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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in-
fection continues to be a serious global public health threat. The 3C-
like protease (3CLpro) is a virus protease encoded by SARS-CoV-2,
which is essential for virus replication. We have previously reported
a series of small-molecule 3CLpro inhibitors effective for inhibiting
replication of human coronaviruses including SARS-CoV-2 in cell cul-
ture and in animal models. Here we generated a series of deuter-
ated variants of a 3CLpro inhibitor, GC376, and evaluated the
antiviral effect against SARS-CoV-2. The deuterated GC376 dis-
played potent inhibitory activity against SARS-CoV-2 in the enzyme-
and the cell-based assays. The K18-hACE2 mice develop mild to le-
thal infection commensurate with SARS-CoV-2 challenge doses and
were proposed as a model for efficacy testing of antiviral agents.
We treated lethally infected mice with a deuterated derivative of
GC376. Treatment of K18-hACE2 mice at 24 h postinfection with a
derivative (compound 2) resulted in increased survival of mice com-
pared to vehicle-treated mice. Lung virus titers were decreased, and
histopathological changes were ameliorated in compound 2–treated
mice compared to vehicle-treated mice. Structural investigation us-
ing high-resolution crystallography illuminated binding interactions
of 3CLpro of SARS-CoV-2 and SARS-CoV with deuterated variants of
GC376. Taken together, deuterated GC376 variants have excellent
potential as antiviral agents against SARS-CoV-2.
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Coronaviruses are a large group of viruses that can cause a
wide variety of diseases in humans and animals (1). They are

single-stranded, positive-sense RNA viruses that belong to four
genera, designated α, β, γ, and δ coronaviruses, in the Corona-
viridae family (1). Human coronaviruses (229E, NL63, OC43,
and HKU1) generally cause mild upper respiratory infections.
However, global outbreaks of new human coronavirus infections
with severe respiratory disease have periodically emerged from
animals, including severe acute respiratory syndrome coronavi-
rus (SARS-CoV), Middle East respiratory syndrome coronavirus
(MERS-CoV) and, most recently, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), the causative agent of
COVID-19 (2). SARS-CoV-2 emerged in China in December
2019 and subsequently spread throughout the world. Ominously,
the diversity of coronavirus strains in potential animal reservoirs
suggests that emerging and reemerging pathogenic coronaviruses
will continue to pose a significant threat to public health. Cur-
rently, vaccines using different platforms have been developed or
under development, and three vaccines just became available in
the United States for COVID-19 licensed for emergency use,
with more others expected to be available soon. The specific
therapeutic interventions that are currently licensed or given
emergency use authorizations include remdesivir (Veklury), a
combination of remdesivir and a JAK inhibitor, baricitinib, and

a single monoclonal antibody or a mixture of monoclonal
antibodies.
Although additional clinical trial results will be needed to fully

understand the efficacy of these treatments, the currently available
clinical data on these treatments showed limited effects of these
treatments in reducing disease progression or facilitating recovery
(3). Clinical presentation of COVID-19 patients varies from being
asymptomatic to several respiratory disease that may lead to
death. Viral replication in the respiratory tract peaks during the
first week of infection and decline, and in severe COVID-19 cases
extensive inflammatory responses in the lungs initiated by viral
replication dominate in the late stage, being the main culprit for
lethality (4). Therefore, a combination of antiviral agents and
immune modulators such as dexamethasone has been suggested to
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improve clinical outcome in advanced diseases (3). Currently, only
the nucleoside analog remdesivir is available for COVID-19 pa-
tients as a Food and Drug Administration (FDA)-approved drug,
and additional potent direct-acting antiviral agents, such as pro-
tease inhibitors, are urgently required to enrich the drug arsenal
against SARS-CoV-2 infection.
The SARS-CoV-2 genome encodes two polyproteins which are

processed by a 3C-like protease (3CLpro) and a papain-like pro-
tease. These viral proteases are essential for viral replication,
making them attractive targets for drug development (5–7). It is
furthermore acknowledged that, in addition to the development of
effective vaccines, the concurrent identification of FDA-approved
drugs that can be repurposed for use against SARS-CoV-2 may
accelerate the development and implementation of effective
countermeasures against the virus (reviewed in ref. 8). We previ-
ously described a series of 3CLpro inhibitors (including GC376)
with activities against multiple coronaviruses, including SARS-
CoV (9), MERS-CoV (6, 10), and SARS-CoV-2 (10). GC376
was recently demonstrated in clinical trials to have efficacy against
a fatal feline coronavirus infection, feline infectious peritonitis
(FIP) (11, 12), and is currently in clinical development for treating
FIP in cats.
Some mice that express human ACE2 or hamsters develop

weight loss and lung histopathology but they have no or little
mortality following human SARS-CoV-2 infection (13–15). Thus,
they serve as good models for asymptomatic, mild, and moderate
SARS-CoV-2 infection and for studies of viral transmission.
Currently only a few fatal infection animal models are available
that can recapitulate the key features of severe pathogenesis in
humans with COVID-19. Transgenic hACE2-HFH4 mice (16)
and K18-hACE2 mice (17–19), which express human angiotensin
I-converting enzyme 2 (ACE2) receptor under HFH4 or K18
promoter, or a mouse-adapted SARS-CoV-2 MA10 strain (7) can
lead to fatality dependent upon virus challenge doses. Neural in-
vasion of the brain variably occurs in hACE2 transgenic mice and
is associated with a fatal outcome. In the absence of brain infec-
tion, however, the respiratory infection is still lethal, depending on
initial virus inoculum. Although there is evidence of neurological
complications, such as encephalopathy and encephalitis, in
COVID-19 patients (20), the relevance of brain infection in these
animal models in human neurological disease needs further clar-
ification. The fatal infection models are useful models for efficacy
testing of antiviral agents as they show viral replication in the lungs
with inflammation and virus-induced histopathological changes
that resemble severe COVID-19 infection in humans. In the K18-
hACE2 model, pre- and postinfection treatment efficacy of human
convalescent plasma from a recovered COVID-19 patient was
previously studied (18), and antiviral agents such as GC376 (7, 21)
were tested. We report herein the results of our studies related to
the synthesis and evaluation of deuterated GC376 variants which
have enhanced antiviral activity and display efficacy in a fatal
mouse model (K18-hACE2 mice) of SARS-CoV-2.

Results
Deuterated Variants of GC376 Display Potent Inhibitory Activity against
SARS-CoV-2 in the Enzyme- and the Cell-Based Assays.We synthesized
deuterated variants based on GC376 (SI Appendix and SI Ap-
pendix, Fig. S1) and compared their inhibitory activities against
SARS-CoV-2 to nondeuterated GC376 in the enzyme- and the
cell-based assays (Table 1). Three different variants of deuterated
aldehyde compounds (compounds 1, 6, and 9 with R1, R2, and R3,
respectively) as well as their bisulfite adducts (compounds 2, 7,
and 10) were prepared for the testing. In addition, an α-ketoamide
(compound 5) based on compound 1 and prodrug variations
(compounds 3, 4, 8, and 11) of the bisulfite adducts of aldehydes
(compounds 1, 6, and 9) were synthesized for the testing. In the
enzyme assay, the bisulfite adducts showed 50% inhibitory con-
centration (IC50) values similar to their aldehyde counterparts

(Table 1, structure C). The α-ketoamide derivative (compound 5)
of compound 1 had markedly decreased potency in the enzyme
assay. Likewise, prodrug counterparts (compounds 3, 4, 8, and 11)
have significantly increased IC50 values compared to their alde-
hyde and bisulfite precursors (Table 1, structure C). The deuter-
ated compounds that were more effective than GC376 in the
enzyme assay were tested in the cell-based assay using Vero E6
and A549-ACE2 cell lines. The 50% effective concentration
(EC50) values of the tested deuterated compounds (compounds 1,
2, 6, and 7) (0.068 to 0.086 μM) were comparable in those cell
lines and lower than GC376 by 2.67∼3.38-fold in Vero E6 cells.
All compounds, including GC376, did not show any cytotoxicity up
to 100 μM (Table 1, structure C).

Structures of 3CLpro of SARS-CoV and SARS-CoV-2 Bound with
Deuterated Variants of GC376. Compound 2 with a bisulfite ad-
duct warhead and compound 5 with α-ketoamide were cocrys-
tallized with the 3CLpro of SARS-CoV-2 and SARS-CoV and
examined by X-ray crystallography. Examination of the active
site of SARS-CoV-2 3CLpro revealed the presence of prominent
difference electron density consistent with compound 2 cova-
lently bound to the Sγ atom of Cys145 in each subunit (Fig. 1 A
and B). Interestingly, the electron density was most consistent with
the S-enantiomer at the newly formed stereocenter. Although the
electron density in subunit B did contain a small “bulge” that may
be due to the R-enantiomer, only one configuration was modeled.
Compound 2 adopts the same binding mode in each subunit and
forms identical hydrogen bond interactions with residues Phe140,

Table 1. Structures and inhibitory activities of deuterated
variants of GC376 against SARS-CoV-2 in the enzyme
and cell-based assays

SARS-CoV-2

IC50, μM EC50, μM CC50, μM

Compound Vero E6 A549-ACE2

1 0.17 ± 0.05 0.068 ± 0.01 0.086 ± 0.01 >100
2 0.18 ± 0.04 0.086 ± 0.02 0.069 ± 0.01 >100
3 0.71 ± 0.06 N/D* N/D >100
4 0.80 ± 0.1 N/D N/D >100
5 1.31 ± 0.55 N/D N/D >100
6 0.16 ± 0.03 0.077 ± 0.01 0.075 ± 0.01 >100
7 0.19 ± 0.04 0.079 ± 0.01 0.10 ± 0.01 >100
8 0.68 ± 0.35 N/D N/D >100
9 0.24 ± 0.01 N/D N/D >100
10 0.21 ± 0.02 N/D N/D >100
11 0.77 ± 0.12 N/D N/D >100
GC376 0.41 ± 0.07 0.23 ± 0.01 N/D >100

(A) R1, R2 and R3 deuterated moieties. (B) Structures of deuterated
variants. (C) The activity and cytotoxicity of deuterated variants of GC376.
IC50, the 50% inhibitory concentration determined in the enzyme assay;
EC50, the 50% effective concentration determined in Vero E6 cells; and
CC50, the 50% cytotoxic concentration determined in Vero E6 and CRFK cells.
The values indicate the means and the SDs of the means. N/D: not
determined.
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His163, His164, Glu166, and Gln189 (Fig. 1 D and E). As we gen-
erally observed in studies of SARS-CoV 3CLpro, the electron
density map was consistent with both the R- and S-enantiomers of
compound 2 at the new stereocenter formed by covalent attach-
ment of the Sγ atom of Cys145 in the cocrystal structure of SARS-
CoV 3CLpro (Fig. 1C). Overall, the hydrogen bond interactions
are nearly identical relative to SARS-CoV-2 3CLpro. The main
difference is that a hydrogen bond is formed between His41 and
the hydroxyl of compound 2 in the R-enantiomer and a long
contact (3.29 Å) to the backbone N-atom of Ser144 with the hy-
droxyl of the S-enantiomer (Fig. 1F). Notably, the hydroxyl in
compound 2 bound to SARS-CoV-2 3CLpro is 3.38 Å and 3.39 Å
from the N-atom of Ser144, which would be a weak hydrogen bond
contact. The benzyl ring in both structures is positioned outward
from the hydrophobic S4 subsite and is directed toward the surface
as shown in Fig. 1 G–I. Notably, the structures of SARS-CoV-2
3CLpro in complex with nondeuterated G376 and its precursor
aldehyde GC373 (Protein Data Bank [PDB] ID codes 6WTJ and
6WTK, respectively) adopt the same binding mode as that ob-
served for compound 2 (SI Appendix, Fig. S2). Superposition
yielded rmsd of 0.59 Å (GC376) and 0.55 Å (GC373) between Cα
atoms for 299 residues aligned (22).

The structures of SARS-CoV and SARS-CoV-2 3CLpro in com-
plex with compound 5 also contained prominent difference in electron
density consistent with the inhibitor covalently bound to the Sγ atom of
Cys145 (SI Appendix, Fig. S3 A and D). The entire inhibitor could be
modeled in subunit A but was partially disordered in subunit B and the
benzyl group in the S4 subsite could not be modeled for SARS-CoV.
The inhibitor forms direct hydrogen bond interactions similar to
compound 2, as shown in SI Appendix, Fig. S3 B and E. The benzyl
group in subunit A of both SARS-CoV and SARS-CoV-2 3CLpro is
positioned near hydrophobic residues within the S4 subsite (SI Ap-
pendix, Fig. S3 C and F). The benzyl ring in the α-ketoamide region of
the inhibitor is positioned near a cleft formed by Asn142/Gly143 in both
structures. Interestingly, the compound bound to subunit B of SARS-
CoV-2 3CLpro adopts a conformation similar to that observed for
compound 2 in which the benzyl group is directed away from the S4
subsite and toward the surface (SI Appendix, Fig. S4). Therefore, it
appears the structure of SARS-CoV-2 3CLpro in complex with com-
pound 5 serendipitously contains two binding modes of the inhibitor.

Treatment with Compound 2 at 24 h after SARS-CoV-2 Infection
Demonstrates Efficacy against Fatal SARS-CoV-2 Infection in K18-hACE2
Mice. Compound 2 was tested in SARS-CoV-2–infected K18-
hACE2 mice for protective efficacy, because it potently inhibited

Fig. 1. Cocrystal structures of SARS-CoV-2 3CLpro (A, D, G: subunit A and B, E, H: subunit B) and SARS-CoV 3CLpro (C, F, and I) in complex with compound 2.
A–C show Fo-Fc omit maps (green mesh) contoured at 3σ. D–F show hydrogen bond interactions (dashed lines) between the inhibitor and the 3CL protease.
G–I show electrostatic surface representation of the binding pocket occupied by the inhibitor. Neighboring residues are colored yellow (nonpolar), cyan
(polar), and white (weakly polar).
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SARS-CoV-2 in the cell-based assay described above. The dose
curve of compound 2 against SARS-CoV-2 in cell culture is
shown in Fig. 2A. In the first experiment, infection with 2 × 103

plaque-forming units (pfu) per mouse led to body weight loss in
all vehicle-treated mice, resulting in 50% survival by 9 d
postinfection (dpi) (Fig. 2B). Mice treated with compound
2 (100 mg·kg−1·d−1, once a day) starting from 24 h postinfection
(1 dpi) lost body weight, but loss was less severe compared to
vehicle-treated mice with statistically significant differences
(0.002 < P < 0.049) on most days between 5 and 10 dpi
(Fig. 2C). All compound 2–treated mice gradually gained body
weight and were alive at the end of the study (15 dpi) (Fig. 2C),
although survival of these mice was not statistically different
(P = 0.18) compared to vehicle-treated mice, likely due to
lower fatality of control mice. In the second and third experi-
ment, a higher virus challenge dose (5 × 103 pfu per mouse)
was given before treatment with vehicle or compound 2 (125
mg·kg−1·d−1, once a day) started 24 h postinfection. In the sec-
ond experiment, the vehicle-treated mice exhibited greater
body weight loss than those with the lower virus challenge (ex-
periment 1), and none of the mice (n = 4) survived past 7 dpi
(Fig. 2D). Weight losses of mice treated with compound 2 were
significantly less than those with vehicle treatment at 3, 5, and 6
dpi (0.009 < P < 0.017), and compound 2–treated mice started to
gain weight from 10 dpi (Fig. 2E). In contrast to 0% survival in
vehicle-treated mice, five out of six compound 2–treated mice
(83%) survived at the end of the study (15 dpi), resulting in
significant improved survival of compound 2–treated mice (P =
0.011). In the third experiment, although the vehicle- or com-
pound 2–treated mice did not show a statistically difference in
body weight loss for 0 to 5 dpi, compound 2–treated mice started
gaining weight from 6 to 7 dpi (Fig. 2F). All compound 2–treated
mice survived at the end of the study (15 dpi), while all vehicle-
treated mice died by 5 dpi (P = 0.0084).

Treating Infected K18 hACE2 Mice with Compound 2 Reduces Viral
Titers and Histopathological Changes in the Lungs. In two separate
experiments, mice were infected with 5 × 103 pfu SARS-CoV-2
virus and treated with compound 2 or vehicle starting from 1 dpi
(24 h postinfection). In both experiments, lung virus titers peaked
at 2 dpi and decreased at 5 dpi in both groups. Virus titers were
statistically lower in compound 2–treated mice compared to
vehicle-treated mice at 5 dpi by ∼10.54- to 13.57-fold in both ex-
periments (P = 0.0028 and 0.004, respectively) (Fig. 3 A and B),
although a statistically significant reduction of virus titers was also
observed only at 2 dpi in the second experiment (P = 0.004)
(Fig. 3B). Lung pathology in vehicle-treated mice obtained from
the first experiment included diffuse alveolar damage with pro-
gressive alveolar or interstitial lesions characterized by edema, in-
flammation, and focal cytomegaly in some alveolar lining cells.
Additional features include an accumulation of immune effector
cells, including granulocytes and macrophages, evidence of cell
death, hemorrhage, hyaline membranes, and occasional vascular
thrombi. Histopathological observations were in agreement with
improved survival observed in SARS-CoV-2–infected animals
treated with compound 2 (Fig. 3C). At 2 dpi, alveolar edema was
seen in some lung tissue sections (average score 0.5) in the lungs
from animals treated with vehicle (Fig. 3 C, a and b), but there
were few lesions in the lungs from compound 2–treated animals
(average score 0) (Fig. 3 C, c and d). Mild perivascular infiltrates
were seen in lungs from both vehicle- and compound 2–treated
animals at 2 dpi (Fig. 3 C, a–d). At 5 dpi, while severe edema
(average score 4) and perivascular infiltrates (average score 3.5)
were evident in the lungs from vehicle-treated animals (Fig. 3 C, e
and f), mild edema (average score 2) and perivascular infiltrations
(average score 2) were observed in the lungs of compound 2–
treated animals (Fig. 3 C, g and h). K18-hACE2 mice infected with
SARS-CoV-2 sometimes develop encephalitis. Low levels of virus
(340, 1,660, and 660 pfu per brain) but no pathological changes
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Fig. 2. Therapeutic treatment of K18-hACE2 mice infected with SARS-CoV-2. (A) A dose-dependent curve for compound 2 against SARS-CoV-2 in cell culture.
Confluent Vero E6 cells were inoculated with SARS-CoV-2, and medium containing various concentrations of compound 2 and agar was applied to the cells.
After 48 to 72 h, plaques in each well were counted, and EC50 values were determined by GraphPad Prism software. (B and C) The K18-hACE2 mice infected
with SARS-CoV-2 with 2 × 103 pfu per mouse were treated with compound 2 at 100 mg/kg once per day or vehicle starting at 1 dpi for up to 10 d, and survival
(B) and weight (C) were monitored for 15 d. (D–F) In two separate experiments, the K18-hACE2 mice infected with SARS-CoV-2 with 5 × 103 pfu/mouse were
treated with compound 2 at 125 mg/kg once per day or vehicle starting at 1 dpi for up to 10 d, and survival (D and G) and weight (E and F) were monitored for
15 d. The data points represent the means and the SDs of the means. The analysis of survival curves between groups was performed using a log-rank
(Mantel–Cox) test in GraphPad Prism software. The symbols and the bars in C and E represent the means and the SDs of the means. Asterisks indicate statistical
difference between vehicle and compound 2–treated groups determined using multiple t tests in GraphPad Prism software (P < 0.05).
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were detected in vehicle-treated mice. In contrast, neither patho-
logical changes nor infectious virus was detected at 2 and 5 dpi in
the brains of mice treated with compound 2 (detection limit: 200
pfu per gram).

Discussion
The advent of SARS-CoV-2, the causative agent of COVID-19,
has provided the impetus behind worldwide efforts to develop ef-
fective countermeasures against the virus for the treatment of
COVID-19, including the use of repurposed drugs (reviewed in
refs. 23 and 24). Indeed, remdesivir, a nucleoside analog which was
originally developed and FDA-approved for treating Ebola virus
infection, has been shown to be a potent inhibitor of SARS-CoV-2
(25–27) and recently approved for COVID-19. However, effects in
patients have been modest, with some studies showing no efficacy
(28–31). Multiple FDA-approved drugs which exert their antiviral
effects by impeding key steps in the viral lifecycle, including virus
entry and fusion and viral replication, among others, are currently
under intense investigation for use against SARS-CoV-2 (23, 24,
32–34). Efforts in developing small-molecule inhibitors targeting
the virus proteases of SARS-CoV-2 have focused on blocking
3CLpro (35–37). Recently, GC376, a 3CL protease inhibitor under
commercial development for FIP, was reported to have anti–
SARS-CoV-2 activity by us (6) and other groups (22, 38, 39), which
suggests this compound is a lead compound for COVID-19 ame-
nable to further optimization. The in vitro antiviral effects of
GC376 are comparable to other remdesivir and other nucleoside
analogs and protease inhibitors under development against
SARS-CoV-2 (38, 40–42). The antiviral compounds, including
GC376, showed antiviral effects against SARS-CoV-2 in human
ACE-2–expressing transgenic mice (27, 40, 43) or in rhesus ma-
caques (25) with nonlethal infection. However, few reports are
available on the effects of these compounds in animal models with
lethal infection. In a report where GC376 was given 3 h after virus

inoculation that led to 100% fatality there was no difference in
survival of K18 mice, although reduced viral load and inflammation
was observed in the lungs compared to vehicle-treated controls (7).
Based on the multiple potential advantages frequently accrued

from the introduction of deuterium in a drug, such as improved
pharmacokinetics, reduction in toxicity, and enhanced potency
(reviewed in ref. 44), it was envisaged that deuterated variants of
GC376 could function as therapeutics with superior characteristics
compared to the corresponding nondeuterated GC376 drug.
Deuterated small compounds contain one or more deuterium, a
heavier nonradioactive isotope of hydrogen, as a chemical element
in place of hydrogen. Higher mass of deuterium makes carbon–
deuterium bonds more resistant to oxidative degradation, and thus
the deuterization approach has been utilized in medicinal chem-
istry to enhance drug property, and at least one deuterated drug
has been licensed with others in development (44). Therefore, we
generated three deuterated variants of GC376 by replacing hy-
drogen with deuterium at the metabolic soft spots encompassed in
the R-site (aromatic ring and benzylic carbon) and evaluated their
activity in the enzyme- and the cell-based assays. All three
R-site–deuterated variants (aldehydes and their bisulfite adducts)
showed modestly increased potency compared to GC376, which
was more apparent in the cell-based assays than in the enzyme
assay (Table 1, structure C).
Crystal structures of deuterated GC376 (compound 2) and the

3CLpro of SARS-CoV-2 revealed that deuteration did not alter
the interactions between GC376 and 3CLpro which are reported
by other groups (22, 39, 45). It may be speculated that the en-
hanced activity of the deuterated compounds can be attributed to
tighter binding to the target, which was observed with other
deuterated compounds (44), or improved physicochemical prop-
erties of the compound. However, further study is needed to un-
derstand the mechanism. Substitution of the aldehyde warhead in
compound 1 with an α-ketoamide (compound 5) significantly
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Fig. 3. Lung virus titers and histopathology of K18-hACE2 mice infected with SARS-CoV-2 and treated with vehicle or compound 2 starting at 1 dpi. The lungs
and the brains were collected at 2 and 5 dpi for virus titration (A and B) and histopathology (C). (A and B) Lung virus load in vehicle- or compound 2–treated
groups in two separate experiments. Each symbol represents an individual mouse, and the dashed line represents the means and the dotted line is the limit of
detection (200 pfu). Confluent Vero E6 cells were inoculated with serial dilutions of lung homogenates and agar was applied to the cells. After 48 to 72 h,
plaques in each well were counted and pfu per gram was calculated. Statistical significance was determined using multiple t tests in GraphPad Prism software
(P < 0.05). (C) Lungs were examined for edema and for hyaline membrane formation. Lung sections were stained with hematoxylin and eosin for histo-
pathology at 2 (a to d) or 5 dpi (e to h). Histopathology images are shown at either 10X (a, c, e, and g) or 20X (b, d, f, and h) for vehicle control (a, b, e, and f)
and compound 2–treated groups (c, d, g, and h).
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decreased potency, which confirms earlier findings by us (9, 46)
that ketoamide is less suitable for coronavirus 3CLpro inhibition.
Employing an OCOmethyl or n-pentyl ester derivative of bisulfite
adducts to produce prodrug variants (compounds 3, 4, 8, and 11)
led to reduced potency in the enzyme assay, which may be due to
inefficient conversion to the active compound in the enzyme assay.
In the K18-hACE2 mice infected with SARS-CoV-2, once

daily administration of compound 2 starting at 24 h postinfection
to mice infected with 50% or 100% lethality resulted in signifi-
cant reductions in body weight loss and nearly complete survival
of K18 mice. The kinetics of virus clearance was enhanced and
lung pathological changes were diminished by drug treatment.
In summary, we show that deuterated variants of GC376 are

potent inhibitors of SARS-CoV-2 replication and significantly en-
hance survival of infected mice. Importantly, this approach has wide
applicability, and strategic deuteration can be extended to multiple
FDA-approved drugs currently under investigation as COVID-19
therapeutics with potential improvement in clinical outcomes.

Materials and Methods
Study Design. The primary objective of this study was to evaluate the antiviral
activity of deuterated variants of GC376, a protease inhibitor that is currently
under investigation for the treatment of FIP and COVID-19, against
SARS-CoV-2 in vitro, as well as antiviral efficacy in a fatal mouse model of
SARS-CoV-2 infection.

Biocontainment and Biosafety of Coronaviruses. All studies with SARS-CoV-2
were performed in biosafety level 3 facilities at The University of Iowa. All
experiments were conducted under protocols approved by the Institutional
Biosafety Committee at the University of Iowa according to guidelines set by
the Biosafety in Microbiological and Biomedical Laboratories, the US De-
partment of Health and Human Services, the US Public Health Service, the US
Centers for Disease Control and Prevention, and the National Institutes
of Health.

Synthesis of Deuterated Variants of GC376 3CLpro Inhibitors. Compounds 1
through 11 were readily synthesized using a reaction sequence similar to the
one previously reported by us (SI Appendix, Fig. S1) (47–49) and are listed in
Table 1, structure B. Briefly, the deuterated alcohol inputs (Table 1, structure A)
were reactedwith (L) leucine isocyanate methyl ester to yield the corresponding
dipeptidyl methyl esters which were then hydrolyzed to the corresponding
acids with lithium hydroxide in aqueous tetrahydrofuran. Subsequent carbonyl
dimidazole–mediated coupling of the acids to glutamine surrogate methyl es-
ter (50) furnished the dipeptidyl methyl esters. Lithium borohydride reduction
yielded the alcohols which were then oxidized to the corresponding aldehydes
with Dess–Martin periodinane reagent. The bisulfite adducts were generated
by treatment with sodium bisulfite in aqueous ethanol and ethyl acetate (51).
An alternative convergent synthesis of compounds 1 through 11 entailed the
activation of a deuterated alcohol with disuccinimidoyl carbonate followed by
sequential coupling with a dipeptidyl amino alcohol and oxidation with Dess–
Martin periodinane. The synthesis of α-ketoamide compound 5 was accom-
plished by reacting the Z-protected dipeptidyl aldehyde with benzyl isonitrile to
yield the α-hydroxyketoamide followed by Dess–Martin oxidation. Prodrug
compounds 3, 4, 8, and 11 were synthesized by refluxing the aldehyde bisulfite
adduct with acetic anhydride or n-hexanoic anhydride (49).

Fluorescence Resonance Energy Transfer (FRET) Enzyme Assay. The cloning,
expression, and purification of the 3CLpro of SARS-CoV-2 were conducted by a
standard method described previously (6). The codon-optimized complementary
DNA of full-length 3CLpro of SARS-CoV-2 (GenBank accession number
MN908947.3) fused with sequences encoding 6 histidine at the N terminal was
synthesized by Integrated DNA Technologies. The synthesized gene was subcl-
oned into the pET-28a (+) vector. The FRET enzyme assays were conducted as
described previously (35). Briefly, stock solutions of compounds 1 through 11
were prepared in dimethyl sulfoxide (DMSO) and diluted in assay buffer, which
was composed of 20 mM Hepes buffer, pH 8, containing NaCl (200 mM), eth-
ylenediaminetetraacetic acid (0.4 mM), glycerol (60%), and 6 mM dithiothreitol.
The SARS-CoV-2 3CL protease was mixed with serial dilutions of each compound
or with DMSO in 25 μL of assay buffer and incubated at room temperature for
1 h (SARS-CoV-2 and SARS-CoV), followed by the addition of 25 μL of assay
buffer containing substrate (FAM-SAVLQ/SG-QXL520; AnaSpec). The substrate
was derived from the cleavage sites on the viral polyproteins of SARS-CoV.
Fluorescence readings were obtained using an excitation wavelength of 480 nm

and an emission wavelength of 520 nm on a fluorescence microplate reader
(FLx800; Biotec) at 1 h following the addition of the substrate. Relative fluo-
rescence units were determined by subtracting background values (substrate-
containing well without protease) from the raw fluorescence values, as de-
scribed previously (6). The dose-dependent FRET inhibition curves were fitted
with a variable slope using GraphPad Prism software to determine the IC50
values of the compounds, which are listed in Table 1, structure C.

Cell-Based Assay for Antiviral Activity. Compounds 1, 2, 6, and 7 were in-
vestigated for their antiviral activity against the replication of SARS-CoV-2.
Briefly, confluent Vero E6 cells were inoculated with SARS-CoV-2 at 50 to 100
pfu per well, and medium containing various concentrations of each com-
pound and agar was applied to the cells. After 48 to 72 h, plaques in each
well were counted. The EC50 values were determined by GraphPad Prism
software using a variable slope (6).

Nonspecific Cytotoxic Effects. The 50% cytotoxic concentrations (CC50) of
compounds 1 through 11 were determined in Vero E6 and CRFK cells. Con-
fluent cells grown in 96-well plates were incubated with various concentra-
tions (1 to 100 μM) of each compound for 72 h. Cell cytotoxicity was measured
by a CytoTox 96 nonradioactive cytotoxicity assay kit (Promega), and the CC50
values were calculated using a variable slope by GraphPad Prism software
(Table 1, structure C).

X-Ray Crystallographic Studies: Protein Purification, Crystallization, and Data
Collection. Purified SARS-CoV 3CLpro and SARS-CoV-2 (6) 3CLpro were con-
centrated to 22.0 mg/mL (0.64 mM) and 9.6 mg/mL (0.28 mM), respectively,
in 100 mM NaCl, 20 mM Tris, pH 8.0, for crystallization screening. All crys-
tallization experiments were set up using an NT8 drop-setting robot
(Formulatrix Inc.) and UVXPO MRC (Molecular Dimensions) sitting-drop vapor-
diffusion plates at 18 °C. One hundred nanoliters of protein and 100 nL
crystallization solution were dispensed and equilibrated against 50 μL of the
latter. Stock solutions of compounds 2 and 5 (100 mM) were prepared in
DMSO and the 3CLpro:inhibitor complexes were prepared by adding 2 mM
ligand to the proteases and incubating on ice for 1 h. Crystals were obtained
in 1 to 2 d from the following conditions. SARS-CoV 3CLpro complex with
compound 2: Index HT screen (Hampton Research) condition H4 (30% [wt/vol]
polyethylene glycol [PEG] 3350, 200 mM ammonium citrate, pH 7.0).
SARS-CoV 3CLpro complex with compound 5: Berkeley screen (Rigaku Re-
agents) condition B1 (30% [wt/vol] PEG 3350, 100 mM Tris, pH 8.5, 400 mM
sodium chloride). SARS-CoV-2 3CLpro complex with compound 2: Index HT
screen condition G8 (25% [wt/vol] PEG 3350, 100 mM Hepes, pH 7.5, 200 mM
ammonium acetate). SARS-CoV-2 3CLpro complex with compound 5: Index
HT condition D11 (28% PEG 2000 MME, 100 mM Bis-Tris, pH 6.5). Samples
were transferred to a fresh drop composed of 80% crystallization solution
and 20% (vol/vol) PEG 200 and stored in liquid nitrogen. All X-ray diffraction
data were collected using a Dectris Eiger2 × 9M pixel array detector at the
Advanced Photon Source IMCA-CAT beamline 17-ID except for the data for
the SARS-CoV-2 3CLpro complex with compound 5, which were collected at
the National Synchrotron Light Source II (NSLS-II) AMX beamline 17-ID-1.

Structure Solution and Refinement. Intensities were integrated using XDS via
Autoproc (52) and the Laue class analysis and data scaling were performed
with Aimless (53). Structure solution was conducted by molecular replace-
ment with Phaser (54) using previously determined structures of SARS-CoV
3CLpro (PDB ID code 6W2A) and SARS-CoV-2 3CLpro (PDB ID code 6XMK) as
the search models (6). Structure refinement and manual model building
were conducted with Phenix (55) and Coot (56), respectively. Disordered side
chains were truncated to the point for which electron density could be ob-
served. Structure validation was conducted with Molprobity (57), and figures
were prepared using the CCP4MG package (58). Superpositions were per-
formed using GESAMT (59). Crystallographic data are provided in SI Ap-
pendix, Table S1.

Animal Care and Ethics Statement. In vivo studies were performed in animal
biosafety level 3 facilities at The University of Iowa. All experiments were
conducted under protocols approved by the Institutional Animal Care and
Use Committee at The University of Iowa according to guidelines set by the
Association for the Assessment and Accreditation of Laboratory Animal Care
and the US Department of Agriculture.

Postinfection Treatment in a Mouse Model of SARS-CoV-2 Infection. Compound
2 was examined for efficacy using 7- to 8-wk-old female K18-hACE2 mice
infected with SARS-CoV-2 (18). In the first experiment, animals were divided
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into two groups (n = 4 for vehicle or n = 5 for compound 2) and were lightly
anesthetized with ketamine/xylazine prior to infection with 50 μL of 2 × 103

pfu SARS-CoV-2 (the 2019n-CoV/USA-WA1/2019 strain of SARS-CoV-2; ac-
cession number: MT985325.1) via intranasal inoculation. Compound 2 was
formulated in 10% ethanol and 90% PEG400 and given to mice from 1 (24 h
postinfection) to 10 dpi at 100 mg·kg−1·d−1 (once per day) via intraperitoneal
administration. Control mice received vehicle. Animals were weighed daily
and monitored for 15 d. Animals were killed when an animal lost 30% of
initial weight or at 15 dpi. In the second experiment, mice were divided into
two groups (n = 4 for vehicle or n = 6 for compound 2) and infected with
50 μL of 5 × 103 pfu SARS-CoV-2 via intranasal inoculation. Compound 2 was
given to mice from 1 (24 h postinfection) to 10 dpi at 125 mg·kg−1·d−1 (once
per day) via intraperitoneal administration. The third experiment was con-
ducted simultaneously with the second one to determine virus titers and his-
topathology in the lungs of mice treated with vehicle or compound 2 (n = 3 for
virus titration and n = 1 or 2 for histopathology for each group at each dpi).
Animals were killed at 2 or 5 dpi, and lungs and brains were removed asep-
tically and disassociated with a manual homogenizer in 1× phosphate-
buffered saline. The homogenized lung and brain tissues were briefly centri-
fuged, and supernatants were removed. Virus titration was conducted in Vero
E6 cells against SARS-CoV-2 (18). For histopathology, lungs and brains were
fixed with 10% formalin, and hematoxylin and eosin–stained tissues were
examined by a veterinary pathologist using the postexamination method of
masking (18). Lung tissues were evaluated for edema (0 to 4) using
distribution-based ordinal scoring: 0, none; 1, <25% of field; 2, 26 to 50% of
field; 3, 51to 75% field; and 4, >75% of field. Perivascular inflammation was
evaluated by severity-based ordinal scoring: 0, none; 1, scant solitary cellular
infiltrates that do not form aggregates; 2, mild infiltrates that form loose cuff
(∼1 cell thickness) around vessel; 3, infiltrates form a distinct perivascular ag-
gregate approximately two to four cells thick; and 4, large perivascular ag-
gregates (more than four cells thick) that extend to compress adjacent tissues.

Statistical Analysis.Multiple t tests were used to analyze body weight change
and lung virus titers between groups using GraphPad Prism Software version
6. Log-rank (Mantel–Cox) test was used for analysis of survival curves be-
tween groups using GraphPad Prism. P < 0.05 was considered statistically
significant.

Data Availability. Coordinates and structure factors for the 3CLpro inhibitor
complexes are deposited in the Worldwide Protein Data Bank with the
following accession codes: SARS-CoV 3CLpro with inhibitor 2 (7K0G), and 5
(7K0H); SARS-CoV-2 3CLpro with inhibitor 2 (7K0E), and 5 (7K0F).
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