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Abstract

SARS-CoV-2 3C-like protease (3CLP™), a potential therapeutic target for COVID-19, consists of a chymotrypsin fold and a
C-terminal a-helical domain (domain III), the latter of which mediates dimerization required for catalytic activation. To gain
further understanding of the functional dynamics of SARS-CoV-2 3CLP™, this review extends the scope to the comparative
study of many crystal structures of proteases having the chymotrypsin fold (clan PA of the MEROPS database). First, the
close correspondence between the zymogen-enzyme transformation in chymotrypsin and the allosteric dimerization activa-
tion in SARS-CoV-2 3CLP™ is illustrated. Then, it is shown that the 3C-like proteases of family Coronaviridae (the protease
family C30), which are closely related to SARS-CoV-2 3CLP™, have the same homodimeric structure and common activation
mechanism via domain III mediated dimerization. The survey extended to order Nidovirales reveals that all 3C-like proteases
belonging to Nidovirales have domain III, but with various chain lengths, and 3CLP™ of family Mesoniviridae (family C107)
has the same homodimeric structure as that of C30, even though they have no sequence similarity. As a reference, monomeric
3C proteases belonging to the more distant family Picornaviridae (family C3) lacking domain III are compared with C30,
and it is shown that the 3C proteases are rigid enough to maintain their structures in the active state.

Keywords Protein Data Bank - Comparison of protein structures - SARS-CoV-2 3C-like protease - Chymotrypsin fold -
Clan PA

Introduction

The COVID-19 pandemic has had a significant impact on
every sector of society worldwide. The extensive response
to the pandemic from the biological science community
is evident in the enormous number of publications on
COVID-19 and SARS-CoV-2. More than 283,000 articles
have been collected in the literature hub of COVID-19, Lit-
Covid (08/2022; Chen et al. 2021), since the outbreak. This
review focuses on SARS-CoV-2 3C-like protease (3CLP™,
also known as main protease), which has been the subject of
over 1860 publications. SARS-CoV-2 3CLP™ is a cysteine
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protease that has an important role in viral replication by
cleaving the replicase polyprotein to release functional
proteins. As such, it is considered a potential target for the
development of antiviral therapeutics (Ullrich and Nitsche
2020; Banerjee et al. 2021; Owen et al. 2021; Unoh et al.
2022). Because of the extensive efforts focused on structure-
based drug discovery of an inhibitor, more than 580 crystal
structures of SARS-CoV-2 3CLP™, most of which are com-
plexed with various drug candidates, have been deposited
into the Protein Data Bank (PDB; 08/2022; Berman et al.
2003; Kinjo et al. 2017).

This vast amount of the structural information accumu-
lated in the PDB is an invaluable resource, not only for pro-
viding the binding poses of various ligands (Gilson et al.
2016; Wang et al. 2020a, b), but also for constituting a basis
for the functional dynamics (Best et al. 2006; Kidera et al.
2021). Interactions with a bound ligand alter the structure
of the receptor protein in different ways to produce struc-
tural variations in the protein depending on their binding
poses (Boehr et al. 2009; Feixas et al. 2014). Considering
that crystal packing and amino acid mutations also affect
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«Fig. 1 a Taxonomy of viruses belonging to clan PA. The hierarchi-
cal classification covers from kingdom/domain/realm to genus, where
viruses are under the realm Riboviria. The numbers after the names
are the family names of the proteases according to the MEROPS
database (Rawlings et al. 2018). In the text, both the virus taxonomy
and the protease classification of MEROPS are used. The names in
blue are those discussed in this review. The two phyla of virus are
positive-sense single-stranded RNA (+ssRNA) viruses. The mem-
bers of Nidovirales are given the chain length of 3CLP® listed in
MEROPS, along with the variation in each species. Coronaviri-
dae C30 is connected to the detailed phylogenetic tree in (b). At the
top of the tree, a cartoon picture of the chymotrypsin fold (chymo-
trypsinogen, PDB: 1chg) is shown, as the hallmark for clan PA. b
Phylogenetic tree of Coronaviridae C30 proteases calculated by the
sequences of 3CLP™ belonging to Coronaviridae using COBALT
(Papadopoulos and Agarwala 2007) and the neighbor joining method.
The proteases are those listed in Table SIA whose 3D structures are
deposited to the PDB. The subfamilies are designated by the names in
blue, Alpha-, Beta-, Gamma-, and Deltacoronavirus

(Ikeguchi et al. 2005) state that the structural change occur-
ring as a response to external stimulation is a reflection of
its intrinsic dynamics, and the crystal structure ensemble
can be regarded as a sampled subset of the native structural
ensemble (Best et al. 2006; Kidera et al. 2021). Based on
the crystal structure ensemble consisting of 343 PDB entries
(490 independent chains) of SARS-CoV-2 3CLP™ (PDB
version 07/21), together with those of highly homologous
SARS-CoV 3CLP® (96% identity with SARS-CoV-2 3CLP™;
SARS-CoV is the etiological agent of SARS in 2002), we
examined the functional dynamics of SARS-CoV-2 3CLP™
(Kidera et al. 2021).

In this review, we extend the structural analysis of SARS-
CoV-2 3CLP™ to the structures of various proteases in clan
PA, classified by the MEROPS peptidase database (Rawlings
et al. 2018). SARS-CoV-2 3CLP™ adopts a highly ubiqui-
tous chymotrypsin fold that is the hallmark of clan PA and
belongs to the protease family C30 (Rawlings et al. 2018).
As shown in the phylogeny of clan PA (Fig. 1), the chymo-
trypsin fold ubiquitously appears from animal to virus and
has either a serine or cysteine residue as the nucleophile
in the catalytic triad/dyad. This versatility of the chymot-
rypsin fold is a key to understanding the function of SARS-
CoV-2 3CLP™ and hints at the necessity of comparing
SARS-CoV-2 3CLP™ with other members of clan PA. Here
the crystal structures of the protease families C30, C107,
and S32, which belong to order Nidovirales (vertebrate and
invertebrate host; Gorbalenya et al. 2006), are summarized
in terms of the activating dimerization tightly coupled with
the C-terminal a-helical domain III (the crystal structures
are listed in Table S1A and the representative structures are
shown in Fig. 2). Domain III in C30 of family Coronaviridae
has a key role in allosterically activating dimerization (the
superimposed structures taken from each species are shown
in Fig. S1; Goyal and Goyal 2020). C107 of family Mesoni-
viridae also forms a homodimer with domain III of the same

fold as that of C30 (Fig. 2b), whereas S32 of family Arteri-
viridae is monomeric with a half-sized C-terminal domain
(Fig. 2c and d). Through a comparison of these proteases,
we discuss the role of domain III in dimerization. As a ref-
erence, we also compared two families of clan PA with no
extra C-terminal domain, including family S1 of the animal
digestive enzyme and family C3 of cysteine proteases [3C
proteases (3CP™)]. The latter belongs to order Picornavirales
(uni- and multi-cellular eukaryote host) whose name 3CP™ is
the origin of the name 3CLP™ of C30 and is focused on the
activation mechanism (the list of the crystal structures are
summarized in Table S2; note that 3C indicates the genome
position and C3 is the family name in MEROPS). Family S1
is activated by the zymogen-enzyme transformation, which
suggests a similarity to the allosteric dimerization activa-
tion in C30, whereas monomeric C3 does not have such an
activation mechanism. Based on these crystal structures
and the relevant literatures, the functional implication of
SARS-CoV-2 3CLP™ is reviewed. Here, it is noted that both
the classification for biological organisms (the taxonomic
genera/families) and the classification for molecules (the
MEROPS families of proteases) are used concurrently. The
former is written in italics, and the latter is designated by the
format: “S/C +number” of MEROPS (Rawlings et al. 2018).

Catalytic activation allosterically induced
by dimerization and ligand binding
in SARS-CoV-2 3CLP"™

The phylogenetic tree of C30 3CLP™ is shown in Fig. 1b. The
first crystal structure was solved in 2002, which was 3CLP™
of porcine transmissible gastroenteritis coronavirus (TGEV)
belonging to genus Alphacoronavirus (PDB:1lvo; Anand
et al. 2002). Figure S1 shows the representative structures of
the C30 proteases. Anand et al. (2002) revealed that 3CLP™
forms a homodimer with the N-terminal Serl located near
the active site of the partner protomer. These observations
were supported by mutational studies of TGEV 3CLP™, in
which deletion mutants of domain III (A200—302) and of the
five N-terminal residues (A1—5) nearly abolished the proteo-
lytic activity, suggesting that the activation requires domain
III and the N-terminal residues (later called the N-finger;
Yang et al. 2003), which plays a central role in dimerization
(Anand et al. 2002). Shi et al. (2004) confirmed in SARS-
CoV 3CLP™ that proteolytic activity requires dimerization
based on the experiments using dynamic light scattering.
Moreover, the importance of the N-finger in dimerization
was demonstrated by Hsu et al. (2005a, b) using an ultracen-
trifuge experiment on SARS-CoV 3CLP™. The importance
of domain III to the protease activity was also demonstrated
by deletion mutants of human coronavirus 229E 3CLP™
(Alphacoronavirus; Ziebuhr et al. 1997), murine coronavirus
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Fig.2 a Homodimer of SARS- ( a)
CoV-2 3CLP™ (PDB: 6m03;
family C30). b Homodimer

of Cavally virus 3CLP™ (Slac;
family C107). ¢ Equine arteritis
virus 3CLP™ (1mbm; family
S32). d Porcine reproduc-

tive and respiratory syndrome
virus 3CL.P° (5y4l; S32). The
catalytic dyad for C30 and
C107 and the catalytic triad for
S32 are drawn in stick. These
structures have the chymot-
rypsin fold (domains I and II)
at the N-terminus and domain
IIT at the C-terminus. The size
of domain III C30 and C107 is
twice that of S32

(b)

3CLP™ (Betacoronavirus; Lu and Denison 1997), and avian
coronavirus 3CLP™ (Gammacoronavirus; Ng and Liu 2000).
The importance of the N-finger was also found in porcine
epidemic diarrhea virus 3CLP™ (Alphacoronavirus; Ye et al.
2016). Therefore, the role of domain III and the N-finger in
dimerization and catalytic activity are common to all mem-
ber of family C30.

The molecular mechanism of the activation became clear
when the first crystal structure of SARS-CoV 3CLP™ was
solved (PDB:1ujl; Yang et al. 2003). The protomers of the
dimer in this crystal structure assume different structures
(i.e., chain A is in the active state and chain B is in the
inactive collapsed state; Fig. 3a), because it is in a highly
heterogeneous environment of the crystal in the space group
P 12,1 (Kidera et al. 2021). For chain A, the inter-protomer
hydrogen bond (HB) is formed between Serl of chain B
and Phe140 of chain A to induce the cooperative forma-
tion of many HBs, G138-H172, S139-Y126, L141-Y118,
G143-N28, and C145-N28 (Fig. 3a, also see Table S3),
which stabilize the active conformation of the residues
138-145 [called the C-loop as it contains the nucleophile
Cys145 of the catalytic dyad (Kidera et al. 2021), also called
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(c)

the oxyanion hole loop named after the corresponding loop
in lipase (van Tilbeurgh et al. 1993) and the L1 loop by Tan
et al. (2005)]. For chain B, the C-loop is collapsed with no
HB to the other part of the protein except HB_C1450-N28N
(HB between atom O of Cys145 and atom N of Asn28).
Of note, the N-finger of chain A is disordered at Serl and
Gly2 and fails to form the inter-protomer interaction with
the C-loop of chain B. HB_C1450-N28N is maintained in
both chains, whereas HB_G1430-N28ND?2 is only formed
in the active chain A (because of this finding, HB_G1430-
N28ND?2 is regarded as a marker of the active state (Kidera
et al. 2021)), resulting in the formation/collapse transition
of the oxyanion hole (Fig. 3a; the NH groups of Gly143
and Cys145 together stabilize the oxyanion at Gln in the
substrate, which occurs as a reaction intermediate of the
proteolytic reaction; Otto and Schirmeister 1997). Clear
evidence of the coupling between the proteolytic activity
and dimerization was presented in the monomeric crystal
structures of dimerization-deficient mutants of SARS-CoV
3CLP™ [PDB:2pwx (G11A), 2qcy (R298A), 3f9e (S139A),
and 3m3t (R298A); Chen et al. 2008; Shi et al. 2008; Hu
et al. 2009]. These monomeric structures contain a collapsed
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Fig.3 a The structure of the
C-loop in SARS-CoV 3CLP™.
Active state (left; PDB: 1uj1_A)
and collapsed inactive state
(right; 1ujl_B). The active state
is defined by the presence of
the oxyanion hole (the main-
chain NH groups of Gly143
and Cys145 are ready to catch
an oxyanion as the reaction
intermediate of the substrate).
This is monitored by the main-
chain oxygen atoms of Gly143
and Cys145, both of which have
HBs with Asn28 in the active
state and HB_G143-N28 is lost
in the collapsed state. Since
HB_C145-N28 is maintained
even in the collapsed state,

the main-chain NH group

of Gly143 goes down to the
N-terminal side of the C-loop,
indicated by the broken lines,
to collapse the oxyanion hole.
b The structure of the C-loop
in chymotrypsin/chymot-
rypsinogen. Active state (left;
PDB: 4cha, chymotrypsin) and
collapsed state (right; 1ex3,
chymotrypsinogen). Zymogen
activation causes a cleavage at
Ile16 to produce the positive
charge at the N-terminus. The
charged Ile16 forms a salt
bridge with the carboxyl group
of Asp194. In the zymogen
state, the side-chain Asp194
forms a polar contact with
His40, and salt bridge formation
in the activation causes a large
flip of the side-chain of Asp194
to make the conformational
change in the C-loop to form
HB_G193_H40. This bond
enables Gly193 and Cys195 to
form the oxyanion hole

(a)

(b)

C220

C-loop and lose all HBs listed above, except for HB_C1450-
N28N. The cooperative structural transition of the C-loop
allosterically triggered by HB_F1400-S1N* (* indicates
the other protomer) was shown to be a common feature in
SARS-CoV-2 and SARS-CoV 3CLP™ (Kidera et al. 2021).

Another factor that contributes to the activation of 3CLP™
is substrate/ligand binding. Cheng et al. (2010) demonstrated
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substrate-induced dimerization by showing that the dimer-
ization-deficient mutant R298A/L of SARS-CoV 3CLP™
shifts the equilibrium to the dimer side when the concentra-
tion of the substrate peptide is increased. The crystal struc-
ture of the R298 A mutant of SARS-CoV 3CLP™ (PDB:4hi3;
Wau et al. 2013) crystalized with a high concentration of a
substrate molecule shows a homodimeric structure, in which
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the C-loop recovered the active state including HB_F1400-
S1N*, although the electron density of the substrate was
not observed. The recovery of the active C-loop is clearly
explained by substrate recognition at the subsite S1 includ-
ing the oxyanion hole defined by Schechter and Berger
(1967). The stabilization of the dimeric form by substrate
binding is not straightforward, because the substrate does
not directly contribute to the inter-protomer interactions.
The following scenario may be considered: the bound
substrate induces the active C-loop, which in turn enables
HB_F1400-S1IN* to form. This HB then sets the proper
position of the two protomers to trigger the formation of
the other inter-protomer interactions. Many cases of ligand-
induced activation were found in the crystal structure ensem-
ble (Kidera et al. 2021). Some amino acids appended to the
N-terminus eliminate the positive charge at the N-terminal
Ser1 to weaken the interaction with Phe140, although these
crystal structures maintain the homodimeric structure (Lee
et al. 2005; Xue et al. 2007). As a result, the C-loop confor-
mation tends to be collapsed in the ligand-free state with a
frequency of 13/25 (there are 25 ligand-free chains in 3CLP™
having some amino acids appended to the N-terminus. Of
these, 13 chains have a collapsed C-loop conformation);
however, this frequency decreases almost ten-fold to 7/91 in
the ligand-bound structures (Kidera et al. 2021). The influ-
ence of ligand interactions is a clue to understanding the
maturation process of 3CLP™ in the replicase polyprotein,
in which 3CLP™ in a polyprotein, having the extension at
both termini, autoclaves itself with the aid of ligand-induced
activation to produce the mature 3CLP™ (Hsu et al. 20054, b;
Li et al. 2010; Xia and Kang 2011).

Comparison of SARS-CoV-2 3CLP™
with family S1: activation and ligand
interactions

The zymogen-enzyme transformation is the activation mech-
anism of S1 proteases (Stroud et al. 1977; S1 is the larg-
est family of proteases, and its nucleophile in the catalytic
triad is serine, including trypsin and chymotrypsin). Fig-
ure 3b shows a representative case in which the active form
of the C-loop of a-chymotrypsin (residues 188—195 contain-
ing the nucleophile Ser195 of the catalytic triad; PDB:4cha;
Tsukada and Blow 1985) is compared with the inactive
form of chymotrypsinogen (the zymogen of chymotrypsin;
PDB:1ex3; Pjura et al. 2000). Because chymotrypsinogen
is cleaved into three chains, residues 1—13, 16—146, and
149—149, for conversion into a-chymotrypsin, the N-termi-
nal positive charge NH;* of Ile16 forms a salt bridge with
the carboxylate of Asp194 and induces a flipping motion of
the Asp194 side-chain from the position hydrogen bonded
to His40 in chymotrypsinogen. The dissociation between
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Aspl194 and His40 allows the oxygen atom of Gly193 to
form an HB to His40 and to complete the oxyanion hole con-
sisting of the nitrogen atoms of Gly193 and Ser195, whereas
Ser195 stably maintains an HB with Gly43 during the whole
transformation process (Fig. 3b). The active form has a num-
ber of other HBs to the C-loop (S189-V17, M192-1.143,
D194-G142, and S195-H57, where His57 is the base of the
catalytic triad). Another unique point is the disulfide bridge
between Cys191 and Cys220, which fixes the N-terminal
position of the C-loop, although this disulfide bridge occurs
only in the subfamily S1A (family S1 contains the subfami-
lies STA-S1F in MEROPS (Rawlings et al. 2018)).

Comparing the conformational changes occurring dur-
ing the activation process between SARS-CoV 3CLP™ and
chymotrypsinogen/chymotrypsin, we noticed similarities
between the two proteases including the salt bridge with
the N-terminal residue as the trigger for activation (Ser] in
another protomer of 3CLP™ vs. Ile16 of the cleaved N-ter-
minus in chymotrypsin), the stable position of the catalytic
residue before and after activation (HB_C1450-N28N vs.
HB_S1950-G43N), the switchable HB of the glycine resi-
due constituting the oxyanion hole (HB_G1430-N28ND2
vs. HB_G1930-H40NE2), and many HBs cooperatively
formed to stabilize the active form of the C-loop. Because
there is no significant sequence similarity between the two
proteases, the similarity in the activation mechanism should
be the consequence of the strong evolutional constraint under
the environment of the same chymotrypsin fold. However,
the implication of the similar regulation for the catalytic
activity of SARS-CoV-2 3CLP™ remains obscure, whereas
the necessity of the strict regulation for the cleavage activ-
ity in chymotrypsin is well understood (Stroud et al. 1977).

In addition to the structural changes during activation,
another important functional dynamics upon ligand binding
occurs in the p-turn at residues 166—178 in SARS-CoV-2
3CLP™, called the E-loop (named after the N-terminal resi-
due of Glul66 at the subsite S3, also called L2 by Tan et al.
(2005)). According to the crystal structure ensemble of
3CLP™, the E-loop sensitively responds to the ligand inter-
actions to cause a ligand size-dependent conformational
change. A large ligand shifts down the E-loop to make a
larger space for the ligand, whereas a small ligand shifts up
the E-loop to maintain the interactions (Kidera et al. 2021).
The simulation of the binding process of a substrate peptide
indicated that the dynamics of the E-loop play an important
role in leading the peptide from the initially encountered
position at the protein surface to the fully bound state deep
inside of the cleft by susceptibly changing its conformation
(Moritsugu et al. 2022).

With respect to family S1, thrombin shows a highly dynamic
structure at a B-loop-p segment (residues 213-226; known as
the Na* loop containing the Na* binding sites, Arg221a and
Lys224) corresponding to the E-loop in SARS-CoV-2 3CLP®
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(Gohara and Di Cera 2011; Lechtenberg et al. 2012). Within the
fluctuation range, it contains the two conformational states of
the slow and fast forms (also called the E* and E forms), which
regulate the catalytic activity responding to the inter-molecular
interactions including Na* binding. This dynamic feature in
this segment is believed to be shared by various members of
family S1 (Gohara and Di Cera 2011; Lechtenberg et al. 2012).
A functionally relevant dynamics is also found in the high tem-
perature requirement A (HtrA) proteases, in which the loop cor-
responding to the E-loop of SARS-CoV-2 3CLP™ allosterically
changes conformation in the trimeric structure to induce the
active structure upon binding of a signal peptide to the C-termi-
nal PDZ domain (Wilken et al. 2004; Krojer et al. 2010; Sawa
etal. 2011). These coincidences between the E-loop of SARS-
CoV-2 3CLP™ and the corresponding loop of the members of
family S1 are also considered to be resulted from the strong
evolutionary constraint of the chymotrypsin fold.

SARS-CoV-2 3CL.P" within family C30 (family
Coronaviridae)

SARS-CoV-2 3CLP™ belongs to the protease family C30
(Rawlings et al. 2018), which consists of the four genera of
family Coronaviridae, Alpha-, Beta-, Gamma-, and Delta-
coronavirus (Woo et al. 2010). In Fig. 1b, the phylogenetic
tree of C30 3CLP™ was constructed for the species having
the PDB entries listed in Table S1A. The classification of
3CLP™ is consistent with that of the four genera and the
subgenera of viruses defined by the whole genome. SARS-
CoV-2 3CLP™ is correctly classified in Betacoronavirus.
The representative structures of C30 are shown in Fig. Sla
after superimposition at the chymotrypsin fold of chain A
(N-terminal domains I and II), because domain III and chain
B fluctuate largely and randomly against domains I and II
of chain A, which primarily depends on the crystal environ-
ment. These structures clearly show that the C30 proteases
share the same homodimeric form as that of SARS-CoV-2
3CLP™. The significant structural variation in the chymo-
trypsin fold is found in the E-loop, of which dynamics is
relevant to the functional motion in SARS-CoV-2 3CLP™ as
described above. The other loops having large fluctuations
(residues 46—49 and 70-73) are caused mostly by amino
acid insertion/deletion. When the C-terminal domain III is
superimposed (Fig. S1b), it is found that all 3CLP™ have
the same fold with large fluctuations at the loop regions
(residues 214—215 and 243—247), which are also caused
by amino acid insertion/deletion.

More detailed structural comparisons were done sepa-
rately for N-terminal domains I and II and for domain III.
The structures of family C30 were subjected to hierarchical
clustering based on the Caa RMSD after structural align-
ment by the CE algorithm (Shindyalov and Bourne 1998).

The structural classification of domains I and II (Fig. S2a)
is mostly consistent with the sequence classification shown
in Fig. S2c, in which the four genera and their subgenera
are separately clustered. In contrast in the comparison of
domain III, Fig. S2b shows that SARS-CoV-2 is classified
outside of the cluster of Betacoronavirus because more sig-
nificant mutations occurred in domain III of SARS-CoV-2
3CLP™ compared with the other members (Fig. S2d). This is
more clearly shown in the plot of the percentage of identical
amino acids in domain III versus that of domains I and II
(Fig. S2e). This figure also shows that 70% of the alignments
revealed that domain III accumulates more mutations com-
pared with domains I and II, particularly in SARS-CoV-2.
This is because domain III has a larger mutational space
under the weaker evolutional constraint probably because
of the a-helical structure and the distant location from the
active site.

We examined the HB pattern of the C-loop in 3CLP™ of
family C30, the loop containing the oxyanion hole regulat-
ing the catalytic activity. For SARS-CoV-2 3CLP™, the five
HBs are cooperatively formed between the main-chain atoms
of the C-loop and the side-chain atoms of the surrounding
residues except for HB_F1400-S1N*, when allosterically
induced by dimerization. In contrast, HB_C1450-N28N is
kept both in the active and collapsed states. This pattern of
the HBs between the main-chain and side-chain atoms indi-
cates that the transition between the active and the collapsed
states occurs exclusively in the C-loop, but the main-chain of
the surrounding residues stays in almost the same position
throughout the transition, except for the N-finger. Table S3
shows the HB patterns of the C-loop for the members of C30
listed in Table S1A. The same behaviors as those of SARS-
CoV-2 3CLP™ were observed for the members of C30. The
main-chain atoms of the C-loop bind to the side-chain atoms
of the surrounding residues in the active state. The transi-
tion between the active and collapsed forms is evident in the
comparison between the monomeric collapsed form of 2q6d
and the ligand-bound dimer of 2q6f (3CLP™ of avian infec-
tious bronchitis virus (IBV) belonging to Gammacoronavi-
rus) (Xue et al. 2008). The former has a collapsed C-loop
with none of the five HBs formed, whereas the latter is in the
active state with all five HBs formed. However, in the other
coronavirus 3C-like proteases, there is a marked distinction
from SARS-CoV-2 3CLP™, that is, these proteases have, at
most, four HBs instead of five except for porcine epidemic
diarrhea virus 3CLP™ having five HBs. The decrease in the
number of the HBs is resulted from the mutation from Tyr
to Phe disabling HB formation at the side-chain (Phe125 in
human coronavirus 229E, human coronavirus NL63, and
Phel29 in Betacoronaviruses other than SARS-CoV-2) and
the mutation from Ala/Ser to Thr at position 143, which
causes a steric hindrance at the side-chain methyl group
to disrupt HB_I140N-Y1170H (porcine transmissible
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gastroenteritis coronavirus 3CLP™ and feline coronavirus
3CLP™). The reason why the active form is maintained
in these proteases despite the smaller number of HBs is
because ligand binding assists to stabilize the active form
of the C-loop, that is, the ligand-induced activation occurs.
Tomar et al. (2015) found that MERS-CoV is a weakly asso-
ciated dimer requiring ligand binding for activation. It is also
notable that the PDB entry of 2q6d mentioned above has a
monomeric protein in the asymmetric unit, suggesting that
IBV 3CLP™ has a large population of the monomeric protein
even at high concentration during crystallization (Xue et al.
2008). The presence of ligand-induced activation can also
be postulated based on the fact that 70% of the PDB entries
in Table S1A are in the ligand-bound state.

SARS-CoV-2 3CLP" as a member
of Nidovirales: domain Il

As shown in Fig. 1a, SARS-CoV-2 belongs to order Nidovi-
rales, whose crystal structures of 3CLP™ in the families S32
(PDB:1mbm; Barrette-Ng et al. 2002, 3fan, 3fao; Tian et al.
2009, and 5y41; Shi et al. 2018), C30 (Table S1A), and C107
(5lac and 5Slak; Kanitz et al. 2019) contain the C-terminal
domain III in addition to the chymotrypsin fold of domains I
and II (Fig. 2). The presence of domain III was also reported
in families C62, S65, and S75 based on the sequence anal-
ysis (Ziebuhr et al. 2003; Smits et al. 2006; Ulferts et al.
2011). Therefore, the C-terminal domain III is a conserved
feature of Nidovirales 3CLP™ (Gorbalenya et al. 2006).

The most striking finding regarding Nidovirales is that
C107 of family Mesoniviridae, infecting mosquito, is a
homodimer of which fold architecture is essentially the same
as that of C30 (family Coronaviridae) as shown in Fig. 2b,
although there is no significant sequence similarity between
the two families (Kanitz et al. 2019). However, a close exam-
ination shows that these distantly related proteases exhibit
significant structural variations caused by insertions and
deletions (Fig. S3). Particularly in domain III, the struc-
tural correspondence is not easy to trace. The HB pattern of
the C-loop listed in Table S3 indicates that C107 has fewer
HBs stabilizing the C-loop, and both of the ligand-free and
ligand-bound structures (PDB: 5lac and 5lak, respectively;
Kanitz et al. 2019) are in the active state according to the
HB pattern for the residues contributing to the oxyanion hole
(HB_G1510-R35N and HB_G1530-R35NH]1), although
neither of them has an HB with S1 of the partner protomer.
These observations suggest that the role of HBs is different
from that of C30, although the two structures may not be
sufficient to draw a definitive conclusion.

Family S32 is monomeric (Fig. 2c and d) and has domain
III of half the size of domain III in families C30 and C107.
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The HB pattern at the oxyanion hole (HB_S1200-T22N
(or HB_S1180-S22N) and HB_G1180-T220G1 (or HB_
G1160-S220G)) shown in Table S3 indicates that the two
structures are in the active state (PDB: Imbm; Barrette-Ng
et al. 2002 and 5y4l; Shi et al. 2018), whereas the other two
are collapsed (3fan and 3fao; Tian et al. 2009). This suggests
that S32 retains the activating transition of the C-loop as is
the case for the dimeric C30. This is a marked difference
from the monomeric 3CP™ of family C3 (Picornaviridae)
discussed below.

To discuss the structures of the members with unknown
3D structures, families C62, S65, and S75, the families in
order Nidovirales are roughly classified into two groups: (I)
S32, S65, and S75 and (II) C30, C107, and C62, based on
the following three pieces of information: (1) The phylo-
genetic tree of Nidovirales classifies the families into these
two groups (Fig. 3 in Gulyaeva and Gorbalenya (2021)); (2)
the nucleophile of the proteolytic reaction separates them
into the two groups of (I) serine and (II) cysteine groups;
(3) domain III has the three different sizes including small
(S832), medium (S65 and S75), and large (C30, C107 and
C65) as indicated in Fig. 1a. Based on this classification, it
is hypothesized that S65 and S75 are monomeric like S32.
Xu et al. (2020) successfully built a homology model of
S65 using the crystal structure of S32 (PDB: 1mbm) as a
template. C62 can be classified into the dimeric C30 and
C107 groups, although there is no literature that discusses
whether C62 is a homodimer or not.

We further applied AlphaFold 2 and AlphaFold-Multimer
(Jumper et al. 2021; Evans et al. 2021) to the structural pre-
diction of the representative members of families C62, S65,
and S75. Fig. S4 shows the prediction results. When the
predicted monomer structures are compared with the struc-
ture of SARS-CoV-2 3CLP™ (PDB: 6m03), we found that
the chymotrypsin fold are correctly predicted together with
the positions of the catalytic residues as indicated by the
high confidence level (pLDDT, predicted Local Distance
Difference Test) despite no significant sequence similar-
ity between these families and the other members of clan
PA. These results indicate that the machine learning of the
chymotrypsin fold is at a high level due to the unique 3D
structure with the diverse sequences and enables us to pre-
dict the chymotrypsin fold for any member of clan PA with
high precision. On the other hand, the prediction of domain
IIT was not satisfactory as shown in the right figures and the
low confidence level (Fig. S4a-c). Domain III has a unique
a-helical fold (InterPro: Peptidase_C30_dom3_CoV; URL:
www.ebi.ac.uk/interpro/) and is found only in the limited
protease families of C30 and C107. These conditions made
the prediction of domain III difficult when there is no sig-
nificant sequence similarity with C30 or C107.

In the prediction of the homodimer, only family S75 gave
a significant result with the low error level (PAE, predicted
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aligned error) of the inter-protomer arrangement, whereas
families C62 and S65 did not provide a reasonable predic-
tion (data not shown). Unexpectedly, the prediction of S75
closely resembles the dimeric structure of C30 (Fig. S4d)
despite the low confidence level in domain III. These predic-
tion results appear to suggest that S75 is dimeric, whereas
C62 and S65 are monomeric, which are incompatible with
the expectation in the above classification. The prediction of
the homodimer structures was repeated with the sequences
with domain III removed, and basically the same results
were obtained. This indicates that the interface between the
two chymotrypsin folds is the determinant in the dimer pre-
diction. However, we need a further study on the structures
of C62, S65, and S75 to draw a definitive conclusion.
Finally, the role of domain III is discussed by quoting the
work of van Aken et al. (2006). They carried out a mutagen-
esis study on equine arteritis virus 3CLP™ (the same protein
as PDB:1mbm belonging to family S32) to identify the role
of domain III. They demonstrated the importance of not only
domain III but also the linker connecting domains IT and III
(they call it the hinge region) in the proteolytic processing
of the replicase polyprotein using mutants of the linker as
well as a deletion mutant of domain III. The linker binds
the N-terminal part of the substrate by adaptively chang-
ing the conformation, whereas domain III does not have a
direct interaction with the substrate. Therefore, van Aken
et al. (2006) concluded that the linker has an important role
in the proteolytic reaction, and domain III works to situate
the linker at an appropriate position for catalysis. This point
is also argued by Anand et al. (2002). This speculation is
supported by the comparison between family C30 contain-
ing domain IIT and family C3 lacking domain III. Figure S5
compares SARS-CoV 3CLP™ (C30; PDB: 2q6g, Xue et al.
2008) with coxsackievirus A16 3CP™, a representative mem-
ber of C3 belonging to family Picornaviridae (PDB: 3sj9;
Lu et al. 2011; also see Fig. 1a). The recognition site at the
linker in SARS-CoV 3CLP™ is replaced by the elongated
loop located at the N-terminus to the C-loop (known as
the B-ribbon; Sweeney et al. 2007) in coxsackievirus A16
3CP™, The B-ribbon of C3 can be stably maintained by itself,
whereas the flexible linker of C30 is regulated by domain
III. This difference reflects in the cleavage site specificity.
According to the substrate specificity data in MEROPS
(Rawlings et al. 2018) where the substrate sequences are
compiled, the amino acid preference at the peptide site P4
(the substrate amino acid position corresponding to the
subsite S4; Schechter and Berger 1967) recognized by the
p-ribbon in C3 is more specific compared with the P4 site
recognized by the linker in C30. The most predominant
amino acid appearing at site P4 accounts for 60% (35/58)
of the total amino acid occurrence observed in C3, whereas
in C30, it accounts for only up to 36% (43/119) (Rawlings
et al. 2018). This suggests that the flexible linker of C30

recognizes a larger variety of amino acids at the P4 site com-
pared with the rigid f-ribbon of C3. However, the linker in
C30 is not freely fluctuating, but dimerization restricts the
conformational freedom of the linker to a certain level and
enables it to susceptibly respond to various substrates.

3C proteases of family C3 (family
Picornaviridae)

Family C3, 3CP™ of family Picornaviridae belonging to order
Picornavirales (Fig. 1), has the chymotrypsin fold but lacks
domain III; thus, it is monomeric (Fig. S6; Sun et al. 2016;
Yi et al. 2021). Although 3CLP™ of C30 is named after 3CP™
of C3, these two families belong to different orders and have
no sequence similarity. Unlike family S1 or C30, which are
under allosteric regulation of the catalytic activation, in C3
such regulation is not known. Therefore, C3 likely has a dif-
ferent HB pattern in the C-loop compared with that of C30.
Table S4 summarizes the HB pattern of the C-loop in
the protease family C3. Compared with the HB pattern in
C30 shown in Table S3, the number of HBs is smaller in
C3. The HBs are simply classified into either of the fol-
lowing two types. The first are HBs between the C-loop
and the E-loop (HB pairs 1 and 2 in Table S4), which are
stably formed between the main-chain atoms even in the
collapsed C-loop (PDB: 3zz4 and 3osy; Cui et al. 2011).
These HBs are considered to increase the rigidity of the
E-loop in C3 compared with the flexible E-loop in C30
(Fig. S1). Recalling the discussion in the previous section
that the B-ribbon in C3 was more rigid compared with the
linker in C30, we conclude that monomeric C3 is more
rigid. The second type of HBs is associated with the main-
chain oxygen atoms in the oxyanion hole-forming residues
(HB pair 3 and 4 in Table S4). These HBs in C3 exhibit
various patterns for each protease subfamily. Subfamily
C3E has the same HB pattern as C30 (i.e., HB_C1720-
N30ON and HB_C1700-N30ND2). Subfamily C3C has
HB_C1630-C32N and HB_C1610-N121ND2, in which
the HB is formed, not with Cys32, but with Asnl121 in the
B-turn located on the N-terminus to the p-ribbon, because
the side-chain of Cys32 does not provide a hydrogen
donor. Subfamily C3A has an HB between Cys147 and
Thr26 in only a half of the entries, and the HB to Gly145
is scarcely formed because the hydroxyl group of Thr26
is not strong enough to compete with water for HB forma-
tion. Subfamily C3B does not contain these HBs simply
because it lacks the secondary structure to generate the
HB to the catalytic cysteine residue (Fig. S6). Even though
these various HB patterns exist, there are only two entries
exhibiting a completely collapsed C-loop (PDB: 3zz4 and
3o0sy; in 3osy, the f-ribbon in another molecule in the crys-
tal takes the open form to interact with the C-loop and to
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collapse it). Therefore, these HBs are not required to main-
tain the C-loop conformation in the active state. These
observations suggest that C3 is rigid enough to constantly
maintain the structure in the active state.

To summarize the survey on the proteases in clan PA, we
found various types of common features originating from the
chymotrypsin fold, whereas the features specific to SARS-
CoV-2 3CLP™ were also found. Among the common features,
the ligand molecules bound by proteases of multiple species/
families should be remarked here. Tables S1A, B, and S2 cite
the ligand names in the crystal structures of family C30 and
C3, respectively, where we marked the names when their
ligands are shared with SARS-CoV-2/SARS-CoV 3CLP™. The
result indicates that the majority of the PDB entries contain
ligand molecules which also appear in the crystal structures of
SARS-CoV-2/SARS-CoV 3CLP®: 17 entries out of 26 entries
in family C30 and 29 entries out of 56 entries in family C3A
share the same ligand with the entries of SARS-CoV-2/SARS-
CoV 3CLP™. This finding suggests not only the 3D structural
similarity of the ligand binding site within the members of
clan PA, but also possible contributions of these evolutional
relation to the drug discovery problem for SARS-CoV-2
3CLP™ and to the development of broad-spectrum inhibitors
covering various species and variants belonging to clan PA
(Wang et al. 2020a, b; Jukic et al. 2021; Luttens et al. 2022;
Ullrich et al. 2022; Uraki et al. 2022).

Concerning the feature specific to SARS-CoV-2 3CLP™,
we hypothesize that SARS-CoV-2 3CLP™ utilizes the machin-
ery available in the chymotrypsin fold and domain III opti-
mally to achieve the most susceptible regulation of proteolytic
function compared with other proteases in clan PA. However,
we have not understood the details how and why this suscep-
tible regulation is employed in the proteolytic processing of
the replicase polyprotein or in the cleavage of host proteins.
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