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ABSTRACT

Protein ubiquitination regulates important innate immune responses. The discovery
of viruses encoding deubiquitinating enzymes (DUBs) suggests they remove ubiqui-
tin to evade ubiquitin-dependent antiviral responses; however, this has never been
conclusively demonstrated in virus-infected cells. Arteriviruses are economically
important positive-stranded RNA viruses that encode an ovarian tumor (OTU) domain
DUB known as papain-Llike protease 2 (PLP2). This enzyme is essential for arterivirus
replication by cleaving a site within the viral replicase polyproteins, and also removes
ubiquitin from cellular proteins. To dissect this dual specificity, which relies on a
single catalytic site, we determined the crystal structure of equine arteritis virus PLP2
in complex with ubiquitin (1.45 A). PLP2 binds ubiquitin using a zinc finger that is
uniquely integrated into an exceptionally compact OTU-domain fold that represents a
new subclass of zinc-dependent OTU DUBs. Notably, the ubiquitin-binding surface is
distant from the catalytic site, which allowed us to mutate this surface to significantly
reduce DUB activity without affecting polyprotein cleavage. Viruses harboring such
mutations exhibited wild-type replication kinetics, confirming that PLP2-mediated
polyprotein cleavage was intact, but the loss of DUB activity strikingly enhanced in-
nate immune signalling. Compared to wild-type virus infection, beta-interferon mRNA
levels in equine cells infected with PLP2 mutants were increased by nearly an order
of magnitude. Our findings not only establish PLP2 DUB activity as a critical factor
in arteriviral innate immune evasion, the selective inactivation of DUB activity also
opens new possibilities for developing improved live attenuated vaccines against
arteriviruses and other viruses encoding similar dual-specificity proteases.

SIGNIFICANCE STATEMENT

Many viruses encode proteases that cleave both viral and host substrates. Arterivi-
ruses encode such a dual-specificity protease (PLP2) that removes ubiquitin from
cellular proteins involved in host immunity. Based on a 3D-structure of PLP2, we en-
gineered the protease to have diminished deubiquitinating activity without affecting
its activity towards its viral substrate. Viruses expressing such engineered proteases
displayed a significantly weakened ability to evade host immune responses. This
demonstrates a crucial role for PLP2 in arterivirus immune evasion and opens new
possibilities for developing improved attenuated virus vaccines against economically
important arteriviruses and other viruses encoding similar dual-specificity proteases.
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INTRODUCTION

The synthesis and post-translational cleavage of polyproteins is a common genome
expression strategy employed by positive-stranded (+) RNA viruses of eukaryotes. It is
used to cope with the consequences of cytoplasmic replication and the limitations of
the eukaryotic translation machinery, which essentially preclude the use of (nuclear)
RNA splicing and polycistronic mRNAs, respectively (1). The critical cleavage of these
viral polyproteins into their functional subunits is mediated by internal virus-encoded
proteases (2-5), many of which have been found to also target cellular substrates in
order to promote virus replication or subvert host antiviral responses. Well-known
examples of such dual-specificity proteases are the poliovirus 2A and hepatitis C virus
NS3/4A enzymes that, in addition to the viral polyprotein, target host cell proteins
involved in translation and innate immune signalling, respectively (6-10).

Arteriviruses are +RNA viruses that, together with the corona- and roniviruses, belong
to the order Nidovirales and include equine arteritis virus (EAV) and porcine repro-
ductive and respiratory syndrome virus (PRRSV). EAV is the family prototype and can
cause abortion in pregnant mares, pneumonia in neonatal foals, and influenza-like
illness in adult horses (11). PRRSV ranks among the most important swine pathogens
and infections are characterized by reproductive failure in sows and severe respira-
tory disease in young pigs (12). As in all nidoviruses, the synthesis and cleavage of the
replicase polyproteins (ppla and pp1ab) are critical first steps in arterivirus infection.
They are encoded by the 5'-proximal three-quarters of the 13-16 kb arterivirus ge-
nome and are the precursors of the nonstructural proteins (nsps) required for genome
replication and transcription. In the case of EAV, at least 13 nsps are produced when
the replicase polyproteins are cleaved by three virus-encoded proteases (13, 14), one
of which is a papain-like protease (PLP2) located in the N-terminal region of nsp2 (15,
16). This enzyme cleaves the nsp2|nsp3 junction in pp1la and pp1lab, an event that
is essential for virus replication since an EAV PLP2 active site mutant was previously
found to be nonviable (17). In addition to this critical role in viral polyprotein matura-
tion, arterivirus PLP2 was proposed to contribute to the evasion of host innate im-
mune responses by removing ubiquitin (Ub) from cellular targets (18). Ub is an 8-kDa
protein moiety that can be covalently attached to lysine residues of target proteins
in a number of structurally different configurations, either by monoubiquitination or
through the formation of polyubiquitin chains (19, 20). The effects of ubiquitination
can range from targeting substrates for proteasomal degradation to initiating signal-
ling cascades and - importantly - they can be reversed by deubiquitinating enzymes
(DUBs), which thus allow for negative regulation of Ub-activated processes (21-24).
The latter include the innate immune signalling cascades triggered by invading RNA



84 | Chapter 4

viruses (25, 26), which ultimately lead to the transcription of genes encoding beta
interferon (IFN-B) and other pro-inflammatory cytokines (27, 28).

Arterivirus PLP2 and a protease domain found in the unrelated nairovirus Crimean-
Congo hemorrhagic fever virus (CCHFV), were first identified as potential members
of the ovarian tumor domain-containing (OTU) superfamily of DUBs on the basis
of comparative sequence analysis (29). Several laboratories, including our own,
subsequently confirmed that arterivirus PLP2s indeed have DUB activity that may
be employed to remove Ub from innate immune signalling factors to suppress the
induction of an antiviral state (18, 30, 31). The potential benefits of this strategy are
highlighted by the fact that proteases from virus groups as diverse as arteri-, corona-,
nairo-, picorna-, hepadna-, and herpesviruses have all been implicated in DUB-based
innate immune evasion (18, 32-37). Thus far, however, direct evidence linking DUB
activity to the suppression of innate immune responses in virus-infected cells has not
been reported for any of these proteases.

Since the DUB activity of arterivirus PLP2 depends on the same active site mediating
the critical nsp2|nsp3 cleavage, it has not been possible to independently study the
role of PLP2 in polyprotein processing and immune evasion in the context of virus
infection. Here we present the crystal structure of EAV PLP2 in complex with Ub at
1.45 A resolution. The complex reveals a distinctly compact conformation compared
to other OTU superfamily members and the incorporation of a unique zinc finger
within the OTU-fold. Given these features, arterivirus PLP2 represents a novel sub-
class of zinc-dependent OTU DUBs. Importantly, the PLP2 active site is distant from
its Ub-binding surface, allowing for the introduction of mutations in this region that
dramatically reduced DUB activity, yet did not affect nsp2|nsp3 cleavage. Compared
to wild-type EAV, viruses carrying these mutations elicited a significantly enhanced
innate immune response in primary equine cells, while displaying wild-type replica-
tion kinetics. Taken together, our results demonstrate that PLP2 DUB activity indeed
mediates innate immune suppression during arterivirus infection. The ability to
selectively inactivate the PLP2 DUB function may thus contribute to the engineering
of improved live attenuated vaccines against arteriviruses and other virus families
encoding proteases with similar dual specificities.

RESULTS

EAV PLP2 adopts a compact OTU-domain fold with a unique integral zinc finger.
Previously, EAV PLP2 was identified and characterized by a combination of bioinfor-
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matics analysis and site-directed mutagenesis, and two residues in particular were
implicated in catalysis: Cys270 and His332 (16). Throughout this paper, amino acid
numbers refer to the sequence of full-length EAV pp1la. The crystal structure of EAV
PLP2 (residues 261-392; 13.6 kDa) was determined as a covalent complex with the
mechanism-based inhibitor Ub(;-;5,-3-bromopropylamine (Ub—3Br) (38, 39). Since
the conservation of multiple cysteine residues and their demonstrated importance
for protease function suggested that PLP2 could bind zinc (16), the crystal structure
of the complex was determined by a multi-wavelength anomalous dispersion (MAD)
phasing experiment using X-ray diffraction data collected over the zinc absorption
edge (Table IV-S1). The resulting electron density map revealed residues 261-387
of PLP2 bound to a complete Ub molecule and allowed a model of the complex to be
built and refined (Ryon= 0.16, Riee= 0.18) to 1.45 A resolution (Figures IV-1A and B).

The protease adopts a compact, two-domain fold with a shallow Ub-binding surface
that directs the C-terminus of the bound Ub molecule (the ‘distal’ Ub in a Ub dimer)
towards a solvent exposed active site that indeed includes Cys270 and His332 (Fig-
ures IV-1A and B). Domain | of PLP2 (residues 267-307 and 365-387) consists of a
three-helix bundle (a1, 0.2, a.4) packed against a two-stranded antiparallel sheet (2 1
B61). Domain Il centers on a four-stranded B-sheet (11 B5! B4t B3 1) and an a-helix
(a3) that together pack against helices a1 and a2 of domain |. Domain Il comprises
the majority of the Ub-binding surface, which is stabilized by four cysteine residues
(Cys 319, 349, 354, 356) that coordinate a zinc ion with tetrahedral geometry (Figure
IV-1C). Their arrangement forms a C4 zinc finger that resembles a C-terminal type
zinc necklace motif (40). A large insertion between positions C1 (Cys319) and C2
(Cys349), which includes His332, appears to extend the stabilizing effect of the zinc
finger throughout much of domain Il. A fifth cysteine (Cys344) is located near the zinc
ion but does not coordinate with it, consistent with other zinc necklace motifs that
have been described (40) and with previous findings showing that a Cys344 to alanine
mutation had no effect on catalytic activity of PLP2 (16). Three of the cysteines (Cys
319, 349, and 354) are fully conserved in arteriviruses, and mutational analysis of
these residues and Cys356 demonstrated zinc binding to be essential for catalytic
activity (16). Given its distance from the active site however (~25 A) (Figure IV-1B),
the zinc finger appears to play a structural role as opposed to participating in cataly-
sis. Expression of PLP2 in E. coli grown in the absence of zinc (M9 medium) yielded
insoluble protein, supporting the idea that the zinc finger is structural and is likely
required for correct folding of the protease.

Consistent with OTU DUBs and papain-Llike cysteine proteases in general, the PLP2
active site contains a catalytic cysteine nucleophile (Cys270) and histidine (His332)
residue, along with an asparagine (Asn263) that hydrogen bonds with the imidazole
ring of His332 (Figure IV-1D). As expected, the side chain of Cys270 is covalently



86

Chapter 4

~ (L

NI
, Ubiquitin CQIOD
0?Domain | C4 zn(
2 .
EAV pLP2 Finger_

Domain Il Domain | Yeast

Figure IV-1: Structure of the EAV PLP2-Ub complex and superposition with yeast 0TU1 and CCHFV
OTU. A) Structure of EAV PLP2 (blue) bound to Ub (orange) showing the two-domain fold. B) 90
degree rotation of complex shown in panel A. C) Electron density for the C4 zinc finger motif. Blue
density is a maximum-likelihood weighted 2 F,-F. map contoured at 1.00. Green density about the
zinc atom (grey) is a F,-F. omit map contoured at 5.00. D) The catalytic triad of the EAV PLP2 active
site. Blue density is a maximum-likelihood weighted 2F,-F. map contoured at 1.0c. The cysteine
nucleophile (Cys270) is covalently linked to Ub via the 3NC linker, which replaces Gly76 of Ub.
Asn263, which orients the imidazole ring of His332, occurs in two alternate conformations. E) Su-
perposition of EAV PLP2 (blue), CCHFV OTU (cyan) and yeast OTU1 (red). PLP2 shares a conserved
core of two central helices and a four-stranded beta sheet with CCHFV OTU and yeast OTU1. Topol-
ogy diagrams for EAV PLP2, CCHFV OTU and yeast OTU1 are shown in panels F, G, and H, respective-
ly. The region that is conserved amongst the enzymes is outlined (dashed box). Structural images
were prepared using PyMOL (89).
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coupled to the C-terminus of Ub via the 3-propylamine (3CN) modification, mimick-
ing the acyl-enzyme intermediate step of the catalytic reaction and confirming the
identity of Cys270 as the catalytic nucleophile.

Fold analysis of the PLP2 structure using the DALI server (41) revealed that its clos-
est structural homologues indeed belong to the OTU superfamily of DUBs (29, 42).
The most significant matches were to yeast Otul (38) (Z-score: 5.1) and the viral OTU
protease from CCHFV (43-45) (Z-score: 4.6) (Figure IV-1E), followed by Otubain1 from
human (46) and Caenorhabditis elegans (47) (Z-scores: 4.1 and 4.0, respectively), and
the OTU-domain of human DUBA (48) (Z-score: 3.9). The sequence identity of the PLP2
regions that aligned with these OTU proteases was low (ranging from 9% for yeast
Otul to 21% for human Otubain1); however, they accounted for ~60% of the total
PLP2 structure and superposed well with the equivalent regions in the above proteins,
with an average rmsd of ~2.8 A. The greatest structural similarity between PLP2 and
members of the OTU superfamily occurs at the active site and adjoining channel that
binds the C-terminal RLRGG-tail of Ub.

The PLP2 zinc finger motif plays a central role in Ub binding. Arterivirus PLP2 and
nairovirus OTU enzymes differ from eukaryotic OTU DUBs in that they also remove the
Ub-like antiviral protein Interferon Stimulated Gene 15 (ISG15) from target proteins,
a process also known as delSGylation (18, 49).1SG15 conjugation has been postulated
to interfere with proper viral protein function, possibly through steric hindrance,
although the exact mechanism underlying its antiviral activity is unknown (50). For
CCHFV OTU, cross-reactivity with ISG15 arises primarily from a unique pB-hairpin on the
Ub-binding surface. The hairpin modifies the surface so that the viral enzyme binds
the B-grasp folds of Ub and the C-terminal Ub-like domain of ISG15 in an orientation
that is rotated nearly 75° with respect to that observed for Ub bound to a represen-
tative eukaryotic OTU DUB from yeast (Otul) (43, 44). Surprisingly, the B-hairpin is
absent in EAV PLP2 and replaced by helix a3 of the zinc finger motif (Figure IV-2A).
However, in keeping with the role of the B-hairpin in CCHFV OTU, residues of helix a3
bind to the hydrophobic ‘lle44 patch’ of Ub, a site commonly targeted by Ub-binding
proteins (51), and they also assist in positioning Ub in a rotated manner equivalent to
that observed for CCHFV OTU (Figure IV-2B and C).

Structure-guided decoupling of PLP2 deubiquitinase and polyprotein cleavage
activities. Given the distance of helix a3 from the PLP2 active site (Figure IV-1B), we
hypothesized that mutations could be introduced into this region of the Ub-binding
surface that would selectively disrupt PLP2 DUB activity without affecting EAV poly-
protein cleavage at the putative nsp2|nsp3 junction (RLIGG"). While this sequence
closely resembles the C-terminal tail of Ub (RLRGG"), we postulated that the nsp2
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sequence immediately upstream of the nsp2|nsp3 junction does not adopt a Ub-like
fold and that the majority of the PLP2 Ub-binding surface is therefore not required
for its cleavage. To test our hypothesis, we used the crystal structure to select three
positions within the PLP2 Ub-binding surface (Thr312, Ile313, and Ile353), and en-
gineered a panel of (combined) mutations (Figures IV-2B and C). Ile353 is located at
the C-terminal end of helix a.3 next to C3 (Cys354) of the zinc finger motif. It projects
directly into the Ile44 patch of Ub where it makes extensive van der Waals interactions
with Ile44, Val70, and Leu8. Given that Ile353 is located on the Ub-binding surface,
we aimed to disrupt Ub binding by introducing various other residues at this position,
including large bulky residues such as arginine and tryptophan. Thr312 and Ile313 are
located closer to the active site, where they make additional hydrophobic interactions
with Leu8, Leu71, and Leu73 of Ub. In an attempt to further disrupt the interaction
between PLP2 and Ub, the mutations Thr312Ala and Ile313Val were also combined
with changes at position Ile353. Given the close proximity of I1le313 to Leu73 of the
RLRGG motif of Ub, mutation to valine was chosen to minimize adverse effects on
nsp2|nsp3 cleavage.

EAV C4
zinc finger

EAV
Helix a3

Figure IV-2: Ub-binding surface of EAV PLP2. A) Superposition of EAV PLP2 (blue) and CCHFV OTU
(cyan) in complex with Ub. Both enzymes grasp Ub in a similar orientation, with the C4 zinc finger
motif of EAV PLP2 replacing the B-hairpin of CCHFV OTU. B) EAV PLP2 (blue) bound to Ub (or-
ange), showing the 612 A? Ub-binding surface. Residues targeted for mutational analysis to disrupt
DUB activity are indicated by arrows. C) Close-up of the EAV PLP2-Ub binding surface. EAV PLP2
residue Ile353 forms van der Waals interactions with Ile44, Leu8, and Val70 of Ub, whereas resi-
dues Thr312 and Ile313 interact with a hydrophobic patch on Ub (formed by residues Leu8, Val70,
Leu71, and Ile73) closer to the active site of PLP2.

Before proceeding to infection experiments with mutant viruses, we used ectopic
expression of PLP2 and an in vitro enzymatic assay to characterize the effect of vari-
ous mutations at the positions described above on polyprotein processing and DUB
activity. To this end, mutations were introduced into a mammalian expression vector
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encoding a self-cleaving nsp2-3 polyprotein carrying an N-terminal HA-tag. Upon
expression of nsp2-3 in HEK293T cells, wild-type PLP2 mediated efficient cleavage
of the nsp2|nsp3 junction (Figure IV-3A). As expected, a PLP2 active site mutant
(C270A/H332A) did not display any processing of the nsp2|nsp3 site and only the
nsp2-3 precursor was detected. Seven single-site mutants, in which the Ub-binding
surface was targeted by replacement of Thr312 or Ile353, displayed wild-type levels
of nsp2|nsp3 cleavage, suggesting that their polyprotein processing activity was not
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Figure IV-3: Decoupling of the polyprotein processing and DUB activities of EAV PLP2. A) HEK293T
cells were transfected with plasmids encoding nsp2-3 containing wild-type or mutant PLP2. After
16 h at 37°C, cells were lysed and results were analyzed by Western blot. Proteolytic processing
of the nsp2|nsp3 junction by wild-type PLP2 resulted in the release of HA-tagged nsp2 from the
nsp2-3 precursor. B) HEK293T cells were transfected with a combination of plasmids encoding
nsp2-3 containing wild-type or mutant PLP2 and FLAG-Ub. Expression of FLAG-Ub leads to FLAG-
tagged ubiquitination of a wide range of cellular proteins, which can be visualized on Western blot
using an anti-FLAG antibody. Abbreviation: Ub, ubiquitin.
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notably affected. In addition, combinations of mutations at positions Thr312, Ile313,
and Ile353 were tested, with similar results (Figure IV-3A). Longer exposure times did
reveal some nsp2-3 precursor, even in the case of wild-type PLP2, but this amount
only marginally increased when two or three mutations were combined (Figure IV-4B).

Next, we assayed the effect of these mutations on PLP2 DUB activity by transfecting
mammalian cells with plasmids encoding FLAG-tagged Ub and nsp2-3 carrying wild-
type or mutant PLP2. FLAG-tagged ubiquitination of a wide range of cellular targets
could be visualized by Western blot analysis using an anti-FLAG antibody (Figure IV-
3B). As expected, expression of wild-type PLP2 strongly decreased the accumulation
of Ub-conjugates, while expression of the active site mutant (C270A/H332A) had a
negligible effect. Figure IV-3B presents the results obtained with a selection of PLP2
Ub-binding surface mutants with the most pronounced effect on DUB activity, some
of which approached the level of the active site mutant. In contrast, these Ub-binding
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Figure IV-4: PLP2 Ub-binding surface mutations attenuate inhibition of IFN-3 promoter activa-
tion. A) Luciferase-based reporter assay to assess the effect of various Ub-binding surface muta-
tions on the inhibition of IFN-B promoter activity by PLP2. HEK293T cells were transfected with a
combination of plasmids encoding firefly luciferase under control of the IFN- promoter, renilla
luciferase, RIG-l;carp), @and nsp2-3 containing wild-type or mutant PLP2. Results were obtained in
three independent experiments. Error bars represent standard deviations and p-values are relative
to wild-type. B) Lysates obtained in each of the three experiments used for panel A were mixed in
a 1:1:1 ratio and analyzed by Western blot for the expression of nsp2-3.
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surface mutations had only minor effects on the delSGylating activity of PLP2 (Figure
IV-S1).

To corroborate our findings from the expression system showing that PLP2 DUB
activity could be selectively removed without disturbing nsp2|nsp3 cleavage, an in
vitro activity assay of recombinant PLP2 produced in E. coli was performed using the
fluorescently labeled substrates Ub-aminomethylcoumarin (Ub-AMC) or RLRGG-AMC,
representing the C-terminal peptide motif of Ub. By comparing the activity of PLP2
mutants against Ub-AMC (which requires the Ub-binding surface) versus their activity
against RLRGG-AMC (which binds to the active site region only), PLP2 mutants with a
selective reduction in DUB activity could be identified. Indeed, compared to wild-type
enzyme, mutants 1353W and I353R exhibited ~10- and 20-fold reductions in specific-
ity (ke Kin) toward Ub, respectively; in contrast, their activity towards RLRGG-AMC was
unaltered (Table IV-1). Expression of PLP2 containing additional mutations at Thr312
and Ile313 yielded insoluble protein in E. coli, preventing analysis of these mutants.
Nevertheless, the results of the in vitro activity assay further confirmed the successful
decoupling of the polyprotein processing and DUB activities of EAV PLP2 by specifi-
cally targeting key residues of the Ub-binding surface.

Table IV-1: Effect of Ub-binding surface mutations on the substrate specificity of PLP2.

PLP2 enzyme Substrate
RLRGG-AMC Ub-AMC
Keat! Kn Keat! K
Wild-type 45+ 11 M*s? 17000 + 4000 M™s™
1353R 65+ 7 M?s? 413 £ 177 Ms?
1353W 155+ 12 M?*s™ 1741+ 850 M7's™

The ability of PLP2 to suppress innate immune signalling depends on its DUB activ-
ity. The effect of the various PLP2 Ub-binding surface mutations on innate immune
signalling was initially assessed in the context of ectopic nsp2-3 expression using a lu-
ciferase-based IFN-B promoter activity assay. For this, HEK293T cells were transfected
with a combination of plasmids encoding firefly luciferase under control of the IFN-3
promoter, renilla luciferase as an endogenous control, constitutively active RIG-lcarp)
to induce innate immune signalling (52), and EAV nsp2-3 containing either wild-type
or mutant PLP2. In this assay, reporter gene expression was reduced to approximately
20% upon co-expression of wild-type PLP2, while 80% of the level of the untreated
control was retained upon expression of the PLP2 active site mutant (C270A/H332A)
(Figure IV-4A). Compared to wild-type PLP2, all mutants included in Figure IV-4A were
significantly impaired in their inhibitory activity (p<0.01), with mutants 1353R, I353W,

91
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T312A/1313V/I353R, and T312A/1313V/I353W displaying inhibition levels similar to
that of the active site mutant (p>0.05). Western blot analysis confirmed equal expres-
sion of wild-type and mutant nsp2-3 (Figure IV-4B). These results demonstrated that,
at least in the context of the nsp2-3 expression system, the selective removal of PLP2
DUB activity significantly disrupted its ability to suppress IFN- promoter activity.

Arteriviruses lacking PLP2 DUB activity elicit an enhanced host innate immune
response. Having identified mutations in PLP2 that reduce its ability to suppress
Ub-mediated innate immune signalling (Figure IV-4A) without adversely affecting
nsp2|nsp3 cleavage (Figure IV-3A), we were in a position to directly evaluate the
importance of PLP2 DUB activity for immune evasion during arterivirus infection.
The six (combinations of) mutations used in Figures IV-3B and 4 were introduced into
an EAV full-length cDNA clone and mutant viruses were launched by electropora-
tion of in vitro transcribed RNA into BHK-21 cells. Immunofluorescence microscopy
subsequently confirmed expression of both nsp2 and the structural nucleocapsid (N)
protein, followed by virus spread to initially untransfected cells. This indicated that
viruses carrying these (combinations of) mutations were replication competent.

We next focused on the two mutants showing the greatest decrease in inhibitory
activity in the IFN-B promoter activity assay: 1353R and T312A/1313V/1353R (Figure
IV-4A). We first characterized the replication kinetics of these mutants in a time-
course experiment in primary equine lung fibroblasts (ELFs), which are derived from
the natural host species of EAV and are likely to maintain an intact innate immune
response. ELFs were infected with wild-type or mutant EAV at a multiplicity of infec-
tion (MOI) of 0.5 or 5. The first-cycle replication kinetics as determined by quantita-
tive reverse transcriptase PCR (qRT-PCR) measurement of viral genome RNA levels
did not notably differ between wild-type and mutant EAV (Figures IV-5A and B). In
addition, viral titers in cell-culture supernatants harvested from infected ELFs at 24
h p.i. revealed no significant difference between wild-type and mutant EAV (Figure
IV-5C). Finally, immunofluorescence microscopy of ELFs infected with MOI 5 revealed
expression of nsp2 from 6 h p.i. onward, and by 9 h p.i. also expression of N protein
could be seen in all cells for both wild-type and mutant EAV (Figure IV-S2). These
results demonstrated that the replication kinetics of the PLP2 Ub-binding surface
mutants and wild-type control were essentially the same, in line with our previous
conclusion that cleavage of the nsp2|nsp3 site is hardly affected by these mutations.
At the same time, Western blot analysis showed that, compared to wild-type EAV, the
DUB activity of both mutants was severely impaired during infection (Figure IV-5D).

Subsequently, we used qRT-PCR to measure the levels of mRNAs encoding IFN-B, the
IFN-stimulated protein MX1, and the pro-inflammatory cytokine IL8 and investigated
the effect of mutations I353R and T312A/I313V/1353R on innate immune signalling
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Figure IV-5: EAV PLP2 mutants display similar replication kinetics as wild-type virus. Equine lung
fibroblasts were infected with wild-type or mutant EAV at MOI 0.5 (A) or 5 (B, C, D). A and B) At
the indicated time-points, total RNA was isolated for qRT-PCR measurement of EAV genomic RNA
levels. Results, which were obtained in three independent experiments, were analyzed using the
standard curve method and normalized against the relative quantities of GAPDH and beta actin
mRNA. Error bars represent standard deviations. C) At 24 h p.i,, cell-culture supernatants were har-
vested and virus titers were determined by plaque assay on ELFs. Results were obtained in three
independent experiments and error bars represent standard deviations. D) Cells were lysed at 10
h p.i. and total ubiquitination was assessed by Western blot analysis. Abbreviations: Ub, ubiquitin;
N, nucleocapsid; hpi, hours post infection; AU, arbitrary units; pfu, plaque forming units.

during infection of ELFs. Initially, we infected ELFs with wild-type or mutant EAV at
MOI 5, but in this set-up IFN-B mRNA levels remained below the detection limit at
all time-points analyzed (from 3 to 12 h p.i.), suggesting that the innate immune
response triggered by EAV upon initial infection is very limited. Therefore, we next
infected ELFs with wild-type or mutant EAV at MOl 0.25, resulting in infection of about
20% of cells. We hypothesized that this would allow for IFN-B-mediated priming of
uninfected cells as a result of paracrine signalling from cells infected during the first
round. The expression of IFN-stimulated genes would then result in a more potent
response during the second cycle of infection. Indeed, following such a low MOl infec-
tion with wild-type EAV, low but detectable levels of IFN-B mRNA were induced by 20
h p.i. (Figure IV-6A). Interestingly, at both 20 and 24 h p.i., cells infected with either
mutant showed significantly increased levels of IFN-B mRNA compared to wild-type
virus-infected cells (p<0.05), with mutant T312A/1313V/I1353R showing the most pro-
nounced difference. In addition, the levels of MX1 mRNA differed significantly between
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wild-type and mutant EAV-infected cells at 24 h p.i. (Figure IV-6B). In contrast, at 20
and 24 h p.i,, no significant difference in the levels of IL8 mRNA was observed upon
infection with wild-type or mutant EAV (Figure IV-6C). Equally efficient replication of
wild-type and mutant EAV was corroborated by comparing viral genome RNA levels,
for which no significant differences were measured (Figure IV-6D). In summary, these
data show that the PLP2 DUB function is indeed involved in the inhibition of innate
immune signalling during EAV infection in primary equine cells and that it is possible
to specifically inactivate this function to suppress immune evasion of otherwise fully
replication-competent viruses.
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Figure IV-6: EAV lacking PLP2 DUB activity elicits an enhanced innate immune response. Equine
lung fibroblasts were infected with EAV encoding wild-type or mutant PLP2 at MOl 0.25 and at 20
and 24 h p.i. RNA was isolated for qRT-PCR measurement of the levels of A) IFN- mRNA, B) MX1
mRNA, C) IL8 mRNA, or D) EAV genomic RNA. Results, which were obtained in three independent
experiments, were analyzed using the standard curve method and normalized against the relative
quantities of GAPDH and beta actin mRNA. Error bars represent standard deviation and asterisks

Abbreviations: AU, arbitrary units; hpi, hours post infection.
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DISCUSSION

Due to the widespread adoption of polyprotein synthesis and cleavage as a genome
expression strategy in +RNA viruses and retroviruses, proteases have become key
regulatory enzymes of the replication of many important human and animal patho-
gens. Moreover, virus-host co-evolution has offered ample opportunity to develop
additional protease functions, which promote virus replication by targeting cellular
rather than viral substrates. Since both functions depend on the same protease active
site, it has been intrinsically difficult to study them independently during virus infec-
tion, mainly because protease inactivation per se is generally incompatible with virus
viability. The independent assessment of the cleavage of host cell targets requires its
decoupling from viral polyprotein processing, which to date has only been achieved
for the poliovirus 2A protease (53-56). Our present work on EAV PLP2 illustrates how
structure-guided mutagenesis can be applied to specifically disrupt the interaction of
a viral protease with its cellular substrate. The identification of a Ub-binding surface
that is distant from the PLP2 active site, allowed us to specifically inactivate the DUB
function of the enzyme and - ultimately - probe its relevance in the context of the
infected cell. Compared to wild-type EAV, viruses that lack PLP2 DUB activity induced
a significantly enhanced innate immune response in primary equine cells, while dis-
playing essentially identical replication kinetics, thus demonstrating the importance
of this activity in the evasion of innate immune signalling by arteriviruses.

Analysis of the EAV PLP2 fold using the DALI server identified members of the OTU
superfamily as its closest structural relatives, supporting its classification as a mem-
ber of this superfamily. However, the limited sequence similarity between arterivirus
PLP2 and other OTU proteases was previously rated as statistically insignificant (29)
and our structure reveals topological features that deviate considerably from a typical
OTU-fold. Domain | of known OTU-domain structures contains a pair of solvent exposed
a-helices that pack perpendicularly against two internal helices (Figures IV-1E, G, and
H). While the internal helices are conserved in PLP2 (a1 and «.2), the solvent exposed
helices have been replaced by a single helix (a.4) that packs parallel to helices a1 and
a2 to form a three-helix bundle that comprises most of domain | (Figures IV-1E and
F). This topology subtly resembles the L domain of papain (57) and markedly reduces
the size of domain | and its contribution to Ub binding relative to other OTU DUBs
that have been determined in complex with Ub (38, 43-45, 48). The compact fold of
arterivirus PLP2 may be required for its function in replicase polyprotein maturation,
an activity that is not shared by cellular OTU DUBs or the OTU protease of CCHFV (58).

A more striking deviation from known OTU-domain structures is the presence of the
zinc finger in PLP2 domain Il (Figure IV-1C) and its critical importance for catalytic
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activity (16). Ub-binding domains that contain zinc fingers exist within a number of
OTU DUBs, but none comprise part of the distal Ub-binding site within the OTU-fold.
Instead, they exist as accessory domains that are connected to the OTU-domain
through flexible linkers (42), where, in the case of A20, they appear to provide ad-
ditional polyubiquitin linkage specificity and possibly target the protein to specific
signalling complexes (59). For PLP2, the zinc finger is an integral part of the OTU-fold
and it plays a central role in binding and positioning the distal Ub molecule on the
protease surface (Figure IV-2A). Currently, OTU DUBs are grouped into three sub-
classes based on their structural characteristics: the Otubains, the A20-like OTU’s, and
the OTU's (42). Given the unique features of EAV PLP2, we propose that arterivirus
PLP2 enzymes represent a new, fourth subclass of zinc-dependent OTU's.

We believe that the structure-guided inactivation of the PLP2 DUB function may con-
tribute to the engineering of improved modified live vaccines (MLVs) for arteriviruses.
Although generally effective strategies for the prevention and control of equine viral
arteritis have been developed, several field strains are poorly neutralized by antibod-
ies from horses vaccinated with the ARVAC vaccine strain (60) and EAV outbreaks
continue to cause significant disruptions of the horse breeding industry (61). While
our current work focuses on EAV PLP2, the corresponding protease of PRRSV has been
shown to have very similar immune evasive properties in a variety of experimental
settings (18, 30, 31). Since its discovery in the late 1980s, PRRSV has spread around
the globe and now ranks among the most important swine pathogens. PRRSV infec-
tion causes annual losses of approximately $664 million in the United States alone
(62) and the emergence of highly virulent strains in China is of particular concern
(63-65). Moreover, the virus has proven difficult to control and it has been suggested
to counteract innate immunity, thus undermining the overall immune response and
viral clearance in infected animals (66). Consequently, inactivation of the PLP2 DUB
function may be an important step in the design of improved vaccine candidates.
These should induce a more robust innate response and, therefore, also a more potent
adaptive immune reaction than that achieved with the currently available MLVs. Mul-
tiple studies have suggested that additional arterivirus nsps may contribute to innate
immune evasion (67, 68) and, consequently, vaccine efficacy may be further bolstered
by targeting a combination of such functions. As in this study, detailed insight into the
molecular interactions of these other arterivirus proteins and their host ligands will
likely be required to achieve this goal without crippling the basic replication capacity
of the virus. In cell culture, our most promising EAV PLP2 mutant, carrying mutations
T312A/1313V/1353R, induced an approximately 8-fold increase in IFN-B mRNA levels
compared to wild-type virus. Although we were unable to investigate this effect in
vivo due to the lack of a small animal model for EAV infection, the disabling of immune
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evasion mechanisms can result in significant virus attenuation. One striking example
is the modification of the immune evasive influenza virus NS1 protein, which yielded
attenuated viruses that are promising vaccine candidates (69).

In addition to opening new possibilities for vaccine development, the mutants de-
scribed in this paper should provide excellent tools for identifying the cellular targets
of PLP2, which to date remain unknown. Although Western blot analysis suggests that
PLP2 acts in a very promiscuous fashion, causing a general decrease in the levels of
ubiquitinated host proteins (Figure IV-5D), our qRT-PCR results support the idea that
there is at least some degree of specificity in the inhibition of innate immune signal-
ling, as evidenced by the PLP2-mediated inhibition of IFN- mRNA transcription, but
not IL8 mRNA transcription (Figures IV-6A, C). Since the expression of IFN-B depends
largely on the activation of the transcription factor IRF3 and expression of pro-in-
flammatory cytokines like IL8 does not (27), our findings suggest that PLP2-mediated
inhibition of innate immunity is primarily directed at IRF3-dependent signalling.
Future experiments will aim at elucidating the target specificity of arterivirus PLP2.

Arteriviruses are not the only virus family harboring proteases with multiple substrate
specificities. Especially interesting in this respect are the distantly related coronavi-
ruses (CoV), which infect a wide variety of species, including livestock, companion
animals, bats, and humans. Six CoV species have now been found to infect humans,
causing symptoms ranging from mild respiratory illness to acute respiratory syn-
dromes, as in the case of SARS-CoV (70) and the recently emerged HCoV-EMC/2012
(71, 72). The replicase polyproteins of coronaviruses harbor one or two papain-like
proteases (PLpro’s) that participate in polyprotein maturation and presumably
promote evasion of innate immunity by means of their DUB activity (32, 34, 37, 73).
Although the CoV PLpro’s belong to the Ub-specific protease (USP) (74, 75) rather
than the OTU superfamily of DUBs, it is likely that also coronavirus PLpro substrate
specificities can be decoupled using a similar structure-guided approach. Here we
have illustrated how structure-guided mutagenesis of such a viral protease may be
used to enhance the innate immune response to infection, a strategy that may be ap-
plied in the design of MLVs targeting arteriviruses and other virus families encoding
similar dual-specificity proteases.
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MATERIALS AND METHODS

Plasmids, cells, and antibodies

The following mammalian expression plasmids were described elsewhere: pLuc-IFN-3
(76), pRL-TK (Promega), pEBG-RIG-l(;carp) (52), pcDNA-eGFP (31), pCMV-FLAG-Ub (77),
pCAGGS-HA-mUbE1L, pCMV2-FLAG-UbcM8, and pCAGGS-V5-hISG15 (78).

HEK293T cells were cultured in Dulbecco’s modified Eagle medium (Lonza) supple-
mented with 10% fetal bovine serum (FBS), and 2 mM L-glutamine. BHK-21 cells were
cultured in Glasgow minimum essential medium (Lonza) supplemented with 5% FBS,
10% tryptose phosphate broth, and 10 mM HEPES (pH 7.4). Primary equine lung fibro-
blasts (ELF) were cultured in minimum essential medium (Lonza) supplemented with
10% FBS and grown on collagen-coated plastics. All culture media contained 100 U/
ml of penicillin and 100 mg/ml of streptomycin.

The following commercially available antibodies were used: a-HA (ab18181; Ab-
cam), a-FLAG (F3165; Sigma-Aldrich), a-GST (sc459; Santa Cruz), a-ubiquitin (#3933;
Cell Signaling Technology), a-B-actin (A5316; Sigma-Aldrich), donkey-a-mouse-Cy3
(715-165-151; Jackson ImmunoResearch), and goat-a-rabbit-AL488 (A-11008; Invi-
trogen). The following antibodies were described elsewhere: a-EAV N protein (clone
3E2) (79) and a-1SG15 (clone 2.1) (80). Rabbit antiserum recognizing the C-terminus
of EAV nsp2 was raised using a mix of two peptides (ASTVDPHSFDQKK and GDFLKLNP-
GFRLIGG) and rabbit antiserum recognizing GFP was raised using recombinant protein
purified from Escherichia coli.

PLP2 plasmids

For bacterial expression of EAV PLP2, a cDNA fragment encoding residues 261-392 of
EAV pp1la and an in-frame C-terminal Hise purification tag was inserted downstream
of a Ub fusion partner in the pASK3 vector (81), yielding plasmid pASK3-ePLP2. A
mammalian expression construct encoding an EAV nsp2-3 polyprotein was made by
cloning residues 261-1064 of EAV pp1la in-frame with an N-terminal HA tag in the
pcDNA3.1 vector (Invitrogen). All mutants were engineered by site-directed muta-
genesis using Pfu DNA polymerase (Fermentas). Primer sequences are available upon
request. All constructs were verified by sequence analysis.

Purification and crystallization of EAV PLP2 bound to Ub

E. coli BL21-Gold(DE3) cells were transformed with pASK3-ePLP2 and cultured to an
optical density (ODgq0) 0f 0.7 in LB medium at 37°C. The culture was then supplemented
with 200 ng/ml of anhydrous tetracycline and incubated for 3 h at 28°C with shaking
to induce expression of the Ub-PLP2-Hise fusion protein. The cells were pelleted and
resuspended in ice-cold lysis buffer (20 mM MES pH 7, 500 mM NaCl, 10% glycerol, 5
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mM imidazole pH 7.4, 0.5 mM TCEP) and lysed using a French pressure cell (AMECO).
The lysate was clarified by centrifugation and loaded onto a Ni-NTA column (Qiagen)
pre-equilibrated with lysis buffer. After washing with lysis buffer supplemented with
15 mM imidazole, recombinant PLP2 was eluted from the column using an equilibra-
tion buffer supplemented with 150 mM imidazole and exchanged into 50 mM Tris, pH
8.0, 300 mM NaCl and 5 mM DTT before storing at 4 °C. The endogenous DUB activity
of PLP2 resulted in the efficient removal of the N-terminal Ub-tag from the fusion
protein during expression in E. coli; therefore, affinity chromatography yielded highly
pure PLP2 carrying a C-terminal His¢ purification tag only.

The mechanism-based suicide inhibitor Ub;-;5-3-bromopropylamine (Ub-3Br) was
prepared according to Messick et al (38) and Borodovsky et al (39), as described by
James et al (43). Ub-3Br was covalently bound to purified PLP2 by gently mixing the
proteins in a 3:2 molar ratio for one hour at 37°C. The resulting PLP2-Ub complex
was purified by gel filtration (Superdex 75) followed by anion exchange (Source 150)
chromatography and then exchanged into 20 mM Tris, pH 8.0, 50 mM NaCl before
concentrating to 10 mg/ml and storing at 4°C.

The PLP2-Ub complex was crystallized by hanging-drop vapor diffusion at 10 mg/
mlin mother liquor consisting of 100 mM MES pH 6.2, 18% PEG 20,000. Crystals were
flash-cooled and stored in liquid nitrogen after sweeping them through mother liquor
supplemented with 20% glycerol.

X-ray data collection and crystal structure determination

X-ray diffraction data for a multiwavelength anomalous dispersion (MAD) experiment
were collected at the Canadian Light Source (beam line 08ID-1). Data were collected
at three different wavelengths over the absorption edge of zinc from a single crystal
of the PLP2-Ub complex held at 100K in a N, (g) stream. The data were processed
using MOSFLM and SCALA (82) and structure factor phases were determined using
phenix.autosol (83). Initial phases generated by SOLVE were improved by density
modification using RESOLVE within the PHENIX package. After reserving a random
subset of reflections for cross-validation using the free R-factor (84), a model was
built using phenix.autobuild (83) and manually completed and refined using COOT
(85) and phenix.refine (83). Crystallographic data and model refinement statistics are
summarized in Table IV-S1.

In vitro enzymatic assays

The DUB activity of PLP2 (wild type and mutants) was assayed using 7-amino-4-
methylcoumarin (AMC) labelled versions of Ub (Ub-AMC) (Boston Biochem) and the
C-terminal peptide motif of Ub, RLRGG-AMC (Enzo Life Sciences). The enzymes cleave
the AMC label causing a significant increase in the fluorescence quantum yield of the
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dye. All reactions were performed in 20 mM tris-Cl buffer at pH 8 and 100 mM NaCl.
Time-dependent fluorescence traces were collected by a Fluorolog-3 Horiba Jobin
Yvon fluorimeter. The monochromators were set to 360 nm (excitation) and to 460
nm (emission). The slits were set between 1-3 nm bandpass depending on substrate
concentration. Enzyme activities in all mutants were characterized by the specificity
constant 7’((:—' At substrate concentrations significantly smaller than K, the formation
of product follows pseudo-first-order kinetics, therefore the temporal evolution of
product fluorescence F follows the equation:

ot ool g

Where F. is the fluorescence when all AMC is liberated, F,is the background fluo-
rescence, [E] is the total enzyme concentration and tis the time elapsed. From fitting
the fluorescence time traces to equation 1, all parameters including the specificity
constant %ﬂ‘:—t are obtained. Our assays indicate that PLP2 exhibits pseudo-first-order
kinetics for Ub-AMC at concentrations less than 0.2 pM and for RLRGG-AMC at concen-

trations less than 150 pM.

Cell culture-based assays

To assess nsp2|3 cleavage by the various PLP2 mutants, HEK293T cells were grown
to 80% confluence in 10 cm? wells and transfected using CaPO, with 4 pg plasmid
DNA encoding nsp2-3 containing wild-type or mutant PLP2. After 16 h at 37°C, cells
were lysed in 2x Laemmli Sample Buffer (2xLSB; 250 mM Tris, 2% SDS, 20% glycerol,
0.01% bromophenol blue, 2 mM DTT, pH 6.8). Samples were loaded on SDS-polyacryl-
amide gels, which were blotted to Hybond-P polyvinylidene difluoride membranes
(GE Healthcare) using a semi-dry transfer cell (Bio-Rad). After incubation with the
appropriate antibodies, protein bands were visualized using the Amersham ECL Plus
detection reagent (GE Healthcare).

To assess the DUB activity of the various PLP2 mutants, HEK293T cells were grown
to 80% confluence in 4 cm? wells and transfected using CaPO, with a combination of
plasmids encoding FLAG-Ub (0.25 pg), GFP (0.25 pg), and nsp2-3 containing wild-type
or mutant PLP2 (1.5 pg). After 16 h at 37°C, cells were lysed in 2xLSB and analyzed by
SDS-PAGE as described above.

To assess the delSGylation activity of the various mutants, HEK293T cells were
grown to 80% confluence in 12-well plates and transfected using CaPO, with a com-
bination of plasmids encoding hISG15 (0.75 pg), HA-mUbE1L (0.25 pg), FLAG-UbcM8
(0.25 pg), GFP (0.25 pg) and wild-type or mutant nsp2-3 (0.5 pg). After 48 h at 37°C,
cells were lysed in 2xLSB and analyzed by SDS-PAGE as described above.
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Luciferase-based IFN-3 promoter activity assay

HEK293T cells, grown to 80% confluence in 2 cm” wells, were transfected in qua-
druplicate with a combination of plasmids encoding firefly luciferase under control
of the IFN-B promoter (50 ng), renilla luciferase (5 ng), RIG-lcarp) (25 ng) and nsp2-3
containing wild-type or mutant PLP2 (500 ng) using Lipofectamine2000 (Invitrogen).
The total amount of DNA used for transfection was adjusted to 1 pg per well by the ad-
dition of the appropriate amount of empty vector. After 12 h at 37°C, three out of four
wells were lysed in 100 pl passive lysis buffer (Promega), and samples were assayed
for luciferase activity using the Dual-Luciferase reporter assay system (Promega) on a
Mithras LB 940 multimode reader (Berthold Technologies). The remaining wells from
each of three independent experiments were lysed in 2xLSB, mixed in a 1:1:1 ratio
and analyzed by SDS-PAGE as described above. Using SPSS Statistics software, an
unpaired two-tailed Student’s t test was used to determine the statistical significance
of the results, which were obtained in three independent experiments. P values <0.05
were considered to be statistically significant.

Reverse genetics

Mutations in the EAV PLP2-coding sequence were engineered in an appropriate
shuttle vector and subsequently transferred to pEAN551/AB, a derivative of EAV full-
length cDNA clone pEAN551 carrying additional (translationally silent) Aflll and BspEl
restriction sites (17, 86). The virus derived from pEAN551/AB was used as wild-type
control in all experiments. All constructs were verified by sequence analysis.

In vitro RNA transcription from Xhol-linearized wild-type or mutant EAV full-length
cDNA clones was performed using the mMESSAGE mMACHINE T7 Kit (Ambion). Five pg
of full-length EAV RNA was electroporated into 5.0%10° BHK-21 cells using the Amaxa
Cell Line Nucleofector Kit T and the program T-020 of the Amaxa Nucleofector (Lonza)
according to the manufacturer’s instructions. Cells were incubated at 39.5°C and
virus-containing supernatants were harvested at 24 h post transfection. Titers were
determined by plaque assay on primary equine lung fibroblasts (ELFs) essentially as
described before (87).

To verify the presence of the correct mutations, RNA was isolated from virus-
containing supernatants using the QlAamp Viral RNA Mini Kit (Qiagen) and converted
to cDNA using RevertAid H Minus reverse transcriptase (Fermentas) and random
hexameric primers. The region of PLP2 encoding the mutations was subsequently PCR
amplified using Pfu DNA polymerase (Fermentas) and sequenced.

Immunofluorescence microscopy

Confluent ELFs were infected with wild-type or mutant EAV at a multiplicity of infec-
tion (MOI) of 5 and incubated at 37°C. At 3, 6, and 9 h post infection (p.i.), cells were
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fixed with 3% paraformaldehyde in phosphate buffered saline (PBS; pH 7.4). Follow-
ing permeabilization in 0.2% Triton X-100 in PBS, EAV nsp2 and N protein were visual-
ized by indirect immunofluorescence microscopy using the appropriate antibodies.
Specimens were examined with a Zeiss Axioskop 2 fluorescence microscope with an
Axiocam HRc camera and Zeiss Axiovision 4.2 software.

Quantitative reverse transcriptase PCR

Confluent ELFs were infected with wild-type or mutant EAV at MOI 5, 0.5, or 0.25 and
incubated at 37°C. At the indicated time-points, cell lysates were harvested in TriPure
Isolation Reagent (Roche). After the addition of chloroform, the aqueous phase was
mixed in a 1:1 ratio with buffer RA1 of the Nucleospin RNA Il kit (Macherey-Nagel).
RNA was isolated as per manufacturer’s instructions and reverse transcribed using Re-
vertAid H Minus RT (Fermentas) and oligo(dT),, primer. Finally, samples were assayed
by quantitative reverse transcriptase PCR (qRT-PCR) on a CFX384 Touch Real-Time
PCR detection system (BioRad) using iTaq SYBR Green Supermix with ROX (BioRad).
Primers (see Table IV-S2) targeting mRNAs encoding equine GAPDH, Actin-B, IFN-B,
MX1, and the EAV genome were designed using Primer3 (88) or kindly provided by
Udeni Balasuriya in the case of IL8. The real-time PCR was followed by a melting-curve
analysis, to verify the specificity of the reaction. Results were quantified using the
standard curve method and normalized against the geometric mean of the relative
quantities of GAPDH and Actin-B mRNA. Data from three independent experiments
was analyzed with SPSS Statistics software using a one-sample t test or unpaired
Student’s t test, where appropriate. P values <0.05 were considered to be statistically
significant.

Deubiquitination during infection

Confluent ELFs were infected with wild-type or mutant EAV at MOI 5 and incubated for
10 hours at 37°C. Cells were then lysed in 500 pl 2x Laemmli Sample Buffer (250 mM
Tris, 2% SDS, 20% glycerol, 0.01% bromophenol blue, 2 mM DTT, pH 6.8) and total
ubiquitination was assessed by Western blot analysis as described in the supplemen-
tal materials and methods section.

Atomic coordinates

Atomic coordinates and structure factors for the PLP2-Ub complex have been depos-
ited in the Protein Data Bank under the accession code: 4IUM.
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Figure IV-S1. The delSGylating activity of PLP2 is only mildly affected by Ub-binding surface mu-
tations. HEK293T cells were transfected with a combination of plasmids encoding nsp2-3 con-
taining WT or mutant PLP2, GFP, hISG15, and the E1 and E2 enzymes needed for its conjugation:
HA-UbE1L and FLAG-UbcM8. ISGylation is visualized on Western blot using an anti-ISG15 antibody.
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3 hpi 6 hpi 9 hpi

Wild-type

I353R

T312A/1313V/I353R

Nuclei, EAV nsp2, EAV N protein

Figure IV-S2. Immunofluorescence microscopy reveals similar replication kinetics for WT and
PLP2 mutant viruses. ELFs were infected with WT or mutant EAV at MOI 5. At 3, 6, and 9 hpi, cells
were fixed for immunofluorescence microscopy, and EAV nsp2 (green), N protein (red), and nuclei
(blue) were visualized using the appropriate antibodies or Hoechst dye, respectively. Abbrevia-
tion: N, nucleocapsid.
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Table IV-S1: Crystallographic data and model refinement statistics.

Space group P2,2,2,
Unit cell (A) a=38.32,b=62.23,c=84.28
a=B=y=90°
CGystallographicdata
Dataset Edge (Zinc) Peak (Zinc) Remote (Zinc)
Wavelength (A) 1.28289 1.28243 1.27347
Resolution range (A) 31.10-1.45 (1.53-1.45)% 31.11-1.45(1.53-1.45) 31.02-1.45 (1.53-1.45)
Total observations 316923 (34142) 317730 (34806) 317984 (36992)
Unique reflections 36316 (5023) 36344 (5029) 36278 (5075)
Multiplicity 8.7 (6.8) 8.7 (6.9) 8.8(7.3)
Completeness (%) 99.4(95.9) 99.4(96.2) 99.6 (97.1)
Anomalous completeness 99.1 (94.0) 99.2 (94.4) 99.4(95.8)
Rmerge 0.054(0.253) 0.049 (0.205) 0.079 (0.596)
/o1 19.5 (6.0) 21.3(7.1) 14.7 (4.2)
Phasingstatistics
FOM 0.61
FOM after RESOLVE 0.72
RefnementStatistis
Reflections in test set 1994
Protein atoms 3155
Zinc atoms 1
Solvent atoms 376
Ruoric (Réree) 0.16 (0.18)
Mean B value (A?) 19.90
RMSD from ideal geometry:
Bond lengths (A)/angles (°) 0.013/1.47
Ramachandran plot:
Most favored/allowed (%) 98/2

*Values in parentheses refer to the highest resolution shell.
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Table IV-S2: Primers used for quantitative real-time PCR.

Target (Accession) Forward primer (5'-3') Reverse primer (5’-3")
Equine GAPDH (NM_001163856) TGCCGCCTGGAGAAAGCTGC GAGGGCAATGCCAGCCCCAG
Equine Actin-f (NM_001081838) CCACGCCATCCTGCGTCTGG ACCGCTCGTTGCCGATGGTG
Equine IFN-B (NM_001099440) AGGTGGATCCTCCCAATGGCCC GGGGCAACGTTGAGGGGCTC
Equine MX1 (NM_001082492) CGGCCAGCAGCTGCAGAAGT GGCCTCCGCTCCCTGGAGAT
Equine IL8 (NM_001083951) GCCGTCTTCCTGCTTTCTG CCGAAGCTCTGCAGTAATTCTTGAT

EAV genome (NC_002532) CCGACCCGGTGTGACCGTTG AAGGGTCGCGGGTGCCAATG
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