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(Background: Whether papain-like protease (PLpro) from avian infectious bronchitis virus (IBV) that infects poultry,
causing huge losses, can perform deubiquitination is unknown.
Results: IBV PLpro cleaves Lys**- and Lys®-linked polyubiquitin. The crystal structure reveals a markedly different set of

Conclusion: IBV PLpro performs deubiquitination with catalytic efficiencies that are different from other PLpros.
Significance: Results provide a framework for developing antivirals.

J

Papain-like protease (PLpro) of coronaviruses (CoVs) carries
out proteolytic maturation of non-structural proteins that play a
role in replication of the virus and performs deubiquitination of
host cell factors to scuttle antiviral responses. Avian infectious
bronchitis virus (IBV), the causative agent of bronchitis in
chicken that results in huge economic losses every year in the
poultry industry globally, encodes a PLpro. The substrate spec-
ificities of this PLpro are not clearly understood. Here, we show
that IBV PLpro can degrade Lys*®- and Lys®3-linked polyubiq-
uitin chains to monoubiquitin but not linear polyubiquitin. To
explain the substrate specificities, we have solved the crystal
structure of PLpro from IBV at 2.15-A resolution. The overall
structure is reminiscent of the structure of severe acute respira-
tory syndrome CoV PLpro. However, unlike the severe acute
respiratory syndrome CoV PLpro thatlacks blocking loop (BL) 1
of deubiquitinating enzymes, the IBV PLpro has a short BL1-like
loop. Access to a conserved catalytic triad consisting of Cys'®!,
His?**, and Asp®’" is regulated by the flexible BL2. A model of
ubiquitin-bound IBV CoV PLpro brings out key differences in
substrate binding sites of PLpros. In particular, P3 and P4 sub-
sites as well as residues interacting with the 3-barrel of ubiquitin
are different, suggesting different catalytic efficiencies and sub-
strate specificities. We show that IBV PLpro cleaves peptide
substrates KKAG-7-amino-4-methylcoumarin and LRGG-7-
amino-4-methylcoumarin with different catalytic efficiencies.
These results demonstrate that substrate specificities of IBV
PLpro are different from other PLpros and that IBV PLpro
might target different ubiquitinated host factors to aid the prop-
agation of the virus.
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Avian infectious bronchitis virus (IBV)? is an enveloped, sin-
gle-stranded RNA virus belonging to the Coronavirus genus (1,
2). The virus infects the upper respiratory tract of chickens,
spreading progressively to the digestive and urinary tracts dur-
ing the later stages of the infection (3). IBV is highly contagious,
and each year outbreaks of IBV infections result in huge eco-
nomic losses to the poultry industry globally. Currently avail-
able vaccines do not provide adequate protection against IBV
because the strains show variability (4). There are no IBV-spe-
cific therapeutics available on the market. Therefore, it is
important to study proteins of the virus that aid its replication
and assist in circumventing the host immune surveillance
machinery. Selective abrogation of function of such proteins
could help prevent the spread of the virus. The papain-like pro-
tease (PLpro) of IBV is one such protein that could be targeted
for development of effective antivirals.

IBV replicates in the cytoplasm of the cell using endogenous
replicase proteins translated from the genomic RNA (5, 6). Ini-
tially, two large viral polypeptides are translated that are pro-
teolytically processed into 15 non-structural proteins (nspl—
15) that play a role in the replication of the viral genome (7).
Two viral proteases, a PLpro and a main protease, are known to
perform the proteolytic maturation of the nsps of IBV (8 -10).
In particular, PLpro is known to cleave at sites between nsp2
and nsp3 as well as between nsp3 and nsp4 (10-12). So far,
genomic RNA of IBV has been shown to encode only one func-
tional PLpro that shows similarity to PL2pro from other viruses
(13, 14). In addition to proteolytic maturation of nsps, PLpro of
coronaviruses is known to perform deubiquitination and
removal of interferon stimulated gene 15 (ISG15) from of host
proteins (15-19). For instance, the PLpro of SARS CoV is
known to deubiquitinate interferon regulatory transcription

3 The abbreviations used are: IBV, infectious bronchitis virus; PLpro, papain-
like protease; CoV, coronavirus; SARS, severe acute respiratory syndrome;
AMC, 7-amino-4-methylcoumarin; BL, blocking loop; nsp, non-structural
protein; MERS, Middle East respiratory syndrome; Bis-Tris, 2-[bis(2-hy-
droxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; Z, carboxybenzyl;
Ub, ubiquitin; Ubl, ubiquitin-like; USP, ubiquitin-specific protease; RIG-I,
retinoic acid inducible gene I.
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factor 3, which stalls its migration to the nucleus, preventing
the initiation of host antiviral responses (15, 20, 21). Similarly,
the PLpro from MERS CoV has been shown to degrade polyu-
biquitin chains associated with MDA-5 and RIG-I, preventing
activation of host antiviral signaling pathways (14, 22). Conse-
quently, inhibition of PLpro by small molecule inhibitors is
considered a viable strategy to stall the life cycle of the virus
(23-25). Whether the PLpro from IBV can perform similar dual
functions (proteolytic maturation of viral nsps and deubiquiti-
nation of host cell factors) is currently not known.

Here, we describe the crystal structure of PLpro from IBV
refined to 2.15-A resolution. Comparison of the structure with
PLpros from other viruses reveals conservation of catalytic res-
idues. However, differences are observed in amino acids of the
substrate binding site, suggesting differences in substrate spec-
ificities. We show that, unlike the PLpro from SARS CoV, the
PLpro from IBV prefers Lys®*-linked polyubiquitin over Lys*®
for degradation. However, both PLpros do not cleave linear
polyubiquitin chains. Furthermore, the PLpros differ in kinetics
of degradation of peptide substrates. The reasons underlying
these differences are discussed.

EXPERIMENTAL PROCEDURES

Expression and Purification of IBV Papain-like Protease—
IBV PLpro (polyprotein residues 1174—1483) cloned into
pGEX-6p-1 vector was expressed in Escherichia coli BL21(DE3)
cells (Novagen). Cells were grown at 37 °C to an Ay nm Of
~0.5. The culture was cooled, and recombinant protein pro-
duction was initiated by inducing the culture with 1 mm isopro-
pyl p-thiogalactoside for 4 h at 28 °C under shaking conditions.
At the end of the incubation time, cells were pelleted by cen-
trifugation and resuspended in 40 ml of ice-cold lysis buffer (50
mMm Tris-HCl, pH 7.5, 200 mm NaCl, 5 mm DTT). Cells were
lysed using an ultra-high pressure cell disrupter (JNBIO,
Guangzhou, China). Following centrifugation to remove cell
debris and unbroken cells, recombinant protein was purified
from the supernatant by affinity chromatography using GST
resin. After thorough washing to remove contaminating pro-
tein, recombinant protein bound to the resin was eluted using a
buffer containing 50 mm Tris-HCI, pH 7.5, 500 mm NaCl, 5 mm
DTT, 15 mMm reduced glutathione. Recombinant GST-human
rhinovirus 3c protease fusion protein was added to the eluted
protein, and the mixture was dialyzed overnight against 50 mm
Tris-HCl, pH 7.5, 50 mm NaCl, 1 mm DTT buffer. The dialyzed
solution was passed over GST resin to remove the GST-human
rhinovirus 3c and free GST polypeptide. Recombinant IBV
PLpro was then further purified using an ion exchange chroma-
tography step. Recombinant protein bound to the Mono Q col-
umn was eluted using a linear gradient of NaCl. Fractions con-
taining the protein were pooled, concentrated, and loaded onto
a Superdex 75 gel filtration column (GE Healthcare). IBV PLpro
eluted in a single peak. Fractions containing the protein were
pooled, concentrated to 10-15 mg/ml, and stored at —20 °C
until further use. Selenomethionine-labeled IBV PLpro(1174—
1483) was produced following a procedure published previ-
ously (26) and purified as described above. The PLpro catalytic
domains from SARS CoV and MERS CoV were expressed and
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purified separately according to methods published previously
(14). All purification procedures were carried out at 4 °C.

Crystallization—Crystallization of IBV PLpro was performed
at 18 °C using the hanging drop vapor diffusion technique.
Crystals were obtained by mixing 1 ul of protein solution (10
mg/ml) with an equal volume of reservoir solution. The crystal-
lization drops were equilibrated against 200 ul of reservoir
solution. Crystals of native IBV PLpro were obtained in a solu-
tion containing 100 mwm Bis-Tris, pH 6.5, 25—-30% polyethylene
glycol monomethyl ether 2000. Crystals grew to maximum
dimensions of 100 X 50 X 150 wm in 3 days. Selenomethionine-
derivatized IBV PLpro crystallized under similar conditions.

Data Collection, Processing, and Structure Determination—
Crystals were transferred into a harvesting solution containing
the respective precipitant solutions plus 5% (v/v) glycerol
before being flash frozen in liquid nitrogen. Data were collected
under cryogenic conditions at 100 K. The selenomethionine
single wavelength anomalous dispersion data set of IBV PLpro
at the selenium peak wavelength was collected at Shanghai Syn-
chrotron Radiation Facility (China) beamline BL17U1 to 1.5-A
resolution. All data sets were processed using the HKL-3000
package (27). Crystals belonged to space group 1222 with cell
parametersa = 71.3A, b =951 A, c = 1184 A, a =B =y =
90°. The only selenium atom was located and refined, and the
single wavelength anomalous dispersion data phases were cal-
culated and substantially improved by solvent flattening using
the PHENIX program (28). A model was manually built into the
modified experimental electron density using Coot (29) and
further refined in PHENIX. Refinement statistics for the final
model are summarized in Table 1. Model geometry was verified
using the program MolProbity (30). Structural figures were
drawn using the program PyMOL (31).

Steady-state Kinetic Studies—The rates of IBV PLpro-cata-
lyzed reactions were determined using a modified version of
methods described previously (18, 22, 32). Briefly, the rate
of hydrolysis of peptide substrates carboxybenzyl-Leu-
Arg-Gly-Gly-7-amino-4-methylcoumarin ~ (Z-LRGG-AMC),
carboxybenzyl-Lys-Ala-Gly-Gly-7-amino-4-methylcoumarin
(Z-KAGG-AMC), and carboxybenzyl-Lys-Lys-Ala-Gly-7-
amino-4-methylcoumarin (Z-KKAG-AMC) (Life Sensors, Inc.)
was determined by measuring the increase in fluorescence of
the AMC group released (excitation A = 340 nm; emission A =
460 nm) at different time points. The reaction mixtures con-
sisted of various concentrations of peptide substrate (10-160
M) suspended in 20 mMm Tris-HCI, pH 7.5, 0.1 mg/ml BSA, 150
mwm NaCl, 2 mm DTT. Assays were initiated by the addition of
0.2 um pure IBV PLpro, and the incubation was carried out at
25 °C. The intensity of the fluorescence observed was converted
to the amount of substrate hydrolyzed by comparing it with the
fluorescence of known standards. The ability of SARS CoV PL-
pro and MERS CoV PLpro to hydrolyze Z-LRGG-AMC was
tested using the same assay with the addition of 0.2 um SARS
CoV PLpro or 1.6 um MERS CoV PLpro instead of IBV PLpro.
Active sites of all three enzymes could not be saturated using
the peptide substrates. Therefore, initial rates of the reactions
for different concentration of substrate were fit to the Michae-
lis-Menten equation using linear regression with SigmaPlot
(Systat Software, Inc.) to obtain the apparent k_,./K,,, values.

cat
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Ubiquitin Chain Cleavage Experiments—Proteolytic cleav-
age of linear Ub,, Lys*®-Ub, and Lys®>-Ub, (all from UBPBio)
was carried out as follows. 50 nm purified protein (IBV PLpro)
was incubated with 40 pg of linear Ub,, Lys*®-Ub,, or Lys®*-Ub,,
at 25 °C in a 50-pl volume containing 50 mm Tris-HCI, pH 7.5,
100 mMm NaCl, 2 mm DTT. A control reaction was incubated
under identical conditions with the exclusion of enzyme. At
various time points, 8 ul were removed, and the reaction was
quenched with the addition of SDS-PAGE sample loading
buffer. The samples were analyzed by electrophoresis on a
4-15% SDS-polyacrylamide gel and stained with Coomassie
dye.

RESULTS

Overall Structure—IBV PLpro (polyprotein residues 1174 —
1483) could be overexpressed as soluble protein in E. coli. The
protein was purified to homogeneity using GST affinity, ion
exchange, and size exclusion chromatography steps. Pure IBV
PLpro crystallized in a number of crystallization conditions.
The structure was solved by the selenomethionine single wave-
length anomalous dispersion method by collecting a data set of
selenomethionine-labeled IBV PLpro crystal (1222 space
group) at the selenium peak wavelength. Clear electron density
permitted unambiguous modeling of residues. The final model
consisting of residues 4—304 was refined to 2.15-A resolution
(Ryork = 17.5% and Ry,.. = 21.6%). Statistics pertaining to data
collection and refinement are listed in Table 1.

The overall structure of the IBV PLpro consists of four dis-
tinct domains (Fig. 1, A and B). The first 56 residues fold into a
ubiquitin-like (Ubl) domain. The Ubl domain is well separated
from the other three domains that contact each other and form
a compact globular structure. This Ubl domain adopts a
B-grasp fold similar to ubiquitin and is followed by three other
domains representing the thumb, fingers, and palm of an
extended right hand, an arrangement previously observed for
deubiquitinating enzymes. The thumb domain is predomi-
nantly a-helical. It contains six a-helices and two short
B-strands that are arranged in a B-hairpin. The thumb domain
makes contact with the palm domain using this B-hairpin.
Amino acids 173-310 fold into the finger and palm domains.
This region of the protein consists of mostly B-strands.
Although the finger domain is made up of three long (86, 87,
and B10) and two short B-strands, the palm domain is made up
of seven B-strands. One Zn>" ion coordinated by four cysteine
residues originating from two B-hairpins is located between
strands 36 and B10 of the finger domain. The conformation of
the side chains of cysteines and the arrangement of the B-hair-
pins are similar to those observed for members belonging to the
zinc ribbon fold group. The three long B-strands of the finger
domain protrude out of the protein. This facilitates formation
of a hydrophobic cavity at the junction of thumb and finger
domains, which has implications for the function of the protein.

Comparison of the Overall Fold—Despite sharing only
12-15% sequence identity with ubiquitin-specific proteases
(USPs) for which crystal structures are available, the overall
architecture and domain organization of the IBV PLpro is sim-
ilar to USPs. Unlike USPs, PLpros are dual functional enzymes
and therefore their substrate binding sites are designed to
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TABLE 1
Data collection and refinement statistics

Numbers in parentheses are corresponding values for the highest resolution shell.
r.m.s.d., root mean square deviation; Res., residues; Se-SAD, selenomethionine sin-

gle wavelength anomalous dispersion.

Parameters Se-SAD peak
Data collection statistics
Cell parameters
a(A) 71.3
b(A) 95.1
c(A) 1184
o B,y () 90, 90, 90
Space group . 1222
Wavelength used (A) 0.97855

Resolution (A)
No. of all reflections

50.00-2.00 (2.07-2.00)
52,949 (5,254)

No. of unique reflections 8,146 (809)
Completeness (%) 100.0 (100.0)
Average I/o(I) 26.0 (2.8)
Rierge” (%) 124 (73.5)
Refinement statistics

No. of reflections used (o(F) > 0) 22,249
Ryond (%) 17.5
Rio.” (%) 21.6
r.m.s.d. bond distance (A) 0.008
r.m.s.d. bond angle (°) 1.027
Average B-value (A?) 37.1
No. of protein atoms 2,504
No. of ligand atoms 1
No. of solvent atoms 128
Ramachandran plot

Res. in favored regions (%) 97.6

Res. in allowed regions (%) 2.4

Res. in outlier regions (%) 0

“Renerge = 22y, — 1,|/2,,2 1), where I, is the mean of the observations I, of re-
flection 4.

"R

A

subset (5%) of reflections that was not included in refinement.

1

56 168

THUMB

UBL

FINGER

231
PALM

= X(|F,(obs)| — |F,(calc)|)/Z|F,(obs)|. Ry, is an R factor for a preselected

work —

310

FIGURE 1. Overall structure of PLpro from IBV. A, diagrammatic represen-
tation of the organization of domains of IBV PLpro inferred from the crystal
structure. B, schematic representation of the crystal structure of IBV PLpro.
The locations of BL1 and BL2 as well as the termini of the protein are marked.
Zn?" ion bound by the protein is shown as a sphere. The Zn?* ion is coordi-
nated by four cysteine residues (inset) shown as sticks.

accommodate two different substrates. For instance, in addi-
tion to cleaving ubiquitin, the IBV PLpro cleaves the nascent
viral polypeptide between nsp2 and nsp3 as well as between
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nsp3 and nsp4. Comparison of the structures of USPs with IBV
PLpro reveals differences in the region connecting the finger
domain with the palm domain that permits promiscuity in
catalysis by IBV PLpro. In particular, “blocking loop” (BL) 1,
connecting 38 with B9, which is known to regulate the de-
ubiquitinating activity of USP14, is made up of 22 residues and
is part of the substrate-binding surface. The corresponding
loop in IBV PLpro is much shorter (Asp***~Val**!) and con-
nects 311 with B12. As a consequence, the substrate binding
site is larger in IBV PLpro than in USPs. This probably enables
the enzyme to not only bind ubiquitin but also viral polyprotein
and operate as a dually functional enzyme.

We searched the Protein Data Bank for structural homo-
logues of IBV PLpro using the DALI server. The search
retrieved the structure of PLpro from SARS CoV as the top
match (Z score = 28.6) with a root mean square deviation of 2.4
A for 292 overlapping Ca atoms. Although the overall structure
is similar, superimposition studies revealed four regions with
significant differences between the two coronaviral PLpros
(Fig. 2, A and B). The first structural difference is observed in
the Ubl domain. Strands 81 and 82 move inward in IBV PLpro.
As a consequence, the loop connecting 32 with B3 is displaced
and does not align well with a similar region of SARS CoV
PLpro. The second structural difference involves the a1 helix of
the thumb domain. This helix is much shorter than the corre-
sponding helix in the SARS CoV PLpro. Because of this, the
loop connecting the Ubl domain with the thumb domain is
much longer in IBV PLpro. The third structural difference is
observed in the palm domain. Although PLpro from IBV exhib-
its a BL1-like loop connecting strands 811 with 312, the PLpro
from SARS CoV shows a complete lack of a BL1-like loop.
Lastly, strand 816 of the palm domain of SARS CoV PLpro is
missing in IBV PLpro. In addition, the strand following this
region (316) in IBV PLpro is much shorter (Fig. 2B).

Comparison of the structure of IBV PLpro with that of MERS
CoV PLpro revealed differences in the thumb domain. MERS
CoV PLpro has an extra B-hairpin in this region. An additional
difference involves the zinc finger motif. Specifically, the Zn?*
ion of PLpro from MERS CoV has moved inward from its loca-
tion in PLpros from IBV and SARS CoV (Fig. 24). Interestingly,
a feature shared between IBV and MERS CoV PLpros but miss-
ing in SARS CoV PLpro is the BL1-like loop. MERS CoV PLpro
has a BL1-like loop at a location similar to that observed in IBV
PLpro. Thus, the PLpro from IBV, SARS, and MERS CoVs
shows some differences that probably impart different sub-
strate specificities and possibly govern the ability of the virus to
target different signaling pathways of host cells to assist propa-
gation of the virus.

Ubiquitin Binding Site of IBV PLpro—Similar to PLpro from
SARS and MERS CoVs, IBV PLpro also probably targets ubiq-
uitinated host factors to aid viral replication. To gain informa-
tion about the mode of binding of substrate, in particular ubiq-
uitin, to IBV PLpro, we superimposed the structure of SARS
CoV PLpro bound with ubiquitin over the structure of IBV
PLpro. Because the overall structures of the two PLpros are
highly similar, it is not surprising to note that in this model
ubiquitin binds at a similar location, the junction of thumb,
palm, and finger domains, in IBV PLpro (Fig. 3A4). The B-barrel
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FIGURE 2. Comparison of the overall structures of PLpros from different
CoVs. A, crystal structures of PLpros from SARS CoV (blue ribbon; Protein Data
Bank code 4MOW) (19) and MERS (green ribbon; Protein Data Bank code 4RF 1)
CoVs (36) were superimposed over the structure of PLpro from IBV (red rib-
bon). The location of BL2 and the primary sequences of the PLpros corre-
sponding to this region are shown. Zn?* ion is shown as a sphere. B, superim-
position of the structures of PLpro from SARS CoV (blue schematic) over IBV
PLpro (red schematic). The view is the same as in A but rotated by 55° around
the x axis. Regions that show significant deviation are marked by a red arrow.
The N and C termini of the protein are marked as N and C, respectively.

of the ubiquitin is primarily engaged by the finger domain,
whereas the C-terminal tail containing the diglycine motif
extends into a cavity formed at the junction of thumb and palm
domains. More importantly, the diglycine is in proximity of BL2
and key catalytic residues that are conserved across PLpros (Fig.
3A). Although the overall mode of engaging the ubiquitin is
similar in PLpros from IBV, SARS, and MERS CoVs, the nature
of amino acids of PLpro from these CoVs interacting with ubiq-
uitin is different. These differences are illustrated in the follow-
ing examples involving one salt bridge and several other hydro-
gen bonding interactions. The side-chain guanidinium group of
Arg* of ubiquitin forms a salt bridge with the side-chain car-
boxylate group of Glu'®® of SARS CoV PLpro. A tryptophan
(Trp*®®) occupies the position of Glu'®® in IBV PLpro, whereas
an arginine is located at a similar position in MERS CoV PLpro
2 (Fig. 3, B and C). Three hydrogen bonds are formed between
ubiquitin and the PLpro from SARS CoV. 1) The main-chain
amide nitrogen atom of Ala*® of ubiquitin hydrogen bonds with
the side chain of GIn*** from SARS CoV PLpro. 2) The main-
chain carbonyl oxygen atom of Gly*” hydrogen bonds with the
main-chain amide of Met?°®. 3) The side chain of GIn*® forms a
hydrogen bond with the side chain of Arg'®”. The equivalent
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FIGURE 3. Substrate binding site of IBV PLpro. A, ubiquitin (UB; blue schematic) from the structure of PLpro of SARS CoV bound with ubiquitin (Protein Data
Bank code 4MOW) was superimposed over the structure of PLpro from IBV (red schematic). The location of the diglycine motif (G-G) with respect to the catalytic
triad (shown as sticks) and BL2 is shown (inset). Interaction between the catalytic residues is shown by dashed lines. B, comparison of amino acids of different
PLpros interacting with ubiquitin (orange color). Interactions of amino acids of ubiquitin such Arg*?, Ala*¢, and GIn*® (orange sticks) with corresponding amino
acids of the PLpro from IBV (magenta sticks), SARS (blue sticks), and MERS (green sticks) CoVs are shown to illustrate the differences in residues of the ligand
binding site of the PLpros from different sources. C, alignment of primary sequences of PLpro from IBV, SARS, and MERS CoVs. Secondary structural elements
of PLpro from IBV are shown at the top. Absolutely conserved residues are highlighted with a red background. Conserved residues are shown in red.

residues of IBV PLpro interacting with ubiquitin, Asp**® (argi- addition, substitution of His'”?, Tyr*°®, and Tyr**® of SARS
nine in MERS CoV PLpro), Val'*?, and Asn**® (serine in MERS  CoV PLpro with Asn'®® (threonine in MERS CoV PLpro),
CoV PLpro), respectively, are all different (Fig. 3, Band C). In  Val'®® (valine in MERS CoV PLpro), and Thr*®° (threonine in
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MERS CoV PLpro), respectively, further illustrates that PLpros
use different amino acids to tether ubiquitin and possibly pep-
tide substrates. Alternatively, differences in substrate binding
residues are likely to help occlude non-substrate ligands,
increase affinity for canonical peptide ligands, and impact cat-
alytic efficiencies.

PLpros from IBV and SARS CoV Exhibit Different Catalytic
Efficiencies—Because superimposition studies revealed that the
amino acids of IBV PLpro interacting with ubiquitin are differ-
ent from those of SARS CoV PLpro interacting with ubiquitin,
suggesting different substrate specificities, we tested the ability
of IBV PLpro to degrade linear, Lys*®- and Lys®*-linked poly-
ubiquitin chains. Similar to SARS CoV PLpro, IBV PLpro could
degrade Lys*®- and Lys®*-linked polyubiquitin chains but not
linear ubiquitin chains (Fig. 4). Remarkably, but consistent with
the inference gained from the structural studies that the sub-
strate specificity of IBV PLpro could be different from that of
SARS CoV PLpro, the protease from IBV showed a preference
for Lys®*-linked polyubiquitin chains over Lys*®*-linked poly-
ubiquitin chains. Specifically, Lys®*-linked tetraubiquitin could
be degraded almost completely within 5 min of the incubation
time of the assay mixture to lower order oligomers such as
triubiquitin, diubiquitin, and monoubiquitin. Within 30 min of
the reaction time, most of the oligomers were degraded to
monoubiquitin. In contrast, the degradation of Lys**-linked
tetraubiquitin under identical conditions was relatively slower.
At the end of 5 min of incubation time, a significant amount of
substrate remained uncleaved. In fact, even after 240 min of
incubation, the substrate could not be completely degraded to
monoubiquitin. In addition to the substrate, tri- and diubiqui-
tin products persisted throughout the incubation period. Thus,
lower order oligomers of Lys*®-linked ubiquitin seem to impose
product inhibition on IBV PLpro. No cleavage of linear
tetraubiquitin chains was observed even after prolonged incu-
bation (4 h) under identical conditions of the assay. Previously,
SARS CoV PLpro has been shown to degrade Lys**-linked
polyubiquitin chains more rapidly than Lys®*-linked polyubiq-
uitin chains. Thus, results of enzymatic assays are consistent
with inferences gained from structural studies and confirm that
PLpros from IBV and SARS CoVs have different substrate
specificities.

PLpro from IBV has been shown to cleave peptides at KAGG
motifs (11, 12), whereas SARS CoV has been shown to cleave at
LXGG (X represents any amino acid) sites (32, 33). We tested
the catalytic ability of IBV PLpro to cleave at these motifs using
peptide substrates KAGG-AMC, KKAG-AMC, and LRGG-
AMLC. Intriguingly, IBV PLpro could not cleave KAGG-AMC,
suggesting that this peptide substrate is not a close mimic of the
physiological substrate. Either a larger peptide substrate is
essential for correctly orienting the site of cleavage to release
AMC, or at least a larger side chain like lysine or arginine is
required at the P3 position. Previous studies have shown that
IBV PLpro can cleave polypeptide with an alanine at the P2
position instead of a glycine (11). In agreement with this obser-
vation, we could monitor activity of IBV PLpro using KKAG-
AMC as the peptide substrate. The PLpro from IBV could
cleave KKAG-AMC and LRGG-AMC. However, the catalytic
efficiency of the PLpro toward KKAG-AMC was 5 times higher
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FIGURE 4. Cleavage of polyubiquitin chains by PLpro from IBV. A, picture
of the gel from SDS-PAGE analysis of reaction products of Lys*-linked
tetraubiquitin chains treated with IBV PLpro at different time intervals. B, anal-
ysis similar to that in A except the substrate used was Lys®*-linked tetraubiq-
uitin. G, SDS-PAGE gel picture of reaction products of linear ubiquitin chains
treated with PLpro from IBV. The protease could not cleave linear ubiquitin
under reaction conditions similar to those used for cleaving Lys*®- and Lys®3-
linked tetraubiquitin. M, molecular mass markers; ', minutes.

than that for LRGG-AMC (Table 2). We next compared the
catalytic efficiencies of PLpros from IBV and SARS CoVs
against their preferred peptide substrates. IBV PLpro exhibited
a catalytic efficiency of 3.23 = 0.72 s ' mm ™! against KKAG-
AMC, which was comparable with that of the PLpro from SARS
CoV that showed a catalytic efficiency of 4.41 = 0.50 s ' mm !
against LRGG-AMC when assayed under identical conditions
(Table 2). Thus, the catalytic efficiencies of the PLpros from
IBV and SARS CoVs are similar against their preferred peptide
substrates. Because the peptide substrates preferred by both
the PLpros are markedly different, the results further support
the fact that PLpros from different sources differ in substrate
specificities.

DISCUSSION

In this study, we show that the PLpro from IBV can degrade
Lys*®- and Lys®>-linked polyubiquitin chains completely to
monoubiquitin. The PLpro could not cleave ubiquitin mole-
cules from linear polyubiquitin chains even after prolonged
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incubation. Furthermore, the PLpro from IBV could cleave two
different peptide substrates, KKAG-AMC and LRGG-AMC.
The nature of the P3 and P4 amino acids of the peptide sub-
strates KKAG-AMC and LRGG-AMC cleaved by IBV PLpro is
significantly different; in particular, the amino acid occupying
the P4 position of the substrate that is buried in the protease
during catalysis is very different in both peptide substrates.
Despite this, the PLpro from IBV can cleave both the peptides,
conceivably with different efficiencies. Thus, the active site
pocket offers some promiscuity but at the cost of catalytic effi-
ciency. The peptide substrate LRGG-AMC was degraded less
efficiently when compared with KKAG-AMC. Examination of
the structure of IBV PLpro with one molecule of ubiquitin from
the structure of SARS CoV PLpro modeled in the active site by
superimposition reveals that substrate selection is probably
governed by three regions: 1) the region around BL2 that posi-
tions and orients the diglycine region (P1-P2 residues) of sub-
strates for proteolysis, 2) the region between the finger and
palm domain of the PLpro that binds the B-barrel of ubiquitin
or the viral peptide substrate, and 3) the region behind BL2 that
holds the part of the peptide downstream of the cleavage site.
The diglycine binding region of PLpros from IBV and SARS
CoVs is quite similar, suggesting a shared mechanism for opti-
mally orienting the peptide bond and its cleavage. In SARS CoV
PLpro, P1 (Gly”® of ubiquitin) forms a hydrogen bonding inter-
action with Gly*”%. In additional, the C-terminal carboxylate
group of Gly”® interacts with Trp'®”, Cys''?, and Tyr'"? (16, 19).
In IBV PLpro, except for Tyr''? that is replaced by a Trp, other
spatially equivalent residues, Gly**?, Trp®®, and Cys'®', respec-

TABLE 2
Comparison of the kinetic parameters of PLpros from different CoVs
PLpro Peptide Cleavage ko /K,,"
s tmm!
IBV Lys*®-Ub, Yes
Lys®*-Ub, Yes
Linear Ub, No
LRGG-AMC Yes 0.67 £0.11
KKAG-AMC Yes 3.23 £0.72
KAGG-AMC No ND?
SARS CoV LRGG-AMC Yes 4.41 = 0.50
MERS CoV LRGG-AMC Yes 0.05 £ 0.01

“kea/ K, values shown here are apparent k,./K,,, values obtained by fitting data to
the Michaelis-Menten equation using linear regression. The active sites of the
enzyme could not be saturated with substrate.

 Not detected.

tively, are all conserved. Phe'®! (Leu'®® in SARS CoV PLpro),
Asp'®® (conserved), Gly**® (conserved), and Cys*®® (Tyr**® in
SARS CoV PLpro) are involved in shaping the equally restricted
S2 subsite, which again is specific for glycine.

Compared with the S1 and S2 subsites that are mostly buried,
the residue of the peptide substrate occupying the S3 subsite is
partially solvent-exposed, and the side chain at this position
makes hardly any contact with the PLpro. Examination of the
region around the P3 of ubiquitin-bound SARS CoV PLpro
shows the main-chain amide of Argat this position forming two
hydrogen bonds, one each with Gly>”*> and the other with the
side-chain hydroxyl of Tyr**°. Gly*”* is conserved in PLpro
from SARS CoV as well as IBV, but Tyr*** is replaced by Phe**®
in IBV PLpro. More importantly, the side chain of Arg”™ of
ubiquitin (P3 site) is involved in only one intermolecular inter-
action with the backbone carbonyl oxygen of Leu'®® (Fig. 5). A
smaller side chain at the P3 position of the substrate, for
instance replacement of arginine with alanine as observed in
the KAGG motif cleaved by IBV PLpro, could prevent steric
clashes with Leu'® and facilitate easy access to catalytic resi-
dues during binding of substrate.

In contrast to the S3 site, the S4 site is buried, and the corre-
sponding P4 residues occupying this site during proteolysis of
viral peptide substrates are very different in IBV and SARS CoV
PLpros. Therefore, the P4 residue probably has a profound
effect on the catalytic efficiencies. Although SARS CoV PLpro
has a Leu at this position, the IBV PLpro has a Lys at this posi-
tion. Accordingly, the amino acids forming the S4 subsite are
different in both PLpros to accommodate these two very differ-
ent side chains. Amino acids such as Asp'®®, Pro***, Tyr*®,
Tyr?®?, Tyr*”*, and Thr*°? of SARS CoV PLpro are observed to
form a pocket for entrenching Leu”® of ubiquitin (Fig. 54). Res-
idues of IBV PLpro occupying equivalent positions include
Asp™®3, Pro**!, Phe?*®, Thr?®°, Cys**®, and Ileu®*°, respectively
(Fig. 5B). Notably, the substitution of Thr*** with Ile is likely to
obstruct the placement of the side chain of a lysine residue of
the KAGG site cleaved by IBV PLpro in the pocket. To offset
this steric clash, the PLpro from IBV has BL1 located immedi-
ately adjacent to I1e**°, creating a larger pocket possibly to
accommodate the side chain of a P3 lysine (Fig. 5C). The equiv-
alent region in SARS CoV PLpro is rigid and made up of long
B-strands. Thus, differences are observed in the active site
pocket, especially in the S3-S4 subsite region between the two

FIGURE 5. Putative mode of ligand binding. The mode of binding of ligands by SARS CoV PLpro (A) and IBV PLpro (B and C) is different. A, P1-P4 amino acids
(orange sticks) of ubiquitin tethered by SARS CoV PLpro. Amino acids of PLpro within 4 A of the ligand are shown as sticks. B and C, mode of binding of P1-P4
residues of ubiquitin (orange sticks) by IBV PLpro inferred by superimposing the ubiquitin from the structure of SARS CoV PLpro bound with ubiquitin (Protein
Data Bank code 4MOW) on the structure of IBV PLpro (red schematic). Amino acids within 4 A of the ligand are shown (magenta sticks). The location of the

BL1-like loop and its proximity to the P4 residue are shown in C.
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PLpros. These differences coupled with differences in amino
acids involved in tethering the region of the substrate adjacent
to the P4 —P1 residues, i.e. the B-barrel of ubiquitin during de-
ubiquitination or the viral polypeptide adjacent to the proteo-
lytic site during proteolytic maturation of nsps, probably give
rise to differences in substrate specificities and catalytic effi-
ciencies observed for the PLpros.

The differences in substrate specificities observed probably
confer different abilities on the PLpros and consequently the
virus to scuttle different aspects of the host antiviral responses.
For instance, SARS CoV PLpro shows a preference for Lys*5-
linked polyubiquitin over Lys®*-linked ubiquitin. This PLpro
cleaves the Lys*3-linked polyubiquitin chains of interferon reg-
ulatory transcription factor 3 and degrades the Lys*®-linked
polyubiquitin chains tagged on IkBa that prevent its protea-
somal degradation (20, 21). Both these actions block the activa-
tion of host antiviral signaling pathways. In contrast, the MERS
CoV PLpro has been shown to process Lys**- and Lys®*-linked
polyubiquitin chains with similar rates, producing monoubig-
uitin species (22). This PLpro has been shown to degrade Lys®*-
linked polyubiquitin chains associated with RIG-I and MDA-5,
preventing activation of antiviral responses mediated by
both these proteins. Thus, differences in substrate specifici-
ties of PLpros probably seem to help the viruses target differ-
ent aspects of host immune responses. Further studies, for
example comparison of the abilities of different PLpros in tar-
geting the same as well as different proteins for deubiquitina-
tion and evaluation of their effect on immune responses, are
likely to shed more light on the roles of different PLpros.
Because PLpros modulate immune responses, they also proba-
bly impact the virulence of viruses.

The structure of IBV PLpro presented here provides a clear
view of the protease at the molecular level and brings out sev-
eral interesting features of this PLpro that need to be investi-
gated further. In particular, it would be interesting to know the
choice of ubiquitinated host factors targeted by this PLpro and
the outcome of degradation of these ubiquitinated substrates.
Proteomics studies have identified thousands of proteins
involved in diverse signaling pathways that are modified by
ubiquitin including Lys**- and Lys®*-linked polyubiquitin
chains that have been shown to be degraded in vitro by IBV
PLpro in this study (34). In particular, activation of nuclear
factor kB transcription factor by Toll-like receptors, nucleotide
oligomerization domain-like receptors, RIG-I, and stimulator
of interferon genes among others is dependent on modification
of proteins participating in these antiviral signaling pathways by
polyubiquitin chains (35). Perhaps IBV PLpro derails activation of
host antiviral signaling pathways by degrading Lys*®- and Lys®3-
linked polyubiquitin chains associated with these proteins. In
addition, ubiquitination is not limited to immune responses.
Therefore, PLpros are probably capable of modulating other
aspects of the host cell regulated by ubiquitination, for example the
cell cycle, to assist survival of the virus that await discovery.
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