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ARTICLE INFO ABSTRACT

Keywords: The 3-chymotrypsin-like cysteine protease (3CLpro) of severe acute respiratory syndrome coronavirus 2 (SARS-
COVID-19 CoV-2) is considered a major target for the discovery of direct antiviral agents. We previously reported the
Coronavirus evaluation of SARS-CoV-2 3CLpro inhibitors in a novel self-assembled monolayer desorption ionization mass
f{%r?;:irus spectrometry (SAMDI-MS) enzymatic assay (Gurard-Levin et al., 2020). The assay was further improved by

adding the rhinovirus HRV3C protease to the same well as the SARS-CoV-2 3CLpro enzyme. High substrate
specificity for each enzyme allowed the proteases to be combined in a single assay reaction without interfering
with their individual activities. This novel duplex assay was used to profile a diverse set of reference protease
inhibitors. The protease inhibitors were grouped into three categories based on their relative potency against
3CLpro and HRV3C including those that are: equipotent against 3CLpro and HRV3C (GC376 and calpain in-
hibitor II), selective for 3CLpro (PF-00835231, calpain inhibitor XII, boceprevir), and selective for HRV3C
(rupintrivir). Structural analysis showed that the combination of minimal interactions, conformational flexibility,
and limited bulk allows GC376 and calpain inhibitor II to potently inhibit both enzymes. In contrast, bulkier
compounds interacting more tightly with pockets P2, P3, and P4 due to optimization for a specific target display
a more selective inhibition profile. Consistently, the most selective viral protease inhibitors were relatively weak
inhibitors of human cathepsin L. Taken together, these results can guide the design of cysteine protease inhibitors
that are either virus-specific or retain a broad antiviral spectrum against coronaviruses and rhinoviruses.

Protease inhibitor
Mass spectrometry

1. Introduction

COVID-19, a respiratory infection caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), was first detected in China in
December 2019 before becoming a global pandemic in 2020. Although
>80% of infected individuals are either completely asymptomatic or
experience self-limiting symptoms similar to the common cold, clinical
cases of severe COVID-19 require hospitalization and intensive care due
to pneumonia and extra-pulmonary manifestations (mainly kidney
failure, thrombosis, severe inflammation, and central nervous system
symptoms) (Harapan et al., 2020). The anti-inflammatory corticosteroid
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dexamethasone, and coronavirus (CoV) nucleoside polymerase inhibi-
tor, remdesivir, are considered the standards of care for the treatment of
severe COVID-19 in hospitalized patients requiring oxygen or ventila-
tion (https://www.covid19treatmentguidelines.nih.gov/therapeuti
c-management/). However, these molecules are not suitable for early
stage SARS-CoV-2 infection, patients with moderate symptoms in hos-
pitalized and outpatient settings, or as prophylaxis. Therefore, the need
for additional treatment options adapted to different levels of COVID-19
disease severity remains high.

SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA
virus that belongs to the p-coronavirus genus of the Coronaviridae family,
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which also includes SARS and MERS B-coronaviruses (Coronaviridae
Study Group of the International Committee on Taxonomy of 2020).
Viral RNA synthesis and processing are controlled by the nonstructural
proteins nonstructural protein 7 to 16 after cleavage by the viral 3CL
protease (3CLpro) of two large replicase polyproteins translated from
the coronavirus genome. The main viral protease, 3CLpro, is a cysteine
protease with LQ/(S, A, G) as the preferred P2-P1-P1’ substrate
sequence (Fan et al., 2005). In comparison, the optimum substrate
recognition motif for rhinovirus 3C protease is ETLGQ/GP (Cordingley
et al., 1990), highlighting the broad range in substrate recognition
among cysteine proteases (Corvo et al., 2018). Due to its key role in viral
replication, 3CLpro is considered a major target for antiviral drug dis-
covery. Currently, at least two 3CLpro inhibitors are in (pre)clinical
development for the treatment of COVID-19. PF-07304814, is currently
in Phase 1 clinical trials in patients with SARS-CoV-2 virus infection and
with mild-to-moderate symptoms (NCT04535167). PF-07304814 is a
phosphate prodrug with enhanced solubility that is metabolized to the
active form PF-00835231 (Boras et al., 2020). In vitro, the inhibitory
activity of PF-00835231 is comparable to that of remdesivir against a
broad range of coronaviruses (de Vries et al., 2020), with a marked
preference for coronavirus proteases over human enzymes (Hoffman
et al., 2020). GC376, originally licensed for veterinary use in feline
coronavirus infections, is now considered for the treatment of COVID-19
due to its high level of potency against SARS-CoV-2 (Ma et al., 2020).
GC376 is a broad-spectrum peptidomimetic agent previously reported to
inhibit the replication of noroviruses, picornaviruses, and coronaviruses
(Kim et al., 2012; Takahashi et al., 2013; Kim et al., 2016; Pedersen
et al., 2018).

Conceptually, developing broad-spectrum antiviral agents targeting
coronaviruses and other respiratory viruses such as rhinoviruses is
appealing. However, the limited sequence identity between proteases
from these two distinct virus families has complicated the design and
optimization of dual cysteine protease inhibitors (Wang and Liang
2010). In this study, we evaluated the antiviral spectrum of a set of
reference protease inhibitors including PF-00835231 and GC376, as
well as calpain inhibitor II and XII, boceprevir, and rupintrivir. We
developed a novel duplex biochemical assay optimized to monitor the
enzymatic activities of both SARS-CoV-2 3CLpro and rhinovirus HRV3C
in the same well. This dual mass spectrometry (MS) readout was used to
identify different categories of protease inhibitors based on their relative
potency against 3CLpro and HRV3C. Further structural analysis of the
active site of both enzymes provides valuable information to guide the
design of cysteine protease inhibitors to be either virus specific or retain
broad antiviral activity. Our biochemical data also suggest that com-
pounds targeting both coronavirus and rhinovirus proteases are likely to
inhibit human cathepsin L. Since cathepsin L is a target for protease
inhibitors blocking SARS-CoV-2 cellular entry (Liu et al., 2020; Mellott
et al., 2020), the potential implications of these results are discussed.

2. Materials and methods
2.1. Proteins, peptides, and compounds

SARS-CoV-2 3CLpro was purchased from Kactus and HRV3C was
purchased from Sigma (SAE0110). Peptide substrates and internal
standards were purchased from BioPeptide (San Diego, CA) at >95%
purity. 3CLpro Substrate: Ac-TSAVLQSGFRKK(biotin)-NHj, 3CLpro In-
ternal Standard Ac-SAYRKK(biotin)-NH,, HRV3C Substrate: Biotin-
REEVLFQGPG-NH,, HRV3C Internal Standard Biotin-REEVGFQ-NH2:
Rupintrivir were purchased from Selleck Chemicals (Houston, TX),
GC376 was from Biosynth International (Oakbrook Terrace, IL). Calpain
inhibitor I was from Sigma Aldrich (St. Louis, MO). Calpain inhibitor XII
was from Cayman Chemicals (Ann Arbor, MI). PF-00835231 was pre-
pared as previously outlined (Hoffman et al., 2020). The identity of each
compound in DMSO solution was verified by LC-MS (data not shown).
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2.2. 3CLpro and HRV3C duplex assay

Protease assays were performed in 6 pL volume in 384-well low-
volume polypropylene microtiter plates (Greiner Bio-One, Kremsmiin-
ster, Austria; Catalog 784201) at ambient temperature. The optimized
assay buffer was 20 mM Hepes pH 7.5, 10 mM NaCl, 1 mM EDTA,
0.005% bovine skin gelatin (BSG), 0.002% Tween-20, and 1 mM
dithiothreitol (DTT). Each enzyme assay was developed individually
prior to the duplexing to optimize the buffer, characterize enzyme ac-
tivity and substrate specificity, determine substrate Ky;, DMSO toler-
ance, and uniformity. For the duplex assay, 3CLpro (final concentration
3 nM) and HRV3C (final concentration 6 nM) were added using a
Multidrop Combi (Thermo Scientific; Waltham, MA) and preincubated
for 30 min with test compounds to account for slow on-rates. Reactions
were initiated by the addition of the two peptide substrates (final con-
centration 10 pM each). Reactions were incubated for 30 min and
quenched by the addition of 0.5% formic acid (final) with subsequent
neutralization using 1% sodium bicarbonate (final). Internal standard
peptides were added in 20 mM Hepes pH 8.0 (final concentration 100
nM for the 3CLpro internal standard and 750 nM for the HRV3C internal
standard) for quantitation of the protease products.

2.3. SAMDI-MS analysis

For self-assembled monolayer desorption ionization (SAMDI)-MS
analysis, 2 pL of each reaction mixture was transferred using a 384-chan-
nel automated liquid handler to SAMDI biochip arrays functionalized
with a neutravidin-presenting self-assembled monolayer (SAM). The
preparation of SAMDI biochip arrays has been previously described
(Gurard-Levin et al., 2011). The SAMDI arrays were incubated for 1 h in
a humidified chamber to allow the specific immobilization of the bio-
tinylated peptide substrates, cleaved products, and internal standards.
The samples were purified by washing the SAMDI arrays with deionized
ultrafiltered water (50 pL/spot) and dried with compressed air. A matrix
comprising alpha-cyano cinnamic acid in 80% acetonitrile:20% aqueous
ammonium citrate (10 mg/mL final) was applied in an automated
format by dispensing 50 nL to each spot in the array. SAMDI-MS was
performed using reflector-positive mode on an AB Sciex TOF-TOF 5800
System (AB Sciex, Framingham, MA) with 400 shots/spot analyzed in a
random raster sampling. For data analysis, area under the curve (AUC)
peaks for the product and internal standard were calculated using the
TOF/TOF Series Explorer (AB Sciex) and the amount of product formed
was calculated using the equation (AUC product/AUC internal standard)-
Negative controls were pre-quenched with 0.5% formic acid. Assay
robustness was determined by Z-Factor, calculated using the equation;

1- (3(Gpos+0neg)/(ppos'pneg)>

where ¢ is the standard deviation and p is the average conversion of the
positive and negative control wells.

2.4. Human cathepsin L assay

Assays were performed in 20 pL volume in 384-well small-volume
non-binding microtiter plates (Greiner Bio-One; Monroe, NC) at
ambient temperature in the assay buffer (20 mM sodium acetate, 1 mM
EDTA, 0.005% Brij-35 and 5 mM DTT pH5.5). Human Cathepsin L (final
concentration 10 pM, R&D Systems; Minneapolis, MN) was pre-
incubated for 30 min with test compounds. Reactions were initiated by
the addition of a peptide substrate Z-FR-AMC (final concentration 2 pM,
Anaspec; Fremont, CA). Fluorescence was measured at 2-min intervals
for 30 min using a 355/460 excitation/emission filter module on an
Envision plate reader (Perkin Elmer; Waltham, MA). The ICsy values
were calculated by fitting the curves using a four-parameter equation in
GraphPad Prism.



C. Liu et al.

A

Internal
Standard
1020.0 m/z

Product
948.0 m/z

Int.

Rel.

Internal
Standard
1089.9 m/z

Antiviral Research 187 (2021) 105020

Fig. 1. Development of individual 3CLpro
and HRV3C SAMDI-MS assays. (A) Repre-
sentative SAMDI-MS spectra reveal peaks
corresponding to internal standards and
products from before (top) and after (bot-
tom) 3CLpro (left) and HRV3C (right) activ-
ity. (B) The reaction product measured by
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2.5. Structural analysis

Protein structures for SARS-CoV-2 3CLpro and HRV3Cprotease were
directly retrieved from the Protein Data Bank (PDB) (Berman et al.,
2000). PDB identifiers were used for discussion, as some of the struc-
tures had yet to be associated with a literature reference at the time of
writing this report. Similar structures (e.g. groups of 3CLpro structures
or HRV protease structures were loaded directly into Pymol (The PyMOL
Molecular Graphics System, Version 2.0 Schrodinger, LLC.) and super-
imposed using the default tools. For structures with low identity rates (e.
g. 3CLpro vs. HRV protease), PDB structures were first loaded into
program Yasara (Krieger and Vriend 2014) and superimposed with
SHEBA (Jung and Lee 2000). The transformed coordinates were then
saved in PDB format and loaded into Pymol. All subsequent molecular
graphics, including protein cartoons and surfaces, were drawn with
Pymol.

3. Results
3.1. Development of a 3CLpro and HRV3C duplex assay

To enable a duplex readout of multiple enzyme activities using

SAMDI-MS, the enzyme product masses must be mass resolvable.
Therefore, peptide substrates were designed for 3CLpro and HRV3C to
include their respective canonical cleavage sites so that the anticipated
cleavage products would be peptides with distinct masses. Each peptide
also features a biotin moiety that enables the specific immobilization of
the peptide to neutravidin-presenting SAMs following a homogenous
reaction in a 384-well plate for MS analysis (Gurard-Levin, 2020). To
determine the product masses, 3CLpro and HRV3C were incubated with
their cognate substrates in separate reactions and the products analyzed
by SAMDI-MS. In the presence of enzyme, the SAMDI-MS spectra for the
3CLpro and HRV3C reactions showed peaks at 948.0 m/z and 1146.8
m/z, respectively, corresponding to each protease product (Supple-
mentary Fig. 1). The distinct masses of the products support their po-
tential application in a duplex SAMDI-MS assay.

To verify selectivity of the two enzymes for their respective sub-
strate, each enzyme was incubated over a range of concentrations of
0.78-25 nM in the presence of each substrate at 10 pM individually and
the reactions were monitored over time. Product yields were quantita-
tively assessed in a SAMDI-MS assay, using internal standard peptides
introduced after the reaction. The standards differ from the products in
mass but feature similar ionization efficiencies (Gurard-Levin, 2020),
enabling a ratiometric analysis to determine yield using the equation
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Fig. 2. Kinetic parameters for 3CLpro and HRV3C. Ky and Vy,,x measured for
the (A) 3CLpro peptide substrate and (B) HRV3C peptide substrate and
respective enzymes. (C) Velocity of 3CLpro and HRV3C activity is linear over a
range of concentrations in the SAMDI-MS assay and specific for their peptide
substrate (10 uM final). All measurements from triplicate data.

AUCpr0d/(AUCrnt stnd + AUGprod) (Fig. 1A). In the presence of their
cognate enzyme, product formation accumulated with increasing
enzyme concentration (Fig. 1B). Importantly, the HRV3C substrate is not
active towards the 3CLpro enzyme, and the 3CLpro substrate exhibits
only minimal activity toward HRV3C at 25 nM (Fig. 1C). Below 25 nM,
the HRV3C enzyme specifically cleaves its substrate. The selectivity of
each enzyme for its substrate provides further support for their potential
application in a duplex SAMDI-MS assay.

3.2. Determination of kinetic constants and buffer optimization

Before duplexing, the kinetic parameters of each reaction were
characterized individually to ensure optimal assay conditions for char-
acterizing inhibitors. Starting with a buffer recently optimized for the
3CLpro protease (Gurard-Levin, 2020), the Ky and maximum velocity
(Vmax) of each peptide substrate was measured in parallel using
SAMDI-MS. Concentrations of the two peptides were titrated between
1.5 and 200 pM and the product monitored over time. Plotting the initial
velocity of the linear portion versus the substrate concentration revealed
Michaelis-Menten curves for the two enzymes. The SAMDI-MS assay
measured an apparent Ky of 16.43 uM and a Vpax of 0.29 pM/min for
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Fig. 3. Development of the SAMDI-MS duplexed assay. (A) Representative
SAMDI-MS spectra of the duplexed reactions before (top) and after (bottom)
3CLpro and HRV3C activity. (B) Full plate uniformity data using optimized
conditions and 6 pL reaction volumes for the duplexed SAMDI-MS assay. 100%
inhibition controls were pre-incubated with 0.5% formic acid (final).

3CLpro and a Ky of 10.76 pM and Vpax of 0.21 pM/min for HRV3C,
resulting in a Keae/Ky of 5.9 min~1uM ™! for 3CLpro and 3.2 min~'pym !
for HRV3C (Fig. 2A and B, Supplementary Fig. 2A). For both enzymes,
10 pM peptide was selected to allow for the discovery and character-
ization of substrate-competitive inhibitors while also ensuring suitable
conversion of substrate to product for each enzyme. Using these con-
ditions, activity of each enzyme was measured by SAMDI-MS over a
range of enzyme concentrations and the data revealed linear activity up
to 12.5 nM of each enzyme (Fig. 2C, Supplementary Fig. 2B). Finally, the
impact of glycerol and DMSO was evaluated. The data show that neither
glycerol nor DMSO up to 10% significantly impact enzyme activity
(Supplementary Fig. 2C), supporting the assay conditions for evaluating
small molecule inhibitors dissolved in DMSO. Assay development data
converged on the optimal conditions of 10 pM of each substrate in the
optimized buffer of 20 mM Hepes pH 7.5, 10 mM NaCl, 1 mM EDTA,
0.005% BSG, 0.002% Tween-20, and 1 mM DTT. Under these condi-
tions, 3 nM 3CLpro and 6 nM HRV3C generate suitable amounts of
product in a 30-min reaction. Importantly, each enzyme also exhibits
specificity for its corresponding substrate (Fig. 2C).

3.3. Robustness of the duplex assay

The robustness of each enzyme in the duplex assay is critical to
quantitatively measure compound potency and selectivity. To assess the
robustness of the duplex SAMDI-MS protease assay, reactions were
miniaturized to 6 pL in a 384-plate format using the optimized condi-
tions with 3 nM 3CLpro and 6 nM HRV3C. The presence of positive and
negative controls permitted calculation of a Z-(or Z’-)factor (a measure
of robustness), which considers the mean and standard deviation of



C. Liu et al.

Boceprevir

Antiviral Research 187 (2021) 105020

Qr*ﬁ*m
h

Calpain inhibitor XII

° NH
(0] (0]
0}
O/N\ N Y N = ~
H I H
I O

F

Rupintrivir

N
o_ O
(0]
| H
H (0] :\’/H o

PF-00835231

Fig. 4. Structure of reference protease inhibitors used in this study.

positive and negative controls. In this experiment, negative control re-
actions were pre-quenched with 0.5% formic acid (final concentration).
The SAMDI-MS spectra showed peaks corresponding to the two stan-
dards and products (Fig. 3A). In a uniformity experiment to measure
robustness, the data support a robust assay with Z'-factors of 0.77 and
0.70 for 3CLpro and HRV3C, respectively (Fig. 3B).

3.4. Evaluation of small molecule inhibitors against viral and human
proteases

Next, we evaluated a panel of 3CLpro and HRV3C reported inhibitors
in the duplex SAMDI-MS assay (Fig. 4). In the assay, GC376 was equally
potent in its inhibition of 3CLpro and HRV3C, with ICs5( values of 2.3 and
5.4 nM, respectively (Fig. 5). Likewise, calpain inhibitor II displayed a
similar degree of inhibition against the two enzymes. PF-00835231 was
about 1000-fold more potent against 3CLpro than HRV3C. Similarly,
both calpain inhibitor XII and boceprevir displayed a marked preference
for 3CLpro inhibition over HRV3C. In contrast, rupintrivir was selective
for HRV3C, with no observed inhibition of 3CLpro. The inhibition po-
tency results obtained in the duplex SAMDI-MS assay were confirmed in
the FRET assay format (Supplementary Table 1). In summary, our results
distinguish three categories of protease inhibitors based on their relative
potency against 3CLpro and HRV3C including those that are: equipotent
against 3CLpro and HRV3C (GC376 and calpain inhibitor II), selective
for 3CLpro (PF-00835231, calpain inhibitor XII, boceprevir), and se-
lective for HRV3C (rupintrivir).

To evaluate the selectivity of protease inhibitors beyond viral targets,
the same six compounds were tested against human cathepsin L. The
most potent inhibitors in this assay were GC376 and calpain inhibitor II
and XII, with ICsq values below 1 nM (Table 1). PF-00835231 was a
moderate inhibitor of human cathepsin L (IC59 ~500 nM). The two
commercially approved antiviral protease inhibitors rupintrivir and

boceprevir only weakly inhibited the human enzyme (ICsp > 1 pM).
Taken together, these results indicate that virus-specific protease in-
hibitors were relatively weak inhibitors of human cathepsin L, whereas
molecules with broad antiviral spectrum GC376 and calpain inhibitor II
tended to also inhibit the human enzyme.

3.5. Comparison of 3CLpro and HRV3C active sites

GC376, calpain inhibitors II and XII, PF-00835231 and boceprevir
have been co-crystallized with 3CLpro, while rupintrivir was not (in line
with its lack of activity). However, rupintrivir was co-crystallized with
HRV3C protease (PDB 1CQQ & 6KUS8), its intended target (Fig. 6A).
HRV3C protease and SARS-CoV-2 3C-like protease display a comparable
fold, allowing superimposition of the corresponding crystal structures
through structural homology methods, e.g., SHEBA (Supplementary
Fig. 3). Nonetheless, the identity between the two proteins remains
limited (<15%). The primary sequence of HRV3C protease is also
notably shorter; missing the C-terminal dimerization domain typical of
coronaviral 3C-like proteases. As a result, the proteases differ markedly
around positions P2, P3, and P4. The difference is apparent when dis-
playing the molecular surfaces of the proteins around the bound in-
hibitors, revealing a more open binding site in HRV3C around those
positions (Fig. 6A and B). GC376 inhibits 3CLpro by forming a covalent
reversible adduct between the catalytic Cys145 and its aldehyde moiety.
This functional group represents one of the simplest warheads that can
be used to target Cys residues. As a result, GC376 does not display any
functional group that could interact—favorably or not—with any of the
sub-pockets corresponding to positions P1’ and beyond. On the other
side of its structure, GC376 is capped by a [(benzyloxy)carbonyl]amino
moiety allowing some conformational flexibility. Interestingly, GC376
has been co-crystallized multiple times with SARS-CoV-2 3CLpro (PDB
IDs 7C6U, 7CBT, 7C8U, 7BRR, 6WTT, 6WTK, 6WTJ). While the carbonyl
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against 3CLpro (red) and HRV3C (black). Experiments were performed in duplicate and error bars represent standard deviation.

Table 1
Summary of inihibtion potency against 3CLpro, HRV3C, and cathepsin L.
Compound SAMDI-MS SAMDI-MS FRET
3CLpro ICsg HRV3 ICso Cathepsin L
(duplex) (duplex) 1Cso
GC376 13 nM 20 nM 0.33 nM
Boceprevir 15.6 yM >100 pM 2.3 uM
Calpain inhibitor I 743 nM 2.37 yM 0.097 nM
Calpain inhibitor 383 nM >100 pM 0.69 nM
XII
Rupintrivir >100 pM 1.04 nM 4.4 yM
PF-00835231 5.7 nM 2.79 yM 456 nM

of the [(benzyloxy)carbonyl]lamino moiety consistently forms an H-
bond interaction with the backbone of Glul66 and can therefore be
considered a real “anchor point,” the benzyl group adopts multiple
conformations, suggesting that only limited interactions are made
(Fig. 6C). In the majority of cases, the benzyl group is “folded” toward
sub-pocket P3 and the pyrrolidinone moiety occupying sub-pocket P1.
The corresponding region (P3) can essentially be considered solvent-
exposed in both 3CLpro and HRV3C protease. Similarly, calpain inhib-
itor I binds 3CLpro through a minimal aldehyde moiety and positions an
isobutyl (Leucine) side chain into the P3 region, making only limited
contacts. Compared with GC376, calpain inhibitor II forms an additional

H-bond through its acetamide moiety, but lacks the bulky 5-methyl-1,2-
oxazol-3-yl moiety found in rupintrivir. In summary, the combination of
minimal interactions (essentially with P1 and P2), conformational
flexibility, and limited bulk allows GC376 and calpain inhibitor II to
inhibit both 3CLpro and HRV3C proteases, despite the low sequence
identity between them. In contrast, compounds interacting more tightly
with pockets P2, P3, and P4 and/or optimized for a specific target
display a more selective inhibition profile.

4. Discussion

This study describes the use of self-assembled monolayer desorption
ionization mass spectrometry (SAMDI-MS) technology to develop a
novel label-free and duplex biochemical assay containing SARS-CoV-2
3CLpro and rhinovirus HRV3C in the same well. Monitoring the activ-
ity of both enzymes simultaneously represents a significant advantage
over traditional biochemical assays for routine inhibitor profiling and
structure-activity relationship studies. The main change in assay con-
ditions compared to our previous report of the SAMDI-MS readout is the
use of tag-free SARS-CoV-2 3CLpro (Gurard-Levin et al., 2020). Using a
native construct instead of an MBP-tagged protein resulted in about
100-fold increase in enzymatic activity (Keae/Km = 5.9 min’lpM’1 for
native 3CLpro vs. 0.058 min 'pM~! for MBP-3CLpro) (Fig. 2A). We
evaluated the antiviral spectrum of a set of reference protease inhibitors
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A

Fig. 6. Structural analysis of protease inhibitor binding sites. (A) and (B):
Binding mode of rupintrivir in HRV3C protease (A; PDB 1CQQ) and of PF-
00835231 in SARS-CoV-2 3C-like protease (B; PDB 6XMH). Proteins were
superimposed with SHEBA and drawn as molecular surfaces with Pymol. In-
hibitors are displayed as green sticks. (C) Superimposition of reported struc-
tures of SARS-CoV-2 3CL-pro with bound GC376 (7C6U green, 7CBT cyan,
7C8U magenta, 6WTT tan, 7BRR light grey, 6WTK blue, 6WTJ orange). The
terminal benzyl group of CG376 is found in multiple conformations, but is in
most cases oriented toward the solvent-exposed sub-pocket P3 and the pyrro-
lidinone moiety occupying sub-pocket P1. Closer contact with the protein is
only suggested for structure 6WTT; wherein the benzyl group is oriented to-
ward P4.

including PF-00835231 and GC376, as well as calpain inhibitor II and
XII, boceprevir, and rupintrivir (Fig. 4). There again, changing the
enzyme source to the native construct resulted in a 5-10-fold increase of
inhibition potency for GC376 as well as calpain inhibitors II and XII
(Fig. 5). This increased potency can be explained by the lower enzyme
concentration used for the native construct (3 nM) vs. MBP-3CLpro (125
nM). Importantly, our 3CLpro ICsq values are in good agreement with
previous reports for all compounds including the clinical candidate
PF-00835231 (Boras et al., 2020; Hoffman et al., 2020; Ma et al., 2020).
Our results also reveal that GC376 and PF-00835231, the two most
studied protease inhibitors for the treatment of SARS-CoV-2, have very
distinct selectivity profiles. GC376 is a very broad cysteine protease
inhibitor with no selectivity for 3CLpro over HRV3C and cathepsin L. On
the other hand, PF-00835231 inhibits SARS-CoV-2 3CLpro about 100-
and 500-fold more potently than cathepsin L. and HRV 3C, respectively
(Table 1). Since cathepsin L is a target for protease inhibitors blocking
SARS-CoV-2 cellular entry, targeting both 3CLpro and cathepsin L with a
single molecule could potentially have a synergistic antiviral effect at
least in cell culture systems (Liu et al., 2020; Mellott et al., 2020).
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However, the antiviral benefit of inhibiting cathepsin L alone or together
with 3CLpro in the context of COVID-19 still needs to be demonstrated
in animal models and in the clinic.

One of the objectives of our study was to define the molecular bases
for the selectivity of cysteine protease inhibitors. When binding HRV3C
protease, the selective inhibitor rupintrivir positions a 4-fluorophenyl
moiety in a P2 “groove” that is partially exposed, in contrast to the
more enclosed sub-pocket found in SARS-CoV-2 3CLpro. Such a 4-fluo-
rophenyl moiety was recently reported to decrease the activity of
structurally related compounds against SARS-CoV-2 3CLpro (Zhang
et al., 2020). Rupintrivir also binds in an extended conformation that
would not be accepted by SARS-CoV-2 3CLpro. In particular, the
[(5-methyl-1,2-0xazol-3-yl)formamido] moiety, which makes several
favorable contacts in HRV3C protease, would sterically conflict with the
amino-acid section connecting the catalytic and dimerization domains
of SARS-CoV-2 3CLpro. The other selective inhibitor boceprevir displays
a rigid and hydrophobic 3,3-dimethylbutanoyl-6,6-dimethyl-3-azabicy-
clo[3.1.0]hexan-2-yl moiety, which occupies P2 instead of the more
usual leucine residue found in other 3CLpro inhibitors as in consensus
substrates. This elaborate group makes multiple hydrophobic contacts
with two methionine residues (M49, M165), which are absent from
HRV3C protease (one replaced by glycine, one having no corresponding
residue; yielding the more open binding site around P2). Both selective
inhibitors boceprevir and PF-00835231 form multiple contacts with the
amino-acid section connecting the catalytic and dimerization domains
of SARS-CoV-2 3CLpro, which is missing from HRV3C protease. Of note,
the 4-methoxy-indole group found in PF-00835231 results from a
dedicated optimization of the compound series against 3CLpro (Hoff-
man et al., 2020). The lack of corresponding contacts in HRV3C protease
explains the selectivity of this inhibitor toward 3CLpro. On the other
hand, the simple warhead of GC376 and its lack of targeted functional
groups explain its ability to potently inhibit not only SARS-CoV-2
3CLpro and HRV3C protease, but also human cathepsin L (Fig. 5 and
Table 1).

Can a protease inhibitor potently target coronaviruses and picorna-
viruses without inhibiting human proteases? Our structural analyses
indicate that compounds optimized to interact tightly with specific
pockets of their protein target site tend to display a more selective in-
hibition profile. Therefore, optimizing a protease inhibitor for broad
antiviral spectrum against coronaviruses and picornaviruses without
also inhibiting the human counterparts might be challenging, but
theoretically achievable. The inhibition of human proteases by clinical
stage PF-00835231, boceprevir, and rupintrivir has been described and
these compounds are relatively selective (Dragovich et al., 1999; Howe
and Venkatraman 2013; Hoffman et al., 2020). This selectivity profile is
consistent with our own results showing preferred inhibition for one
viral protease (Table 1). Calpain inhibitor XII, while most active on
calpain 1, is active vs. calpain II and cathepsin B and L (Li et al., 1996;
Sacco et al., 2020). Therefore, our observation that calpain inhibitor XII
does not inhibit HRV3C does not mean that this compound is a selective
protease inhibitor (Table 1). Also calpain inhibitor II is described to
inhibit human cysteine proteases calpain I, II, cathepsin L and cathepsin
B (Sasaki et al., 1990). Furthermore, while inhibitor GC376 does contain
a glutamine surrogate in the P1-position and a consensus leucine on P2,
this is not considered sufficient to render selectivity for viral proteases,
especially as the released active GC373 is a reactive aldehyde. GC373 is
known to inhibit cathepsin B with an ICsg value of 9 nM (Swisher et al.,
2015). These data are consistent with a very recent study showing that
GC373 and GC376 inhibit cathepsin L (https://doi.org/10.1101/2020.
11.21.392753). In summary, our 3CLpro/HRV3C duplex assay pro-
vides a convenient way to rapidly and systematically measure the
antiviral selectivity of clinically relevant protease inhibitors. Coupled
with cathepsin L testing, our analyses indicate that dual inhibition of
SARS-CoV-2 and human rhinovirus proteases can be achieved with
molecules like GC376 and calpain inhibitor II, but that this broad anti-
viral spectrum also extends to human proteases such as cathepsin L. The
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potential benefit of inhibiting 3CLpro together with cathepsin L for the
treatment of COVID-19 will require further investigation.
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