Zj554  Acta Pharmaceutica Sinica 2023, 58(9): 2581-2600 - 2581 -

SARS-CoV-2 £ ZFE B EHNHIFIf xR

MBS, BER,, RAEK, o Wk, &A%, x#HK, B B

(IR KA 25 22 Be 25 WAL 20 T BT, A 2B W) 308 B SR IR =, (LR BF R 250012)

HE: FE A (main protease, M™) {1 Ay 76 R I3 B B AR LA PE AR = 1) L 2R O, HLims B2 AR <7, S 2 A i
T v AN A B ) B 14 K AR, TR IR 470 SARS-CoV-2 254 501 (1 BE A bR o A SCAT o s 700 T DR 2 26 2% 14 Tl 310 1)
FURHAT AT SR, W5 G0 PUR T M 5 2 o 4 A B U M akoe R %%

SRR W Y B A DR A R R A, 3R IR 2t

FE 5SS RI14 XERFRIZED: A XEHE: 0513-4870(2023)09-2581-20

Research progress of SARS-CoV-2 main protease inhibitors
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Abstract: As a common protease with high similarity among coronavirus species, the main protease (M™) of
SARS-CoV-2 is responsible for the catalytic hydrolysis of viral precursor proteins into functional proteins, which is
essential for coronavirus replication and is one of the ideal targets for the development of broad-spectrum antiviral
drugs. This paper reviews the main protease inhibitors of SARS-CoV-2, including their molecular structures,

potencies and drug-like profiles, binding modes and structure-activity relationships, etc.
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Figure 1 SARS-CoV-2 life cycle
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Figure 2
SARS-CoV-2. (B) A closeup view of the catalytic site cavity (PDB
code: 6Y2QG). This figure was shown in Pymol 2.5
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Figure 3 (A) The scheme of compound 1 converts into the aldehyde inhibitor 2 of M™. (B) X-ray structure of the complex of 1 and SARS-

CoV-2 M™ (PDB code:7JSU). (C) Spatial occupancy of compound 1 at the M™ active site. This figure was shown in Pymol 2.5
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Figure 4 (A) The structures of compounds 3 and 4. (B) X-ray structure of the complex of 3 and SARS-CoV-2 M™ (PDB code: 6LZE). (C)

Spatial occupancy of compound 3 at the M™ active site. This figure was shown in Pymol 2.5

2020 55, Ma Z1EE T FRET M Selleckchem 4k &
W g v R kR AR e A R IT (5, B SA) FE AR S
A 20 1 SARS-CoV-2 & & [ Fg 3 14, H 1C,, N
0.97 umol-L™, [A] i} 7£ Vero E6 41 fifd & B H ¢ 4 B bt
I 15 R (BC,, = 2.07 umol-L", CC,,> 100 pmol-L™).
Sacco 5" I i BT MP 546G W0 S 1 36 25 4 R IR
R SKEE RS Cys145 DI e A4 & . 5 HAh
DA TS B Ay 58 Sk PR R S 4 ot 7R AL, 5 1R 2 B 40 T8 o
7 1 Gly143.Ser144 F1 Cys145 [ ¥ % Bt f 3% [ E 1%
M4 B 7 AL P AR 2 IR 00 B (5 8 S1 AL a8 B R T
55 His163 JE 208 P2 5o 2 B M4 76 S2 17 5 Hh T i
G ZKAE L, T P3 5 2 B2 B [ 5 71 9 100 B 1) S3 7 A
A5 B WA R IR 3 BE 5 M [ Hisl64.

(A) s B)

ICs50=0. 97 pmol-L™!
ECs = 2.07 umol-L"! (Vero E6 cells)
CCsq> 100 pmol -L™!

Metl165 [ 3255 2 [A] T i 2 > 20 (K15B). k4, 516
B85 7 R N L2 g L s v, # ) K
50 nmol-L", B 1] LAEF X ¥ % 1+ SARS-CoV-2 MP° Fll
N L8 A LRSS 5 4m 5 o

2021 4, Qiao ZFPE T MP SR 45 1), R & HE 2
WvETh g, UL BT 23R UL 5 (telaprevir) F %
Fii 5 (boceprevir) f) XA il 2 e v BN B 42, 1E S4 )i
FINZFSENRIEA, Bt G TP RS 32 M A X
AR R B A 5 4 M /N A AR R . S A
SR B DR 23 A B W LE AR A1 35 T A A ] M A
IC, i 7f 7.6~748.5 nmol-L"' 2 [d] . H ik &6 (K
6A) FMH R R B, 1IC,, N 7.6 nmol-L . ST b H 5
M S E P SRR A5 A, R IS L 5 Cys145 2 it

Figure 5 (A) The structure of compound 5. (B) X-ray structure of the complex of 5 and SARS-CoV-2 M™ (PDB code: 6XA4). This figure

was shown in Pymol 2.5
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Figure 6 (A) Chemical structure, activity and crystal structure of 6 in complex with SARS-CoV-2 M (PDB code: 7D3I). This figure was

shown in Pymol 2.5. (B) Chemical structures of compounds 7 and 8



- 2586 242 %4} Acta Pharmaceutica Sinica 2023, 58(9): 2581-2600

7\ T ‘//\\O\\
b O R ON-NH éA O i
Qj Hoq </:>\\ H 9 \\\/ NS\(O o) N
TN s — TN A A ke — N STy
“H = H it “H_ 2 H SN ., N A% J
= B \r N o Y = H §

9 10
SARS-CoV-2 MP® K, =27.7 nmol-L"!
ECso= 1664 nmol-L"!

SARS-CoV-2 MP® K; = 0.271 nmol-L™!
ECso =231 nmol-L™!

11
SARS-CoV-2 MP™ K; =230 nmol-L"!
ECs = 5593 nmol-L"!

7 wg)f e @?J@ o W tﬁ?@

14
SARS-CoV-2 MP® K, =3.11 nmol-L™!
ECso=74.5 nmol-L™!

Figure 7 The path to nirmatrelvir

il o 0G0 14 07 MP© IR 1k A0 40 1l 3 1R 15 2 3 — D 42
fr, [F) I 38 36 58 7§ SARS-CoV-2 135 1 (EC,, 1 M
85.3 nmol-L™" &7} % 74.5 nmol-L™) A A2 5 1 A1 11 AR
AR EF (KRR A I PR SESE F, F A 33% 27t
£ 50%). JEK 145 B A REILR E SLIUE T 14
J& SARS-CoV-2 = 85 [ iy (1 vl 3l PR ILAN H il 57) . F 5
TR E D 14T NI IRIEE Y, BT H S T K
FUAE G i, LA AR A BT AR v, (58 Tk — 20 1 23 B 2 T
Fio BEAR, P1ALAH O AMRA BT A BTG . 145
SARS-CoV-2 F & ARG AW di 7R 451 R 14 7853
48 S1.S2 F1 S4 A A, H 5 (AL TR KL Cys145 Hh 45
& (E 8.,

1.3 DAL Bz 38 Sk RO BLBK S HNHIF 2020423 A,
= U158 K 2% Rolf A AP fi## T SARS-CoV-2 M [

A

ARG-188

TH RJQT

GLN-19

SARS-CoV-2 MP® K, = 12.1 nmol-L™!
ECs = 85.3 nmol-L!

12
SARS-CoV-2 MP® K; = 7.93 nmol-L™!
ECso =909 nmol-L™!

RG] (#3175 Ao BEAh, ZHE TR R T —Fh
o- B TG Jee 4 ) 550 RO P P o 7R B AR R BTSN L
E T AWK a- B L 1 T AE 9 o A0 B e AR 75 MP© ) 3
. o, AL AP 15 (B 9A) 7 Huh7 41 i o 1
MERS-CoV R R et 7EMLER b, AT KA ED
3 W, B AN U6 15 HEAT T B, O P3-P2 Bk i
R J 7 ML WE R 2R o o A, I A AR 2% R
VAR D 5 R B A 45, K MERUIG
(1) Boc ZE AR & 7 B /K (1 P EE G 2L, 73 34k & 4 16
N T M 55 T SARS-CoV-2 3% 1, F B /NI IR I & &
KT P2 I, /FEMLEY 17, (B R E. (G
)17 F1 SARS-CoV-2 M E &) fi ik &5 /) R B, i T
Cys145 ¥ % 3 0F 17 B B = 1) 58 4% 1 B, T R T AR
AR o B AR P 45 R E O 5 R His41 T BUE B T

Figure 8 (A) X-ray structure of the complex of 14 and SARS-CoV-2 M™ (PDB code: 7VHS). (B) The zoom-in view of the substrate-binding

pocket, compound 14 forms a covalent bond to Cys145. This figure was shown in Pymol 2.5
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Figure 9 (A) The structures of compounds 15-17. (B) X-ray structure of the complex of 17 and SARS-CoV-2 M™ (PDB code: 6Y2F).

This figure was shown in Pymol 2.5
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Figure 11 (A) The structures of compounds 20-22. (B) X-ray structure of the complex of 23 and SARS-CoV-2 M™(PDB code: 7E18).

This figure was shown in Pymol 2.5
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Figure 12 (A) The structures of compounds 24 and 25. (B) Cocrystal structure of 24 and SARS CoV-2 M™ (PDB code: 6XHM). This

figure was shown in Pymol 2.5
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Figure 13 (A) The structures of compounds 26-28. (B) X-ray structure of the complex of 28 and SARS-CoV-2 M™ (PDB code: 7MBI).

This figure was shown in Pymol 2.5
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Figure 14 (A) Chemical structure of compound 29 inhibitor. (B)
X-ray structure of the complex of 29 and SARS-CoV-2 M™ (PDB
code: 6LU7). This figure was shown in Pymol 2.5
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Figure 16 The structures of compounds 31 and 32
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Figure 15 (A) The structure of compound 30. (B) X-ray structure of the complex of 30 and SARS-CoV-2 M™ (PDB code: 7BUY). This
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Figure 17 The structures of compounds 33-35
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(A) The structures of compounds 36 and 37. (B) X-ray structure of the complex of 36 and SARS-CoV-2 M™ (PDB code:
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(A) Structural optimization and representative compounds in the development of compound 40. (B) X-ray structure of the

complex of 40 and SARS-CoV-2 M™ (PDB code: 7VUS6). This figure was shown in Pymol 2.5. (C) Spatial occupancy of compound 40 at

the MP™* active site
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Figure 20 (A) The structures of compounds 41 and 42. (B) Chemical structure of the non-colavent inhibitor 43 and X-ray structure of the
complex of 43 and SARS-CoV-2 M™ (PDB code: 7KX3). This figure was shown in Pymol 2.5
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(A) The structure of compound 44. (B) X-ray structure of the complex of 44 and SARS-CoV-2 M” (PDB code: 7JU7). This figure was
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Figure 22 (A) The structure of compounds 45 and X-ray structure of the complex of 45 and SARS-CoV-2 M™ (PDB code: 7N8C). This

figure was shown in Pymol 2.5. (B) The structures of compounds 46 and 47
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Figure 23 (A) Structural optimization and representative compounds in the development of compound 49. (B) co-crystal structure of 48
with SARS-CoV-2 M™ (PDB code: 8ACD). (C) co-crystal structure of 49 with SARS-CoV-2 M™ (PDB code: 8ACL)
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Figure 24  Structural optimization and representative compounds in the development of compounds 50 and 51
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Figure 25 (A) The structure of compound 52. (B) X-ray structure of the complex of 52 and SARS-CoV-2 M™ (PDB code: 7EN8). This

figure was shown in Pymol 2.5
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Figure 26 (A) Chemical structure of the non-colavent inhibitor
shikonin (53). (B) X-ray structure of the complex of 52 and SARS-
CoV-2 M" (PDB code: 7CAR8). This figure was shown in Pymol 2.5
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Figure 27 (A) The structures of compounds 54 and 55. (B) X-ray structure of the complex of 55 and SARS-CoV-2 M™(PDB code:

6M2N). This figure was shown in Pymol 2.5
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Figure 28 The structures of compounds 56-61
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Figure 29 X-ray structure of the complex of 56 and SARS-CoV-2
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Figure 30 The structures of compounds 62-64
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Figure 31 (A) The structure of compounds 65. (B) X-ray structure
of the complex of 65 and SARS-CoV-2 M™ (PDB code: 7VIC).

This figure was shown in Pymol 2.5
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