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ABSTRACT Over the past 20 years, the severe acute respiratory syndrome coronavi-
rus (SARS-CoV), Middle East respiratory syndrome CoV (MERS-CoV), and SARS-CoV-2
emerged, causing severe human respiratory diseases throughout the globe.
Developing broad-spectrum drugs would be invaluable in responding to new,
emerging coronaviruses and to address unmet urgent clinical needs. Main protease
(MPre; also known as 3CLP™) has a major role in the coronavirus life cycle and is one
of the most important targets for anti-coronavirus agents. We show that a natural

product, noncovalent inhibitor, shikonin, is a pan-main protease inhibitor of SARS- Editor Tom Gallagher, Loyola University

CoV-2, SARS-CoV, MERS-CoV, human coronavirus (HCoV)-HKU1, HCoV-NL63, and Chicago

HCoV-229E with micromolar half maximal inhibitory concentration (ICs,) values. Copyright © 2022 American Society for
. . . Microbiology. All Rights Reserved.

Structures of the main protease of different coronavirus genus, SARS-CoV from the _
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betacoronavirus genus and HCoV-NL63 from the alphacoronavirus genus, were zhangxiaokong@hotmail.com, or Jian Li,
determined by X-ray crystallography and revealed that the inhibitor interacts with rms|_2040@163.com.
key active site residues in a unique mode. The structure of the main protease inhibi- Received 28 July 2021

tor complex presents an opportunity to discover a novel series of broad-spectrum Accepted 18 September 2021
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inhibitors. These data provide substantial evidence that shikonin and its derivatives 29 September 2021
may be effective against most coronaviruses as well as emerging coronaviruses of Published 12 January 2022
the future. Given the importance of the main protease for coronavirus therapeutic
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indication, insights from these studies should accelerate the development and
design of safer and more effective antiviral agents.

IMPORTANCE The current pandemic has created an urgent need for broad-spectrum
inhibitors of SARS-CoV-2. The main protease is relatively conservative compared to
the spike protein and, thus, is one of the most promising targets in developing anti-
coronavirus agents. We solved the crystal structures of the main protease of SARS-
CoV and HCoV-NL63 that bound to shikonin. The structures provide important
insights, have broad implications for understanding the structural basis underlying
enzyme activity, and can facilitate rational design of broad-spectrum anti-coronavirus
ligands as new therapeutic agents.

KEYWORDS broad-spectrum, coronavirus, inhibitor, main protease, nature product

o date, there are seven coronaviruses in nature that infect humans, of which the

severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002, the Middle East
respiratory syndrome coronavirus (MERS-CoV) in 2012, and the SARS-CoV-2 in 2019
can cause severe human respiratory diseases (1-4). The potential threat to global pub-
lic health as well as the lack of drugs and therapies has driven drug development and
optimization campaigns for safer and more effective antiviral agents since the global
pandemic caused by coronavirus (5-7). More alarmingly, SARS-like CoVs currently cir-
culating in animal reservoirs can replicate in human airway cells and cause in vivo
pathogenesis (8). The outbreak of COVID-19 foreshadows a potential risk of coronavi-
rus reemergence. More efficient and broad-spectrum antiviral drugs are urgently
needed for future emerging coronaviruses outbreaks in humans.

The main protease (MP™; also known as 3CLP™) and the RNA-dependent RNA poly-
merase (RdRp) are the most attractive small molecule targets in the viral life cycle. At
present, only one small molecule inhibitor, remdesivir, that targets the RdRp polymer-
ase and showed broad-spectrum antiviral activity against human coronaviruses has
been approved with emergency use authorization by the Food and Drug
Administration (FDA) in the United States (9). The main protease, MP™, has a major role
in the replication of coronavirus life cycle and is one of the most important targets for
anti-coronavirus agents (10, 11). Despite the introduction of potent, broad-spectrum,
peptidomimetic inhibitors like a-ketoamides and N3, developing antiviral drugs with-
out the drawbacks of classic covalent inhibitors has remained an elusive goal.

Natural products act as important sources of therapeutic agents and are regarded
as the cornerstone of modern drug discovery and development. To date, few broad-
spectrum, natural products are available for the inhibition of human coronaviruses.
Given that MP is of great potential for the treatment of SARS-CoV-2, SARS-CoV, and
MERS-CoV, MP inhibitors have therapeutic promise. Several peptidomimetic, covalent
inhibitor structures of MP™® have been reported (12-15). Crystal structures of SARS-CoV-
2 Mpre with three noncanonical MP inhibitors have also been solved (carmofur, baicai-
len, shikonin) (16-18). In this study, we aim to find broad-spectrum, natural product
inhibitors that target the MP™ of coronavirus using a structure-based approach. We
found that shikonin has broad-spectrum MP™ inhibition for six human CoVs that infect
humans. To better understand the molecular basis for shikonin interactions with the
different coronaviruses, we solved the structures of the Mp© of SARS-CoV from the
betacoronavirus genus and HCoV-NL63 from the alphacoronavirus genus. We eluci-
dated subtype-selectivity by clarifying the binding mode of the noncovalent inhibitor
shikonin with the main proteases of SARS-CoV and HCoV-NL63. These insights should
facilitate the design of antivirals for the treatment of coronavirus-associated diseases.

RESULTS

Structure-based docking and discovery of broad-spectrum compounds. To
combat COVID-19, Glide SP mode and Glide XP mode were used to screen an in-house
library consisting of a database of available small molecules, including natural
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FIG 1 Structure-based compound discovery for the main protease of SARS-CoV-2. (A) N3 binding site of SARS-CoV-2-MP™. Structure of SARS-CoV-2 MP™ is
shown as gray sphere. N3 is presented as yellow sticks. (B) Close-up view of the N3 binding pocket. N3 recognition region is conserved between SARS-CoV
MP and SARS-CoV-2 MP®. Hydrogen bonds are shown as dashed lines. (C) Overlaid docking poses of 17 compounds selected for experimental testing. (D)
Shikonin binding site of crystal structure of SARS-CoV-2 MP™. Shikonin is shown as green sticks. Hydrogen bonds are shown as dashed lines.

products, traditional Chinese medicine monomers, and a synthetic compound library.
The determination of the crystal structure of the main protease of SARS-CoV-2, SARS-
CoV, and MERS-CoV provides an opportunity to seek a new scaffold of small molecules
by structure-based approaches (13, 19-21). We targeted the MP™© of SARS-CoV-2 that
was bound to N3 for docking to seek broad-spectrum ligands and new chemotypes
(13) (Fig. TA and B). N3 is a covalent and broad-spectrum inhibitor that has been dem-
onstrated to have inhibitory activity against the main protease of SARS-CoV-2, SARS-
CoV, MERS-CoV, HCoV-HKU1, HCoV-NL63, and HCoV-229E. The chemical structure of
N3 is similar to that of the substrate of the main protease. Given that N3 shows broad-
spectrum inhibition against the main protease of coronaviruses, we chose the N3 bind-
ing site as the docking model for structure-based drug screening. This structure was
used as a template to screen a combined, in-house natural products database of
216,580 using a molecular docking calculation. To identify a broad-spectrum small
molecule, we screened a panel of nature products for inhibitory activity against the
binding pocket of MP™ of inactive SARS-CoV-2, beginning with the consensus structure
of different inhibitor-bound structures (Fig. 1B). We ordered and tested 220 top-scoring
compounds for their inhibitory activity against MP™© using a fluorescence resonance
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TABLE 1 Compounds with SARS-CoV-2 MP™ activity identified in the initial screen
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energy transfer (FRET) assay. Naphthoquinone, chlorogenic acid, and baicalin deriva-
tives exhibited better enzyme inhibition activity than other compounds (Table 1). The
inhibitory effects of naphthoquinone analogues were moderate with IC;, values rang-
ing from 1.57 uM to 86.53 uM (Table 1). Although some compounds, such as tubulo-
side A and maltopentaose, showed a high score in the docking analysis, none of them
showed potent inhibition against M,

There is high sequence conservation in the main proteases across seven human
CoVs (3, 22) (Fig. S1). For example, the main protease of SARS-CoV-2 has 98% similarity
and 95% amino acid (aa) identity to that of SARS-CoV (Fig. S1). To test the broad-spec-
trum activity of shikonin against coronaviruses, we purified six coronavirus main pro-
teases except for HCoV-OC43. The shikonin of naphthoquinone derivatives was effec-
tive against the main proteases of SARS-CoV-2, SARS-CoV, MERS-CoV, HCoV-HKU1,
HCoV-NL63, and HCoV-229E with ICs,s ranging from 1.57 uM to 16.91 uM under our
FRET assay conditions. Shikonin showed similar activity against SARS-CoV-2, SARS-CoV,
MERS, HCoV-HKU1, and HCoV-229E proteases but was substantially less effective
against the HCoV-NL63 protease (Fig. 2).

Structure of apo and shikonin with the Mr of SARS-CoV. The SARS-CoV Mpr
with shikonin forms a dimer in the crystal and has three distinct dimer interfaces that
were similar to that observed for the apo crystal form (Fig. 3). These two MP™ proto-
mers had similar configurations, and the root mean square (rms) deviation was ~0.02
A for all equivalent Ca atoms. Three key residues (Arg4, Glu290, and Arg298) were
involved in the monomer-monomer interface. A conserved Arg4-Glu290 salt bridge
was found in the apo state of SARS-CoV Mp (Fig. 3A). Mutational studies of SARS have
identified that these residues lead to the dissociation of the dimer (23). Dimerization
and oligomerization modulated various protease functions, such as enzymatic activity,
cooperativity, and activation. Although the structure revealed here shares similar
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FIG 2 Inhibition of shikonin on the recombinant MP™ of SARS-CoV-2 (A), SARS-CoV (B), MERS-CoV (C), HCoV-HKU1 (D), HCoV-NL63 (E), and HCoV-229E (F)
against the inhibitor shikonin. ICy, is given as mean * standard deviation. The values are the mean *standard deviation from three replicates. The main
proteases from different coronaviruses were preincubated in the reaction buffer (50 mM Tris 7.3,750mM NaCl, 1 mM EDTA) with various concentrations of
shikonin at room temperature for 30 min. The enzymatic reaction was initiated by adding the FRET substrate. The IC;, of shikonin was evaluated using the
a dose-response curve in GraphPad Prism as described in Materials and Methods.

overall structure with other published structures, there are several key differences that
highlight potential features that could be exploited (Fig. 3A). The catalytic dyad His41-
Cys145 underwent dramatic conformational changes, and the structure revealed an
unusual arrangement of oxyanion loop stabilized by the substrate. The most intriguing
difference was observed in the catalytic dyad His41, which underwent a conforma-
tional change to accommodate -7 stacking interaction with the naphthoquinone
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FIG 3 Crystal structures in apo form of SARS-CoV MP™ and SARS-CoV-2 MP™ in complex with shikonin. (A) Comparison of overall structures in apo form of
SARS-CoV MP™- and SARS-CoV-2 MP™-shikonin. Structure in apo form of SARS-CoV MP™ is shown in green. Structure of MP™ with shikonin is shown in
yellow. The shikonin is shown in blue. Carbon atoms of shikonin are blue, and oxygen atoms are red. (B) A zoomed in view of shikonin binding pocket for
SARS-CoV MP°,

ring of shikonin (Fig. 3B). Another large difference was found in a flexible loop of the
protease, including Cys44 to Tyr54, Asp187 to Ala191, and Leu141 to Ser144, which
were not located in the dimerization region and were irrelevant to crystal packing (Fig.
3B). These loops are relative flexible and involved in the substrate interaction and pro-
tease acidity (24).

Comparison of structures of SARS-CoV-2 Mrre, SARS-CoV Mr°, and HCoV-NL63
Mpre in complex with shikonin. The Mpr of SARS-CoV and HCoV-NL63 were selected
to study the binding mode with shikonin in comparison to the binding mode of shi-
konin with the SARS-CoV-2 Mpr. To identify residues critical for shikonin binding, we
obtained the crystal structures of the SARS-CoV MPr-shikonin complex at a resolution
of 2.28 A and of the HCoV-NL63 MPro-shikonin complex at a resolution of 2.25 A (Fig.
S2 and Table S1). Examining the substrate binding site revealed a striking difference
in electron density in each subunit that was consistent with shikonin (Fig. 4 and 5).
Like the case with SARS-CoV-2 MP™, the 1,4-naphthoquinone (1,4-NQ) of shikonin of
both the SARS-CoV Mpre-shikonin and HCoV-NL63 MPr-shikonin structures fit into the
S1 and S2 subsites (Fig. 4) as expected. The key residues interacting with shikonin
were highly conserved (Fig. 4B and C). Hydrogen bonding interactions between
SARS-CoV MPre or HCoV-NL63 MPr and shikonin are shown in Fig. 5. For the SARS-
CoV Mpre and SARS-CoV-2 MP complexes, the hydrogen bond interactions between
amino acid residues Cys145, His164, Arg188, and GIn189 in the protease and the
compound are shown in Fig. 5. The hydroxyl group of the naphthalene formed a
hydrogen bond with Cys145 in the presumed orthosteric site, and the shikonin ring
system formed a face-to-face 7-7 stack with His41 in the dyad catalytic site, which is
commonly conserved between coronaviruses. The binding mode of shikonin in the
HCoV-NL63 Mpro-shikonin structure as compared to those of shikonin bound to SARS-
CoV or SARS-CoV-2 revealed a subtly different positioning of the ligand tail (chiral
six-carbon side chain with the hydroxy group at C-1) toward the outside with the 1,4-
naphthoquinone being the deepest between Cys145 and His41 in the orthosteric site
(Fig. 5). This differential positioning is likely caused by the flexible loop (aa 44 to 54)
on S2 subsite and loop (aa 185 to 192) on S4 subsite, which is less conserved in coro-
naviruses (Fig. 5 and Fig. S3).
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FIG 4 Comparison of the binding pocket of MP™ from different coronaviruses. (A) Surface of SARS-CoV-2 MP™, SARS-CoV MP™, and HCoV-NL63 MP™. Shikonin is
shown as cyan, yellow, and blue sticks in SARS-CoV-2 MP, SARS-CoV MP™ and HCoV-NL63 MP™, respectively. Oxygen atoms are red. (B) Superposition of the
binding pocket of SARS-CoV-2 MP™, SARS-CoV MP™, and HCoV-NL63 MP™. (C) Sequence alignment of the binding pocket of seven human CoVs.

DISCUSSION

Three novel human CoVs (SARS-CoV-2, SARS-CoV, and MERS-CoV) from the betacor-
onavirus genus have emerged in the past 20 years and threatened global health due
to infectivity, virulence, and pathogenicity (1, 2, 4, 25, 26). Currently there are different
types of COVID-19 vaccines, including mRNA vaccines, live-attenuated vaccines,
recombinant protein vaccines, and inactivated vaccines, that elicit antibody responses.
However, the effective period of the vaccine may be shortened to 3 to 6 months due
to the high variability and mutation speed of the virus (27). The main protease repre-
sents a promising target for the development of antiviral drugs because the main pro-
teases of human CoVs share sequence and structural similarities.

Here, we presented a combination of structural, computational, and biochemical stud-
ies that illuminated the structure and function of a natural product, shikonin, for coronavi-
rus main proteases. Using a structure-based approach latterly supported by an activity
assay and X-ray structure determination, we can reliably identify new scaffolds and chemo-
types for COVID-19 ligand discovery. A series of optimal natural ligands that displayed
micromolar affinities was discovered. We further showed that shikonin has broad-spec-
trum inhibition activity for the main protease of six human coronaviruses. The viruses
selected for structural evaluation in our study are important human pathogens, including
HCoV-NL63 from the alphacoronavirus genus and SARS-CoV and SARS-CoV-2 from the
betacoronavirus genus. The determination of the crystal structures of shikonin bound to
SARS-CoV and SARS-CoV-2 provided an opportunity to seek new scaffold and broad-spec-
trum chemotypes by structure-based approaches. Thus, to better understand the molecu-
lar basis for inhibitor interactions with SARS-CoV and SARS-CoV-2, we sought to obtain the
crystal structures of both subtypes. In addition to our previously solved structure of the
main protease bound to shikonin in SARS-CoV-2 (18), we reported the apo- and shikonin-
bound main protease structures for SARS-CoV and HCoV-NL63.

We then established a binding model based on the X-ray crystal structures of SARS-
CoV and HCoV-NL63 complexes to broad-spectrum inhibitor shikonin. The binding of
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FIG 5 Cocrystal structures of SARS-CoV-2 MP, SARS-CoV MP™, and HCoV-NL63 MP™ in complex with shikonin. (A to C) SARS-CoV-2 MP-shikonin complex.
(A) Fo_Fc omit map contoured at 0.5 o for shikonin. (B) Shikonin (red) in the S1, S2, and S3 positions of the active site of SARS-CoV-2 MP™, (C) Hydrogen
bonding (dashed lines) interactions between SARS-CoV-2 MP™ and shikonin. (D to F) SARS-CoV MP" o-shikonin complex. (D) Fo_Fc omit map contoured at
0.5 o for shikonin. (E) Shikonin (yellow) in the S1, S2, and S3 positions of the active site of SARS-CoV MP™. (F) Hydrogen bonding (dashed lines)
interactions between SARS-CoV MP™ and shikonin. (G to ) HCoV-NL63 MP™-shikonin complex. (G) Fo_Fc omit map contoured at 0.5 o for shikonin. (H)
Shikonin (blue) in the S1, S2, and S3 positions of the active site of HCoV-NL63 MP™. (I) Hydrogen bonding (dashed lines) interactions between HCoV-NL63

MP™ and shikonin.

shikonin to SARS-CoV resembled that of SARS-CoV-2 with a -7 stacking interaction
with His41 and hydrogen bonding with Cys145. The cocrystal structure of the HCoV-
NL63-shikonin complex also demonstrated similar binding interactions between the
protease and the ligand (Fig. 5). These results confirmed the conserved key sites of the
main protease as a potential target for the broad-spectrum antiviral design.

In conclusion, the MPr inhibitor shikonin has broad-spectrum antiviral activity. Whether
shikonin and its derivatives will be the basis of a new class of therapeutics, however,
remains to be determined. All of the broad-spectrum antiviral agents have relatively low
affinities for their targets, and the range of antiviral activity of shikonin highlights the
potential for the development of broad-spectrum antiviral compounds for multiple viruses.
Such a potent, low molecular mass (288 Da) weight compound made an excellent starting
point for optimization. It is worth noting that shikonin has strong cytotoxicity. The opti-
mized shikonin-derived compounds with low toxicity may be suitable candidates for fur-
ther development as antivirals against one or more viruses.
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MATERIALS AND METHODS

Virtual screening. The crystal structure of the SARS-CoV-2 MP™ in complex with N3 (PDB accession
6LU7) (13) was used to construct the molecular docking-based virtual screening model. Glide program
(Schrédinger, LLC, New York, NY, 2015) was chosen to perform the molecular docking. The coordinates
of the SARS-CoV-2 MP™ were first prepared by the Protein Preparation Wizard panel with default set-
tings. The docking grid was then created by defining residues located within 15 A around baicalein.
Finally, molecules in our natural product and synthetic compound libraries were prepared to dock to the
grid using the extra precision (XP) docking mode. The top natural products and 220 synthetic com-
pounds ranked by the XP Gscore were selected for further biological evaluation.

Expression and purification of human CoVs. The codon-optimized cDNAs for the MP™ of SARS-
CoV-2, SARS-CoV, MERS-CoV, HCoV-HKU1, HCoV-NL63, and HCoV-229E were synthesized fused with 6x
His at the N terminus. Synthesized genes were subcloned into the pET-28a vector. The expression and
purification of each main protease was performed by a standard method previously described (18).

Enzymatic assays. Fluorogenic substrates as a donor and quencher pair were synthesized (28).
The IC,, values of the screening compounds against SARS-CoV-2, SARS-CoV, MERS-CoV, HCoV-HKU1,
HCoV-NL63, and HCoV-229E main proteases were measured with a common protocol as the follow-
ing: First, one ul of six human CoVs proteases (200 nM) was incubated with various concentrations
of testing inhibitors at room temperature for 30 min in its reaction buffer (50 mM Tris 7.3,150mM
NaCl, 1 mM EDTA) in a 384-well plate, and then FRET substrate was added to the reaction system.
The reaction was monitored for 20 min, and the data were calculated at 10 min intervals using a lin-
ear regression. The 1C,,s of the compounds were determined by plotting the initial velocity against
various concentrations of the test inhibitor by using the dose-response curve in GraphPad Prism
software.

X-ray crystallography. Details of the crystallization, data collection, structure solution, and refine-
ment are provided in Table S1. Briefly, all crystallization trials were conducted using a sitting-drop vapor
diffusion method at 20°C. Shikonin was soaked with crystals of SARS-CoV-apo or HCoV-NL63-apo within
24 h, and the X-ray diffraction data were collected at beamline17U1 (BL17U1) at the Shanghai
Synchrotron Radiation Facility (SSRF, Shanghai, China). The structure solution was conducted by molecu-
lar replacement using SARS-CoV-apo PDB (21) and HCoV-NL63 PDB (29) as an initial model. Refinement
and model building were carried out using Phenix (30) and Coot (31), respectively.

Data availability. Coordinates and structure factors for SARS-CoV-apo, SARS-CoV-shikonin, and
HCoV-NL63-shikonin complexes have been deposited in the Protein Data Bank (PDB) under accession
numbers 7DQZ, 7EO8, and 7EO7, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
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