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ABSTRACT: The advent of SARS-CoV-2, the causative agent of COVID-19, and its
worldwide impact on global health, have provided the impetus for the development of
effective countermeasures that can be deployed against the virus, including vaccines,
monoclonal antibodies, and direct-acting antivirals (DAAs). Despite these efforts, the current
paucity of DAAs has created an urgent need for the creation of an enhanced and diversified
portfolio of broadly acting agents with different mechanisms of action that can effectively
abrogate viral infection. SARS-CoV-2 3C-like protease (3CLpro), an enzyme essential for viral
replication, is a validated target for the discovery of SARS-CoV-2 therapeutics. In this report,
we describe the structure-guided utilization of the cyclopropane moiety in the design of highly
potent inhibitors of SARS-CoV-2 3CLpro, SARS-CoV-1 3CLpro, and MERS-CoV 3CLpro.
High-resolution cocrystal structures were used to identify the structural determinants
associated with the binding of the inhibitors to the active site of the enzyme and unravel the
mechanism of action. Aldehydes 5c and 11c inhibited SARS-CoV-2 replication with EC50
values of 12 and 11 nM, respectively. Furthermore, the corresponding aldehyde bisulfite adducts 5d and 11d were equipotent with
EC50 values of 13 and 12 nM, respectively. The safety index (SI) values for compounds 5c/11c and 5d/11d ranged between 7692
and 9090. Importantly, aldehydes 5c/11c and bisulfite adducts 5d/11d potently inhibited MERS-CoV 3CLpro with IC50 values of 80
and 120 nM, and 70 and 70 nM, respectively. Likewise, compounds 5c/11c and 5d/11d inhibited SARS-CoV-1 with IC50 values of
960 and 350 nM and 790 and 240 nM, respectively. Taken together, these studies suggest that the inhibitors described herein have
low cytotoxicity and high potency and are promising candidates for further development as broad-spectrum direct-acting antivirals
against highly pathogenic coronaviruses.
KEYWORDS: SARS-CoV-2, SARS-CoV-1, MERS-CoV, coronavirus, 3-chymotrypsin-like protease (3CLpro), broad-spectrum inhibitors,
cyclopropane-derived inhibitors

Themorbidity and mortality associated with the COVID-19
pandemic caused by Severe Acute Respiratory Syndrome

Coronavirus 2 (SARS-CoV-2) are continuing to have a major
impact on public health and the global economy.1−3 The timely
discoveryand introduction into theclinicof effectivevaccines and
monoclonal antibodies have ameliorated the impact and threat of
the disease;4,5 however, there is a pressing need for the
development of effective and complementary countermeasures,
including an expanded and diversified portfolio of direct-acting
antivirals (DAAs)6−11 that canbe rapidlydeployedagainst SARS-
CoV-2 and variants, as well as emerging and re-emerging
coronaviruses.3,12

In addition to host targets,9,13−15 the SARS-CoV-2 life cycle
offers a wealth of choke points, including virus entry and virus
replication, that can serve as a fruitful avenue of investigation for
the discovery of DAA therapeutics. SARS-CoV-2 is a β-
coronavirus with a large genome (∼30,000 nucleotides) that
encodestwopolyproteins(designatedpp1aandpp1ab)whichare

processed by two viral-encoded cysteine proteases, 3CL protease
(3CLpro), also called the Main protease (Mpro), and the papain-
like protease (PLpro) to generate replicase complex nonstructural
proteins, including the RNA-dependent RNA polymerase
(RdRp), which are essential for viral replication.16 Importantly,
the 3CL proteases of coronaviruses are highly conserved and,
when coupledwith their uniqueprimary substrate specificity for a
P1Gln residue17−19 and the lackof a homologous humanenzyme
with the same substrate specificity, offer distinct advantages in
terms of identifying inhibitors with broad-spectrum activity,
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enhanced selectivity, and low toxicity. Furthermore, the
availability of multiple high-resolution cocrystal structures has
greatly accelerated discovery efforts targeting SARS-CoV-2
3CLpro, and numerous covalent and noncovalent peptidyl or
non-peptidyl inhibitors of the enzyme have been reported.20−34

Notably, the FDA approval of Paxlovid for clinical use, a
combination therapy composed of Nirmatrelvir (a 3CLpro
inhibitor) and Ritonavir (a Cyp3A4 inhibitor used to suppress
the metabolism of Nirmatrelvir), provides a strong measure of
confidence regarding theclinical efficacyof3CLpro inhibitors.35,36

In continuing our foray in this area,37−44 we describe herein the
structure-guided design and evaluation of inhibitors of SARS-
CoV-2 3CLpro that incorporate in their structure a cyclopropyl
moiety as a design element45 well-suited for optimizing potency
by exploiting favorable hydrophobic andH-bonding interactions
with theS4 subsite of the enzyme.Furthermore, itwas anticipated
that the high conservation of the active site topography across
coronaviral proteases would make possible the design of pan-
coronavirus DAAs.

■ RESULTS AND DISCUSSION
Inhibitor Design. The design of the inhibitors (Figure 1,

general structure (I)) entailed appending a Leu-Gln surrogate

recognition component corresponding to the known P2-P1
substrate preference of the protease to a cyclopropyl moiety
intended to access new chemical space encompassing the
hydrophobic S4 subsite of the enzyme (the S3 subsite is solvent
exposed). Earlier studies by our group37−39,44 revealed that
binding interactions with the S4 subsite and vicinity increase
potency significantly, yielding compounds with demonstrated
efficacy in mouse models of MERS-CoV and SARS-CoV-2
infection.37,40 Thus, it was envisaged that potency would be
enhanced by (a) attaching appropriate elements to the cyclo-
propylmoiety that extend toward theS4pocket andare capableof
engaging inH-bonding and hydrophobic interactions and (b) by
assuming an entropically more favorable conformation via the
rigorous control of stereochemistry afforded by the cyclopropane
fragment. Importantly, the cyclopropane derivatives are syntheti-
cally tractableandamenable tomultiparameteroptimization.The
design of the inhibitorswas greatly facilitated by the availability of
high-resolution cocrystal structures.
Chemistry. Inhibitors 1c/d−17c/d were synthesized using

cyclopropyl alcohol inputs 1−17 (Figure S1). The latter were
prepared using well-precedented methodologies46,47 (Scheme
S1). Then, an appropriate cyclopropyl alcohol was activatedwith
disuccinimidyl carbonate,48 followed by coupling with peptidyl
amino alcohol, and the product was subsequently oxidized with
Dess−Martin periodinane reagent. The generated aldehydes
were readily transformed to the corresponding bisulfite adducts,
as described previously (Scheme S2).49

Biochemical Studies.The inhibitory activity of compounds
1−17c/d toward SARS-CoV-2 3CLpro in biochemical and cell-

based assays,37,38,44 as well as the cytotoxicity of the compounds,
were determined, and the results are listed in Table 1. For
comparative purposes, the interaction of a select number of
compounds withMERS-CoV-2 3CLpro and SARS-CoV-1 3CLpro
was also investigated (Table 1). Selected compoundswere tested
in a cell-based assay against SARS-CoV-2, as described in the
Experimental Section. The IC50 values, EC50 values for a select
number of inhibitors, and the CC50 values in 293T cells

40 are
summarized in Table 1, and they are the average of at least three
determinations.All tested compoundswere active against all 3CL
proteases, and the IC50 values ranged between 0.14−0.46 μM,
0.24−2.56μM,and0.05−0.41μMforSARS-CoV-2, SARS-CoV-
1, and MERS-CoV 3CL proteases, respectively. Fourteen
compounds were selected for EC50 determination against
SARS-CoV-2. These were found to be potent inhibitors with
EC50values in the range0.011−0.25μM.TheCC50valuesof these
compounds were >50 μMwith safety indices >250. Representa-
tivedose-dependent inhibitioncurveswith inhibitors11cand11d
in enzyme and cell-based assays are shown in Figure 2.
X-ray Crystallography Studies. Determination of high-

resolution cocrystal structures provided valuable insights into the
structural determinants associated with the binding of the
inhibitors to the active site of SARS-CoV-2 3CLpro and MERS-
CoV 3CLpro. For some of the structures described below, the
electrondensitywasconsistentwithboth theRandSenantiomers
at the stereocenter formed by covalent attachment of the Sγ atom
of Cys 145 or Cys 148 in SARS-CoV-2 3CLpro and MERS-CoV
3CLpro, respectively. Therefore, the alternate conformations for
these cases were modeled with each enantiomer with 0.5
occupancy. Notably, these inhibitors are based on the GC376
scaffold and display a similar binding mode in the S1 and S2
subsites. However, GC376 adopts a “hairpin” conformation,
which prevents the phenyl ring from interacting with residues in
the hydrophobic ridge of the S4 subsite (vide infra). As such, the
structures of inhibitors bound to SARS-CoV-2 3CLpro described
heredramatically differ fromGC376 in their conformations in the
S4 subsite, which was the focus of this series of compounds.
The structures ofMERS-CoV3CLprowith13c and14d yielded

well-defined electron density overall (Figure 3A−D), and the
inhibitors form the typical array of hydrogen bond interactions
with the protein, includingGln 167,Glu 169,Gln 192His 41,His
166 Glu 169, and Phe 143 and theNH of the δ-lactam ring of the
inhibitor. The n-propyl groups attached to the cyclopropyl rings
are positioned in a similarmannerwithin the S4 subsite, although
the terminal carbon atoms are oriented in opposite directions,
which is likely due to the differences in chirality at the cyclopropyl
ring (Figure 3E,F).
The binding modes of inhibitors within the SARS-CoV-2

3CLpro active site containing an aromatic substituent connected
to the cyclopropyl group were compared and included inhibitors
1c, 5c, 6c, and 10d (Figure 4). The typical hydrogen bonds were
observed for these compounds, although the interactionwithGln
189 is either absent or weaker (one contact) in the case of 1c and
6c, respectively (Figure 4E−H). This is likely due to the
orientation of the aryl rings in 1c and 6c, which are positioned
over the hydrophobic ridge near the S4 subsite, whereas 5c and
10daredirectedtowardtheS4subsitepocket(Figure5).Notably,
5c forms a polar contact between the fluorine atom and the
backbone carbonyl of Gln 189. However, the aryl ring of 6c with
the larger chlorine atom is rotated approximately 180° relative to
5c, which results in a small conformational change (∼2 Å) in the
nearby loop spanning Gln 189 to Gly 195 (Figure 6).

Figure 1.General structure of inhibitor (I).
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Table 1. IC50, EC50, and CC50 Values of Compounds 1c/d−17c/d against SARS-CoV-2, MERS-CoV 3CL, and SARS-CoV-1 3CL
Proteasesa
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The binding mode of inhibitor 13d, which contains a bisulfite
warhead but forms an identical covalent complexwith13c, has an
n-propyl group connected to the cyclopropane ring. The binding
modeof13d toSARS-CoV-23CLpropositions then-propyl group
into thepocketof theS4subsiteandcontainsavarietyofhydrogen
bondinteractions, asdepicted inFigure7A−C.Theorientationof
13d is very similar to that observed as13c complexedwithMERS-
CoV 3CLpro (Figure 7D).
While inhibitors 1c, 5c, 6c, 10d, and 13d adopt similar binding

modes overall to SARS-CoV-2 3CLpro, distinct differences are
observed in the S4 subsite. Notably, inhibitors 1c and 6c are
directly away from theS4pocket, and the aryl rings are positioned
over the hydrophobic ridge, which results in a conformational
change in the loop spanning Gln 189-Gly 195 (Figure 8A).

Conversely, the aryl rings of inhibitors 5c and 10d and the propyl
group of 13d are positioned within the S4 pocket. This results in
conformations spanning approximately 6.8 Å within the planes
and 4.6 Å perpendicular to the planes of the aryl rings (Figure
8B,C).
The structures of inhibitors 15d, 16d, and 17d that contain

cyclohexyl substituents connected to the cyclopropyl group were
also obtainedwithMERS-CoV3CLpro and are provided inFigure
9.Thecompounds adoptnearly identical bindingmodes inwhich
thecyclohexylgroupsarepositioneddeepwithin theS4subsite, as
shown in Figure 10. The main difference is observed for
compound 16d, which has an extra methylene linker between
the cyclopropyl and cyclohexyl rings. For this compound, the

Table 1. continued

aAll compounds were screened as mixtures of epimers. bMean ± SD for IC50 and EC50. cDetermined using SARS-CoV-2 replicon system.64 dNT =
not tested. ePreviously reported.44

Figure 2. Inhibition plots of compounds 11c and 11d in enzyme assay (panel A) and cell-based SARS-CoV-2 replicon assay (panel B).
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cyclohexyl ring is rotated approximately 90o relative to 15d and
17d.
Similarly, the structures of SARS-CoV-2 3CLpro with 15d and

17d adopt very similar orientations with the active site (Figure

11A−D).Themaindifference is thepresenceof awater-mediated
contact betweenafluorine atom in17d and thebackboneN-atom
ofAla 191. In addition, the superposition of15d and17d revealed
nearly identical orientations of the inhibitors (Figure 11E) in

Figure3.Bindingmodeof inhibitors13c(A,C)and14d(B,D)incomplexwithMERS-CoV3CLpro.Fo-Fcomitmap(greenmesh)contouredat3σ(A,B).
Hydrogen bond interactions (dashed lines) (C, D). Surface representation showing the orientation of cyclopropyl group of 13c (E) and 14d (F) in the
MERS S4 subsite. Neighboring residues are colored yellow (nonpolar), cyan (polar), and white (weakly polar).

Figure4.Bindingmodesof inhibitors containinganaromatic substituent to theSARS-CoV-23CLproactive site.1c(A,E),5c(B,F),6c(C,G),and10d(D,
H). The Fo-Fc omit maps (green mesh, A−D) are contoured at 3σ, and hydrogen bond interactions (E−H) are drawn as dashed lines.
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which thecyclohexyl ringsarepositionednearThr190/Ala191 in
the S4 subsite.
In summary, these structures demonstrate that subtle changes

to the substituents that interact with the S4 subsite can
dramatically affect the binding affinity to SARS-CoV-2 3CLpro
and MERS-CoV 3CLpro and serve as a guide for subsequent
inhibitor design.Notably, all of these structures contain groups in
the P4 position that interact with the S4 region of the proteases,
which is markedly different from GC376, which served as the
inhibitor template (Figure 12). It is clearly evidenced fromFigure
12that thephenyl ring inGC376cannotparticipate inanybinding
interaction with the S4 pocket. Importantly, the results are
congruent with recent crystallographic studies highlighting the
plasticity in substrate binding orientation and adaptability
between the S3 and S4 subsites of SARS-CoV-2 3CLpro and the
significant contribution of the P4 group to binding affinity.50

Structure−Activity Relationships. In the present study, the
manifold features and advantages inherent in the cyclopropyl
fragment,45 including enhancement in potency by a conforma-
tionally constrained and entropically more favorable binding to
theactive siteof the targetprotease,wereexploited in tandemwith
X-ray crystallography in the design of inhibitors of SARS-CoV-2
3CLprocapableofaccessingnewchemical space in theactivesiteof
the viral protease. The results shown inTable 1 indicate that all of

the cyclopropane-derived inhibitors display high potency against
SARS-CoV-2, SARS-CoV-1, andMERS-CoV3CLproteases (for
example, compounds 2c/d, 5c/d, 10c/d, 11c/d) in biochemical
and cellular assays. The results suggest that these compounds
behave as broad-spectrum coronavirus inhibitors. Replacement
of the methylene group in the cyclopropane ring with a gem-
difluoro group increased potency (1c/d vs 2c/d). Among the
halogen-substituted compounds, potency was invariant to the
nature and position of halogen substitution in the phenyl ring
(compounds 5c/d through 8c/d); however, these compounds
were∼2-fold more potent than the corresponding unsubstituted
compound (1c/d). Furthermore, the isomeric methoxy-sub-
stituted phenyl compounds (9c/d, 10c/d, and 11c/d) were fairly
effective against both SARS-CoV-2 and MERS-CoV 3CL
proteases in biochemical assays, as well as in cell-based assays in
thecaseofSARS-CoV-2witha safety index(SI), definedasCC50/
EC50, of 1250. The trans o-OCH3-substituted compound was
moderatelymore potent than the corresponding cis isomer (11c/
d vs 12c/d). No dramatic variations in potency were observed
when the phenyl ring was replaced with an alkyl (13c/d, 14c/d),
cyclohexyl (15c/d), cyclohexyl methyl (16c/d), or 4,4-
dlifuorocyclohexyl (17c/d) group; however, potency remained
consistently high with all compounds (submicromolar range).
Collectively, the results indicate that the incorporation of a

Figure 5.Orientation of the inhibitors containing an aromatic substituent to SARS-CoV-2 3CLpro highlighting the S4 subsite:1c (A),5c (B),6c (C), and
10d (D). Surface representation showing the orientation of the inhibitors near the S4 subsite of SARS-CoV-2 3CLpro with neighboring residues colored
yellow (nonpolar), cyan (polar), and white (weakly polar).

Figure6.Superpositionof theSARS-CoV-23CLpro inhibitorboundstructures containingm-fluoroandm-chloro aryl rings.Differences in theorientation
of5c(cyan,fluoro)and6c(coral, chloro)(A).AlternateviewofpanelAshowingtheconformationalchange intheSARS-CoV-23CLpro loopspanningGln
189-Gly 195 associated with 5c (magenta) and 6c (light green) (B).
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judiciously decorated cyclopropyl design element into the
inhibitors enhances potency. The most potent compounds in
this series, 5d and 11d, were found to be ∼2.3-fold more potent
than GC376 in the cell-based assay using SARS-CoV-2 replicon
system and∼3.5-fold more potent against MERS-CoV 3CLpro in
theFRETenzymeassay.Overall, thepotencyof the inhibitorsalso
compares favorably with many aldehyde SARS-CoV-2 3CLpro
inhibitors reported in the literature (Figure 13).
Notably, and in accord with the results of previous

studies,37−39,43,44,51 the aldehydebisulfite adducts are equipotent
to the precursor aldehydes. Importantly, in previous studies, we
described a general approach toward the optimization of the PK
characteristics of aldehyde bisulfite adducts of peptidyl and non-
peptidyl transition state inhibitors via the synthesis of the ester or
carbamate prodrugs of aldehyde bisulfite adducts (Figure 14).52

The rate of ester cleavage is dependent on the alkyl chain length
(R), and in blood plasma, the derivatized bisulfite adducts yield
the aldehydes via a chemical and/or enzymatic process.
Consequently, the therapeutic potential of the cyclopropane-
derivedseriesof inhibitorscanbe furtheraugmentedbyexploiting
this approach to optimize pharmacokinetics.
Many aspects of the biology and pathogenesis of SARS-CoV-2

are currently poorly defined. SARS-CoV-2 entry into host cells is
multifactorial and involves the interplay ofmultiple pathways and
mediators.53 The latter includes the host proteases trans-
membrane serine protease 2 (TSPRSS2), furin, and cathepsins
B andL.54−57 Inhibitors bearing an aldehyde ormasked aldehyde
warhead are known to also inhibit cathepsin L,15,58−61 a cysteine
protease present at elevated levels in SARS-CoV-2 infection.55,61

Consequently, the inhibitory activity of a select number of
inhibitors was evaluated against cathepsin L. A select number of
compounds (2c/d, 5c/d, and 11c/d) were found to inhibit
cathepsin L, and the IC50 values ranged between 0.01 and 0.05
μM, comparable to MDL28170 (IC50 0.01 μM/Figure 13). The
entry inhibition assays with pseudotyped virus expressing SARS-
CoV-2 S protein in 293T cells expressing ACE2 alone or ACE2
plusTMPRSS262wereperformedwith theselected inhibitorsand

Figure 7. Binding mode of inhibitor 13d to the SARS-CoV-2 3CLpro active site. Fo-Fc omit maps (green mesh) contoured at 3σ (A), hydrogen bond
interactions (dashed lines) (B), surface representation showing the orientation of the inhibitors near the S4 subsite with neighboring residues colored
yellow (nonpolar), cyan (polar), and white (weakly polar) (C), and superposition of 13c bound toMERS-CoV 3CLpro (gold) and 13d bound to SARS-
CoV-2 3CLpro (gray) (D).

Figure 8. Superposition of the SARS-CoV-2 3CLpro inhibitor bound
structures.Superpositionof1c(gold),5c(cyan),6c(coral),10d(green),
and 13d (gray) showing the conformational differences in the loop
spanning Gln 189-Gly 195 (A). Inhibitors 1c and 6c move the loop
(green) away from the active site relative to 5c, 10d, and 13d (magenta).
Two views showing the superposition of 1c (gold), 5c (cyan), 6c (coral),
10d (green), and 13d (gray) bound to SARS-CoV-2 3CLpro highlighting
the conformational differences in S4 subsite (B,C). The range ofmotion
for the inhibitors is noted by the arrows.
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MDL28170. The selected compounds inhibited SARS-CoV-2 S-
mediated entry with EC50 values in the range 0.06−0.1 μM in
ACE2 expressing cells. The EC50 of MDL28170 in ACE2-

expressing cells was 0.03 μM. However, neither the selected
compounds nor MDL28170 inhibited SARS-CoV-2 S-mediated
entry in cells expressing both ACE2 andTMPRSS2 up to 10 μM.

Figure9.Structures ofMERS-CoV3CLpro in complexwith cyclohexyl-containing compounds. Panels (A−C) areFo-Fc polder omitmaps (greenmesh)
contoured at 3σ, and hydrogen bond interactions are shown in panelsD−F. The compounds are as follows: 15d (A, D), 16d (B, E), and 17d (C, F).

Figure 10. Superposition of 15d (pink), 16d (gray), and 17d (coral) in complex with MERS-CoV 3CLpro. Surface representations with neighboring
residuesare coloredyellow(nonpolar), cyan(polar), andwhite (weaklypolar) (A).Zoomed-inviewshowing theorientationof thecyclohexyl rings in the
S4 subsite (B).

Figure11.Structures of SARS-CoV-23CLpro in complexwith cyclohexyl-containing compounds15d and17d.Panels (A,B) areFo-Fcpolder omitmaps
(green mesh) contoured at 3σ, and hydrogen bond interactions are shown in panels (C, D). The compounds are as follows15d (A, C) and 17d (B, D).
Superposition of 15d (gray) and 17d (coral) showing the position of the cyclohexyl rings in the S4 subsite. Surface representation with residues colored
yellow (nonpolar), cyan (polar), and white (weakly polar) (E).
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These results are consistent with reports that SARS-CoV-2
internalizes cells through theoutermembranewhenTMPRSS2 is
present.63Becausemost susceptible cells in the respiratory system
express both ACE2 and TMPRSS2, our findings indicate that
cathepsin L inhibitors may not display significant antiviral effects
in the major target tissues in humans.

■ CONCLUSIONS
SARS-CoV-23CLpro plays a critical role in viral replication and, as
such, is an attractive druggable target that can be used in the
discovery of direct-acting antivirals. A series of dipeptidyl
inhibitors of SARS-CoV-23CLpro incorporating in their structure
a variously embellished cyclopropane ring were synthesized and
evaluated in biochemical and cell-based assays. The generated
compounds were found to be highly potent toward SARS-CoV-2
3CLpro, SARS-CoV-1, and MERS-CoV 3CLpro, and were devoid
of cytotoxicity. Anoteworthy feature of the inhibitors is the broad
spectrumof activity displayedby these compounds. Evaluationof
a select number of compounds inmousemodels of SARS-CoV-2
and MERS-CoV infections is envisaged, and the results will be
reported in due course.

■ EXPERIMENTAL SECTION
Synthesis of Cyclopropane-Based Inhibitors. Inhibitors

1c/d through 17c/d were prepared and fully characterized, as
described in detail in the Supporting Information.
Cloning and Expression of 3CL Proteases. The codon-

optimized cDNA of full length of 3CLpro of SARS-CoV-2
(GenBank number MN908947.3) fused with sequences encod-
ing 6 histidine at the N-terminal was synthesized by Integrated
DNA (Coralville, IA). The synthesized gene was subcloned into
thepET-28a(+)vector.TheexpressionandpurificationofSARS-
CoV-2 3CLpro were conducted following a standard procedure
described previously.38 The expression and purification of the
3CL protease of MERS-CoV and SARS-CoV-1 were performed
by standard methods described previously by our lab.37

Biochemical FRET Assays. Briefly, a stock solution of an
inhibitor was prepared in DMSO and diluted in an assay buffer
composed of 20mMHEPES buffer, pH 8, containingNaCl (200
mM), EDTA(0.4mM), glycerol (60%), and 6mMdithiothreitol
(DTT). The SARS-CoV-2 3CLpro (or MERS-CoV 3CLpro or
SARS-CoV-13CLpro)wasmixedwithserialdilutionsof inhibitors
1−17c/dorwithDMSO in 25μLof assay buffer and incubated at
37 °C for 1 h, followed by the addition of 25 μL of assay buffer
containing substrate (FAM-SAVLQ/SG-QXL520, AnaSpec,

Fremont, CA). The substrate was derived from the cleavage
sites on the viral polyproteins of SARS-CoV (or MERS-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, Winooski,
VT) 1 h following the addition of the substrate. Relative
fluorescence units (RFU) were determined by subtracting
background values (substrate-containing well without protease)
from the raw fluorescence values, as described previously.37

Selected compounds, including 2c/d, 5c/d, and 11c/d, were also
tested against cathepsin L using the cathepsin L inhibitor kit from
Abscam (Waltham, MA) per the manufacturer’s procedure. A
known cathepsin L aldehyde inhibitor, MDL28170 (Sigma-
Aldrich, St. Louis, MO), was included as a positive control. The
dose-dependent FRET inhibition curves were fitted with a
variable slope using GraphPad Prism software (GraphPad, La
Jolla, CA) to determine the IC50 values of the compounds.
Cell-Based InhibitionAssays.To assess the antiviral effects

of selected compounds (dissolved in DMSO) in cell culture, the
SARS-CoV-2 replicon system with pSMART-T7-scv2-replicon
(pSMART BAC V2.0 Vector Containing the SARS-CoV-2,
Wuhan-Hu-1 Noninfectious Replicon) was used.64 The clone
was obtained from BEI Resources, and experiments were
performed in a BSL-2 setting. The synthetic SARS-CoV-2
repliconRNAwasprepared fromthepSMART-T7-scv2-replicon
as described,64 and the Neon Electroporation system (Thermo
Fisher, Chicago, IL) was used for the RNA electroporation to
293T cells. After the electroporation, cells were incubated with
DMSO(0.1%)oreachcompoundat2,0.5,0.1,and0.02μMfor30
h, and luciferase activitiesweremeasured for antiviral effects. The
entry inhibition assay with pseudotyped virus expressing SARS-
CoV-2 S protein in 293T cells expressing ACE2 alone or ACE2
plus TMPRSS2 was performed with the selected inhibitors 2c/d,
5c/d,11c/d, andMDL28170usinga recently-establishedassay in
our lab.62 The dose-dependent inhibition curve for each
compound was prepared, and the 50% effective concentration
(EC50) values were determined by GraphPad Prism software
using a variable slope (GraphPad, La Jolla, CA).
Measurement of In Vitro Cytotoxicity (Nonspecific

Cytotoxic Effects).Confluent cells grown in 96-well plateswere
incubated with various concentrations (1 to 100 μM) of each
compound for 72 h. Cell cytotoxicity wasmeasured in 293T cells
by a CytoTox 96 nonradioactive cytotoxicity assay kit (Promega,
Madison, WI), and the CC50 values were calculated using a
variable slope by GraphPad Prism software. The in vitro Safety
Index was calculated by dividing the CC50 by the EC50.
Crystallization andData Collection. PurifiedMERS-CoV

3CLpro and SARS-CoV-2 3CLpro in 100 mM NaCl, 20 mM Tris
pH 8.0 were concentrated to 10 mg/mL (0.3 mM) for
crystallization screening. Stock solutions of the inhibitors were
prepared in DMSO at 100mM, and the complexes with the 3CL
proteases were prepared by adding 2mMof each compound and
incubating the complexes on ice for 1 h. All crystallization
experiments were set up using an NT8 drop-setting robot
(Formulatrix, Inc.) and UVXPOMRC (Molecular Dimensions)
sitting drop vapor diffusion plates at 18 °C. Briefly, 100 nL of
protein and 100 nL of crystallization solutionwere dispensed and
equilibrated against 50 μL of the latter. Crystals for the
3CLpro:inhibitor complexes were obtained in 1−2 days from
the following conditions. SARS-CoV-2 3CLpro: 1c Proplex HT
screen (Molecular Dimensions) condition E2 (8% (w/v) PEG
8000, 100mM sodium citrate pH 5.0), PACT screen (Molecular
Dimensions) 5c condition C9 (20% (w/v) PEG 6000, 100 mM

Figure 12. Superposition of GC376 (gray) bound to SARS-CoV-2
3CLpro(PDB7K0G)withcompound13cboundtoMERS3CLpro(coral)
and compound 13d bound to SARS-CoV-2 3CLpro (green). Surface
representation of SARS-CoV-2 3CLpro with neighboring residues are
colored yellow (nonpolar), cyan (polar), and white (weakly polar).
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Hepes pH 7.0, 200mM lithium chloride), 6c condition D6 (25%
(w/v) PEG 1500, 100 MMT pH 9.0), 10d condition G4 (20%
(w/v) PEG 3350, 100 Bis-Tris propane pH 7.5, 200 mM
potassium thiocyanate), and 13d Index HT screen (Hampton
Research) conditionD10 (20% (w/v) PEG5000MME, 100 Bis-
TrispH6.5).15dand17dPACTscreen(MolecularDimensions)
condition B6 (25% (w/v) PEG 1500, 100 MIB pH 9.0). MERS-
CoV3CLpro:13c Indexscreen(HamptonResearch)conditionF5
(17% (w/v) PEG 10000, 100 mM bis-Tris pH 5.5, 100 mM
ammonium acetate), 14d Proplex HT screen (Molecular

Dimensions) condition G3 (25% (w/v) PEG 3350, 100 mM
Tris pH 8.5, 200 mM Lithium Sulfate). 15d and 17d Index HT
screen (Hampton Research) condition F6 (25% (w/v) PEG
3350,100mMBis-TrispH5.5,200mMAmmoniumSulfate),and
16d Index HT screen (Hampton Research) condition H4 (20%
(w/v) PEG 3350, 200 ammonium citrate tribasic pH 7.0).
Samples were transferred to a fresh drop composed of 80%
crystallization solution and 20% (v/v) PEG 200 and stored in
liquid nitrogen. X-ray diffraction data were collected at the
AdvancedPhotonSource beamline 17-ID (IMCA-CAT) and the

Figure 13. IC50 values of representative aldehyde inhibitors against SARS-CoV-2 3CLpro and cathepsin L.
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National Synchrotron Light Source II (NSLS-II) NYX beamline
19-ID.
Structure Solution and Refinement. Intensities were

integrated using XDS65,66 via autoPROC67 and the Laue class
analysis, and data scaling was performed with AIMLESS.68

Structure solutionwas conducted bymolecular replacementwith
Phaser69 using a previously determined inhibitor bound
structures of MERS-CoV 3CLpro (5WKK) and SARS-CoV-2
3CLpro (PDB 6XMK) as the searchmodels. Structure refinement
and manual model building were conducted with Phenix70 and
Coot,71 respectively.Disorderedsidechainswere truncatedto the
point for which electron density could be observed. Structure
validation was conducted with MolProbity,72 and figures were
prepared using the CCP4MG package.73 Crystallographic data
are provided in Tables S1 and S2.74−78
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■ ABBREVIATIONS
CC50, 50% cytotoxic concentration in cell-based assays; CDI,
carbonyl diimidazole; CPE, cytopathic effects; DAAs, direct-
actingantivirals;DMSO,dimethyl sulfoxide;DMP,Dess−Martin
periodinane; DSC, N,N′-disuccinimidyl carbonate; DTT,
dithiothreitol; EC50, 50% effective concentration in cell culture;
GESAMT, general efficient structural alignment of macro-
molecular targets; IC50, 50% inhibitory concentration in the
enzyme assay; MME, monomethyl ether; MNV, murine
norovirus; MOI, multiplicity of infection; ORF, open reading
frame; PK, pharmacokinetics; RMSD, root-mean-square devia-
tion; TCID50, 50% tissue culture infectious dose; TEA, triethyl
amine; XDS, X-ray detector software
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