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ABSTRACT

Coronaviruses (CoVs) can cause highly prevalent diseases in humans and animals. Feline infectious peritonitis virus (FIPV) be-
longs to the genus Alphacoronavirus, resulting in a lethal systemic granulomatous disease called feline infectious peritonitis
(FIP), which is one of the most important fatal infectious diseases of cats worldwide. No specific vaccines or drugs have been ap-
proved to treat FIP. CoV main proteases (MP"’s) play a pivotal role in viral transcription and replication, making them an ideal
target for drug development. Here, we report the crystal structure of FIPV MP™ in complex with dual inhibitors, a zinc ion and a
Michael acceptor. The complex structure elaborates a unique mechanism of two distinct inhibitors synergizing to inactivate the
protease, providing a structural basis to design novel antivirals and suggesting the potential to take advantage of zinc as an ad-
junct therapy against CoV-associated diseases.

IMPORTANCE

Coronaviruses (CoVs) have the largest genome size among all RNA viruses. CoV infection causes various diseases in humans and
animals, including severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS). No approved spe-
cific drugs or vaccinations are available to treat their infections. Here, we report a novel dual inhibition mechanism targeting
CoV main protease (MP™) from feline infectious peritonitis virus (FIPV), which leads to lethal systemic granulomatous disease
in cats. MP", conserved across all CoV genomes, is essential for viral replication and transcription. We demonstrated that zinc
ion and a Michael acceptor-based peptidomimetic inhibitor synergistically inactivate FIPV MP"°. We also solved the structure of
FIPV MP* complexed with two inhibitors, delineating the structural view of a dual inhibition mechanism. Our study provides
new insight into the pharmaceutical strategy against CoV MP* through using zinc as an adjuvant therapy to enhance the efficacy

of an irreversible peptidomimetic inhibitor.

C oronaviruses (CoVs) infect humans and animals, causing var-
ious highly prevalent and severe diseases, such as severe acute
respiratory syndrome (SARS) and Middle East respiratory syn-
drome (MERS) (1, 2). Feline infectious peritonitis virus (FIPV)
belongs to the genus Alphacoronavirus in the subfamily Corona-
virinae. It is a highly virulent mutant of the feline enteric corona-
virus (FECV), which is closely related to transmissible gastroen-
teritis coronavirus (TGEV) of pigs and canine coronavirus (CCV)
(3). In contrast with FECV, which causes asymptomatic or mild
infection in cats and other felines, FIPV is an etiologic agent re-
sulting in a lethal systemic granulomatous disease called feline
infectious peritonitis (FIP), one of the most important fatal infec-
tious diseases of cats worldwide (4). There are no effective drugs
specific for FIP. The development of vaccines toward FIPV has
also failed due to the antibody-dependent enhancement, where
infection of the monocyte/macrophage lineage by FIPV is en-
hanced in the presence of antibodies (5). Thus, discovery of effec-
tive antivirals against FIPV is desired for the treatment of FIP.
Similar to other alphacoronaviruses, FIPV contains a single
positive-stranded RNA genome that is composed of two overlap-
ping open reading frames (ORFs), ORFla and ORF1b at the 5’
end, encoding two large polyproteins, ppla and pplab (6). These
two polyproteins are subsequently cleaved into 16 nonstructural
proteins (nspl to nspl6), which assemble into a membrane-an-
chored replication machinery for transcription/replication.
Cleavage is regulated by two proteases: the main protease (MP™,
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also called nsp5 or 3C-like protease), and the papain-like protease
(PLP™). PLP™ processes the N-terminal end of ppla/pplab into
nspl, nsp2, and nsp3, while MP™ cleaves the polyproteins at 11
sites to release nsp4 to nsp16 (6). The essential roles MP™ plays in
the viral life cycle and the lack of a cellular homologue in the
human genome make it an attractive target for drug design.

To date, several crystal structures of CoV MP™ and the complex
of MP*-inhibitor have been determined (7-16). However, the
3-dimensional structure of FIPV MP™ is still unavailable, deter-
ring rational drug design against FIP. Although extensive mu-
tagenesis studies have been carried out to probe the hydrolysis
mechanism of FIPV MF™ (17), a bona fide structural model is
needed to interpret the enzymatic data. Here, we report the crystal
structure of FIPV MP™ in complex with synergetic dual inhibitors,
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a Michael acceptor inhibitor (an «,B-unsaturated ester) named
N3 and a metal ion, Zn>*. The complex structure provides struc-
tural fundamentals for designing novel antiviral strategies against
FIP and other CoV-relevant diseases.

MATERIALS AND METHODS

Protein expression, purification, and crystallization. The expression and
purification of FIPV main protease have been described previously (18).
Briefly, the coding sequence for FIPV MFP™ was cloned into the vector pGEX-
6P-1 and transformed into Escherichia coli strain BL21(DE3) for protein
expression. Cultures were grown in LB medium at 310 K and then induced
by 0.5 mM isopropyl-B-p-thiogalactopyranoside at 289 K. The glutathi-
one S-transferase (GST) fusion protein, GST-FIPV MP™, was purified by
GST-glutathione affinity chromatography and cleaved with rhinovirus 3C
protease. MP™ was further purified by using anion exchange chromatog-
raphy and size exclusion chromatography. The inhibitor N3 was added to
the purified protein with a molar ratio of 3:1 to 5:1. Crystallization trials
were set up in 16-well crystallization plates at 291 K using the hanging-
drop vapor diffusion method. The optimized conditions for crystal
growth consisted of 0.2 M zinc acetate dihydrate, 0.1 M sodium cacodylate
trihydrate, pH 6.5, 14% (wt/vol) polyethylene glycol 8000.

Crystal data collection, structure determination, and refinement.
Crystals were cryoprotected with 20% glycerol added to the reservoir so-
lution and flash-frozen with liquid nitrogen. A 2.8-A resolution data set
was collected at 100 K using an ADSC Q315r detector on beamline BL17U
of the Shanghai Synchrotron Radiation Facility (SSRF) with a wavelength
of 0.97923 A. The crystal belongs to space group 422, with unit cell di-
mensions a = b = 112.3 A, ¢ = 102.1 A. The diffraction data were pro-
cessed, integrated, and scaled with HKL2000 (19). The structure of MP™
was solved by molecular replacement using the structure of TGEV MP*®
(PDB code 2AMP) as a search model through the PHASER (20) program
from the CCP4 package (21). Iterative model building and refinement
were performed using PHENIX (22) to obtain the final model, with R
of 21.2% and Ry, of 24.3% at 2.8-A resolution.

Enzyme activity and inhibition assays. The activity of MP"® and inhi-
bition of N3 were measured by continuous kinetic assays, using the fluo-
rogenic substrate MCA-AVLQSGFR-Lys(Dnp)-Lys-NH2 (>95% purity)
(GL Biochem Shanghai Ltd., Shanghai, China), which was from the N-
terminal autocleavage site of SARS-CoV MPF'®, as previously reported
(23).

The kinetic parameters for Zn®>" inhibition were evaluated using
equation 1 (24), where K; is the dissociation constant for the FIPV MP™
complexed with Zn*>* and factor « reflects the effect of the inhibitor on
the affinity of the enzyme for its substrate, v is initial velocity, [S] is sub-
strate concentration, and [I] is concentrations of an inhibitor:

Vinax 5]

work

v= (1)
[S](l + ﬂ) + K, (1 + m)
m
OLKi K,‘
The values of V,, and K,,, at different Zn>" concentrations were the

apparent V. and K, , hereinafter denoted V{'> and K}¥, respectively.

m> max

According to equation 1, Vi¥¥ and K¥¥ can be calculated by equation 2:
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K <
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U
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The kinetic parameters of Vi'> and K;'? were determined by adding 1
uM FIPV MP' to 40 wM substrate containing various concentrations of
zincion (0 to 4 wM) (24). The value of aK; was then calculated from plots
of 1/ViPP versus [1]. Similarly, the value of K; was calculated from plots of
KSPPIVIPP versus [I].
Protein structure accession number. The atomic coordinates and
structure factors of the FIPV MP™-Zn?>*-N3 complex have been depos-
ited in the Protein Data Bank with the accession code 5EUS.
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FIG 1 Synergetic inhibition of FIPV MP™ by Zn*>" and N3. (A) Inhibition of
FIPV MP™ by different compounds. Fluorescence curve of FIPV MP™ free of
inhibitors (black) or with 1 .M N3 (orange), 2 uM Zn>" (green), or the dual
inhibitors (blue), respectively. The fluorescence intensity is plotted against
time to represent enzyme activity. (B and C) Secondary plots to determine the
kinetic constants (aK; and K;) of Zn>" as a noncompetitive inhibitor. The
values of aK; (B) and K; (C) are calculated from the x intercept.

RESULTS

Discovery of synergetic inhibition of FIPV MP™ by Zn** and
N3. The structure of FIPV MP™ has long been awaited for struc-
ture-based rational drug design against FIP. In contrast, the crystal
structure of TGEV MP™, which shows 93% sequence identity to
FIPV MP", was solved more than a decade ago. We have screened
thousands of crystallization conditions for FIPV MP™ but failed to
obtain crystals, implying that the intrinsic flexibility of FIPV MFP™
may prevent crystal formation. Previously, we have designed an
o,B-unsaturated ester named N3, which is a mechanism-based
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FIG 2 The structure of FIPV MP™. (A) Overall structure of the FIPV MP™-
Zn?"-N3 complex in surface representation. The two protomers are colored
slate and deep salmon, inhibitor N3 is shown as green sticks, and Zn*" is
shown as a magenta sphere. (B) Distribution of the nonconserved residues
between FIPV and TGEV MP™s. The structure of FIPV MP* is shown in car-
toon representation (light orange). The nonconserved residues between FIPV
MP* and TGEV MP™ are shown as cyan spheres. The N3 molecule is shown as
green sticks, and the substrate-binding pocket is colored in yellow. A zoomed
view of the substrate-binding pocket is shown to the left. (C) Superimposition
of the substrate-binding pocket of FIPV MP™-Zn**-N3 (light orange) with
that of TGEV MP™ (pale cyan). The substrate-binding pocket of the FIPV MP™
complex is colored in yellow. The S1, S2, S4, S5, and S’ subsites are labeled. The
key amino acids constituting the substrate-binding pockets of FIPV MP™ and
TGEV MP* are shown as sticks. The His41 residues specifically are marked by
the dashed rectangular box.
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irreversible inhibitor, to inhibit multiple CoV MF™s. It could po-
tently inhibit FIPV MP™ with a high inactivation rate (k. /[I] =
47,000 M~" - s71; k., is the observed first-order inhibition rate
constant determined experimentally) (23). Thus, we prepared
CoV MP™ complexed with N3 in order to stabilize FIPV MP™ for
crystallization. Surprisingly, the complex crystals only grew with
the presence of zinc acetate in the reservoir solution, suggesting
that zinc ion might act as a cofactor/inhibitor for FIPV MP™. To
investigate the potential effect of zinc ion on the protease, a fluo-
rescence-labeled substrate, MCA-AVLQ |, SGFR-Lys(Dnp)-Lys-
NH2, was synthesized to determine the kinetic parameters (23).
Enzymatic inhibition assays showed that Zn>" could inactivate
FIPV MP™ independent of N3 in the low micromolar range (Fig.
1A). Strikingly, the fluorescence curves decreased dramatically in
the presence of both Zn*" and N3 compared with the curves in the
presence of each alone, suggesting that these two inhibitors could
synergistically disable FIPV MP™, possibly by targeting different
binding sites. We then determined the kinetic parameters of Zn>*
for inhibiting FIPV MP™ (aK; = 2.28 uM and K; = 1.84 pM),
which indicated that Zn®" acts as a noncompetitive reversible in-
hibitor (Fig. 1B and C).

Overall structure of FIPV MP™ in complex with N3 and Zn*™.
In order to investigate the mechanism of how Zn*" and N3 syn-
ergistically inhibit FIPV MP™, we sought to determine the ternary
structure of the MP™-Zn*"-N3 complex. The complex structure
was solved by molecular replacement, and the final model is re-
fined to an R /R ratio of 21.2%/24.3% at 2.8-A resolution.
The final model contains the full-length FIPV MP™ amino acid
sequence (Serl to Val299), inhibitor N3, and a zinc ion (Fig. 2A
and Table 1). Only one FIPV MP™ molecule can be found in the
asymmetric unit. Two symmetric FIPV MP™ molecules associate
into a homodimer through domain III and its N terminus (Fig. 2A).

TABLE 1 Refinement statistics”

Value for the FIPV
Statistics MP™-N3-Zn*" complex
Resolution range (&) 50.0-2.45
No. of reflections 12,061
Riork (%) 21.2
Rpe (%)° 243
No. of atoms
Protein 2,301
Water 110
Ligands 54
B factors
Protein 54.4
Water 48.8
Ligands 64.3
RMS deviations
Bond length (A) 0.012
Bond angle (°) 1.23
Ramachandran plot
Favored regions (%) 97.0
Allowed regions (%) 3.0
QOutliers (%) 0.0

“ Refinement statistics were calculated with the table one utility of PHENIX.
b Rree Was calculated with 5% of the reflection data.
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FIG 3 Interactions between N3, Zn>*, and FIPV MP™. (A) Coordination of the Zn>" to the active center of FIPV MP™. A simulated annealing mFo-DFc omit
map for unbiased electron density shows the residues and Zn>" in gray at 1 o, and an anomalous difference Fourier map shows Zn>" in magenta at 3 . The
hydrogen bonds are displayed as dashed lines, and the distances are labeled in A. (B) Surface representation of N3 and Zn*>* bound to the active site of FIPV MP™.
N3 is shown as sticks (green), and the substrate-binding pocket is colored in yellow. The catalytic dyad His41 and Cys144 are shown as light-orange sticks. (C)
Interactions between the inhibitor N3 and FIPV MP™. N3 and the key residues are shown as sticks. A sigma-sA-weighted 2mFo-DFc electron density map shows
N3 in gray at 1 0, and a simulated annealing 2mFo-DFc omit map shows N3 in red at 1 g, respectively. The hydrogen bonds are shown by dashed lines, and the
covalent bond by a solid line. The P1, P2, P4, P5, and P1’ sites are labeled. (D) Detailed view of the interactions between the inhibitor N3 and FIPV MP™. The N3

inhibitor is shown in green. Hydrogen bonds are shown by dashed lines, and the covalent bond is a red solid line.

Reminiscent of other solved MP™ structures, each monomer con-
tains three domains: domains I and II are mainly composed of
antiparallel B-barrels and domain III is formed by five a-helices.
The inhibitor N3 lies in the substrate-binding pocket located
between domains I and II. Zn** could be found adjacent to N3
(Fig. 2A).

FIPV MP*® and TGEV MP* have an identical substrate-bind-
ing pocket. Compared with FIPV, TGEV is a swine CoV that
causes transmissible gastroenteritis in pigs. Although the hosts
and pathogenesis of the two viruses are distinct from each other,
they both belong to genus Alphacoronavirus, based on their
genomic sequence identity. Specifically, sequence alignment
shows that only 7% (21 of 302) of the residues are not conserved
between the TGEV and FIPV MP™s. Although the nonconserved
residues are distributed throughout the whole structure (Fig. 2B),
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the residues involved in substrate binding are identical between
the two proteases (Fig. 2C). This implies that the overall substrate-
binding pockets of FIPV and TGEV MP™s remain intact during
evolution and that these two proteases have the same substrate
preference. This interesting finding suggests that a drug targeting
the active site of either of the two viral proteases should be as
effective for the other.

Interaction between Zn** and FIPV MP™, The zinc ion has
been identified in the active site of FIPV MP™, which is coordi-
nated by N81 of His163, Ne2 of His41, 031 of Asp186, and a water
molecule (Fig. 3A). As the residues involved in substrate binding
are identical between FIPV and TGEV MP™s, the apo form of
TGEV MP™ (10) was overlaid with that of FIPV to address the
conformational changes imposed by Zn*>* binding (Fig. 2C). Su-
perimposition of the FIPV MP™ complex and apo-TGEV MP* has
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FIG 4 Structural insight into the mutagenesis analysis of the FIPV MP* active
center. Surface representation of FIPV MP*® complexed with inhibitor N3. The
substrate-binding pocket is colored in yellow. The N3 molecule is shown as
green sticks. Residues His41, Cys144, Tyr160, and His162 are shown as red
sticks.

shown that although the root mean square deviation (RMSD) for
the whole Ca atoms is 0.74 A, the configuration of the key residues
constituting the substrate-binding pockets of FIPV MF™ and
TGEV MP™ is still well matched, except for His41 (Fig. 2C). It
shows that upon Zn>* binding, Ne2 of His41 shifted ~4 A away
from the active site and then participated in coordinating the
metal ion. His41 and Cys144 are the catalytic dyad for CoV MP"s.
Ne2 of His41 is responsible for accepting the proton from the thiol
group of Cys144 and then initiating a nucleophilic attack on the
peptide bond. Due to the interaction with Zn*>*, the distance be-
tween Ne2 of His41 and the thiol group of Cys144 increased from
4 A in apo MP™ to ~8 A in the MP™-Zn>" complex, preventing
efficient transfer of the proton from Cys144 to the imidazole ring
of His41 (Fig. 2C and 3B). In addition, we noticed that the relo-
cation of His41 made sufficient room for accommodating the
bulky benzyl group of N3 (Fig. 3B).

Interaction between FIPV MP™ and N3. The inhibitor N3 is
located at the cleft between domains I and II of FIPV MP™, with a
buried surface area of 679 A% (~70% of its total surface area). The
S+ atom of Cys144 is covalently bound to CB of the vinyl group of
N3bya 1.7-A C-Sbond due to a nucleophilic reaction (Fig. 3C and
D). The inhibitor is stabilized by a hydrogen bond network
through interacting with the imidazole ring of His162, main chain
of His163, amide group of Glu165, and carbonyl oxygen of Ser189
(Fig. 3C and D). In detail, the lactam at the P1 site of N3 favorably
inserts into the S1 pocket, consisting of side chains of residues
Phel39, His162, His163, Glul65, and His171 (Fig. 4). The side
chain of Leu at the P2 site stretches into the hydrophobic S2
pocket formed by His41, Thr47, Tyr53, Asp186, GInl187, and
Pro188 (Fig. 4). In contrast, the P3 site of N3 faces the solvent. The
P4 and P5 sites of N3 are surrounded by two loops: loop 1 (resi-
dues 188 to 191) and loop 2 (residues 165 to 167). In addition, the
benzyl ester at the P1’ site of N3 makes an extensive contact with
residues constituting the hydrophobic S1’ pocket, including
Asn25, Val26, Leu27, His41, Val42, and Thr47 (Fig. 4).
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Structural insight into the mutagenesis analysis of FIPV
MP*s active center. Both the catalytic mechanism and substrate-
binding pocket of FIPV MP™ have been thoroughly studied by
site-directed mutagenesis prior to its crystal structural analysis. A
couple of critical residues were found to be indispensable for its
proteolytic activity (Table 2) (17), and yet, a bona fide model of
FIPV MP™ is needed to analyze the accumulated enzymatic data.

It is not surprising that mutants H41Y (with an H-to-Y muta-
tion at position 41), H41R, and C144A completely lost their activ-
ity, given the essential role of His41 and Cys144 in proteolytic
function. In the crystal structure, His41 and Cys144 form a cata-
lytic dyad, of which His41 acts as a base and proton acceptor,
whereas Cys144 initiates a nucleophilic attack on the peptide
bond. C144S was found to be inactive, demonstrating that appro-
priate nucleophilicity is important to promote a nucleophilic at-
tack for this cysteine protease. No obvious activity could be de-
tected for H162A and H162L. This is because His162 is a critical
component for the substrate-binding pocket, particularly the S1
subsite (Fig. 4). Ne2 of H162 was seen to form a hydrogen bond
with the lactam oxygen of N3, suggesting its important role in
substrate recognition. Y160A and Y160T mutants are almost in-
active. This can be explained by the fact that even though Tyr160 is
not directly involved in substrate binding, the hydroxyl oxygen of
its side chain interacts with N81 of His162 through a 3.0-A hydro-
gen bond, helping to maintain an appropriate conformation of
the substrate-binding pocket.

DISCUSSION

FIP is one of the most frequently fatal infectious diseases of cats.
Unfortunately, the development of effective vaccines against
the pathogen FIPV has failed due to antibody-dependent en-
hancement (5). MP™ of CoV has been commonly accepted as
an ideal drug target, but the development of inhibitors against
FIPV MP™ has progressed slowly in the past due to the lack of
bona fide structural models. In this study, we were able to de-
termine its crystal structure only in the presence of a zinc ion
and a Michael acceptor inhibitor, implying that these two fac-
tors function to circumvent the intrinsic flexibility of the pro-
tease that prevents crystal packing.

The Michael acceptor N3 binds to FIPV MP™ in a canonical
mode, as in other MP™ structures. N3 is known to inactivate FIPV
MP™ efficiently and to possess potent antiviral activity in cell-
based assays (17), but the molecular mechanism has not been fully

TABLE 2 Mutagenesis analysis of the FIPV MP™ active center

Structure-activity relationship Mutation Activity (%)
Nucleophile C144A <1
C144S <1
Proton acceptor H41Y <1
H41R <1
Constituting the substrate-binding pocket H162A <1
HI162L <1
Stabilizing the substrate-binding pocket Y160G
Y160F 3
Y160A 1
Y160T <1

“ Data are from reference 17.
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HKUl6 [€VER4eP YVBJEE TIA[QJOQTVF QY Y[TIDIIV VI ....ARPKWILA[SSDISEADEFRA
249 259 269 279 289
FIPV AKTINSFITEIVS....TDAFNMMAAKITIGY SYEKLLEC . I|VIRLNKGF GGRTMLSYGSLCD|E
TGEV AKTINSF|ITELSS....TDAFSMMAAKITIGOSIYEKLLDS . I|VIRLNKGFGGRTMLSYGSLCD|E
SARS—-CoV MKIYNYEPLTQDH. .VDILGPMSAQT|GIAWYLDMCAALKEILLONGMNGRTHLIGSTILED|E
IBV SDINGF|TPFSTST....AITKMSATITIGVD\YCKLLRTI .MVKSAQWG|SDPRMLGOYNFED|E
HKU15 ANNSFANFPCEQTNMSYIMGMSQTARVP\YERILNTI .|I|QL T|TNRD|GACEMGSYDFECD
HKUl16 ANNSEFASYPCQSANQAYITGMAQTITIIRVSWYGRVILNTI .|IQLTLNRN|GALMMGKPDFECD
299 309
FIPV FEN3TENT ROMY GV|
TGEV FERYTEWIROMY GV|N L{e]
SARS—-CoV FpRdF DYV R[e]C|S GV|TF[e)]
IBV LEwE S\YF N[e]V|G G VR L[e]
HKU15 WERHE MW Y N[QJAP T . |S Le]
HKU16 WESHE MY Y N{QJAP T . [N L[e]

FIG 5 Sequence alignment of the MP™s from different CoVs. FIPV (GenBank acc

ession no. AY994055) and TGEV (GenBank accession no. FJ755618) are from

Alphacoronavirus, SARS-CoV (GenBank accession no. NC_004718) from Betacoronavirus, infectious bronchitis virus (IBV) (GenBank accession no. AY641576)

from Gammacoronavirus, and porcine coronavirus HKU15 (GenBank accession

no. KM012168) and white-eye coronavirus HKU16 (GenBank accession no.

NC_016991) from Deltacoronavirus. The conserved residues that participate in coordinating the Zn>* are labeled by arrows. Sequence alignment was performed
with ClustalW and drawn using ESPript3. White letters with red backgrounds show identical residues, and red letters with white backgrounds show conservative
variation. Blue arrows indicate residues involved in coordinating Zn*>* in FIPV MP™ and are well-conserved in MP™ sequences from multiple species.

elucidated. The structural information provided here will contrib-
ute to the development of more efficacious antivirals against
FIPV, as well as TGEV, since these two MP"’s share identical resi-
dues in the substrate-binding pocket.

To our surprise, a 7Zn*" jon has also been identified in the
ternary structure of the MP™-Zn>"-N3 complex. As the second
most abundant physiological transition metal ion in the human
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body (25), Zn*" could play totally contrary roles in affecting the
enzymatic activity of proteases. On one hand, for example, the
metzincin superfamily is a group of proteases that are distin-
guished by a highly conserved motif containing three histidines to
bind Zn™ at the catalytic site for the enzyme activity (26). On the
other hand, Zn>" has also been reported to inhibit serine/cysteine
proteases (27), which could be seen in our case as well.
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In our structure, Zn** and the inhibitor N3 demonstrated a
unique mode of independent but synergetic inhibition, distinct
from the Zn>*-dependent inhibition of trypsin by bis(5-amidino-
2-benzimidazolyl)methane (BABIM), in which a Zn** ion (a very
weak inhibitor) bridges BABIM (also a very weak inhibitor) and
the active site of trypsin to impose potent inhibition (27). The
Zn*" ion itself plays triple roles here: (i) it blocks efficient transfer
of the proton from the catalytic residue for nucleophilic attack; (ii)
it prevents the protonation of the catalytic residue that is supposed
to accept the proton; and (iii) it induces rearrangement of the
substrate-binding pocket to better accommodate the functional
group of another inhibitor. Additionally, His163, His41, and
Asp186, which participate in coordinating the Zn>* in FIPV MP™,
are well conserved in multiple species of MP™s (Fig. 5), suggesting
that Zn>" can broadly inhibit CoV MP"™s. This is consistent with a
previous report that Zn** could inhibit SARS-CoV MP™ (12).

As an abundant physiological transition metal ion in the hu-
man body, the plasma concentration of zinc ranges from 10 to 20
.M (25). Because most of the zinc is protein bound, the concen-
tration of unbound or free ion is only 0.5 to 1 wM, which is actu-
ally low. However, the plasma concentration of zinc is not static
and can change under certain conditions. In the milieu of activa-
tion, the free zinc concentrations can reach 7 to 10 wM (25, 28).
This suggests that it could be plausible to consider the therapeutic
value of zinc. In fact, zinc has been used to treat the common cold
since 1984, but the effect of this treatment has been controversial
for a long time (29, 30). Most recent and systematic trials have
shown that the intake of zinc was indeed associated with a signif-
icant reduction in the duration of days of cold symptoms (31, 32).
The rationale for zinc treatment of the common cold can possibly
be attributed to its antagonistic effect on the rhinovirus 3C pro-
tease, an essential enzyme for rhinovirus replication (33). Al-
though rhinovirus is the significant contagious pathogen causing
the common cold (34), CoVs also contribute to approximately
15% of all cases of colds (35). As it has been shown that Zn*>* can
inhibit CoV MP™s (12), we then cannot exclude the possibility
that Zn>" treatment might have an impact on CoV-associated
common colds as well. Given the unique inhibition mode of Zn**
on CoV MP™s, it displays the potential to be used as an adjunct
therapy to treat CoV-associated diseases.
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