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Structure-based discovery of dual pathway
inhibitors for SARS-CoV-2 entry

HaofengWang 1,2,12, Qi Yang 3,12, Xiaoce Liu1,2,12, Zili Xu4,5,12, Maolin Shao1,2,12,
Dongxu Li1,2, Yinkai Duan 1,2, Jielin Tang3, Xianqiang Yu1,5, Yumin Zhang 6,
Aihua Hao7, Yajie Wang7, Jie Chen1,2, Chenghao Zhu1, Luke Guddat 8,
Hongli Chen1,5, Leike Zhang 6 , Xinwen Chen3 , Biao Jiang1,5 ,
Lei Sun 7 , Zihe Rao1,2,3,9,10,11 & Haitao Yang 1,2

Since 2019, SARS-CoV-2 has evolved rapidly and gained resistance to multiple
therapeutics targeting the virus. Development of host-directed antivirals
offers broad-spectrum intervention against different variants of concern. Host
proteases, TMPRSS2 and CTSL/CTSB cleave the SARS-CoV-2 spike to play a
crucial role in the two alternative pathways of viral entry and are characterized
as promising pharmacological targets. Here, we identify compounds that show
potent inhibition of these proteases and determine their complex structures
with their respective targets. Furthermore, we show that applying inhibitors
simultaneously that block both entry pathways has a synergistic antiviral
effect. Notably, we devise a bispecific compound, 212-148, exhibiting the dual-
inhibition ability of both TMPRSS2 and CTSL/CTSB, and demonstrate antiviral
activity against various SARS-CoV-2 variants with different viral entry profiles.
Our findings offer an alternative approach for the discovery of SARS-CoV-2
antivirals, as well as application for broad-spectrum treatment of viral patho-
genic infections with similar entry pathways.

The SARS-CoV-2 pandemic has imposed a severe public health burden
worldwide since 2019. For the prevention and treatment of COVID-19,
vaccines1, antibodies2, and antiviral medications3–10 have been devel-
oped and approved for emergency use. However, the continuously
emerging SARS-CoV-2 variants, especially Omicron subvariants, have
the ability to evade the immune system when challenged by antibody-
mediated neutralization or vaccine protection11–15. In addition, five
antiviral agents have received authorization for COVID-19 treatment:

remdesivir3, molnupiravir4, azvudine5, nirmatrelvir6, and ensitrelvir7.
The first three target the RNA-dependent RNApolymerase (RdRp), and
the last two target the main protease (Mpro). However, in vitro and
in vivo studies have indicated thatmutations in the SARS-CoV-2 RdRp
confer resistance to remdesivir16,17, and Mpro mutations cause resis-
tance to nirmatrelvir18, suggesting the inevitable risk of drug resistance
is already upon us. Unlike viral proteins, which are susceptible to
mutation during SARS-CoV-2 evolution, host proteins are much more
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conservative and could potentially be used as therapeutic targets for
the development of broad-spectrum antiviral compounds. Therefore,
a viable solution for persisting drug resistance is to develop chemical
compounds targeting host proteins that are indispensable to the viral
life cycle.

Despite the identification of numerous host factors associated with
the SARS-CoV-2 life cycle19–23, viral entry is the primary step for infection
and is already recognized as an excellent target for drug development.
The entry of SARS-CoV-2 depends on two distinctive pathways, cell
surface entry and endosomal entry24, where the transmembrane serine
protease, TMPRSS2, and endosomal cysteine proteases cathepsin L/B
(CTSL/CTSB) cleave the viral spike protein25,26 (Fig. 1a). Previous studies
have also shown that the use of the two alternative entry pathways
varies in different SARS-CoV-2 variants and their host cells27,28. For wild-
type SARS-CoV-2 and its earlier variant of concerns (VOCs), including
Delta, TMPRSS2-dependent cell surface entry is the primary
pathway29–31, whereas the Omicron variant uses endosomal entry as the
primary pathway, which increases its infectivity onmore cell types in the
respiratory epithelium and thus enhances its intrinsic transmissibility29.
Moreover, SARS-CoV-2 infection is sensitive to TMPRSS2 targeting
inhibitors in human Calu‐3 lung adenocarcinoma cells but not human
A549 epithelial lung cells27, demonstrating the polytropic preference for
viral entry pathways. Therefore, to completely prevent SARS-CoV-2
infection, the simultaneous blocking of the two independent pathways
for viral entry is essential32,33.

In this study, we establish a fluorescence resonance energy transfer
(FRET) assay to measure the enzymatic activity of TMPRSS2 and CTSL/
CTSB, and to carry out high-throughput screening of compounds
among a library of 10,000 approved drugs, clinical-trial drug candi-
dates, and natural products. The crystal structures of TMPRSS2 and
CTSL/CTSB in complex with the potent inhibitors were determined to
reveal their specific mode of interaction. Notably, antiviral assays show
that the combination of two compounds, nafamostat, and K777, which
simultaneously blocked TMPRSS2- and CTSL/CTSB-mediated viral entry
pathways exhibited synergistic antiviral activity against SARS-CoV-2,
indicating that dual-inhibition is an effective strategy for clinical devel-
opment to treat COVID-19. Based on the structural and antiviral infor-
mation, we designed the bispecific compound 212-148, which shows
dual-inhibition of both TMPRSS2 and CTSL/CTSB. We also determine
the structure of 212-148 bound to TMPRSS2 or CTSB. Cell-based assays
show that this compound could prevent infection of both the Delta and
Omicron variants. Our results validate that dual-inhibitors for SARS-CoV-
2 entry targeting both TMPRSS2 and CTSL/CTSB are promising candi-
dates for antiviral drug discovery.

Results
High-throughput screening identified potent SARS-CoV-2 entry
inhibitors
To investigate the enzymatic profile of TMPRSS2, we expressed the
activated catalytic ectodomain TMPRSS2 with its auto-activation

Fig. 1 | Two independent viral entry pathways and inhibition data of com-
pounds against two primary host proteases. a SARS-CoV-2 can adopt two inde-
pendent cell entry pathways involving host proteases. Created with
BioRender.com. b The kinetic activity of TMPRSS2, data points are shown as

mean ± SD for four biological independent replicates. c–i Dose-response curves of
compounds inhibiting TMPRSS2 and CTSL/CTSB, IC50 values and data points are
shown as mean± SD for four biological independent replicates.
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sequence substituted by an enteropeptidase cleavage sequence to
avoid auto-cleavage of TMPRSS234,35. The zymogen was purified and
activated by enteropeptidase cleavage for activity assay. The enzy-
matic activity of TMPRSS2 was determined by a continuous kinetic
assay based on FRET, using Boc-Gln-Ala-Arg-AMC as the fluorogenic
substrate36. The catalytic efficiency (kcat/Km) for TMPRSS2 was mea-
sured to be 971,000 s−1·M−1, demonstrating the enzyme is fully active
(Fig. 1b). Subsequently, high-throughput screening of 10,000 com-
pounds was carried out based on this enzymatic assay. Five inhibitors
that showed >90% inhibition against TMPRSS2 at a concentration of
20 µM were selected for further analysis of half-maximal inhibitory
concentrations (IC50) (Fig. 1c–g). Nafamostat and camostat, two clini-
cally available drugs used to treat pancreatitis, displayed excellent
inhibitory potency with IC50 values of 0.40 nM and 9.00nM, respec-
tively. Three other hits were also identified with IC50 values ranging
from ~5–125 nM. UK-371804, a drug candidate currently under pre-
clinical evaluation for the treatment of chronic dermal ulcers37, has an
IC50 value of 4.59nM against TMPRSS2, a value comparable with
camostat.

We used a similar procedure to screen the human CTSL/CTSB
inhibitors from the same library using the fluorogenic substrate Cbz-
Phe-Arg-AMC38. As a result, two inhibitors, K777 and E64d were iden-
tified with an IC50 value of 5.43 and 88.85 nM for CTSL, and 174.30 and
244.26 nM for CTSB (Fig. 1h, i). Significantly, E64d has been used as a
clinical drug to treat Alzheimer’s disease39.

The structures of complete TMPRSS2 ectodomain in complex
with inhibitors revealed distinctive inhibitory mechanisms
To reveal the overall architecture of TMPRSS2 and to investigate the
inhibition mechanism of compounds against TMPRSS2, the activated
ectodomain of TMPRSS2 was prepared for crystallization together
with various inhibitors identified in the high-throughput screening.
The crystal structures of TMPRSS2 in complex with nafamostat,
camostat, and UK-371804, were determined to 2.6Å, 2.4Å and 2.6Å,
respectively.

We use the structure of TMPRSS2 in complexwith camostat as the
representative to describe the overall structure of TMPRSS2. There are
two polypeptides in the asymmetric unit with the root-mean-square
deviation (r.m.s.d) of 1.44 Å over 378 Cα atoms, indicating the two
protomers are similar. The ectodomain of TMPRSS2 can be traced in
the electron density map except for several small loop regions
(residues 109–112, 202–205, 229–230, and 250–255). And the ectodo-
main of TMPRSS2 is comprised of three subdomains: an N-terminal
low-density lipoprotein receptor type-A (LDLRA) domain (residues
118–148), a scavenger receptor cysteine-rich (SRCR) domain (residues
149–242), and a C-terminal trypsin-like serine peptidase (SP) domain
(residues 256–492) which harbours the Ser-His-Asp catalytic
triad40,41 (Fig. 2a).

Although the same expression construct was used as in the pre-
viously reported TMPRSS2 structure35, a major difference is observed.
In the original structure, the LDLRA domain is invisible but it is clearly
seen in our electrondensitymaps. It consistsmainly of randomcoil but
there are several stabilizing loops. A canonical calcium ion stabilizes
the structure by coordinating six conserved residues. Two disulfide
bonds are formed around the calcium-binding region to further sta-
bilize the overall structure of the domain (Fig. 2b). The calcium-
binding motif is observed in most transmembrane serine proteases
(TTSP), mediating cellular internalization of macromolecules40. In the
absence of calcium, the LDLRA domain is unstructured, thus, the
boundcalcium ion is essential for structural integrity42. To characterize
the importance of the calcium ion, we performed enzymatic and
thermostability assays of TMPRSS2 in the presence of EDTA, showing
that the loss of calcium ion slightly decreased the enzyme’s thermal
stability and catalytic activity (Supplementary Fig. 1).

The SRCR domain is another conserved protein module of TTSP.
It adopts a compact fold consisting of one α-helix surrounded by a β-
sheet and functions in ligand binding. A disulfide bond between
Cys244-Cys365 connects the SRCR and SP chains and stabilizes the
whole structure (Fig. 2a and Supplementary Fig. 2a). Although the
overall structural alignment demonstrated that SRCR domains of
TMPRSS1/2 exhibit the most conspicuous discrepancy, they share the
same scaffold when aligned individually (Supplementary Fig. 2b, c).
The SRCR domain adopts a different orientation relative to the SP
domain compared to other members of the TMPRSS proteins. It is
suggested that this difference may be the reason for the distinct
physiological activity of each35.

The C-terminal SP domain of TMPRSS2 forms the canonical
trypsin fold with two six-stranded beta barrels. The conserved Ser441-
His296-Asp345 catalytic triad is located in the central active site cleft
(Fig. 2a). A structural superposition of TMPRSS2 with hepsin
(TMPRSS1) showed SP domain is highly conserved, allowing us to
define the S1-S4 sites involved in substrate binding (Fig. 2c and Sup-
plementary Fig. 2d). The S1 subsite of TMPRSS2 consists of the con-
served Asp435, Ser436, Gly462, Gly464, and Gly472 residues, forming
a deep cavity to accommodate arginine or lysine at P1. The guanidine
group of the arginine side-chain forms a diverse spread of interactions
with Gly464, Ser436 and Asp435, explaining the selectivity for arginine
over lysine43. Unlike hepsin, which prefers small and hydrophobic
amino acids at P244, Lys342 is located at S2 subsite in TMPRSS2 and
thus makes it a small and positively charged subsite, though the pre-
sence of the lysine side chaindoes allow some flexibility in allowing the
subsite to expand. Like other members of the TMPRSS subfamily, the
S3 and S4 subsites are generally wide-open with limited substrate
specificity (Fig. 2c).

Both nafamostat and camostat are covalent inhibitors of
TMPRSS2, adopting identical reaction mechanisms (Fig. 2d and Sup-
plementary Fig. 3a). Initially, they bind to TMPRSS2, forming the
Michaelis complex. The ester group in their common guanidino-
benzoyl moiety then reacts with the catalytic serine of TMPRSS2 to
form the acyl-enzyme intermediate and cleave off the “leaving group”.
The guanidinobenzoyl group stays covalently linked to the catalytic
serine and disables the protease activity. Our structures of TMPRSS2 in
complexwith nafamostat and camostat both capture the post-reaction
state, leaving the identical remnantmoiety in the catalytic site of the SP
domain. Thedensity for the guanidinobenzoyl group is clearlydefined,
occupying the S1 site (Fig. 2f, g and Supplementary Fig. 4a, b). Apart
from the ester bond formed with γO of the catalytic serine, the gua-
nidyl head of the guanidinobenzoyl moiety forms a salt bridge with
Asp435, and is further anchored by hydrogen bonds with Ser436 and
Gly464 in the S1 pocket (Fig. 2f, g and Supplementary Fig. 5a).

UK-371804 is also a potent inhibitor of TMPRSS2, but in a non-
covalentmanner. Unlike nafamostat or camostat, the intact compound
is observed binding to the active site (Fig. 2h). The 4-chlorine atom is
directed toward the γO of the Ser441 side chain forming a hydrogen
bond. UK-371804 forms salt bridges with Asp435 and hydrogen bonds
with Ser436 and Gly464 residues located at the S1 pocket (Fig. 2h and
Supplementary Fig. 5b). In addition, the 7-isoquinolinesulfonamides
groupextends to the S3 subsite althoughwithout obvious interactions,
suggesting a site that could be optimized for improved potency.

Crystal structures of CTSL/B in complex with K777 or E64d
Toexplore the inhibitionmechanismofK777 andE64d,wedetermined
the crystal structures of these compounds bound to human CTSL and
CTSB (Fig. 3). All of these structures were solved at a high resolution
with unambiguous electron density in the binding pocket of enzymes,
allowing us to clearly define the interactions. Both CTSL and CTSB
belong to the papain superfamily and have a typical cysteine protease
fold38,45. The mature enzyme forms a globular structure consisting of
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an α-helical and β-sheet domain (Fig. 3c, f). Two domains delimit an
active-site cleft containing the conserved catalytic cysteine and histi-
dine residues. In the structure of CTSL in complex with K777, this
compound was found in the active site cleft. The density for K777 is
connected to Cys25, evidence of a covalent bond (Supplementary
Fig. 4f). The sulfonyl group is located in the oxyanion hole formed by
the side chains of Gln19, Trp189, and His163 and the main chain of
Cys25, whose function is to stabilize the carbonyl oxygen of the sub-
strate at the tetrahedral intermediate stage of proteolysis (Fig. 3e and
Supplementary Fig. 5d). In addition, K777 forms three hydrogen bonds
with the backbone amides of Gly68 and Asp162. The phenyl sulfone,
phenethyl, benzyl andN-methyl piperazinemoieties of K777 insert into
the S1'-S3 subsites, forming hydrophobic interactions which further
stabilize the inhibitor. In the structure of CTSB in complexwith K777, a
comparable interaction pattern was also observed by the corre-
sponding conserved residues except for the loss of one hydrogen
bond in the oxyanion hole and the formation of one extra hydrogen

bond with the main chain of Gly198 mediated by an ordered water
molecule (Fig. 3h and Supplementary Fig. 5f).

In the structure of CTSL in complex with E64d, E64d is covalently
linked to the γS atom of Cys25 (Supplementary Fig. 3b). In addition,
this inhibitor fills the S1-S3 subsites, forming five hydrogen bonds with
the side chain of Gln19 and the backbone amide of Cys25, Asp162, and
Gly68 (Fig. 3d and Supplementary Fig. 5c). The isobutyl and methyl-
butyl moieties of E64d contribute to the substantial hydrophobic
interactions in the S2 and S3 subsites of CTSL, respectively. Notably,
these two hydrophobic binding groups insert into the S2 and
S3 subsites of theCTSB substrate binding pocket in a differentmanner.
Instead of occupying in the S2 subsite of CTSL, the isobutyl moiety
inserts into the S3 subsite of CTSB, leaving methylbutyl moiety in the
S2 subsite, resulting in a twisted gesture of E64d (Fig. 3g and Supple-
mentary Fig. 5e). Thismight be explained by the narrower S2 subsite to
accommodate the smaller isobutyl group since Asp160, Met161,
Asp162, and Ala214 form a continuous steric hindrance barrier in the

Fig. 2 | Crystal structures of TMPRSS2 ectodomain in complex with inhibitors.
a Cartoon model of TMPRSS2 ectodomain in complex with camostat, different
domains of TMPRSS2 are indicated and colored differently. b Zoom-in view of
calcium-binding region located in LDLRA domain. c Substrate binding pocket of
TMPRSS2, the surface of TMPRSS2 is colored white, residues that participates in
forming S1-S4 subsites are shownasblue sticks. The inhibitor is shownasgreenball-

and-stick model. d A likely inhibition mechanism for camostat and nafamostat.
e Skeletal structure of UK-371804. f–h Zoom-in view of the catalytic pocket of
TMPRSS2 with camostat, nafamostat, or UK-371804 bound inside, compounds are
shown as ball-and-stick models, residues forms hydrogen-bond or ionic bond with
the compounds are shown as sticks, hydrogen-bonds and ionic bonds are shown as
black dashes.
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CTSL to prevent S2 subsite extension (Fig. 3g). Aside from this major
difference, E64d has an almost identical mode of binding at S1 subsite
in both CTSL and CTSB.

Synergistic block of SARS-CoV-2 replication by the combination
of TMPRSS2 and CTSL/CSTB inhibitors
To further validate the in vitro enzymatic inhibition results, we per-
formed cell-based assays to evaluate the efficacy of these compounds

in different SARS-CoV-2 variants and host cells. K777 and E64d, as
endocytosis-mediated entrance pathway inhibitors, could effectively
reduce the infectivity of the SARS-CoV-2 Omicron BA.2 variant in Calu-
3 cells with an EC50 value of 14.0nM (Selectivity index (SI) = 7,829, SI is
calculated as the ratio of CC50 value against EC50 value, a common
measurement for comparing cytotoxicity and antiviral potency of
compounds) and 239.8 nM (SI > 4,000) (Fig. 4b, d and Supplementary
Fig. 6d, e). In contrast, TMPRSS2 inhibitors showed little inhibition of
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Omicron infection in Calu-3 cells (Supplementary Fig. 7a–c), which is
consistent with the decreased TMPRSS2 usage by Omicron variants28.
In addition, the infectivity of the SARS-CoV-2 Delta variant, which uti-
lizes both TMPRSS2-mediated and cathepsin-mediated membrane
fusion for viral infection, could be lowered by inhibitors of either
pathway. Specifically, the EC50 value of K777 was determined to be
638.5 nM (SI = 172) and for nafamostat, camostat and UK-371804, the
EC50 values are 26.3 nM (SI = 17,183), 109.1 nM (SI = 1,585) and424.6 nM
(SI = 405), respectively(Fig. 4a, c, d and Supplementary Fig. 6a–c). The
inhibitory efficacy for gabexate was negligible (Fig. 4a). In conclusion,
most of the compounds inhibited their respective pathways strongly
and specifically, with nafamostat and K777 being the most potent
inhibitors.

To test the synergistic effect of combining both inhibitors, we
infected Calu-3 cells with SARS-CoV-2 Delta variant after preincubation
by combinations of nafamostat and K777 mixed at a series of molar
ratios (Supplementary Fig. 7d, e). We observed that K777 and nafa-
mostat exhibited the strongest antiviral effect at the molar ratio of 1:1.
As expected, the combined use of nafamostat and K777 led to an
improved inhibitory efficiency with an EC50 value of 0.9 nM (SI =
98,444), more than 10-fold better than individual administration of
either nafamostat or K777 (Fig. 4c, d and Supplementary Fig. 6f). Our
data indicated a synergistic block of infection when combining nafa-
mostat and K777, suggesting a more efficient strategy to inhibit mul-
tiple viral entrance routes.

Bispecific compound 212-148 showed desired dual-inhibition
ability in the enzymatic and antiviral assays
In addition to the combined use of different molecules, the fusion of
pharmacophoric groups into a single multi-target directedmolecule is
an efficient approach during the drug discovery of multifactorial dis-
eases, which may improve PK/PD properties, reduce adverse effects
and drug-drug interactions46–49. In this work, we intended to develop a
multi-target directed drug that targets both TMPRSS2 and CTSL/CTSB
simultaneously. In light of the crystal structures of K777 and nafamo-
stat complexedwith their respective proteases, we devised a bispecific
compound, named 212-148. An ethyl linker was utilized to construct
this bispecific compound by connecting the pharmacophoric groups
of K777 and nafamostat (Fig. 5a).We tested the enzymatic inhibition of
212-148 against TMPRSS2 and CTSL/CTSB. As expected, 212-148 not
only showed potent inhibition for CTSL/CTSB with respective IC50

values of 2.13 and 64.07 nM but also suppressed TMPRSS2 enzymatic
activity with an IC50 value of 1.38μM (Fig. 5b, c). Further, 212-148
demonstrated effective inhibition of SARS-CoV-2 Delta variant spike
protein cleavage in vitro, albeit with a decreased anti-TMPRSS2 inhi-
bitory potency (Supplementary Fig. 8). Therefore, the designed com-
pound 212-148 conferred the dual-inhibition effects on the
biochemical assays, indicating that our drug discovery strategy of
targeting two entry pathways is valid.

Further structural studies showed that 212-148 covalently linked to
the TMPRSS2 catalytic site with guanidinobenzoyl moiety at the post-

Fig. 4 | Antiviral activity of inhibitors targeting TMPRSS2 or CTSL/CTSB in cell-
based assays. a Calu-3 cells were pre-treated with nafamostat, camostat, gabexate
or UK-371804 at different concentrations for 1 h and then infected with a clinical
SARS-CoV-2 isolate Delta strain (MOI = 1). Twenty-four hours after inoculation, the
supernatants were collected and virus titers were determined as TCID50/mL. Data
are shown as the geometric mean and 95% CI. The EC50 was assessed after being
cultured for three days. b Calu-3 cells were pre-treated with E64d or K777 at dif-
ferent concentrations for 1 h and then infected with a clinical SARS-CoV-2 isolate

omicron strain BA.2 (MOI = 1). Twenty-four hours after inoculation, the super-
natantswerecollectedand virus titersweredetermined asTCID50/mL. cCalu-3 cells
were pre-treated with nafamostat, K777, or K777 + Nafamostat at different con-
centrations for 1 h and then infected with a clinical SARS-CoV-2 isolate strain Delta
(MOI = 1). Twenty-four hours after inoculation, the supernatantswere collected and
virus titers were determined as TCID50/mL. d A summary of the results, including
the CC50 values of each compound in the specific types of cells (Supplementary
Fig. 6); n, the number of biological independent replicates.
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Fig. 5 | 212-148 is a bispecific compound that blocks both viral entry pathways.
a Structure of 212-148.b, c Enzyme inhibition data for 212-148, IC50 values and data
points are shown as mean± SD for four biological independent replicates. (d–f)
Antiviral efficacy of 212-148. d Huh-7 cells pre-treated with 212-148 at different
concentrations for 1 h and then infected with Omicron BA.2, BA.2.12.1 or BA.4 &
BA.5 SARS-CoV-2-S pseudotyped virus (650 TCID50/well). Chemiluminescence sig-
nals were detected twenty-four hours after the incubation of cells. e Calu-3 cells
pre-treated with 212-148 at different concentrations for 1 h and then infected with

clinical SARS-CoV-2 isolates delta strain or omicron strain BA.2 (MOI = 1). Twenty-
four hours after inoculation, the supernatants were collected and virus titers were
determined as TCID50/mL. f A summary of the results for the antiviral experiments,
including the CC50 values of 212-148 in the specific types of cells (Supplementary
Fig. 6);n, the number of biological independent replicates.gThe catalytic pocket of
TMPRSS2 in complexwith 212-148. h The catalytic pocket of CTSB in complex with
212-148.
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reaction state, the same as nafamostat and camostat (Fig. 5g and Sup-
plementary Fig. 5a). Unexpectedly, in the structure of 212-148 in com-
plex with CTSB, the TMPRSS2 targeting moiety of 212-148 forms three
hydrogenbondswithGly121 and the conservedAsn72 residue locatedat
the extended S3 subsite. This further stabilizes the ligand and explains
the enhanced inhibitory effect of 212-148 on the CTSL/CTSB enzymatic
activity compared with K777 (Fig. 5h and Supplementary Fig. 5g).

We then investigated the antiviral efficacy of 212-148 against
SARS-CoV-2 VOCs, Omicron and Delta. In the Huh-7 cells, 212-148
inhibited the entry of pseudotyped SARS-CoV-2 Omicron variants
BA.2.12.1 and BA.4 & BA.5 with a similar EC50 value of 0.4 nM (Fig. 5d–f
and Supplementary Fig. 6g), indicating the moiety of 212-148 against
CTSL/CTSB continued to access the drug targets in the cell-based
assays. In Calu-3 cells, 212-148 inhibits the SARS-CoV-2 Omicron BA.2
and Delta variants infection with EC50 values of 64.4 (SI = 5,391) and
235.2 nM (SI = 1,476), respectively. Furthermore, the TCID50 assay fur-
ther indicated that viral replication could be completely blocked by
212-148, a feat that none of the single-targeted inhibitors discussed
above could achieve (Fig. 5e). In summary, our findings demonstrate a
proof-of-principle validation of the possibility of simultaneously
blocking twomajor viral entry routes with a single bispecific molecule
212-148, offering an alternative drug discovery strategy for COVID-19
treatment and emerging SARS-CoV-2 variants.

Discussion
The continual emergence of SARS-CoV-2 variants has posed huge
challenges to treatment and protection options50–52. As more variants
are expected to appear, it is inevitable that resistance will occur. The
development of host cell-targeting antiviral therapies represents a tool
to avoid drug resistance posed by new variants.

TMPRSS2 and CTSL/CTSB facilitate the entry of SARS-CoV-2 into
host cells by two alternative independent pathways. As viral entry is
mandatory for viral infection, these proteases have become attractive
therapeutic intervention targets. Here we used a high-throughput
screening approach to identify TMPRSS2 and CTSL/CTSB inhibitors
from a drug library. The repurposing of known TMPRSS2 and CTSL/
CTSB inhibitors can become an effective and safe treatment option for
COVID-19. Nafamostat and K777, targeting TMPRSS2 and CTSL/CTSB
respectively, are clinical-stage inhibitors for blocking SARS-CoV-2
infection53,54. Strikingly, nafamostat showed a 10-fold increase in effec-
tiveness when combined with K777, proving that dual inhibition of
these twopathways simultaneously is amore effectiveway toblock viral
infection. Moreover, comparable synergistic inhibitory outcomes were
observed in the other studies32,33 by blocking the proteases involving
the viral entry pathways across different types of cells and SARS-CoV-2
variants, which further supports dual inhibition as a potential broad
spectrum strategy against SARS-CoV-2 or similar infections.

The crystal structures of TMPRSS2 in complex with nafamostat or
camostat in our study, and a previously reported structure of
TMPRSS2 in complex with nafamostat, demonstrate a high degree of
similarity, with the r.m.s.d values ranging from 0.296 to 0.445Å for all
Cα atoms of their SP domains (residues 256–492). The values are low
because only the same remnant moiety of guanidinobenzoyl group
occupies the active site of TMPRSS2 after the reaction, although the
complete structures of nafamostat and camostat are different (Fig. 2d).
These TMPRSS2-inhibitor complex structures, as well as the structures
of CTSL/CSTB in complex with inhibitors, delineate the active site
pocket of the enzymes and revealed the inhibition mechanisms, pro-
viding a guide for improving inhibition. Based on the structural ana-
lysis and synergistic inhibition assays, we devised a bispecific
compound, 212-148, by linking the covalent moieties of K777 and
nafamostat together. Ziprasidone, an FDA-approved drug created by
combining dopamine and a 5-HT2 antagonist, was able to simulta-
neously bind two targets, the D2 and 5-HT2A receptors, demonstrating
the effectiveness of this strategy for the development of multi-target

directed molecules55–57. Our integrated structural, biochemical, and
antiviral data haveverified212-148’s dual-inhibition functionality in the
two alternative viral entry pathways. Although its anti-TMPRSS2 inhi-
bitory activity decreased in comparison to nafamostat, 212-148
showed nanomolar potency against Omicron and Delta variants
whilemaintaining good cell viability. Certainly, furthermodification of
this bispecific compoundmay be required to achieve optimal potency
and pharmacokinetics for a potential clinical study. In conclusion, this
bispecific compound has validated the concept of blocking two major
viral entry routes with a single molecule, posing an innovative and
practical structure-based drug discovery strategy for anti-SARS-CoV-2
therapeutics.

Previous studies have suggested that TMPRSS2 and CTSL/CTSB
inhibitors effectively prevent the infection of other coronaviruses,
including SARS-CoV, MERS-CoV, and human coronavirus (HCoV)-
229E58–60. Therefore, dual-inhibition of TMPRSS2 and CTSL/CTSB
offers a broad-spectrum anti-coronavirus strategy that is effective not
only for the current SARS-CoV-2 pandemic but also for other potential
coronavirus pandemics.

Other than fighting against coronavirus, the identified TMPRSS2
inhibitors can also be used to treat other diseases related to TMPRSS2.
Entry of influenza virus is dependent on the TMPRSS2-mediated clea-
vage of the viral surface glycoprotein precursor HA0, making
TMPRSS2 a key antiviral target. Therefore, drug development target-
ing TMPRSS2 also provides us with alternative solutions to treat
influenza. In addition, coinfection with influenza virus (Flurona) would
enhance SARS-CoV-2 infectivity61,62, which challenges the current
antiviral treatment targeting the viral protease specific to one virus.
Host protease TMPRSS2-based treatment could be a feasible strategy
to cure Flurona. Our crystal structure of the complete TMPRSS2
ectodomain presented here provided a solid basis for further drug
design and development.

Although we have focused on dual inhibition of TMPRSS2 and
CTSL/CTSB involved inhost cell entry, our strategy is also applicable to
the combination of inhibitors targeting different host targets involved
in host entry and host antiviral response. Our findings also apply to
combining different inhibitors targeting host and targeting virus, such
as RdRp, Mpro and PLpro. As evidenced in the drug development for HIV
or HCV, using an inhibitor cocktail is a highly effective strategy to treat
infectious diseases63,64. The lead compounds we have identified here
can serve as promising leads for use in combination with other anti-
virals against SARS-CoV-2.

Methods
DNA manipulation
The coding gene for human TMPRSS2 was synthesized and codon-
optimized for expression in the Spodoptera frugiperda (sf9) cells by the
GENEWIZ. The PCR fragment containing ectodomain of TMPRSS2
(residues 109–492) was amplified and inserted into the pFastBac1
vector using restriction sites BamH I and Xho I, possessing an
N-terminal GP64 (baculovirus envelope glycoprotein) signal peptide
and C-terminal 10 × His tag. The sequence responsible for TMPRSS2
autoactivation (250SSRQSR255) was substituted with the enter-
opeptidase cleavage site (DDDDK). The final plasmid was transformed
into E. Coli (DH10 Bac strain) competent cells to generate the recom-
binant bacmid DNA.

The genes coding human CTSL (residues 18–333) and CTSB
(residues 18–333) were synthesized from GenScript and the sequence
was codon-optimized for expression in E. coli. The DNA segments of
CTSL and CTSB were amplified and subcloned into the pET28a vector
using restriction sites Nco I/BamH I and Nde I/BamH I, respectively.

Protein expression, purification, and activation of TMPRSS2
The resulting bacmid was transfected into sf9 cells at a cell density of
2.0 × 106 cells/ml using Cellfectin II Reagent (Invitrogen) according to
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the manufacturer’s instructions. After 72 h post-infection, P0 viral
stock was collected and continually amplified for the production of
higher-titer P1 to P3 viral stock. High Five cells were selected for
TMPRSS2 overexpression. Four liters of High Five cells cultured in the
Sf-900™ II SFM (Thermo Fisher Scientific) were infected with the P3
virus at a cell density of 2.5 × 106 cells/ml. TMPRSS2 was expressed and
secreted outside cells for 4 days after baculovirus infection at 27 °C
under constant shaking.

Cell culture supernatant was harvested by centrifugation (4 °C,
20000 × g, 15min) to remove the cell pellet. The supernatant was
concentrated to 300mL and diluted with TBS (25mM Tris, pH 8.0,
150mM NaCl), followed by Ni-NTA affinity chromatography purifica-
tion. The protein bound to the Ni-NTA column was washed using TBS
supplemented with 30mM imidazole before elution using TBS sup-
plemented with 250mM imidazole. The eluted sample was con-
centrated to 2mg/ml and exchanged to Reaction buffer (25mM Tris,
pH 8.0, 150mM NaCl, 2mM CaCl2), which is suitable for enter-
opeptidase (NEB) digestion to activate the TMPRSS2 zymogen. After
incubation with enteropeptidase (15 U/mg TMPRSS2) and PNGase F
(NEB; 150 U/mg TMPRSS2) overnight at 20 °C, the activated sample
was concentrated to load onto the Superdex 75 Increase 10/300 GL
column (GE Healthcare, USA) in gel filtration buffer (25mM Tris, pH
8.0, 75mM NaCl). The pooled fractions containing the target protein
were concentrated and stored at −80 °C for further use.

Production, denaturation and refolding of CTSL/CTSB
inclusion bodies
Both CTSL/CTSB were overpressed as inclusion bodies in the E. coli,
and subjected to a similar denaturation and refolding condition to
produce the viable enzymes. Firstly, the recombinant plasmids con-
taining CTSL/CTSB were transformed into E. coli BL21(DE3) cells and
then bacteria were cultured in the Luria broth (LB) at 37 °C until the
OD600 approached 0.6-0.8. Overexpression of proteins was induced
by the addition of 0.4mM IPTG (isopropyl thio-β-D-galactoside). Then
the harvested cells were resuspended in lysis buffer (50mM Tris, pH
8.0, 5mM EDTA, 5% sucrose, 2mM Protease Inhibitor Cocktail) and
disrupted by the high-pressure homogenizer at 4 °C. After cen-
trifugation, the inclusion bodies of CTSL/CTSB were collected and
sequentially washed with buffer A (50mM Tris, pH 8.0, 5mM EDTA,
0.1% Triton X−100) and buffer B (50mMTris, pH 8.0, 2mM EDTA, 2M
urea). Subsequently, the final inclusion bodies were denatured in
buffer C (50mM Tris, pH 8.0, 5mM EDTA, 8M urea, 150mM NaCl,
5mMDTT(dithiothreitol)) at a concentration of 2.5mg/mL and shaken
vigorously for 1 h.

The refolding of CTSL/CTSB was performed using a sample pump
with a flow rate of 0.1mL/min to drip solubilized inclusion bodies into
3 L refolding buffer (50mM Tris, pH 8.5, 0.5 M L-Arginine, 0.01% v/v
BRIJ 35, 10mM NaCl, 100 µg/L Catalase (200000 unit/g), 10mM GSH,
1mM GSSG) at 4 °C, stirred simultaneously overnight. Then the solu-
tion containing folded enzymes was filtered, concentrated and dia-
lyzed against dialysis buffer (50mM Tris, pH 8.0, 500mM
NaCl) at 4 °C.

Purification and activation of human CTSL/CTSB
After refolding, the CTSL/CTSB adopted a different strategy for
sequent purification and activation. The folded CTSL solution was
brought to a final concentration of 1.2M (NH4)2SO4 before purification
through hydrophobic interaction chromatography (Phenyl Beads 6FF
column (High Sub), Cytiva, USA) using linear gradient elution. Frac-
tions containing CTSL were pooled and incubated in the activation
buffer A (100ng/mL sodium dextran sulfate, 100mM sodium acetate,
pH 5.0, 1mM DTT) for 1 h at 37 °C to auto-activate the zymogen. For
CTSB, the protein solution was loaded on HiTrap Q column equili-
brated with Buffer A (20mMTris/HCl, pH 8.0) and eluted with a linear
gradient to Buffer B (20mM Tris/HCl, 1M NaCl, pH 8.0). Fractions

containing CTSB were collected and adjusted to pH 3.5 by adding 1M
formic acid and pepsin at the molar ratio of 1: 100 relative to CTSB for
activation. Finally, the activated CTSL/CTSB was concentrated and
loaded on a Superdex 75 Increase 10/300 GL column (GE Healthcare,
USA) in gel filtration buffer (20mM Bis-Tris methane, pH 7.0, 100mM
NaCl, 5mM DTT, 5% glycerol). The pooled fractions containing the
target protein were concentrated and stored at −80 °C for further use.

Crystallization, data collection and structure determination
The crystallization was performed with purified TMPRSS2 (8mg/mL)
incubated with camostat, nafamostat, UK-371804 or 212−148 at a
molar ration of 3:1 for 2 h on ice. Crystals for TMPRSS2 in complexwith
various inhibitors were grown by hanging drop vapor diffusion at
20 °C, with the same crystallization reservoir solution containing 0.1M
acetic acid/sodium acetate, pH 5.0, and 16% w/v PEG 8000.

The purified and activated CTSL at a concentration of 8mg/mL
was incubatedwith E64dor K777 at amolar rationof 5:1 for 2 h at room
temperature. Crystals were obtained by sitting drop vapor diffusion at
16 °C, with the reservoir solution consisting of 100mM citric acid, pH
3.5 and 3M sodium chloride for CTSL-E64d complex; the reservoir
solution consisting of 9% (v/v) 2-propanol, 90mM sodium cacodylate/
hydrochloric acidpH6.5, 180mMzinc acetate, and0.5%w/vn-dodecyl-
N,N-dimethylamine-N-oxide (LDAO, DDAO) for the CTSL-K777
complex.

The purified and activated CTSB at a concentration of 5.5mg/mL
was incubated with E64d, K777 or 212-148 at a molar ration of 10:1
overnight at 4 °C. Crystals were obtained by sitting drop vapor diffu-
sion at 16 °C, with the reservoir solution consisting of 0.2M ammo-
nium acetate, 0.1M sodium acetate trihydrate (pH 4.6) and 30% w/v
polyethylene glycol 4,000 for CTSB-E64d complex; the reservoir
solution consisting of 17.1 % v/v polyethylene glycol 600, 50mM MES
(pH 5.6) and 8.6 % w/v polyethylene glycol 4,000 for CTSB-K777
complex; the reservoir solution consisting of 0.2M magnesium
chloride hexahydrate, 0.1M sodium acetate (pH 5.2) and 28 % w/v PEG
3350 for CTSB-212-148 complex. All the crystals above were cryo-
protected by reservoir solutions supplemented with 20% glycerol and
flash frozen in liquid nitrogen for further data collection.

The X-ray diffraction data were collected at beamlines BL18U1,
BL19U1, BL02U1 and BL10U2 at the Shanghai Synchrotron Radiation
Facility (SSRF), China and beamline I04 of Diamond Light Source, UK.
Data were indexed, integrated and scaled with XDS65. For structures of
TMPRSS2 in complex with inhibitors, the phases were determined by
the molecular replacement using a coordinate file of TMPRSS2 in
complex with nafamostat (PDB ID: 7MEQ) as a search model in
Phenix66. Similarly, the structures of CTSL/CSTB in complex with
inhibitors were determined by molecular replacement using models
(PDB ID: 6EZX) and (PDB ID: 5MAJ) as templates, respectively. Subse-
quently, all themodels were subjected to iterative cycles of refinement
with Phenix66. The inhibitors were builtmanually according to the omit
mapwithCoot67. Data collection and structure refinement statistics are
summarized in Tables S1–3.

Enzymatic activity assay
The enzymatic activity of TMPRSS2 was measured by a continuous
kinetic assay based on FRET, using the fluorogenic substrate Boc-Gln-
Ala-Arg-AMC (GL Biochem). The excitation and emission wavelengths
of the fluorogenic substrate were 340nm and 460 nm, respectively.
Fluorescence intensity was monitored with an EnVision multimode
plate reader (Perkin Elmer). The reaction assaywasperformed at a final
volume of 50 µL in the buffer containing 20mM Tris pH 7.4, 150mM
NaCl, 0.1mg/mlBSA. The concentration of TMPRSS2was set to0.5 nM.
The reaction was initiated by adding TMPRSS2 into a solution con-
taining different concentrations of substrate (10–160 µM) and their
fluorescence values were recorded immediately. Initial velocities were
calculated by fitting the linear portion of the curves to a straight line.
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The data were analyzed by non-linear regression analysis in GraphPad
Prism version 9.4 (Dotmatics) to generate the kinetic parameters Km

and kcat.

High-throughput drug screening
Potential inhibitors against human TMPRSS2 were screened by an
enzymatic inhibition assay in vitro. High-throughput drug screening
was performed on about 10000 compounds from five drug libraries,
the Approved Drug Library (Target Mol), Clinic Compound Library
(Target Mol), FDA-approved Drug Library (Selleck), Natural Product
Library (Selleck), and Anti-virus Drug Library (Shanghai Institute for
Advanced Immunochemical Studies). The screening assays were per-
formed in 384-well black microplates (PerkinElmer) at a total volume
of 50 µL. Bravo Automated Liquid Handling Platform (Agilent) was
used to rapidly add the compounds into the enzymatic reaction mix-
ture. The final reaction system adopted the enzymatic assay buffer
supplemented with 0.1mg/mL BSA, 0.01% v/v Triton X-100, including
0.5 nM TMPRSS2, 10μM substrate, and 10μM compounds. DMSO
treatment was used as a negative control. The initial velocities were
changed by the addition of compounds, and compared with the con-
trol to evaluate their inhibitory effect. The compounds with inhibition
over 90% were defined as hits and picked up for further testing. The
CTSL/CTSB adopted a similar high-throughput drug screening
approach with their specific substrate (Cbz-Phe-Arg-AMC, GL Bio-
chem) at a final concentration of 10μM. The reaction systems also
used their enzymatic conditions supplemented with 0.1mg/mL BSA,
0.01% v/v Triton X-100. All experimental statistic was analyzed using
GraphPad Prism 9.4.

IC50 measurement
TMPRSS2 was diluted in IC50 assay buffer (20mM Tris-HCl pH 7.4,
150mM NaCl, 0.1mg/mL BSA, 0.01% v/v Triton X-100) and the IC50

values of TMPRSS2 inhibitors were measured using 0.5 nM TMPRSS2
and 10μM substrate in the presence of different concentrations of
compounds. Fluorescence intensity was monitored with an EnVision
multimode plate reader (Perkin Elmer) and the initial velocities were
obtained by fitting the linear portion of the curves to a straight line.
IC50 was derived by fitting a nonlinear regression curve in GraphPad
Prism version 9.4 (Dotmatics). For CTSL/CTSB, the general process is
similar except the buffer was changed to 0.4M acetic acid/sodium
acetate pH 5.5, 4mM EDTA, 5mM DTT, 0.1mg/mL BSA, 0.01% v/v
Triton X-100.

Thermal stability assay
Using the Prometheus NT.48 instrument from NanoTemper Technol-
ogies, we conducted the real-time simultaneous monitoring of intrin-
sic tryptophan fluorescence (ITF) at 330 nm and 350nm, and the
excitationwavelength is 280nm68. Themeasurementswere performed
using 10μL of a suspension of TMPRSS2 (0.17mg/mL in 20mM Tris-
HCl pH 7.4, 150mMNaCl, 2mMCaCl2, with or without 10mMEDTA) in
a capillary placed in the sampleholder. The temperaturewas increased
from 20 to 90 °C at a ramp rate of 1 °C/min, with one fluorescence
measurement taken at every 0.025 °C increments. The ratio of the
recorded emission intensities (Em350nm/Em330nm) was plotted as a
function of temperature, and the fluorescence intensity ratio and its
first derivative was calculated using the manufacturer’s software
(PR.ThermControl, version 2.3.1). This ratio represents the change in
TRP fluorescence intensity and the shift in emission maximum to
higher wavelengths (“red-shift”) or lower wavelengths (“blue-shift”).
For each condition, we conducted three independent measurements.

SARS-CoV-2 spike protein cleavage inhibition assay
Spike protein of the SARS-CoV-2 Delta variant was cloned, expressed
and purified as reported previously69,70. In brief, the gene encoding
spike with the substation of proline at residues 986 and 987 was

synthesized and inserted into the pcDNA3.1 vector for expression.
After expression for 3 days, the supernatant was collected, and soluble
spike protein was purified by Ni-NTA affinity chromatography. Spike
protein was further purified via gel filtration chromatography with a
Superose 6 10/300 column (GE Healthcare, USA) in a PBS buffer (pH
7.4). Spike protein lacking the S1/S2 site was obtained through the
replacement of the 682RRAR685 with GSAS. Both spike proteins with or
without the S1/S2 site were concentrated at 1.5mg/mL and incubated
with 1.5μMTMPRSS2, respectively, in the assay buffer (20mMTris pH
8.0, 150mM NaCl). For cleavage inhibition assay, TMPRSS2 was pre-
incubated with 10 times molar 212-148 for 1 h. When digested at 0,
1,5,15, 30, and 60min, the SDS-PAGE samples under each condition
were immediately prepared and further visualized in the gels by
Coomassie blue. Additionally, nafamostat served as a positive control,
and SARS-CoV-2 Mpro served as a negative control in these assays.

Cell culture
Huh-7 (JCRB, 0403) cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM); HumanCalu-3 (ATCC, HTB-55) cells were cultured in
MinimumEssentialMedium (MEM). Allmediawere supplementedwith
10% fetal bovine serum (FBS) and containing 100 IU/mL penicillin and
100μg/mL streptomycin. All cells were cultured at 37 °C in a fully
humidified atmosphere containing 5% CO2, and have been tested
negative for mycoplasma infection.

Virus preparation and titrations
SARS-CoV-2 Delta variant (Delta-IM2175251-P3-YQ-500 μL, Delta),
Omicron BA.1.1 variant (Omicron-BA.1.1-IM21Y6017-P4-YQ-250 μL,
Omicron BA.1.1) and Omicron BA.2-3 variant (Omicron-BA.2-3-P2-YQ-
500 μL, Omicron BA.2) were propagated in Vero E6 cells (ATCC, CRL-
1586). Virus titers were determined with 10-fold serial dilutions in
confluent Vero E6 cells in 96-well microtitre plates. Three days after
inoculation, a cytopathic effect (CPE) was scored, and the Reed-
Muench formula was used to calculate the TCID50. SARS-CoV-2 Delta,
Omicron BA.1.1 and BA.2 stocks used in the experiments had under-
gone three, four and two passages on Vero E6 cells and were stored at
−80 °C, respectively. All of the infection experiments were performed
at BSL-3 in Guangzhou Customs Inspection and Quarantine Technol-
ogy Center (IQTC).

Cell viability assay
Cell viability was evaluated using a Cell Titer-Glo Luminescent Cell
Viability Assay kit (Promega) according to the manufacturer’s
instructions. In brief, 2 × 104 cells in 100μl culture medium were see-
ded into opaque-walled 96-well plates for 24 h and 100μl of Cell Titer-
Glo reagent was added to each well. After 5-minutes shaking and 10-
minutes incubation, luminescence was measured by GloMax 20/20
(TurnerBio Systems). The half-cytotoxic concentration (CC50) was
assessed in the absence of viruses after being cultured for one or
two days.

Pseudotyped SARS-CoV-2 assay
SARS-CoV-2-S pseudotyped virus Omicron BA.2 (DR-XG-C011), Omi-
cron BA.2.12.1 (DR-XG-C015) and Omicron BA.4/BA.5 (DR-XG-C013)
were purchased from Guangzhou DARUI Biotechnology Co., Ltd. The
VSV-based pseudotyped SARS-CoV-2 variants were produced by
transfecting 293 T cells (ATCC, CRL-3216) with spike protein expres-
sion plasmids and simultaneously infected with G*ΔG-VSV (Kerafast,
Boston,MA). 2 × 104 Huh-7 cells were seeded in a 96-well plate and pre-
treated with different doses of the compounds for one hour. The
compounds with different dilution concentrations were mixed with
SARS-CoV-2 (650 TCID50/well), and 200μL mixtures were inoculated
onto monolayer Huh-7 cells. Chemiluminescence signals were detec-
ted twenty-four hours after the incubation of cells and virus at 37 °C
with 5% CO2. The Britelite plus reporter gene assay system
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(PerkinElmer, Waltham, MA) and PerkinElmer Ensight luminometer
were used for signal collection. The inhibition of compounds and the
values of EC50 are calculated from the luciferase level of pseudotyped
SARS-CoV-2. Two independent experiments were performed with tri-
plicate infections and one representative is shown.

Authentic SARS-CoV-2 assay
5 × 105 Calu-3 cells were seeded in a 24-well plate and pre-treated with
different doses of the compounds for one hour. The compounds with
different dilution concentrations were mixed with SARS-CoV-2
(MOI = 1), and 500μL mixtures were inoculated onto Calu-3 cells.
Two hours after inoculation, the wells were extensively washed with
PBS, and then inoculated with different dilution concentrations com-
pounds for twenty-four hours. The supernatants were collected and
virus titers were determined with 10-fold serial dilutions in confluent
Vero E6 cells in 96-well microtitre plates. Three days after inoculation,
CPE was scored using Celigo Image Cytometer, and the Reed-Muench
formula was used to calculate the TCID50. The inhibition of com-
pounds and the values of EC50 were calculated from SARS-CoV-2’s
titers. Three independent experiments were performed with triplicate
infections and one representative is shown.

Synthesis of compound 212-148
Compound 212-148 was synthesized through ten steps reaction as
shown in the scheme (Supplementary Fig. 9). 212-148 was fully char-
acterized by NMR and MS.

All chemical reagents were of analytical grade, obtained from
commercial sources, and used as supplied without further purification
unless indicated. NMR spectra were recorded on a Bruker-500
(500MHz) instrument. The deuterated solvents employed were pur-
chased from Energy Chemical. Chemical shifts were given in ppmwith
respect to referenced TMS peaks. Spectra were analyzed with Mes-
tReNova. High-resolution mass spectra (HRMS-ESI) were obtained on
an ABsciex 4600.

Synthesis of 212-111. To a solution of boc-L-homophenylalanine
(5.59 g, 20mmol) in THF (100ml), EDCI (4.6 g, 24mmol), HOBt
(3.24 g, 24mmol) and DIPEA (12.92 g, 100mmol) were added. This
mixture was cooled to 0 °C and stirred for 10min. Then N,O-Dime-
thylhydroxylamine hydrochloride (2.34 g, 24mmol) was added. The
reaction mixture was diluted by water after stirring overnight and
extracted by EA. The organic layer was washed with saturated NaHCO3

solution and dried by sodium sulfate. Solvent was removed under
vacuum. The residue was purified by Flash Column Chromatography
(using EA in PE from 20%–50%) to obtain the desired product 212-11171.
Yield = 67.8%

Synthesis of 212-114. To a cooled solution of 212-111 (3.2 g, 10mmol)
in dry THF, LiAlH4 (0.45 g, 12mmol) was added slowly within 10min
under 0 °C. The reaction mixture was stirred for 30min under this
temperature. After quenched by H2O, diluted HCl (1M) was added to
adjust pH to 6. The mixture was extracted by EA for 3 times. The
organic layer was collected andwashed by saturatedNaHCO3 solution,
and dried by sodium sulfate. After removing the solvent by vacuum,
the residue was purified by Flash Column Chromatography (using EA
in PE from 20%–50%) to obtain the desired product 212-11471.
Yield = 89%.

Synthesis of 212-117. To a suspension of NaH (60% in mineral oil,
0.427 g, 10.678mmol) in THF (60ml), the solution of diethyl p-[(phe-
nylsulfonyl)methyl]phosphonate (2.861 g, 9.79mmol) in THF (10ml)
was added dropwise under 0 °C. This reaction mixture was stirred for
30min under this temperature. 212-114was then added to the reaction
mixture and allowed to stir for a further hour. The mixture was con-
centrated under vacuum. The residue was diluted by H2O and

extracted by EA. The organic layer was collected and washed by
saturated NaHCO3 solution, brine respectively and further dried by
Na2SO4. The residue was purified by Flash Column Chromatography
(using EA in PE from 20%–50%) to obtain the desired product 212-11771.
Yield = 53.8%

Synthesis of 212-117-2. To a solution of 212-117 (2.113 g, 5.27mmol) in
DCM(5ml), TFA (5ml)was added. This reactionmixturewas stirred for
3 h and the solvents were removed under vacuum. The crude product
was purified by HPLC. Yield = 93.6%. ESI-HRMS calcd for C17H29NO2S
[(M+H)+]: 302.1215 found: 302.3073. 1H NMR (500MHz,MeOD) δ 7.99
– 7.93 (m, 2H), 7.77 – 7.70 (m, 1H), 7.65 (dd, J = 8.5, 7.1 Hz, 2H), 7.25 (dd,
J = 8.1, 6.8Hz, 2H), 7.21 – 7.14 (m, 1H), 7.13 (dd, J = 7.0, 1.7 Hz, 2H), 7.01
(d, J = 15.2 Hz, 1H), 6.94 (dd, J = 15.2, 7.4Hz, 1H), 4.03 (td, J = 8.2, 5.6 Hz,
1H), 2.68 – 2.53 (m, 2H), 2.16 (m, 1H), 2.11 – 1.99 (m, 1H). 13C NMR
(126MHz, MeOD) δ 139.61, 139.56, 139.30, 135.73, 133.97, 129.48,
128.38, 127.99, 127.70, 126.19, 50.85, 33.81, 30.83 (Supplemen-
tary Fig. 10).

Synthesis of 212-108. To a solution of L-Phenylalanine methyl ester
(215.7 mg, 1mmol) in the mixture of DCM (2ml) and saturated
NaHCO3 solution (2ml), triphosgene (97.9mg, 0.33mmol) was
added in one portion under 0 °C. This reaction mixture was stirred
for 15min under this reaction. The organic layer was collected and
washed with brine, dried (Na2SO4) and concentrated under vacuum.
The residue was used immediately in the next step without any
further purification.

The crude product in THF (3ml) was added to a solution of
1-piperazineethanol (114.1mg, 0.80mmol) and DIPEA (206.0mg,
1.59mmol) in THF (3ml) under 0 °C. The resulting solutionwas stirred
under room temperature overnight. THF was removed under vacuum
and the residue ws purified by Flash Column Chromatography (using
MeOH in DCM from 0%–10%) to obtain the desired product 212-111.
Yield = 42%. ESI-HRMScalcd for C17H26N3O4 [(M +H)+]: 336.1923 found:
336.3982.

Synthesis of 212-125. To a solution of 212-108 (286.5mg, 0.855mmol)
in THF (10ml), LiOH ∙ H2O (107.7mg, 2.57mmol) in H2O (3ml) was
added slowly. The reaction mixture was monitored by TLC. After the
reaction, HCl in dioxane (4M) was added to adjust pH to 2 under 0 °C.
Solvent was removed under vacuum and the residue was washed by
ethyl ester. Organic solution was collected and concentrated under
vacuum. The crude product was purified by HPLC. Yield = 79.0% ESI-
HRMS calcd for C16H24N3O4 [(M+H)+]: 322.1767 found: 322.3612. 1H
NMR (500MHz, MeOD) δ 7.30 – 7.22 (m, 4H), 7.17 (ddd, J = 8.6, 5.9,
2.3 Hz, 1H), 4.40 (dd, J = 8.7, 4.9Hz, 1H), 3.88 (dd, J = 6.3, 4.1 Hz, 2H),
3.70 – 3.56 (m, 5H), 3.20 (dt, J = 12.5, 6.3 Hz, 1H), 3.18 – 3.07 (m, 6H),
3.01 (dd, J = 13.7, 8.7 Hz, 1H). 13C NMR (126MHz, MeOD) δ 177.59,
157.50, 138.57, 129.18, 127.97, 126.12, 66.78, 58.75, 57.25, 55.83, 51.78,
41.15, 37.81 (Supplementary Fig. 11).

Synthesis of 212-127. To a solution of 212-125 (274.5mg, 0.855mmol)
in DMF (8ml), EDCI (163.34mg, 191.7mmol), HOBt (115.53mg,
0.855mmol), and DIPEA (442mg, 3.42mmol) were added. This reac-
tion mixture was stirred overnight and purified by HPLC directly to
obtain the desired product 212-127. Yield = 32.8%. ESI-HRMS calcd for
C33H41N4O5S [(M+H)+]: 605.2798 found: 605.4355. 1H NMR (500MHz,
MeOD) δ 8.22 (d, J = 8.2 Hz, 1H), 7.88 – 7.82 (m, 2H), 7.73 – 7.65 (m, 1H),
7.61 (dd, J = 8.5, 7.1Hz, 2H), 7.25 – 7.19 (m, 6H), 7.15 (tq, J = 6.1, 2.2 Hz,
4H), 6.79 (dd, J = 15.1, 4.7Hz, 1H), 6.09 (dt, J = 15.2, 2.0Hz, 1H), 4.55 –

4.46 (m, 1H), 4.43 (s, 1H), 4.21 – 4.09 (m, 2H), 3.90 – 3.84 (m, 2H), 3.61 –
3.52 (m, 2H), 3.30 – 3.18 (m, 4H), 3.10 – 3.00 (m, 2H), 3.00 – 2.89 (m,
2H), 2.72 – 2.62 (m, 1H), 2.62 – 2.52 (m, 1H), 1.96 – 1.85 (m, 1H), 1.85 –

1.74 (m, 1H). 13C NMR (126MHz,MeOD) δ 173.22, 157.20, 146.25, 140.97,
140.39, 137.06, 133.41, 130.04, 129.19, 128.98, 128.27, 128.22, 128.10,
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127.33, 126.73, 125.74, 58.30, 56.95, 54.78, 51.49, 51.41, 49.35, 49.26,
40.71, 37.63, 35.10, 31.56 (Supplementary Fig. 12).

Synthesis of 212-129. To a solution of 4-[[Bis[[(1,1-dimethylethoxy)
carbonyl]amino]methylene]amino]benzoic acid (120mg, 0.317mmol)
in DMF (3ml), EDCI (66mg, 0.346mmol), DMAP (18.94mg,
0.346mmol) and DIPEA (20mg, 0.346mmol) were added and stirred
for 10min under room temperature.212-127 (174.2mg,0.288mmol) in
DMF (1ml) was added afterwards. The reaction mixture was stirred
overnight and purified by HPLC to obtain the desired product 212-129.
Yield = 28.8% ESI-HRMS calcd for C51H63N7O10S [(M+H)+]: 966.4435
found: 966.4485.

Synthesis of 212-148. To a solution of 212-129 (67mg, 0.069mmol) in
DMF (2ml), HCl (4M in 1,4-dioxane, 2ml) was added. The reactionwas
stirred for 2 h and purified by HPLC to obtain the desired product 212-
148. ESI-HRMS calcd for C41H48N7O6S [(M+H)+]: 766.3387 found:
766.2722. 1H NMR (500MHz, MeOD) δ 8.22 (d, J = 8.2 Hz, 1H), 8.16 –

8.10 (m, 2H), 7.87 – 7.81 (m, 2H), 7.73 – 7.66 (m, 1H), 7.61 (dd, J = 8.4,
7.0Hz, 2H), 7.40 – 7.35 (m, 2H), 7.24 – 7.19 (m, 6H), 7.14 (td, J = 8.0,
5.3Hz, 4H), 6.77 (dd, J = 15.1, 4.7 Hz, 1H), 6.07 (dt, J = 15.1, 1.7 Hz, 1H),
4.71–4.65 (m, 2H), 4.52–4.45 (m, 1H), 4.43 (t, J = 7.9Hz, 1H), 3.62 – 3.54
(m, 2H), 3.38 – 3.33 (m, 4H), 3.02 (dd, J = 13.4, 8.2 Hz, 1H), 2.94 (dd,
J = 13.5, 7.6 Hz, 1H), 2.65 (ddd, J = 14.4, 9.5, 5.4 Hz, 1H), 2.56 (ddd, J = 13.7,
9.3, 7.0Hz, 1H), 1.95 – 1.85 (m, 1H), 1.84 – 1.73 (m, 1H). 13C NMR
(126MHz, MeOD) δ 173.22, 157.20, 146.25, 140.97, 140.39, 137.06,
133.41, 130.04, 129.19, 128.98, 128.27, 128.22, 128.10, 127.33, 126.73,
125.74, 58.30, 56.95, 54.78, 51.49, 51.41, 49.35, 49.26, 40.71, 37.63, 35.10,
31.56 (Supplementary Fig. 13).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All experimental data are provided in the manuscript. The atomic
coordinates and structure factor amplitudes of the TMPRSS2 in com-
plex with nafamostat, camostat, UK-371804 and 212-148; CTSL in
complex with E64d and K777; CTSB in complex with E64d, K777 and
212-148 have been deposited in the Protein Data Bank under accession
codes 7XYD, 7Y0E, 7Y0F, 8HD8, 8HET, 8HFV, 8HEI, 8HE9, and 8HEN,
respectively. Source data are provided with this paper.

References
1. Meo, S. A., Bukhari, I. A., Akram, J.,Meo, A. S.&Klonoff, D. C. COVID-

19 vaccines: comparison of biological, pharmacological char-
acteristics and adverse effects of Pfizer/BioNTech and Moderna
Vaccines. Eur. Rev. Med. Pharm. Sci. 25, 1663–1669 (2021).

2. Focosi, D. et al. Monoclonal antibody therapies against SARS-CoV-
2. Lancet Infect. Dis. 22, e311–e326 (2022).

3. Beigel, J. H. et al. Remdesivir for the Treatment of Covid-19 - Final
Report. N. Engl. J. Med. 383, 1813–1826 (2020).

4. Jayk Bernal, A. et al. Molnupiravir for Oral Treatment of Covid-19 in
Nonhospitalized Patients. N. Engl. J. Med. 386, 509–520 (2022).

5. Wang, R.R. et al. Azvudine, a novel nucleoside reverse transcriptase
inhibitor showed good drug combination features and better inhi-
bition ondrug-resistant strains than lamivudine in vitro. PLoSOne9,
e105617 (2014).

6. Owen, D. R. et al. An oral SARS-CoV-2 M(pro) inhibitor clinical
candidate for the treatment of COVID-19. Science 374,
1586–1593 (2021).

7. Unoh, Y. et al. Discovery of S-217622, a noncovalent oral SARS-CoV-
2 3CL protease inhibitor clinical candidate for treating COVID-19. J.
Med. Chem. 65, 6499–6512 (2022).

8. Beigel, J. H. et al. Remdesivir for the treatment of covid-19 — final
report. N. Engl. J. Med. 383, 1813–1826 (2020).

9. Jayk Bernal, A. et al. Molnupiravir for oral treatment of covid-19 in
nonhospitalized patients. N. Engl. J. Med. 386, 509–520 (2021).

10. Owen, D. R. et al. An oral SARS-CoV-2 Mpro inhibitor clinical can-
didate for the treatment of COVID-19. Science 374,
1586–1593 (2021).

11. Cao, Y. et al. BA.2.12.1, BA.4 and BA.5 escape antibodies elicited by
Omicron infection. Nature 608, 593–602 (2022).

12. Uraki, R. et al. Humoral immune evasion of the omicron subvariants
BQ.1.1 and XBB. Lancet Infect. Dis. 23, 30–32 (2022).

13. Wang,Q. et al. Alarmingantibodyevasionproperties of risingSARS-
CoV-2 BQ and XBB subvariants. Cell 186, 279–286.e278 (2023).

14. Iketani, S. et al. Antibody evasion properties of SARS-CoV-2 omi-
cron sublineages. Nature 604, 553–556 (2022).

15. Liu, L. et al. Striking antibody evasion manifested by the Omicron
variant of SARS-CoV-2. Nature 602, 676–681 (2022).

16. Gandhi, S. et al. De novo emergence of a remdesivir resistance
mutation during treatment of persistent SARS-CoV-2 infection in an
immunocompromised patient: a case report. Nat. Commun. 13,
1547 (2022).

17. Stevens, L. J. et al. Mutations in the SARS-CoV-2 RNA-dependent
RNA polymerase confer resistance to remdesivir by distinct
mechanisms. Sci. Transl. Med. 14, eabo0718 (2022).

18. Iketani, S. et al. Multiple pathways for SARS-CoV-2 resistance to
nirmatrelvir. Nature 613, 558–564 (2023).

19. Baggen, J., Vanstreels, E., Jansen, S. & Daelemans, D. Cellular host
factors for SARS-CoV-2 infection.Nat.Microbiol6, 1219–1232 (2021).

20. Daniloski, Z. et al. Identification of required host factors for SARS-
CoV-2 infection in human cells. Cell 184, 92–105.e116 (2021).

21. Flynn, R. A. et al. Discovery and functional interrogation of SARS-
CoV-2 RNA-host protein interactions. Cell 184, 2394–2411.e2316
(2021).

22. Gordon, D. E. et al. A SARS-CoV-2 protein interaction map reveals
targets for drug repurposing. Nature 583, 459–468 (2020).

23. Wei, J. et al. Genome-wide CRISPR screens reveal host factors cri-
tical for SARS-CoV-2 Infection. Cell 184, 76–91.e13 (2021).

24. Jackson,C. B., Farzan,M., Chen, B. &Choe,H.Mechanismsof SARS-
CoV-2 entry into cells. Nat. Rev. Mol. Cell Biol. 23, 3–20 (2022).

25. Takeda, M. Proteolytic activation of SARS-CoV-2 spike protein.
Microbiol Immunol. 66, 15–23 (2022).

26. Jackson,C. B., Farzan,M., Chen, B. &Choe,H.Mechanismsof SARS-
CoV-2 entry into cells. Nat. Rev. Mol. Cell Bio. 23, 3–20 (2022).

27. Koch, J. et al. TMPRSS2 expression dictates the entry route used by
SARS-CoV-2 to infect host cells. EMBO J. 40, e107821 (2021).

28. Meng, B. et al. Altered TMPRSS2 usage by SARS-CoV-2 Omicron
impacts infectivity and fusogenicity. Nature 603, 706–714 (2022).

29. Peacock, T. P. et al. The SARS-CoV-2 variant, Omicron, shows rapid
replication in human primary nasal epithelial cultures and effi-
ciently uses the endosomal route of entry. Preprint at bioRxiv,
2021.2012.2031.474653 (2022).

30. Hoffmann, M. et al. SARS-CoV-2 Cell Entry Depends on ACE2 and
TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor.
Cell 181, 271–280.e278 (2020).

31. Mlcochova, P. et al. SARS-CoV-2 B.1.617.2 Delta variant replication
and immune evasion. Nature 599, 114–119 (2021).

32. Hashimoto, R. et al. Dual inhibition of TMPRSS2 and Cathepsin
prevents SARS-CoV-2 infection in iPS cells.Mol. Ther. Nucleic Acids
26, 1107–1114 (2021).

33. Padmanabhan, P., Desikan, R. & Dixit, N. M. Targeting TMPRSS2 and
Cathepsin B/L together may be synergistic against SARS-CoV-2
infection. PLoS Comput Biol. 16, e1008461 (2020).

34. Yamasaki, Y., Satomi, S., Murai, N., Tsuzuki, S. & Fushiki, T. Inhibition
of membrane-type serine protease 1/matriptase by natural and

Article https://doi.org/10.1038/s41467-023-42527-5

Nature Communications |         (2023) 14:7574 12

https://doi.org/10.2210/pdb7xyd/pdb
https://doi.org/10.2210/pdb7y0e/pdb
https://doi.org/10.2210/pdb7y0f/pdb
https://doi.org/10.2210/pdb8hd8/pdb
https://doi.org/10.2210/pdb8het/pdb
https://doi.org/10.2210/pdb8hfv/pdb
https://doi.org/10.2210/pdb8hei/pdb
https://doi.org/10.2210/pdb8he9/pdb
https://doi.org/10.2210/pdb8hen/pdb


synthetic protease inhibitors. J. Nutr. Sci. Vitaminol. (Tokyo) 49,
27–32 (2003).

35. Fraser, B. J. et al. Structure and activity of humanTMPRSS2protease
implicated in SARS-CoV-2 activation. Nat. Chem. Biol. 18,
963–971 (2022).

36. Shrimp, J. H. et al. An enzymatic TMPRSS2 assay for assessment of
clinical candidates and discovery of inhibitors as potential treat-
ment of COVID-19. ACS Pharm. Transl. Sci. 3, 997–1007 (2020).

37. Fish, P. V. et al. Selective urokinase-type plasminogen activator
inhibitors. 4. 1-(7-sulfonamidoisoquinolinyl)guanidines. J. Med.
Chem. 50, 2341–2351 (2007).

38. Schmitz, J. et al. Cathepsin B: active site mapping with peptidic
substrates and inhibitors. Bioorg. Med. Chem. 27, 1–15 (2019).

39. Hook, G., Yu, J., Toneff, T., Kindy,M. &Hook, V. Brain pyroglutamate
amyloid-beta is produced by cathepsin B and is reduced by the
cysteine protease inhibitor E64d, representing a potential Alzhei-
mer’s disease therapeutic. J. Alzheimers Dis. 41, 129–149 (2014).

40. Bugge, T. H., Antalis, T. M. & Wu, Q. Type II transmembrane serine
proteases. J. Biol. Chem. 284, 23177–23181 (2009).

41. Thunders, M. & Delahunt, B. Gene of the month: TMPRSS2 (trans-
membrane serine protease 2). J. Clin. Pathol. 73, 773–776 (2020).

42. Daly, N. L., Scanlon, M. J., Djordjevic, J. T., Kroon, P. A. & Smith, R.
Three-dimensional structure of a cysteine-rich repeat from the low-
density lipoprotein receptor. Proc. Natl Acad. Sci. USA 92,
6334–6338 (1995).

43. Lucas, J. M. et al. The androgen-regulated protease TMPRSS2
activates a proteolytic cascade involving components of the tumor
microenvironment and promotes prostate cancer metastasis.
Cancer Discov. 4, 1310–1325 (2014).

44. Herter, S. et al. Hepatocyte growth factor is a preferred in vitro
substrate for human hepsin, amembrane-anchored serine protease
implicated in prostate and ovarian cancers. Biochem J. 390,
125–136 (2005).

45. Coulombe, R. et al. Structure of human procathepsin L reveals the
molecular basis of inhibition by the prosegment. EMBO J. 15,
5492–5503 (1996).

46. Morphy, R. & Rankovic, Z. Designed multiple ligands. An emerging
drug discovery paradigm. J. Med. Chem. 48, 6523–6543 (2005).

47. Zhou, J. et al. Rational design of multitarget-directed ligands: stra-
tegies and emerging paradigms. J. Med. Chem. 62,
8881–8914 (2019).

48. Mesiti, F., Chavarria, D., Gaspar, A., Alcaro, S. & Borges, F. The
chemistry toolbox of multitarget-directed ligands for Alzheimer’s
disease. Eur. J. Med. Chem. 181, 111572 (2019).

49. Sang, Z.,Wang, K., Dong, J. & Tang, L. Alzheimer’s disease: Updated
multi-targets therapeutics are in clinical and in progress. Eur. J.
Med. Chem. 238, 114464 (2022).

50. Cao, Y. et al. Omicron escapes the majority of existing SARS-CoV-2
neutralizing antibodies. Nature 602, 657–663 (2021).

51. Planas, D. et al. Reduced sensitivity of SARS-CoV-2 variant Delta to
antibody neutralization. Nature 596, 276–280 (2021).

52. Harvey, W. T. et al. SARS-CoV-2 variants, spike mutations and
immune escape. Nat. Rev. Microbiol 19, 409–424 (2021).

53. Ito, K.,Ohmagari, N.,Mikami, A.&Sugiura,W.Major ongoingclinical
trials for COVID-19 treatment and studies currently being con-
ducted or scheduled in Japan. Glob. Health Med. 2, 96–101
(2020).

54. Mellott, D. M. et al. A clinical-stage cysteine protease inhibitor
blocks sars-cov-2 infection of human andmonkey cells.ACSChem.
Biol. 16, 642–650 (2021).

55. Nemeroff, C. B. et al. From clinical research to clinical practice: a
4-year review of ziprasidone. CNS Spectr. 10, 1–20 (2005).

56. Tatsumi, M., Jansen, K., Blakely, R. D. & Richelson, E. Pharmacolo-
gical profile of neuroleptics at humanmonoamine transporters.Eur.
J. Pharm. 368, 277–283 (1999).

57. Howard, H. R. et al. 3-Benzisothiazolylpiperazine derivatives as
potential atypical antipsychotic agents. J. Med. Chem. 39,
143–148 (1996).

58. Kawase, M., Shirato, K., van der Hoek, L., Taguchi, F. & Matsuyama,
S. Simultaneous treatment of human bronchial epithelial cells with
serine and cysteine protease inhibitors prevents severe acute
respiratory syndrome coronavirus entry. J. Virol. 86,
6537–6545 (2012).

59. Bertram, S. et al. TMPRSS2 activates the human coronavirus 229E
for cathepsin-independent host cell entry and is expressed in viral
target cells in the respiratory epithelium. J. Virol. 87,
6150–6160 (2013).

60. Zhou, N. et al. Glycopeptide antibiotics potently inhibit cathepsin l
in the late endosome/lysosome and block the entry of ebola virus,
middle east respiratory syndrome coronavirus (mers-cov), and
severe acute respiratory syndrome coronavirus (SARS-CoV). J. Biol.
Chem. 291, 9218–9232 (2016).

61. Liu, S., Li, W. & Jiang, S. Disease of influenza virus and SARS-CoV-2
coinfection: Flurona or Flucovid? J. Med. Virol. 94, 4056–4057
(2022).

62. Pawlowski, C. et al. SARS-CoV-2 and influenza coinfection
throughout the COVID-19 pandemic: an assessment of coinfection
rates, cohort characteristics, and clinical outcomes. PNAS Nexus 1,
pgac071 (2022).

63. Lu, D. Y. et al. HAART in hiv/aids treatments: future trends. Infect.
Disord. Drug Targets 18, 15–22 (2018).

64. Gelman, M. A. & Glenn, J. S. Mixing the right hepatitis C inhibitor
cocktail. Trends Mol. Med. 17, 34–46 (2011).

65. Kabsch, W. XDS. Acta Crystallogr D. Biol. Crystallogr 66,
125–132 (2010).

66. Liebschner, D. et al. Macromolecular structure determination using
X-rays, neutrons and electrons: recent developments in Phenix.
Acta Crystallogr D. Struct. Biol. 75, 861–877 (2019).

67. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr D. Biol. Crystallogr 66,
486–501 (2010).

68. Magnusson, A. O. et al. nanoDSF as screening tool for enzyme
libraries and biotechnology development. FEBS J. 286,
184–204 (2019).

69. Li, T. et al. Potent SARS-CoV-2 neutralizing antibodies with protec-
tive efficacy against newly emerged mutational variants. Nat.
Commun. 12, 6304 (2021).

70. Guo, H. et al. Structures of Omicron spike complexes and impli-
cations for neutralizing antibody development. Cell Rep. 39,
110770 (2022).

71. Yang, P. Y., Wang, M., He, C. Y. & Yao, S. Q. Proteomic profiling and
potential cellular target identification of K11777, a clinical cysteine
protease inhibitor, in Trypanosoma brucei. Chem. Commun. 48,
835–837 (2012).

Acknowledgements
We thank the staff members from beamlines BL18U1, BL19U1, BL02U1
and BL10U2 at Shanghai Synchrotron Radiation Facility (SSRF) and
beamlines I04 of Diamond Light Source for assistance during data col-
lection, aswell as technical and instrumental support from theDiscovery
Technology Platform of Shanghai Institute for Advanced Immuno-
chemical Studies (SIAIS) andMolecular and Cell Biology Core Facility of
the School of Life Science and Technology (SLST), ShanghaiTech Uni-
versity. This research was supported by the National Natural Science
Foundation of China (grant No. 92169109 to H.Y., No. 32000111 to Q.Y.);
Guangzhou Laboratory (grant No. SRPG22-003 and SRPG22-011 to H.Y.,
No. SRPG22-003 to L.S.); Science and Technology Commission of
Shanghai Municipality (grant No. YDZX20213100001556 and
20XD1422900 to H.Y.); the Ministry of Science and Technology of China
(grant No. 2021YFC2302500 to L.S.); Basic and Applied Basic Research

Article https://doi.org/10.1038/s41467-023-42527-5

Nature Communications |         (2023) 14:7574 13



Projects of Guangzhou Basic Research Program (grant No.
SL2023A04J00076 to Q. Y.); Shanghai Frontiers Science Center for
Biomacromolecules and PrecisionMedicine of ShanghaiTechUniversity.

Author contributions
H.Y., Z.R., L.S., B.J., X.C. and L.Z. conceived the project; H.W., X.L., M.S.,
D.L., Y.D. and C.Z. cloned, expressed, purified and crystallized proteins;
H.W., X.L., M.S. and Y.D. collected diffraction data and solved the crystal
structures. H.W., X.L., M.S., Y.D. and A.H. performed the enzymatic
activity and inhibition assays. Y.W. and J.C. conducted the spike protein
cleavage inhibition assays. Q.Y. and J.T. performed the cell-based anti-
viral assays; Z.X. and X.Y. contributed to the chemical synthesis of the
compounds; H.W., Q.Y., Y.D., Y.Z., L.G., H.C., L.Z., L.S. and H.Y. analyzed
and discussed the data; L.S., H.W., Q.Y., X.L., Z.X., M.S., D.L., Y.D. and
H.Y.wrote the manuscript with inputs from all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42527-5.

Correspondence and requests for materials should be addressed to
Leike Zhang, Xinwen Chen, Biao Jiang, Lei Sun or Haitao Yang.

Peer review information Nature Communications thanks Andrey Kova-
levsky and Rui Xiong for their contribution to the peer review of this
work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-42527-5

Nature Communications |         (2023) 14:7574 14

https://doi.org/10.1038/s41467-023-42527-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Structure-based discovery of dual pathway inhibitors for SARS-CoV-2�entry
	Results
	High-throughput screening identified potent SARS-CoV-2 entry inhibitors
	The structures of complete TMPRSS2 ectodomain in complex with inhibitors revealed distinctive inhibitory mechanisms
	Crystal structures of CTSL/B in complex with K777 or�E64d
	Synergistic block of SARS-CoV-2 replication by the combination of TMPRSS2 and CTSL/CSTB inhibitors
	Bispecific compound 212-148 showed desired dual-inhibition ability in the enzymatic and antiviral�assays

	Discussion
	Methods
	DNA manipulation
	Protein expression, purification, and activation of TMPRSS2
	Production, denaturation and refolding of CTSL/CTSB inclusion�bodies
	Purification and activation of human CTSL/CTSB
	Crystallization, data collection and structure determination
	Enzymatic activity�assay
	High-throughput drug screening
	IC50 measurement
	Thermal stability�assay
	SARS-CoV-2 spike protein cleavage inhibition�assay
	Cell culture
	Virus preparation and titrations
	Cell viability�assay
	Pseudotyped SARS-CoV-2�assay
	Authentic SARS-CoV-2�assay
	Synthesis of compound 212-148
	Synthesis of 212-111
	Synthesis of 212-114
	Synthesis of 212-117
	Synthesis of 212-117-2
	Synthesis of 212-108
	Synthesis of 212-125
	Synthesis of 212-127
	Synthesis of 212-129
	Synthesis of 212-148
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




