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There are several families of cysteine proteinases with different folds - for example the (chymo)trypsin fold fam-
ily and papain-like fold family - but in both families the hydrolase activity of cysteine proteinases requires a cys-
teine residue as the catalytic nucleophile. In this work, we have analyzed the topology of the active site regions in
146 three-dimensional structures of proteins belonging to the Papain-like Cysteine Proteinase (PCP) superfamily,
which includes papain as a typical representative of this protein superfamily. All analyzed enzymes contain a
unique structurally closed conformation - a “PCP-Zone” — which can be divided into two groups, Class A and

g:gggrds. Class B. Eight structurally conserved amino acids of the PCP-Zone form a common Structural Core. The Structural
Cysteine proteinases Core, catalytic nucleophile, catalytic base and residue Xaa — which stabilizes the side-chain conformation of the
Catalytic triad catalytic base - make up a PCP Structural Catalytic Core (PCP-SCC). The PCP-SCC of Class A and Class B are divided
Fold into 5 and 2 types, respectively. Seven variants of the mutual arrangement of the amino-acid side chains of the
Zone catalytic triad - nucleophile, base and residue Xaa - within the same fold clearly demonstrate how enzymes

Structural catalytic core with the papain-like fold adapt to the need to perform diverse functions in spite of their limited structural diver-

ggl\{é])é]\gl ) sity. The roles of both the PCP-Zone of SARS-CoV-2-PLpro described in this study and the NBCZone of SARS-CoV-
oV 2-3CLpro presented in our earlier article (Denesyuk Al, Johnson MS, Salo-Ahen OMH, Uversky VN, Denessiouk K.
Int J Biol Macromol. 2020;153:399-411) that are in contacts with inhibitors are discussed.
© 2020 Elsevier B.V. All rights reserved.
1. Introduction most organisms, including animals, plants, protozoa, yeast, bacteria,

and virus [6]. Papain-like family enzymes are involved in numerous
physiological and pathological processes, such as antigen presentation,
extracellular matrix remodeling, immune invasion, hormone process-

The catalytic triad (Acid-Base-Nucleophile) is the widely known
structural motif found in the active site of many enzymes [1,2]. Serine

and cysteine are the two most common nucleophilic residues in these
enzymes. In our previous work, we analyzed the structural environment
of the catalytic triad (Structural Catalytic Core (SCC)) in the o/ hydro-
lase [3] and (chymo)trypsin-like [4] fold enzymes. In proteins from
these two superfamilies, serine is the most frequently occurring amino
acid used as a nucleophile in the active sites.

The superfamily of papain-like cysteine proteinases (Fold d.3 in
Structural Classification of Proteins — extended (SCOPe) https://scop.
berkeley.edu/ [5]) is a classic example of enzymes that use a cysteine
residue as a nucleophile. Papain-like cysteine proteases are found in
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ing, parasite invasion, processing surface proteins, cardiovascular dis-
eases and cancer [7-10]. This year, as the pandemic of COVID-19
began, it became particularly important to understand the molecular
mechanisms behind the function of the cysteine proteases because the
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has
only two functionally important proteinases: papain-like (PLpro) and
(chymo)trypsin-like  (3CLpro)  (https://swissmodel.expasy.org/
repository/species/2697049), both belonging to the family of cysteine
proteinases [11,12].

The comparison of Nucleophile-Base Catalytic Zone (NBCZone)
among 169 eukaryotic, prokaryotic, and viral (chymo)trypsin-like pro-
teases showed that: 1) the majority of eukaryotic and prokaryotic pro-
teins have a Cys421-Cys58t disulfide bond near the catalytic triad,
while viral proteases do not have it, and 2) the vast majority of eukary-
otic proteases have glycine residues at position 43r. In almost all
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prokaryotic and viral proteases, the amino acid at position 43 is not gly-
cine. Only one group of viral cysteine proteases (mainly coronavirus)
has the amino acid asparagine in position 43 [4].

The importance of the results obtained on the fundamental struc-
tural differences in the active sites of viral (chymo)trypsin-like prote-
ases from eukaryotic and bacterial ones prompted us to carry out a
similar study on papain-like cysteine proteases. In addition, in the anno-
tation to papain-like cysteine proteases superfamily, SCOPe notes that
the families included in the superfamily are distinguished “by insertion
into and circular permutation of the common catalytic core made of one
a-helix and 3-strands of 3-sheet” [5]. Nothing of the kind is observed in
(chymo)trypsin-like proteases. The structural analysis of the active site
of the proteins of the papain-like cysteine protease superfamily carried
out below is a next important step in the systematic study of enzymes
with various folds using the catalytic triad in the enzymatic mechanism.

2. Results and discussion
2.1. PCP-Zone, Class A

2.1.1. Zone and SCC of papain

We begin the presentation of our results with an analysis of the
structural environment of the catalytic triad in papain (PDB ID 1PPN)
[13]. The tertiary structure of papain is well known and this fundamen-
tal structure can be found in enzymes that are classified as Fold d.3: Cys-
teine proteinases, Superfamily d.3.1: Cysteine proteinases, Family
d.3.1.1: Papain-like [5]. The catalytic triad of papain consists of three
amino acids: catalytic nucleophile Cys,s, catalytic base His{sg and resi-
due Xaa (Asn,7s) (Table 1). Structure visualization and structural anal-
ysis of interactions between amino acids in proteins was carried out
using the Discovery Studio Modeling Environment (Dassault Systémes
BIOVIA, Discovery Studio Modeling Environment, Release 2017, San
Diego: Dassault Systémes, 2016) and the Ligand-Protein Contacts
(LPC) software [14].

As a result of the visual analysis of the tertiary structure of papain in
the area of its active site, we found two connected zones, a 30 amino-
acid “N-Zone” Valy3,-Valyg; and a 13 amino-acid “C-Zone” Ala;g;-
Lysi74 (Fig. 1A, Table 1). We refer to the structural union of these two
Zones as the “Papain-Zone”. The Papain-Zone is formed by a 43-
residue-long continuous fragment (Class A). A characteristic structural
feature of the N-Zone is the presence of four main-chain hydrogen
bonds between the tripeptide Val;3,-Valy33-Leu;s4 at the N-terminal
end of the zone and the tripeptide Hisiso-Alajgo-Valig; at the C-
terminal end of the zone (Fig. 1B). A characteristic structural feature of
the C-Zone is the presence of two hydrogen bonds between Ala;g; at
the N-terminal end of the zone and Lys;-4 at the C-terminal end of the
zone. The three-dimensional structure of papain in the region of the
Papain-Zone represents a unique mutual arrangement (papain struc-
tural core) of eight amino acids: six residues, including catalytic base
(histidine), from the N-Zone and two residues from the C-Zone.

The nucleophile Cys,5 and residue Asn;sXaa of the catalytic triad
are located outside of the papain structural core, nevertheless, these
two amino acids and the structural core interact with each other. The
amino acids Ala;gp and Asn;;sXaa support the spatial arrangement of
the catalytic cysteine and catalytic histidine, respectively (Fig. 1B,
Tables 1 and S1). Ala; g directly follows base His;sg in the amino acid se-
quence (position Base+1) and, like His;sg, is involved in formation of
the papain structural core; and Asn;;sXaa immediately follows the
Val;3,-Lys;74 fragment of the Papain-Zone in the amino-acid sequence.
Ten amino acids, including eight residues of the papain structural core,
catalytic cysteine and residue Xaa, form the Papain Structural Catalytic
Core (Papain-SCC). According to the sequential numbering of the resi-
dues of the catalytic triad of papain, we will refer to the Cys;s...
Hisysg...Asn;7sXaa triad type of SCC as “C(H)X”, where H in brackets sig-
nifies that only the catalytic histidine is located within the N-Zone.
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In addition to the ten residues of the SCC, papain contains Trp;77,
which is located at position Xaa + 2 of the amino-acid sequence.
Trp,77 is in contact with both His;sg and Asn;sXaa [6,15]. Trp,77 takes
part in substrate binding [16] as does the N-zone, the importance of
which is shown in several three-dimensional structures of papain-
inhibitor complexes [17-20].

2.1.2. Cysteine proteinase fold enzymes: PCP-Zone, Class A and PCP-SCC,
Type C(H)X

The superfamily of cysteine proteinases contains 24 families
(SCOPe) [5]. Eighteen families (88 proteins) have a structural organiza-
tion similar to the arrangement of a Class A Zone and Type C(H)X SCC as
found in papain (Table S1), referred to as the Papain-like Cysteine Pro-
teinase Zone (PCP-Zone) and PCP-SCC. In addition to the 88 three-
dimensional structures, Table S1 also represents the data for 22 X-ray
structures extracted from RSCB PDB [21,22]. Variation is found among
these structures: the length of the fragment of the amino-acid sequence
that forms the N-Zone range from 8 to 73 residues and residue Xaa of
the triad can not only be asparagine, but also aspartic acid, glutamine,
glutamic acid, histidine, serine, cysteine and even tryptophan. In two
proteins, the catalytic nucleophile is serine (Table S1, enzymes num-
bered 77 and 105).

In many cases, the amino acid Xaa and the residue at position
Xaa + 2 of the amino-acid sequence form a widely observed Asn-turn
motif [23] (Tables 1 and S1). The equivalent structural-functional prin-
ciple of using the Asx-turn motif to coordinate the catalytic histidine
and substrate binding was described earlier for the catalytic acid in
the unrelated o/ hydrolase fold enzymes [3].

Often, instead of the amino acid at position Xaa + 2 of the amino
acid sequence, the residue at position Xaa + 1 takes part in coordinating
the conformation of the side chain of the catalytic histidine. An excep-
tion to the rule of using the residue at position Xaa + 1 or Xaa + 2 of
the amino acid sequence to coordinate catalytic histidine are cysteine
proteinases belonging to the Family d.3.1.23: Papain-like viral protease
catalytic domain, including proteases from SARS coronavirus (Table S1,
enzymes numbered 79 and 80).

Not only is the N-Zone important for the functioning of cysteine pro-
teinases, but the C-Zone also can play some other significant roles. For
example, for the major allergens Der p 1 and f 1, amino acids from the
C-Zone have been proposed to take part in recognition by the human
IgE antibody [24,25].

2.1.3. Type (CH)X of PCP-SCC

Enzymes with the cysteine proteinase fold demonstrate that the N-
Zone can contain not only the catalytic histidine, but also the catalytic
cysteine. This (CH)X type of organization of the PCP-SCC is observed
in the Family d.3.1.6: Ubiquitin carboxyl-terminal hydrolase UCH-L
(Tables 1 and S1). Strictly speaking, Types C(H)X and (CH)X of the
PCP-SCC are not structurally different from each other. However, be-
cause type (CH)X enzymes contain a large insertion, up to 118 residues,
the cysteine of the catalytic triad is positioned within the N-zone.

2.14. Type (H)XC of PCP-SCC

As noted above, the location of the catalytic cysteine preceding the
N-Zone or within the N-Zone may not affect the principles of the PCP-
SCC organization. From our structural analysis of enzymes with the
Papain-like cysteine proteinase fold, we identified a third variation, in
which the catalytic nucleophile is located after the N-Zone. This arrange-
ment was found in 14 proteins: Family d.3.1.7: Adenain-like, Family
d.3.1.21: YiiX-like and 6 cysteine peptidases from the RSCB PDB
(Tables 1 and S1). For these 14 proteins, we found the following regular-
ity: if the N-Zone contains only the catalytic histidine of the triad, then
the length of the N-Zone is approximately the same as that in Type C
(H)X of PCP-SCC. In one of the cysteine proteinases (Table S1, enzyme
numbered 128) the residue Xaa is an aromatic amino acid. In this case,
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The geometric characteristics of the contacts of the amino acids that make up two classes of the Papain-like Cysteine Proteinase Zone (PCP-Zone) and seven types of the PCP Structural

Catalytic Core (PCP-SCC) in 7 representative enzymes with the cysteine proteinase fold.

N Protein PDB_ID Res. PCP-Zone Xaa-Base Nucleophile Ref.
(A) NZone NZone CZone Nucleophile-(Base+1) Xaa
Xaa/Asx-turn
SCOPe 2.07, Fold d.3: Cysteine proteinases, Superfamily d.3.1: Cysteine proteinases
Papain-like Cysteine Proteinases Zone (PCP-Zone): Class A
PCP Structural Catalytic Core (PCP-SCC): I. Type C(H)X
1 Papain 1PPN_A1.60 N/H159-0/L1343.1 N/V161-0/V132 N/A162-0/K1743.3 OD1/N175-NE2/H159  Cys25 [34]
O/H159-N/L1343.0 2.9 0/A162-N/K17429 26 Asn175
0/V161-N/V132 N/A160-SG/C25 3.5
3.1
II. Type (CH)X
2 Ubiquitin carboxyl-terminal esterase L3 1XD3_A 145 N/H169-0/F56 2.9 N/[171-0/L543.0 N/A172-0O/L183 3.1 O0OD1/D184-NE2/H169  Cys95 [35]
0/H169-N/F56 2.9 0/1171-N/L542.9 O/A172-N/L1832.8 2.8 Asp184
N/F170-SG/C95 3.7
0OD1/D184-N/R186 2.8
III. Type (H)XC
3 Adenain AWX4_A N/H54-0G1/T453.5 N/M56-0/V43 2.9 N/A57-0O/F702.9 0OD1/D71-NE2/H54 2.8  Cys122 [36]
1.03 0/H54-N/T45 2.9 0/M56-N/V43 2.8 0O/A57-N/F70 2.8 N/W55-SG/C122 3.5 Asp71
OD1/D71-N/F73 2.9
IV. Type C(X)H
4 Microbial transglutaminase 5M6Q_A N/D175-0/R1313.0 N/G177-0/5129 N/W178-0/W187  ND1/H188-0D2/D175  Cys46 [37]
1.98 0/D175-N/R13129 2.8 2.8 3.1 His188
0/G177-N/S129 0/W178-N/W187  N/Y176-SG/C46 3.6
2.8 2.9
V. Type CXH
5 Cysteine protease ATG4B 2CY7_A N/S262-0/K2592.8  0O/H264-N/G257  N/Y265-0/L277 3.2 0D1/D278-ND1/H280 Cys74 [38]
1.90 0/S262-HOH425 2.6 3.2 0/Y265-N/L27729 26 Asp278
HOH425-N/K259 2.9 N/H264-0/G257 N/A263-SG/C74 3.6
2.9 0D1/D278-N/H280 2.6
PCP-Zone: Class B
PCP-SCC: VI. Type XC(H)
6 Papain-like 4IUM_A N/H332-0/D3293.0 N/R334-0/1327 N/V335-0/Y262 2.8 OD1/N263-NE2/H332  Cys270 [39]
protease 2 145 O/H332-N/D32929 29 0/V335-N/Y2622.9 29 Asn263
0/R334-N/I327 N/W333-SG/C270 3.7
2.8
VII. Type C(HX)
7  Ubiquitin thioesterase OTU1 3BY4_A N/H222-0D1/N219  N/D224-0/L217 N/S225-0/H112 3.1 CA/P113-0D1/D224 Cys120 [40]
1.55 29 3.0 0/5225-N/H1122.7 3.4 (2.4) 152 Asp224
O/H222-N/N2193.1 0/D224-N/L217 N/V114-0D1/D224 3.2
2.8 0D1/D224-NE2/H222
2.7
N/Y223-SG/C120 3.4
Not classified Fold
VCP-Zone: Class C
VCP-SCC: Type C(H)X
8 Papain-like cysteine protease 3MTV_A N/H159-0/Q148 2.7 N/K161-0/V146 ~ N/R158-0/W201 OXT/G203-CD2/H159  Cys90 [27]
2.80 0/H159-N/Q1482.6 3.2 2.9 2.6(1.6) 163" Gly203
0/K161-N/V146 ~ O/R158-N/G203 3.2 OXT/G203-SG/C90 2.9
3.0 N/L160-SG/C90 3.6
VCP-Zone: Class D
VCP-SCC: Type C(HX)
9 Venezuelan equine encephalitis virus 5EZS_A N/H546-0/R5433.0 N/D548-0/S541 N/W547-SG/C477  OD2/D548-ND1/H546  Cys477 [41]
protease 2.16 0/H546-N/R543 3.0 2.8 3.2 3.9 Asp548
0/D548-N/S541
2.9

For CH...O contacts, in addition to the distance between the C and O atoms, the distance between the H and O atoms (in brackets), and the CHO angle are also presented. The standard
criteria for contact CH...O to be considered a weak hydrogen bond are as follows: C-O < 4.1 A, H-O < 3.1 A and «CHO > 130" [42].

the structural coordination of the side chain of the catalytic histidine is
achieved via the aromatic/hydrophobic interactions.

2.1.5. Type C(X)H of PCP-SCC

In the cases considered above, the location of the catalytic base and
residue Xaa in a PCP-SCC did not change relative to each other, but the
location of the catalytic nucleophile in the amino-acid sequence can dif-
fer. Cysteine proteinases of the Family d.3.1.8: Microbial
transglutaminase illustrate one more type of PCP-SCC organization. In
fact, despite sharing the common fold, in the microbial
transglutaminase from Kutzneria albida, for example, the sequential po-
sition of catalytic His;gg and Asp;;sXaa are interchanged compared to
catalytic histidine and amino acid Xaa in the cysteine proteinases

analyzed above; i.e., Type C(H)X of PCP-SCC (Fig. 1C, Tables 1 and S1).
As a result, residue Xaa is located within the N-Zone, and the catalytic
histidine is attached to the C-Zone at its C-terminal end.

2.1.6. Type CXH of PCP-SCC

Family d.3.1.22: the Autophagin-like cysteine proteinase represents
Type CXH of PCP-SCC, in which both the catalytic histidine and residue
Xaa are located outside of the N-Zone (Fig. 1D, Tables 1 and S1). How-
ever, the catalytic histidine in this case is located two residues after
Xaa (position Xaa/Asp+2) in the amino acid sequence, forming the
Asx-turn motif [23]. Therefore, while in the aforementioned cases the
position Xaa/Asp+-2 of the amino-acid sequence was auxiliary for the
positions of the catalytic triad (see sections “Zone and SCC of papain”
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Fig. 1. PCP-Zone Class A as a structural union of the N-Zone and C-Zone. A) A schematic representation of a PCP-Zone Class A using papain three-dimensional structure as an example. Two
dashed lines connect the amino acids that define the boundaries of the N- and C-Zones. Positions of the catalytic triad (Nucleophile, Base and residue Xaa) are also shown. B), C), D) Contact
schemes of ten amino acids of PCP-SCC of three types: C(H)X, C(X)H and CXH, respectively.

and “Cysteine proteinase fold enzymes: PCP-Zone, Class A and PCP-SCC,
Type C(H)X”), in this case it is the main one.

2.1.7. Inactive peptidases

In addition to 134 cysteine peptidases containing a catalytic triad, we
found 3 inactive peptidases (Table S1). The catalytic nucleophile is ab-
sent in two inactive peptidases, and both the catalytic nucleophile and
catalytic base are absent in the third inactive peptidase. Despite the
lack of catalytic activity, the Zone (Class A) and SCC (Type C(H)X) char-
acteristics of these three proteins are similar to those of active papain-
like proteases.

2.2. PCP-Zone, Class B

Of the 137 analyzed structures, 23 out of 24 cysteine proteinase fam-
ilies (SCOPe) 5] corresponded to the types described above. The one re-
maining family is the Family d.3.1.11: Ubiquitin thiolesterase protein
OTUB2 (Otubain-2), and one proteinase: papain-like protease 2 - have
the Class B structural organization of PCP-Zone (Fig. 2A, Tables 1 and
S1 (enzymes numbered 138-146)). In the PCP-Zone Class B proteinases,
the C-Zone is structurally transformed (see below).

1441

2.2.1. Type XC(H) of PCP-SCC

The papain-like protease 2 is a Class B variant of the structural orga-
nization of PCP-Zone (Tables 1 and S1). The C-Zone in this case consists
of two dipeptides Gly,g;-Tyrasz and Valsss-Lyssse. Valsss that follows
the N-Zone is linked by two hydrogen bonds to Tyr,g, preceding
AsnjygsXaa. The structure of this protease represents not only a new
class of the Zone, but also a new Type XC(H) of the PCP-SCC (Fig. 2B).

2.2.2. Type C(HX) of PCP-SCC

In the Family d.3.1.11: Ubiquitin thiolesterase protein OTUB2
(Otubain-2) of cysteine proteinases, the C-Zone is also structurally
transformed. However, unlike papain-like protease 2, the size of the C-
Zone is larger in this case. For example, in ubiquitin thioesterase
OTU1, the C-Zone consists of two pentapeptides Val,gg-...-His;1, and
Ser;ps-...-Asnyg (Tables 1 and S1). Furthermore, residue Xaa (Asp,
Asn or Ser), which coordinates the conformation of the catalytic histi-
dine, is situated two sequence positions after the catalytic base (position
Base-+2) within the N-Zone and is classified as Type C(HX) of PCP-SCC
(Fig. 2C). Residue Xaa is the last residue of the N-Zone. Pro;13, whose po-
sition corresponds to the position of the canonical residue Xaa, acts in
this case as its structural mediator. In OTU deubiquitinase A20, a water
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molecule serves as an additional mediator of the structural coordination
of the side chain of the catalytic histidine (Table S1). Note that Family
d.3.1.11: Ubiquitin thiolesterase protein OTUB2 (Otubain-2) is the
only family of the 24 families studied that has the amino acid Asp/Asn
(Xaa) at position Base+-2 (Table S1).

2.3. Viral Cysteine Proteinases (VCPs) of the currently unclassified fold(s)

2.3.1. VCP-Zone, Class C and VCP-SCC, Type C(H)X

In the course of our analysis, we identified seven VCPs, the three-
dimensional structures of which could not be unambiguously attributed
to Fold d.3: Cysteine proteinases (Table S1, enzymes numbered
147-153). The structural analysis divided them into two groups. The
first group includes three proteases (Table S1, enzymes numbered
147-149), which demonstrate the third variant (Class C) of the VCP-
Zone arrangement (Tables 1 and S1 (enzymes numbered 147-149)).
The structural principles of the N-Zone organization have not changed
in this group. However, the C-Zone is arranged differently. Firstly, unlike
the features seen in Classes A and B, in Class C, the amino acids of the C-
Zone directly interact with the amino acids of the N-Zone, and signifi-
cantly modify position and structure of the ligand binding site
(Fig. 3A). Secondly, in connection with the previous point, instead of
the antiparallel direction of the amino acid sequence fragments that
form the C-Zone, their parallel direction is observed (Fig. 3B). Despite
these structural differences, Class C of VCP-SCC and Class A of PCP-SCC
share the same C(H)X Type. For example, in papain-like cysteine prote-
ase (Fig. 3B), the amino acid Arg;sg (as opposed to Leuygy, as it would be
if the protein belonged to either Class A or B) forms the C-Zone and co-
ordinates the three-dimensional position of amino acid Xaa with the
help of two hydrogen bonds. Contact between the N-Zone and the cat-
alytic nucleophile (N/Leu;go-SG/Cysqo = 3.6 A) still takes place. This ter-
tiary organization of the catalytic triad was found to be suitable, for
example, for the formation of a zinc-binding site, as observed in non-
structural protein Nspla (Table S1 (enzyme numbered 148)). The
zinc ion is important for proteolytic self-release of Nsp1a [26]. Further-
more, the N-Zone and C-Zone together (VCP-Zone) might be important
for the dimerization of some viral cysteine proteinases. An example is
given by the nonstructural protein Nsp1f (which cleaves itself from
the downstream Nsp2 protein via a C-terminal papain-like cysteine pro-
tease (PCP) domain) from the porcine reproductive and respiratory syn-
drome virus (PRRSV) that forms a functional dimer (PDB ID: 3MTV)
[27]. Another example of the N-Zone and C-Zone together playing a
role in homooligomerization is an octamer of the autocatalytic cysteine
protease domain of potyvirus helper-component proteinase (PDB ID:
3RNV). On the other hand, the homodimer of the PRRSV Nsplc,
which is crucial for the subgenomic mRNA synthesis, serving as a tran-
scription factor, and which utilizes its PCP domain to self-release from
the Nsp1p, is organized differently from the aforementioned cases
(PDB ID: 3IFU; [26]). In fact, Nspla contains the zinc ion in the active
site and is characterized by the N-Zone (Tyr41-Ser4g), which is notice-
ably shorter than the N-Zones of the Nsp1p (Valy46-Lysq61; PDB ID:
3IFU) and the autocatalytic cysteine protease domain of potyvirus
helper-component proteinase (Argsos-Valsi9; PDB ID: 3RNV).

2.3.2. VCP-Zone, Class D and VCP-SCC, Type C(HX)

In the second group of proteases, which consists of four enzymes
(Tables 1 and S1 (enzymes numbered 150-153)), one of the three
strands of the basis 3-sheet is absent in the tertiary structures. The
loss of the strand results in the absence of the C-Zone in these proteases.
However, these proteases have the N-Zone, including catalytic histidine,
and also a conservative contact between the N-Zone and the catalytic
nucleophile. The loss of the C-Zone also led to the absence of residue
Xaa at its most frequently encountered position. Nevertheless, it can
be assumed that the residue Asp/Ser that is situated two sequence
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positions after the catalytic base can play the role of the residue Xaa,
as is the case for the proteases of PCP-Zone, Class B, Type C(HX) of
PCP-SCC.

2.4. Relevance of structural analysis of cysteine proteinases

The three-dimensional structures of papain-like proteins have been
studied for over 50 years [28]. During that time, structural information
for more than 150 proteins was obtained [21,22]. This year, as the pan-
demic of COVID-19 began, it became particularly important to under-
stand the molecular mechanisms behind the function of various
proteins of the Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) [29]. It turned out that the SARS-CoV-2 has only two
functionally important proteinases: papain-like (PLpro) and (chymo)
trypsin-like (3CLpro) (https://swissmodel.expasy.org/repository/
species/2697049), both belonging to the family of cysteine proteinases.
Structural organizations of PLpro and 3CLpro complexed with the inhib-
itors are shown in Fig. 4A and B, respectively. Table S1 (enzyme num-
bered 80, PDB_ID 6WX4) shows structural data for SARS-CoV-2-PLpro
[30]. The three-dimensional structures of papain and SARS-CoV-2-
PLpro belong to the same Class A of PCP-Zone and Type C(H)X of PCP-
SCC. In section “Zone and SCC of papain”, the importance of the N-
Zone for substrates binding by papain was noted. Fig. 4C shows the in-
teraction between N-Zone of SARS-CoV-2-PLpro (fragment of sequence
Gluges-Lysy74) and an inhibitor. The majority of protein-ligand interac-
tions are mediated through four potential hydrogen bonds: OH/
Tyrp64-N/DPP3, O/Tyr,6s-NH/DPP3, N/Gly,7,1-0/DPP3, O/Gly,71-NH/
GVES5 and van der Waals contacts between residues Tyrygs, TyI2es,
Tyry73 and 7302, Gly,. Tetrapeptide Asn,e7-Cysa7o of the N-Zone forms
Asx-turn [23]. The C-Zone does not take part in the interaction with
the inhibitor.

Residues Tyr,e4 and Tyr,73 are located in the immediate vicinity of
the beginning and end of the amino acid sequence fragment that defines
the N-Zone. Since all papain-like cysteine proteinases have correspond-
ing two amino acid positions, it was decided to check which pair of res-
idues is observed in them. It turned out that in Class A proteinases, only
three coronaviral proteinases (Table S1 (enzymes numbered 79-81))
have the same pair of residues. Additionally, three proteinases from
the Class B Family d.3.1.11: Ubiquitin thiolesterase protein OTUB2
(Otubain-2) (Table S1 (enzymes numbered 140-142)) also have a tyro-
sine pair of amino acids in the analogous amino acid positions (data not
shown). It is known that the SARS-CoV-2-PLpro is a deubiquitinating
enzyme [12]. Amino acids Tyr,g4 and Tyr,73 of PLpro structurally corre-
spond to amino acids Valy33 and Ala;go of papain (PDB ID 1PPN). Earlier,
in section “Zone and SCC of papain”, it was noted that the amino acid
Ala;go supports the three-dimensional arrangement of the catalytic cys-
teine. Indeed, there are three contacts between these two amino acids:
N/Ala160—SG/Cy525 =35 A, O/Ala160—CB/Cy525 =34 (24) 172“ and CB/
Ala;0-0/Cys,5 = 3.7 (2.7) 151", Similar contacts take place between
amino acids Tyr,73 and Cysq1; in PLpro: N/Tyr,73-SG/Cys111 = 3.5 A,
O/Tyr273-CB/CyS111 = 3.7 (27) 164“ and CB/Tyr273-O/CyS1n =40
(3.2) 128" It can be assumed that this tyrosine pair of amino acids is a
functionally specific structural marker of the deubiquitinating enzymes.

At the time of writing about the NBCZone in the superfamily of
(chymo)trypsin-like folds proteases [4], the three-dimensional struc-
ture of SARS-CoV-2-3CLpro was not known. However, the situation is
changed dramatically now and the three-dimensional structures of
about 170 variants of this enzyme are currently known (https://
swissmodel.expasy.org/repository/species/2697049). We selected one
file (PDB_ID 7BQY [31]) from this list to analyze the structural details
of the interaction between the NBCZone and the inhibitor (Fig. 4D), as
in the case of SARS-CoV-2-PLpro. The NBCZone consists of eleven
amino acids: Leuy7-Asn,g, Cyssg-Prosg-Argse-Hissi(base)-Valgy, CySias
(nucleophile)-Gly,46-Sery47 and Hisqg3. The Fig. 4D additionally shows
the main chain atoms of residue His;g4, the carbonyl oxygen of which
forms a universal weak hydrogen bond [32] with catalytic histidine:
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Fig. 2. PCP-Zone Class B. A. A schematic representation of a PCP-Zone Class B using three-dimensional structure of papain-like protease 2 as an example (for the designation of the details of
the figure, see the legend to Fig. 1A) B. and C. Contact schemes of ten amino acids of PCP-SCC of two types: XC(H) and C(HX), respectively.
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Fig. 3. VCP-Zone Class C. A. A schematic representation of a VCP-Zone Class C using three-dimensional structure of papain-like cysteine protease as an example (for the designation of the
details of the figure, see the legend to Fig. 1A) B. Contact scheme of eleven amino acids of VCP-SCC, Type C(H)X.
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Asn28

NBCZone and inhibitor

Fig. 4. Structural characterization of the SARS-CoV-2 proteases. A. Crystal structure of SARS-CoV-2-PLpro complexed with the inhibitor (PDB ID: 6WX4; [30]). B. Crystal structure of SARS-
CoV-2-3CLpro complexed with the inhibitor (PDB ID: 7BQY [31]). Positions of the residues belonging to the N-Zone and the NBCZone are shown in yellow. Closer look at the complexes of
the N-Zone of SARS-CoV-2-PLpro (C) and the NBCZone of SARS-CoV-2-3CLpro (D) with inhibitors. The color of carbon atoms in proteinases is gray, and in inhibitors, green. Contacts
(potential hydrogen bonds) between proteinases and inhibitors are shown by dotted lines.

O/His e4-(CE1...H)/His,4;, and a dipeptide Gly;43-Ser;44 containing a first
oxyanion nitrogen atom N/Gly43. There are four canonical (N/Gly;43-0/
0106, N/Cysq45(second oxyanion atom)-O7/PJE5, NE2/His;43-08/PJE5
and O/Hisqe4-N5H/PJE5) and one weak ((CB...H)/Leu,7-07/PJE5) hy-
drogen bonds between these fourteen amino acids of the SARS-CoV-2-
3CLpro and two residues (PJE5 and 0106) of the inhibitor. The other
four residues of the inhibitor (02]1, Ala,, Vals and Leu,) do not partici-
pate in similar bonding interactions. Two intraprotein hydrogen bonds
(ND2/Asn,g-0/Gly143 and OG/Ser47-0/Ser44) provide the necessary
arrangement of the oxyanionic atoms (N/Glyi43 and N/Cysq45) for
such contacts. The results presented hear clearly show that the use of
amino acids of both N-Zone and NBCZone for the search for effective
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inhibitors of SARS-CoV-2-PLpro and SARS-CoV-2-3CLpro will accelerate
the production of drugs that stop viral replication.

3. Conclusions

The 146 enzymes with the papain-like cysteine proteinase (PCP)
fold have a unique, structurally closed conformation (PCP-Zone) of
two Classes: A and B. The PCP-Zone, Class A consists of two Zones (N-
and C-Zones) formed by a continuous fragment of the amino acid se-
quence. In enzymes of Class B, the C-Zone is structurally transformed.
Eight structurally conserved amino acids of the PCP-Zone, in both Clas-
ses A and B, form the common Structural Core. The Structural Core,
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catalytic nucleophile, catalytic base and residue Xaa, which coordinates
the catalytic base, make up a PCP Structural Catalytic Core (PCP-SCC).
Comparison of the PCP-SCC, Class A enzymes with each other showed
that they can be divided into 5 types in accordance with the order of ar-
rangement of the residues of the catalytic triad in the amino-acid se-
quence and their individual location within the N-Zone. Class B
enzymes demonstrate two types of the PCP-SCC. In summary, seven
variants of the mutual arrangement of the amino acids of the catalytic
triad within the same fold clearly demonstrate how the enzymes of
the papain-like cysteine proteinases adapt to the need to perform di-
verse functions in spite of the limited structural diversity.

Finding and describing local structural similarities, structural motifs,
if they exist, in the active sites of proteins from different fold families is
one of the fundamental areas of structural biology. Such analysis makes
it possible to compare and group proteins without making a superposi-
tion of the entire tertiary structures. It serves as the basis for possible
classification of proteins based on such local structural similarities. We
show here that structures of active sites of different PCPs share a unique
common structural organization (Structural Catalytic Core (PCP-SCC)),
and can be divided into seven groups. Therefore, the members of the
PCP family are characterized by one fold, two classes of supersecondary
structure, and seven types of catalytic triad arrangement. The proteins
that belong to each group have different tertiary structures, belong to
different families and fulfill different functions, and yet their PCP-SCCs
are the same. Within each group, the PCP-SCCs incorporates an identical
set of conserved interactions and bonds. Furthermore, the PCP-SCCs are
not only conserved in papain-like proteases with different tertiary
structures and functions, but also play key role in interactions with
other proteins. In particular, for PLpro of SARS-CoV-2, it was assumed
that tyrosine pair of amino acids near the catalytic triad is a functionally
specific structural marker of the deubiquitinating enzymes.

4. Materials and methods

Using the SCOPe classification database [5], the Sequence Similarity
(https://www.rcsb.org/pdb/explore/sequenceCluster.do?structureld=
1ppn) and Structural Similarities (https://www.rcsb.org/pdb/explore/
structureCluster.do?structureld=1ppn) of the Protein Data Bank (PDB,
http://www.rcsb.org/ [21,22]), we have retrieved 146 different entries
with the papain-like cysteine proteinases fold d.3 which represent 24
families according to SCOPe definition. Additionally, we identified 7
viral cysteine proteinases, the three-dimensional structures of which
could not be unambiguously attributed to papain-like cysteine protein-
ases fold d.3. These 153 entries are representative structures with the
highest resolution for each individual proteinase. Nine structures are
used to illustrate the structural diversity of the active site observed
across the papain-like cysteine proteinases fold families.

Structure visualization and structural analysis of interactions be-
tween amino acids in proteins (hydrogen bonds, hydrophobic, other
types of weak interactions) was carried out using the Discovery Studio
Modeling Environment (Dassault Systémes BIOVIA, Discovery Studio
Modeling Environment, Release 2017, San Diego: Dassault Systémes,
2016) and the Ligand-Protein Contacts (LPC) software [14].
Figures are drawn with MOLSCRIPT [33].

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2020.10.022.
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