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Almost everyone is susceptible to the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), an RNA virus, which can
cause many symptoms and even death among high-risk individu-
als [1,2]. The main protease (Mpro, also known as 3CLpro) is a cys-
teine protease essential for producing infectious virions and thus,
an attractive target for drug development. Up to now, many studies
using either in silico ligand docking or drug discovery based on
available structures have been performed to discover new Mpro-
inhibiting agents [3,4]. However, most studies have used either
peptidomimetics or covalent inhibitors for Mpro, which may intro-
duce non-specific reactions with host proteins. Here, we presented
the structure of shikonin in a non-covalent binding configuration
with Mpro and compared it with covalent bonding structures in
pursuit of novel scaffolds capable of inhibiting the main protease.

As shown in Fig. 1, the crystal structure of Mpro in complex with
shikonin (ShiMpro) is resolved at 2.45 Å (Fig. 1a and Table S1 online),
and shikonin binds to only one of the protomers (i.e., protomer A)
despite their overall structural similarity (Fig. S1 online, Supple-
mentary materials and methods online). ShiMpro shows the same
overall fold as for the apo structure of Mpro at pH 7.5 (apoMpro)
[5]. The root mean square (RMS) difference of equivalent Ca posi-
tions between apo and ShiMpro is ~ 0.3 Å (Fig. 1b).
An overlay of the ShiMpro structure with the previously solved
inhibitor-bound structures shows high spatial conservation
(Fig. 1b and Fig. S2 online). The inhibitor binding pocket is sur-
rounded by S1–S4 subsites, and shikonin forms multiple interac-
tions with them (Fig. 1b). First, shikonin forms a hydrogen bond
network with the protease polar triad Cys145 and His164 located
on the S1 subsite. Second, the aromatic head groups of shikonin
form a p-p interaction with His41 on the S2 subsite. Third, the
hydroxy and methyl group of the isohexenyl side chain of shikonin
tail form H-bonding with Arg188 and Gln189 on the S3 subsite,
respectively.

Superimposing ShiMpro with other inhibitor-bound structures
reveals a striking difference in the arrangement of the catalytic
dyad His41-Cys145 and smaller, but substantial, differences in
Phe140 and Glu166. First, in covalent-bonding structures, the inhi-
bitor binds to the Sc atom of Cys145, but in the current structure,
the side chain of Cys145 adopts a different configuration to form a
hydrogen bond with shikonin (Fig. 1c and d). Second, shikonin
forms H-bonds with Arg188 and Gln189 in the S3 pocket (Fig. 1d
and e). Third, the imidazole group of His41 points toward the bind-
ing pocket in covalent-bonding structures, but it flips outward in
the current structure, opening a way for the entry of shikonin.
Fourth, the distance between His41 Ne2 and Cys145 Sc is 5.3 Å
in ShiMpro structure, significantly longer than those observed in
other Mpro structures (Fig. 1c) [6–9]. Fifth, the phenyl ring of
Phe140 in ShiMpro moves outward to the solvent and no longer
has p-p interaction with His163. Lastly, the side chain of Glu166
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Fig. 1. Crystal structure of SARS-CoV-2 main protease (Mpro) in complex with natural product inhibitor shikonin and comparison of SARS-CoV-2 Mpro structures. (a) Structure
of the Mpro dimer. One protomer of the dimer with inhibitor shikonin is shown in green, the other is shown in yellow. A zoomed view of the shikonin binding pocket showing
all residues within 4 Å, along with the 2mFo-DFc electron density (blue mesh) contoured at 1r level. Shikonin is shown as sticks with purple carbons. (b) Structure of ShiMpro

is shown in green. Structure of Mpro with N3 is shown in blue. Structure of apoMpro is shown in grey. Carbon atoms of shikonin are magenta, and oxygen atoms are red.
Hydrogen bonds and p-p interactions are indicated by dashed black lines. Brown symbols S1, S2, S3, and S4 indicate the substrate binding pockets. (c) Conformational
difference in catalytic site His41-Cys145. Residues of Mpro structure with shikonin are shown in green. (d) Strucuture of shikonin binding pocket. (e) Schematic interaction
between shikonin and Mpro. Hydrogen bonds and p-p stacking interactions are shown as blue dashed lines and black solid lines, respectively. The green circle indicates
conserved residues in S1 subsite. The purple circle indicates conserved residues in S2 subsite. The orange circle indicates conserved residues in S3 subsite. (f) Crystal
structures of Mpro-inhibitor complexes from previously reported structures presenting diverse inhibitor-binding sites. Mpro structures are shown in cartoon representation
and the inhibitors are shown as sphere models with transparent surfaces. The representative structures of Mpro along with covalent inhibitors, N3 (PDB code 6LU7), 11a (PDB
code 6LZE), and 13b (PDB code 6Y2F) are shown. Similarly, structures for Mpro bound to natural products shikonin (PDB code 7CA8) and baicalein (PDB code 6M2N), and
antineoplastic drug carmofur (PDB code 7BUY) are shown.
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is flexible in ShiMpro structures but is well ordered in covalent inhi-
bitor binding structures (Fig. 1c). Glu166 is strictly conserved
among all Mpro and is critical for forming a hydrogen bond with
peptidomimetic inhibitors and N terminal residues from the other
protomer [9]. The conformational change of Glu166 in the current
ShiMpro structure may explain how the non-covalent binding of shi-
konin can inhibit protease activity.

Additionally, the apoMpro structure has two water molecules in
the substrate-binding site (Fig. S3a online). Water 1 forms a hydro-
gen bond network involving Phe140, His163, and Glu166 located in
the S1 pocket, stabilizing the oxyanion hole in the apo state struc-
ture [5]. Water 2 hydrogen-bonded with His41 and Cys145. How-
ever, these two water molecules are not observed in the ShiMpro

structure, and the space for water 2 in the apo structure is now
occupied by shikonin (Fig. S3b online), suggesting water molecule
displacement may be part of the inhibitor mechanism.

Unlike ShiMpro, covalent and peptidomimetic inhibitors bind to
the S1/S2/S4 site, carmofur binds to the S2 subsite, and baicalein
binds the S1/S2 pocket (Fig. 1f) [6–10]. Therefore, the ShiMpro struc-
ture highlights a newmode of binding, and may serve as an invalu-
able resource to improve the design of novel antiviral drugs.
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