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Chemically induced proximity and molecular glue

GUO Zong-ru’

(Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100050, China)

Abstract: The chemically induced proximity (CIP) in biological realm is an important way to maintain the
function of organism and cells. In recent years, CIP has been paid attention to and applied in the field of bio-
medicines. Molecular glue and PROTAC are widely investigated for the treatment of tumors and immunopathy.
Based upon the CIP principle molecular glue and PROTAC promote two proteins to approach each other, induce
the complementary binding to triads, and then degrade the target protein or regulate functions. Different from
conventional drugs, molecular glue acts as a catalyst, which induces two proteins to approach, bind and
ubiquitinate, without taking part in the subsequent degradation process, so it can theoretically function in an
infinite cycle. In this article, the development process, structural characteristics and functional characteristics of
some molecular glues in clinical trials are briefly discussed from the viewpoint of medicinal chemistry.
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(event-driven pharmacology). TPD B %X H A i 7o #t
T2, AR AT RIS AR %

4 £ PROTAC A1 MG HIE A5, 52 70 1 A [H
(25 HE 0 4 40 ol 5 PR AS B A BLAMEE 25 &, AT 52 9T
i 3E P AN B 1 AH LI 3 1T 51 R RN, BT DA AT ARAE 4L
225 SR T AN (chemically induced proximity, CIP),
W] g 7 AL 7 15 3 R AL RN (chemically induced
dimerization, CID). &2, CIP/CID %M /& %5 5 WA~
G T T EAE, R 45 40 B D R, SX R RN AR N TR
PR P2 AR S 4 A5 5 T 4 RN 2 Bk g I 5 PR 1) 3 32 R
B, DL RIG T &F .l 45 G R I P R 1 i A
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AL, AT 3507 s 4 P 00 T, R T e 8 1) L [ V8 97 ok
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BRI R, FEAK T iR AR 3E T A B I8 R [ B
FAEME AR s 2 A B (MR ) 123 [ RN, & J&
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B 30 R A i e v SR S B RN 2 N AR BRI
%E%[l]o
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BEY), BusHM NG 5% @it . 1510 BRI1-BR-
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VI AR . EE R AERIEARAREFEME T
ATz AR S A ORI RE ) AR A Y 70, (HAE R 24
AU H TR WA HRIE .
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M E A (3, cyclosporin A, CsA) Flfih 7 % 5] (4, tacro-
limus, FK506) 737l 5 5B A1 S 82 18 7~ AR Bt AR &2, B
SR 53 0] J& T 3R RN 3 P B 1) AN [R) &5 R 25 28, iy H. 25
AR E E AR, (HEEFR R E (PO 12 4H [F 1,
It LA W) R0 AR (7], 75 5 i 30 £ POT R 2 9 1) i 1% I
(calcineurin). 4% 1 1l I M A2 A0 50 45 /45 1R 25 10 1R
ML B, e F 1R oK i B b 22/ 05 R B B TR
i, S5 R OV . SIS VR R e AR 1, W] FELIT 2 Fh
20 B B 77 2R, BHLAE T A0 R4, RT3 A 4 4 D S
T T4 B AR R

3L A HRE AR R (cyclophilin), 2RI &K
fe— M 18 kD /N H, HATHEA 2 F 5T il 2= 1 i -
RAFIEACIIBE R . SEIIE SRR 2 5 S A1) 2 [h)
BAHBCR, M2l T 3h0x 78 IRERE, A FRTER
55 g R iy K RS, TR = ZE S et 1
PPIAEF, 0] 5 4% 5 Tl 1% ol i 12k, S 29 s 5 4100 ) 4
. 4524k FK 454 5 H (FKBP), FK506-FKBP [f]
TR T 585 MR = c A&, RAEEA
HAE. Bl 3M4 AR ER B BARAR, BT S hk
A2 &1 B AR 1 — R, AT 51 R 10 2 B 2808 2 A (]
B 34 R AR B AL ) 1R, AT A T — B A
BEHEE AR R (BFKBP) 46, 7 —Mad &
T H br S A5 VR BRI, W [ 25 4 =X 41 6 R
R B R S HBEEAM AR EANG S
. 3MafEt TR AR, BR = ICE AW RAR
b, (R3E 7PN A A5 BAMEIERC 5455, 5 A
Ir F R CHEMT, AN E R MRS, & 1a Al
1b 7373052 3 M 4 ) = Tc S i iR S5 ) s = 1B

F— B REMEE R ERFRER 5,
rapamycin, RAPA), ‘& I 115 8 A 2 FK 45 A 5 A,
JHI 3% 45 €% 7 V5AIE B RAPA-FKBP 45 & (1) H b5 & (A 5K
YETE A R HLE 1 (mTOR), J& & 42 4i i A K R 5
[ 2K 7, mTOR 38 7 5 JiRs 25 AR 5% . SR
mTOR & H 6t = 45 & £ 5, — 18I\ v JE 7] 24 1% $E b

a

Calcineurin

i Tacrolimus
FKBP12

Cyclosporin A
Figure 1 Triad structures of cyclophillin-cyclosporin A-calcineu-
rin (a) and FKBP12-tadrolimus-calcineurin (b)

(undruggability), tH T H M E XL H T FHAEA
4 ) FKBP-RAPA-mTOR = 70 H &4, 5 ¥ mTOR
AN R LT, XEHEMERDE T ESHAIE
FII T T 25 & P8, S M % 3 5 FKBP 45 & 38 n 1 [
mTOR ({15 H1F1 K L2 000 1%, LI H Pr[F145 A 1F P,
2 /& FKBP-RAPA-mTOR = 0 E & WIn =K.

FKBP-
binding domain

Figure 2 Triad structure of FKBP12-RAPA-TOR

PiAE X TR K A (6, fusicoccin A, FCA) /& H
Fusicoccum amygdali ] — 5 B AW, v 75 S HEY
FEEWNH . EHEYMM T, 6 (3t T KB L1 H -ATP
Bty C i AT 5 14-3-3 FE R E PPIME, 14-3-3 A A
g5 G R AR R OB, W0E HO-ATP i = A 2R B3 30N
(Blnm LTI 14-3-3 B8 A AR EAZ A
235, WAL W] FCA G FE A5 3 W0 AT N A4 g 24 i,
T TE 85 41 4543 5 /N o B 0 7E 22 i 40 i 2R R B
FCA ¥ 7 PEH 5 T3 K « (IFNa) 454, 7£ OVCAR-3 4
i FCA i3t IFNa 375 3212k 5 14-3-3 H [ THEMIS2
s, MR T 14-3-3 8 A 5 B 2 (RIPK2) BA K&
EIF2AK2 ] PPL, { = Ju & A Wt etk 0] 1 9 40 i
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A JH I TS BRI LA 45 K R B v R, B HY R
A e GRS YT, Ogino 2548 il 7 % 4, &
SARRALAG BIML S Y 7, fiies 4L 73 A 3 1k 2 25 o
6, R T = n E AWM SR, T RN
Ay 14-3-3 B XK, 24068 R 45 A HP-ATP B X 35
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o He,

CHs

OCH, %0?3\@; 19
Met123) (Ile169
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24 ARBIIERERRE S TR

24.1 RMO018 Revolution Medicines A & Bl f{) RM018
(8) A MR EDY, J& T AR AL T2, 8 ikt
AN H 2 — 2B E B KM & (cyclophillin), 5
KM EL GG, 46 H A5 E A KRAS, KRASY 2
Z IR A G R BU R E . 8 AR T =8
4 ¥ cyclophillin-RMO018-KRAS'*, KRAS i 1 %%
ERIEE S

H3C  CHs

FH T RMO18 &5 Rk 2 5k Jv B, 2 K AR v 7R R
N7 (155 HLPE 25 4, 5 9875 () KRAS O - Jik R 37 = T
R GE 3L B, 1C,, 1.4~3.5 nmol- L. 8 {4 s &4
T A ) KRAS " H i) 741 41 2= 8 75 ZE (9, sotorasib)
A 35 B 2E (10, adagrasib) & A= i 24 F) W 58 A8 §8 bk
KRAS A 5 i i) 35 4, 1C, 2.8~7.3 nmol-L",
JERMER R . XUFRAE KRAS Y B F YO6D Bk 45 57,
A5 9E 10 KBS & . A, RMO18 14 57 1 45

& T KRAS*GTP [ BUE“ON"IRE, 9 10 2 5
KRAS“[f] GDP 4 &, N AEE L B “OFF RS, 17 H
I R AN [P

242 WEHHIFI RO2443 RO2443 (11) F& WAL bR
590, T LA 8 i A3 R A P R R SR AR A e
RAK, f MDM2 1 MDM4 &3

(0] NH
) Cl == N
cr N \ HN/’\\O F
CH3 N
11 HsC N
F
12

Graves 25" % B f] RO-2443 J2 & 3 1 X EE 4171 1
I, X p53-MDM2 & & P4l i 1 1C,, 33 nmol-L™, %
p53-MDMX IC,, 41 nmol-L". %} &#ik MDM2/MDMX
(1928 20 AT SRS 1 . 20T R ER 5 2 A TR IR T
R HEAA R RS S UK sp® A AL B IE T R
gy T4 A, P 05 3 43 ik N Phel9 AT Trp23 115 /X,
XRER 4 A a0 5 RO-2443 — H 55— 4> MDM2 (5K
MDMX) K4 45 & it 2 75 5 MDM2 (8 MDMX) K4
HEWY %40, MDM2 5 MDMX [ I 4 #4101
A7 p53 43 LLiE » 3 /2 RO-2443 5 MDMX (a)
MDM2 (b) 45 & 1 [R] — SRAR IR 45 & 18 DA S — RARAE S
A & R EE (o).

HE— PR A RO-2443 [ BRAL 2R 5, 72 R
FEAE I NP, AR AGAS 3 RO-5963 (12), i fif M i
F R, X p53-MDM2 Al p53-MDMX & &4 (401 1] 7%
PEIC,, 50 58 17.3 f124.7 nmol- L. ks BoR 5
RO-2443 {145 AR M [F], 3R RN T
3 MEBESTER
3.1 BERAESTFRYFS

A0S T AR N B R — N R R -
A E A RS0 (UPS) 13z % E3 % 2B 5 B2 40 & B,
T —AMERE RGN B AR E (POL) #57Z &1L, POT#EAN
UPS R 4t, # 85 F BG AR AR [ Mgk JEC 400 10 e A, o At il 2
N UN NS e e N ik Sl g i
fRI PR 1) 43 7 J5E (molecular glue, MG).

MG [ F B 5 24080 ¥ PROTAC %A A Ji [X
B, HS A S5 A B3 E R A H bR B A, T BE3-MG
(PROTAC)-POI =t B &%), T EUPOI )72 F U FIFE fif
R ZHBIXAET, MGIERN“HAN "7 T A 5 A
#5315 E3 A POL K A= HLANS & R 5 A6 38k, 17 HL 1 T
MG4i& T —NMEASEMH SRR T 55 —&
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Figure 3 RO-2443 binds to the p53 pocket of MDMX and induces protein dimerization. a: Crystal structure of RO-2443 bound to

MDMX. Close-up view of the p53 binding regions of two MDMX molecules forming a dimer. One MDMX molecule is shown as a surface

rendition (carbon, white; oxygen, red; nitrogen, blue; and sulfur, yellow). The other MDMX molecule is shown as a stick figure with the

same color scheme, but the carbon atoms are colored cyan. The two RO-2443 molecules are shown as stick figures. The molecule with

cyan-colored carbon atoms is binding with the indole-hydantoin moiety in the Phe pocket of MDMX, shown as a stick figure and the

di-fluoro-phenyl group in the Trp pocket of MDMX shown as a surface. The molecule with green-colored carbon atoms binds in the reverse
mode; b: Crystal structure of RO-2443 bound to MDM2. The binding modes of two RO-2443 with yellow- and cyan-colored atoms are also
in opposite direction as (a); ¢: Dimer model for binding of RO-2443 to MDMX

FRERES &, A EOTRE R A MBS E &
# . PROTAC /2 “X M”71, E3 M POLAT“ H C. ¥ AL
{45, PROTAC ) I 3T 250 7 A By 3 42 B 4 7 AN BT A4 3L
BN AT, A EEARE A LR, MR
PROTAC FE P AN e A4 (1 285 44 “ B AT 7 P AN B A S 1 K
AHAE, M HREAENUPSHIBRMAS . 59 FKR
AHEE PROTAC 73 F RAFEEK . T =& 15B FAEH M
PR BT X 3], PROTAC #52& BVE ¥t H T A3, 52
BEAT POL R C AR 45 1), DRI e e P A0 43 2 T 24 12k 1) 3
B 53 H AR 5 A0 8 B0 57 1M 43, 6 RE POL AT
2, X6 T BELIBT 2R A -2 A ELAR BT, 1 dn
fift Fil A 1 9% 2 4 (fusion oncoprotein) Fl#% 5% K 145,
- F PROTAC!,

32 RAMEBEDFI

320 HEPMEKERI-BRIE EYWEKEI-ERKL
% (13, auxin, AU), /& R YRR K B A= K 1 B 21
. AUBENSHZAETIRI/AFBE A SAEK RN
% H AUX/IAA 1 254, T2 i TIR1/AFB-AU-AUX/
IAA =TT E A, S AUX/NAA 72 2401 47 & 1A B4
Fef@. 75 AU MR EEARMCI S T, AUX/TAA 5 TIR1/
ARF JE R I R AR, BHLIE TIRI/ARF 5 R AE K &
PR B R 345 &, T 7R . R
T, 4 16 0 4 T 52 31 2 9% R B2 11 AU I, AU 5
TIR1/AFB % & 3 J& ik TIR1/AFB-AU-AUX/IAA = JG
5 8 Aux/IAA B 72 R AL RTBE R, AT RE L T
TIRI/AFB & A, 5 & & H & — Ak, (&3 Tl K
sk, W23 T KRR,

322 MAFRBHEMFEER MW REZR (14, asuka-
mycin, ASU) A1 F % 2 (15, manumycin A, MANU) s&

CHs CHs

Streptomyces nodosus =4 (1) EE S HUE =, BRI
A 15 Ve 3t % B (farnesyltransferase, FTase) 3¢ 4 4
57, W HIAE Ras 82 A B9 HE 58 P PEA0H] 7). T 45
Frp B 2 or R R, 5K 2 B0 1l e = R
(Se-Cys) It fiii %0 14 & [ 14 Ji 1§ (thioredoxinreductase,
TrxR) & AL In& 20" J5 KRB 14 115 2 %
AL 03 1 IR

T 1 B 5 4 AT (ABPP) kB, 7E 2L e 4
e UPS R 4 1) E3 i H21i UBR7 45 #4 v 1) Cys374 /&
514 LN 456 1AL R, RAZ B R Cys374 5250 1E SE
14 52 [0 25 & UBR7 2 HHi 3 v ME B SR B 2 B s 4
5 M1 34K 2 UBR7-ASU (14) [ HAE, RILHLIL T &
[1 TP53, /¥ B UBR7-ASU-TPS3 [f] =L &4, G
TP53 Wz AL AT AR . [RI BRI MANU (15) 8
i A 14 B2 i UBR7-Cys374, 5 TPS3 AH HLAE K%
PrIG G vE PE, T EHE B 14 015 (IR A S T 45 &
TPS3 AL RE M KA /R B OREE MM, K4 2R J5 5
R (BT ER) F RS TIRYE E3EHE UBRT M1 H AR
HEATPS3 = uR &Y.
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Manumycin polyketides
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Y Breast cancer
cell proteome

Molecular glue activity

\(\MCV

Asukamycin

R= -
NANAgy
Manumycin A

Figure 4 Sketch map of molecular glue 14 (or 15) binding to
UBR7 and TP53 to form triad structure!'!

323 HEERR  FRE S MG R v S ST R
f) 32 B B 15k R (16, bufalin) FH0REAE LA, K3
16 270 T IR BEfAF . WF R FE R I R

BT T B TR R R SR bR IO R I TR R -
EMER (7) W, U EMEER R 45 & 5ehn. Ra
1520 000 /™ 204k 1) B 40 1) N S B 1 o L TR SR
DA 0 s 5k R A 45 & B . 4 LC-MS-MS & HILUE ik
R854 B A2 E2F2, 16 5 E2F2 [0l 55 % B K, =
3.15 umol-L'. [F B, & B 55 40 o 5. % 5 S E2F2 2 A
KT 2 35 A, 1T B A B 16 BB T E2F2 EE UK
Az F b, R W16 2 —Fh B2F2 (/N o T BE A7

16 17

T HAE 16 5 BE2F2 B 45 G40 1, ¥ E2F2 173 Bt
RHERFEHE 1~130.125~310 F1 125~438 [{] DNA Jii
K53 50l i G M i, 516 IR 9 S E T B A R R B A b
(pull-down assay) ‘&7~ , 5 W8 Bk R 45 & ¥ 40 & 125~
310 F Bt

G B UTTE S U6 W E2F2 5 ZFP91 T L ULiE, IiE
BTE 16 (95~ ZFPO1 /& E2F2 [ AR (1 B3 JE 0 . 1k
FEHGM A5 (MST) KU 16 5 ZFP1 & & W) I fifk 25
W (K,) 462 nmol-L's 98 5L 25 4 HTiEsL 16
A5 (1) E2F2 F1 ZFP91 . (8] & A= AH A FH DA 2 40 i )
MRS, WERRR S H iR H E2F2 K45 1F
F 3t 58 T 7] E3 3E 28§ ZFPO1 (45 &, (BiX A WiE =
TCE AT BRI B AR 8 E 10 5 AR, B8 =JT
AT TR, 2 BB IAE S5 . K] 502 E2F2-1%
Ik R -ZFP91 — ik n = B .

TR RS o B ANHLFN PN R ) — 52 3 (S A fk &
W, AN YR A S 5508 PR SR, T R R R 1 5

Figure 5 Sketch map of triad M-2 E2F2-bufalin-ZFP91

Fe AT T RN N, 42 LCMS/MS 73 i R B 16 5
Cys349 4 &, 1M H. 24 % 4= C349A 58748, T A & B K
RS, WK T ZFP91 SERR R 11454,
] Cys349 s JAN B 45 & 7 o

T RNTERR RAE N> TS B2F2 (H AR 1)
1 ZFPI1 (E3 E421) T — o B A4y, & 1
ISR R K R B4 oL L R (18, o-Pyr) FI 322
S (19, DHA), & I a-Pyr BL¥%E 5 ZFP91 R A 454,
K,=900 nmol-L"'. DHA #1515 E2F2 145 5. WElR R
LT A] X 43 2B XU 7 S5 MR AE, AN B R &
HIER:, X R PROTAC 5 4 T 2 AL 3% T i)
X 5o WETR R TG & NELA 1 /D B3 & BB LR G TS T
IR Y ARSIt

CH3 0
i IO,
U SOL
X
HO &

18 19

33 ERBIS TRV FIERFHITELEAY

20 28 50 4E AR A A ¥ A B i (20, thalidom-
nide) H T2 22 1A 1 HAAK ik, 20 5 350 80 L T 1415
Jail, J& SR UE B J2 20 5 E3 3% #2 [ cereblon (CRBN) Fl 4
FFVEJIG T 40 M Th BE i R 32 85 1 SALL4 &5 & i =0 B
G, 53 SALL4 iz A0 10 B B AR, 1 s e )
SREN ORIV R A e e T EF, B 5 B3 %
$Z B CRBN I 15 5 5% 3 [K 7 Ikaros K R #8521 1
(IKZF1) F1IKZF3 (XFrA Aiolos) I, =# && Kk E
Y, FEF K E T (HFREB) #8 CRBNZ &1k, %
B B B AAR BE AR . VDR B TR (R R A G B R (21,
pomalidomide) 13k I8 J& Ji% (22, lenalidomide, LENA)
H 2% E3 & BEHF CRBN [ 3571,

20~22 2 Bk W% 25 (iIMID) (1 %258 18 35 71, 1E4E Ky
IrF IR, G N 22 S AR R LI 45 A B8 TR B
fil R AT T 2 5, 9 G0 i RN SR S i R T BE
il 3% 5 DR -1 IKZF1/3, T A A ok S P2 fiik e 4% e i o3 —
SR CSNKIAL (CKla), B4RV FI B e ATIH 1
Jz 7% St Kk AE — %E 1Y CRBN-IMID-CK la Y =45 &, H
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B AP AR 59, $R7S R BE R (1 A1 3 52 45 K S P 1,
MACEEEE K 5341, A& D b T P e AN JE X BE e 34 |
Z — AN HHE, HHE 5 CRBN & A Rl 1 45 & 71 B AIC .
JITEA, 701 B S K (R Al /0 22 57 T DR o) 6 1 AR A 14

jlzq“—‘ri[lg] R

\_H \
o g O
o o
20 o o 21

-
N o
NH,
22

CRBN 5 CKla 452 ok 1WA~ E, SR IE R i
SoFmE, S EER = OSSR EANE
A, FE RIS FE R AN B2, H IR ) 23 # 58  Hedk rg &=
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Figure 6 a: The contact surface of CRBN, CKla and IKZF1; b: Binding mode of lenalidomide to the hydrophobic pocket of CRBN,
phthalimide is solvent-exposed moiety, the £-hairpin loop of CKla binds to the top of hydrophobic pocket where lenalidomide located at

CRBN; c: The binding mode of lenalidomide with CK1la and CRBN; hydrophobic and Van der Waars interactions between lenalidomide,

CKla and CRBN; dotted lines stand for hydrogen bondings
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Figure 7 Compound 32-mediated interactions between DCAF15
and RBM39. 32 (orange) bridges the structure of DCAF15 (green)
and RBM39 (magenta) by forming several direct or water-mediated
interactions with both DCAF15 and RBM39 and serves to increase

the complementarity between the two surfaces
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