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ABSTRACT

K777 is a di-peptide analog that contains an electrophilic vinyl-sulfone moiety and is a potent, covalent
inactivator of cathepsins. Vero E6, HeLa/ACE2, Caco-2, A549/ACE2, and Calu-3, cells were exposed to
SARS-CoV-2, and then treated with K777. K777 reduced viral infectivity with ECso values of inhibition
of viral infection of: 74 nM for Vero E6, <80 nM for A549/ACE2, and 4 nM for HeLa/ACE2 cells. In
contrast, Calu-3 and Caco-2 cells had ECso values in the low micromolar range. No toxicity of K777 was
observed for any of the host cells at 10-100 uM inhibitor. K777 did not inhibit activity of the papain-like
cysteine protease and 3CL cysteine protease, encoded by SARS-CoV-2 at concentrations of < 100 puM.
These results suggested that K777 exerts its potent anti-viral activity by inactivation of mammalian
cysteine proteases which are essential to viral infectivity. Using a propargyl derivative of K777 as an
activity-based probe, K777 selectively targeted cathepsin B and cathepsin L in Vero E6 cells. However
only cathepsin L cleaved the SARS-CoV-2 spike protein and K777 blocked this proteolysis. The site of
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spike protein cleavage by cathepsin L was in the S1 domain of SARS-CoV-2 , differing from the cleavage
site observed in the SARS CoV-1 spike protein. These data support the hypothesis that the antiviral
activity of K777 is mediated through inhibition of the activity of host cathepsin L and subsequent loss of

viral spike protein processing.
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SIGNIFICANCE

The virus causing COVID-19 is highly infectious and has resulted in a global pandemic. We confirm that
a cysteine protease inhibitor, approved by the FDA as a clinical-stage compound, inhibits SARS-CoV-2
infection of several human and monkey cell lines with notable(nanomolar) efficacy. The mechanism of
action of this inhibitor is identified as a specific inhibition of host cell cathepsin L. This in turn inhibits
host cell processing of the coronaviral spike protein, a step required for cell entry. Neither of the
coronaviral proteases are inhibited, and the cleavage site of spike protein processing is different from that
reported in other coronaviruses. Hypotheses to explain the differential activity of the inhibitor with

different cell types are discussed.
INTRODUCTION

The COVID-19 outbreak of 2019(1,2) has led to a global health crisis of a magnitude not seen since the
influenza pandemic of 1918. By October 2020, more than 40 million people have been infected
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worldwide, including more than 8 million in the US(3, 4). The scope of COVID-19 pandemic is such that
as-yet unavailable vaccines may be too late to circumvent a prolonged health and economic crisis.
Accordingly, there is an urgent need for the rapid identification of therapies that limit the pathology
caused by SARS-CoV-2 for the management of COVID-19(5,6).

The severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) outbreaks
of 2003 and 2012(7,8), caused by betacoronaviruses highly related to SARS CoV-2 provided important
clues to the mechanism of viral infection of host cells. These include two virally-encoded cysteine
proteases, 3CL protease (Mpro)(10) and a papain-like protease (PLpro)(11) that are essential to
coronaviral maturation. In addition, the trimeric coronaviral spike glycoprotein of SARS-CoV-2 (76%
sequence identity to SARS-CoV-1 spike protein (12)), is involved in the fusion of the viral envelope with
mammalian cell membranes, followed by the release of the genomic viral RNA and the nucleocapsid
complex into the host cell (cellular entry)(13, 14). Studies of the SARS-CoV-1 spike protein have shown
that it adheres to the extracellular domain of the angiotensin converting enzyme-2 (ACE2) receptor in
susceptible human cells (12, 15-16). In SARS-CoV-2, the receptor binding domain of the spike protein
subunit S1 binds to the ACE2 receptor, and the subunit S2 is involved in the viral cell membrane fusion
to facilitate viral entry (18-19). Prior to cellular entry, the spike protein requires processing by host cell
proteases for activation (16-18, 21). In particular, the transmembrane protease serine-2 (TMPRSS-2), the
cysteine protease cathepsin L (CTSL), and furin-like proteases, have been proposed to play roles in

preparing SARS-CoV-2 to enter cells by either endocytosis or traversing the cellular membrane (18-22).

These proposed mechanisms have stimulated studies to explore the role of both serine and cysteine
protease inhibitors in reducing coronaviral entry. Inhibitors of TMPRSS-2, such as camostat, reduced
infectivity in selected human cell lines (18). Broad spectrum cysteine protease inhibitors, such as E-64d,
also inhibited coronaviral entry in certain cell types, suggesting a role for cathepsin L and possibly other
cysteine proteases (18, 20, 22). Most recently, Riva et. al demonstrated in a drug repositioning screen that
various cathepsin inhibitors have the ability to block SARS-CoV-2 entry into cells at sub-micromolar

concentrations (23).

K777 (also known as, K11777, S-001, SLV213, 4-methyl-N-((S)-1-0x0-3-phenyl-1-(((S)-1-phenyl-5-
(phenylsulfonyl)pentan-3-yl)amino)propan-2-yl)piperazine-1-carboxamide) is a  highly potent,
irreversible, covalent inhibitor of mammalian cathepsin L and other cysteine proteases of clan CA (Figure

1) (24, 25).

K777 was originally developed as an inhibitor of cathepsin S,(24) but later showed promise as an anti-
parasitic agent (25-31). K777 has since been approved by the FDA as a clinical stage compound (Selva
Therapeutics, Del Mar, CA).
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In 2015, Zhou and colleagues reported that K777 blocked entry of pseudovirus forms of SARS-CoV-1
and MERS into Vero E6 or HEK293 cells, likely due to inactivation of cathepsin L(CTSL) on cell
surfaces and/or within endosomes (21). These results suggest that K777 might also be a potential
therapeutic agent for the treatment of COVID-19. Here we show that K777 blocks CTSL-mediated

processing of the spike protein and blocks infection of SARS-CoV-2 in several mammalian cell lines.

RESULTS
K777 blocks SARS CoV-2 infectivity of host cells

The anti-coronarial activity of K777 was evaluated in multiple, relevant infected mammalian cell lines
(Fig. 2 and Table 1). ECsy values for inhibition of viral invasion of host cells by K777 was assessed by
observation of a cytopathic effect (CPE). The concentration dependence of the anti-CoV-2 effects of
K777 are shown for three cell lines in Fig. 2, in which K777 was most active vs. HeLa cells which
express the ACE2 receptor (ECso = 4 nM). For Caco-2 cells virus titer was used as CPE was not observed.
ECso values ranged from 4 nM for HeLa/ACE2 cells to 5.5 uM for Calu-3 cells and 4.3 uM for Caco-2
cells. Note that the 2B4 cells, which are Calu-3 cells that have been selected for higher expression of the
ACE2 receptor, were more potently inhibited by K777 than standard Calu-3 cells obtained from the
ATCC. A549/ACE2 and HeLa/ACE2 cells were the most susceptible to blockage of viral infection by

K777. No host cell toxicity was seen for any cell line at inhibitor concentrations of 10-100 pM.
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Table 1. Anti-CoV-2 Activity in Primate and Human Cells
Inhibition of Viral  Cytotoxicity to Host

Cell Line Cell Type Coronavirns Laboratory Infectivity Cells
ECsq (uM) CCsp (1M)
African Green Monkey /
Vero E6 ! SARS CoV-1* UTMB 25 =10
e kidney epithelial °
Vero E6 MERS* UTMB 062 =10
Vero E6 SARS CoV-2* UTMB 0.62 =10
Vero E6 SARS CoV-2 UsuU <0.1 =10
Vero E6 SARS CoV-2 UucCsD 0.07 =10
Caco-2 Human colon carcinoma SARS CoV-2 Usu 43 =10
. Human ling carcinoma . .
AS49/ACE-2 . SARS CoV-1** UTMB 0.08 =10
expressing ACE-2 receptor

AS49ACE-2 MERS** 0.08 =10
AS549/ACE-2 SARS CoV-2%* <0.08 =10

HeLa/ACE-2 Human cancer cells SARS CoV-2 UCsD 0.004 =10
expressing ACE-2 receptor

Calu-3/2B4 Human hing epithelial cells SARS CoV-2 UTMB 1 =10
Cah-3 Human hing epithelial cells SARS CoV-2 UucsD 37 =10

Infected with 100* or 500** viral particles/sample

Analysis of K777 versus SARS-CoV-2 and Clan CA cysteine proteases.

In assays carried out at both UC San Diego and Texas A&M University, there was no inhibition of either
the PL or the 3CL proteases of SARS-CoV-2 (25-100 nM enzyme concentration) up to 100 uM K777
(Table 2; Figure S5). Conversely, K777 exhibited potent activity against human cathepsin L, where the
second-order rate constant of inactivation, kinac/Ki, was found to be 50-fold and 333-fold greater than
cathepsin K and cathepsin B, respectively (Table 2, Figs. S1-S4). K777 formed irreversible covalent
adducts with these enzymes (Fig. S3), but exhibited weak, slowly reversible, inhibition of cathepsin C and
potent, but rapidly reversible inhibition of cathepsin S (Fig. S4).
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Table 2. Inactivation or inhibition of mammalian and CoV-2 cysteine proteases’

Enzyme K (M) Kinact (57 Kinaet/Ky (M7 s7)
Human Cathepsin L 5+2 0.013 £0.002 BxD)x 10°
Human Cathepsin K 400 + 100 0.022 +0.004 (6+2)x10*
Human Cathepsin B 3,000 + 1000 0.026 +£0.007 (9 +4)x10°
Bovine Cathepsin C >100,000 ND (12+0.4) x10'"
Human Cathepsin S 20+0.1% ND ND

SARS-CoV-2 3CLpro >100,000 ND ND
SARS-CoV-2 PL >100,000 ND ND

“pH = 5.5 for cathepsins and pH 7.0 for CoV-2 proteases; ND, not determinable.
"Value approximated from slope of & ,, vs inhibitor

*Value represents overall dissociation constant.

Activity-Based Protein Profiling of K777 protein targets in Vero E6 cells.

We prepared a K777 analog, N4-propargyl-K777 (K777 Alkyne; Fig. 1, (26)) to elucidate the cellular
target(s) of K777. This K777 probe facilitates copper-mediated cycloaddition between an azide and
alkyne to both enrich target proteins for mass spectrometry analysis, and for visualization of target
proteins via in-gel fluorescence. In both virally and non-virally infected cells, the protein(s) bound to the
K777-Cy7 conjugate had a molecular weight of approximately 25 kDa (Fig. 3A), a molecular weight that
could correspond to either cathepsin B (mature form: 25 kDa) or cathepsin L (mature form: 24.2 kDa). To
confirm that the specificity of the K777 alkyne was analogous to that of K777, cells were also
preincubated with 1 uM K777 prior to treatment with the K777 alkyne probe. This resulted in >80%
blockage of the 25-kDa target protein signal in both virally and non-virally infected cells (Fig 3B). As the
other minor protein bands visualized were unchanged upon K777 pre-treatment, it is clear these proteins

are not targets of K777.

When comparing the intensity of the 25-kDa band in SARS-CoV-2-infected cells to that of its uninfected
counterpart there was nearly a 5-fold decrease in intensity (Figure 3A, 3B). Reduction of the signal for
this band in the virally-infected samples may be due to either a reduction of total protein or differential
expression of the target(s) of the K777-alkyne. To investigate this, we immunoblotted the housekeeping
protein human fB-actin to compare its relative amounts in both sets of samples. Upon quantifying the
difference in B-actin content between the SARS-CoV-2-infected and uninfected cells, we measured a 5.7-
fold decrease in total B-actin signal in the Vero E6 SARS-CoV-2 infected samples (Figure 3C, 3D; S6,
S7). Comparison of the relative intensities of the f-actin band versus the 25-kDa enriched protein for both

SARS-CoV-2 infected and uninfected cells approximated a 1:1 ratio (Figure 3E). These results suggested
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that coronaviral infection of Vero E6 caused a global reduction in protein expression, in agreement with

recent reports that NSP1 of SARS-CoV-2 suppresses protein translation in infected cells(34).
Identification of Cathepsin B and L as K777 targets by affinity enrichment and proteomic analysis

To identify the molecular target(s) of the K777 alkyne, affinity enrichment and proteomic analysis of
treated Vero E6 cell lysates was carried out with variable concentrations of the K777 alkyne (0-10 uM)
(Fig. S8A). 117 proteins at a false discovery rate of 1% were identified, of which 65 were present in the
K777 alkyne-treated samples, but not the untreated control (Fig. S8B). Proteins of the highest abundance
in the treated (5 and 10 uM samples), as determined by MaxQuant LFQ analysis (35), were cathepsin B
(CTSB) and cathepsin L (CTSL).

Cathepsin L but not cathepsin B catalyzes cleavage of the SARS CoV-2 spike protein.

Having identified CTSB and CTSL as putative targets of K777 in cells, we sought to elucidate the ability
of these proteins to process the SARS-CoV-1 and SARS-CoV-2 spike proteins in vitro. We determined
that both proteases could process the SARS-CoV-1 spike protein, but only CTSL could process the
SARS-CoV-2 spike protein (Figure 4A, 4B, S9). Additionally, processing of SARS-CoV-2 spike protein
by CSTL produced different sized molecular weight bands than that of SARS-CoV-1 spike protein.
Immunoblotting against the C-terminal Flag epitope of the SARS-CoV-2 S resulted in immuno-reactivity
with both the intact S protein and a ~120 kDa protein fragment, indicating that this ~120 kDa protein
contained an intact S2 domain, and that CTSL proteolysis took place in the S1 domain of the spike
protein at an unknown site, which we have coined S1' (Figure 4C). K777 efficently blocked the cleavage
at this S1' site by CTSL of SARS-CoV-2 (Figure 4D).

Cathepsin L is present in all cell lines tested but levels vary

Although K777 targets both CTSL and CTSB, inhibition of CTSL is apparently responsible for its potent
anti-viral effects. To investigate why virally-infected A549/ACE2, HeLa/ACE2, and Vero E6 cells are
more sensitive to K777 treatment than Calu-3 cells, we evaluated the relative abundance of CTSL protein
in each cell line. Human CTSL shares 96% protein sequence identity with CTSL in African green
monkeys (Fig. S10) and therefore both the proprotein (upper band) and mature active enzyme (lower
band) can be detected by immunoblot using an anti-human CTSL antibody (Figure 4E-F). Mature CTSL
was 8.8-fold and 8.7-fold higher in Vero E6 extracts compared to HelLa/ACE2 and AS549/ACE2,
respectively. Under these exposure conditions, CTSL was not detectable in Calu-3 cell extracts. The large

difference in CTSL abundance between these cell lines was further validated by quantitative proteomic
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analysis using a CTSL-derived peptide (NHCGIASSASYPTYV) that is identical in humans and African
green monkeys (Fig. S10). This peptide was between 32- and 57-fold more abundant in Vero E6
compared to the other three cell lines, therefore supporting the immunoblotting studies. Finally, we
quantified the specific activity of CTSL in all four cell lines using the fluorogenic substrate Z-FR-AMC.
The cell extracts were first treated with broad spectrum serine, aspartic acid and metallo-protease
inhibitors to inactivate non-cysteine proteases that may hydrolyze this substrate. The remaining activity in
each cell line was eliminated by K777 confirming that only cysteine proteases were active in the non-
K777 treated samples. As K777 inhibits both CTSL and CTSB, we treated the cell lines with CA-074, a
selective CTSB inhibitor. Cysteine protease activity in A549/ACE2, HeLa/ACE2 and Calu-3 cell lystates
was found to be mostly due to CTSB, while activity in Vero E6 cells was mostly CTSL. The specific
activity of CTSL was determined to be 0.1, 0.2, 0.5 and 36.7 RFU s pg' for Calu-3, A549/ACE2,
HeLa/ACE2, and Vero E6, respectively (Figure 4G). These studies showed that the concentration of
CTSL in HeLLa/ACE2, A549/ACE2 and Vero E6 cells strongly correlated with the ECso values generated
for K777 treatment of SARS-CoV-2 infected cells. However, Calu-3 cells had the lowest levels of CTSL

but the highest ECso values, suggesting that another protease may be involved in spike protein processing.
DISCUSSION

Three host proteases, TMPRSS2, furin, and CTSL, have been proposed as key enzymes for the processing
of the coronaviral spike protein (18, 20-22). In our analysis, we have shown that K777, a potent inhibitor
of CTSL activity, is also a potent anti-SARS-CoV-2 infection agent in several host cell models. Although
the maximal rates of inactivation, kinci, for cathepsins L, B, and K are similar, the second-order rate
constant of time-dependent inactivation (ki./Ki) varies by over two orders-of-magnitude for these
enzymes and by five orders-of-magnitude compared to cathepsin C, highlighting the functional selectivity
of K777 for CTSL versus other host-cell cathepsins. Using a propargyl analog of K777 as an affinity
probe we determined that CTSB and CTSL were intracellular targets of this compound in Vero E6 cells,
however only CSTL, but not CTSB, cleaved the SARS-CoV-2 spike protein. This cleavage occurred in
the S1 domain of the spike protein at a site different from that observed in the S protein of SARS-CoV-1.
The S1 domains of the spike proteins from SARS-CoV-1 and SARS-CoV-2 share 64% sequence identity,
and analysis of the SARS-CoV-2 spike protein structure revealed multiple unresolved loop regions in the

S1 domain, suggesting that CTSL proteolysis may occur in one of these unstructured regions (36, 37)

K777 inhibited viral entry into three host cell models including cell lines derived from African green
monkey renal epithelium (Vero E6), human cervical epithelium (HeLa/ACE2) and human lung
epithelium (A549/ACE2) with nanomolar potency. Anti-viral inhibition was lower (ECso = 3.7 and 4.3

uM) in a second human lung epithelium cell line (Calu-3) and a human colon epithelium-derived cell line
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(Caco-2). Why is the efficacy of K777 different in different cell lines? We quantified differential levels of
CTSL in cell lines via Western blotting and an enzyme activity assay. Vero E6 cells expressed the highest
levels of CTSL and HeLa/ACE2 and A549/ACE2 had lower amounts. These data suggest that the amount
of CTSL correlates with K777 efficacy. However, Calu-3 cells have the lowest amount of CTSL and yet
are relatively insensitive to K777 treatment. Previous work has shown that treatment of MERS-infected
Calu-3 cells with E64d, a broad cysteine protease inhibitor, had diminished efficacy presumably as a
result of low CTSL expression but heightened TMPRSS2 expression. This shift in expression profile
resulted in the predominant processing of the MERS spike protein by TMPRSS2 (38). It was also
suggested that cleavage of the SARS-CoV-2 spike protein by TMPRSS2 in cells with low CTSL levels
(such as Calu-3) is essential for efficient viral entry, whereas in TMPRSS2 negative cells (Vero E6) viral
infection can proceed with high efficiency using CTSL (39). On the other hand, Hoffman and co-
workers(18) concluded that the TMPRSS2 inhibitor, camostat mesylate, reduced but did non abrogate
SARS-CoV-2 infection of Calu-3 cells. They suggested that following camostat treatment, there remains
residual spike protein that might require processing by CTSL. The ECso for camostat mesylate inhibition
of SARS-CoV-2 infection of Calu-3 cells was 1 uM, in the same range as K777(Table 1). Therefore,
future experiments should evaluate a combination of K777 and an appropriate TMPRSS2 or furin
inhibitor. Combination therapy might protect all host cells from viral infection even if some utilize both

CTSL and TMPRSS?2 (or furin) for processing of the SARS-CoV-2 spike protein.

In summary, there are currently two potential therapeutic uses of K777. First, it may block primary
infection by SARS-CoV-2. If primary infection occurs in lung epithelium, it could be argued that the
reduced activity of K777 to prevent infection of Calu-3 cells is concerning. However it should be noted
that the anti-viral infection activity of K777 was robust in another lung epithelial cell line, A549/ACE2
(Table 1). Furthermore both Calu-3 and A549/ACE2 cells are derived from adenocarcinomas of the lung,
not primary lung epithelium. Adenocarcinomas have multiple mutations compared to their cell of origin
and that may alter infection potential. Alternatively, K777 might be employed to prevent viral infection of
other host organs if spike protein processing in cells of those organs depends on CTSL. Confirmation of
these suggestions will come from animal model testing and ultimately human clinical trials. Support for
the rapid advancement of K777 as potential COVID-19 therapy comes from the fact that K777 is orally
bioavailable, and safety, tolerability and PK/PD have been evaluated in several preclinical model systems,
including non-human primates (31). An IND application for K777 was recently approved by the
FDA(Selva Therapeutics, Del Mar, CA).

MATERIALS AND METHODS
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Chemicals and Proteins. The synthesis of K777, its N-propargyl analog (25), the 3CLpro FRET substrate,
and information regarding the expression, and purification of 3CLpro (Mainpro) are provided in the
Supplementary Appendix. Cyanine7-azide was obtained from Click Chemistry Tools. Recombinant
proteases were obtained from the following vendors: human cathepsin L (Millipore Sigma, Athens
Research and Technology, Inc., (Texas A&M) or R&D Systems (UCSD), SARS-CoV-2 PLpro (Acro
Biosystems, PAE-C5184), human cathepsin S (Millipore Sigma), bovine spleen cathepsin C (Millipore
Sigma), human liver cathepsin B (Millipore Sigma), and human cathepsin K (Enzo Sciences, Inc.).
Substrates were purchased from the following vendors: Z-FR-AMC (EMD Millipore), GF-AMC (MP
Biomedicals), and Z-LR-AMC (Enzo Life Sciences, Inc.). Recombinant SARS-CoV-1 spike protein was
obtained from SinoBiological and SARS-CoV-2 spike was obtained from Genscript and Acro

Biosystems.
SARS-CoV-2 protease assays

Recombinant SARS-CoV-2 3CLpro (100 nM) was assayed at 25°C in either (a) in 30 pL reaction
volumes containing 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM DTT, 5 % glycerol, 0.01% Tween 20
100 uM of Mu-HSSKLQ-AMC (Sigma-Aldrich, SCP0224), in 384-well black plates in triplicate or (b) in
50 pL reaction mixtures containing 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.1 mM EDTA, 2 mM DTT,
10% DMSO, and 25-50 nM 3CLpro in 96-well plates (Greiner, flat-bottom half volume, clear black
plates), using the FRET-based substrate Abz-SAVLQSGFRK(DNP)-NH, wherein peptidolysis was
measured at 320/420 nm (ex/em) (Biotek® Synergy M2) in the presence and absence of 0-50 uM K777 in
duplicate. Recombinant SARS-CoV-2 PL was assayed in either (a) 50 mM HEPES, 150 mM NaCl, 1 mM
DTT, 0.01% Tween 20; pH 6.5 buffer using 50 uM Z-RLRGG-AMC (Bachem, 11690) and 24.5 nM
enzyme or (b) 50 mM HEPES pH 7.5, 5 mM DTT, 0.1 mg/mL BSA, 2% DMSO, 50 uM Z-RLRGG-
AMC, and 10 nM PL, where rates in the presence and absence of K777 were measured at 360/460 nm
(ex/em). In some studies, enzymes were pre-incubated with 20 uM of K777 or 0.0025 % DMSO for 15

minutes and then diluted in an equal volume of substrate in assay buffer.

Analysis of K777 as an inhibitor of Clan CA cysteine proteases. Assays were conducted at 25°C in 50
mM sodium acetate (pH 5.5), 1| mM EDTA, 1 mM CHAPS, 10% (v/v) DMSO, and 5 mM DTT
containing 1 nM cathepsin B, 30-50 pM cathepsin S, 320 pM cathepsin K, 1 nM cathepsin L, and 132
nM cathepsin C in the presence of 0-0.1 mM K777 and 0.01 mM Z-FR-AMC for cathepsin S, cathepsin
B, and cathepsin L, GF-AMC for cathepsin C, and Z-LR-AMC for cathepsin K) 96-well black microplate
(Corning Costar®). Rates of peptidolysis of the dipeptide-AMC substrate(s) were measured at either a
SpectraMax M5 (Molecular Devices) in or a Synergy HTX (Biotek, Wisnooki, VT) microplate reader
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with A = 360 nm, Aem = 460 nm in 8-60 sec intervals. The initial velocity in relative fluorescent units per

second was calculated for 10 minutes.

To determine the mechanism of inhibition, 10 nM cathepsin L or 2.5 nM cathepsin S was incubated with
10 nM K777, 17.5 nM cathepsin B or 3.75 nM cathepsin K with 200 nM K777, and 1.49 uM cathepsin C
with 100 uM K777 for 1 h at room temperature, followed by 50-fold dilution into assay buffer and their

residual activity was measured under nearly identical conditions to assay described above.

Cell cultures and SARS-CoV-2 infection.

University of Texas Medical Branch. African green monkey derived cells Vero E6 [CRL:1586, ATCC]
were grown in Eagle's minimal essential medium (EMEM) supplemented with standard doses of
penicillin and streptomycin, and 10% fetal bovine serum (FBS), designated M-10 medium. Human A549
cells stably transduced with human ACE2 viral receptor (A549/ACE2) and Calu-3 (2B4 clones selected
for increased ACE2 receptor) cells were grown in M-10 and M-20 medium, respectively. SARS-CoV-2
(USA_WA1/2020 isolate), the 3rd passage in Vero E6 cells from the original CDC (Atlanta) material and
sequence confirmed, was used throughout the study. All experiments using infectious virus were
conducted at the University of Texas Medical Branch under BSL-3 conditions.

UC San Diego. Vero E6 cells (CRL-1586, ATCC) were cultivated in DMEM in a similar manner as that
described above. Calu-3 cells (HTB-55, ATCC) were cultivated in MEM media supplemented with 10%
FBS, penicillin (100 units/ml) and streptomycin (100 pg/ml) and 1x GlutaMAX (Fisher Scientific). The
SARS-CoV-2 virus used was the USA-WA1/2020 isolate.

Utah State University. Vero E6 cells [CRL:1587, ATCC] or Caco-2 cells [HTB-37, ATCC] were grown
in minimum essential medium (MEM) containing 5% FBS or 10% FBS respectively. The same SARS-
CoV-2 (USA_WA1/2020 isolate) was used.

Evaluation of protease inhibitors in a coronaviral infection assay.

University of Texas Medical Branch. A modified Vero E6-based standard micro-neutralization assay
was used to rapidly evaluate the drug efficacy against SARS-CoV-2 infection. Briefly, confluent Vero E6
cells grown in 96-wells microtiter plates were pre-treated with 8 nM to 25 pM K177 (2-fold serially
diluted) for 2 h before infection with ~100 infectious SARS-CoV-2 particles in 100 pl EMEM
supplemented with 2% FBS. Vero E6 cells treated with 2-fold serially diluted dimethyl sulfoxide
(DMSO) with or without virus were included as positive and negative controls, respectively. A549/ACE2
and Calu-3/2B4 cells were treated with 500 and 100 viral particles, respectively, prior to addition of

K777. After cultivation at 37°C for 4 days, individual wells were observed under the microcopy for the
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status of virus-induced formation of cytopathic effect (CPE). The efficacy of individual drugs was
calculated and expressed as the lowest concentration capable of completely preventing virus-induced CPE
in 100% of the wells. All compounds were dissolved in 100% DMSO as 10 mM stock solutions and
diluted in culture media.

UC San Diego. For Vero E6 and HeLa/ACE2, 1,000 cells were seeded per well, and for Calu-3, 3,000
cells/well. The plates were incubated for 2 h in the incubator at 37°C, 5% CO,. SARS-CoV-2 was added
to the plate wells in a multiplicity of infection (Mol) of 1 in a final volume of 25 pL. The plates were
again incubated for 24 h at 37°C and 5% CO,, followed by the addition of 25 pl/well of 8%
paraformaldehyde solution. Cells were fixed by incubation at room temperature for 30 min. The content
was then aspirated and the wells incubated with 1:1,000 dilution of the Rabbit IgG antibody against
SARS-CoV-2 capsid (Genetex, GTX135357) for 1 h and washed. Rabbitt IgG coupled with
AlexaFluor488 diluted 1:200 was added to the wells and incubated for at least 2 h. To calculate the
antiviral activity, the average infection ratio from the untreated controls (0.1% DMSO) were normalized
as 0% antiviral activity. The average infection ratio from the uninfected controls (no SARS-CoV-2) were
normalized to 100% antiviral activity. A linear regression was applied to calculate the antiviral activity of
each well related to the normalized controls. Serial dilution tests were performed to assess the antiviral
effect and potency (ICso) of K777 in the three cell lines.

Utah State University. SARS-CoV-2 CPE and virus yield reduction (VYR) assay were carried out as
follows: confluent cell culture monolayers of Vero E6 or Caco-2 cells were prepared in a 96-well
disposable microplate the day before testing. An insufficient CPE was observed on Caco-2 cells to use for
calculation of the ECso of the CPE so data were obtained after 2 hours of treatment at 37°C. CPE values
were normalized based upon virus controls and 50% effective (ECsp) and 50% cytotoxic (CCso)

concentrations were determined using non-linear regression.

Identification of protein targets of K777 using an activity-based probe, 4N-propargyl-K777.

4N-propargyl-K777 was added at concentrations of 1 uM to Vero E6 cells, with and without infection by
SARS CoV-2 viral particles at an Mol of 0.1. For samples treated with both K777 and the K777 alkyne,
Vero E6 cells were first pre-treated with K777 (1 uM) for 1 h, prior to the addition of 4N-propargyl-K777
(1 uM). Cell growth continued for 4 days, followed by harvest, and ~ 20 million cells were suspended in
1 mL of lysis buffer (200 mM Tris, 4% CHAPS, 1M NaCl, 8 M Urea, pH 8.0) and protease inhibitor
cocktail (Sigma Aldrich, #8340 at a ratio of 50:1 (v/v). Cells were lysed by sonication (ThermoFisher),
protein concentration quantified by BCA (Pierce), followed by copper-mediated click-chemistry with a
Cy7-azide (Click Chemistry Tools) as described in the SI appendix, followed by SDS-PAGE separation

(Invitrogen) and imaging (ChemiDoc imager, Bio-Rad).
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Azide Enrichment and Proteomic analysis of Vero E6 K777-alkyne treated cells

4N-propargyl-K777 (alkyne K777, (26)) was added at concentrations of 0-10 uM to Vero E6. Cell lysates
were prepared as described above. Enrichment of alkyne-modified proteins was conducted using the
Click-&-Go Protein Enrichment Kit (Click Chemistry Tools) and the protocols thereof. The resin bound
proteins were reduced with DTT, alkylated with iodoacetamide, and digested on resin using 1 pg of
Trypsin Gold (Promega) at 37°C overnight with agitation. The digested peptides were eluted from the
column, desalted (Pierce™ C18 Tips, Thermo Fisher Scientific), concentrated to dryness, and suspended
in 25 mM ammonium bicarbonate followed by nanoLC-MS/MS analysis on an Orbitrap Fusion™

Tribrid™ Mass Spectrometer (ThermoFisher). For more details refer to the SI Appendix.
Western Blotting

Texas A&M University Cell lysates were prepared as stated above. Samples were separated via SDS-
PAGE (Invitrogen) and semi-dry transferred (Bio-Rad) onto an activated PDVF membrane (GE
Healthcare Life Sciences) followed by blocking with TBST/5% wt/vol non-fat milk (1 hr, RT). Anti-actin
antibody (Sigma Aldrich) or anti-Flag (Cell Signaling Technologies) was added at a 1:100,000 or
1:25,000 dilution respectively and incubated overnight at 4°C. The membrane was washed 5x with TBST,
probed with goat-anti rabbit HRP conjugate antibody (1:3000) (Bio-Rad) in TBST/5% wt/vol non-fat
milk (1 h, RT), washed (5x, TBST) followed by addition of ECL substrate (Bio-Rad) and imaged
(ChemiDoc, Bio-Rad).

UC San Diego. Protein extracts from Vero-E6, HelLa/ACE2, Calu-3 and A549/ACE2 cell lines were
prepared by sonication in 50 mM MES, pH 6.0, containing 1 mM EDTA, 1 uM pepstatin, 100 uM
AEBSF and 1 mM DTT in an ice bath. The extracts were cleared by centrifugation (16,000 g at 4°C for
10 min) and the protein concentration was determined by BCA assay (Pierce). 10 pg of protein were
resolved by SDS-PAGE (15% polyacrylamide gel) under reducing conditions, transferred to a PVDF
membrane and blocked for 16 h in 10% non-fat milk in TBST. The membrane was then washed 3x in
TBST and incubated for 1 h with anti-CatL polyclonal IgG (R&D Systems, AF952-SP) diluted 1:1,000 in
TBST followed by 30 min with rabbit anti-goat HRP IgG (SouthernBiotech, #6164-05) at a dilution of
1:2,000. After washing in TBST, the membrane was developed with Immobilon Crescendo Western HRP
substrate (MilliporeSigma) and imaged using an ChemiDoc Imaging System (Biorad).

Mammalian protease activity assays

2.5 ug of SARS-CoV-1 and SARS-CoV-2 spike protein was incubated with trypsin (25 nM) in 50 mM
HEPES, 1 mM Na-EDTA, pH 7.5 or with cathepsin B (250 nM), or cathepsin L (2-250 nM) in 50 mM
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sodium acetate, ] mM Na-EDTA, 1 mM CHAPS, and 1 mM DTT, pH 5.5. Inhibitors were solubilized in
DMSO and added to 10% v/v DMSO (2.5-5 uM K777 and 100 uM leupeptin). After 1 h, reactions were
quenched by addition of 4x loading dye containing 5 mM DTT. Samples were denatured at 95°C for 10
min and analysis by SDS-PAGE (Invitrogen). The gels were stained with either Coomassie Blue or
transferred to a PDVF membrane for Western blotting as described above, and imaged (ChemiDoc, Bio-
Rad). Protein extracts from Vero E6, HeLa/ACE2, Calu-3 and A549/ACE2 cell lysates (225 ng) were
incubated for 30 min with 10 uM of K777 or CA-074 (Cayman #24679) in 50 mM Sodium acetate, pH
5.5 containing | mM EDTA, 1 pM pepstatin, 100 uM AEBSF and 5 mM DTT. These samples were then
assayed with 25 uM Z-FR-AMC at 25°C in triplicate wells of black, flat-bottomed 384-well microplates

in a total volume of 30 pL. Fluorescent activity was quantified as outlined above.
Statistical analysis

All densitometry and gel quantification analysis was conducted using ImageJ(33) and the calculated pixel
intensities were normalized accordingly. For analysis of the statistical significance of the changes in pixel

intensity we used an unpaired parametric t-test. P values <0.05 (*), <0.01 (**), <0.001 (***)
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Figure 1. Structure of K777 and its N4-propargyl analogue (VS-1 or K777-alkyne; (26)). Chemical

mechanism of irreversible covalent inactivation of Clan CA cysteine proteases.
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Figure 2. Dose dilution curves for K777 effect on virus infection of three cell lines.
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Figure 3. K777 alkyne specifically targets a non-viral protein in SARS-CoV-2
infected and uninfected Vero E6 cells. A. Cy7 azide labeled proteins (SARS-CoV-2
infected and uninfected) at 1 uM K777 alkyne is blocked by pre-treatment with 1 uM
K777. B. Densitometry analysis of A, and a replicate in gel fluorescence experiment. C.
Blotting of total B-actin levels in SARS-CoV-2 infected and non-infected cells. D.
Densitometry analysis of relative actin levels. E. Comparison of the signal intensity of the
25 kDa band enriched in the presence of K777 alkyne (SARS-CoV-2 infected and
uninfected) versus the p-actin signal (SARS-CoV-2 infected and unifected).
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Figure 4. CTSL and CTSB catalyze differential processing of the SARS-CoV-2 spike protein and CTSL levels
vary in cells. A. Processing of SARS-CoV-1 spike protein and SARS-CoV-2 spike protein by CTSB (250 nM) and
CTSL (25 nM) B. Concentration-dependent cleavage of the SARS-CoV-2 spike protein by CTSL. C. Western blotting
against the C-terminal FLAG epitope of SARS-CoV-2 spike demonstrates that CTSL cleavage occurs in the S1
domain. D. CTSL (25 nM) proteolysis of the SARS-CoV-2 spike protein is inhibited by K777. E. Western blotting
against CTSL shows differential expression between cell lines (P: pro form of CTSL; M: mature form of CTSL). F.
Densitometry analysis of E. G. Activity of cell lysate with Z-FR-AMC in the presence and absence of inhibitors.
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