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Abstract

In 2019, an outbreak occurred which resulted in a global pandemic. The causative agent of this serious
global health threat was a coronavirus similar to the agent of SARS, referred to as SARS-CoV-2.
In this work an analysis of the available structures of the SARS-CoV-2 main protease has been
performed. From a data set of crystallographic structures the dynamics of the protease has been
obtained. Furthermore, a comparative analysis of the structures of SARS-CoV-2 with those of the
main protease of the coronavirus responsible of SARS (SARS-CoV) was carried out. The results of
these studies suggest that, although main proteases of SARS-CoV and SARS-CoV-2 are similar at
the backbone level, some plasticity at the substrate binding site can be observed. The consequences
of these structural aspects on the search for effective inhibitors of these enzymes are discussed, with
a focus on already known compounds. The results obtained show that compounds containing an
oxirane ring could be considered as inhibitors of the main protease of SARS-CoV-2.

Introduction

In late 2019 a new pneumonia illness was first reported in Wuhan, China [51]. It has rapidly spread
over the world as pandemic threat with thousands of infected and deaths; it has been named COVID-
19 by the World Health Organization. The causative agent of this pathology is a new betacoronavirus,
related to the SARS coronavirus (SARS-CoV), designated as SARS-CoV-2 [16]. Thanks to the efforts
of several structural biologists, a significant number of crystallographic structures of the proteins of
this virus have begun to be present in the Protein Data Bank (PDB) [6].

Crystal structures provide us with knowledge at atomic level of proteins or protein complexes.
Although these static structures are extremely interesting and rich in information, proteins are
dynamic entities and understanding their functioning mechanism requires the knowledge of their
dynamics. To determine and analyze the dynamic behavior of proteins, a series of techniques have
been developed, largely computational ones. Recently a technique for the reconstruction of the
dynamics based on the presence of redundant structures of the same protein in the PDB has been
developed [37]. These redundant sets of structures are an extremely interesting tool to gain insight
into the protein dynamics, and previously this technique has been applied to the HIV protease [36l/37].

Coronaviruses [12}[23,/31] have the largest known single-stranded, positive-sense RNA genomes
(ranging from 25.5 to 32 kb). Several strains of coronaviruses are involved in pathological conditions
in humans: particularly strains 229E, NL63, OC43, HKU1, MERS-CoV (Middle East Respiratory
Sindrome), SARS-Cov (Severe Acute Respiratory Syndrome) and the, above mentioned, recently
appeared, SARS-related SARS-CoV-2. Structural proteins of coronaviruses are the spike (S) protein,




membrane protein (M), envelop (E) protein and the nucleocapsid (N) protein. Some viruses contain
also other structural proteins, such as the hemagglutinin esterase in beta-CoVs. The RNA genome
contains several genes, whose order is generally preserved, coding for different proteins: PPla, PPlab,
S, E, M, N. Two-third of the RNA genome is covered by the ORF1a and ORF1b, which produce two
polyproteins, PP1a and PPlab, whose processing leads to the formation of sixteen non-structural
proteins (NSPs). NSPs participate in different viral functions, including the replicase-transcriptase
complex.

Two cysteine proteases in CoVs act on these polyproteins to release the NSPs .
One is the papain-like protease (PLP"°), which performs three cleavage reaction. The other protease
is a chymotrypsin-like cysteine protease, known as main protease (M?") or 3C-like protease (3C' LP™®)
because of its similarity to the picornavirus 3C protease. MP" is responsible for the remaining 11
cuts leading to the formation of NSPs. The recognition sequence of M?"° X-(L/F/M)-Q | (G/A/S)-X
(where X is any amino acid and |represents the cleavage site) is not recognized by any host protease,
thus making this enzyme an optimal target for the search of possible inhibitors usable as drugs in
the treatment of CoV infections.

The MP"° structure is remarkably similar in all CoVs : the enzyme is a homodimer in which the
N-terminus of one monomer participates to shape the substrate-specificity pocket and the oxyanion
hole of the other monomer. Consequently dimerization is a requisite for activity. Each monomer

Figure 1. Structure of the MP" monomer. Colors refer to the secondary structure motifs:
a-helix in pink, 31 - helix in blue, extended beta in yellow, turns in cyan. Residues of the active site
dyad are reported in licorice. Atomic coordinates refer to the PDB entry 6LU7.

consists of two domains, I (residues 8-101 in 6LU7 [21]) and II (residues 102-184), which feature a
chymotrypsin-like fold and harbor the catalytic dyad Cys-His (see Figure 1). A further a-helical
domain (domain III, residues 201-303) is connected by a long loop to domain IT and is involved in
the dimerization. Due to the global pandemic of COVID-19, in a short time numerous structures of
this enzyme were deposited in the PDB; the analysis of these structures is the main topic of this
communication.

Materials and Methods

The analysis was conducted essentially as described [15,36,37]. Atomic coordinates of the SARS-CoV
and SARS-Cov-2 MP"°s were obtained from PDB @ The list is reported as Table 1
. A coarse-grained representation of the protein backbone was constructed
considering the a-carbon atoms. Multiple conformations of the protein backbone were removed, and
only the most represented conformation was considered for the subsequent analysis. The correct
number of a-carbon atoms was set to 304 (residues 1-304) so as to include the greatest number of
structures in the analysis. The pdb files were superposed by a Tcl script in a VMD environment,
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Table 1. PDB IDs of SARS-CoV and SARS-CoV-2 MP s,

5R7Y | 5R7Z 5R80 5R81 5R&2 5R83 | 5R84 | 5RE4 | 5RE5 | 5RE6 | 5RE7
5RE8 | 5RE9 | 5REA | 5REB | 5REC | 5RED | 5REE | 5REF | 5REG | 5REH | 5REI
5REJ | 5REK | 5REL | 5REM | 5REN | 5REO | 5REP | 5RER | 5RES | 5RET | 5REU
5REV | 5REW | 5REX | 5REY | 5REZ | 5RF0 | 5RF1 | 5RF2 | 5RF3 | 5RF4 | 5RF5
5RF6 | 5RF7 | 5RF8 | 5RF9 | 5RFB | 5RFC | 5RFD | 5RFE | 5RFF | 5RFG | 5RFH
5RFI | 5RFJ | 5BRFK | 5RFL | 5RFM | 5RFN | 5RFO | 5RFP | 5RFQ | 5RFR | 5RFS
S5RFT | 5RFU | 5RFV | 5RFW | 5RFX | 5RFY | 5RFZ | 5RGO | 6LU7 | 6M03 | 6W63
6Y84 | 2A5A | 2DUC | 2GX4 | 2GZ7 | 2GZ8 | 2GZ9 | 2H2Z | 2HOB | 2V6N | 2Z3C
273D | 27Z3E 2794 279G | 27ZU4 | 27ZU5 | 3SNB | 3SNC | 3SND | 3SNE | 3SZN
3TIT | 3TIU | 3TNS | 3TNT | 3V3M

as described [15}36,37]. The a-carbon atom Cartesian coordinates were extracted from the updated
pdb files and stored as a text file. This last file is the data matrix in which each row represents a
MPT° structure in the database.

Since the number of components of the MP" data sets is less than the number of degrees of
freedom of the monomer, the exact calculation of the correlation matrix is not possible. Consequently,
principal component analysis (PCA) was performed using the truncated SVD algorithm [17], which
works even in the case of degenerate correlation matrices, as described in [15,(36}[37]. Principal modes
of the protein dynamics obtained from PCA were visualized by means of the program NMWiz [5] in
VMD. Random projections were performed as described [38]. Superposition of the enzymes belonging
to different strains has been performed by protocols reported in [141{42}[43].

The atomic coordinates of proteins for which the crystallographic structure is not available were
obtained from the SWISS-MODEL Repository [7].

Molecular docking was performed using the AutoDock Vina software; pdbgt files were obtained
through the same software and / or through Open Babel toolbox [35l/48]. As a rule of thumb, binding
affinity was considered significant only for values lower than -6 kcal / mol [45].

Results and Discussion

The SARS-CoV-2 main protease data set

Results of PCA on the SARS-CoV-2 MP"° data set are reported in Figure 2, left panel, which shows
the second principal component (PC) vs the first PC, and the second wvs third PC graph is reported
in the right panel of the same Figure. These three components account for 24.9%, 17.3% and 8.5%
of total variance respectively, and the first 25 PCs describe almost 91% of the total variance. This

Figure 2. Principal component analysis. Left panel reports the second ws first principal
component, right panel reports the third vs second principal component of the MP?"° data set of
SARS-CoV-2. The 95% and 99% confidence ellipses are reported as dark and light gray respectively.




analysis shows that MP"™° structures are distributed in a single cluster. Some outliers are detected by
PCA: three structures are outside the 99% confidence level in the plane delimited by the first PC wvs
the second one, one structure is outside the 99% confidence level for the second PC ws the third PC
plane. Similar results (i.e. a single cluster of structures and the same outliers) are obtained using the
random projection method (not shown).

As for other proteins for which a sufficiently large number of redundant structures are available
in the PDB , also for SARS-CoV-2 MP"° it is possible to obtain indications on what are the
possible coordinated and large scale motions of the protein. The first PC encodes a stretching -
shortening motion along the major axis of the monomer. The structures characterized by extreme
values of this PC are 6L U7 and 5RE4 in our data set. This mode affects also the loops at the active
site entry. These movements can be described mainly as a shift of residues Asn 142, Ser 46 and Gln
189. However, this motion is such that there are no significant alterations of the distances between
the most protruding residues: for example, the distance between the distal oxygen atoms of Asn 142
and Gln 189 is roughly 8 A in 6LU7 and 9 A in 5RE4. As expected, this PC involves a large part of
the protein, and particularly residues 30-36, 61, 66, 89, 226-241, 265, 268 and 298, as shown in Figure
3, left panel. Residues close to the catalytic dyad, His 41 and Cys 145, are barely involved in this first
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Figure 3. Principal modes. The backbone motion of SARS-CoV-2 MP"° encoded by the first PC
is reported in the left panel, the second PC in the middle panel and the third PC in the right panel.
Most mobile regions are in blue, less ones in red. The catalytic dyad in is reported in licorice.

PC. It can be observed that in the 6LU7 structure, which is one the structures outside of the 99%
confidence level in the positive side of the first PC, the active site appears deeper relative to that
of structures characterized by lower (negative) values of this PC, such as SRE4. These differences
between the extremal structures are mainly due to movements affecting the orientation of the side
chain of some residues, particularly Met 49 and Met 165 (see also below). The movement encoded
by the second PC can be described as two parallel torsional motions affecting domain III on one
hand, and collectively the chymotrypsin-like region (i.e. the domain I and II) on the other. This
domain twisting takes place according to an axis perpendicular to the main one of the monomer,
which corresponds to the main axis of the individual domains. Obviously, this second PC affects the
various regions of the protein less extensively than the first one. Residues 109, 131, 182, 189, 245-249
and 282-287 are the most mobile in this second PC, as reported in Figure 3, middle panel. Among
these it is worthy of mention Gln 189 which is part of the surface region of the protein that opens to
the active site. Also in this case the residues of the catalytic dyad are not very mobile: indeed the
His 41 turns out to be virtually immobile in this component. The third mode can be described as a
twisting (torsion) centered on the minor axis of the a-helix containing domain on one hand, and
an analogue motion of the chymotrypsin-like domain along a parallel axis (again representing the
minor axis of the domain). The a-helix and the chymotrypsin-like domains slightly rotate relative
to the other as a consequence of this motion. This mode, reported in Figure 3, right panel, is even
more localized, and particularly affecting the residues 14, 31, 106 and 132-134. Also in this case the
catalytic dyad shows a low mobility.

Since the search for specific inhibitors is a priority task, the distribution of the SARS-CoV-2
MPT° structures in the landscape outlined by these PCs can be of help in choosing the structures
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for docking calculations. This particularly considering the active site plasticity observed in these
enzymes (see also below).

Comparison of SARS-CoV and SARS-CoV-2 main proteases.

As the cuts made by MP™ are essential for the progression of the virus life cycle, this protease
is obviously a possible target for COVID-19 therapy. Thence it will be important to evaluate if
previously identified inhibitors of SARS-CoV MP" could be re-proposed as possible drugs in the
current pandemic threat. Although it should be stressed that currently no approved therapies based
on the inhibition of MP"° are available, a significant number of compounds acting on this enzyme had
been brought up to pre-clinical development for the treatment of the previous SARS (and MERS)
pandemic [27)[29].

SARS-CoV and SARS-CoV-2 are closely related and their proteases display 96% sequence similarity.
Therefore a significant structural similarity of the two proteins is expected. This can be appreciated
by looking at the structural superposition between the MP"°s belonging to the two virus strains,
as reported in Figure 4. Nearby the active site, there is only a single mutation between the two

Figure 4. Superposition of the SARS-CoV main proteases. The figure reports SARS-CoV
(pdb entry 2GX4, in red) and SARS-CoV-2 (pdb entry 5RET, in blue) MP?"?s. The catalytic dyad is
highlighted in licorice.

proteases (Ser 46 in SARS-CoV-2 MP?" is Ala 46 in SARS-CoV). This residue is part of a loop that
delimits the region of the active site, but is far from the residues of the catalytic dyad and from the
region that binds the substrate more directly, so it is unlikely that it could determine significant
changes in the activity or specificity of the two enzymes.

As further demonstration of the similarity of these two enzymes, Figure 5 shows the root-mean-
square deviation of atomic positions (RMSD) tree concerning a series of MP"° structures of these
strains. The Figure shows only few available PDB entries for clarity, which have been chosen to
sample structures across the whole landscape of the first two PCs of both enzymes (the PC #2 wvs
PC #1 landscape for the available SARS-CoV MP"° has been calculated as reported above for the
SARS-Cov-2 enzyme, not shown). As can be appreciated from the above mentioned Figure 5, some
structures of SARS-CoV-2 (6LU7 in this case) are more globally similar to structures of SARS-CoV
than to those of their own strain. To further assess similarities and differences between the MP"°
enzymes, a global PCA was performed on all the available structures belonging to both strains,
SARS-CoV and SARS-CoV-2, which is reported in Figure 6. This analysis clearly shows that the two
enzymes are linearly separable along a single PC. However, some outliers of the SARS-CoV-2 MP"
(for example 6LU7) are closer to the centroid of the other strain than to that of their own group (and
this justifies what is observed using RMSD, Figure 5). Anyway, this investigation shows that there
are some differences in the global structures, i.e. at the backbone level, between proteases belonging
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Figure 5. RMSD tree of some main proteases. Only few structures have been included in the
calculation of the tree. The structures belong to the SARS-CoV MP"° (2GX4, 2GZ8, 2V6N, 3SNC
and 3V3M) and to the SARS-CoV-2 enzyme (6LU7, 5SREG, 5RET, 5RFQ and 5REH).
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Figure 6. Principal component analysis of the main proteases of SARS strains. The
figure reports the second wvs first principal component of the MP™ data set of SARS-CoV (black
circles) and SARS-CoV-2 (gray squares).

to the different strains. Figure 7 shows the protein backbone regions more involved in the differences
between the two strains. These differences can be described as an elongation of the SARS-CoV
enzyme along the major axis of the monomer relative to the SARS-CoV-2 one. As can be appreciated
by inspecting the Figure, the most relevant differences are generally observed in residues distant
from the enzyme active site. Nevertheless, there are two regions near the catalytic dyad that show a
significant change in the backbone configuration between the two strains, namely residues 19-20-21
and 25-26-27. Recently, it has been suggested that there are significant differences in the topology of
the two proteins in the region around Asn 142 (this residue is part of a loop that delimits the active
site) and a marked flexibility and plasticity of the binding pocket of the SARS-CoV-2 MP"° .
This analysis shows that these differences, as well as the binding pocket plasticity, reduce to side
chain displacements, but generally with little involvement of the protein backbone. Figure 8 shows
the neighborhood of the catalytic dyad in structures belonging to the two virus strains (2Z3E for
SARS-CoV and 5RF4 for SARS-CoV-2), chosen in such a way as to be separated only along the
first PC in the structural landscape reported in Figure 6, and such as to be representative of the
relative centroids. Indeed this analysis shows that there are differences in depth and accessibility
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Figure 7. Backbone differences in the SARS main proteases. The figure depicts the region
in which the largest differences between SARS-CoV and SARS-CoV-2 MP"°s can be observed. These
correspond to the most involved regions in the first PC described in Figure 6. Blue regions correspond
to the largest backbone displacements, red to the smallest ones. The residues of the catalytic dyad
are reported in licorice.

of some residues between the two enzymes, but similar differences can be observed also between
structures belonging to the same strain (not shown). Rotational isomerism of some side chains can
be observed, particularly Met 165 and Asn 142, but not large displacements of the protein backbone.
Although with a note of caution, the structural similarity between the two enzymes suggests that

Figure 8. Active site of SARS main proteases. The figure reports the stereo view of the active
site surfaces of the MP"°s of SARS-CoV-2 (top image, pdb entry 5RF4). Bottom image refers to the
active site surface of the pdb entry 2Z3FE of the SARS-CoV.

small molecules identified as potential inhibitors of SARS-CoV MP"® may be considered as potential
drug candidates for the treatment of COVID-19 [11,/13]. The structural plasticity of this enzyme,
however, requires consideration of other possibilities, even different from those already tried.

The catalytic dyad: a good drug target?

The development of a drug is a long process, hence the need to resort to repurposing in order to
quickly exploit drugs whose safety profile is known [11,|13]. Protease inhibitors designed for the
treatment of HIV are considered for the SARS-CoV-2 infections, but it should be noted that these
inhibitors act on a (very) different type of protease, namely an aspartyl protease characterized by a
C2 symmetry of the active site [37]. Consequently these drugs are expected, a priori, to be poorly
effective against CoV proteases.

Located in the shallow cleft between domains I and II, the active site of MP"° comprises a catalytic
dyad consisting of the conserved residues His 41 and Cys 145. The sulfur atom of Cys 145 is located at
3.6 A from the N-€ of His 41. Usually a water molecule at 3.2 - 3.3 A from the N-6 of His 41 is visible
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in crystals. This His-Cys-water arrangement is observed in most structures of SARS-CoV-2 MP™°  as
can be appreciated by inspection of Figure 9. The systematic presence of this water molecule could

Figure 9. The catalytic dyad. The figure shows the arrangement of the residues belonging to
the SARS-CoV-2 MP" catalytic dyad, His 41 and Cys 145 in the available structures in the PDB.
Red dots represent the nearby water molecules.

suggest that a catalytic triad is at work in these enzymes. Moreover, unlike the bonding pocket, these
catalytic residues have an extremely conserved (and rigid) structural arrangement. A His-Cys dyad
is frequently observed in cysteine proteases, including distant and completely unrelated enzymes.
This arrangement can be observed in papain-like and 3C-like proteases, i.e. in all cysteine proteases
active in the CoVs [18].

The spasmodic search for drugs capable of blocking the replication of CoVs could be facilitated
by these similarities of cysteine proteases, and the possibility to exploit a series of inhibitors of
these enzymes [49] can be considered. Molecular docking has been performed in order to assess
the possibility that some of these substances are at least in principle effective in the SARS-CoV-2
control. These analyses have been performed using as protein target two structures of MP"°, namely
5RET and 6LU7, which were chosen as examples of structures close to the centroid of distribution
in the PCA and outside the 99% confidence ellipse respectively. Cathepsin inhibitors, and various

- .
Figure 10. Aloxistatin binding site The figure shows the aloxistatin (in licorice) at the active
site of the SARS-CoV-2 main protease. The sulfur atom of cysteine 145 is visible near the oxirane
ring of the ligand.

sulfur containing drugs (or even generally-recognized-as-safe substances) have been considered. For
example, disulfiram [21},27,|28]39,54] or also diallyl thiosulfinate (allicin) [8H10,40] are expected to
be broad spectrum inhibitors of these enzymes (see also [53]) and scaffolds for the development
of more specific molecules. These molecules are extremely effective in the inhibition of cysteine
proteases, including (but not limited to) the cathepsin-like protease histolysain [3}4], whose active
site is similar to that of MP", or caspases [34]. Molecular docking of diallyl thiosulfinate show that
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this compound adapts perfectly to the active site, in an optimal configuration for the reaction with
Cys 145. Binding affinity, as expected, is however too low to consider this substance as a specific
inhibitor. Furthermore, it must be considered that this is an extremely reactive molecule, so the use
of this substance as the only inhibitor can hardly lead to inhibition of growth of SARS-CoV-2 in real
life. A similar argument also applies to disulfiram: it adapts perfectly to the active site of MP"°, in
an optimal position for the reaction with Cys 145, but unfortunately the binding affinity, also in this
case, is such that this cannot be considered as specific (not shown). In addition to these molecules,
many others can theoretically bind the enzyme with high specificity. For example, among those with
disulfiram-like effects that have been explored (this effect is often due to drug metabolites and not to
the molecule itself), cefoperazone binds to the MP™ in docking experiments, as also shown in [32].
Here very significant results have been obtained regarding the binding of many cephalosporins to
the active site of MP™. Cefoperazone binds with remarkable affinity (-8.8 kcal/mol) to the enzyme
(not shown). Unfortunately, unless specific drug delivery systems will be developed to allow high
intracellular levels, these substances are unlikely to be effective in real life. Lopinavir binds to the
active site with good affinity (up to -7.7 kcal/mol), and can probably act as a competitive inhibitor
(not shown). The active site of this protease is however different from that of the HIV enzyme, so
the effect is unlikely to be such as to trap the enzyme in some non-reactive conformation.

A molecule that could be promising as a protease inhibitor is aloxistatin (PubChem compound
ID 65663). Aloxistatin (E64-d) is an irreversible and membrane permeable cysteine protease
inhibitor initially developed for muscular dystrophy, which was brought up to phase 3 in the
eighties of the last century [44,46,|47]. It was administered in healthy adult volunteers without
significant alterations in clinical parameters, but the development of this drug has discontinued.
(https://drugs.ncats.io/drug/L5W337AOUR). It shows also antiviral effects [22]. Our results show
that aloxistatin binds specifically to the active site of MP"° (-6.3 kcal/mol), with a distance between
the sulfur atom of Cys 145 and a carbon atom of the oxirane ring of 3.7-3.8 A (see Figure 10) both
on 6LU7 and 5RET. Although this is a compound developed as a cathepsin inhibitor, it is interesting
to note that its binding to the papain-like protease monomer of SARS-CoV-2 is less specific, and
particularly it binds better in a region of the protein which does not coincide with the active site
(these last calculations were carried out on the 6W9C structure; not shown).

In conclusion, the structural analysis on MP"° shows that some substances already known are
able to specifically bind this enzyme in its various conformations. It is possible that these drugs,
alone or in cocktails, may be effective in blocking the reproduction of SARS-CoV-2.
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