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ARTICLE INFO ABSTRACT

Keywords: Porcine epidemic diarrhea virus (PEDV) is a coronavirus (CoV) discovered in the 1970s that infects the intestinal
PEDV tract of pigs, resulting in diarrhea and vomiting. It can cause extreme dehydration and death in neonatal piglets.
Papain-like protease In Asia, modified live attenuated vaccines have been used to control PEDV infection in recent years. However, a
6-Thioguanine new strain of PEDV that belongs to genogroup 2a appeared in the USA in 2013 and then quickly spread to
Noncompetitive inhibition . . . . L .
) Canada and Mexico as well as Asian and European countries. Due to the less effective protective immunity
Alpha coronavirus . . . . o . . .
provided by the vaccines against this new strain, it has caused considerable agricultural and economic loss
worldwide. The emergence of this new strain increases the importance of understanding PEDV as well as stra-
tegies for inhibiting it. Coronaviral proteases, including main proteases and papain-like proteases, are ideal
antiviral targets because of their essential roles in viral maturation. Here we provide a first description of the
expression, purification and structural characteristics of recombinant PEDV papain-like protease 2, moreover
present our finding that 6-thioguanine, a chemotherapeutic drug, in contrast to its competitive inhibition on

SARS- and MERS-CoV papain-like proteases, is a noncompetitive inhibitor of PEDV papain-like protease 2.

1. Introduction

Discovered in the 1970s, porcine epidemic diarrhea virus (PEDV) is
a coronavirus that causes severe agricultural loss (Chasey and
Cartwright, 1978; Lee, 2015). PEDV infects the intestinal tract and
causes diarrhea and vomiting in older pigs. The mortality of PEDV-in-
fected piglets can reach 100% due to extreme dehydration (Stevenson
et al.,, 2013). Recently, modified live attenuated vaccines for PEDV
genogroup 1 has been an important way to control the spreading of
PEDV in Asia (Song and Park, 2012). In 2013, a new vaccine-resistant
PEDV strain, appeared in the USA (Stevenson et al., 2013). Since then,
this new USA PEDV strain, which was later assigned to genogroup 2a,
has caused a continuous pandemic in North America, Europe and Asia
(Huang et al., 2013; Song et al., 2015). The resistance of the new PEDV

strain to the conventional vaccine highlights the issue that although
vaccination is a powerful strategy, it can still fail due to the genetic
diversity of epitopes between genogroups. As a result, it is necessary to
develop another antiviral strategy for PEDV.

Unlike two other highly pathogenic human CoVs, severe acute re-
spiratory syndrome coronavirus (SARS-CoV) and Middle East re-
spiratory syndrome coronavirus (MERS-CoV), which belong to the beta
group, PEDV belongs to the alpha group (Chan et al., 2015). Like other
CoVs, PEDV depends on its own proteases, including main protease
(MP™) and papain-like protease (PLP™) to cleave the polyprotein, and
alpha CoVs have both papain-like protease 1 (PL1P™) and papain-like
protease 2 (PL2P™) (Lee, 2015; Wojdyla et al., 2010). Polyprotein
cleavage is required for viral maturation and thus these proteases are
ideal antiviral targets (Bacha et al., 2008; Cheng et al., 2015; Chou

Abbreviations: AUC, The abbreviations used are analytical ultracentrifugation; CoV, coronavirus; DUB, deubiquitinating; MERS, Middle East respiratory syndrome;
BME, B-mercaptoethanol; 6MP, 6-mercaptopurine; nsp, non-structural protein; PLP™, papain-like protease; PL1P™, papain-like protease 1; PL2P™, papain-like pro-
tease 2; PEDV, porcine epidemic diarrhea virus; 6TG, 6-thioguanine; SARS, severe acute respiratory syndrome; SV, sedimentation velocity; Ubl, ubiquitin-like; Ub-
AFC, ubiquitin-7-amino-4-trifluoro-methyl-coumarin; USP, ubiquitin-specific protease
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et al., 2008; Kumar et al., 2017; Lin et al., 2018; Park et al., 2012; Ratia
et al., 2008; Wu et al., 2006). Furthermore, in contrast to highly vari-
able spike proteins targeted by antibodies (Li et al., 2005, 2017; Wang
et al., 2013; Wu et al., 2009), proteases with more conserved structure
and catalytic function may serve as a general target across different
CoVs (Anand et al., 2003; Bailey-Elkin et al., 2014; Chou et al., 2014;
Ho et al., 2015; Ratia et al., 2006; Yang et al., 2003).

Like other coronaviral PLP™s, PEDV PL2P* is not only a deubiqui-
tinating (DUB) protease but also a multifunctional protein which plays
a role in regulating host antiviral immune response (Chaudhuri et al.,
2011; Clementz et al., 2010; Mielech et al., 2014; Xing et al., 2013;
Zheng et al., 2008). DUB activity of PL2P™ is required for the sup-
pression of host immunity by blocking type 1 interferon signaling.
However, up to now, the structural characteristics and the detailed
catalytic mechanism of PEDV PL2P™ are still unclear, as are strategies
for its inhibition.

According to sequence alignment (Fig. S1) and homology modeling,
PEDV PL2P™ may be composed of four domains: ubiquitin-like (Ubl),
palm, thumb and fingers domains. The latter three domains form a
catalytic core and may retain catalytic activity, like that of SARS- and
MERS-CoV PLP™s (Chou et al., 2012; Clasman et al., 2017; Lei et al.,
2014). In the present study, we made a recombinant catalytic core
PEDV PL2P™ and demonstrated its secondary, tertiary and quaternary
structural characteristics. Further studies suggest that PEDV PL2P™
exhibits much higher DUB activity than that of SARS- and MERS-CoV
PLP™s and can be inhibited by the anti-leukemia drug 6-thioguanine
(6TG). 6TG has been found to be able to inhibit multiple DUB enzymes
including human USP2 as well as SARS- and MERS-CoV PLP™s (Chen
et al., 2009; Cheng et al., 2015; Chou et al., 2008; Chuang et al., 2018;
Lin et al., 2018). Inhibition assays and docking simulations were used to
clarify the detailed inhibition mechanism of 6TG against PEDV PL2P*.
Our findings increase understanding of the structure and catalytic ac-
tivity of PEDV PL2P™ and identify the first potent inhibitor against this
enzyme.

2. Materials and methods
2.1. Construction of expression plasmids

The coding sequence of the USA strain of PEDV PL2P™ Ubl and
catalytic domain (GenBank accession number AHCO03501.1; poly-
protein residues 1630-1922) was full-gene synthesized (Genomics Co.,
Taiwan). cDNA of PL2P™ digested by Ndel and Xhol was then inserted
into pET-28a and pET-29a expression vectors, respectively. For the
catalytic core of PL2P™ (residues 1686-1922), the primers 5-GGCTCC
GCGAATTGGGATTCCC-3’ and 5-AAAACTCGAGTCATTCGGACACCAC
CACATTG-3’ were used for polymerase chain reaction. The product was
digested with Xhol and then ligated into a pHD vector with a 6 X His-
tag and a SUMO (SMT3) sequence at the N-terminus (Lee et al., 2008).
The primer sequences for site-directed mutagenesis of the T39W mutant
were 5-GAATGGCCGTCGTGTGCTGAAATGGACCGATAATAATTGC
TGG-3’ and 5-CCAGCAATTATTATCGGTCCATTTCAGCACACGACGGC
CATTC-3’. The reading frames of the above plasmids were verified by
DNA sequencing.

2.2. Recombinant PEDV PL2P™ production

The expression vector was transformed into E. coli BL21 (DE3) cells
(Novagen). Cultures were grown in LB medium at 37 °C until the ab-
sorbance at 600 nm reached 0.6. The cells were then induced with
1 mM isopropyl-pB-p-thiogalactopyranoside and incubated for 20h at
20 °C. After centrifugation, the cell pellet was suspended in lysis buffer
(20 mM Tris-Cl, pH 8.5, 250 mM NacCl, 5% glycerol, 0.2% Triton X-100
and 2 mM B-mercaptoethanol) and lysed by sonication. Next, the crude
lysate was centrifuged at 12,000 rpm for 20 min. The soluble lysate was
incubated with 2 ml of Ni-NTA agarose slurry (Qiagen Co., USA) at 4 °C
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for 1 h. After the unbound lysate removed, the beads were washed with
wash buffer (20 mM Tris-Cl, pH 8.5, 250 mM NaCl, 8 mM imidazole and
2mM fB-mercaptoethanol). The beads with 6 X His-tag protein bound
were then transferred into 3.5 ml cutting buffer (20 mM Tris-Cl, pH 8.5,
250 mM NacCl, and 2 mM [B-mercaptoethanol), 0.1 mg Ulpl was added,
and the mixture was incubated at 25°C for 4h to remove the SUMO
fusion. Finally, unbound PEDV PL2P™ catalytic core was loaded onto an
S-100 gel-filtration column (GE Healthcare) equilibrated with running
buffer (20 mM Tris-Cl, pH 8.5, 100 mM NaCl and 2 mM dithiothreitol).
Each protein fraction was checked for purity using SDS-PAGE. Fractions
containing a protein band of the correct size were then pooled and
concentrated using an Amicon Ultra-4 10-kDa filter (Millipore) to
20 mg/ml. The protein with 5% glycerol was flash-frozen with liquid
nitrogen and stored at —80 °C. The typical yield of protein was 3-5 mg
per liter of cell culture.

2.3. Circular dichroism (CD) spectroscopy

A JASCO J-810 spectropolarimeter was used to analyze the sec-
ondary structure. Recombinant PEDV PL2P™ at a concentration of
1 mg/ml in 20 mM phosphate buffer (pH 6.5) was used for CD scanning
from 250 nm to 190 nm at 20 °C. The cuvette width was 0.1 mm. The
far-UV CD spectrum data was analyzed using the CDSSTR program at
the DichroWeb server (Whitmore and Wallace, 2008). The normalized
root mean square deviation was calculated to evaluate goodness of fit.

2.4. Spectrofluorimetric analysis

The fluorescence spectrum of 0.5uM protein dissolved in 20 mM
phosphate buffer (pH 6.5) or 5.4M guanidine hydrochloride was
monitored at 25 °C using a PerkinElmer LS50B luminescence spectro-
meter. The excitation wavelength was 280 nm and the emission spec-
trum was scanned from 300 nm to 400 nm. Measurements of maximal
peak and intensity were used to identify conformational change.

2.5. Analytical ultracentrifugation analysis (AUC)

AUC experiments were performed on an XL-A analytical ultra-
centrifuge (Beckman Coulter) using an An-60 Ti rotor. Sedimentation
velocity (SV) experiments were performed using a double-sector epon
charcoal-filled centerpiece at 20 °C at a rotor speed of 42,000 rpm. A
protein solution of 0.4 mg/ml PEDV PL2P™ catalytic core and reference
solutions (20 mM Tris-Cl, pH 8.5, 100 mM NaCl) were loaded into the
centerpiece. Absorbance at 280 nm was monitored continuously with a
time interval of 500s and a step size of 0.003 cm. Multiple scans at
different time intervals were fitted to a continuous c(s) and c(M) dis-
tribution model using the SEDFIT program (Schuck, 2000).

2.6. DUB assay

For DUB assays, the reaction mixtures contained 0.25uM of
fluorogenic substrate ubiquitin-7-amino-4-trifluoro-methyl-coumarin
(Ub-AFC) (Boston Biochem) and 0.17 uM of SARS- or MERS-CoV PLP™
or 0.004 uM of PEDV PL2P™ in 20 mM phosphate buffer (pH 6.5) for a
total volume of 0.5 ml. Enzymatic activity at 30 °C was determined by
monitoring excitation and emission at 350 and 485 nm, respectively. To
determine the inhibitory effect, velocity data at various concentrations
of inhibitors was fitted to obtain ICsq according to Eq. (1):

v =v/(1 + ICK/[IT") (@9

in which v is the initial velocity in the presence of inhibitor at con-
centration [I] and v, is the initial velocity in the absence of inhibitor,
while n is the Hill constant. The program SigmaPlot 12.5 (Systat Soft-
ware) was used for data analysis.
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2.7. Steady-state kinetic analysis

The peptidyl substrates Dabcyl-FRLKGGAPIKGV-Edans and
Dabcyl-FKKKGGGDVKE-Edans (synthesized by GenScript) were used to
measure the proteolytic activity of the PEDV PL2P™ catalytic core and
the T39W mutant. Increases in fluorescence intensity were monitored at
excitation and emission wavelengths of 329 and 520 nm, respectively,
in a PerkinElmer LS50B luminescence spectrometer. Fluorescence in-
tensity was converted to the concentration of hydrolyzed substrate
using a standard curve determined by fluorescence measurements of
defined concentrations of products. For kinetic analysis, the reaction
mixtures contained 5-50 UM peptide substrate in 20 mM phosphate
buffer (pH 6.5) for a total volume of 1 ml. After the addition of enzyme
to the reaction mixture to a concentration of 3.85 uM, the fluorescence
intensity was monitored at 30 °C. The increase in fluorescence intensity
was linear for 3 min and thus the slope of the line represented the initial
velocity. Steady-state kinetic parameters were determined by fitting the
data to the Michaelis-Menten equation.

2.8. Determination of inhibition mechanism

Enzyme kinetic assays were performed by a method similar to that
described above at peptidyl substrate concentrations of 10-50 uM and
inhibitor concentrations of 0-60 uM. The velocity data was found to
best fit a noncompetitive inhibition model in accordance with Eq. (2):

v = ket [E][S1/((1 + [T]/Ki) Ky + [S]) ®))

in which k., is the rate constant, [E], [S] and [I] denote the enzyme,
substrate and inhibitor concentrations, respectively, and Ky, is the Mi-
chaelis constant for the interaction between the peptide substrate and
the enzyme. Kj; is the inhibition constant.

2.9. Structure modeling and docking simulation

The model structure of PEDV PL2P™ was generated by SWISS-
modeling (Arnold et al., 2006) and molecular docking was performed
using AutoDock Vina (Trott and Olson, 2010). Several grid boxes of
27000 A% (30A x 30A x 30A) with different centering coordinates
were set to cover the entire putative structure. The docking parameters
were set as default and the best 10 models in each coordinate set were
listed for further inspection. The model that scored the best among
these sets was selected as the final binding model.

3. Results and discussion
3.1. Production of recombinant PEDV PL2pro

Initially, attempts at expressing PEDV PL2P™ including the Ubl and
catalytic domains (polyprotein residues 1630-1922) with either an N-
terminal or a C-terminal 6 X His-tag were not successful. Previous
studies suggested that the Ubl domain was not involved in the catalytic
activity of SARS- and MERS-CoV PLP™s (Chou et al., 2012; Clasman
et al.,, 2017). Therefore we removed the Ubl domain and applied a
SUMO fusion protein at the N-terminus of the catalytic core (residues
1686-1922) to enhance solubility. Fortunately, it was possible to ex-
press the PEDV PL2P™ catalytic core in E. coli and purify it following the
removal of SUMO. After further purification using size-exclusion
chromatography, highly pure PL2P*® was obtained (Fig. S2, left panel,
lane 6). Mass spectrometry was performed to identify the sequence of
the recombinant protein. In total, 19 peptides originating from PEDV
PL2P™ were identified (Fig. S2, right panel). Alignment of these pep-
tides with the PEDV PL2P"™ sequence shows 60% coverage, and both the
N-terminus and C-terminus of the protein were confirmed (Fig. S2,
bottom panel).
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3.2. Secondary, tertiary and quaternary structural analysis

As this is the first time that pure PEDV PL2P™ has been obtained, its
secondary, tertiary and quaternary structures were further analyzed.
CD spectrometry and analysis of the spectrum by CDSSTR (Fig. S3A)
showed that PEDV PL2P™ consists of 27% a-helix, 29% p-sheet and 44%
random coil. These proportions are similar to those of the SARS-CoV
PLP™ core (residues 1600-1858), which consists of 21% a-helix, 29% [3-
sheet and 49% random coil (data not shown). For comparison, previous
studies suggested that MERS-CoV PLP™ consists of 23% a-helix, 36% f-
sheet and 38% random coil, where the higher content of B-sheet is
because of the inclusion of the Ubl domain (Lin et al., 2014). Our results
suggest that the three coronaviral PLP™s show similar secondary
structural content.

Protein emission was used to reveal tertiary conformational change
in the absence and presence of denaturant (Fig. S3B). The results de-
monstrated that the fluorescence emission of PEDV PL2P™ in phosphate
buffer (native form) shows a major broad peak at 330 nm which splits
to two peaks at 310 nm and 360 nm in 5.4 M guanidine hydrochloride.
The two peaks match the maximal emission wavelengths of tyrosine
and tryptophan, respectively. This result suggests that the addition of
denaturant induces exposure of the hydrophobic core of the protein.
Similar folding/unfolding change at maximal emission wavelength was
also observed in the case of SARS-CoV PLP™, albeit the fluorescence
intensity of denatured PEDV PL2P™ is higher than that of the native
enzyme (Chou et al., 2012). Previous studies on the stability of the P53
core domain suggested that the higher fluorescence intensity of dena-
tured P53 is because of aggregation (Bullock et al., 1997).

SV experiments were carried out to determine the quaternary
structure of PEDV PL2P™ (Fig. S4A). Using continuous c(s) and c(M)
distribution analysis, we found one major peak with a sedimentation
coefficient of 2.4 and molecular weight of 25 kDa (Figs. S4B and S4C).
This value is close to the predicted monomeric mass (25.8 kDa). Pre-
vious studies using the same SV experiment suggested that both the
SARS- and MERS-CoV PLP™s are also monomers (Chou et al., 2014; Lin
et al., 2014). Overall, the secondary, tertiary and quaternary structures
of the PEDV PL2P™ catalytic core are similar to those of SARS- and
MERS-CoV PLP™s, even though their sequence identity is only 22-25%
(Fig. S1).

3.3. DUB and proteolytic activity of PEDV PL2pro

Next, in order to compare the DUB activity of PEDV PL2P* with
other coronaviral PLP™s, activity assays using Ub-AFC as the substrate
were carried out. The activity was determined and then normalized to
give the fold increase in DUB activity of PEDV PL2P™ (Fig. 1). The re-
sults showed that SARS- and MERS-CoV PLP™s have similar DUB ac-
tivity. Surprisingly, at a given substrate concentration, PEDV PL2P™
shows activity comparable to that of the other two PLP™s at only one-
fortieth of the protein concentration. This indicates that PEDV PL2P™
has considerably greater DUB activity. Furthermore, sequence align-
ment indicates that PEDV PL2P™ may also have a zinc fingers motif like
other coronaviral PLP*°s (Fig. S1, green ovals) (Bailey-Elkin et al., 2014;
Lei et al.,, 2014; Ratia et al., 2006; Wojdyla et al., 2010). Previous
studies have shown that the DUB activity of coronaviral PLP™s can be
inhibited by the addition of a chelator like EDTA, which removes in-
trinsic zinc ions (Chou et al., 2008; Lin et al., 2014). In line with our
expectations, inhibition of PEDV PL2P™ by EDTA displays a similar
dose-dependent pattern, suggesting that the removal of endogenous
metal ions can inhibit PEDV PL2P™ (Fig. 1). Furthermore, like other
coronaviral PLP™s, PEDV PL2P™ can be inhibited by adding extra ex-
ternal zinc ions (Chou et al., 2008; Lin et al., 2014).

In addition, the proteolytic activity of PEDV PL2P™ was investigated
using fluorogenic peptidyl substrates (Table 1). For comparison, we
used a peptidyl substrate with a sequence matching the P6 to P1 re-
sidues of the cleavage site of SARS-CoV PLP*°, FRLKGG, and a peptidyl
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Fig. 1. DUB activity analysis of coronaviral PLP*® and PL2P™. (A) Relative
DUB activities of MERS-CoV PLP™ (0.17 uM), SARS-CoV PLP™ (0.17 uM) and
PEDV PL2P™ (0.004 uM). Inhibition of PEDV PL2P™ by 10-50 mM EDTA or
50 uM Zn** were also measured. Activity data of each set was normalized to
that of PEDV PL2P™.

substrate optimized for PEDV PL2P™ whose cleavage site P6 to P1 re-
sidues are FKKKGG, based on the non-structural protein (nsp) 2 to 3
cleavage site (from GenBank accession number AHC03501.1). Inter-
estingly, less saturation was observed while using the optimized pep-
tidyl substrate (Fig. SSA). We failed to improve it due to the fact that
the proteolytic activity at concentrations of substrate higher than 50 pM
cannot be appropriately measured because of the inner-filter effect.
After fitting the data to the Michaelis-Menten equation, K;, of 18.6 uM
and K, of 0.065 min ! for the SARS-CoV-derived substrate and the K,
of 61.6 uM and ke, of 0.299 min~! for the optimized substrate were
determined (Table 1). The optimized substrate shows a 1.4-fold higher
Keat/Km, as a result of a 3.3-fold higher K, and 4.6-fold higher ke,
compared with the SARS-CoV-derived substrate. The dissimilar kinetic
parameters for the two peptidyl substrates suggest that PEDV PL2P™
may recognize various P4 residues between beta CoVs (L/F/V/G) and
alpha CoVs (K/R/A). By contrast, SARS-CoV PLP™ has a hydrophobic S4
subsite, with the result that it cannot cleave the PEDV-optimized sub-
strate and substrates of HCoV-229E and IBV whose P4 residue is also a
lysine (Chou et al., 2014; Han et al., 2005; Lei et al., 2018; Wojdyla
et al., 2010). Furthermore, in contrast to its considerably greater DUB
activity, ke, of PEDV PL2P™ for the optimized peptidyl substrate is 22-
fold lower than that of SARS-CoV PLP™ (Lin et al., 2014). The incon-
sistent efficacy between DUB and proteolytic activities indicates that
PEDV PL2P™ is more like a USP enzyme (Avvakumov et al., 2006;
Renatus et al., 2006). Previous studies have suggested that PEDV
PL2P™, but not PL1P™, is an interferon antagonist via its DUB activity
(Xing et al., 2013). In addition, a recent review suggests that PL1P"™ and
PL2P™ of alpha CoVs may show different levels of efficiency for cleaving
the nsp 1 to 2, 2 to 3 and 3 to 4 sites (Lei et al., 2018).

Previous studies of SARS-CoV PLP" demonstrated that the oxyanion
is within hydrogen-bonding distance of the side chain of Trp107 during
catalysis (Ratia et al., 2006). Although it is not conserved, mutation of
the equivalent residue Leul05 of MERS-CoV PLP™ to tryptophan
showed a 41-fold increase in k., (Lin et al., 2014). Again, according to

Table 1
Steady-state apparent kinetic parameters of PEDV PL2P™ and its T39W mutant.
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sequence alignment, the equivalent residue of PEDV PL2P™ is Thr39
(Fig. S1, purple oval). To verify this, a T39W mutant was produced and
its kinetic parameters were characterized by using the two peptidyl
substrates (Fig. S5B and Table 1). Interestingly, using the SARS-CoV-
derived substrate produced a 9.3-fold increase in activity based on k,/
K., as a result of a 1.7-fold increase in K, and a 16-fold increase in K,
This result demonstrates that the mutation enhances hydrolysis of the
SARS-CoV-derived peptidyl substrate. In contrast, there is no significant
difference in hydrolysis of the optimized substrate between wild-type
PEDV PL2P™ and the T39W mutant (Table 1). This result indicates that
the existence of residue Thr39 may be quite enough to support pro-
teolytic ability. Further structural information on PEDV PL2P™ in
complex with Ub or the optimized peptidyl substrate is required to
demonstrate the detailed catalytic mechanism, especially for the for-
mation of the oxyanion hole.

3.4. The inhibition of PEDV PL2pro

Several coronaviral PLP™ inhibitors have been identified in previous
studies (Chen et al., 2009; Cheng et al., 2015; Chou et al., 2008; Lin
et al., 2018; Ratia et al., 2008). In the present study, these compounds
were screened to determine whether they can inhibit PEDV PL2P™
(Table 2). Among the compounds, two thiopurine analogs, 6-mercap-
topurine (6MP) and 6TG, were found to be able to inhibit the DUB
activity of PEDV PL2P™ with ICso of 58.1 and 13.7 uM, respectively
(Fig. 2 and Table 2). ICso of 6TG is 4.2-fold lower than that of 6MP,
suggesting that the amino group of 6TG may play the role of an active
pharmacophore in the inhibition. In addition, two 6MP/6TG analogs,
hypoxanthine, and 2-amino-6-methyl-mercaptopurine, were also used
for structure-function relationship studies. We found that replacement
of the thiocarbonyl group of 6MP/6TG with either a hydroxyl or a
methylthio group resulted in compounds devoid of inhibitory activity,
suggesting its importance in the inhibition (Table 2).

Due to its higher inhibition capability, 6TG was chosen for further
investigation. Kinetic assays at various concentrations of peptidyl sub-
strates and 6TG were carried out to further investigate the inhibition
mechanism (Fig. S6). Interestingly, the observed kinetic parameters
showed a decrease in the apparent k., at increasing 6TG concentra-
tions, whereas the apparent K,, was not affected significantly. This is
clearly indicative of a noncompetitive pattern of inhibition. Indeed, the
data was found to best fit to a noncompetitive inhibition model with the
K;s of 21.1 uM (Fig. 3 and Table 2). This result suggests that 6TG and the
peptidyl substrate may bind to different sites. For comparison, 6TG
shows a competitive inhibitory effect against SARS- and MERS-CoV
PLP™s (Cheng et al., 2015; Chou et al., 2008) but shows a non-
competitive inhibitory effect against human USP2 (Chuang et al.,
2018), albeit their K;; are close. These results indicate that 6TG can be a
broad spectrum inhibitor against human and viral DUB enzymes via
different mechanisms.

3.5. Molecular docking to find the putative binding site
As 6TG is a noncompetitive inhibitor of PEDV PL2P™, recognition of

the binding site of 6TG will allow us to understand its inhibitory me-
chanism more clearly. As no detailed structural information was

Peptidyl substrate PEDV PL2P™ Kin (UM) Keat (min~1) Keat/Ken (UM ~'min~1)
Dabcyl-FRLKGGAPIKGV-Edans Wild-type 18.6 + 4.3 0.065 + 0.006 0.0035

T39W 321 + 12 1.050 + 0.198 0.0327
Dabcyl-FKKKGGGDVKE-Edans Wwild-type 61.6 = 19.7 0.299 + 0.061 0.0049

T39W 39.6 = 15.6 0.247 * 0.053 0.0062

The steady-state apparent kinetic data for hydrolyzing either Dabcyl-FRLKGGAPIKGV-Edans (SARS-CoV-derived) or Dabcyl-FKKKGGGDVKE-Edans (PEDV-derived)
substrates were determined according to the Michaelis-Menten equation. Ry, Were 0.964, 0.938, 0.976, and 0.944.
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Table 2
Inhibition of PEDV PL2P™ by various compounds.
Name Structure ICso (MM)"  Kis (uM)”
6TG s 137 £ 1.7 211 = 1.1
H
HN N
)
HNT SN N
2
6MP S 581 + 57 -
H
HN N
g
N
Hypoxanthine 0 ND¢ -
H
HN N
L Ad
N
2-amino-6-methyl- HaC, ND® -
mercaptopurine S
Mycophenolic acid > 200 -
Disulfiram > 100 -
GRL0617 > 100 -

NH2

? The DUB activity assay was used for the measurement of ICsy (Eq. (1)).

b Proteolytic activity at various concentrations of SARS-CoV-derived peptidyl
substrate and 6TG was measured (Fig. S6 and Fig. 3) and the apparent K;s was
determined from the best global fit of the data to a noncompetitive inhibition
model (Eq. (2)). Ryqr was 0.964.

€ ND: ICso was not determined due to lack of inhibition at a compound
concentration of 200 uM.

available, we generated a structural model of PEDV PL2P™ and tried to
discover a putative binding site of 6TG using in silico docking.
Interestingly but not surprisingly, we found that the putative binding
site of 6TG with the highest affinity score is near the active site and on
the left side of the blocking loop (residues 196 to 202), while the ubi-
quitin C-terminal tail is located on the right side (Fig. 4A). In our model,
6TG has polar interactions with residues Aspl195, Gly197 (on the
blocking loop), Val230 and Thr231 and shows hydrophobic contact
with Lys175 and Pro229. Binding of 6TG at this site may render the
blocking loop less flexible and therefore disfavor catalysis. A series of
noncovalent inhibitors such as compound GRL0617 shows a similar
blocking effect, although they are competitive inhibitors and bind to
the S3-S4 subsite (Ratia et al., 2008). For comparison, besides residue
Val230, the alignment shows no sequence identity for the putative
binding residues (Fig. S1, red ovals). Furthermore, the same region is
occupied by residue Pro300 of SARS-CoV PLP™ and residue Lys306 of
MERS-CoV PLP™ (Fig. 4B), indicating that this binding site may only
exist in PEDV PL2P™. In contrast, previous studies suggested that the
binding site of 6TG for SARS- and MERS-CoV PLP™s may be near the
catalytic triad's cysteine residue due to its competitive pattern of in-
hibition (Cheng et al., 2015; Chou et al., 2008).

4. Conclusion

In this study, we provide a first description of the expression,
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Fig. 2. Inhibitory effects of 6TG and 6MP on DUB activity of PEDV PL2P™.
DUB activity of PEDV PL2P™ at various concentrations of 6TG (A) or 6MP (B)
was measured. The concentration of fluorogenic substrate Ub-AFC was 0.25 pM,
while that of PL2P™ was 0.004 pM. The lines show the best-fit results according
to the ICsp equation (Eq. (1)). The Ry, values are 0.976 and 0.981, respectively.

60 4 [6TG]
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501 o 20uM

v 40 M
401 ¢ s50.M
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Fig. 3. Proteolytic inhibition of PEDV PL2P* by 6TG. Peptidyl substrate at
concentrations of 10-50 uM and 6TG at concentrations of 0-60 uM were used
for the measurements, while the protein concentration was held at 3.85 uM. The
circles, squares and triangles represent mean values, while the bars represent
the standard error. The solid lines show the best-fit results in accordance with a
noncompetitive inhibition model (Eq. (2)) and Ry, value is 0.964. The kinetic
parameters from the best fit are shown in Table 1. The assay was repeated to
ensure reproducibility.

purification and structural properties of PEDV PL2P*® as well as its

potent inhibition by thiopurine analogs. The broad spectrum inhibitor
6TG was found able to inhibit not only the DUB activity but also the
proteolytic activity of PEDV PL2P™. These results shed light on the
possibility of inhibition of PEDV infection by small molecules instead of
antibodies. Furthermore, based on its noncompetitive inhibitory effect,
we proposed an allosteric 6TG binding site which can stabilize the
blocking loop near the active site, resulting in inhibition. The present
study suggests that 6TG may be suitable as a lead compound for further
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Fig. 4. Model structure of PEDV PL2P™ in complex with 6TG. (A) The model
structure of PEDV PL2P™ (cyan) was generated by SWISS-MODEL (Arnold et al.,
2006). The location of Ub (orange) is based on overlaying with the complex
structure of MERS-CoV PLP™ C111S - Ub (PDB code: 4WUR) (Lei and
Hilgenfeld, 2016). The docking of 6TG (magenta) was performed using Auto-
Dock Vina. The residues are shown as sticks while the putative polar interac-
tions are shown as dotted lines. (B) Overlay of the docked model, SARS- (grey;
PDB code: 4MOW) and MERS-CoV (green) PLP™-Ub complex structures. The
same location is occupied by the residue Pro300 of SARS-CoV PLP™ and the
residue Lys306 of MERS-CoV PLP™, respectively, suggesting that 6TG cannot
bind to this site in the two enzymes. The figures were produced using PyMol
(http://www.pymol.org). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

antiviral drug development.
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