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OPEN ACCESS Human serine protease inhibitors (serpins) are the main inhibitors of serine proteases,
but some of them also have the capability to effectively inhibit cysteine proteases. Se-
vere acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) main protease (Mpro) is a
chymotrypsin-type cysteine protease that is needed to produce functional proteins essential
for virus replication and transcription. Serpin traps its target proteases by presenting a reac-
tive center loop (RCL) as protease-specific cleavage site, resulting in protease inactivation.
Mpro target sites with its active site serine and other flanking residues can possibly interact
with serpins. Alternatively, RCL cleavage site of serpins with known evidence of inhibition
of cysteine proteases can be replaced by Mpro target site to make chimeric proteins. Puri-
fied chimeric serpin can possibly inhibit Mpro that can be assessed indirectly by observing
the decrease in ability of Mpro to cleave its chromogenic substrate. Chimeric serpins with
best interaction and active site binding and with ability to form 1:1 serpin—-Mpro complex in
human plasma can be assessed by using SDS/PAGE and Western blot analysis with serpin
antibody. Trapping SARS-CoV-2 Mpro cysteine protease using cross-class serpin cysteine
protease inhibition activity is a novel idea with significant therapeutic potential.

Introduction

The outbreak of coronavirus disease (Covid-19) caused by severe acute respiratory syndrome-coronavirus
2 (SARS-CoV-2) is now a global pandemic with rapidly expanding mortality rate and with no apparent
cure in sight. SARS-CoV-2 main protease (Mpro) is absolutely critical for producing functional proteins
involved in transcription and replication of viral coded gene [1]. Mpro is a chymotrypsin-type cysteine
protease that cleaves a long peptide coded by viral RNA to give functional protein, and has emerged as
one of the main therapeutic target [2]. Serine protease inhibitors (serpins) are the main class of inhibitors
of serine proteases in humans that are involved in coagulation, complementation, fibrinolytic, inflamma-
tory and angiogenic pathways [3]. A number of serpins are also potent cross-class inhibitors of cysteine
proteases [4]. Serpins follow suicide-substrate inhibition mechanism by presenting its solvent exposed
reactive center loop (RCL) with cleavage site (P1-P1’) and forms 1:1 complex with protease leading to its
inactivation [5]. Serpin-like antitrypsin has been switched to inhibit cysteine protease (papain) instead of
its natural serine protease substrate (elastase) by replacing the RCL residues [6]. Recently solved crystal
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Figure 1. Structural representation of serpin and Mpro

(A) The crystal structure of SARS-CoV-2 Mpro (PDB ID: 6LU7). The active site of Mpro is between two distinct domains termed
domain | and domain Il that forms two (3-barrel folds that is linked to domain Il that forms five « helices. Substrate binding site is
located in deep cleft between domain | and domain Il and is capable of cleaving multiple sites on the target polyprotein encoded by
viral RNA. (B) Serpin conformation: native (PDB ID: 3FGQ) serpin structure showing RCL and strand 3A and 5A of 3-sheet A, where
RCL inserts as strand 4A after protease cleavage inactivating it in the process. Picture was created by using PyMOL molecular
graphic system.

Mpro structural features and its cysteine protease activity

SARS-CoV-2 viral gene encodes for 29 proteins, its RNA is translated into a long peptide that is cleaved to give
functional proteins important for its pathogenicity [1]. Mpro digests 11 conserved sites (Q-S/A/G-GFRK) on the
long polypeptide and has emerged as an attractive drug target [2,11,12]. Several synthetic and natural compounds
as leads have been predicted to interact with Mpro but functional validation and in vivo testing is still in its infancy,
although some repurposing drugs show attractive binding to its active site [13,14]. Mpro from SARS-CoV-2 is a
306 amino acid protein that dimerises into two identical subunits to give a functional protein. The recently solved
crystal structure gave a good idea about its active site that forms between two distinct domain termed domain I (1-99
residues) and domain II (100-182 amino acids) [7]. These domains form two {3 barrel folds that is linked to domain
III (199-306) through a short loop (186-190 amino acids), and forms five « helices (Figure 1A). Recent evidences
points that amino acids 183-185 are part of the hinge region that connects mobile and rigid regions with implications
in controlling regulatory movements which may affect enzymatic activity [15]. Residues from 190 to 198 have also
been shown previously to help in substrate binding with implications in cleavage of C-terminal auto-processing site
[16]. Mpro substrate binding site is located in a deep cleft between domain I and domain II, that has at its center
H41 and Cys'*® that are capable of cleaving multiple sites on the substrate. Domain I and domain II contributes to
the substrate binding site (H41, M49, G143, S144 and residues 163-167), but all the three domains are involved in
dimerization [17]. Viral genome (~30 kb) codes for the two overlapping polyprotein that are cleaved by Mpro to
give a functional replication product. N-terminal residue (1-7) plays an important role in dimerization and catalytic
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Table 1 Representing the serpins with cross-class cysteine protease activity along with their serine protease targets

Serpin RCL (P1-P5’)

Serpin with cysteine replaced with Mpro target
S. No. protease activity Serine protease target Cysteine protease target sites*
1. Antichymotrypsin Chymase Staphopain Q-S
Cathepsin G Q-S-G
2. Antithrombin Factor Xa, thrombin Papain Q-S-G-F
Q-S-G-F-R
3. Antitrypsin Elastase Cathepsin L/K/V Q-S-G-F-R-K
4. Heparin cofactor |l Thrombin Cathepsin G Q-A
Q-A-G
5. Protease Granzyme B Caspase 1 Q-A-G-F
Inhibitor 9 Q-A-G-F-R
6. Serpin 18 —— Fibroinase Q-A-G-F-R-K
7. Serpin CrmA —— Caspase 1 Q-G
8. Serpin B1 Elastase Cathepsin G Q-G-G
9. SSCA1 —— Cathepsin K/L Q-G-G-F
10. Neuroserpin Tissue plasminogen activator Control Q-G-G-F-R
Q-G-G-F-R-K

"Target sequences that can be incorporated into each serpin RCL.

activity and is auto-cleaved [18]. Mpro role in the maturation of replicase (79 kDa) indicates that inhibiting its activity
will directly block viral replication [19,20].

Serpin structural features and its cross-class cysteine
protease inhibition activity

Serpins play an important role in a number of physiological processes in humans like coagulation, complementation,
tibrinolytic, angiogenesis and tumor metastasis, and are associated with diseases like thrombosis, emphysema, cir-
rhosis, dementia, epilepsy and angioedema [21]. Serpins usually contains ~400 amino acids and consists of eight to
nine helices, three (3-sheets and RCL (Figure 1B). Serpin RCL acts as a bait (P1-P1’) that is cleaved on binding to
target protease forming a covalent complex, that is transported to the opposite side were RCL inserts in 3 sheet A as
strand 4A inactivating the protease [3,5,22]. Most of the members of this family inhibits serine proteases, although
several are known to inhibit cysteine proteinases, while some are non-inhibitory [23,24]. Several serpins shown in
Table 1 inhibit both serine and cysteine protease, while some like viral serpin cytokine response modifier protein A
(CrmA) and serpin inhibitor 9 can inhibit caspases, others like serpin squamous cell carcinoma antigen (SCCA1)
inhibits Cathepsin K and L [23,25-27]. Serpins with cysteine protease activity have serine or cysteine at their tar-
get site in the RCL (Figure 2A). The inhibition and recognition mechanism of cysteine proteases is similar to serine
proteases although the cleaved forms are more evident as compared with the complex [6]. Antitrypsin RCL replaced
by furin target sites switched its inhibition to furin and was not able to inhibit elastase [28]. Similar serpin chimeras
with shift in protease specificity has been designed between antitrypsin, antithrombin and antichymotrypsin [29,30].
Antitrypsin chimera replaced with SCCA-1 RCL, converted it into an inhibitor of cysteine protease papain and not
its natural serine protease target elastase [6]. In addition to the RCL recognition, serpins also possesses auxiliary
residues termed as exosite residues that are essential in protease recognition and inhibition [31]. RCL of serpins with
cross-class cysteine protease activity when replaced by Mpro target residues is expected to have exosite specificity to
interact and trap Mpro reducing its active presence in producing viral-coded functional proteins.

Mpro direct inhibition of serpin as a basis of increased blood
clots in Covid-19 patients

A number of recent reports indicate that Covid-19 patient show significantly increased clotting, with parameters that
indicate a procoagulant environment, that directly causes thrombosis [32]. A study of 5700 hospitalized patients in
New York at advance stage of disease, showed that 88% of deceased patients did not need ventilators as breathing
aid indicating a non-respiratory cause of mortality [33]. Autopsies of 150 patients in a French study showed univer-
sal distribution of blood clots [34]. Consequently, with no sign of bleeding, disseminated intravascular coagulation

(© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY-NC-ND).

2237

20z Iudy 01 uo 3senb Aq ypd°29/0-0202-S9/280268/SEZT/L /7€ L /Pd-B[o1IE/I0SUI[O/WOD IIeYDIBA|IS Mod)/:d)Yy WOl papeojumoq



+. = PORTLAND
09 rress

2238

Clinical Science (2020) 134 2235-2241
https://doi.org/10.1042/CS20200767

B11 B12

— g —>
(A) P-P
Residue
alpha-l-antitrypsin------318LTIDEKGTEAAGAM. .. .FLEAI Pﬂs IPPE|VIKF NKZ
human—neuroserpin-------------------342 LEVNEEGSEAAAV|S.GMIAISR.MAVLYPQV|IVDH
antithrombin-III 3B LEVNEEGSEAAASTAVVIAGR.SLNPNRVTFKANR)S
alpha—l—ant:.chymotrypsm 33 LDVFEEGTEASAATAVKITLLSALVIETRTIVIRFNR}3
Hepar:.n -cofactor2-———---4uITVNEEGTQATTVITTVGF ... .MPLISTQVRF|T VDR
SSCA1 -~ s 3§ VEVTEEGAEAAAATAVVGF GS . SP|T|IS TNE E[F|HCN|H)3
serpinBl oo 34VEVNEEGTEAAAA . TAGIATEC. MLIMP EENFF|T AD|HiZ
Serpinl8-- e IR (0) 2 TN e & 6 o060 6o o SVIVAEPD[F|I F DK}z
protease- 1nh1b1tor9 -------------- 30 VEVNEEGTEAAAAISSCFVVAEC . CME SGPR[F|CAD|H|3
Cytokine-response= - 24 IDVNEEYTEAAAA|. TCALVADC . AS|TVTNEF|CADH})Y
modifier-proteinA
[IRCL [l P-P" Residue Reactive center loop

Cleavage Site

(B) l

P2 P1yP1l’ P3

RQCSGVTVFQGKTFI KIKTIV K G (nsp5/nsp6,C-terminus of 3CLP™)
TS ITSAVLQSGFRIKMAF P (nspd/nsp5, N-terminus of 3CLP™)
PCIKVATVQSKMSDVKTCT (nsp6/nsp7)
MLDNRATLO QATIASETFS S L (nsp7/nsp8)
RANSAVKLOQNNETLSUPV AL (nsp8/nsp9)
SLAATVRLOQAGNATETVP A (nsp9/nspl0)
DQLREUPLMOQSADASTF L N (nspl0/nspll, nspl0/nspl2)
MY TPHTVLQAVYVGACYL CN (nspl2/nspl3)
PRRNVATLOQAENYTGUL F K (nspl3/nspld)
LWNTVFTIRLOQSLENVAYNYV (nspld/nspl5)
VETFYPKLOQASQAWQTPGYV (nspl5/nspl6)

Figure 2. Sequence alignment of serpin RCL and Mpro target site

(A) Multiple sequence alignment of the RCL regions (yellow) of different serpins. Conserved residue with >70% homology of serpins
with cysteine protease inhibition activity is highlighted with red letter. P1 and P1’ sites of the RCL region are indicated by green
color. The amino acid sequence alignment of the different serpin RCL was performed using the Clustal Omega program. The figure
was produced using and ESPript3.0. (B) Overlap of the Mpro target site was created manually and labeled using MS powerpoint.
Predicted SARS CoV-2 Mpro cleavage site: 11 different sites of the replicase polyprotein cleaved by Mpro and the recognition
sequence at most sites was found to be GiIn| (Ser/Ala/Gly) (| shows the cleavage site).

(DIC) was also ruled out as the fibrinogen levels were normal [32]. Several reports of Covid-19 patient showing
clot formation while drawing of blood and the catheters for kidney dialysis becomes clogged with blood indicated a
hypercoagulated phenotype, independent of hypoxia or inflammation based secondary response [35-37]. Indeed a
five- to six-times increased D-Dimer levels and a significantly increased coagulation rates as indicated by APTT and
PT assays points to a direct role on the coagulation cascade [38,39]. Low antithrombin levels detected consistently
(~80%) in Covid-19 patients point to a direct inactivation [37]. One of the Mpro cleavage site is Gln-Ser, and with
Ser also at the P1’ site of cystiene protease recognizing serpins, it is possible that Mpro may cleave serine protease
(Figure 2B). P2 and P3’ are shown to be essential for Mpro recognition [11], matching with the predominantly hy-
drophobic residues at P2 and charged residue at P3’ of serpins with cysteine protease inhibition activity (Figure 2A).
Several serpins like antithrombin, heparin cofactor II, plasminogen activator inhibitors 1, protein C inhibitor and
antiplasmin are part of the anticoagulant control of coagulation proteases. Glycosaminoglycans plays significant role
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Figure 3. Using the serpins with cross-class cysteine protease activity to target SARS-CoV-2 Mpro

Serpins cysteine protease inhibition activity can be used to recognize Mpro that is a cysteine protease. However this indirect
inhibition of Mpro can be achieved if we progressively replace the serpin RCL residues with the Mpro protein target site. It is
expected that this chimeric serpin will form Mpro—chimeric serpin complex thereby reducing the active concentration of Mpro and
the rate of cleavage of SARS CoV-2 polypeptide. Additionally it is hypothesized that Mpro may be directly binding and inactivating
serpins involved in blood coagulation cascade, which may vary the levels of serpin to induce hypercoagulation, as observed in
many Covid-19 patients.

in accelerating the inhibitory activity of these serpins and also in their localization [40]. Remarkably, with cysteine
protease cross-specificity of serpins and serine protease type cleavage site of Mpro, it is likely that the Mpro is directly
influencing the active concentrations of one or more coagulation serpins in plasma to possibly influence the coagu-
lation rates (Figure 3). Thus indicating a possible molecular basis and a direct reason for hypercoagulation observed
universally in Covid-19 patients.

Conclusions and perspectives

Most of the efforts to counter Covid-19 are concentrated on developing DNA- and protein-based vaccines or targeting
viral spike protein and protease through natural and synthetic small compounds [7]. However due to lack of effective
therapy or vaccines against existing coronaviruses, the high cost and the enormity of vaccination task, there is a
necessity for discovering alternative strategies for countering SARS-CoV-2 in vivo. Covid-19 crisis has changed the
perception of research, and more than ever collective efforts are needed to evolve and integrate strategies to counter
the virus. Therefore, it has become pertinent to share ideas and concepts that can be tested for therapeutic potential
at a wider scale in a short time.
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There is persuading evidence that a number of serpins are cross-class inhibitors of cysteine proteases, therefore
serpin may have specificity for Mpro that is a cysteine protease. Alternatively, evaluation of Mpro target sites indi-
cates that it may inhibit the serpins involved in coagulation cascade directly, possibly forming the basis of high rate of
clotting observed in Coved-19 patients. In the absence of a human analog of Mpro, making a serpin chimera by re-
placing its RCL residues with Mpro cleavage site residue will significantly increase specificity (Figure 3). Additionally
it will remove any cross specificity with serpins natural protease targets in human due to replacement of its recogni-
tion site. Furthermore, from the mechanistic standpoint, an effective chimeric serpin by trapping Mpro will counter
the disease at a faster rate due to the diffusion rate limit efficiency of serpins. Serpins can be engineered to improve
function for treating diseases, especially as low cost alternative to expensive drugs [41]. Although vaccine are first
line of defense for disease causing viruses, recombinant protein can still be effective over the counter drug that are
needed for symptomatic patients and will also be available and affordable.
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