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Anti-SARS-CoV-2 activity of small molecule inhibitors of cathepsin L
ZHOU Wen-wen, YOU Bao-qing, ZHENG Yi-fan, SI Shu-yi, LI Yan", ZHANG Jing"

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

Abstract: The coronavirus disease 2019 (COVID-19) is an acute infectious disease caused by the new severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, which has led to serious worldwide economic
burden. Due to the continuous emergence of variants, vaccines and monoclonal antibodies are only partial effective
against infections caused by distinct strains of SARS-CoV-2. Therefore, it is still of great importance to call for the
development of broad-spectrum and effective small molecule drugs to combat both current and future outbreaks
triggered by SARS-CoV-2. Cathepsin L (CatL) cleaves the spike glycoprotein (S) of SARS-CoV-2, playing an
indispensable role in enhancing virus entry into host cells. Therefore CatL is one of the ideal targets for the
development of pan-coronavirus inhibitor-based drugs. In this study, a CatL enzyme inhibitor screening model was
established based on fluorescein labeled substrate. Two CatL inhibitors IMB 6290 and IMB 8014 with low
cytotoxicity were obtained through high-throughput screening, the half inhibition concentrations (IC,;) of which
were 11.53 £ 0.68 and 1.56 = 1.10 umol-L"', respectively. SDS-PAGE and cell-cell fusion experiments confirmed
that the compounds inhibited the hydrolysis of S protein by CatL in a concentration-dependent manner. Surface
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plasmon resonance (SPR) detection showed that both compounds exhibited moderate binding affinity with CatL.

Molecular docking revealed the binding mode between the compound and the CatL active pocket. The pseudovirus

experiment further confirmed the inhibitory effects of IMB 8014 on the S protein mediated entry process. In vitro

pharmacokinetic evaluation indicated that the compounds had relatively good drug-likeness properties. Our

research suggested that these two compounds have the potential to be further developed as antiviral drugs for

COVID-19 treatment.
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PR RN T R f e A, 3N AL, 96 4L
BRAE 37 °C 5% CO, 35 IR M Hh s B 55 57 72 h, L2 K
FE A I Tuciferase &6 AH (RLU), MR (%) =[1 -
(RLUZGHA BT 218 - RLUBH X BEF- 24941
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Figure 1  Structures of the candidate compounds
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HHK, /N 1.56x10° F119.05x107° mol-L", &5 & 5
N,
6 ZREIK AL &%t CatL BOHIHIE A

% % Y EGFP B{ SARS-CoV-2-S/EGFP [f] HEK-
293T 1 A 20N 41 i, HEK-293T-ACE2 i 3% ik 41 i 1
D 2 i, 7 o 2 i R DAASE DL 25 00 15 S 20 i 1
127 FE . EGFP % %) HEK-293T 4 il (HEK-293T/
EGFP) 5 HEK-293T-ACE2 i # ik 4 3t 3% 7% 5, W&
5P~ H o H A P65 5 . SARS-CoV-2-S/
EGFP #% JLf¥] HEK-293T 4il s 5 HEK-293T-ACE2 i %
2 LR IR 5, 9 B R B R B AR, 5% % v B
RYRAETAMREE . 1bE7 IMB 6290 F1 IMB 8014

B Cioo

100910, 21153068 pmol- L § 100 1C50=1.56 % 1. 10 pmol L L U]1Ca=024+0.03pmol L
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lg [IMB 6290/umol-L"]
Figure 2

lg [IMB 8014/umol L]
Inhibitory effects of the candidate compounds toward SARS-CoV-2 cathepsin L (CatL). Dose-response curves of IMB 6290 (A),

lg [Z-Phe-Tyr-CHO/nmol-L"]

IMB 8014 (B), and the reported inhibitor Z-Phe-Tyr-CHO (C) against human protease CatL. n = 3, mean + SEM

A IMB 6290/umol L'
S Control 50 25 12.5 Z-Phe-Tye-CHO

33KDa e
17 kDa e

Figure 3

« S protein

B IMB 8014/pmol-L"!
S Control 50 25 12.5 Z-Phe-Tye-CHO

« S protein

Inhibition of CatL-mediated S-protein cleavage by the candidate compounds. Purified SARS-CoV-2 spike glycoprotein (S)
protein was incubated in the presence or absence of CatL (0.5 pg'mL" in assay buffer, pH = 5.5) at 37 °C for 1 h. The reaction system
containing CatL (0.5 pg-mL™") was then supplemented with different concentrations of compound IMB 6290 (A) and IMB 8014 (B),
respectively. Proteins were subjected to SDS-PAGE and detected by Coomassie brilliant blue staining
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A IMB 6290 B IMB 8014
3007 K,=1.56x10% mol L 500 K,=9.05%10° mol L
— 6.25 umol-L"! 6 — 6.25 umol 'L
2 12.5 umol L' = 12.5 umol L
% 200 25 umol-L = s 25 umol-L*
?n, — 50 pmol L' § — 50 pumol L
g 100 umol-L! £ 2004 100 pmol-L"!
& 100+ — 200 pmol-L! & —200 pmol-L"
(5]

~ & 100

o—ﬁ% 0

0 100 200 300 0 100 200 300
Time /s Time/s

Figure 4 Surface plasmon resonance (SPR) analysis of the physical interaction between each candidate compound with CatL. After
immobilizing CatL on the sensor chip, compound was injected at indictated concentrations. Binding of compound IMB 6290 (A) or IMB

8014 (B) to CatL resulted in a concentration-dependent increase of the SPR signals expressed as resonance units (RU). The binding constant
K, was calculated from the changes in the SPR signal

(R I N A 5% D' 58 B A — 8 R B2 1K 2, 5 BH k5 41 B A7 B RO T A5 Catl B A
(I ECE IR, 40 mh A 52 ) T 4] A EAE B (F 6), AL T LA % IMB 6290 /)N 1 1%
7 PTFXTE ek FERIE 5 Cys25 1 Gly68 1778 S5k A HAF 77,

— VN RE R, FUR S ARG A MR AR TooH EAIR 75 Gly6eS /A E B BAE R 11, %9t
SE, RAEMEAERTREM R, o Fod s R ER, BRI Leu69 {74575 & S MR BAEH JJ; IMB 8014
1k 4 %) IMB 6290 & IMB 8014 5 CatL [ 4% 45 fit 43 IR Ly R S Aspl60 7 (E S BEAN HAEFH 77,
N-7.28.-5.63 kcal-mol ™ #5)/N 5.0 kcal -mol ', & #IX 8 LAY IMB 6290 F1 IMB 8014 % S HNHE M
PIAN/INGY 5 CatL B BT (045 A s o 45T S B H M PG R B & 2=, 2 AR
1 I =
293T/EGFP+293T-ACE2 293T/SARS-CoV-2/EGFP+293T-ACE2 293T/E52 2@2/EGFP+293TACE2

200 pmol L™ 100 pmol-L*! 50 umol-L"! 200 umol-L"! 100 pmol-L! 50 yumol-L!
293T/SARS-CoV-2/EGFP+IMB 6290+293T-ACE2 293T/SARS-CoV-2/EGFP+IMB 8014+293T-ACE2

25 umol-L" 12.5 pmol-L"! 6.25 pmol-L"! 25 pmol-L”! 12.5 pmol-L! 6.25 pmol-L”!
293T/SARS-CoV-2/EGFP+IMB 6290+293T-ACE2 293T/SARS-CoV-2/EGFP+IMB 8014+293T-ACE2

Figure 5 Inhibitory activity of candidate compounds against CatL was detected by cell-cell fusion assay. Effects of compound IMB 6290
(A) and IMB 8014 (B) on syncytia formation induced by SARS-CoV-2 spike protein

A B

cYs-25 g p / A W
MET-161 “ S y |9
st v L

ALA-214

U ALA-215

Figure 6 Molecular docking of each compound with CatL (PDB ID:

7w33). Three-dimensional structure diagram of IMB 6290 (A) and
IMB 8014 (B) with CatL protein
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2 6 i 3o e U 2 S 2 I R O A R 8 S Wik N BE 2 i
F9 R 5. W 7 B, IMB 8014 R B HY K 4T 40
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proteins, CYP) 1) 57 Fi [ LB w] AQH AN 26292/3 (1 20
254, Forb 80% MR AR )& T 5 Fh A T CYP1A2.
CYP3A4.CYP2C9.CYP2C19 Hl CYP2D6, H: 41171 ]
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A 507

40 —

Inhibition%

Ca

T
LI LA S AR
P N

IMB 6290 /pumol-L
Figure 7

Inhibition%
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6290 %f 4 F CYP [A] T.Eg 354 076 A, B 15 E ol
AR VR RIS E (K 8AB) AT LA L &)
IMB 6290 A1 IMB 8014 1] fig B A5 ¢ i (1 2 2451 o

g

COVID-19 ) K 2 &0 4= BRAg B #4) Bl 1 7™ 25 1Y) J
iy, P TR R UARVE N B PR FBORIE T E
(1 PN, A2 o 5 0 38 S R 1 HH L, 92 P P O )9
S PRI AR B AR RS PR TG K PR 7 v Al
e 63 2R B F 2R 2 B AR P RO (AL R
A7 RS 555 7 T A 3 R /N9 1 U 2 24 C
NP COVID-19 (1175 fy g,

HLUE A (cathepsin, Cat) & A5 P B A1 41 Bk
Bt S 1 1 AR S PR B T, 25 M 0 P R I A
(25 1 B AR AR R AL S A R 49y 3 B KA
% (D M E). £ % % (G) AP & % (B.C.K.L.SH
V) AR, H, EEEER E H 1§ (CatB L S) X%
T HEN N E R, Catl 5 L 2 B (R

1C50 =6.71£2.09 pmol-L"
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IMB 6290 and IMB 8014 blocked SARS-CoV-2 pseudovirus entry. 293T-ACE2 cells were pre-incubated with IMB 6290 (A) or

IMB 8014 (B), and subsequently inoculated with pseudovirions. n = 3, mean + SEM

Table 1 ADMET prediction for compound IMB 6290 and IMB 8014. CYP: Cytochrome P450 protein

P450 enzyme inhibitor

1 ti Wat lubilit Druglik PAIN Brenk
Compound GI absorption ater solubility ruglike S ren CYPIAd CYP2C9 CYP2C19 CYPaD6
IMB 6290 Low Moderately soluble 2 NO NO YES YES YES NO
IMB 8014 High Moderately soluble 4 NO NO NO YES NO NO

A LIPO B LIPO

FLEX SIZE FLEX SIZE
INSATU POLAR INSATU POLAR
INSOLU INSOLU

Figure 8 SwissADME bioavailability radar of the candidate compounds. The diagrams of bioavailability radar for compound IMB 6290

(A) and IMB 8014 (B). The pink areas represent the ideal range of each property (lipophilicity, molecular weight, solubility, and flexibility)
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I3 EE N FLERIR B P T D06 25 el R85 L 5 AR
P W A B BE) Sl RS A OGP CatL R AR
SARS-CoV-2 #t X it 2 1 filt & 28 15 #H 5%, CatL 1) &
SARS-CoV-2 S 2 1, & 2 JEFh 7, 187995 5 RNA ZE K 41
PR T AE O 322230 404 CatL 3 % T #% 2> BH BT SARS-
CoV-2 1@ N1 L ANMIi 2 . B4k, ¥ 15 32 2 A i A
FE W BE R L, FEIRCRR I 24 1 D7 T vT B B A R AR
#2421 [H]  CatL /& HT SARS-CoV-2 %% 7% 25 4 & I 11
HERR,

SARS (1) 2 & A$45 CatL 1l 71 AP et 7 5 12
PRI 22 B HE 2 HE. Hl & ZB L Rl Catl
k57, 40 E-64d.K777.5705213.MDL 28170, SSAA
09E1 %5 L 28 75 41 il /K ~F 1 3iF 52 B A5 $it SARS-CoV &
Je ik M, H1C,, BE 65 I8 B 9 BE IR % HIC. (H R AE
SARS-CoV-2 | H 4 K777 f MDL 28170 5 A~ [ 2 J&
(0 18, L Fh K777 78 40 i /K °F- B %6} SARS-CoV-2
T YL 1 4 R P K B (median effective concentration,
EC,,) % 7l N HeLa/ACE2 (4 nmol-L"). Calu-3/2B4
(7 nmol-L"). Vero (> 70 nmol-L"). A549/ACE2 (<
80 nmol-L"). Calu-3 (>10 pmol-L™")*”; MDL 28170 Ji
DT 65% 122 BE T4 B AT A= F i 40 B AE 41 B 4% SARS-
CoV-2 J& LB, ik 41, H A il R B Pt 28 &, W
teicoplanin. rifampicin Al clofazimine %% 1 H H #i
SARS-CoV-2 i 1, Fi% 1% 5 CatL #1415, P
24 chloroquine A% 75 41 ffd /K 7 _F 41 ] SARS-CoV-2 [
R TE M, (H 28 5 Catl A & J#1 v M T 26, 12
e S P R v VAT AR P 1) pHL A R 01 CatL (3% 128124,
AR CatL $0 1] 770 76 50998 55 7 TH1, JC O Pt Rom 2 7
il 2 A 48, {552 H 7T & 1E A $iL SARS-CoV-2 i B
TG T CatL #H FIFE A IR 2, R R WRE £
FE B CatL 40141771 52 %F SARS-CoV-2 [ YL 4R B A B H
Ih =9

AT N 38 FH A AMC A i JEE 470 Bl 3 0 5 T 92
i 345 21 P9 IS /N 43 7 4 771 IMB 6290 FiT IMB 8014, —
O CatL 3% B HE 771 52 460 1 1 0 okt 95 2k, I ELAE 2 1
FYH 7K P B AIE S T IX B AN A A AT BE B CatL X
SE A M YIEI/EH; ADMET &5 R E W, ML &9
IMB 6290, IMB 8014 F. 15 5 4f 1) /i 25 P A1 2R 25 44
IMB 6290 F1 IMB 8014 #5415 X k1 B A7 CatL fli#lli%
PE, 5 ORI A6 25 8 FHEAAE ) 5 BF IMB-8014 75
T 3 R e 2 b BLAT R 4 R 4 ) 3 P, B ) A
B, PR H U EEIE 7y, A O AR E M R L
RiE .

R, AW TN S R B 1) T R e R 9 B CatL [/
a5 T30 FUE R S A LA T BB B S

9, (LR AL A5 U0 SARS-CovV-2 fh By 51 10 015 11 07
CHS NS

1 TIRR: A 52 52 58 O AR SR8 Bt 3 B R SCHE S A
B SRR JUE R VKRG ML B S 56 S T8 3B B F] gk
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