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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronaviruses 1 and 2 (SARS-CoV-1 and SARS-CoV-2) pose a threat to global
Human coronavirus public health. The 3C-like main protease (MP™), which presents structural similarity with the active site domain
SARS-CoV-1 of enterovirus 3C protease, is one of the best-characterized drug targets of these viruses. Here we studied the
iﬁ?:fi;ise MPre antiviral activity of the orally bioavailable enterovirus protease inhibitor AG7404 against SARS-CoV-1 and SARS-
AG7404 CoV-2 from a structural, biochemical, and cellular perspective, comparing it with the related molecule rupintrivir
Rupintrivir (AG7800). Crystallographic structures of AG7404 in complex with SARS-CoV-1 MP* and SARS-CoV-2 MP™ and of

rupintrivir in complex with SARS-CoV-2 MP™ were solved, revealing that all protein residues interacting with the

inhibitors are conserved between the two proteins. A detailed analysis of protein-inhibitor interactions indicates
that AG7404 has a better fit to the active site of the target protease than rupintrivir. This observation was further
confirmed by biochemical FRET assays showing ICsq values of 47 uM and 101 pM for AG7404 and rupintrivir,
respectively, in the case of SARS-CoV-2 MP™. Equivalent ICsy values for SARS-CoV-1 also revealed greater
inhibitory capacity of AG7404, with a value of 29 pM vs. 66 pM for rupintrivir. Finally, the antiviral activity of
the two inhibitors against SARS-CoV-2 was confirmed in a human cell culture model of SARS-CoV-2 infection,
although rupintrivir showed a higher potency and selectivity index in this assay.

Human coronaviruses (HCoVs) cause mild to severe respiratory tract
illnesses in humans (Hu, 2019). The emergence in the last two decades
of severe acute respiratory syndrome coronaviruses 1 and 2 (SAR-
S-CoV-1 and SARS-CoV-2) and Middle East respiratory syndrome coro-
navirus (MERS-CoV) has revealed the extraordinary potential threat to
global public health posed by HCoVs, with SARS-CoV-2 originating the
Coronavirus Disease 2019(COVID-19) pandemic (Forman et al., 2022).
In the search for drugs against coronavirus, the dimeric 3C-like main
protease (MP™) is one of the best-characterized drug targets (Anand
et al., 2003; Yang et al., 2003; Linlin Zhang et al., 2020). MP™ is a key
enzyme for viral replication since, together with the papain-like prote-
ase, it processes the newly synthesized polyprotein in functional pro-
teins (Meyer et al., 2021).

Orally bioavailable compound AG7404 (also named compound 1)

and the related molecule rupintrivir (AG7088) were developed against
human rhinovirus, the etiological agent of the common cold. These
drugs progressed to phase II/III and phase I of clinical trials, respectively
(Hayden et al., 2003; Patick et al., 2005). We previously demonstrated
that both compounds are active against the enterovirus B pathogen
EV-93. By solving the crystal structures of the complexes of these two
peptidomimetic compounds with the EV-93 3C protease (3CP™), we
showed that both imitate the P4 to P1’ peptide substrate, with an
o,p-unsaturated ester at P1’ as a Michael acceptor to form an irreversible
covalent bond with the active-site cysteine residue. Therefore, both
compounds form a stable tetrahedral adduct that results in the irre-
versible inactivation of the protease. The inhibition of the proteolytic
activity of 3CP™ was confirmed in biochemical assays and the activity of
the two compounds against EV-93 was proved in vitro in infected cells

* Corresponding author. Institute for Research in Biomedicine (IRB Barcelona), The Barcelona Institute of Science and Technology, Baldiri Reixac 10, 08028,

Barcelona, Spain.
E-mail address: mcoll@ibmb.csic.es (M. Coll).
1 Authors contributed equally to this work.

https://doi.org/10.1016/j.antiviral.2022.105458

Received 20 May 2022; Received in revised form 26 October 2022; Accepted 29 October 2022

Available online 3 November 2022

0166-3542/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:mcoll@ibmb.csic.es
www.sciencedirect.com/science/journal/01663542
https://www.elsevier.com/locate/antiviral
https://doi.org/10.1016/j.antiviral.2022.105458
https://doi.org/10.1016/j.antiviral.2022.105458
https://doi.org/10.1016/j.antiviral.2022.105458
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Fabrega-Ferrer et al.

(Costenaro et al., 2011). Although there is low sequence identity be-
tween picornavirus 3CP™ and coronavirus MP™® (<10%), the substrate
specificity of both proteases is identical for P1 and P4 subsites. More-
over, even though MP™ domain III has no counterpart in 3CP™, their
active site is located in a cleft between domains I and II, which have a
similar architecture to that of picornavirus 3CP™. Given this structural
similarity, it has been suggested that rhinovirus 3CP™ inhibitors may be
modified and used for treating SARS (Anand et al., 2003). Therefore, we
decided to test AG7404 and rupintrivir against SARS-CoV-2 and
SARS-CoV-1.

Crystallographic structures of AG7404 bound to both SARS-CoV-2
MP™ and SARS-CoV-1 MP™ and rupintrivir bound to SARS-CoV-2 MP™
were solved at a resolution of 2.26, 2.53 and 2.26 A, respectively
(Table 1). All electron density maps showed clear densities corre-
sponding to the inhibitors at the active sites, which allowed the building
of one molecule of AG7404 or rupintrivir per protein monomer, forming
a stable tetrahedral adduct (Fig. 1, Supplementary Fig. 1). The molecular
interactions of the inhibitors with MP™ were characterized (Supple-
mentary Fig. 2, Supplementary Table 1). All protein residues interacting
with the inhibitors are conserved between SARS-CoV-1 MP™ and SARS-
CoV-2 MP™, thereby suggesting that their efficacy as antivirals against
both species might be similar.

P1’ and P1 moieties of the inhibitors are shared between the two
compounds. In all the structures, P1’ ethyl ester group is positioned
above the oxyanion hole formed by Gly143, Ser144 and Cys145 amide
groups and makes hydrogen bonds with these residues. In the SARS-
CoV-2 MP™ — AG7404 complex, inhibitor O3 forms an additional
hydrogen bond with the side chain of catalytic His41. The P1 y-lactam
moiety was designed as a glutamine surrogate and is deeply embedded
in the S1 pocket, forming hydrogen bonds with residues Phe140, Glu166
and Ser1 from the other chain of the dimer (Dragovich et al., 1999; Tan
etal., 2013; Linlin Zhang et al., 2020). Apart from the interactions in the
y-lactam ring, equivalent N8 of AG7404 and N12 of rupintrivir interacts
with the carbonyl oxygen of His164.

The P2 part of the inhibitors differs, with an ethynyl group in
AG7404 and a 1-fluorobenzen-4-yl group in rupintrivir. Hydrogen bonds
are formed between rupintrivir F1 and Tyr54, Asp187 and Arg188 res-
idues, although they might not be well established as electron density in
this region was poorly defined. The ethynyl group in AG7404 is much
smaller and stacks against His41, with residues Met165 and Asp187 also
constraining its position. Electron density of this moiety is less defined
when compared with the rest of the AG7404 compound, thus indicating
that there is room for binding improvement in this area.

The major difference between the two inhibitors is found in the P3
region. In this regard, AG7404 has a 2-pyridon-1,3-diyl group that cycles
with the following amine while rupintrivir has a valine amino acid-like
moiety. N58 and O3 atoms in the peptidomimetic backbone of rupin-
trivir interact with residue Glul66, in a similar manner to 026 in
AG7404. However, the electron density of the P3 moiety of AG7404 is
much better defined than that of rupintrivir, thereby suggesting a better
fit in the protease cavity.

Although the P4 moiety is common to both inhibitors, its position
differs, probably because of a distinct orientation imposed by the posi-
tion of the P3 groups (Supplementary Fig. 3A). While in rupintrivir weak
electron density shows that the moiety interacts with GIn189 and
Thr190 residues through O4 and 060, in AG7404 hydrogen bonds, both
direct and water-mediated, are established with Glul66, Leul67 and
Thr190 with 018, N17 and 022 inhibitor atoms. Such interactions are
especially well defined in the structure of the SARS-CoV-2 MP™ —
AG7404 complex.

Another X-ray structure of SARS-CoV-2 MP™ in complex with
rupintrivir was recently published, showing a unique conformation of
the compound in the protease active site, with the P2 moiety splitting up
the catalytic His41 and Cys145 side chains (Lockbaum et al., 2021).
However, in our structure, the P2 moiety is accommodated at the S2
subsite, as previously observed in enterovirus complexes, and the His41

Table 1

Data collection and refinement statistics.
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SARS-CoV-2 MP™-
AG7404 (PDB

SARS-CoV-1 MP™-
AG7404 (PDB

SARS-CoV-2 MP™-
Rupintrivir (PDB

7ZQV) 7ZQW) 7P35)

Data collection statistics

Space group P2, P2;2:2 P2,

Unit-cell a=4531,b= a=106.854,b = a=45.02,b=
dimensions (/?\, 54.08, c = 45.22, ¢ = 53.55, 54.02,c =114.07,
°) 115.011, a = o =90.00, p = a=90.00,p =

90.00,  =100.34,  90.00, y = 90.00 100.77, y = 90.00
y = 90.00

Beamline ID30A-3 (ESRF) XALOC (ALBA) XALOC (ALBA)

Wavelength (A) 0.96770 0.97918 0.97926

Vi (A/Da) 2.06 1.91 2.03

Solvent content 40.00 35.71 39.44
(%)

Resolution range 48.79-2.26 47.87-2.53 56.09-2.26
A (2.45-2.26) (2.69-2.53) (2.29-2.26)
Number of 47,666 (2,657) 32,205 (1,985) 53,621 (2,639)
observed
reflections

Number of 18,801 (941) 7,634 (382) 21,599 (1,085)
unique
reflections

Rmerge” 0.096 (0.552) 0.093 (1.495) 0.060 (0.853)

CCy2 0.985 (0.802) 0.998 (0.431) 0.998 (0.580)

Spherical 72.7 (17.5) 83.1 (24.5) 84.4 (87.9)
completeness
(%)

Ellipsoidal 89.5 (56.8) 91.9 (46.3)
completeness
%)"

Mean I/o (I) 45@1.4) 10.1 (1.1) 9.6 (1.4)

Multiplicity 2.5(2.8) 4.2 (5.2) 2.5(2.4)

Refinement statistics

Reactor 0.190 0.215 0.200

Rree’ 0.241 0.289 0.258

Number of atoms 4,896 2,375 4,814
(non-H)

- Protein 4,716 2,336 4,694

- Ligand 76 38 86

- Water 104 1 34

r.m.s.d. for bond 0.006 0.006 0.006
lengths (i\)

r.m.s.d. for bond 1.444 1.526 1.471
angles (°)

Average B-factor 40.67 65.93 50.93
&>

Average B-factor 60.92 (62.68 for 82.69 94.59 (98.95 for
for inhibitor chain A, 59.15 for chain A, 90.22 for
molecules (Az) chain B) chain B)

Ramachandran analysis*

Residues in 99.67 99.67 99.34
allowed
regions (%)

Residues in 0.33 0.33 0.66

outlier regions
(%)

Values in parenthesis refer to the outer-most resolution shell.

? Rmerge = ZpZilli i—<Ip>|/ZpZili, where I is the ith-intensity measurement
of reflection h and <Ij,> is the average intensity for multiple measurements.

b Ellipsoidal completeness was calculated with STARANISO (Tickle et al.,

2018).

¢ Reactor and Rpree = Z||Fo|—|Fe||/Z|Fo|. Riree Was calculated for 5% of the re-
flections not used for refinement.
4 Ramachandran analysis was done with MolProbity (Chen et al., 2010).

side chain is in its functional position (Supplementary Fig. 3B).
Previous biochemical studies have revealed that rupintrivir is a se-

lective potent enterovirus 3C protease inhibitor, with ICsg values as low
as 1.04 nM against rhinovirus HRV3C. It also inhibits SARS-CoV-2 MP™
but with much higher ICso values of at least 68 pM (Liu et al., 2021;
Vatansever et al., 2021). In our hands, rupintrivir also showed antiviral
activity against the SARS-CoV MP™ enzymes, as shown by a fluorescence
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resonance energy transfer (FRET)-based inhibition assay, with ICsg
values of 66 and 101 pM for SARS-CoV-1 and SARS-CoV-2, respectively
(Fig. 2). The observation of two distinct binding modes of the inhibitor
to HCoV MP™ (Lockbaum et al., 2021; this work) suggests a dynamic
equilibrium of P2 orientations, which could explain the loss of the
inhibitory capacity of rupintrivir against HCoV when compared to its
potency against enterovirus.

The same assay was used to determine the activity of AG7404 against
MP™, which appears to be stronger than that of rupintrivir. The ICsq
values of AG7404 against SARS-CoV-1 and SARS-CoV-2 are 29 pM and
47 pM, respectively. These results are in agreement with what we
observe in the structural analysis of the complexes, with AG7404 having
a more defined electron density, thus suggesting a better fit in the SARS
MP™ active site.

To verify the antiviral activity of these molecules against SARS-CoV-
2, in vitro cell-based infection assays were performed. To this end, an
immunomicroscopy-based phenotypic assay was carried out in human
lung adenocarcinoma A549 cells expressing SARS-CoV-2 human recep-
tor ACE2 (A549-ACE2), which are susceptible to SARS-CoV-2 infection
in culture.

SARS-CoV-2 propagation was strongly inhibited by both rupintrivir
and AG7404 in A549-ACE2 cells (Table 2, Supplementary Fig. 4).
Rupintrivir showed strong potency (ECsg 0.57 pM; ECyg 8.46 pM) and
high selectivity (CCsp > 250 puM; Slso > 438.6 pM), suggesting that this
molecule inhibits SARS-CoV-2 infection as previously reported in these
cells (Xie et al., 2020). AG7404 showed antiviral activity at higher doses
(ECs0 6.8 pM; ECgg 90.90 pM; CCso 250 uM; Slso 36.8). Structural data
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Fig. 1. Structure of the inhibitors bound to MP™
active site. (A) Chemical structures of rupintrivir and
/ : AG7404. Asterisks indicate the carbon atoms that
form irreversible covalent bonds with SARS-CoV-2
MP™ Cys145. (B) SARS-CoV-2 MP™ with rupintrivir.
(C) SARS-CoV-2 MP™ with AG7404. (D) SARS-CoV-1
MP™ with AG7404. SARS-CoV-2 MP™ is shown in
gray, SARS-CoV-1 MP™ in wheat, rupintrivir in orange
and AG7404 in lime green. Proteins are shown as
atom-colored surface, with atomic detail of the pro-
tein residues interacting with the compounds.
Hydrogen bonds are marked with discontinuous dark
green lines. Subsites from P4 to P1’ are also labeled.

and biochemical assays supported AG7404 as a better antiviral candi-
date against SARS-CoV-2 than rupintrivir, with the first showing tighter
interactions with the target and a lower ICsg. Nevertheless, cellular as-
says suggest that differences in additional factors in this experimental
setup like cellular uptake, non-specific binding, compound solubility
and stability, and/or compound biotransformation may reduce the ex-
pected effectiveness of AG7404 in the experimental system that was
used (Hann and Simpson, 2014; Teuscher et al., 2017). Both compounds
were found to be inactive against SARS-CoV-2 when using a Vero
cell-based infection system (data not shown), as found previously with
SARS-CoV-1 (Matthews et al., 2004). Moreover, a previous study
showed that rupintrivir and AG7404 inhibited SARS-CoV-2 infection
only at higher drug concentrations when tested on Vero E6 and Huh7
cells (Leike Zhang et al., 2020). This observation thus suggests that
distinct cell lines may be required to study the potential of these and
similar compounds. Vero cells are not an accurate model for human
airway and lung epithelial cells. In contrast, A549-ACE2 cells are likely a
closer mimicking model (Steuten et al., 2021). It has been found that
some MP™ inhibitors cross-inhibit cell cathepsins involved in viral entry
(Ma et al., 2022; Steuten et al., 2021). Cross-inhibition of cathepsins
might play a synergic role in the case of rupintrivir, although AG7404
has not been assayed for this activity.

Since the beginning of the pandemic, both public research in-
stitutions and pharma companies made huge efforts to find clinical
candidates that were active against COVID-19. Pfizer preclinical ex-
periments showed that compound PF-00835231, previously developed
as an inhibitor of SARS-CoV-1 MP™, had suitable pharmaceutical
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Fig. 2. Biochemical inhibition assays. (A) SARS-CoV-2 MP™ with AG7404. (B) SARS-CoV-2 MP™ with rupintrivir. (C) SARS-CoV-1 MP™ with AG7404. (D) SARS-
CoV-1 MP™ with rupintrivir. The inhibition of MP™ activity was measured by FRET and the dose-response curves for ICs, values were determined by a non-linear
regression model (four parameters). Triplicate experiments were performed for each data point n = 2, and the value is presented as mean + standard deviation (SD).

Table 2

Cell-based inhibition assays with A549-ACE2 cell lines and SARS-CoV-2. Effec-
tive concentrations 50 and 90 (ECso and ECqg) and cytotoxic concentration 50
(CCsp) are expressed in pM. Selectivity index 50 (SIso) was calculated as the ratio
between the CCsq and the ECso. Remdesivir was used as a control.

A549-ACE2
ECs [95% C.L] ECgp [95% C.L] CCso Slso
AG7404 6.80 [3.20-13.51] 90.90 250 36.8
[38.50-436.30]
Rupintrivir ~ 0.57 [0.33-0.87] 8.46 [5.46-15.60] >250  >438.6

Remdesivir  0.033
[0.018-0.055]

0.145 [0.082-0.432] >250  >7575.7

properties as intravenous treatment with an EC50 which ranges from
158 to 422 nM (de Vries et al., 2021; Hoffman et al., 2020). More
recently, the drug nirmatrelvir (PF-07321332), also developed by Pfizer
with and EC50 of 16 nM, has been granted emergency use authorization
by both the FDA and EMA for high-risk COVID-19 patients (Greasley
et al., 2022; Hammond et al., 2022; Rai et al., 2022). In the medication
known as Paxlovid, nirmatrelvir is administered together with ritonavir,
a P450(CYP)3A inhibitor, to increase its effective concentration, since
the cytochrome degrades the compound. Depletion of the cytochrome
enzyme activity may increase the plasma concentration of other drugs.
Therefore, Paxlovid has multiple contraindications according to its FDA
and EMEA emergency use authorizations, because it interferes with
other co-administered pharmacological products. Finding and devel-
oping new SARS-CoV inhibitors is thus still desirable, and various
ongoing studies are addressing this objective using MP™ as a target

(Agost-Beltran et al., 2022; Liu et al., 2020).

Although our cell-based assays indicate that optimization of rupin-
trivir and AG7404 for improved cellular uptake or other factors is
needed, their tight-fitting in the active site shown in the crystal struc-
tures, in particular of AG7404, makes the detailed structural data
regarding the interaction of different chemical moieties of the inhibitors
in SARS-CoV MP™ subsites beneficial to further develop additional
compounds that bind specifically to SARS MP™ protease pockets. The
structure of AG7404 in complex with SARS-CoV-2 MP™ was superposed
with those of PF-00835231 and nirmatrelvir (Supplementary Figs. 3C
and 3D). The three compounds share a y-lactam moiety in P1 tightly
fitted in the S1 pocket, which should be maintained in further inhibitor
development initiatives. However, the warhead in PF-00835231 is a
hydroxymethylketone, and in nirmatrelvir is a nitrile group, instead of
the ethyl ester in rupintrivir and AG7404. Other parts of these com-
pounds also differ, although the occupied sites are similar.

Taking into consideration the structural data above discussed, four
new compounds were designed as potential compounds that could be
synthesized and tested for antiviral activity (Supplementary Table 2). All
of them share the already discussed y-lactam moiety in P1 and a leucine-
like group in P2 as in PF-00835231, since electron density in S2 subsite
was not well defined in the AG7404 structure and there is enough space
to accommodate this bigger hydrophobic group. Regarding the P3
chemical group the one present in AG7404 was maintained, as experi-
mental structures show a well-defined electronic density that suggests a
tight fitting in the protein subsite. The AG7404 P4 moiety was slightly
modified in inhibitors 1 and 2, maintaining however the nitrogen atom
that established a hydrogen bond in both our AG7404 structures.
Oppositely, inhibitors 3 and 4 are smaller and were designed with a five-
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atom ring directly bound to the P3 six-atom ring, with the aim to check
whether a smaller moiety could work better as the P4 experimental
density in our structures is not that strong as that corresponding to P3 is.
Finally, two of the compounds have a nitrile group as a warhead (in-
hibitors 1 and 3), while the other two have a hydroxymethylketone
(inhibitors 2 and 4). This choice was based in Pfizer inhibitors which
have proved potent and suitable from a pharmacological point of view.
The four inhibitors were fit into the SARS-CoV-2 M P™ active site by a
covalent docking simulation (Supplementary Fig. 5, Supplementary
Table 2). The values of the four binding energies verify that all four
compounds behave as covalent inhibitors of SARS-CoV MP™. Binding
energy values suggest that the hydroxymethylketone warhead group
produces a tighter binding than the nitrile one. Regarding the P3/P4
region, more favorable binding energies are obtained when the P4 ring
moiety is maintained separated from the ring in P3, rather than fusing
both. As a combination of both observations, inhibitor 2 presents the
best binding affinity, with —10.1 kcal/mol.

Interestingly, the P3 moiety from inhibitors 3 and 4 appears in the
docked models in a different disposition than that of P3 in AG7404,
located outside the S3 pocket in a position closer to the catalytic residue
His41 (Supplementary Figs. 5C and 5D). Therefore, docking results
suggest that modifications of AG7404 with a smaller chemical group in
the P3-P4 parts of the inhibitor do not guarantee the occupancy of S3
and S4 subsites of the protease active center.

1. Materials and methods
1.1. SARS-CoV-1 and SARS-CoV-1 MP™ expression and purification

Synthetic genes codifying for both proteins were purchased from
GeneArt (Thermo Fisher Scientific) with sequences optimized for
Escherichia coli codon usage. The DNA sequence codifying for the protein
was cloned using the InFusion™ method into a pOPINS vector, which
allows expression of target proteins with N-terminal His-SUMO tags
(Berrow et al., 2007). The proteins were expressed in E. coli BL21(DE3)
cells grown at 37 °C. After induction at an optical density of ~0.6 with
0.4 mM of isopropyl p-D-1-thiogalactopyranoside (IPTG), cells were
kept overnight at 25 °C. They were then resuspended in 50 mM Tris-HClL
pH 7.6, 250 mM NacCl, 30 mM imidazole and 40 pg/mL DNase I, and lysis
was performed using a cell disruptor (Constant Systems, Ltd.) at 20 kPsi.
Next, samples were clarified by centrifugation for 45 min at 30,000xg
and purified by a three-step chromatography protocol. First, proteins
were loaded onto a HisTrap HP column (Cytiva) equilibrated in binding
buffer (50 mM Tris-Hcl pH 7.6, 250 mM NacCl, 30 mM imidazole) and
eluted with a linear gradient with elution buffer (50 mM Tris-HCI pH
7.6, 250 mM NaCl, 500 mM imidazole). His-SUMO-MP™ fusion proteins
were digested with ULP1 SUMO protease overnight at a 1:500 protease:
substrate molar ratio while dializing against a buffer containing 20 mM
Tris pH 7.6, 250 mM NacCl buffer. Protein samples were then loaded
again onto a HisTrap HP column to perform reverse affinity chroma-
tography with the same buffers as in the previous step. Protein samples
eluted in the non-bound fraction were pooled and loaded onto a
Superdex75 Increase 10/300 column (Cytiva). Samples were concen-
trated with 10,000 Da molecular weight cutoff Amicon® Ultra Centrif-
ugal Filters (Merck Millipore).

1.2. Complex preparation

AG7404 ((E)-(S)-4-((S)-2-{3-[(5-methyl-isoxazole-3-carbonyl)-
amino]-2-oxo-2H-pyridin-1-yl}-pent-4-ynoylamino)-5-((S)-2-oxo-pyrro-
lidin-3-yl)-pent-2-enoic acid ethyl ester) was provided by Pfizer under a
Pure Compound Grant. Rupintrivir or AG7088 (4-{2-(4-fluoro-benzyl)-
6-methyl-5-[(5-methyl-isoxazole-3-carbonil)-amino]-4-oxo-heptanoyla-
mino}-5-(2-oxo-pyrrolidin-3-yl)-pentanoicacidethylester) ~was pur-
chased from Tocris Bioscience. Both compounds were dissolved in 100%
DMSO. The SARS-CoV-2 MP™— AG7404 complex was prepared at a final
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protein concentracion of 3.5 mg/mL, the SARS-CoV-1 MP™— AG7404
complex at 4 mg/mL and the SARS-CoV-2 MP™- rupintrivir complex at
3.1 mg/mL. In all cases, a 30-fold molar excess of the inhibitor was
added, and samples were kept overnight at 4 °C to allow the formation of
the covalent complex before conducting further experiments.

1.3. Crystallization and data collection

All crystals were prepared at 20 °C by the hanging drop vapor
diffusion technique.SARS-CoV-2 M P — AG7404 crystals grew in drops
where the complex was mixed with a reservoir that contained 0.2M
sodium chloride, 0.1M HEPES pH 7 and 25% w/v PEG 3350. SARS-CoV-
1MP™ — AG7404 crystals grew in drops where the complex was mixed
with a reservoir solution that contained 0.2M lithium sulfate mono-
hydrate, 0.1M HEPES pH 8 and 27% PEG 3350. SARS-CoV-2 MP™ —
rupintrivir crystals grew in drops where the complex was mixed with a
reservoir that contained 0.2M triammonium citrate and 18% w/v PEG
3350. All crystals were mounted in loops and flash-frozen in liquid ni-
trogen using a cryoprotective buffer containing the reservoir solution
plus 30% glycerol (SARS-CoV-2 MP™ — AG7404, SARS-CoV-2 MP™ —
rupintrivir) or 20% glycerol (SARS-CoV-1 MP™ — AG7404). X-ray
diffraction data for the SARS-CoV-1 MP™ — AG7404 and SARS-CoV-2
MP™ — rupintrivir complexes were collected at the XALOC beamline at
ALBA Synchrotron in Cerdanyola del Vallés (Spain), while the data for
the SARS-CoV-2 MP™ — AG7404 complex were collected at ID30A-3
beamline at the European Synchrotron Radiation Facility (ESRF) in
Grenoble (France).

1.4. Structure determination

Diffraction data were processed with XDS (Kabsch, 2010) using the
autoPROC pipeline (Vonrhein et al., 2011). For the SARS-CoV-2 MP™ —
AG7404 and SARS-CoV-1 MP™ — AG7404 datasets, STARANISO auto-
processing was used (Tickle et al., 2018). Structures were solved by
molecular replacement with Phaser (McCoy et al., 2007) using previ-
ously deposited structures of SARS-CoV-1 and SARS-CoV-2 MP™ with
PDB accession codes 1UJ1 and 6Y2E, respectively, as search models
(Yang et al., 2003; Linlin Zhang et al., 2020). Inhibitors were manually
fitted in the active site electron densities with Coot, and manual model
rebuilding alternated with refinement using REFMACS was performed
(Emsley et al., 2010; Murshudov et al., 2011). JLigand was used to
generate the restraints for the covalent bonds between the proteins and
the inhibitors (Lebedev et al., 2012). Structures were validated with
Molprobity (Chen et al., 2010). Atomic coordinates and structure factors
for the reported crystal structure have been deposited in the Protein
Data Bank under accession codes 7ZQV (SARS-CoV-2 MP™ - AG7404
complex), 7ZQW (SARS-CoV-1 MP™ - AG7404 complex) and 7P35
(SARS-CoV-2 MP™ - rupintrivir complex). Diagrams detailing the in-
teractions between the inhibitors and the proteins were obtained with
Ligplot+ (Laskowski and Swindells, 2011).

1.5. Biochemical inhibition assays

Fluorescence resonance energy transfer (FRET)-based inhibition as-
says were performed with a fluorescent peptide substrate comprising a
cleavage site of SARS-CoV-1 and SARS-CoV-2 MP™ (Dabcyl-
KTSAVLQ|SGFRKM-E(Edans)-NH,); GenScript) and a buffer made up of
20 mM TRIS, 100 mM NaCl, 1 mM EDTA, and 1 mM DTT, pH 7.3 (Zhu
et al., 2011). Stock solutions of the inhibitors were prepared with 100%
DMSO. For determination of the ICsy, 1.5 pM of the proteases was
incubated with rupintrivir or AG7404 at concentrations ranging from
20 nM to 2 mM overnight at 4 °C and for 30 min at 37 °C. Afterwards, 50
pL of the complex at a final protein concentration of 750 nM was
pipetted into a 96-well plate. The reaction was then started by addition
of 50 pL of the substrate dissolved in the reaction buffer at a final con-
centration of 20 uM. The fluorescence signal of the Edans caused by the
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cleavage of the substrate was monitored at 460 nm after exciting at 360
nm using a Synergy H1 Hybrid Multimode Plate Reader (Agilent). Re-
actions without FRET substrate and without protease were performed as
a control for all conditions. ICsy values were calculated using the
GraphPad Prism 6.0 software (GraphPad). All measurements were per-
formed in triplicate and are presented as the mean + standard deviation.

1.6. Cell-based inhibition assays

An immunomicroscopy-based phenotypic assay was performed in
A549 cells expressing SARS-CoV-2 receptor ACE2 (A549-ACE2) (Ginex
et al., 2021). A549 cells were kindly provided by Dr. Juan Ortin
(CNB-CSIC). The cells were transduced with a retroviral vector enabling
the expression of ACE2 in a di-cistronic cassette conferring resistance to
blasticidine. Transduced populations were selected using 2.5 pg/mL of
blasticidine. All cell cultures were kept in complete media (DMEM)
supplemented with 10 mM HEPES, 1X non-essential amino acids
(Gibco), 100 U/mL penicillin-streptomycin (GIBCO) and 10% fetal
bovine serum (FBS; heat-inactivated at 56 °C for 30 min). All experi-
ments were performed at 37 °C in a CO2 incubator (5% CO2), in the
presence of 2% FBS and in the absence of selection antibiotics. Inhibitors
were dissolved in 100% DMSO at a concentration of 100 mM and sub-
sequently diluted in cell culture media.

The toxicity of the compounds was evaluated by studying cell con-
fluency, as well as metabolic activity using a MTT-formazan assay. Cell
monolayers were seeded in 96-well plates. The day after, cells were
treated with concentrations ranging from 250 pM to 0.1 uM and 48 h
later they were subjected to MTT assays using standard procedures. The
CCsp values were graphically interpolated from dose-response curves
obtained with three biological replicates.

SARS-CoV-2 (Orthocoronavirinae; Alphacoronavirus; Sarbecovirus;
strain NL/2020) was kindly provided by Dr. R. Molenkamp, Erasmus
University Medical Center Rotterdam. SARS-CoV-2 stocks were pro-
duced and titrated in Vero E6 cells as described previously (Ginex et al.,
2021). A549-ACE2 cells were seeded onto 96-well plates as described
above and infected at low multiplicity of infection (MOI = 0.01) in the
presence of the indicated compound concentrations. Forty-eight hours
post-infection, cells were fixed for 20 min at room temperature with a
4% formaldehyde solution in PBS, washed twice with PBS, and kept in
incubation buffer (3% BSA; 0.3% Triton X100 in PBS) for 1 h. A rabbit
monoclonal antibody against the N protein was diluted in the incubation
buffer (1:2000, v/v; Genetex HL344) and incubated with the cells for 1
h; after this time, cells were washed with PBS and subsequently incu-
bated with a 1:500 (v/v) dilution of a goat anti-rabbit conjugated to
Alexa 488 (Invitrogen-Carlsbad, CA). To control for unexpected toxicity
of the compounds, nuclei were stained with DAPI (Life Technologies)
during the secondary antibody incubation as recommended by the
manufacturer. Cells were washed with PBS and imaged using an auto-
mated multimode reader (TECAN Spark Cyto; Austria). All the infection
experiments were performed by mixing the virus and compound di-
lutions 1:1 (v/v) before addition to the target cells. Remdesivir (Santa
Cruz) was used as a control (Pruijssers et al., 2020; Xie et al., 2020).

1.7. Covalent docking of designed compounds

Covalent dockings were performed with AutoDockFR (Ravindranath
et al., 2015). Chemical structures of the designed compounds were ob-
tained with ChemDraw (RRID:SCR_016768). SMILES strings were used
to obtain a PDB file in Chimera (Pettersen et al., 2004) which was then
converted to PDBQT format by OpenBabel (O’Boyle et al., 2011). Li-
gands were prepared in the product form, including carbon backbone
and sidechain atoms from Cys145, which are shared with the receptor.
Correspondence between atoms in the root section in PDBQT format and
backbone, alpha and beta carbons of cysteine were established using the
“-R” option from the prepare_ligand4.py script from MGLTools (Morris
et al., 2009). Crystal structure of the SARS-CoV-2 MP™ in complex with
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AG7404 without the inhibitor was prepared and used to generate the
target file for docking with AutoDockFR and AutoGridFR programs. A
cube with length of 30 A centered in AG7404 was used as grid box, alpha
and beta carbons were defined as covalently bonded atoms, the nitrogen
atom from Cys145 was the tensor atom and Cys145 was set as the res-
idue allowed to form a covalent bond with the receptor. Docking was
performed with the AutoDockFR program with carbon backbone, alpha
carbon and beta carbon atoms from Cys defined as overlapping atoms
between the receptor and the ligand.
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