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ABSTRACT We assessed various newly generated compounds that target the main
protease (MPr) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and various previously known compounds reportedly active against SARS-CoV-2, em-
ploying RNA quantitative PCR (RNA-qPCR), cytopathicity assays, and immunocyto-
chemistry. Here, we show that two indole-chloropyridinyl-ester derivatives, GRL-0820
and GRL-0920, exerted potent activity against SARS-CoV-2 in cell-based assays per-
formed using VeroE6 cells and TMPRSS2-overexpressing VeroE6 cells. While GRL-
0820 and the nucleotide analog remdesivir blocked SARS-CoV-2 infection, viral
breakthrough occurred. No significant anti-SARS-CoV-2 activity was found for several
compounds reportedly active against SARS-CoV-2 such as lopinavir, nelfinavir, nita-
zoxanide, favipiravir, and hydroxychroloquine. In contrast, GRL-0920 exerted potent
activity against SARS-CoV-2 (50% effective concentration [EC;,] = 2.8 uM) and dra-
matically reduced the infectivity, replication, and cytopathic effect of SARS-CoV-2
without significant toxicity as examined with immunocytochemistry. Structural mod-
eling shows that indole and chloropyridinyl of the derivatives interact with two cata-
lytic dyad residues of Mp°, Cys145 and His41, resulting in covalent bonding, which
was verified using high-performance liquid chromatography-mass spectrometry
(HPLC/MS), suggesting that the indole moiety is critical for the anti-SARS-CoV-2 ac-
tivity of the derivatives. GRL-0920 might serve as a potential therapeutic for corona-
virus disease 2019 (COVID-19) and might be optimized to generate more-potent
anti-SARS-CoV-2 compounds.

IMPORTANCE Targeting the main protease (MP™) of SARS-CoV-2, we identified two
indole-chloropyridinyl-ester derivatives, GRL-0820 and GRL-0920, active against SARS-
CoV-2, employing RNA-qPCR and immunocytochemistry and show that the two
compounds exerted potent activity against SARS-CoV-2. While GRL-0820 and remde-
sivir blocked SARS-CoV-2 infection, viral breakthrough occurred as examined with
immunocytochemistry. In contrast, GRL-0920 completely blocked the infectivity and
cytopathic effect of SARS-CoV-2 without significant toxicity. Structural modeling
showed that indole and chloropyridinyl of the derivatives interacted with two cata-
lytic dyad residues of Mp°, Cys145 and His41, resulting in covalent bonding, which
was verified using HPLC/MS. The present data should shed light on the develop-
ment of therapeutics for COVID-19, and optimization of GRL-0920 based on the
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present data is essential to develop more-potent anti-SARS-CoV-2 compounds for
treating COVID-19.

KEYWORDS COVID-19, SARS-CoV-2, main protease, antiviral agents

he pandemic of novel coronavirus disease 2019 (COVID-19) caused by a positive-

strand RNA virus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
(formerly 2019-nCoV), started in Wuhan, Hubei province, China (1-4). As of 1 July 2020,
more than 10 million COVID-19 cases, with nearly 500,000 deaths, had been reported
in over 210 countries (5). The common symptoms of COVID-19 include fever, cough,
fatigue, and dyspnea. Individuals with severe COVID-19 develop viral pneumonia and
hypoxia requiring intubation and mechanical ventilation (6). Currently, no specific
therapeutics or vaccines are available and rapid identification of efficacious drugs is
urgently needed, while some drugs are still under investigation, including remdesivir
(7). An efficient approach to drug discovery for treating a new pathogenic agent
includes testing of existing compounds that are known to be active against related
pathogens and the ensuing optimization of lead compounds. At the same time,
structure-based design, synthesis, and identification of novel compounds potent
against SARS-CoV-2 are needed.

Since the outbreaks of SARS and Middle East respiratory syndrome (MERS) in 2003
and in 2012, respectively, a large part of medicinal chemistry efforts for the control of
SARS-CoV and MERS-CoV has been dedicated to design, synthesis, and identification of
small compounds such as inhibitors of the main protease (MP™) and papain-like
protease (PLP) of SARS-CoV. Structurally, the 5’ two-thirds of the viral genome
encodes two overlapping polyproteins, ppla and pp1lab, which are processed to
generate the viral replication complex replicase polyprotein, which undergoes process-
ing by two viral proteases, MP™ and papain-like protease (PLP™©) (8-12). The two
proteases are essential for replication of SARS-CoV, and both proteases have been
recognized as attractive targets for developing antiviral agents (13-23). In addition,
PLPre reportedly modifies host proteins posttranslationally to evade antiviral immune
responses (24). We previously (between 2005 and 2009) designed, synthesized, and
identified a series of SARS-CoV MPr (also known as 3CLP™) inhibitors that bound to
Mpro, - enzymatically blocked MPre activity, and exerted significant activity against
SARS-CoV (20-23, 25). The present study shows that two compounds, GRL-0920 and
GRL-0820, exert potent activity against SARS-CoV-2, while a number of previously
known compounds such as favipiravir, nelfinavir, chloroquine, and hydroxychloro-
quine (except the nucleotide analogue remdesivir) failed to show significant activity
in examinations of their antiviral effect using RNA-quantitative PCR (RNA-qPCR),
cytopathicity, and immunocytochemistry.

RESULTS

Mpre js highly conserved between SARS-CoV and SARS-CoV-2. SARS-CoV-2,
which causes COVID-19, belongs to the family of betacoronaviruses that includes
SARS-CoV and MERS-CoV. The genome of SARS-CoV-2 has ~80% overall nucleotide
identity with that of SARS-CoV (26), and the main proteases (MPs) of these two viruses
have 96% amino acid sequence identity (Fig. 1A). Superimposition of the structures of
the main proteases of both SARS-CoV-2 and SARS-CoV exhibit nearly identical tertiary
structures (Fig. 1B).

In this regard, we previously designed, synthesized, and identified a series of Mpr®
inhibitors between 2005 and 2009 that bound to MP™ and exerted significant activity
against SARS-CoV (19-23, 25). On the basis of the high structure homology between
SARS-CoV Mpre and SARS-CoV-2 MPre mentioned above, we examined the potential
activity of such experimental SARS-CoV MPr inhibitors against SARS-CoV-2. We also
newly synthesized a series of potential SARS-CoV-2 MPre inhibitors. In the present study,
we determined their activity against SARS-CoV-2 using VeroE6 cells or TMPRSS2-
overexpressing VeroE6 cells (VeroE6TPRSS2) as target cells and a SARS-CoV-2 strain,
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FIG 1 Sequence conservation and structural comparison of four of coronaviruses’ main proteases. (A) The amino acid sequences of SARS-CoV-2
Mpre and SARS-CoV MPre have 96% identity (12 amino acids [highlighted in blue] of 306 amino acids differ between the two). Conserved amino
acids among the four Mp sequences are shown in red. Distant coronavirus variants MERS-CoV and CoV-NL63 exhibit much less sequence
conservation. Sequences were aligned using ENDscript server. (B) Structures of Mpro of SARS-CoV-2 (PDB entry 6LU7; in green) superimposed on
Mpre of SARS-CoV (2AMQ; in blue), MERS-CoV (5C3N; in salmon), and CoV-NL63 (5GWY; in yellow) are shown. Catalytic dyad residues Cys145 and
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TABLE 1 Activity of GRL-0820 and GRL-0920 against the infectivity and replication of
SARS-CoV-2 in VeroE6 cells?

Compound Structure Anti-SARS-CoV (uM) Anti-SARS-CoV-2 (M)
mmo 0
GRL-0820 N ND 15+ 18
¢
Clu_~_0._0
L
GRL-0920 N n} 6.9+ 09 28+03
H

aThe data shown represent mean ECs, values = standard deviations (SD). The assays were conducted on at
least 3 different occasions, and the data show representative results. All assays were performed in duplicate.
ND, not done.

JPN/TY/WK-521 (SARS-CoV-2WK-521) 'employing a quantitative RNA-gPCR assay with cell
culture supernatants, cytotoxicity assays, and immunocytochemistry.

GRL-0820 and GRL-0920 exert potent activity against SARS-CoV-2. We first
tested the antiviral activity of the compounds against SARS-CoV-2WK-521 by employing
a series of compounds that had previously been reported to be active against SARS-CoV
(17-19) and identified GRL-0920 and a newly synthesized compound, GRL-0820, as
potent inhibitors of SARS-CoV-2 (Table 1). When VeroE6 cells were exposed to SARS-
CoV-2WK-521 at a multiplicity of infection (MOI) of 0.05 and cultured in the presence of
various concentrations of the two indole chloropyridinyl esters GRL-0820 and GRL-
0920, the compounds were found to be highly potent against SARS-CoV-2WK-521 with
50% effective concentration (EC,,) values of 15 * 18 and 2.8 = 0.3 uM, respectively,
using RNA-qPCR (Table 1). We further examined the antiviral activity of these two
compounds together with other selected compounds that had previously been re-
ported to be active against SARS-CoV and/or SARS-CoV-2, including remdesivir, lopi-
navir, nelfinavir, favipiravir, hydroxychloroquine, nitazoxanide, and nafamostat (7, 27-
29). To compare the antiviral activities of the 9 compounds as accurately as possible,
the compounds were examined at the same time in one assay. The data shown in Fig. 2
(see also Table S1 in the supplemental material) confirmed that GRL-0820 and GRL-0920
were active against SARS-CoV-2WK-521 with EC, values of 23 =5 and 8.6 == 2.8 uM,
respectively. Remdesivir was also found to be active against SARS-CoV-2WK-521
(EC5o = 1.2 £ 0.06 uM). The EC,, values for lopinavir, nelfinavir, and nitazoxanide were
19 =8, 3.1 + 0.06, and 31 = 6 uM, respectively; however, their specificity index values
were only 2.7, 17, and 2.8, respectively (Table S1). Thus, such ECs, values were thought
possibly to be affected by their cytotoxicity (see below). While favipiravir and nafamo-
stat were apparently nontoxic at all concentrations tested, the EC,, values of both were
>100 uM, suggesting that neither of the compounds was effective against the virus
(Fig. 2; see also Table S1). Hydroxychloroquine appeared to be nontoxic at up to
100 uM, and its ECs, turned out to be 5.1 = 3.4 uM; however, its cytotoxicity was
suspected to have contributed to its apparent antiviral activity (see below).

Immunocytochemistry features of VeroE6 and VeroE6™PRSS2 cells exposed to
SARS-CoV-2. We first examined the immunocytochemistry features of VeroE6 cells
under conditions of exposure of the cells to SARS-CoV-2WK-521 When VeroE6 cells were
cultured alone and stained with Texas Red-X dye conjugated phalloidin, the cytoskel-
eton filamentous actin (F-actin) was well visualized as a mesh-like structure (see top left

FIG 1 Legend (Continued)

His41 are indicated in stick mode. For clarity, only a monomer structure is shown and the covalent protease inhibitor N3 was omitted. The picture
was generated using UCSF Chimera.
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FIG 2 Antiviral activity of selected compounds against SARS-CoV-2. VeroE6 cells were exposed to SARS-CoV-2WK521, The viral copy numbers in the culture
supernatants (left axis, open bars) and percent inhibition (right axis, red lines) of each compound in VeroE6 cells were determined using RT-qPCR. Each
compound was tested on at least 3 different occasions. For details of the EC,, and CC, values, see Table S1. The data illustrate representative ones and are
shown as means = standard deviations (SD). All compounds were tested and compared in one assay performed in duplicate.

inset in Fig. S1 in the supplemental material), suggesting that the cells were healthy and
replicating. In contrast, when the cells were exposed to SARS-CoV-2WK-521 the F-actin
was rearranged, disrupted, and destroyed upon infection by SARS-CoV-2WK-521_ Super-
imposition of 3-color images (red, blue, and green, indicating F-actin, nuclei, and
SARS-CoV-2 antigens, respectively) showed that no nonspecific staining with the
antibody against SARS-CoV-2 (an IgG fraction from the serum of a COVID-19-
convalescent patient [convigG] was used as the primary antibody for immunofluores-
cence staining) had occurred in SARS-CoV-2WK-321-unexposed VeroE6 cells (top right
inset in Fig. S1). However, most of the SARS-CoV-2WK->21-exposed VeroE6 cells stained
in green, indicating most of those cells were infected and producing viral components
(bottom right inset in Fig. S1).

We also examined the cell destruction effects of the virus by the use of immuno-
cytochemistry performed with two cell lines, VeroE6 and VeroE6T™PRSS2 cells. The
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images in Fig. S2 show that robust actin filaments were observed when the VeroE6 and
VeroE6™PRSS2 cells were cultured alone (insets a and d), while actin filaments were
all gone (inset b) and most of those cells were stained in green when convigG was
used as the primary antibody in VeroE6 cells exposed to SARS-CoV-2WK-521 and
cultured in the absence of test compounds. When the highly SARS-CoV-2-susceptible
VeroE6T™PRSS2 cells (30) were exposed to SARS-CoV-2WK-521 most of the cells were
infected, their actin filaments were totally destroyed, and the cells were killed by the
virus detached from the bottom of microculture titer plate wells, resulting in the loss
of the cells (inset e). We also employed a murine anti-spike monoclonal antibody as the
primary antibody in our immunostaining (insets ¢ and f in Fig. S2). convigG detected
much higher levels of SARS-CoV-2-infected cells than were seen when the murine
anti-spike monoclonal antibody was used as the primary antibody (compare insets b
and ¢). Thus, we chose the IgG fraction from the convalescent COVID-19 individual for
use as the primary antibody for further study.

It is known that the infectivity and replication of SARS-CoV-2 significantly vary
depending on the types of target cells used. Therefore, we quantitatively examined the
infectivity and replication of SARS-CoV-2WK-521 in two cell lines, VeroE6 cells and
VeroE6™PRSS2 cells plus SARS-CoV-2WK-521 Upon exposure of VeroE6 cells to SARS-
CoV-2WK-521 " the viability of the VeroE6 cells was reduced to close to 55% by 48 h
following the viral exposure and the viability was found to have further reduced to
~50% by 96 h in culture (Fig. S3A). In contrast, the viability of VeroE6™PRSS2 cells
exposed to SARS-CoV-2WK-521 went down quickly to ~20% by 48 h in culture and
further down to ~0% to ~5% by 72 h in culture. We also determined the numbers of
SARS-CoV-2WK-521 RNA copies in the supernatants in the same experiment. In the 24
and 48 h following the viral exposure, VeroE6™PRSS2 cells produced greater numbers of
SARS-CoV-2WK-521 RNA copies than VeroE6 cells, while at 72 h and after, the VeroE6 cells
and VeroE6™PRSS2 cells produced comparable numbers of RNA copies (Fig. S3B).
Images of the cultures captured under light microscopy and immunocytochemistry
results confirmed that the VeroE6™PRSS2 cells were more susceptible to the infectivity
and cytopathicity of SARS-CoV-2WK-521 (Fig. S3C). Thus, the assay performed using
VeroE6 cells and SARS-CoV-2WK-521 js referred to as a “low-stringency assay” in the
present report, while that performed using VeroE6™PRSS2 cells and SARS-CoV-2WK-521 jg
referred to as a “high-stringency assay.”

Association of apparent antiviral activity with the cytostatic/cytotoxic nature
of test compounds. We carefully investigated whether the two compounds GRL-0920
and remdesivir exerted antiviral activity at 1, 10, and 100 uM (Fig. 3A) without signif-
icant cytostatic or cytotoxic effects. We first examined light microscopic images of
VeroE6 cells exposed to SARS-CoV-2WK-521 and cultured in the presence of GRL-0920 or
remdesivir (Fig. 3A). VeroE6 cells were exposed to SARS-CoV-2WK-321 for 1 h, the virus
was washed off, and the cells were cultured in the presence of various concentrations
of test compound for 3 days. VeroE6 cells cultured alone (left top inset, Fig. 3A) appear
to be robust; however, many of the cells exposed to SARS-CoV-2WK-521 and cultured in
the absence of test compounds showed granular patterns (bottom inset at left in
Fig. 3A). All of the VeroE6 cells exposed to the virus and cultured with GRL-0920 or
remdesivir (at 100 uM) appeared to be protected (top row of insets at right in Fig. 3A).

In order to corroborate the data representing the antiviral activity of GRL-0920 and
remdesivir described above, we further examined the inhibitory activity of those
compounds using detailed immunocytochemistry. When VeroE6™PRSS2 cells, which are
known to be highly susceptible to the infectivity of SARS-CoV-2 (30), were cultured
alone, robust cellular cytoskeleton filamentous actin (F-actin) was seen in the form of
mesh-like structures in red and a number of nuclei (in blue) were identified, signifying
that those cells were healthy and replicating (top panel at extreme left in Fig. 3B).
However, when VeroE6™PRS32 cells were exposed to SARS-CoV-2WK-521 and cultured in
the absence of test compounds, the results showed that most of the cells had been
infected and destroyed by the virus, were detached from the bottom of the microtiter
culture plates, and had been lost during the staining procedure as seen with fluores-
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FIG 3 GRL-0920 and remdesivir virtually completely block the infectivity and cytopathic effect of SARS-CoV-2WK521 in VeroE6 and
VeroE6™PRSS2 cells. (A) GRL-0920 potently blocks the cytopathic effect of SARS-CoV-2 in VeroE6 cells. VeroE6 cells were exposed to
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cence microscopy (bottom, extreme left in Fig. 3B). Most of the residual cells stained in
green, indicating that those cells were infected and producing viral proteins and that
the cellular F-actin was almost totally lost due to rearrangements and destruction
caused by the virus (31). When VeroE6™PRS32 cells were exposed to SARS-CoV-2WK-521
and cultured in the presence of various concentrations of lopinavir and nelfinavir, many
virus-infected cells were seen at 1 and 10 uM and stained in green, indicating that these
two compounds had no detectable antiviral activity in the assay. At 100 M, most of the
cells were lost (Fig. 3B; see also Fig. S4A), presumably due to both the infection by the
virus and the toxicity of the agents. These data strongly suggest that the apparent
antiviral effect of nelfinavir and lopinavir stemmed from their cytotoxicity, producing
“false” antiviral effects as assessed using RNA-qPCR (Fig. 2). In contrast, when SARS-
CoV-2WK-521-exposed VeroE6™PRSS2 cells were cultured in the presence of 100 uM
GRL-0920 or remdesivir, there were essentially no infected cells seen. The cellular
F-actin was almost completely preserved, indicating that the SARS-CoV-2WK-521-
exposed VeroE6T™PRSS2 cells remained healthy and replicating (Fig. 3B). Of note, the
level of antiviral activity of GRL-0820 was moderate and a substantial number of cells
stained in green, indicating that viral breakthrough had occurred even with 100 uM
GRL-0820 (Fig. 3B).

GRL-0920 completely blocks the infectivity of SARS-CoV-2, while various
compounds reportedly active against SARS-CoV-2 fail to block infectivity.
VeroE6TPRSS2 cells are highly susceptible to the infectivity of SARS-CoV-2WK-321 (insets
b and e in Fig. S2). In order to ensure detection of even moderate antiviral activity of
test compounds against SARS-CoV-2, we subsequently used the low-stringency com-
bination of VeroE6 cells and SARS-CoV-2WK-521 to further examine selected compounds,
including nitazoxanide, nafamostat, chloroquine, and hydroxychloroquine. As shown in
Fig. 3C (see also Fig. S4A), nitazoxanide did not exert activity against the virus at 1 and
10 uM and only a few nuclei remained at 100 uM, strongly suggesting that nitazox-
anide had no antiviral activity and that its cytotoxicity resulted in a false antiviral effect
as assessed using RNA-gPCR and shown in Fig. 2. Nafamostat was not significantly
cytotoxic but was inactive against the virus at all the concentrations tested (Fig. 3C; see
also Fig. S4A). Two compounds, chloroquine and hydroxychloroquine, appeared to
slightly block infectivity at 10 uM, allowing actin filaments to remain, although a
number of the cells had been infected with the virus (Fig. 3C) (Fig. S4B; see also Fig. S5).
In this regard, chloroquine reportedly blocks the catabolism and/or degradation of
cellular proteins through increasing endosomal pH, possibly resulting in the mainte-
nance of actin filaments despite of SARS-CoV-2WK-521 infection (32). Chloroquine also
reportedly interferes with glycosylation of the ACE2 receptor, one of the cellular entry
points of SARS-CoV, possibly resulting in moderating the infection by SARS-CoV-2 (7,
33). However, almost all VeroE6 cells were lost when the cells were cultured in the
presence of 100 uM chloroquine because of its toxicity (Fig. 3C) (Fig. S4B; see also
Fig. S5). The effects of hydroxychloroquine were almost the same as those of chloro-
quine. Of note, when VeroE6 cells were exposed to SARS-CoV-2WK-521 and cultured in
the presence of 10 uM chloroquine or hydroxychloroquine, a number of the cells were
infected by the virus; nevertheless, the actin filaments were moderately conserved
(Fig. S5B). In this regard, the WST-8 assay used in the present study (34) evaluated the
mitochondrial NAD(P)H-dependent cellular oxidoreductase enzyme activity in living
cells that results in reduction of WST-8 to formazan dyes. Therefore, the data from
WST-8 assays, obtained under defined conditions, reflect the number of viable cells.

FIG 3 Legend (Continued)

SARS-CoV-2WK-521, cultured in the presence of GRL-0920 or remdesivir, and examined under a microscope (magnification, X200). (B)
GRL-0920, GRL-0820, and remdesivir potently blocked the infectivity and cytopathic effect of SARS-CoV-2WK-521 in VeroE6™PRss2 cells,
while lopinavir, nelfinavir, and favipiravir failed to block the infection. (C) GRL-0920 at 100 uM completely blocked SARS-CoV-2Wk-521
infection in VeroE6 cells, while nafamostat and hydroxychloroquine did not exert significant antiviral activity. Nafamostat did not exert
significant toxicity to the cells, but it totally failed to block the infectivity of the virus. For immunocytochemistry, the IgG fraction of serum
from a convalescent COVID-19 individual was employed as the primary antibody. The SARS-CoV-2 antigens, F-actin, and nuclei are shown
in green, red, and blue, respectively. The image in each inset in panels B and C represents the merged image.
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Chloroquine reportedly does not target mitochondria but damages other cellular
organelles involved in protein synthesis and metabolism such as lysosome, endoplas-
mic reticulum, and Golgi apparatus, resulting in compromised cellular growth and
functions (34). Thus, the results of WST-8 assays did not reflect cellular robustness or
functionality, especially with regard to chloroquine and hydroxychloroquine. As shown
in Fig. S4B, in the VeroE6 cells exposed to relatively low concentrations (1 and 10 uM)
of chloroquine and hydroxychloroquine, following infection, the virus did not replicate
well because the protein synthesis in the VeroE6 cells was compromised by the
compounds, moderately maintaining actin filament structures. However, the damaging
effects of chloroquine and hydroxychloroquine at 100 wM were significant and virtually
no cells were left in the wells of microtiter culture plates (Fig. 3C) (Fig. S4B; see also
Fig. S4).

GRL-0920 reproducibly and completely blocked the infectivity and cytopathic effect
of SARS-CoV-2WK-521 as examined with the low-stringency assay using VeroE6 cells
(Fig. 3G; see also Fig. S4C). When VeroE6 cells were exposed to SARS-CoV-2WK-521 and
cultured in the presence of remdesivir or GRL-0920 at 0.01, 0.1, 1, 10, and 100 uM, there
was further suppression of viral replication at 10 uM and either nearly complete
(remdesivir) or complete (GRL-0920) suppression at 100 uM as assessed using either the
convlgG or the murine anti-spike monoclonal antibody as the primary antibody
(Fig. S6). Examining the activity of 100 uM remdesivir and GRL-0920 against SARS-CoV-
2WK-521 with VeroE6 cells, the appearance of actin filaments proved to be virtually the
same as seen in the high-stringency assay performed using VeroE6TPRSS2 cells (Fig. 3B).
These data strongly suggest that the VeroE6 cells protected by remdesivir and GRL-
0920 were viable and that the integrity of the cells was likely maintained.

GRL-0920 and GRL-0820 covalently bind to Mrre of SARS-CoV-2. Finally, we built
molecular models to understand the structural interactions of GRL-09-20 and GRL-0820
with Mpre of SARS-CoV-2. We started with the recently published crystal structure of
SARS-CoV-2 Mpre (RCSB PDB identifier [ID] 6Y2F) (35). GRL-0920 represents an indole
chloropyridinyl ester. GRL-0820 has the same moiety as GRL-0920 but with an addi-
tional propene substituent on the indole nitrogen. When Mp Cys145 attacked GRL-
0920 and formed an initial complex in the active site (Fig. 4a), the hydroxyl oxygen (or
the oxyanion) formed hydrogen bond interactions with the backbone amide nitrogens
of Gly143, Ser144, and Cys145. The indole moiety is appropriately positioned to form
pi-pi interactions with His41 and His163. The pyridinyl nitrogen is positioned to form
polar interactions with Gly143, and the chlorine atom forms halogen bond interactions
with the backbone amide nitrogen of Thr26. These interactions of different moieties of
GRL-0920, including the chloropyridinyl group, may help stabilize the initial reaction
intermediate. Following acylation, the chloropyridinyl group departs, and the carbonyl
indole is bound to Cys145 with a covalent bond. The presence of covalently bound
carbonyl indole was verified by high-performance liquid chromatography-mass spec-
trometry (HPLC/MS). Newly generated recombinant SARS-CoV-2-MPre was incubated
with dimethyl sulfoxide (DMSO), GRL-0820, or GRL-0920 for 30 min. DMSO-treated Mpre
gave a molecular weight of 33,853.36 consistent with full-length MP™ (expected
molecular weight, 33,853.53) (Fig. S7A). GRL-0920 treatment and GRL-0820 treatment
increased the mass by 143.96 and 183.85amu (Fig. S7B and C), respectively. The
increase in the observed mass of Mp™ is consistent with acylation of MP™ by two
compounds (expected increases of 143.51 and 183.2). The modeled complex of Mpre
with GRL-0920 was further minimized, and the interactions are shown in Fig. 4b. The
carbonyl carbon has hydrogen bond interactions with the backbone amine nitrogens
of Gly143, Ser144, and Cys145. Slight rotations of the rings make favorable pi-pi
interactions of both His41 and His163 with the indole moiety. We also examined the
interactions of GRL-0820 with Mpre, The initial and final complexes are shown in Fig. 4c
and d, respectively. The presence of the propene substituent seems to have drastically
reduced the binding interactions of GRL-0820 in comparison to GRL-0920. While the
chloropyridyl group has polar interactions, there was only one polar interaction of the

July/August 2020 Volume 11 Issue 4 e01833-20

mBio’

mbio.asm.org 9


https://mbio.asm.org

Hattori et al.

J b BLeu141

Asn142 / Ser144

/

\ P e
TN SefiAd ~ "‘4',] y
Phe140 |Leut41 7 ¥ : —y
o140 “JLeu ’ ! Gly14z Thr26 A\Smﬁwalyms A P Tisies \
’ 1 ~s “tCyst45 =

- 7 >

- / Thr\25

A

Leu141
/

L) - Asnl42

p
S
Ser144 o

Ser144 \ Gly143

’:\—/ Cys145
I )\ ) ’

{
-

Thr26 g
TN, His172 His163

,1'
\\
y " N\ ey
- His163 4 |Tp 0 Glu166 > -
A\ )

-~
/ \
Hist64 \ , Hisa1 " Leuz7
\ / Met165
b .

FIG 4 Molecular models of interactions of GRL-0920 and GRL-0820 with SARS-CoV-2 M, The proposed
mechanism is the formation of a covalent bond of GRL-0920 and GRL-0820 with Cys145 of SARS-CoV-2
Mepre (RCSB PDB ID 6Y2F) through acylation, followed by the departure of the chloropyridine moiety. The
location and interactions of the active site residues with GRL-0920 prior to cleavage are shown in panel
a and after the loss of the chloropyridine moiety are shown in panel b. Similar interactions of SARS-CoV-2
Mpre with GRL-0820 are shown in panels c and d. The reaction may be reversible with the existence of
both forms. The carbons of GRL-0920 and GRL-0820 are shown in magenta, whereas the carbons of Mpro
in gray. Nitrogen, oxygen, sulfur, chlorine, and polar hydrogens are shown in blue, red, yellow, dark
green, and white, respectively. The covalent bond is shown with a green arrow. Hydrogen and halogen
bonds are shown with yellow and magenta dashed lines, respectively.
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hydroxyl (or oxyanion) moiety with the backbone of Cys145. The polar interactions with
Gly143 and Ser144 seen for GRL-0920 were lost. These reductions in interactions are
most likely due to the change in conformation with the additional substituent and to
the shallow binding site of MPro. The GRL-0820 complex with SARS-CoV-2 MP™ seen
following completion of the acylation reaction is shown in Fig. 4d. This complex also
had a lower number of polar interactions with MPr° than the GRL-0920 complex.
Overall, the difference in these interactions may at least in part explain the greater
potency of GRL-0920 than GRL-0820.

Thermal stability of MpPr© in the absence or presence of GRL-0920. We also
examined the thermal stability of MP™ in the presence of GRL-0920 using differential
scanning fluorimetry (DSF) and CYPRO orange (36, 37). As illustrated in Fig. 5, the
melting temperature (T,,) of MP™ (5 uM) alone in experiment 1 was 53.63°C, while the
T,, value decreased to 51.04, 49.13, and 46.98°C in the presence of 5, 50, and 100 uM
GRL-0920, respectively. The shift of T,,, to lower temperatures is reportedly due to the
destabilization of the protein by covalent binding compounds (37). Thus, the present
data corroborate that GRL-0920 forms a covalent bond with MP™. As a control, we
determined the T,, value for HIV-1 protease in the presence of an HIV-1 protease
inhibitor, GRL-142 (36). The T,, value determined for HIV-1 protease (5 uM) alone in
experiment 2 was 54.78°C, while when the same HIV-1 protease was made to interact
with GRL-142, the T, value significantly shifted to the right, giving a T,,, value of 87.13°C
and signifying that GRL-142 had very effective noncovalent interactions. Therefore,
these thermal stability data corroborate our nanoLC-MS results indicating that GRL-

July/August 2020 Volume 11 Issue 4 e01833-20

mBio’

mbio.asm.org 10


https://mbio.asm.org

GRL-0920 Completely Blocks SARS-CoV-2 Infection

SARS-CoV-2 Mpre

0.7; f/? oy

4 § 0
-', S Tm (°C)

05 | ) Oé’ Experiment 1
(0]
2 0.25 | $ MPro only O 5363
§ 0 L= AR _..»SL—! Mpre + 100 uM GRL-0920 (1:20) B 4698
g 35 45 55 65 Mpr + 50 uM GRL-0920 (1:10) 4  49.13
w
2 HIV-1 protease
% 1t Experiment 2
“ 075 L HIV-17% only O 5478
HIV-1PR + 5 yM GRL-142 (1:1) [ ] 87.13
05 }
0.25 |
O L 1 1 L L

35 45 55 65 75 85 95

Temperature (°C)

FIG 5 Thermal stability of MP™ in the presence or absence of GRL-0920. Thermal stability of MPr in the
presence of GRL-0920 was analyzed using differential scanning fluorimetry (DSF) as described for
experiment 1. Note that the T, value of Mp™ (5 uM) alone was 53.63°C, while the T,, values decreased
to 51.04, 49.13, and 46.98°C in the presence of 5, 50, and 100 uM GRL-0920, respectively, suggesting that
the Mpre get destabilized when GRL-0920 covalently bound to Mp. Note that, as expected, the presence
of HIV-1 protease inhibitor GRL-142 (5 uM) increased the thermal stability of HIV-1 protease (5 uM) as
shown for experiment 2.

0920 forms covalent interactions with MPr® and that GRL-0920 exerts its antiviral activity
against SARS-CoV-2 by performing covalent binding with Mpre,

DISCUSSION

While GRL-0820 and remdesivir significantly blocked the infectivity and replication
of SARS-CoV-2, they still permitted viral breakthrough (Fig. 3B; see also Fig. S6 in the
supplemental material). However, GRL-0920 completely blocked the infectivity, repli-
cation, and cytopathic effect of SARS-CoV-2 in both the high-stringency and low-
stringency assays. In our study, the EC,, value of nitazoxanide was 31 = 6 uM; however,
its specificity index was only 2.8 (see Table S1 in the supplemental material). Thus, such
an EC,, value was thought to be affected by its inherent cytotoxicity. In fact, nitazox-
anide did not block the infectivity of SARS-CoV-2WK-521 as examined with immunocy-
tochemistry (Fig. 3C). With regard to another compound, Hoffman et al. recently
reported that nafamostat, a serine protease inhibitor, blocked SARS-CoV-2 infection in
Calu-3 cells exposed to SARS-CoV-2 with an EC,, value of as low as 5nM (38). Note,
however, that Calu-3 cells are not very susceptible to SARS-CoV-2 infection and do not
support viral replication. Thus, in the assays performed using Calu-3 cells and in an
alternative assay that was performed without using live infectious SARS-CoV-2, instead
using “pseudotype entry” as an endpoint, it was found that the EC,, values can be
excessively low (i.e, 5 nM) (28, 38) compared to the EC,, values obtained in the assays
using other cell lines such as VeroE6 cells. Thus, we refer to the cell-based assay systems
using Calu-3 cells as a “very-low-stringency” assays, where moderately or only slightly
active compounds tend to get very low EC, values. Using both VeroE6 cells and
VeroE6T™PRSS2 cells with SARS-CoV-2WK-521 in the present study, nafamostat failed to
show significant antiviral activity (EC, values of >100 uM). Thus, we conclude that
neither nitazoxanide nor nafamostat exerted significant activity against SARS-CoV-2WKk-
521 in the present study.

As described above, cytostatic and cytotoxic effects of test compounds in cell-based
assays are often mistakenly interpreted as representative of apparent antiviral activity
since the production of the relevant virus is reduced by the inherent cytostatic and
cytotoxic effects of the test compounds (39, 40). Indeed, none of such toxic agents (i.e.,
daunorubicin and adriamycin) have proven to be of clinical utility as antiviral agents. Of
note, we seriously attempted to sever the data representing reduction of virus copy
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numbers due to cytostatic/cytotoxic effects from the data representing the virus-
specific inhibitory activity of the test compounds. We believe that our detailed immu-
nocytochemistry results clearly segregated the effects of virus-specific antiviral activity
from the cytostatic/cytotoxic effects of the test compounds. We conclude that in the
present study, no detectable anti-SARS-CoV-2 activity was present in compounds such
as HIV-1 protease inhibitors (nelfinavir and lopinavir), favipriavir, hydroxychloquine, and
others reportedly active against SARS-CoV-2 and that GRL-0920 potently blocked the
infectivity and cytopathicity of SARS-CoV-2. Indeed, the results from the present study
show that the previously reported activity of nelfinavir, lopinavir, nitazoxanide, chrolo-
quine, and hydroxychroloquine against SARS-CoV-2 (7, 27-29) was incorrectly judged
to represent specific activity against SARS-CoV-2 and that the reduction of viral
production observed was due to inherent cytostatic and/or cytotoxic effects of those
compounds. Favipiravir and nafamostat were not very toxic but did not show detect-
able antiviral activity in the present study.

Our modeling studies strongly suggest that GRL-0820 and GRL-0920 interact with
Mpre and exert their activity against SARS-CoV-2. The results of our MP™ molecular
weight analysis performed with HPLC/MS (Fig. S7) show that both compounds cova-
lently bond with MPre. Furthermore, the data representing thermal stability of MP™ in
the presence of GRL-0920 showed a relatively odd feature, i.e., a shift of the stability
curve to a lower temperature, corroborating the idea that GRL-0920 forms covalent
bonds with MP. In regard with the covalent bonding, it is concerning that compounds
forming irreversible covalent interactions may cause permanent injuries to critical
cellular components by binding covalently to produce serious adverse effects. How-
ever, the duration of administration of a therapeutic(s) to patients with COVID-19 could
be as short as 5 days or weeks at the longest. Thus, certain adverse effects due to such
remedies might be acceptable if lives are expected to be saved. Also, it is possible that
GRL-0920-Mpre covalently linking ketal may convert to a carbonyl with noncovalent
binding with MP™ in a reversible manner. Therefore, the covalent interactions of
GRL-0920 and its analogs may not pose serious toxicity. GC-376, reportedly one of the
most potent SARS-CoV-2 Mpre inhibitors, has an EC;, value of 3.37 uM as examined
with regard to the inhibition of cytopathic effect of SARS-CoV-2 using VeroE6 cells (41).
The EC,, value representing the potency of GC-376 is comparable to the EC, value
(8.6 = 2.8 uM) determined for GRL-0920 (Fig. 2; see also Table S1); however, for an
accurate comparison, both compounds have to be tested within the same assay using
the same cell type and the same virus strain. GRL-0920 might thus serve as a potential
therapeutic agent against COVID-19, and optimization of GRL-0920 based on the
present data is essential to develop more-potent anti-SARS-CoV-2 compounds for
treating COVID-19. However, the potency of GRL-0920 is moderate, and optimization is
essential. It is noteworthy that a series of SARS-CoV PLP™ inhibitors have been reported
(17-19, 25). Combination therapy consisting of a potent SARS-CoV-2 MPre inhibitor and
a potent SARS-CoV-2 PLP™ inhibitor could benefit infected individuals significantly
more than monotherapy performed with a SARS-CoV-2 protease inhibitor. Moreover, if
the combination of a potent novel MP™ inhibitor and a potent SARS-CoV-2 RNA
polymerase inhibitor proves to be significantly more effective against the virus than
each class alone, such combined therapy could be more effective in controlling
SARS-CoV-2 infection in a manner comparable to that witnessed in the area of the
therapy against HIV-1 infection and AIDS (42, 43). If the combination of GRL-0920 and
remdesivir proves to be significantly more potent than administration of GRL-0920 or
remdesivir alone, combined therapy might be more effective in controlling SARS-CoV-2
infection.

MATERIALS AND METHODS

Cells, viruses, and antiviral compounds. VeroE6 cells and TMPRSS2-overexpressing VeroE6
(VeroE6™PRsS2) cells were obtained from the Japanese Collection of Research Bioresources (JCRB) Cell
Bank (Osaka, Japan). VeroE6 cells were maintained in Dulbecco’s modified Eagle’s medium (d-MEM)
supplemented with 10% fetal bovine serum (FCS), 100 ug/ml of penicillin, and 100 pg/ml of streptomy-
cin. VeroE6™PRSS2 cells were maintained in d-MEM as mentioned above in the presence of 1 mg/ml of

July/August 2020 Volume 11 Issue 4 e01833-20

mBio’

mbio.asm.org 12


https://mbio.asm.org

GRL-0920 Completely Blocks SARS-CoV-2 Infection

G418. SARS-CoV-2 strain JPN/TY/WK-521 (SARS-CoV-2WK-521) was obtained from the National Institute of
Infectious Diseases (Tokyo, Japan).

The antiviral agents lopinavir (Sigma-Aldrich, St. Louis, MO); nelfinavir, nafamostat, hydroxychloro-
quine, and nitazoxanide (Tokyo Chemical Industry, Tokyo, Japan); favipiravir (MedChemExpress, Mon-
mouth Junction, NJ); and chloroquine (Selleck, Sylvanfield Drive, Houston, TX) were purchased. Remde-
sivir was obtained from Clifford Lane, National Institute of Allergy and Infectious Diseases, National
Institutes of Health, Bethesda, MD. GRL-0820 and GRL-0920 were synthesized by A. K. Ghosh. Each
compound except remdesivir was dissolved in DMSO at 20 mM, and remdesivir was prepared with saline
solution at 5 mM concentrations as stock solutions.

Antiviral activity, cytotoxicity, cytopathicity, and virus replication assays. For antiviral assay,
cells were seeded in a 96-well plate (2 X 10* cells/well) and incubated. After 1 day, virus was inoculated
into cells at multiplicity of infection (MOI) of 0.05. After an additional 3 days, cell culture supernatants
were harvested and viral RNA was extracted using a QlAamp viral RNA minikit (Qiagen, Hilden, Germany),
and quantitative RT-PCR (RT-qPCR) was then performed using One Step PrimeScript Il RT-gPCR mix
(TaKaRa Bio, Shiga, Japan) following the instructions of the manufacturers. The primers and probe used
for detecting SARS-CoV-2 envelope (6) were 5'-ACT TCT TTT TCT TGC TTT CGT GGT-3’ (forward), 5'-GCA
GCA GTA CGC ACA CAA TC-3' (reverse), and 5'-FAM-CTA GTT ACA CTA GCC ATC CTT ACT GC-black hole
quencher 1 (BHQT1)-3" (probe). To determine the cytotoxicity of each compound, cells were seeded in a
96-well plate (2 X 10* cells/well). One day later, various concentrations of each compound were added,
and cells were incubated for additional 3 days. The 50% cytotoxic concentrations (CCs,) values were
determined using the WST-8 assay and Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).

For cytopathicity and virus replication assay, cells (10% cells/well in a 96-well plate) were exposed to
SARS-CoV-2WK-521 (300 50% tissue culture infective doses [TCIDs]) for 1 h, washed, and cultured in fresh
culture medium. At 1, 24, 48, 72, or 96 h postinfection (hpi), viral RNA copy numbers were determined
using RNA-qPCR as mentioned above, and the cytopathicity of SARS-CoV-2WK-521 was determined using
the WST-8 assay. The percentage of cell viability was calculated using the following formula: percent cell
viability = [OD (450 nm) value of cells — mean OD value of VeroE6™PRSs2 cells at 96 hpil/[mean OD value
of uninfected cells — mean OD value of VeroE6™PRSS2 cells at 96 hpi] X 100 (where “OD” represents
optical density). In this formula, the mean OD value of VeroE6™PRsS2 cells at 96 hpi was the same as in
the wells without cells, indicating that the virus-exposed VeroE6™PRss2 cells had been totally destroyed
by the virus as examined at 96 hpi.

Immunocytochemistry. Cells in a 96-well microtiter culture plate were fixed with 4% paraformal-
dehyde-phosphate-buffered saline (PBS) for 15 min, washed with PBS (300 wl/well) three times for 5 min
each time, and then blocked with a blocking buffer (10% goat serum, 1% bovine serum albumin [BSA],
0.3% Triton X-100, PBS 1X) for 1 h. After removal of the blocking buffer, the cells were immediately
stained with the primary antibody mouse monoclonal anti-SARS-CoV/SARS-CoV-2 (COVID-19) spike
antibody (1A9) (GeneTex, Alton Pkwy Irvine, CA, USA) or a convalescent IgG fraction, which was isolated
from serum of a convalescent COVID-19 individual using a spin column-based antibody purification kit
(Cosmo Bio, Tokyo, Japan) overnight at 4°C. The stained cells were washed with PBS (300 wl/well) three
times for 5 min each time, and the cells were incubated with secondary antibody goat polyclonal
anti-mouse IgG-Alexa Fluor 488 antibody (Thermo Fisher Scientific, Waltham, MA, USA) or goat polyclonal
anti-human IgG-Alexa Fluor 488 Fab fragment antibody (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, USA), together with Texas Red-X dye-conjugated phalloidin (Thermo Fisher Scientific) for
F-actin visualization for 2 h. After washing of the cells with PBS (300 wl/well) three times for 5 min each
time, DAPI (4',6-diamidino-2-phenylindole) solution (Thermo Fisher Scientific)-PBS (50 ul/well) was
added to stain nuclei. Signals were acquired with a Cytation 5 cell imaging multimode reader (BioTek,
Winooski, VT, USA).

Molecular modeling of the interaction of GRL-0920 and GRL-0820 with SARS-CoV-2 protease.
We started with a crystal structure of SARS-CoV-2 main protease (Mpr) with RCSB PDB ID 6Y2F. We
deleted the dimethyl sulfoxide and added hydrogens to the protein atoms, water oxygens, and the
crystalized inhibitor. The protonation states of asparagines, glutamines, and histidines were determined,
and the orientations of all hydrogen atoms, including those attached to crystal waters, were optimized
to improve hydrogen bonding interactions. Using the OPLS3 force field, restrained minimization was
performed (with a cutoff value of 0.30 A for the root mean square differences of heavy atoms from the
crystal structure coordinates). The assay steps described above were performed with the Protein
Preparation wizard present in Maestro. The structure thus obtained was used for molecular docking. The
inhibitor molecules GRL-0920 and GRL-0820 were built in Maestro, and minimized conformations were
generated using the LigPrep module. The covalent docking submodule of Glide was used, and a docking
grid encompassing the volume occupied by the inhibitor from the crystal structure was generated. A
nucleophilic attack by Cys-145 of SARS-CoV2 Mpr on the ligand ester carbonyl was chosen as the mode
of reaction. This choice was made because the literature on SARS-CoV demonstrates that the active site
cysteine residue undergoes acylation reaction with ester groups, with formation of a covalent bond with
the carbonyl carbon followed by the departure of a part of the ligand. Recently determined crystal
structures also demonstrate that Cys-145 of SARS-CoV-2 protease forms covalent bond with inhibitors.
An initial mode of interaction that involves the whole ligand molecule was thus generated. Subsequently,
GRL-0920 and GRL-0820 were manually cleaved from these docked complexes to generate the appro-
priate thiocarbonyl complexes. These complexes were further minimized using the OPLS3 force field. All
simulations were done using software versions/modules present in Maestro Version 10.7.015
(Schrodinger LLC, New York, NY).
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Expression and purification of Mpre, The SARS-CoV2 Mrre-encoding sequence was cloned into
PGEX-4T1 vector (Genscript, Piscataway, NJ). The plasmid construct was transformed into BL21 Star (DE3)
cells (Thermo Fisher Scientific). The culture was grown in Terrific Broth media supplemented with
ampicillin. Protein expression was induced by adding 1 mM isopropyl B-p-thiogalactopyranoside at an
optical density at 600 nm of 0.5. Protein expression continued at 20°C overnight. SARS-CoV-2 MP™ was
purified first by affinity chromatography using glutathione S-transferase (GST) Sepharose 4B (GE Health-
care, Piscataway, NJ). The GST tag was cleaved off by the use of thrombin and separated from Mpr via
GST affinity chromatography, providing the intact MP e with an additional N-terminal glycine residue. The
cleaved Mpre was further purified by size exclusion chromatography using a HiLoad Superdex 200-pg
column (GE Healthcare) in a reaction mixture containing 20 mM Tris (pH 7.5), 150 mM NaCl, and 2 mM
dithiothreitol. The protease was confirmed to be >99% pure based on SDS-gel electrophoresis and
HPLC/MS chromatography as shown in Fig. S7 in the supplemental material.

Mrpre molecular weight analysis with HPLC/MS. The newly generated SARS-CoV-2 M (see above)
was diluted to approximately 10 uM (300 pg/ml) in 20 mM Tris buffer (pH 7.4) with 150 mM sodium
chloride and 2 mM dithiothreitol, and 9.5 ul of MP was treated either with DMSO (0.5 wl)-2 mM
GRL-0920 (0.5 pl) or with DMSO (0.5 ul)-2 mM GRL-0820 (0.5 wl) at a final concentration of 100 uM for
each compound. The preparation was incubated at 37°C for 30 min and then diluted 10-fold (90 wl) with
high-performance liquid chromatography-mass spectrometry (HPLC/MS) running buffer A (water with
0.1% formic acid and 0.02% trifluoroacetic acid). To detect the molecular weight of the protease, analysis
was done using a quadrupole time of flight (QTOF) mass spectrometer (Agilent 6230) in positive mode
with liquid chromatography (Agilent 1260) (Agilent, Santa Clara, CA). A sample (25 wl) was separated on
a Zorbax Extend C,; column (2.1 by 50 mm, 1.8-um pore size) (Agilent) over 35min using a 2%
acetonitrile gradient. Separations started with 100% buffer A and 0% buffer B (acetonitrile with 0.1%
formic acid and 0.02% trifluoroacetic acid) to 70% buffer B and then ramped to 100% in the following
5 min and then returned to starting conditions 2 min later. The intact and modified forms of the protease
eluted at approximately 30 min. The TOF settings were as follows: gas temperature, 350°C; drying gas
rate, 13 liters/min; nebulizer, 55 pounds per square inch gauge (psig); sheath gas temperature, 350°C;
fragmenter, 350 V; skimmer, 65 V. Molecular weights were determined by protein deconvolution using
Agilent Mass Hunter software (Agilent).

Thermal stability analysis of M complexed with GRL-0920 using differential scanning fluo-
rimetry. Thermal stability was examined using differential scanning fluorimetry. An MPr® preparation
(5 uM dissolved in 10 mM Tris [pH 7.5]) that included T mM EDTA was mixed with various amounts of a
test compound and incubated at 37°C for 3 h. Subsequently, 30 ul of the solution was gradually heated
from 15°C to 95°C, and the changes of fluorescence intensity were documented using a real-time PCR
system (Applied Biosystems). The 50% T,, (50% melting temperature) values were determined as the
temperature at which the relative fluorescent intensity level reached 50%.
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