecular chaperone system:
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Abstract: Molecular chaperone system, which mainly consist of heat shock proteins family and their
cochaperones, is crucial for maintaining proteostasis in life. It assists in folding, maturation and ubiquitin-
proteasome-mediated degradation of proteins, thus to play a key role in cell proliferation and apoptosis. Functional
disorder of molecular chaperone system is highly relevant to occurrence and development of multiple diseases
including cancers, autoimmune disease/inflammatory, infective diseases, neurodegenerative disease, etc. Therefore,
molecular chaperone system has long been regarded as potential drug targets. In this review, we outline the
progress in the design of small molecules targeting molecular chaperone system and analyze the features of small
molecules with different mechanisms. Finally, we put forward expects about potential development directions for
future drug design in this field.
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HSP70.HSP90 f1 HSP100 & 3445 & F (cochaperones)
e Hrb, HSP6O fEH T8 H B4 & 50, Nl
BIRML T B 37 B, HSP70 15 55K (1 0 B T 20 il
FAT & B R AR HSPOO E FH T4 8 Ja W1, W C i 40 47
B0 ER 1 I D B L R A B0 o 2R 1 A 4 AR HSP100
F BRI U B AR 1 AT e 2R 1 SR AR,

HSP90 & — Fit i i W% 4% H = % M2 (adenosine
triphosphate, ATP) K8 ) 73 1 HH AR 8 A, H 2 A%
FUEE L EUEE I 500 AN, AT 41 P 2 Bl S 08 1
T B, HSPOO K At A AR B (M A 43 T
PABEIA E E AT S A E 2R 5 (K 1A),
AL DL B B O HSP70/HSP40 £ 44, R E A %
Jok B 2 4T B B 1, E I R R ARE A 28 B (homeodo-
main only protein, HOP) 5 HSP9O #f 4% & “EAH HAE H ;
@ #7324 5 1 37 (cell division cycle 37, CDC37). 45
4% (immunophilin) 2315 2 (5 HSP9O 45 A T2 Hk
ZILE AW, ¥ 7 E R HCT HSP9O Jf £ fE HSP70/
HSP40 & &8 25, ® ATP 45 & T HSP90 N i, HSP90
) G M H R IR T 3 A8 T & — R A @ GFE vk
508K 190 ATP B 517~ 1 (HSP90 ATPase homologue
1, AHA1) 7E N I H At L AR AR 8 1 455 T HSP90, AHA
A $2 = HSP9O ATPase [ ¥4 1, Jini® HSP9O #4) % — %%
1k, e 3 R R © ATP KA, HSP9O N i 14 &
FIGAT I, BRI RO 1) 2% 7 B 1, HSP9O S A 4%k
NN —RPEA (B 1A).

EF 0T HHERANEZAEY IR, CERKE
JEE  SERE B G 5 o o 22 IR AT 1 5 5 B I 7R
R DL ThAE R B AL, I, S8 THEE RS
(V)BT ST N> T2 B LR . 1997 4F, K
SRPEWI RS IR 1255 K (geldanamycin, GDA) #% B ilE N &
A~ HSP90 ATPase i1l 771l (& 1B), #ikitc 7 17 HSP9O
ATP 45 A7 5 /N o T 25 B0 I IR, AR R 41 B 7
2014~2016 FF&THIFEARAL T — R A T SN
T ST, R H AT, e s 2 # i 30 B HSP9O
ATPase #1771 3E NN PR, 15 2 30 b 28 4100 441 577 2 32 ke
HSP9O FIT 5 % F 85 [ I T I B 1k B A, o R A= AN i
(R FAAAR 5 S 0, e DR B 2010 24 FH 42 4 o U3 A3 s
PRAJE 5T 7% 25 52 BHUOM . AL 2010 4R TF44, iR v ATPase
VR 300 £ 2 400 1 I, 25 WAk 2 AT 2 T R 6T
HSP9OO B — V7. A (1) e FEPE il 77 (B 1B)!" . FER 7L
AL, HSP9O A 4 #3724 : HSP90o/ . i %] §5 1
i | H 94 (94-kDa glucose-regulated protein, GRP94)
0 988 YR AU Rl 32 4R AH 2C 8L 1 1 (tumor necrosis factor
receptor-associated protein 1, TRAP1), £1-%J LA #2511
B H A0 mo B v PR I RS . AR

HAWAE 2018 4435 1 — B A HT R IE1E 1) GRP4 41
#1771 (GRP94 inhibitor 1, & 4)!", ¥ 71 % 5 4 #0 f1] 751
9T Ft HSPOO IV BY [1] 1) 45 44 A Dy g 22 5 f it 17 L K,
{H 2 B — N AR 4 O A, & WAL A=)
- ReWE AL AN RN, 5 2 AR T C 0 11 PR 3 RLE AN B
fff, PR T b0 R 2 — 2 k. BEAE X4 T
B RGAEWFH RN, LM EFANER R+
FEAR & Gt 18] (1) & B - 5 A A BLAE H (protein-protein
interaction, PPI) & I Th RE K 41 4 18 42 1 L Al AT b %%
THNG A H BT TR 8 TA) A ELAE A G A2
o H R E TSR I . L 2008 4F T 4f, $E ] HSPYO-
cochaperone PPI []/]N 43 #j#) % 1 /£ CDC37.HOP.
AHA1 A1 p23 8 3L (AR 8 (1 B AR A, A TR 40 72
CDC37 W 58 ATk Ak T 4T S A7, 76 2019 24038 1 i A
HSP90-CDC37 PP/ F4lif7] (DDO-5936, [ 1B)!'7,
PPI #1751 () Bt S8 FF T N i ATP 148, 38 % T #u ik
L NE, R I 3 T SRR AR 0 R A e M R Sk
LT A 2 A AR, IRURLTE ), A OCHI T AT Ak T
AR B, 2021 4R, R F HSPOO Jik 47 34 5 0 i Jg 45
U IR PR, HOE R T 4 T AN 7
13 A B AR H R (chaperone-mediated protein degrader,
CHAMP, E 1B), i H AR AL 5 ik & 14 (chimeras) $i7
T4 E M HSPOO H R, LHSP90 N A=W RN #4312
FAGKL I O J5 4 B O AR BE A, 2 — Flolr 2L 00 58 ) 2R
1 % f# (target protein degradation, TPD) £ K, 7EX /1
M) RA BFEMH . 20224, BT HSP90 3t
FEAR B 22 2R/ 75 2 R 25 I W BRI 5 (Ser/Thr protein
phosphatase 5, PP5), A< ¥R @ 41 % 1 15 > 5% 5 PPS 1) %
1% B % 4E #k & 7K (phosphatase recruiting chimeras,
PHORGCs), 53 1 o6 it FE B R AL S P B 1 )  # E 25
R 1L 8 % (DDO-3711, I 1B)™ . E T4 T 1B &
G I Re TR T AR YR T RS, R
THBEAMIIRE S 2 T3 B, AR 28R DL
I THAB RGN RO RIS R R IR N E
22, P S B BUARR A G0, g % B RN, IF
J&E BRI AR K R T 1A

2 HSP90 ATPase #IlHI5I B % &

1997 45, RIRF=WIKE /K FHEE R AU A & 1> HSP9O
7], B2 T HSP9O ATPase Il I 78 B 5o 24
WAL AR F 8 B 66 T JC A (1) 25 W B SRS, S
Ja W T 2 MR SR 25, AT 3
HHLH] AL BT ATP 35 4 11 45 & T HSPOO N it 45 K4 15
ATP 2545 1148, [ HSPOO ATP 4 i 11 (146 G #4647, 4k
M AR IR I IR s i, & it RIB MR
RGBS B DR SV IE B AT B 2 B - R LR AR R
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Figure 1 The mechanism of the molecular chaperone cycle and

strategies for inhibiting the molecular chaperone machinery (A). HSP:

Heat shock protein. HOP: Homeodomain only protein; HIP: HSP70 interacting protein; AHA1: HSP90 ATPase homologue 1; PPI: Protein-

protein interaction; ATP: Adenosine triphosphate. Timeline for the development of small molecules targeting molecular chaperone (B).

CDC37: Cell division cycle 37; GRP94: 94-kDa glucose-regulated protein; TRAP1: Tumor necrosis factor receptor-associated protein 1;

CHAMP: Chaperone-mediated protein degrader; PHORCs: Phosphatase recruiting chimeras

4t (ubiquitin-proteasome system, UPS) iR 7l Jf F& !,
YWy 15 R 2K R ATPase 314 77 7T 73 N AR
42 MR PHEE R AT (R 2K Iy 2 A R 2R
RPEEZ R (K2). BT /R PHERARITHE TR
I HE 2 T T 2 M R A A R R A P R S ),
F S0 A 130 X 4 R P85 2R A A AT AR AL, o G
H AR, B 43513 7 17-AAG. 17-DAMG . IP-504
FIP-493 S5 45 /R PH & = AT, SLRIM B T 58—
HSP90 ATPase fil il 57 . v, T4 9 17-AAG (IC,, =
0.031 pmol- L™y P 25 4 22 fif 1M i A 26 — N HE NI PR
R 5 1) HSP9O #1771 (NCT00003969), F T i A 52 44
JHEIT . A, JE S 2 IR, 17-AAG TE

% KM H $E98 (multiple myeloma, MM) 176 77 4038 tH,
HHEEEEHS, 17-AAG 24 H TR, fEfE
1 PRI SR MM 40 i 72 A 22 30 L, B R BRI B
¥ B (protein kinase B, PKB 5 AKT) Fl#T i 1- & H
caspase-8/caspase-9 [ 75 P, {85 i 5L o7 4H P %o e ik 4
JH R FH O 2058, RELI B8 s e (E12). %4
1M, 17-AAG B 2548 F 7 204, 29045 2 AT T
I 25 5 . I PRS0 45 R R W, 17-AAG M1 &
F A2 4100541 7 B 5 472 K (bortezomib) 11 Bk A $2 Fifif
2 MM 48 0 B 5 A K ) U, IF B R B IR 52
£ (NCT00514371)), (H &, ¥ /R FT 8 20T AW
KL IR IT I E T B R AR T ) 4G
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L LR, BEE 17-AAG IFRITTHRER &0k, 55 —1%
ATPase 1 #ll 770 72 & 7 R

55 2% ATPase I il 771 ) 18] 28 — 8y B AZ KU TR
SRR RS 2 (radicicol). 1953 4F, MR 7R 58 1 2
NN EE NP S E7IRa S -8 NN
% /R F1 8 & — FEE A T HSP9O N it ATP 148 (IC,, =
30 nmol-L™")e JR4 BT H A5 M IR0 43 i A B e 1Y,
A A PEASEE, G &85 ) 10 ) 2R I BEAZ A XTI
St E T R % B [E HSPOO N 3 ATP 1148 Asp93 Al
Thr184 J¥ iU B AE H, 72 AR SR A T IR G B . kT
[ 2% 0 40 1 Ok BE FH AR 32— R BT A 16 B
s E] UL (ganetespib) s 18 i 3 F 2590 F BRI e i ok
WS SR A (10 = P A [ 2 — Wy 0 okl 71, S A A 2 4 1k 3
JEKE (B2, Har, &F &iF37 W (H A 24 T
6, 9 T 11 &t s =) UL i AR AT 72, 38 SOGE #
J % M R L PR R L LR L R ) 48 L fi e
(non small cell lung cancer, NSCLC). B & 2%, #F 7 br
Btk () (/2 ¥ J7 NSCLC. fE4K 4N NSCLC 41 i
FHp, ks F] DT AR 51 52 A i G2 IR R (1 FE 38, 40 1)
TN U 3 %R 4 B S B, 5 S A B O, 1C, {2~
300 nmol-L™', A& F 17-AAG 1] 0.02~3.50 pmol-L"' >,
TR RE 7T B INAE F T (125 mg-kg™, iv) BEFEEEAN IR
PR E A, FOHH17-AAG a4, HEMH
20 U BCFF A 2 PECY, SR, ks R DTG A £ 1 i 3R
(docetaxel) X NSCLC & 35 #7677 IIHHA I IR 1055 20 7
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N

GDA “N° T
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b o’go

Biological evaluation

and clinical state

- ICsy=0.031 pmol-L"! (FP)
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activity(MM cells)

- Highest clinical phase: III
(Multiple Myeloma)

2015 4F [RLi AR A7 UK B AN BEAR T £ 00T, Ak A s
PR FE R B ) 18] 2K — By /N 3 1L 46 - KW-2478 7 K ]
VG (luminespib) F1 B I H] VT (onalespib), &z = I PRI B
BN . HE T GDA RIMLED), M B E 4L M
/G35 L B D ) B AR RS A PRS2 A, (2
TBIT R AN AR

3 =28 ATPase I FIE M5 JL KW 5T 465 T 2001
M, BT %) ADP/ATP LA K 7R P15 3 AR 7% 76 B 3R 5
HIHI 77 5 HSP9O 3 4 45 #4 1) BF 5%, Chiosis %Pk % T
TR E 22 ) HSP9O 11 1] 7% PU-3, B28 PU-3 A& &
TETEANEE, HERAE T —FE B HSP9O AT Pase 11 il 771 45
P BERZ . 4R34 T CUDC-305 (IC,, = 100 nmol-L™")
J2& — ] 1R fr VEE 04 B 42 HSPOO #1771 (& 2), 3@ ik
1 4#1 P13K/AKT Al RAF/MEK/ERK %5 £ fh {5 5 i %
7SI T, HR A MR 25 B 5T CUDC-305 A
AR R ZE AT EE (96.0%) A Rs 20 24 ke 4
RE (¢,,=20.4 h), i GEFE I 1 i B B 7 i 25 23 v ik 2]
A BOKE . CUDC-305 75 40 FhiE 40 i & (34 Fl sz ik
I A0 6 Tt ML VBB ) e TS HH T B 1, TR IC, (A
200 nmol-L'?7, Jt4h, CUDC-3057E 2018 £E 4 I T4R )&
I3 VAR 9T I I PR IR 56 (NCT03675542). BR CUDC-305
Ah, Iy TR AL FE BIIB021.PU-H71 A1 MPC-3100 %%,
AT TE Y85 A B 7 TR P S0, AL IR AN, 1b28 T
[ /11 {3 9T

S VUK ATPase #4171 9 48 H B 36, 32 %2l SNX-

Limitations

+ Poor efficacy x

- Limited solubility and
bioavailability x

4o + ICs =2-300 nmol-L-
Resorcinol M?/( (NSCLC cell lines)
derivatives 3 - Highest clinical phase: TIT - Poor efficacy in clinical trailsx
(Non-small Cell Lung Cancer)
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B /'|q + IC5o =100 nmol-L"! (FP)
Purine 'EI"J)_S]@:? - ICs mean value= 200 n‘mnl-L 1 o 4
analogs Lk \)< (multiple cancer cell lines) - Poor efficacy in clinical trailsx
- Highest clinical phase: I  (Solid
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o R FF
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Figure 2 Chemical scaffolds of HSP90 ATPase inhibitors and biological/clinical data. GDA: Geldanamycin; FP: Fluorescence polariza-

tion; MM: Multiple myeloma; NSCLC: Non-small cell lung cancer; HER2: Human epidermal growth factor receptor 2



EPHSTAE WU > T REB RGN T BTSN - BB R -+ 2039 -

2112, SNX-5422. XL-888 Fll TAS-116 %5 #) 1% . H o,
SNX-5422 (IC,, = 32 nmol-L™") K H /1 25 & it 3% T
SNX-2112 [R5 il B2 AN AE IR F BE, FFT 2008 4F il A
T AN EE NI PR IR 2R R Bt B2 /N 431, BT SE AR R RN itk
EURE A JT Y. SNX-5422 1F 20 42 Fh SZ AR 98 A1 ifi 72 98
TP P E (IC,, = 0.9~114.0 nmol-L™), i S
R il N 36 Rz 2B K R 1~ 52 44 2 (human epidermal growth
factor receptor 2, HER2). & A il R (PKR) £ I i M
¥ B (PKR-like endoplasmic reticulum kinase, pERK).
p56 A1 HSP70 (EC,, %3 7 A 3.5 14 17 nmol-L™"). 1
MM 5 FP RS AR (1 /)5 BB AY Hh, SNIX-5422 REAIE ik MM 21
R0 T AN R AR A L A B, A R AR K (B 2)M. (H
&, KT SNX-5422 19 1T i1l PR 56 b 1 R 25 14 A0 7%
T A T 30540 D) 45 173 i 52 BHL

AU AAED TR W50 T IF K HSP90 ATPase
O . 2014 4, 8 i BT F AR A 10 ) R 0L 07
%357 R ROCS (rapid overlay of chemical structures), PA
BARFE UL N Z AL &1, ik 5L T (A 2K I 45 1 1
5,6,7,8- VU & Mk WE [4,3-d] W5 BE % 11 Sk &P (IC,, =
45.39 +2.82 pmol-L Y™, T J&, £ 43 F %o $2 455 J0 Xt i
s~ (AR ELAE FH BT 70 AN 30006 2R R O R A HT 1)
BT HAT R AR AL, PSR AL PR A AR BR SR A
T (IC,, = 0.028 + 0.002 pmol-L™), H 1A Py T ek 44
AU Fae v R A7, CHREEPE, R A R 12 A etk
R T3 07N oy TR

14>, HSP90 ATPase 1 fill 771 i) 0 & & & 1T 20 &
B, B ARREE — AL EMAYT AR /N T 259
ZRERMA NN EEE R L. BRGNS
IR I I 2 B S A0 45 A AR AL 6 AT Pase 1 il 771 1) 2 24
PR AL TREAT 704k, 1 A% 0o 400 1) 552 65 45 2
o B8 IF N biip ATP 45 & 1148 . N ¥ ATP 30 1] & p%
HSP9O J&& ¥ 8 11 Jc %k 3 M 3t P R, I8 2 AR A2 1k 5]
HSP70 ik, i AR o8 SR, BRAR 2428, DL b 1)
ATPase [{1/N5) T 25006 24 3 LUAR v 16 10 B, TR, 200
ST 1 % ATPase #7710 &b T I R 52 24 v, 25904k
ERANTVTIRNIS 53 TR RGN A V20T 58, R
IR FA AL, PR T T4 T AL 1 P 4 1) S S o
3 HSP90 I ENESZ M HIFIFA & R

ATPase 11 i 71 %} HSPOO 4% AN 37 784 ) 31 1) % 424 A
2, T I Sz A A B EIE . A dix — A, 2
WA FATTE T T R 0 2R 34 52 00 kit 751 S B e
g0 RS HE R A . AR FLEh YA i v, HSPOO £ 4 L.
#: HSP90a/B~GRP94 1 TRAP1. HSP90a/f 4347 T4
5T, — 3 A S S s A% 1 EE 1 (HSP9O0a: 5
FE IR 22 B B/ 75 AR R R (RAF-1) 41 i 415 5 1

510 (8 5 (ERK-5) AT T #0425 ] Survivin 25,
HSPO0p: J& 1A 2 11 44 #i 14 W 14 4/6 (CDK4/6) AKT FlI
LR 7 A2 Mk CXCR4 55) 59 0iE = FE R BE; GRP94
ST RN, H % P R (Toll BEAZ AR B 5 R FEAE
KT 456 2 M0 sk 055 540 fad & F0 &6 bt
FH %, 7E I8 7 % R0 G 92 1k ki 2 o AT O AR P,
TRAPI 7 T 28 Wik, A HUME TR LA LR, 7T LA
WA TG AN T B RN AR B AR, R R
AR SEHEELY . HSP9Os I %I R 7 41 e i R, AT
P A AR AL AT IS 50%~60%), 3 — sy Pk — 4k
BUAE &5 0 b, A AT E 02 e 3 A 45 R 3R e ) ) 9 — 3%
i, BL4E: & ATP 25 & A7 2 N 3 45 #4380 (N terminal
domain, NTD) I T-45 &% 1 8 I I BB 45 1435k (middle
domain, MD) #l = 5 { ] C Uiy 45 ¥ 3 (C terminal
domain, CTD). HSP90s ) {55 BR ] 1 & T 45 & 1
IR 7 e 1 oy it (BRGNS R 4
R TR, AR5 3 )RS S PG R AR A DRy I A e
BRI A BSR4t T .

2014 4F, Ernst £V 1 XS /N 43 - BL & -HSP90s
() i 4 45 44, % B HSP90a/f NTD ATP [14% 104~111
AIER T YRR R R apo K& T, Z 75
N BTN B, 1R 45 A TR 5 M B T o- W i
(B 3A). 1X— & BN HSP9Oa/B % 35 1 31 1) 551 1 HF &
PO T A E At . B A, TAS-116 2 15 Nt A2 i —
— AN HE IR PR B HSP9O0a/p 3% 4% P 411 1] 75 (HSP90e,
K, =347 nmol-L™'; HSP90g, K =213 nmol-L"'; GRP9%4
HITRAPI, K, > 50 umol-L"). TAS-116 F Jif Jii 32 [4] [H]
Asp93 F1 Thr184 J¥ f 7K 73 1 /i T I U BE ) 255 5 bt Jf:
[3,4-b]M e 25 4 5 95 B Leul07. Trp162 A1l Phe138 #4 1
1) B 7K X 35k, C-3 HUOAR I 55 79 2 00 2 5 4 Alallls
Tyr139 1 Val136 J il [ 5 7K 148 [Fl R, TAS-116 1%
T 7 Lel10-Gly114 [ #4 R AL, T T #7 1 a- 1R,
& H 2% HSP90a/B ik $PE 1 G 8 (F 3B)P . {H 2,
TAS-116 34 245 HSP90« A1 HSPOOS 2 [] %k £ 4 , X
Al HESE T 3 B FR Y (95%) T EU# TAS-116
TR G ARG RZE R REAL . f£mERIE
HER2 ] NCI-N87 A 15 J& 41 i 53 b £ 4 11 /) B 784
1, TAS-116 (14 mg-kg"') T il HER2.HER3 #1 AKT &
7K, 4061 P13K/AKT 1 MAPK/ERK 15 58 1%, @R
TR B RETEE . FI, TAS-116 £E SR R s2 g v
W2 MR E &, B R0 Am, X el R
HAG IR R RN 2 —" 2461 5, TAS-116
& — AN A R Y %2 4 1 20 () HSP90a/B ATPase #il1
HI7 (B3). 20224 8 1, TAS-116 1F Jy VU £k Fl 24546 H
AGRAE BT, R T S B Y T R R AR
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Figure 3  Superimposition of the crystal structure of apo-N-terminal

Asn51

Hsp90a (PDB: 1YER, green) and the predicted binding mode of

HSPI9ON-TAS-116 (white) (A). TAS-116 is indicated in yellow sticks. The ligand-induced conformation of residues 104-111 is indicated in

blue cartoon. Key binding residues are highlighted in green. HSP90a/f
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55 HSP90o/ 18 £ M4 it 77 AH 8L, GRPO4 #1161 77 1)
W F A2 5 T4 8 IR 840 . 2013 4F, Patel 5"k
PLTE PU-H54 I GRP94 (1 3L & 285 K i A7 72 — AN AR 5
SRR SR K AL A site 2 (&1 4), FFH 55 7K BUAR 2L (]
i P AL AU GRP94 HI 71 FF & (1) G B . 2018 4F,
AU £ X site 2 FFJE TIRABEAT, PASRIRBUE MEFE
£ 1) GRP94 il 77 o 3 i bk X PU-HS54 F1 HSP90a
GRPY4 174 Fh 25 ) /B, 75 HSP90a &5 & 48+, Phel38
AT HES; T £ GRP94 H, PU-H54 1) 8 o7 7% Jik 3 [41 45
N GRP94 [f] site 2, Jf H it 7% 25 Phe199 i} (K 4).
GRP94 14 G 1 (1) “Phe 199 B A1 "Xk A= E BL AR AEAE R 15
LR, R, e B LA IR SR A A0 & P ok 15 5 0 Fol
9 52 A5 4k BE 52 I T 3 ) GRPO4 e £k . # 3 LA
W, AN K O7 H S R B S R A, TR T — &
F B GRPO4 ke FEME RN 7)1, B 26, 3R15 (1 GRP94
inhibitor 1 (&4), ##F HSP90a, 1% 1 000 f(] GRP94
TP (HSP9O0e: 1C,,> 100 umol-L™'; GRP94: IC,, =
2 nmol-L"). 7E Panc-1 4l &+, GRP94 inhibitor 1 f&
TEATFHE AKT A1 HSP70 IR IA -0 T, e 86 0E T~
GRPMMIEFEA (BER QLR LS.
PELE 7 7 /N A AL GRP94 inhibitor 1 J& 7 H 58 &4 )

selective inhibitor TAS-116 and its biological testing (B). PMDA:

oo AE M SRR, AR A ZH B 5TIE B Phe199
I # A7 15 SEIL GRP94 Mk £ MG ¢, N 2 I T K F 4t
TS

2017 4, Park "3 i %} HSP90. TRAP1 F1 PU-
H71 WL S 5T, BRI T 3 2 [H A7 1E B 40k 45 44 22
5t TRAPL 45647 S i 172~201 AR B 5T
7E HSPOO 2 T 7 11, H AR ST A2 2R Asnl71 Al
Gly202 7£ HSP90 Fl TRAP1 H & % A [F 1 45 J5 (K
5A). FETF LA EZEIR, AATR PU-HT1 0 BK MR R 4T 25
%19 F) 7 7 (TRAPIL, IC,, = 79 nmol-L"'; HSP90, IC,, =
698 nmol-L™", & 5), 5 PU-H71 /N[, 7 ) ukL i I 1 g 24
R 57 2L R Gly202 55 () Phe201 JE il m—n HERME
BEAL, PRI N-2 A1 Asn171 F K 23 7 5 1 A A
2%, LA B AR T AE 2 7 B 4 TRAPL 3R #8110 5% 2 (-
5B, 7E HeLaZl i, 7 5 S0 bi A B B A5 T B A V%
PRI B A . ELAE 20 pmol - L7 ¥ 5 R #0257 2R
F )k A B HSP70M,

HSPOO WP 7 178 F5 4 4101 1) 22 k2> HSPOO 72 1 il 771 A
B A B AR WS o 6 HSPOO 4% 31V 7Y K H 410 ] 791 fr)
S SRR TN T S 2 v A T A 0N R
U TR B i B A 7 0 o I A B T O

e ——

/ \
| | Selectivity ® GRP9%4 IC5, = 2 nmol-L"!
: : o HSP90a ICy, > 100 pmol-L!
o
Pocket | O O i |
| NH |
| A |
| Q | Efficac o Antiinflammation activity in
kGRP94 Inhibi °”1 © /I 2} ulcerative colitis mouse model
nhibitor
| — -

Figure 4 Superimposition of the co-crystal structure of apo-GRP94

(PDB: 302F, green) and the predicted biding mode of GRP94-6

(White). 6 is indicated in yellow sticks. The unique site 2 is indicated by the red curve. The "Phe199 shift" effect is indicated by a small

magenta arrow. GRP94 selective inhibitor 6 and its biological testing
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= - : HZN)I\N/ N |
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gy S “ | | ® Prostate and cervical cancers
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Figure 5 The co-crystal structure of TRAP1-PU-H71 (PDB: 4Z1F, white). The disordered sequence 171-202 in the binding site is indi-
cated via red dash (A). The co-crystal structure of TRAP1-7 (PDB: 3Y2N, white) (B). 7 is indicated in yellow sticks. The key binding resi-

dues are highlighted in green. Dotted yellow lines and red wires indicate intermolecular hydrogen bonds and water molecules, respectively.

TRAP1 selective inhibitor 7 and its biological testing

AT fe, TS — A AR RYEJERE . (H2 i —F
R FIHIAE B R AS BRI A2 I R 75 3K, IF H 24 N T
T A W) % D e IR 3R AN A2 LA S 24 1 7T, 912t P 1
(RO PR3 RRE o DR, 25 F IRAT T 92 2t e, 0L 1) WE 284
BT /ING T 1 S B TV 0z 1 700 T A B AR
4 HSP90-cochaperone PPIHH| 780 % &

AR A 2 5 T FEAR PR A ) 21 B2 S Ay,
e A FE A [F R R ) 5 8 5, M R 8 MG 2 g
HEALSE . AR, BB X 2 AR R 1 5 HSP90 2
V6 P9 AH LA FH ML A0 45 B A6 s BF SRR N, B [ £
BE H 5 HSPO K& A-E EAH BAEH T AL 15
B0 2 T A ARG B 00 R 45 1R B 1 2 BT SRR
X T AN AR AL R S s S8 TF 7 & 3 ATP 456 11
48, BRZ I 50T HSPOO vz #1); [R1B, 753 28 T~ &% JL AR 45
O A [ R A A R e R, R A I SR A
X AN [0 FRRFAIE R R IA (W B BRI B AR . R SORE
[l 5% CDC37.AHA1 1 HOP = F 3L £ 15 & (A ) PPI I
il I

CDC37 & —Fp e J M 3L B B B, Hag il
il 2 Fp R AT & R R B (AR TR BRI L E
2 A T S R Il A T2 4 R e P T S R UG L 2
P2/ 97 2 B 5 ) 4 © AT 55 45 22 HSP9O 5¢ i 4T & Al
J AP CDC37 A IE S AL L HE 1 471 g s A 22
R R S 2 R I A M R I R A, HLJEE AH G
fitf (AKT.CDK4.ERK Fll B-RAF %) [ i 2 = 5 K 46t
CDC37 5 HSPOO [H] i AH BAE P PRk, #E 1\ HSP9O-
CDC37 PPIME AL A — M AE [ 73 T it 5 lg . 2008 4F,
TR R AR =W 75 A B 41 & (celastrol) BEW T 1
HSPOO il 75 7 £ 1 1 22 38 171 AS 51 72 AR 3 BV

2009 4, Sreeramulu S50 1) J5 S0 7 I A% B T
AHF3 (heteronuclear singular quantum correlation, HSQC)
14 9% FLYTTE (co-immunoprecipitation, Co-IP) #fiiE 1
A BELL R YU I P IR 3 454 CDC37 NTD ifi T
Pt 7 HSPOO A1 CDC37 () PPI. HAR T A BELL R I HE bR
X2 TERE S R M RO, (H Al O I ) HSP9O-
CDC37 PPI4& AL [ ¥ 7 if EB% « 2019 4F, AU E 418
i 537 B ) SRR SR AR 43T, R I Glud7/GInl33
(HSP90) Fll Argl167 (CDC37) #& — 3 Al H.1F FH I 5%
RIEMR, RAZ LR — = FE TR A T BHSP90-CDC37
HEYE (Bl6B)'. e 1% X I g & X, it
oA B 0 ) v R 7 A R AE ) VPN SRR T Sk
W, AR 519 3] T > HSP90-CDC37 PPI/N7yr
171 DDO-5936 [ )2 ¥ il #i% (bio-layer inter-
ferometry, BLI): K, = 7.41 pmol-L"; %5 i % 2 & # ik
(isothermal titration calorimetry, ITC): K, = 5.68 umol-L",
6]. HSQC k¥ DDO-5936 454 T —/NMudh Glud7 {£
PA 1 HSPOO N it 4%, 1% M 4547 F HSP90-CDC37 41 H.
1 IX 38, HIRIE HSP90 ATP 454 7 £, 12 DDO-5936
IR X ATPase ;= A= #1 ] (IC,, > 50 pmol-L™, [ 6A).
DDO-5936 fE 7~ th B 4 A& A& 1% fE HCT116 44
f2 (I, = 10.24 pmol-L"), DDO-5936 3%k £ 14 T~ i
CDC37 MK #1525 11 (CDK4/6 Al p-AKT %) 1M A5
e FE At HSPOO 2% 7= 25 11, J2F i BHL W 240 it J&) 15 7 % Fof
HCT116 5 Fh #6145 B 1, DDO-5936 [ T 2 Fl 22 4>
PEAEAEN, AR 5 425 DDO-5936 [ 3 — 25 45 #)
IEMRIRAT T 250 7 BRALAE 53 R0 A P9 35 1% 2 1 DDO-
594287, DDO-5936 47~ | — 427 1) HSP90-CDC37
PPLAMHIAL &5, AH A T 6k Z AE FH T %A /N 7R
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FI L8, 30— 25 259 8 A R 2 PR AR AL Xk AT
H 77, &1 %t HSP90-CDC37 PPI Il 71 (I F A AT Ak T+ 2
P

AHALZAE R T T ARG IA 5 B (ATP /K i,
1A) 1) —HAERE E, Be4ETH HSP90 ATPase 7% 4,
B HSPOO N iy A1 & RIFTE ALY, AHAT KA A4S
F35, AHA1 NTD 5 HSP90 MD 45 & 1 i B & # 4,
AHA1 CTD ()7 [a] {57 BH E {8 HSP90 NTD i & MD, iX
FEEA R T ATPHEAR . JhAh, AHALIE W] RES % P 8
FIRE VR DG TEBE B, AHAL I REBR S T 0E
F SR S AR SRC UG e, #EF HSP90-AHA
PPI Ji  — i (¥ HSPOO #111 ] 5 W& . 2020 4, Singh
G R WERIE £1 AT Pase v 14 I 7 11 B SEW 84 REAI il
AHAT1$27H 1 HSP90 ATPase i 1% (IC,, = 0.30 umol'L™),
HE— 5 1 HSQC i 46 % B SEW84 45 & T AHA1 CTD
(K, = 1.74 umol-L™") 2 1fi BT AHA1 F1 HSP9O [ PPI,
Bl T= 2 &I 8, BARYE AL SR BAE R
I #5180 (7). 7 HEK293 41 i *F, SEWS4 fig
i) e 98 2% A2 AR RV S M T PR B R ALY Tau 2R (1, 42
7 3 NAE AT RE 5 AT 4 B e RO 228 AT R R A K
SEWS4 114 34 0% ZAF 702 BH, 45 1) v 1) = 960 FH 25 A
T R Tt 1 Jie 0 20 A it P A G 6 A, 2R3 b (1 ] v mi kg

Pocket

DDO-5936 (8)

Ao BUAR 3 9 M 1R T A RS, SEWS4 B 4IE T — B
AU (¥ HSP90-AHA 1 PPLAM I I 45/ BEi% . Bk SEW84
A, # 1) HSP90-AHAT1 PPI /N4> F ik B 55 A12.A16
I TL-2-8 5, AHICHE 5T AL T A= Wil o B

5] 2] HOP 1F FH 11 73 T FEAB TR A AL 2R B B (L 1A),
HOP 1t 5t 3% # HSP70 M1 HSP9O 344 &b T HSP70 & &
Wb i B AR 22 kRS i &5 HSP90. HSP90 il it CTD 1)
Tk # 5 5 %1 MEEVD A1 HOP ) TPR2A 45 #4485 & 4=
M EAEH (K, = 11 umol-L", B 8)*1, X A T A A *f
HSP90 7 F FEAB TR I 8 8 1 3 B2, &b/ TR
W HSP9O-HOP PPI i A + 44 73 1 FEAR 1 34 1) 47 Rk
B& . 2008 4, Yi '@ i AlphaScreen =i & i ik, 15
B 7-FRMEE R G, K 10 G, K E N
202 nmol-L" (K 8). ITCIEH 10 [7] TPR2A f77E 11145
A, (HEARIIVE AL s F 2 A AW R B . 76 BT474
1 SKBR3 41 g 1, ixX 24k & ) B4 Ik HSP9O 4% /7 £ [
HER2 3R 1A 7K ¥, 5 S 40 L T2, {2 3 A 5] 2 HSP70
9 Ff . 109E5E 1§25 HSP9O-HOP PPI [ Al 4714 3 i
TN TR A, NG SRR SR At T SRR

I3 FAEABIE IR 1) 1E 5 18 4T AU 5 2 ATP k434
AR, [E I EAE B TE AN R o oA & SRR R G
FIFIHAE . % F1EH T HSP90 NTD ATP 4% & 4S it

=y

Binding
affinity ® BLL: K= 7.41 pmol-L!
—
® ITC: K= 5.68 pmol-L!
(&

\
|
|
|
|
|
|
|
|
|
|
|
|
| ® ATPase: IC5, > 50 pmol-L"!

| Efficacy

| F— | o [, (HCT116) = 10.24 pmol-L!
|
|

® Colorectal cancer treatment

/

s e

Figure 6 Overall structure with the surface of HSP90 colored white (A). Detailed binding region of DDO-5936. HSP90 is represented as a
white cartoon, and DDO-5936 is shown as yellow sticks (B). The residues Arg46, Glu47 and GIn133 are highlighted within the green stick

model. Hydrogen bonds are displayed as yellow dotted lines. Structure and biological testing of DDO-5936. BLI: Bio-layer interferometry;

ITC: Isothermal titration calorimetry

© K= 1.74 pmol-L!

® ATPase: IC5, = 0.30 pmol-L*!

 Prostate cancer and
neurodegeneration disease

Figure 7 Co-crystal structure of AHA1-CTD (white) and HSP90 (PDB: 6XLG, green). Predicted binding site is indicated in blue. Struc-

ture and biological testing of SEW84. CTD: C terminal domain
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[

|
L) ¥ Tispooc | _ R |
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|

|
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\‘ Binding affinity
| — ® FP: K}, =202 nmol-L"!
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(Drug-resistant
breast cancer cell lines, MDA-

Efficacy

N i i

— MD-231 cells)

Figure 8 Co-crystal structure of HOP-TPR2A (white) and HSP9OC MEEVD sequences (show in surface and cartoon, PDB: 1ELR, green).

Predicted binding site is indicated in red rectangle. Structure and biological testing of 7-azapteridines. TPR: Tetratricopeptide repeat;

MEEVD: Met-Glu-Glu-Val-Asp motif

I R A AN 2 AN RS, 294 AT EE
I ¥ |7 HSP90-cochaperone PPI K ST 7 F AR G IR
HVEE 4% . X — 25970 1 & TF SRR T/ CDC37.
AHA1 FMITHOP Z LB & (A S T Wit . T
AR AR PR AR, & KT R N I
SCHE G BRI T % RIS UL 77 48R, AT I A
FAVEAREA Sy, BARVE R VLHIAS R, 6= 5 &9t
A AR T 2D 2R A S i G AR

5 ETFHTHERZENENINEST

FHF T S> T (heterobifunctional small mole-
cule) I 7] 25 1 B& AR B AR A5 I AE R N 3T 1 0 2454
witskmg, Hob, RTFE3Z REEMNEZ Z-EAH
A& Gt 1 B8 ) 85 E K i ik & 48 (proteolysis targeting
chimeras, PROTACs) % AR i3k Ji£ il %, ARV-110 I ARV-
471 A 7 ELRE NI R TTHAYY, AR, T E3 2 &
LR 2 AR 172 %, PROTACs i i IE 5 20 234514
HF AU 25 ML) 2 L 2 BT 04 1) A, ) 43
TAEB RGN 5 TPD sLRE MR U LA 8. 4 T 1115
ARG T WO PR AP B RS, 0] LR B iR
B 18 A LUINE L2 UPS B FEMRCY . 4y TEE1E R %
H [ HSPOO e 5 £ Fh E3 V2 2B (12 R FE & PHD
GIEZeb A Y N S LB E S (o R S I ik d =
5 ORI/ BB A 2t 1 AR PR AR A HAE A, B3 T2 R
EEEATIE N ZREARE TRMEA L, KIS
0 AR B B2 R AR 1, I A A 6 L AR S R B
fifto kAL, HSPOO 7 Ji i 41 i v ik 3K, v 22 Je i AH ¢
B KA HSPOO i . 256 HSP9O Y LA ARFAIE, & T
T AR RE B HT TPD - & WL 77 .

2021 4F, HiiE A E AR B E iR T
CHAMP i R . CHAMP & —Ff % T 70 T H18 R4
ST B84 F, 8T linker i 452 802 (4 A4 R0 4 T 4F
BELAA, B 2EiE SR TSR AR B RS
W, = uEEY, BRE O J G RR, RET
G2 N G T VT SIS . RNKO05028 42 1 AN )38 Y
CHAMP 73T, "B FH VR 25 ¥4 3 F0 68 oK iy 25 #4135, (bromo-

domain and extra-terminal domain, BET) & [ 1 ] 71
(+)-JQU™, & = W fry 1] 2K — 19y & 41 HSPOO 10 i 7514
DA J% B 2 — 3 110 linker #4 B, SEBIL T X 88 0 AH 5% S35
£ [ -4 (bromodomain-containing protein 4, BRD4) [f]
B AR (B 9A). 1EMV-4-11 41 b, & Lol ie
5, RNK05028 \BRD4 ATHSPOO L | =0 E &4,
% HE BET #01 #i 751) MK-8628 . RNK05028 %f BRD4 B
BRI B ARAE FH . 1% CHAMP 4 T8 B AT A1 B () ik 4%
% : 5 BET-PROTAC %f BRD2.BRD3 1 BRD4 [f] £ %4
FIH B R AN [F) Y, 25 (1 5T BN R 7% (Western blot) 45 3 2
7~ RNK 05028 1Y % f# BRD4 (IC,, = ~50 nmol-L"), [7]
i, RNK05028 X} ki BRD4 41 M HAth HSP9O % F & 1k
B R . RNKO05028 ok i R UF 254880 1 2445 1,
7E MV-4-11 4 i 5 AR AR /N BB S BRI EE T
T AN b BN S 24 SR AE 72 h N FR SRR AT PR AR T
HJF B0 46 77 i RNKO05047 & T 2022 48 8 f 75 2£ [
[/ TDI R S R 9 3 26 24, T VPR 78 I A S g
LKtk LR 52 AR I e M A 52 1. 202342 A,
H A= W 1) 24 i A PE R R AZ RNKO05047 I IR 156
FE, I C# 522, BRI 1 BRD4-CHAMP & %171
Ab, 2023 4, Li %Pk % 1 2T HSP9O it f4 BIIB021 Al
CDKA4/6 FLAARIRAA U F] (palbociclib) [/ HEMTAC
(heat shock protein 90-mediated targeting chimeras), 5K
LT %F CDKA4/6 [ HE 7] B fife, &5 T 40 THEAB RA
TPD Wit RIS L — I N . giBT s, Lo T
1B RGN AW R R A5, ) AR S A T A 1l R e
T B v 2R AR, VT I R 1 PR AR 1 S U e
THAR, 5UH TPD F B AH b, [FIE £ M 52 TF 1 B AR
T B RRS, BTS2 k.
A5 TR R G0 7 U RE 2 T AN AE S8 1) 2R
1 P AU BT R, S A [ 2 B IR A R T A A
R B EBERRAKP 58 5 2 M (1) A2 R el
5, ELHE JERE 2 0o il D BB 73 LA R e i 5100
PP5 52 HSP9O ) 3L ££ 4R 25 11, PP5 &5 & T HSP9O fifk [
0 HIPIR 2533 1 22 ik R 1k HSP90-CDC37-Client £ &4,
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R HSPOO 14 R %578, Ui P AP, 2022 4%,
AL FE T I AT 6 HSP90-CDC37-PP5-Client 7)1
1B R Gk RIS, 3B T E 1S54 PPS 1) PHORC 7
¥ DDO-3711 (K1 9B). DDO-3711 1 1215 5 77 4
Biff 1 (apoptosis signal-regulated kinase 1, ASK1) )]
ﬂTQmKwaqfﬂ7zmmuAImﬂ%ﬂﬂpﬁAa
(PP5 activation: 222%) VL& linker #4340 % . — 4 HI,
DDO-3711 1E ] T PP5 WU i B2 i U 62 (PPS activa-
tion: 424%); 53— /71, 4% ASK1 (IC,,= 164.1 nmol-.L™)
P55 PP5 PR B, e 44 SEBL PPS X ASK 1 H B BR 1L AL
&1 Thr848 Y4 [F] £ BERRAG A S, HEMI#IH| ASK1 NS
5 B c-Jun ZFE R Uit AR < p-38 OO LA 4 i S 35
FIHE H CDK4/6.G1/S-FE 1 A W18 H-D1 I ERIA, &
P BTGP . 7E MKIN-45 B 9o 40 i F0 57 o B 4 £
ANERE R T 2 T TCASK 10 MTPSSA-2 % [ B mi 1Bk
H, DDO-3711 R & BEARKIE M (IC,, = 0.5 pmol-L™), #2
7~ DDO-3711 BRI BT TR, 5PROTACs
AH LG, PHORCs £ A 210 8 [ Rk KT 0L T, 23l
T XA B A B AL K RS HE R, N TR
ARG AR T E T R S a4,
[ ) A2 B ) 43 T AR R G = SUh R 4 T 23 it

Linker

S

j% CHAM}*‘
RNKO05028
(11)

A

Lo

S A RS B
6 SESRE
—HK, TR ARG EAAR ARSI

Jei 393 e ) B A T T ABAILA T ¥ 7 22 AR SR 0 HY)

FRAHRERR . 1997 £F GDA #ilE iy HSPOO 1 i1l 351 3 &
ATP 454 048, K5 1T 20 5 1 I [A) /& ATPase #1171 47F

RIVEE AR, W5 A 30 RFGWIHENIGIK. (A&
Il PAC %50 41 1) AR, AT Pase 1 il 751 = K it g3 1 3% i 75
Pl © MR MR PR R IR @ A BRETT 2
R @ IR 5 B SRR iR 25 AL 1, BA i 9 HSP9O
T BT B K, B RN, ATPase 11
1) 70 S A 1 TG FH 24 AR R A RO B e T
B RGA G, BT AR . 2013
5, B A GRPO4 # i 71 R B, I & HSP9O MV 7 411 fil] 751
(OB T SR JE N 20 2 SRATT I LT, 3 438 1k 1 il
B — 7 AL HSPOO H] ik 4% vz # il 4 51 2 2 Fh oA R I
L, AH B E T 2008 ES . I L, HSP9O P AN 7 A 8] &
JE FIR, At XoF % 37 0 (1 &5 440 R T BE AT T2 AN J2 DA S 43 A
ZIVEREFE o AR EERIT T R SR RE N A T I B 4
PEMHIFRIE NG J1. B X5 T P18 R GAE LT

FORTIRON, F5 P2 AR 2R 1 B0 VR 4508 F 3, 585 T3
HS l)}n]n tor
)—N(i rive 11/ ) ST

HO

Target protein

\

——————

V& ubiquitin IIWV
E3

HSP90-Cochaperone
complex

o Selective BRD4 degradation : ICs, = 50 nmol-L-! |
o Anti-proliferation in MV-4-11 AML cells |
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PP5 activation : 424%
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Figure 9 The structure, biological testing and mechanism of action for CHAMP (A). BET: Bromodomain and extra-terminal domain;

BRD4: Bromodomain-containing protein 4; AML: Acute myelocytic leukemia. The structure, biological testing and mechanism of action for
PHORC (B). ASK1: Apoptosis signal-regulated kinase 1; PP5: Ser/Thr protein phosphatase 5
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XoF R R R S PR RN S TR AR A R AR . (HR, T
PPI [ ) 25 M AV % M, 3 26 43 7 (¥ B A4 A TR AL i)
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g5 G BUE LA PPN 71 1 45 & i A Bk 7
MU 1) ) BHADBE 2 /o) - A SR 2 A Y 3R A5 2
PP 40 il 773k — AR B 8 . H PROTACs [7] DA
K, R fe s T E H RN, 45501 fE
18 R G 5m K ) AE ) RN S R M, I B AN 2 A e A
) 4 1) B AR B2 R CHAMP A8 ) 25 9 R 40 1 75 2 T
PHORC ¥ #2773 -+ FEA8 R G I 23 vk HE T — N8
Mg, S T E 2 REME . BT FEERY &R
FI/AE R A & AR B R BR AU 1, Ak 2 AR “ A TT
R BT BRI 22 A AR, A SRR B o TAEAR RGN
R FT AR 2 A O A RO E AL i R TR E A
FRRE [ B B VF AR T — AR | A AR R G
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