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ABSTRACT

The main protease (MP™) of SARS-CoV and SARS-CoV-2 is a key enzyme in viral replication and a
promising target for the development of antiviral therapeutics. The understanding of this protein is
based on a number of observations derived from earlier x-ray structures, which mostly consider sub-
strates or ligands as the main reason behind modulation of the active site. This lead to the concept of
substrate-induced subsite cooperativity as an initial attempt to explain the dual binding specificity of this
enzyme in recognizing the cleavage sequences at its N- and C-termini, which are important processing
steps in obtaining the mature protease. The presented hypothesis proposes that structural heterogeneity
is a property of the enzyme, independent of the presence of a substrate or ligand. Indeed, the analysis of
MP™ structures of SARS-CoV and SARS-CoV-2 reveals a conformational diversity for the catalytically
competent state in ligand-free structures. Variation in the binding site appears to result from flexibility at
residues lining the S; subpocket and segments incorporating methionine 49 and glutamine 189. The
structural evidence introduces “structure-based recognition” as a new paradigm in substrate proteolysis
by MP™, In this concept, the binding space in subpockets of the enzyme varies in a non-cooperative
manner, causing distinct conformations, which recognize and process different cleavage sites, as the
N- and C-termini. Insights into the recognition basis of the protease provide explanation to the ordered
processing of cleavage sites. The hypothesis expands the conformational space of the enzyme and

consequently opportunities for drug development and repurposing efforts.
© 2021 Elsevier B.V. and Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction

Among the cleavage sites processed by MP™ are its N- and C-
termini, which are important for the release of the mature protease

The coronavirus main protease (MP™, also called 3CLP™) is a
cysteine protease, which contributes to the processing of the viral
polyproteins, derived from the translation of the viral RNA, at 11
cleavage sites [1]. A number of studies suggest that the catalytic
activity of MP™ is associated mostly with dimer structures through
a proximity between the N-terminal residues of one protomer and
the S1 subpocket of the other protomer, mediated by an interaction
between Glu166 and Ser1* (Fig. S2). The arrangement shapes the S4
subpocket and maintains the oxyanion loop in a catalytically
competent state (Fig. S3) [2]. Relative to the peptide substrate, the
active site is divided into subpockets (S and S’), where residues (P
and P’) of a substrate or ligand can fit [3].

E-mail address: mira.behnam@daad-alumni.de.

https://doi.org/10.1016/j.biochi.2021.01.010

[1]. At these two sites, the binding specificity was proposed by x-
ray structures to vary depending on substrate-induced subsite
cooperativity [4]. The presented study hypothesizes an alternate
mechanism, where structural heterogeneity of this protein, inde-
pendent of the presence of the substrate or ligand, is the main
determinant for proteolytic recognition by MP™. To support this
hypothesis, and in order to gain an understanding of the interplay
between structure and function in this target, an analysis of x-ray
structures is carried out and interpreted within the context of in-
solution biochemical and structural results of relevance to the
proteolytic recognition mechanism. The strategy has been previ-
ously applied for the study of conformations of the flaviviral pro-
tease, a viral protease from another RNA virus [5].
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2. Material and methods

2.1. X-ray structures of SARS-CoV and SARS-CoV-2 main protease

2.2. Assessment of protein structures

Computational analysis of protein conformations was conduct-
ed as previously described [2], using UCSF Chimera version 1.13.1
[42]. Briefly, structural alignment was performed with the “Match
Maker” tool in Chimera using default settings. PDB files with
dimeric protein structures were split to individual protomers and
each protomer was included in the analysis. Default settings were
used for visualization.

3. Analysis design and considerations

SARS-CoV-2 MP™ shares 96% sequence similarity with, the more
extensively studied, SARS-CoV MP™ (Fig. S1). This high degree of
conservation allows exploring the conformational space using all x-
ray structures from both viruses, with a total of 241 structures
deposited in the PDB until June 2020 (See Table 1). Catalytic
competence is determined based on the orientation of the back-
bone NH groups for residues 143 and 145 in the oxyanion hole [11].
Root-mean-square deviation (RMSD) values are included relative to
the average resolution of representative compared structures.
Muramatsu et al. reported the first attempt to interpret biochemical
results of dual specificity for processing of the N-terminal and C-
terminal cleavage sites through an analysis limited to only two
ligand-complexed structures [4]. This maturation step is important
as in the dimer form, both the N- and C-termini of one protomer are
oriented towards the active site of the other protomer, and thus can
affect access of ligands or substrates for recognition and processing.
In contrast to the analysis design by Muramatsu et al., the current
study is conducted on a more comprehensive scope without dis-
regarding ligand-free crystal structures, to pinpoint the basis for
the molecular recognition by MP™,

In-solution structural and biochemical studies of an enzyme
often provide more relevant mechanistic insight. For the flaviviral
protease, for example, the NMR structures (PDB code: 2M9P and
2M9Q) [43] show distinct conformations compared to those
observed in x-ray structures.

However, very few NMR studies were conducted on the main
protease of SARS-CoV [44—47] and SARS-CoV-2 [7]. For SARS-CoV,
the separate C- and N-domains of MP™ were deposited with PDB
code 2LIZ, or biological magnetic resonance bank (BMRB) codes
17911 and 17251. For SARS-CoV-2, NMR signal assignment for MP™
is available under BMRB code 50262. As opposed to other viral
proteases, such as the flaviviral protease [5], NMR studies were not
combined to the use of tags (lanthanide tags for pseudocontact
shifts or tert-butyl groups for high signal intensity) for the protein
or the ligand to increase the technique sensitivity in tracking
conformational dynamics. The equilibrium between the mono-
meric and dimeric forms of MP™ is suggested to play a role in the
understanding of the catalytic mechanism of this enzyme [48].
However, a high variability in monomer-dimer equilibrium disso-
ciation constants was reported for MP™ between different research
groups and measurement conditions [48,49]. In some instances, the
values are one or more orders of magnitude higher than the com-
mon concentration range (submicromolar to nanomolar) used in
biochemical assays, where ligand recognition is noticed and
assessed. Advances in NMR and monomer-dimer studies of MP™
have been reviewed [47,48], and will be addressed within the
proteolytic recognition focus of this work and the outcomes of the

178

Biochimie 182 (2021) 177—184
performed analysis of crystal structures.
4. Outcomes of structural analysis
4.1. Structural heterogeneity in MP™

A number of hypotheses govern the understanding of SARS-CoV
and SARS-CoV-2 MP': First, the Glu166-Ser1* interaction is needed
to achieve catalytic activity, second, the number of catalytically
competent protomers within the dimer structure varies in a pH-
dependent manner [19], and third, depending on the ligand steric
demand, binding can trigger via induced-fit a change of the inactive
state into active state and a modulation of the protein structure in
the binding site [18,26,39]. As such, only dimeric structures of MP™
that display the Glu166-Ser1* interaction are used as starting point
for structure-based design and optimization or repurposing of in-
hibitors [2,9].

The presented analysis provides structural insights, which
contradict the above mentioned concepts for this enzyme and
shows that deposited structures are not identical. The study hy-
pothesizes a more general understanding of the coronavirus MP™
based on conformational heterogeneity.

Representative structures with distinct conformations are
depicted in Fig. 1: 6Y2E, 6Y2F, 6Y2G, 6MOK, 7BRO for SARS-CoV-2,
and 1UK3, 2GT7, 2GTB, 2C3S, 2Q6G, 5B60, 2V]1, 4MDS, 2DUC for
SARS-CoV. The following points are observed:

A) The flexibility in Gly143 affects the orientation of its back-
bone NH group, as seen in 1UJ1, 2V]1 and 2DUC, and hence
the switch of the oxyanion loop from inactive to active state
(Figs. S2, S4a, and S5). Modest variations are noticed for
segment 136—138 in 2DUC, and for residues 139—142 of the
catalytically competent protomers in structures 6Y2E, 6Y2G,
and 2GT7 in comparison to 1UK3 or 2V]J1 (Fig. 2a and b).

B) The number of active protomers in a dimer structure is pH-
independent. 1UJ1 displays one active protomer in the
dimer, while in 2GT7 both protomers are in the active state,
despite the fact that both structures are crystallized under
the same pH and the same space group, which contradicts
earlier hypothesis about the influence of pH on the number
of active protomers. However, pH is reported to induce
variation of the conformation of protomers in crystal struc-
tures obtained at different pH [19] or temperature [6]. The
pH-related structural variations are proposed to be caused by
changes in the protonation states of His163 and His172.

C) MP™ js catalytically active even in the absence of the Glu166-
Ser1* proximity. 2V]1 depicts a dimer in the absence of the
Glu166-Ser1* interaction, where the N-terminus points away
from the S; subpocket, as in an inactive enzyme, but the
oxyanion hole retains catalytic competence in one protomer
(Fig. S4). The construct used for this structure is a SARS-CoV
MP™ mutant with a Ser1 deletion, which displays a degree of
catalytic activity in biochemical assays [26]. The difference in
the orientation of the N-terminus and the oxyanion loop
conformation results in a modulation of the space available
for ligand binding at the dimer interface and in the vicinity of
the catalytic center in 6Y2G vs 2V]1.

It is thus generally noted that apart from the inactive confor-
mation, different conformational states show catalytic competence
for MP™, with respect to the number of active protomers, the
conformation for the residues lining the S; subpocket, in addition to
flexibility in other conserved segments of the protein such residues
45-52 and 189—196 (Fig. 2a and b). Accordingly, the structural
evidence demonstrates the presence of different conformational
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Table 1
A list of all structures of the main protease of SARS-CoV and SARS-CoV-2 retrieved from the protein data bank (PDB) until June 2020.
Virus Structure type PDB code References
SARS-CoV-2 Ligand-free 6Y2E [2]
6WQF (6]
6WTM 7]
6M03, 6M2Q, 6YB7, 6Y84, 7BRO None
Protein-ligand complex 6Y2F, 6Y2G [2]
6LU7, 7BQY (8]
6LZE, 6MOK [9]
7BUY [10]
6WTJ, BWTK 7]
6M2N, 6W63, 6WNP, 6WTT, 6YNQ, 6YT8, 6XA4, 6XB0, 6XB1, 6XB2, 6XBG, None
6XBH, 6XBI, 6XFN, 6XG2, 6Z2E, 7BRP, 5RGO, group of structures with title panDDA (115
structures)
SARS-CoV Ligand-free 1UJ1, 1UK2, 1UK3 [11]
1Z11 [12]
2C3S [13]
2DUC [4]
2H2Z [14]
3EBN [15]
3VB3 [16]
2A5A [17]
2GT7, 2GT8 [18]
2BX4 [19]
3IWM [20]
1Q2wW None
Ligand-free mutant 121] [12]
2QCY [21]
3AW1 [22]
3FZD [23]
4HI3 [24]
3F9G, 3F9E, 3F9F, 3FOH [25]
3EA7, 3EAS, 3EA9, 3EA], 3M3S, 3M3T, 3M3V, 3E91 None
Protein-ligand complex 1UK4 [11]
2V6N, 2VJ1 [26]
27Z3C, 273D, 2Z3E [27]
1WOF, 2AMD, 2AMQ, 2D2D [28]
2A5K, 2A51 [17]
2ALV [29]
2GTB [18]
2GX4 [30]
2GZ7, 2GZ8, 2GZ9 [31]
2HOB [14]
20P9 [32]
2Q1Q [33]
279G, 279), 279K, 2Z9L, 2794 [34]
27U4, 27U5 [35]
3ATW, 3AVZ, 3AW0 [22]
3D62 [36]
3SNS8, 3SNA, 3SNB, 3SNC, 3SND, 3SNE [37]
3V3M [38]
3VB4, 3VB5, 3BV6, 3BV7 [16]
4MDS [39]
4TWW, 4TWY, 4WY3 [40]
3SZN, 3TIT, 3TIU, 3TNS, 3TNT, 5C5N, 5C50, 5N50, 5N19, 6Y7M None
Mutant-complex with C-terminus 5B60 [4]
autoprocessing site
Mutant-complex with N-terminus 2Q6G [41]

autoprocessing site

populations for this enzyme.

4.2. Proteolytic recognition: substrate-induced subsite
cooperativity or structure-based recognition?

Substrate-induced subsite cooperativity (Fig. 3a and b) is sug-
gested between S; and S3’ based on structures 2Q6G and 5B60 [4].
The phenomenon of subsite cooperativity is known to influence
specificity in other proteases [50]. For MP™, when the P, leucine of
the N-terminus cleavage site binds to S, the S3’ subsite is not
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formed. However, the more bulky P, phenylalanine in the C-ter-
minus processing site induces a conformational change in S,
forming thus the S3’ subsite, where the P3’ residue fits. The alternate
fitting of the N- and C-termini in the enzyme active site in 2Q6G
and 5B60, respectively, provides an interpretation for the dual
specificity in autoprocessing observed biochemically in-solution.
The performed structural analysis contradicts this mechanism by
identifying conformations of the ligand-free protein depicting the
S3’ binding space (Fig. 3c-f). Variation of the active site in Sy and Ss’
does not occur in an exclusively cooperative manner but originates
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Fig. 1. Mapping of residues of the main protease of SARS-CoV-2, which differ from SARS-CoV. Structure 6Y2E is depicted in ribbon form in grey, non-conserved residues are shown
in stick form in magenta. Cleavage sequences at the N- and C-termini of the main protease (NSP5) are shown. (Sequence alignment and a complete list of cleavage sites are provided

in the Supporting Information, as Fig. S1 and Table S1, respectively).

"
N

Fig. 2. Structural heterogeneity of the main protease of SARS-CoV and SARS-CoV-2. (a) Overlay of representative ligand-free structures and complexes of SARS-CoV and SARS-CoV-2
main protease in ribbon form to show variation in the segments containing Met49 and GIn189. Color code: 6Y2E in light purple, 6Y2F in light blue, 6Y2G in purple, 6MOK in blue,
7BRO in dark cyan, 1TUK3 in cyan, 2C3S in light orange, 2GT7 in orange, 2GTB in tan, 4MDS in yellow, 2V]1 in grey, 2DUC in light green. Structures 6Y2E, 7BRO, 2C3S, 1UK3, 2GT7, and
2DUC are ligand-free structures. (b) Zoomed-in view of the backbone flexibility in Gly143 at the oxyanion loop. Same color code is used as in section (a).

instead from conformational dynamics of the protein at GIn189 and
Met49, and the segments incorporating them. This study in-
troduces “structure-based recognition” as a paradigm to under-
stand ligand binding in MP™ and hypothesizes that conformational
heterogeneity is the main determinant for its proteolytic recogni-
tion. In this model, substrates or cleavage site sequences are
recognized differently, based on the fitting of their residues into the
active site of distinct conformations of the enzyme. Further support
is provided by an analysis of inhibitor-protein complexes, to iden-
tify the ligand binding mechanism.

While the Muramatsu et al. work is considered as a starting step
to assess the reason behind altered specificity for MP™, the differ-
ence in the mechanistic insight compared to the current hypothesis
can be explained by certain considerations. First, Muramatsu et al.
limited their analysis to two structures, which excluded the high
diversity from crystallized ligand-free MP™. The highest measured
RMSD is 2.4 Ain S, at residue 189, and in S3’ at residues 46—47 and
49, where the average resolution of the compared structures is in
range of 2.2—2.5 A. It is however true that the fit of the P35’ residue is
quite different between 2Q6G and 5B60, with an RMSD of 6.8 A,
and in fact the orientation of the P3’ amino acid in 5B60 cannot be
accommodated in 2Q6G due to steric clash with amino acids lining
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the S3’ subpocket. Ligand-free structures, such as 1TUK3 or 2GT7 and
6Y2E, show variations with RMSD values of 3.1 A in S, at residue
189, 4.9 A in Sy’ at residues 46—47, and 3.9 A with residue 49. The
biochemical evidence supporting the subsite-induced cooperativity
was assessed under one testing condition, which may not represent
the entire conformational diversity of this protein. To lean further
support to this point, a comparison of the recognition properties of
different synthesized substrates by MP™ depicts a degree of varia-
tion in substrate processing for example in the pH profile curve.
This includes the shape of the curve being steep [19,51—53] or flat
[54] as the pH increases from 6 to 8, and the peak for substrate
cleavage. The pH optima is observed at pH 6.5, [54] 7, [19] 7.5,
[53,55] or 8 [51,52]. Difference in results can be interpreted based
on the use and type of fluorophores, or on structure-based recog-
nition caused by pH-dependent conformational changes in MP™. In
fact, a change in the pH profile is reported with mutation near the
active site that influences dimerization compared to the wild-type
enzyme [56]. Furthermore, monomer to dimer studies measured
distinct equilibrium dissociation constants under conditions
involving alteration in pH or salt concentration [56]. An influence of
these factors on the distribution of conformation populations in-
solution is also known for other viral proteases [5]. This in turn
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Fig. 3. Proteolytic recognition based on substrate-induced subsite cooperativity, or structural heterogeneity and structure-based recognition. (a—f) Overlay of the N-terminal
processing site in magenta and the C-terminal processing site in green in stick form to the solvent accessible surface of different structures: (a) 2Q6G, SARS-CoV, H41A mutant
cocrystallized with the N-terminal site; (b) 5B60, SARS-CoV C145A cocrystallized with the C-terminal site; (c) 6Y2E, SARS-CoV-2, ligand-free structure; (d) 7BRO, SARS-CoV-2,
ligand-free structure; (e) 2C3S, SARS-CoV, ligand-free structure; (f) 2GT7, SARS-CoV, ligand-free structure. (a) and (b) represent the basis behind the concept of substrate-
induced subsite cooperativity between S, and Ss’, while (c—f) oppose this mechanism by showing that variations in the active site occur in the absence of a ligand due to
conformational heterogeneity and thus substrate processing depends on structure-based recognition. The binding spaces in S, and Ss’ does not vary in an exclusively cooperative
manner. The solvent accessible surface is colored according to hydrophobicity, where blue is hydrophilic and orange is hydrophobic.

can have an impact on the proteolytic processing of substrates
recognized by certain conformations, rather than an overall effect
on the catalytic competence of the enzyme. It is expected that
changes in assay conditions and the inclusion of additives or de-
tergents can possibly alter molecular recognition by affecting
conformational states, or even by direct interaction of buffer
components with the binding site.

One important consideration is the careful interpretation of
results, especially when derived by mutations of the enzyme. A
study reported a substrate-induced dimerization of R298A/L mu-
tants of MP™, however the same effect could not be observed for the
wild-type enzyme [57]. The same study used high concentrations
of both the substrate and the enzyme, beyond those normally used
in biochemical assays on the isolated protein. While mutational
studies can provide valuable mechanistic insight by pinpointing
key residues involved in specific interactions, the used model
protein can deviate significantly in its behavior from the wild-type
enzyme.

4.3. Ligand binding: induced-fit or conformational selection?

The change in the oxyanion loop (residues 139—143) from
inactive to active state between the two protomers of 1UJ1 (Figs. S2
and S4a) shows a backbone RMSD of 3.2 A and 6.5 A as overall
RMSD. This conformational dynamic is in the range of the oxyanion
hole activation for the West Nile virus (WNV) protease, PDB
structures 2FP7 [58] and 5IDK [59], which displays a backbone and
overall RMSD values in the range of 1.5—2.0 A. Minor variation of
the oxyanion loop in MP™ can be observed within the catalytically
competent protomers (Fig. 2b), due to flexibility in Gly143. For
example, the RMSD value for Asn142 is 3.5 A for the catalytically
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competent protomers in 2V]1 and 6Y2E, in comparison to an RMSD
of 7.0 A between the inactive and active protomers in 2U1J. This
modestly alters the binding space in the S; subpocket, however, a
more significant influence on ligand fitting is possible, as discussed
previously for the P3’ residue in section 4.2.

Structures 1UK3, 1UJ1, or 6Y2E in comparison to 1UK4, 2V]1,
6Y2F, or 6Y2G show that, contrary to earlier interpretations in the
field, the catalytic competence represented by the conformation of
the oxyanion loop is independent of the presence of ligands or their
steric demand (Figs. S2 and S5). As such, there is no steric threshold
needed by the compound to target a catalytically competent state
of this protein. In the conformational selection model, fine-tuning
of the ligand-protein interactions can involve secondary induced-
fit events. For SARS-CoV MP™, inhibitor-induced modulation of
the active site beyond the S; subpocket is reported for example in
4MDS, however, it appears to originate instead from conformation
dynamics of the protein, as observed in the analysis for segments
incorporating GIn189 or Met49 (Fig. 1). As such, the structural ev-
idence postulates a primary contribution for the conformational
selection model [60,61] in ligand recognition for MP™. The versa-
tility of this mechanism makes it more suitable to depict the
conformational and kinetic complexity of biological macromole-
cules [61].

The catalytic competence of MP™ is often mentioned to require
dimerization, through a Glu166-Ser1* interaction between the N-
terminal residues of one protomer or “N-finger” and the active site
of the other protomer. This is supported by the fact that dimeric
MP™ displays a much higher trans-cleavage of synthesized sub-
strates in biochemical testing in comparison to the monomeric
form. However, this general understanding does not explain a
multitude of obtained results that show proteolytic cleavage
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despite deviation from this criterion. This is demonstrated by
mutants of the enzyme that retain dimeric structures but lack
catalytic activity and those that exist predominantly as monomers
in-solution but still are able to process substrates in biochemical
assays. For example, both the E166A mutant and the Ser1 deletion
(2V]1) constructs lack the Glu166-Ser1* interaction, the first is re-
ported as a dimer in-solution [57], and the second shows catalytic
competence [26]. The N214A mutant retains catalytic activity,
despite being mostly a monomer in-solution [45]. Another case is
the mutant enzymes E290R and R298E, these examples show N-
terminal autoprocessing, while dimerization and trans-cleavage do
not take place [62]. This is interpreted as a step in the maturation of
MP™ through immature monomers forming intermediate struc-
tures, which are distinct from the mature dimeric MP', described
previously.

NMR studies on separate N- and C-domains of the enzyme
support a more complex relationship between dimerization and
catalysis. Both domains show proper folding. The N-terminal
domain, which harbors the catalytic machinery exists predomi-
nantly in-solution as a monomer and displays a degree of catalytic
activity, while the C-terminal domain or extra domain alone is
present mainly as a dimer [44]. The fact that mutations in the extra
domain (from residue 200), which is distant from the active site,
influence substrate catalysis, and possibly binding, aligns mostly
with a mechanism dominated by conformational selection [61,63].

pro

5. Impact of the hypothesis on the understanding of M
5.1. Spatial and temporal order of cleavage events

Viral proteases, such as those from coronaviruses or flaviviruses,
are machineries of complex nature, known to exert their function
by cis- or trans-processing of a number of cleavage sites in the viral
polyprotein according to a spatial and temporal order [5,64—66].
For SARS-CoV and SARS-CoV-2 MP™, this complexity in the function
of the protease was attributed to substrate-induced subsite coop-
erativity. This work proposes an alternate understanding of the
molecular mechanism for proteolytic recognition by SARS-CoV and
SARS-CoV-2 MP™ based on structural heterogeneity. In "structure-
based recognition”, the enzyme possesses different conformations
independent of the presence of a substrate or ligand. The resulting
variation in the binding site is then responsible for the fitting of
different substrate sequences in alternate orientations, leading to
modulation of the binding specificity. When this is connected to
changes in the distribution of enzyme populations showing distinct
conformations through the replication cycle, it could then result
into the ordered processing of cleavage sites by the protease.

5.2. Expanding opportunities for antiviral drugs against MP™

Due to their pivotal role in the virus life cycle, viral proteases are
generally promising targets for drug discovery, capable of achieving
broad-spectrum activity against different viruses [67]. Structural
heterogeneity and the conformational selection model have im-
plications on the development of assays for hit identification
against viral enzymes and on structure-based design as well as hit
to lead optimization of antivirals. The latter takes place by
expanding the conformational space in search for inhibitors in or-
der to interfere with distinct or multiple conformational states or
stages of activity of SARS-CoV and SARS-CoV-2 MP™. A number of
studies aiming at targeting SARS-CoV-2 main protease rely on
structure-based strategies whether by virtual screening of com-
pound libraries against an x-ray structure of MP' or by fine tuning
of known inhibitor scaffolds to optimize interactions with the
active site of the enzyme. It is important to be aware that the
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outcome of such screenings and optimization efforts will vary
depending on the starting structure used, due to inherent confor-
mational heterogeneity of the enzyme. As such, the recommenda-
tion is to consider a conformational ensemble for the protein rather
than an individual structure. The variation of the binding site in
certain conformations of MP™ allows the accommodation of non-
canonical and sterically demanding residues that can extend in
adjacent subpockets as Sy and S3’, to modulate the properties of the
designed inhibitors. It is possible that certain conformations of the
same protein are more relevant for achieving antiviral activity, or
that their inetraction requirements can allow a more favorable
pharmacokinetic profile. As such, compounds acting against these
states can have an accelerated preclinical development into anti-
viral drug candidates.

6. Conclusion

The present study introduces "structure-based recognition" as a
new concept in the understanding of the main protease of SARS-
CoV and SARS-CoV-2, where structural heterogeneity is the main
determinant of proteolytic recognition of different cleavage sites.
The spatial distribution in the active site of MP™ varies in a non-
cooperative manner, independent of the presence of a substrate
or ligand. The conformational diversity plays an important role in
the molecular biology of this protein through modulation of the
binding specificity at the N- and C-termini cleavage sites, which are
implicated in the maturation of the protease. Identified hits from
structure-based screening and optimization of inhibitors will vary
depending on the used conformation of the enzyme.

Earlier work on the flaviviral protease by Behnam and Klein
identified the conformational selection paradigm to be more rele-
vant than the induced-fit theory to explain the complexity of this
viral enzyme. The diversity of x-ray structures of the main protease
of SARS-CoV and SARS-CoV-2 allows a step forward in the under-
standing of viral proteases, by demonstrating a direct impact on the
proteolytic recognition. From a broader view of structural analysis,
mechanistic insights about enzymes should be used with caution,
when obtained from comparison of a small sample size of x-ray
structures [68]. Instead, as demonstrated in this work, in-
terpretations should be derived based on the entire conformational
space of a protein.
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