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Coronaviruses encode two classes of cysteine proteases, which have narrow substrate specificities and either
a chymotrypsin- or papain-like fold. These enzymes mediate the processing of the two precursor polyproteins
of the viral replicase and are also thought to modulate host cell functions to facilitate infection. The papain-like
protease 1 (PL1°"°) domain is present in nonstructural protein 3 (nsp3) of alphacoronaviruses and subgroup
2a betacoronaviruses. It participates in the proteolytic processing of the N-terminal region of the replicase
polyproteins in a manner that varies among different coronaviruses and remains poorly understood. Here we
report the first structural and biochemical characterization of a purified coronavirus PL1°"° domain, that of
transmissible gastroenteritis virus (TGEV). Its tertiary structure is compared with that of severe acute
respiratory syndrome (SARS) coronavirus PL2P", a downstream paralog that is conserved in the nsp3’s of all
coronaviruses. We identify both conserved and unique structural features likely controlling the interaction of
PL1°"™ with cofactors and substrates, including the tentative mapping of substrate pocket residues. The
purified recombinant TGEV PL1”" was shown to cleave a peptide mimicking the cognate nsp2insp3 cleavage
site. Like its PL2P™ paralogs from several coronaviruses, TGEV PL1""® was also found to have deubiquiti-
nating activity in an in vitro cleavage assay, implicating it in counteracting ubiquitin-regulated host cell
pathways, likely including innate immune responses. In combination with the prior characterization of PL2P™
from other alphacoronaviruses, e.g., human coronaviruses 229E and NL63, our results unequivocally establish
that these viruses employ two PLP™s with overlapping specificities toward both viral and cellular substrates.

Coronaviruses (CoVs) are enveloped, positive-stranded
RNA viruses with a large genome of 26 to 31 kb. They belong
to the order Nidovirales and include important pathogens of
humans and other animals (22, 66). The coronavirus nonstruc-
tural proteins (nsp’s) are encoded within the first two open
reading frames (ORFs) (ORF1a and ORF1b), which comprise
approximately the 5'-proximal two-thirds of the viral genome.
These two ORFs are translated into two large polyproteins,
ppla and pplab, with the expression of the latter involving a
ribosomal frameshift mechanism (8). The autoproteolytic pro-
cessing of ppla and pplab gives rise to a total of 15 or 16
mature nsp’s. These proteins assemble into the viral replicase/
transcriptase complex (RTC), which is associated with an
intricate network of modified endoplasmic reticulum (ER)
membranes and supports the synthesis of genomic RNA
(replication) and subgenomic mRNAs (transcription) (36, 55,
61, 62).

The recently established Coronavirinae subfamily of the fam-
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ily Coronaviridae is subdivided into the genera Alphacoronavi-
rus, Betacoronavirus, and Gammacoronavirus, which include
phylogenetically compact genogroups (25, 38) whose numbers
are growing rapidly (45, 67). The genus Alphacoronavirus (for-
merly known as CoV group 1) includes subgroups 1a and 1b,
which are prototyped by human coronavirus 229E (HCoV-
229E) and HCoV-NL63, as well as the newly established spe-
cies Alphacoronavirus 1 (including porcine transmissible gas-
troenteritis virus [TGEV]), respectively. The genus
Betacoronavirus (formerly CoV group 2) includes several sub-
groups, with the most prominent (subgroups 2a and 2b) being
prototyped by the species Murine coronavirus (including mouse
hepatitis virus [MHV]) and Severe acute respiratory syndrome-
related coronavirus, respectively. The genus Gammacoronavirus
includes all avian coronaviruses identified until 2009.
Coronaviruses encode two types of cysteine proteases that
have narrow substrate specificities: a chymotrypsin-like main
protease (MP™, contained in nsp5) and one or two papain-like
proteases (PL1P™ and PL2P™, residing in nsp3) (70). Their
main function is ppla and pplab processing. Both PLP™ do-
mains reside in the N-terminal half of nsp3 and cleave the
nsplinsp2, nsp2insp3, and nsp3insp4 sites, while all sites down-
stream of nsp4 are processed by the nsp5 main protease. Coro-
naviruses have evolved different ways to process the N-termi-
nal part of ppla/pplab, with no less than four functional
patterns being recognized (69). The nsp3 subunits of alpha-
coronaviruses and subgroup 2a betacoronaviruses contain two
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active PLP™ domains. The processing of the N-terminal part of
ppla/pplab in the species Alphacoronavirus 1 is poorly char-
acterized. TGEV PL1P™ processes the nsp2insp3 site (56) and
may be involved in the processing of nsplinsp2 and nsp3insp4
cleavage sites, whose precise positions remain to be identified.
For the alphacoronavirus HCoV-229E, it was shown previously
that its papain-like proteases have overlapping specificities to-
ward multiple sites in the replicase polyproteins and that
PL1P™ is dispensable for virus replication (69). In the case
of MHV, PL1P™ is responsible for the processing of the
nsplinsp2 and nsp2insp3 cleavage sites, while PL2P™ is dedi-
cated to the nsp3insp4 cleavage site (26). Severe acute respi-
ratory syndrome CoV (SARS-CoV) nsp3 contains only the
PL2P™ domain (often called PLP™), which cleaves all three
sites in the region of nspl to nsp4 (27, 28). Until now, SARS-
CoV PL2P™ was the only structurally characterized represen-
tative of the coronaviral PLP™ enzymes (58). Gammacorona-
viruses encode an active PL2P™ (44) but also carry an inactive
remnant of PL1P™ (71). Moreover, their replicase lacks an
nspl moiety, and therefore, PL2P™ cleaves only the nsp2insp3
and nsp3Insp4 sites.

Apart from being responsible for replicase polyprotein pro-
cessing, PL2P™ domains possess an additional but related en-
zymatic activity: in HCoV-NL63 (11), MHV (68), and SARS-
CoV (5, 12, 42), they have been shown to be deubiquitinating
enzymes (DUBs). Like ubiquitinating enzymes, DUBs are key
players in modulating the innate immune response that ulti-
mately leads to interferon (IFN) secretion and the upregula-
tion of interferon-stimulated genes (ISGs) to induce an anti-
viral state in the host cell. A variety of signaling events in this
cascade is mediated by ubiquitination and can thus potentially
be countered by the expression of viral DUBs. It was proposed
previously that the CoV PL2P™ DUB activity may directly
affect the transcription factor interferon regulatory factor 3
(IRF3) (68). However, the DUB activity of SARS-CoV PL2P™
appears to target all proteins in the cell, including IRF3, sug-
gesting that its activity may not be restricted to IRF3 alone
(21). In addition, the PL2P™ domains of SARS-CoV and
HCoV-NL63 are also able to remove ISG15, a ubiquitin-like
protein whose expression and activity are tightly regulated by
the innate immune response (12, 43).

Here we report the first structure of a coronaviral PL1P™
domain, which was determined for the alphacoronavirus
TGEV. In in vitro cleavage assays, we also characterized the
purified protease enzymatically, using substrates representing
both viral and cellular targets. We show that TGEV PL1P™
possesses DUB activity and displays a slight preference for
Lys48-linked polyubiquitin chains over Lys63-linked ones.

MATERIALS AND METHODS

TGEV PL1P"™ expression and purification. The sequence encoding the TGEV
PL1P™ domain (residues 1062 to 1319 of the polyprotein ppla from TGEV strain
Purdue 46-MAD; GenBank accession number AJ271965.2 [http://www.ncbi.nlm
.nih.gov/GenBank/index.html]) (6) was delineated with the assistance of Viralis
software (24), using an updated version of a previously reported multiple-se-
quence alignment of coronavirus nsp3 (71). The domain was PCR amplified from
a full-length PUR46-MAD cDNA clone (kindly provided by Luis Enjuanes,
Madrid, Spain) and cloned into the pETM-11 vector (EMBL Hamburg). Protein
expression was performed with Escherichia coli strain Rosetta (DE3)pLysS cells
(Novagen). Cultures were grown in LB medium at 37°C until the optical density
(Agpo) reached 0.8, induced with 1 mM isopropyl-B-D-thiogalactopyranoside
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(IPTG), and left shaking overnight at 15°C. Cells were collected by centrifuga-
tion at 4,000 X g (30 min at 4°C) and frozen at —20°C. The bacterial pellet from
a 1-liter culture was resuspended in 20 ml of lysis buffer (50 mM NaH,PO, [pH
8.0], 300 mM NaCl, 10 mM imidazole, and 1 mM MgCl,). Cells were lysed by
sonication and centrifuged at 38,000 X g for 50 min at 4°C. The supernatant was
filtered through a 0.45-pm-pore-size membrane (Sartorius Stedim Biotech),
loaded onto 5 ml of Ni-nitrilotriacetic acid (NTA) beads (Qiagen), preequili-
brated with lysis buffer, and incubated for 30 min at 4°C. Beads were then washed
with high-salt buffer (50 mM Tris [pH 8.0], 500 mM NaCl), and the protein was
eluted with a solution containing 50 mM Tris (pH 8.0), 150 mM NaCl, and 500
mM imidazole. The fractions collected were analyzed by SDS-PAGE, and the
buffer of the protein sample was exchanged for buffer A (50 mM Tris [pH 8.0],
150 mM NaCl, 5% glycerol) using PD-10 columns (GE Healthcare). The recom-
binant protein was incubated overnight with the Hiss-tagged main protease from
tobacco etch potyvirus (TEV) (TEV protease; EMBL Hamburg) at 4°C (at a 50:1
ratio). The sample was then loaded onto Ni-NTA beads equilibrated with buffer
A. The flowthrough was collected, and the beads were washed with 20 ml of
buffer A. The fractions collected were analyzed by SDS-PAGE. The cleaved
protein sample was loaded onto a Superdex 75 gel filtration column (GE Health-
care) equilibrated with buffer A, and the purity of the sample was checked by
SDS-PAGE. The protein solution was concentrated to 8.5 mg/ml by using a
30-kDa-molecular-mass-cutoff centrifuge concentrator (Vivaspin; Vivascience),
and the concentration was determined with a NanoDrop spectrophotometer
(Thermo Scientific). The protein sample was stored at 4°C for up to 1 week or
flash-frozen in the presence of 20% glycerol and kept at —80°C for up to 6
months.

Protein crystallization. The first crystallization trials were carried out by using
the sitting-drop vapor diffusion method with 96-well plates (Greiner) at 19°C at
the EMBL Hamburg High-Throughput Crystallization Facility (47). Crystals
were obtained from a solution containing 0.2 M (NH,),SO,, 0.1 M MES (mor-
pholineethanesulfonic acid) (pH 6.5), and 30% polyethylene glycol (PEG) 5000.
Further optimization of the crystallization conditions was performed manually
with 24-well plates (Qiagen) by using the hanging-drop vapor diffusion method at
19°C. Crystals were obtained from a 2-ul drop of 8.5 mg/ml protein in a solution
containing 0.1 to 0.18 M (NH,),SO,, 0.1 M MES (pH 6.5), and 30% PEG 5000.

Data collection and processing. A crystal from the crystallization drop was
loop mounted, directly transferred into liquid nitrogen, and stored. The single-
wavelength X-ray diffraction data were collected from the single crystal at 100 K
with the help of an SC3 sample changer on the ESRF ID23-2 beamline equipped
with a MAR225 charge-coupled-device (CCD) detector. The crystal-to-detector
distance was maintained at 280.3 mm, and an oscillation range of 1° was used.
Two hundred images were collected to a maximum resolution of 2.5 A.

A second crystal was soaked in reservoir solution containing 1 mM KAu(CN),
for 10 min and quickly transferred into a nitrogen gas stream at 100 K. The
single-wavelength X-ray diffraction data were collected from a single crystal at
100 K on EMBL beamline X13 at DESY by using a MAR165 CCD detector.
Data were measured with a crystal-to-detector distance of 250 mm using an
oscillation range of 1°. Three hundred sixty images were collected to a maximum
resolution of 2.6 A.

For both data sets the recorded images were processed with XDS (35), and the
reflection intensities were processed with COMBAT and scaled with SCALA
(19) from the CCP4 program suite (13). Data collection statistics are shown in
Table 1.

Structure determination. The structure was solved by using the SAD protocol
of Auto-Rickshaw, the automated crystal structure determination platform (50).
A single heavy-atom position was found by using the program SHELXD (60) and
refined with the program BP3 (51, 52). The initial phases were improved by using
density modification with the program DM (14), and a partial model was pro-
duced by using the programs HELICAP (46) and BUCCANEER (15). The
resulting model, containing 169 residues, was used as an input for the MRSAD
protocol of Auto-Rickshaw. CNS (9, 10) refinement and heavy-atom refinement
with MLPHARE (49) were performed. The resultant phases were used to con-
tinue model building by using the program ARP/WARP (53), resulting in the
placement of 173 residues in the electron density. A second run of the MRSAD
protocol of Auto-Rickshaw led to a model containing 195 residues. Further
model building was performed manually by using the COOT graphics program
(18). Refinement was carried out by using the program REFMACS5 (48). The
stereochemistry of the model was evaluated with the program MOLPROBITY
(16).

In vitro assay of the TGEV PL1P™ enzymatic activity. An assay to determine
the cleavage of a fluorescent resonance energy transfer (FRET) peptide sub-
strate, DABCYL-MYNKMGGGDKTVSF(E-EDANS)-amide (where DABCYL
stands for 4-{[4-(dimethyloamino)phenyl]azo}benzoic acid and EDANS stands



VoL. 84, 2010 CORONAVIRUS PAPAIN-LIKE PROTEASE 1 STRUCTURE 10065
TABLE 1. Data collection statistics TABLE 2. Refinement statistics
Value for data set Parameter” Value
Parameter” 3 o
Native Derivative Resolution range (A)... 43.1-2.5
No. of working reflections/no. of free reflections.. ..13,743/718

X-ray source 1D 23-2 X13 No. of protein residues......coviviiiniiririnirineiriiiceeeeeeaes 211
Space group N P4,2,2 P4,2,2 No. of waters
Unit cell parameters (A) a=b=0625, a=>b=0611, No. of zinc ions ..

3 c=1994 c=192.1 Ry onidRispe (%) ...
Wavelength (A) 0.873 0.801 Avg B (A?) 37.4
Resolution range (A) 50.0-2.5 50.0-2.6
Highest resolution shell 2.65-2.50 2.76-2.61 RMS deviations from ideal values...........ccccoevevevereverecrereennns
Mosaicity 0.18 0.26 Bond lengths (A) 0.022
Mean I/o(I) 9.7 (2.0)* 38.3 (10.6)* Bond angles (°) 1.9
Ry, (linear) (%) 16.0 (77.8)“ 6.3 (27.3)*
Redundancy 8.3 15.2 “Ryork = SpualFo — Fl/2F,, where F,, and F, are the observed and calcu-
Rinens (%) 17.0 (83.0)° 6.5 (28.4)" lated structure factors, respectively. Ry,.. was calculated as described above for
NO?})f observations 215456 321582 R, but from a randomly selected subset of the data (5%), which were excluded
No. of unique reflections 25792 21221 from the refinement.
Completeness (%) 99.2 (95.1)¢ 99.4 (96.5)"

“ Numbers given in parentheses are from the highest resolution shell.

b Repe = [SpiaSil(hkl) — <I(hkl)>1)/2,,,21,(hkl)], where I,(hkl) is the inten-
sity of the ith measurement of reflection (hkl) and <I(hkl)> is the average
intensity. Rieas = Gl UN — 1123 L (hkD) — <I(hkl)>1)/%,,,,21,(hkl), where
I,(hkl) is the intensity of the ith measurement of reflection (hkl), <I(hkl)> is the
average intensity, and N is the number of measurements (or redundancy).

for 5-[(2-aminoethyl)amino|naphthalene-1-sulfonic acid; Alta Bioscience), was
carried out by using different substrate concentrations (10 to 50 M) and 0.5 puM
purified TGEV PLIP™. Assays were performed with a 96-well microplate
(Greiner Bio-One) using a Safire fluorimeter (Tecan). The reaction was carried
out in the presence of a solution containing 50 mM Tris (pH 8.0), 150 mM NaCl,
5% glycerol, and 0.5 mM Tris(2-carboxyethyl)phosphine at 30°C. The rate of
substrate hydrolysis was determined by monitoring the fluorescence as a function
of time (excitation A, 330 nm; emission \, 490 nm). Initial velocities were calcu-
lated from the linear part of the curves. Since no saturation was observed in the
plot of initial velocities versus substrate concentrations, data points were fitted to
the equation v/[E]o = kupplS], where v is the initial velocity (wm/min), [E], is
the enzyme concentration (LM), K, is the pseudo-first-order rate constant
(assuming [S] << K,,,) [1/(w.M - min)], and [S] is the substrate concentration
(1M). For this equation, the k,p, approximates K.,/K,,,.

TGEV PLIP™ deubiquitination assays. The deubiquitinating activity of puri-
fied TGEV PL1P™ was assessed by using the fluorogenic substrate ubiquitin-7-
amino-4-methylcoumarin (AMC) (Ub-AMC) (Enzo Life Sciences). The reaction
was carried out in the presence of a solution containing 50 mM Tris (pH 8.0), 150
mM NaCl, 5% glycerol, and 0.2 to 0.8% dimethyl sulfoxide (DMSO) at 26°C.
Assays were performed with a 96-well microplate (Greiner Bio-One) using a
Safire fluorimeter (Tecan). Reaction mixtures contained 0.5 wM protein and
different concentrations of Ub-AMC (0.2 to 1 wM). The fluorescence of the
released AMC was monitored continuously (excitation \, 380 nm; emission A,
460 nm). The initial velocities were plotted against the Ub-AMC concentration
and fitted to the equation presented above to determine the pseudo-first-order
rate constant. The standard curve was generated by measuring the fluorescence
of AMC dissolved in the reaction buffer at different concentrations (range, 0.05
to 0.5 uM).

As an alternative substrate we employed Lys48- and Lys63-linked polyubiq-
uitin chains (Boston Biochem), of which 2.5 pg was incubated in a 10-pl volume
of buffer B (50 mM Tris [pH 7.5], 5 mM MgCl,, 2 mM dithiothreitol [DTT]) and
2-fold serial dilutions of purified TGEV PL1P™ (final enzyme concentrations, 50,
25, 12.5, and 6.25 ng/ul) or isopeptidase T (final concentration, 50 ng/ul) as a
positive control. The reaction mixtures were incubated for 2 h at 37°C and
subsequently mixed with Laemmli sample buffer and loaded onto a 15% SDS-
PAGE gel. Protein bands were visualized by using Coomassie brilliant blue
staining, and gels were scanned by using a GS-800 calibrated densitometer
(Bio-Rad).

Protein structure accession number. Atomic coordinates and structure ampli-
tudes reported here have been deposited in the Protein Data Bank (PDB) under
accession number 3MP2.

RESULTS

Protein production, crystallization, and structural studies.
To clone the TGEV PL1P™ domain into bacterial expression
vector pETM-11, a sequence encoding a 258-amino-acid do-
main of nps3 (ppla residues 1062 to 1319, hereafter numbered
residues 1 to 258) was PCR amplified. The expression product
contained an additional 28 amino acids at the N terminus,
which included a hexahistidine tag and a TEV main protease
cleavage site. TEV protease treatment removes most of the
tag, leaving 4 of the additional N-terminal residues. The N-
terminally modified TGEV PL1P™ domain was expressed in E.
coli cells, yielding up to 30 mg per liter of cell culture, and
purified with two metal ion affinity chromatography steps (be-
fore and after TEV protease cleavage), followed by a size-
exclusion chromatography step. The purified protein was
found to be monomeric in solution and was crystallized over-
night as described in Materials and Methods. Molecular re-
placement with SARS-CoV PL2P™ structure coordinates
(PDB accession number 2FES8) as a search model was unsuc-
cessful. Therefore, the structure was solved ab initio with the
SAD technique using anomalous scattering from a classical
gold derivative soak. The TGEV PL1P™ crystals belonged to
the space group P4,2,2 with the following unit cell dimensions:
a=b=0625c=1994 A. There was 1 protein molecule per
asymmetric unit. The structure was determined to a resolution
of 2.5 A and refined to a final R value of 17.3% (Rye. =
22.3%). Refinement statistics are shown in Table 2. Residues
10 to 220 could be placed into the electron density. The Ra-
machandran plot shows 95.2% of the residues in the preferred
region and 4.8% of the residues in the allowed region. The
refined model also contained 1 zinc ion and 173 solvent mol-
ecules.

Overall structure of TGEV PL1°™. The structure of TGEV
PL1P™ resembles a right hand with three distinct regions, the
palm, thumb, and finger (Fig. 1). The thumb region is formed
by a two-stranded B sheet (31 and B2) and four « helices (al
to a4). The finger region is formed by a short-strand 5 and an
antiparallel, twisted B sheet with the strand order B4-B3-87-36.
In the tip region of the finger domain, four cysteine residues,
Cys103, Cys105, Cys131, and Cys134 (forming the motif CXC-
X,5-CXXC), chelate the zinc ion. This zinc-binding domain
belongs to the zinc ribbon fold (37), as was predicted previ-
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FIG. 1. Ribbon representation of the TGEV PL1P™ structure. The
thumb region is shown in green, the fingers are shown in blue, and the
palm is shown in yellow. Residues Cys32, His183, and Asp196 form the
catalytic triad and are shown as magenta spheres. Cysteine residues
Cys103, Cys105, Cys131, and Cys134, which are coordinating the zinc
ion (a gray sphere), are shown as red cylinders. The figure was created
with the molecular graphics program ccp4 mg (54).

ously by protein modeling (31). The presence of the zinc in the
crystal of TGEV PL1P* was confirmed by an energy scan over
the zinc absorption edge. The finger and palm regions are
connected by a long, 17-amino-acid loop that contains a B-turn.
Strands B8 to B12 make up the palm region. Together with
finger strands B5 and B7, they form a seven-stranded 3 sheet
with the strand order B5-B7-B12-B8-p9-B10-B11. With the ex-
ception of B5, the strands are antiparallel. The C-terminal part
of the twisted strand B12 also participates in the formation of
the antiparallel sheet 34-B3-B7-B12 present in the finger re-
gion. The strand and helix numberings used here are neces-
sarily different from those of SARS-CoV PLP™ (58), first be-
cause the structure reported here does not have the N-terminal
ubiquitin-like domain and second because subtle structural
differences (described below) exist.

TGEV PLI1P™ includes the spatially proximal residues
Cys32, His183, and Asp196, which are implicated in catalysis;
they will be referred to as the catalytic triad, although Asp196
may play only a stabilizing role for the other two residues (see
Discussion). Cys32 is positioned at the N terminus of a1 in the
thumb region. Both the histidine and the aspartic acid residue
are located in the palm region. His183 is positioned at the N
terminus of B9, and Asp196 is situated at the C terminus of
B10. The distance between Cys32 and His183 is 3.8 A, and that
between His183 and Asp196 is 3.3 A

The TGEV PLI1P™ structure was compared with all struc-
tures in the PDB by using the DALI server (http://ekhidna
.biocenter.helsinki.fi/dali_server/). It is very similar to that of
SARS-CoV PL2P*™ (Z score of 18.4); to cellular DUBs (human
ubiquitin-specific proteases [USPs] 2, 7, 8, 14, and 21 and yeast
Ubp6, Z scores of 12.6 to 11.2); as well as to the foot-and-
mouth disease virus leader protease (LP*°) (Z score of 10.9).
PL2P™ and the USPs, but not LP™, also include a Zn ribbon
between the two domains that give rise to the papain-like fold.

Structural comparison of TGEV PL1P™ and SARS-CoV
PL2P™, The crystal structure of TGEV PL1P™ is similar to that
reported previously for SARS-CoV PL2P™ (58), with a 3.1-A
root mean square (RMS) deviation for 202 superimposed Ca
atoms. The overall superposition of the structures is excellent
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in the thumb and palm regions, whereas the 3 strands of the
fingers do not superimpose as well, even though the structural
organization of the zinc-binding site in the fingertip region
(Fig. 2a and b) is similar. The residues of the proposed catalytic
triad are very well aligned. Interestingly, there are several
regions with significant structural differences. SARS-CoV
PL2P™ has a relatively evenly distributed electrostatic surface
potential with no apparent clusters of charged residues (Fig. 2e
and f), whereas TGEV PL1P™ has a more negatively charged
surface with two distinguishable patches (Fig. 2¢c and d). The
side of TGEV PL1P™ opposite of the active site (Fig. 2d) has
a lobe of negative charge, which mainly includes residues from
loops Lg; g2, Lgo gi0, and L;_,» and helix a1. These are parts
of the structure that differ significantly from that of the corre-
sponding region in SARS-CoV PL2P™. A second large region
of negative charge in PL1P™ includes the active-site groove and
the surrounding region, which is responsible for substrate bind-
ing and specificity (Fig. 2c). It includes residues from loop
L5.4> helix a4, the N-terminal part of region II (see below),
as well as residues Tyr175, Tyr184, and Thr209.

There are two regions, named regions I and II, that differ
most substantially in terms of secondary structure in the two
proteases. In TGEV PL1P™, region I lies between strands B4
and B6 and comprises a part of the Zn ribbon (Fig. 3). It
consists of 10 amino acids (residues 115 to 124) and contains
the short strand B5 (residues 116 to 118), which is the outer-
most strand of the structure’s main, seven-stranded, B sheet.
The corresponding region in the SARS-CoV PL2P™ structure,
located between B5 and B6, contains 17 amino acids (residues
203 to 219) and includes an a-turn, a short B strand (residues
207 to 209), and a8 (residues 213 to 219). Region II of the
TGEYV PL1P™ structure consists of 23 residues, residues 147 to
169. Tt includes the C-terminal part of B7 and loop Lg; gs,
which contains a p-turn. Its counterpart in the SARS-CoV
PL2P™ structure (residues 240 to 259) consists of 20 residues
and includes loop Lg;_gg, strand B8 (residues 242 to 255), and
loop Lgg go- In the TGEV PL1P™ structure the C-terminal
parts of regions I and II are in proximity to each other (the
distance between the Ca’s of Val166 and Lys123 is 5.1 A) and
interact through two main-chain hydrogen bonds (Fig. 4a). In
contrast, in the SARS-CoV PL2P™ structure the C-terminal
parts of regions I and II are far apart (the distance between
Ca’s of GIn256 and Thr219 is 20.5 A) and do not interact.

Loop Lg2 413 in the SARS-CoV PL2P™ structure interacts
with region II (as described above) and with loop Lg;o 14
through three hydrogen bonds (Fig. 4b). In the TGEV PL1P*
structure, strand B11 is shorter than the corresponding strand
B12 in SARS-CoV, and loop Lg;; s> (equivalent to SARS-
CoV loop Lg;,.13) is 4 residues longer. This results in a dif-
ferent orientation of this part of the structure. In the SARS-
CoV PL2P™ structure, helix a5 consists of 15 residues, and
loop L,4..s interacts with loop L, g, through two hydrogen
bonds (Fig. 4c). In contrast, in the TGEV PL1P™ structure,
helix a2 consists of only 9 residues, and loops L.;_.» (SARS-
CoV loop L4 4s5) and L4 g3 (SARS-CoV loop L, g4) do not
interact. It is notable that this difference between the SARS-
CoV and TGEV structures maps to a region that is distant
from the active site, including the substrate-binding region.

SARS-CoV PL2P* loop Lgg g0 (267-GNYQCG-272) was
previously described to be a highly mobile loop, which is dif-
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FIG. 2. Comparison of the TGEV PL1P™ and SARS-CoV PL2P™ structures. (a and b) Superposition of the TGEV PL1P™ and SARS-CoV
PL2P™ structures shown in two orientations (rotated 180° around the horizontal axis). The TGEV PL1P™ structure is shown in light blue, and the
SARS-CoV PL2P™ structure is shown in yellow. The catalytic triad residues are shown as magenta sticks, and zinc ions are shown as gray spheres.
The black circle indicates the region where the part of the substrate upstream of the recognition site is predicted to bind. (c to f) Electrostatic
surface potential of TGEV PL1P™ (¢ and d) and SARS-CoV PL2P™ (e and f). The electrostatic surface was calculated with the APBS plug-in for
PyMOL (1, 40) and is rendered in blue and red to illustrate positive and negative electrostatic potentials, respectively, in the spectrum ranging from
+4 kgTle to —4 kgT/e. Two regions of the TGEV PL1P™ surface with negative charge are labeled with black circles.

ferently positioned in the three monomers of the asymmetric
unit (58). This loop corresponds to so-called loop BL2 in the
USP proteins. Loop BL2 (427-GRSSSSG-433), together with
loop BL1 (not present in coronaviral PLP™s), was proposed
previously to modulate the DUB activity of USP14 (33). Two
glycine residues flanking this loop are conserved in PLP™s (and
several other USPs, including USP2, USP7, USPS, and USP14)
and might be responsible for the high flexibility of this region.
It was also shown previously that in the SARS-CoV PL2P™
structure, this loop significantly changes conformation upon
the binding of the inhibitor GRL0617 (57). Interestingly, the
corresponding TGEV PLI1P™ loop, Lgg g (177-GTTQNG-
182), has a conformation similar to that of the inhibitor-bound
form of SARS-CoV PL2P™ (Fig. 4d).

Substrate specificity of PL1P*°. The cleavage specificity of
SARS-CoV PL2P™ is restricted to amino acids at substrate
positions P4 to P1 (5, 27, 64). Based on the three sites within

the polyprotein ppla/pplab that are cleaved, it was concluded
that LXGG | is the consensus sequence recognized by this
protease (64). TGEV PLI1P* cleaves at the nsp2insp3 site (56),
whose P4-P1 positions are occupied by the KMGG peptide,
resembling the LXGG peptide recognized by SARS-CoV
PL2P™. This similarity enables modeling to locate substrate-
binding residues in the TGEV PLI1P™ structure by superim-
posing it on SARS-CoV PL2P™ bound to a ubiquitin aldehyde
(C-terminal sequence LRGG), as examined by previously re-
ported docking studies (58).

It was shown previously that the oxyanion hole of SARS-
CoV PL2P™ is stabilized by Tyr107. The replacement of this
residue by alanine abolished the protease activity (58). In
TGEV PL1P™ the spatially equivalent position is occupied by
GIn27 (3.2 A away from Asp196 and 3.6 A away from His183).
The highly conserved Asn110 of SARS-CoV PL2P™ (Asn30 in
TGEV PL1P™) was also proposed to contribute to the stabili-
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FIG. 3. Multiple-sequence alignment of coronaviral R-group papain-like proteases. The alignment is based on structures of TGEV PL1P™ and
SARS-CoV PL2P™ (PDB accession number 2FES; molecule A). The secondary structure of TGEV PL1P™ is shown on the top of the alignment,
and that of SARS-CoV PL2P™ is shown on the bottom. Regions I and II are labeled. Cysteine residues chelating the zinc ion are indicated by
dashed blue lines, and the catalytic triad residues are indicated by dashed magenta lines. Orange lines indicate binding-site signature motifs, while
yellow squares highlight USP-like binding-site signature residues (based on data from reference 63). Accession numbers (and sequence ranges
[based on the numbering of the polyprotein ppla]) of papain-like proteases are as follows: FCoV PL1P™, NC_007025.1 (residues 1018 to 1228);
HCoV-NL63 PL1P™, NC_005831.2 (residues 1039 to 1250); HCoV-229E PL1P™, AF304460.1 (residues 1032 to 1246). The structure-based
alignment was generated with the Dali server (http:/ekhidna.biocenter.helsinki.fi/dali_lite/start) using the DaliLite pairwise option (29). Using
Clustal 2.0.12 (39) in the ClustalX environment and the sequences-to-profile mode, the structural alignment was extended to include sequences
of three additional papain-like proteases. The resulting alignment was visualized with Jalview (65).

zation of the oxyanion hole (58). The region between Thr103
and Asnl110 in SARS-CoV PL2P™ (region between Ile23 and
Asn30 in TGEV PL1P™) limits access to the narrow active site.
The hydrogen bond between O82(Aspl09) and Nel(Trp94)
was proposed to prevent the collapse of this region into the
active site. In TGEV PLI1P™ there is no interaction between
the corresponding residues, Asp29 (SARS-CoV PL2P™
Aspl109) and Phel4 (SARS-CoV PL2P*™ Tyr94). However,
Asp29 forms a hydrogen bond with Arg75 [Ovy1(Asp29)-
Ne(Arg75)], which may keep the region between Ile23 and
Asn30 in the same orientation as that in the case of SARS-CoV
PL2P™.

SARS-CoV PL2P™ requires glycine residues in the P1 and
P2 positions of its substrate. Two tyrosine residues (Tyr113 and
Tyr274) as well as Asn110 and Leul63 of the substrate pocket
may be partially responsible for this strict requirement. In
TGEV PL1P™, the substrate of which also has glycines in the
P1 and P2 positions, Trp33 and Tyr184 are spatially equivalent
to SARS-CoV PL2P™ Tyr113 and Tyr274, respectively. The
TGEV PL1P™ S1 subsite is also formed by Asn30 and Ser78
(Asn110 and Leul63 in SARS-CoV). One of the main deter-
minants of substrate specificity at the P1 and P2 positions in
papain-like proteases seems to be the above-described highly
mobile loop (TGEV PL1P™ loop Lgg go). Interestingly, in the

case of SARS-CoV PL2P™, docking studies did not reveal
interactions between the substrate and this loop.

In the proposed model of the SARS-CoV PL2P™ (58), the S3
and S5 subsites are occupied by arginine residues. It was shown
that the backbone of the substrate’s P3 residue is stabilized by an
interaction with Tyr256, while P5 is stabilized by Asp165. Resi-
dues Tyr175 and Asp80 of TGEV PL1P™ may stabilize the back-
bone of the Met and Arg residues in the substrate P3 and P5
positions. SARS-CoV PL2P™ Glul68, which was proposed to
interact with the side chains of the P3 and P5 arginines, is re-
placed by Tyr83 in TGEV PL1P™, the side chain of which is facing
away from the substrate-binding site.

The P4 position is occupied by very different residues, Leu
and Lys, in substrates of SARS-CoV PL2P™ and TGEV
PL1P™, respectively. Accordingly, their S4 subsites are formed
by different residues. In the SARS-CoV PL2P™ structure, S4
resides in a hydrophobic cleft created by residues Pro249,
Thr302, and Tyr265. In the TGEV PL1P™ structure, Tyrl75
and Thr209 form the spatially equivalent site, while residue
Pro249 is replaced by Ile155. The Ile155 Ca atom is 3 A away
from the corresponding proline’s Ca. The displacement of this
part of the TGEV PL1P™ structure may create enough space to
accommodate the side chain of a lysine at the substrate’s P4
position.
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FIG. 4. Structural differences between TGEV PL1P™ and SARS-CoV PL2P™. The TGEV PL1P™ structure is shown in light blue, the
SARS-CoV PL2P' structure is shown in yellow, the SARS-CoV structure in an inhibitor-bound form is shown in green, oxygen atoms are shown
in red, and nitrogen atoms are shown in blue. (a) Differences in C-terminal parts of regions I and II. Hydrogen bonds formed between
O(Met164)-N(Lys123), N(Val166)-O(Pro121), On(Tyr214)-Oe2(Glu308), and Ne2(GIn256)-O(Ser295) are shown with dashed lines. (b) Region
neighboring region II. Hydrogen bonds formed between Om(Tyr193)-O8(Asn20), Ne2(Gln256)-O(Ser295), N(Met294)-O(Leu283), and
O(Met294)-N(Leu283) are shown with thin black lines. (c) Structural differences in the region between al (SARS-CoV a4) and a2 (SARS-CoV
a5). The main chain of residues 127 to 129 and 176 to 178 is shown. Hydrogen bonds formed between O(Lys127)-N(Asn178) and N(Asn129)-
O(His176) are shown with thin black lines. (d) Highly mobile loop (residues 177 to 182). The inhibitor GRL0617 is shown as green sticks. Catalytic
triad residues Cys34 (SARS-CoV Cys112), His183 (SARS-CoV His273), and Asp196 (SARS-CoV Asp287) are shown as sticks. The figure was
created with the molecular graphics program ccp4 mg (54).

Coronaviral papain-like proteases have narrow substrate Peptide-based in vitro cleavage assay. We extended the char-
specificities, which seem to be modulated by subtle changes in acterization of purified TGEV PL1P™ to determine its proteo-
the specificity pockets. In order to fully understand the TGEV lytic activity toward peptides mimicking viral and cellular sub-
PL1P™ substrate recognition mechanism, the nsplinsp2 and strates. First, the enzyme was used to determine the kinetic
nsp3insp4 sites in the TGEV replicase polyproteins need to be parameters of the cleavage of a synthetic substrate, which
identified. consisted of 14 amino acids encompassing the nsp2insp3 cleav-
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FIG. 5. TGEV PLI1P™ in vitro activity assays. The hydrolysis of ubiquitin-AMC (squares) and cleavage of DABCYL-MYNKMGGGDKTVS
F(E-EDANS)-amide (triangles) were measured at different substrate concentrations (0.2, 0.3, 0.4, 0.5, 0.6. 0.7, 0.8, and 1 uM in the case of the
Ub-AMC and 10, 20, 30, 40, and 50 pM in the case of the FRET peptide). The TGEV PL1P™ concentration was 0.5 wuM. For both experiments

the initial velocities were calculated and data were fit to the equation (see text), which allowed the determination of the k

logarithmic scale was used for the horizontal axis.

age site, including P4-P1 residues KMGG, which determine
cleavage specificity. DABCYL and EDANS moieties were
fused to the N and C termini of the peptide, respectively, to
allow the detection of peptide hydrolysis by using a FRET-
based assay. Upon the cleavage of the DABCYL-MYNKMG
GGDKTVSF(E-EDANS)-amide substrate, the fluorescence
intensity (measured at 490 nm) increased, because the released
EDANS was no longer quenched by the DABCYL group.

Because no saturation was observed in the plot of initial
velocities versus substrate concentrations, the pseudo-first-or-
der rate constant, k,,,, which approximates k.,/K,,, was de-
termined. TGEV PL1P™ hydrolyzes the short synthetic DAB
CYL-MYNKMGGGDKTVSF(E-EDANS)-amide  substrate
with a k,,, rate constant of 1.81 * 0.03 min~' mM™". This
value is very similar to the SARS-CoV PL2P™ rate constants
obtained for the hydrolysis of the substrate Z-LRGG-AMC
(3.6 min~! mM™!) (42) and (E-EDANS)RELNGGAPI(K-D
ABCYL)S (24.4 min~' mM ™) (5).

In vitro deubiquitinating activity of TGEV PL1P™. The
P4-P1 KMGG specificity sequence of the TGEV PLI1P™
nsp2insp3 cleavage site resembles the C-terminal ubiquitin se-
quence LRGG that is recognized by a variety of viral and
cellular DUBs. It was previously shown that SARS-CoV
PL2P™, which recognizes the LXGG consensus sequence, pos-
sesses DUB activity (5, 42, 43). Based on these observations
and structure modeling, PL1P" of alphacoronaviruses was pre-
dicted to also possess DUB activity (63), which we probed
using different substrates in two types of in vitro assays.

DUB activity was first tested in a reaction using the fluores-
cent substrate ubiquitin-AMC (Ub-AMC). The change of flu-
orescence intensity was measured over time at different sub-
strate concentrations. TGEV PL1P™ was found to cleave the
bond between ubiquitin and AMC, resulting in the release of
the fluorescent dye and an increase of the fluorescence inten-
sity. Since the initial rate of Ub-AMC hydrolysis increased
linearly with the substrate concentration, the data were fitted

app Value. For clarity, a

to the same equation as that used for analyzing the data from
the peptide cleavage assay (see above). The pseudo-first-order
rate constant for TGEV PL1P™ was determined to be 74 = 1
min~' mM ™, significantly lower than the rate constants pre-
viously determined for SARS-CoV PL2P™: 4,480 min~! mM '
(60%) (5), 1,188 min~* mM™' (16X) (43), and 786 min "
mM ! (10X) (42). However, this value is higher than that of
USP7 (k../K,,, = 13 min "' mM ') (32). TGEV PL1P™, SARS-
CoV PL2P™ and the USP7 have low affinities for the Ub-AMC
substrate but quite high turnover rates. Interestingly, the pref-
erence of TGEV PL1P™ for the Ub-AMC substrate is much
higher than for the FRET peptide, as seen from a 40-times-
higher k,,,,, (Fig. 5).

To confirm the results obtained with the fluorimetric assay
and examine whether TGEV PL1P™ can hydrolyze isopeptide
bonds, an in vitro dose-range experiment with commercially
available polyubiquitin substrates was performed. Lys63- and
Lys48-linked polyubiquitin chains were incubated with differ-
ent amounts of purified TGEV PL1P™. The samples were
analyzed on an SDS-PAGE gel and visualized with Coomassie
staining (Fig. 6). The results clearly show that TGEV PL1P™
can process both types of polyubiquitin chains but seems to
have a slight preference for Lys48-linked ones. In conclusion,
both in vitro assays convincingly demonstrate that TGEV
PL1P™ is a multifunctional protease that possesses DUB ac-
tivity.

DISCUSSION

In this paper we report the first structure of a coronavirus
PL1P™ domain, one of the three nonstructural proteases of the
alphacoronavirus TGEV. Historically, PL1P™ was the first
coronaviral papain-like protease to be experimentally identi-
fied (17) and to have its coding sequence mapped to the ge-
nome (MHV PL1P™) (2, 3). Subsequently, its sequence served
as a template for the discovery of the paralogous PL2P™ do-
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FIG. 6. Dose-range experiment with Lys48- and Lys63-linked polyubiquitin chains. Isopeptidase T served as a positive control. Untreated
samples contain undigested Lys48- or Lys63-linked polyubiquitin chains. Two-fold serial dilutions of TGEV PL1P™ were used in this experiment
(the highest concentration was 50 ng/pl, also used for running the control reaction). Polyubiquitin chains are indicated with an arrow, and the

lowest band corresponds to single, unchained ubiquitin molecules.

main by bioinformatics (23). The structure of TGEV PL1P™
resembles a right hand, with three distinct regions, the palm,
thumb, and fingers. It contains a zinc-binding domain, with
four cysteine residues chelating the zinc ion, and a catalytic
triad that is formed by residues Cys32, His183, and Asp196.

This overall structural organization and the assignment of
functional residues were previously proposed by using a com-
bination of protein homology modeling and the biochemical
characterization of HCoV-229E PL1P* (31). Site-directed mu-
tagenesis (30, 31) revealed that the replacement of any of the
Zn-coordinating residues or the catalytic Cys and His is detri-
mental for proteolytic activity toward the nsplinsp2 site. In
contrast, the protease tolerated a range of replacements of the
putative catalytic Asp residue (31). It was proposed, by analogy
with cellular PLP™s, that this Asp residue might stabilize the
catalytic His through hydrogen bonding rather than play a
catalytic role per se. In the TGEV PL1P™ structure, the prox-
imity of the catalytic Asp and His residues is compatible with
either model, indicating that further study is required to assess
the precise role of the Asp residue in PLP™ catalysis.

The crystal structure of TGEV PL1P™ also offers structural
details not previously available. A comparison with the struc-
ture of the paralogous SARS-CoV PL2P™ is instructive (Fig. 3
and 4). While they are very similar in many parts, there are a
few regions with significant structural differences of potential
functional significance. The most striking difference concerns a
ubiquitin-like domain that is N-terminally fused with SARS-
CoV PL2P™ and conserved in the PL2P* domains of all coro-
naviruses but not in the PL1P™ domains. Regions I and II are
considerably dissimilar in the TGEV PL1P™ and the SARS-
CoV PL2P™ structures. The distance between the main-chain
carbons of the sequentially equivalent C-terminal parts of re-
gion II residues, Vall66 (TGEV) and GIn256 (SARS-CoV), is
14.8 A. Except for their central parts, those two regions are
located far from the active site and, therefore, are not likely to
be involved in substrate specificity (substrate regions S1 to S4).
Based on the comparison with human USP structures, it is
most likely that this part of the structure (Fig. 2b) is respon-
sible for binding the distal part of the substrate. The observed
structural difference between TGEV PL1P™ and SARS-CoV

PL2P™ may be related to differences in the substrates that
these proteases recognize (the C termini of nspl, nsp2, and
nsp3 and yet-to-be-identified host proteins) or to the proper-
ties of cofactors that may modulate the activities of these
proteases.

The variable region, neighboring region II, is present in the
part of the structure that is lying opposite to the active site and
is, most likely, not involved in interactions with the substrate. It
might compensate for the huge conformational changes in
regions I and II and, therefore, maintain the conserved core of
the structure that contains the active site (helix al and strands
B9 and B10). Another very striking difference between SARS-
CoV PL2P™ and TGEV PL1P™ occurs in the highly mobile
loop, which in TGEV PL1”™ adopts a fold similar to that in
inhibitor-bound SARS-CoV PL2P* (Fig. 4d). We have shown
that our recombinant TGEV PL1P™ possesses enzymatic ac-
tivity in solution. The significant variation, 3 residues out of 4,
in the amino acid sequence of this loop of SARS-CoV PL2P™
and TGEV PL1P™ may be responsible for the difference in
substrate specificity.

During their replicative cycle, many viruses interact with the
host cell’s ubiquitin and ubiquitin-like pathways, which can
lead to, e.g., a modulation of the cell cycle by DNA viruses,
viral interference with the innate and adaptive immune re-
sponses, and promoting the entry and exit of viral particles
(34). Mechanistically speaking, most viruses hijack the cellular
ubiquitin system, but some encode their own ubiquitin ligases
and DUBs. Deubiquitinating activity has been demonstrated
for the adenovirus protease adenain, herpesvirus UL36VSP,
SARS-CoV PL2P™, arterivirus nsp2, and bunyavirus L proteins
(20, 34). Herpesviral DUBs represent a new family of deubig-
uitinating enzymes and might be involved in the entry, assem-
bly, and release of virus particles (41, 59). The adenovirus
protease adenain is responsible for a general decrease in the
pool of ubiquitinated proteins, mainly in the nucleus, of the
infected cell (4). However, cognate cellular substrates of ad-
enain have not been identified (34). SARS-CoV PL2P*, which
was proposed to be involved in counteracting the host’s innate
immune response, was shown previously to possess DUB ac-
tivity in vitro (5, 42, 43). MHV PL2P™ was shown to bind to
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IRF3, deubiquitinate it, and thereby prevent its nuclear trans-
location, which strongly inhibits IFN-B-controlled reporter
gene activity (68). Here, we show that TGEV PL1P™ also has
DUB activity in vitro. The determined pseudo-first-order rate
constant is between that of SARS-CoV PL2P™ and that of
USP7. Interestingly, TGEV PLI1P*® is capable of hydrolyzing
the isopeptide bonds in both Lys48- and Lys63-linked poly-
ubiquitin chains, which are both relevant in the regulation of
innate immunity and proinflammatory signaling (7). TGEV
PL1P™ seems to have a preference for the Lys48-linked poly-
ubiquitin chains, which may allow it to rescue viral proteins
from the proteasomal degradation pathway. Additionally, host
cells use the ubiquitin-proteasome system to fight viral infec-
tion by presenting viral antigens to T cells through the use of
the major histocompatibility complex (MHC) class I pathway.
TGEYV PL1P™, through interference with the proteasomal deg-
radation machinery, may alter this host immune response.

It was previously proposed that alphacoronavirus PL1P™s,
which contain a so-called USP-like binding site, are likely to
exhibit DUB activity (63). Here, we provide the first experi-
mental support for this hypothesis by documenting the in vitro
DUB activity of purified TGEV PL1P™. The PLIP* and
PL2P™ domains of another virus of the genus Alphacoronavi-
rus, HCoV-229E, are known to have overlapping substrate
specificities and can both cleave the nsplinsp2 and nsp2insp3
junctions (69). It was speculated that other alphacoronavi-
ruses, including TGEV, may share this property, which could
also include an overlapping specificity for ubiquitinated sub-
strates. However, in a recent study, Clementz et al. (12) con-
cluded that PL1P™ of HCoV-NL63, unlike its PL2P™ paralog,
does not exhibit general DUB activity. In the light of the
structural considerations outlined above and the convincing
DUB activity now observed for TGEV PL1P™, we suggest that
this conclusion may have been premature and that the HCoV-
NL63 PL1P™ DUB activity may have gone unnoticed for tech-
nical reasons. First, the transient expression approach that was
used by Clementz et al. is not suitable to reveal DUB activity
toward one or a few specific ubiquitinated substrates. Second,
and more important, our in vitro cleavage assay uses a purified
recombinant enzyme and an “unambiguous” substrate, result-
ing in a more straightforward and sensitive analysis of DUB
activity. We therefore believe that a more rigorous biochemical
characterization of NL63 PL1P"°—of which an active recom-
binant form is yet to be purified—will likely reveal that DUB
activity is indeed common to all alphacoronavirus PL1P™ do-
mains.

The identification of the full range of natural substrates of
viral enzymes remains an ongoing challenge that may not have
been met for any enzyme to date, given the enormous size and
diversity of the cellular proteome. Once identified, any sub-
strate can be exploited in the context of the development of
strategies to control coronavirus infections. The coronaviral
papain-like proteases, including PL1P™, are no exception in
this respect, and their more detailed characterization will yield
important insights into their role in the viral replicative cycle as
well as their potential as a target for antiviral drug develop-
ment. The TGEV PLI1P™ structure and proteolytic activities
toward virus and cellular substrates in vitro reported here will
facilitate this quest.

J. VIROL.
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