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ABSTRACT In five experimentally characterized arterivirus species, the 5’-end ge-
nome coding region encodes the most divergent nonstructural proteins (nsp’s), nsp1
and nsp2, which include papain-like proteases (PLPs) and other poorly characterized
domains. These are involved in regulation of transcription, polyprotein processing,
and virus-host interaction. Here we present results of a bioinformatics analysis of
this region of 14 arterivirus species, including that of the most distantly related vi-
rus, wobbly possum disease virus (WPDV), determined by a modified 5’ rapid ampli-
fication of cDNA ends (RACE) protocol. By combining profile-profile comparisons and
phylogeny reconstruction, we identified an association of the four distinct domain
layouts of nsp1-nsp2 with major phylogenetic lineages, implicating domain gain, in-
cluding duplication, and loss in the early nsp1 evolution. Specifically, WPDV encodes
highly divergent homologs of PLP1a, PLP1b, PLP1c, and PLP2, with PLP1a lacking
the catalytic Cys residue, but does not encode nsp1 Zn finger (ZnF) and “nuclease”
domains, which are conserved in other arteriviruses. Unexpectedly, our analysis re-
vealed that the only catalytically active nsp1 PLP of equine arteritis virus (EAV),
known as PLP1b, is most similar to PLP1c and thus is likely to be a PLP1b paralog. In
all non-WPDV arteriviruses, PLP1b/c and PLP1a show contrasting patterns of conser-
vation, with the N- and C-terminal subdomains, respectively, being enriched with
conserved residues, which is indicative of different functional specializations. The
least conserved domain of nsp2, the hypervariable region (HVR), has its size varied
5-fold and includes up to four copies of a novel PxPxPR motif that is potentially rec-
ognized by SH3 domain-containing proteins. Apparently, only EAV lacks the signal
that directs —2 ribosomal frameshifting in the nsp2 coding region.

IMPORTANCE Arteriviruses comprise a family of mammalian enveloped positive-
strand RNA viruses that include some of the most economically important patho-
gens of swine. Most of our knowledge about this family has been obtained through
characterization of viruses from five species: Equine arteritis virus, Simian hemorrhagic
fever virus, Lactate dehydrogenase-elevating virus, Porcine respiratory and reproductive
syndrome virus 1, and Porcine respiratory and reproductive syndrome virus 2. Here we
present the results of comparative genomics analyses of viruses from all known 14
arterivirus species, including the most distantly related virus, WPDV, whose genome
sequence was completed in this study. Our analysis focused on the multifunctional
5’-end genome coding region that encodes multidomain nonstructural proteins 1
and 2. Using diverse bioinformatics techniques, we identified many patterns of evo-
lutionary conservation that are specific to members of distinct arterivirus species,
both characterized and novel, or their groups. They are likely associated with struc-
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tural and functional determinants important for virus replication and virus-host inter-
action.

KEYWORDS arterivirus, bioinformatics, comparative genomics, duplication, evolution,
nidovirus, papain-like proteases, phylogenetic analysis, ribosome frameshifting,
wobbly possum disease

rteriviruses are a family of enveloped nonsegmented positive-strand RNA viruses of

mammals that belongs to the order Nidovirales (1, 2). The arterivirus genetic
diversity was recently classified into 14 species (3), five of which include relatively
well-characterized viruses, i.e., equine arteritis virus (EAV) (4, 5), lactate dehydrogenase-
elevating virus (LDV) (6, 7), simian hemorrhagic fever virus (SHFV) (8), porcine respira-
tory and reproductive syndrome virus 1 (PRRSV-1) (9), and PRRSV-2 (10). Among the
newly identified viruses is wobbly possum disease virus (WPDV), a marsupial virus that
is most distantly related to the current members of the family Arteriviridae (11, 12).
Infection with WPDV has been linked to a fatal neurological disease of the Australian
brushtail possum (Trichosurus vulpecula) (13). The disease has been identified in both
captive (14) and free-living (15) possum populations in New Zealand. It is currently
unknown if the virus is present in other parts of the world. Experimental research on
arteriviruses was driven by the need to develop robust control measures against PRRSV
infection, which causes considerable losses to the swine industry (16), and aimed to
reveal molecular mechanisms of replication and virus-host interactions of this family,
which are often characterized using the EAV model. Comparative sequence analyses
involving arteriviruses contributed to these goals by informing experimental research
about natural constraints imposed on the structure and function of different genome
regions and encoded products (5, 7, 17-25).

The arterivirus genome includes multiple open reading frames (ORFs), most of which
overlap and are flanked by short noncoding regions at the 5’ and 3’ termini. Protein
machineries controlling genome expression and replication are encoded in the first two
ORFs, ORF1a and ORF1b, while capsid proteins controlling virus dissemination are
encoded in the downstream ORFs, whose number varies among arteriviruses. ORF1a
directs the synthesis of replicase polyprotein 1a (pp1a) and, together with ORF1b, also
pp1lab. The latter involves a —1 programmed ribosomal frameshift (PRF) at the ORF1a/b
overlap. ppla and pplab are co- and posttranslationally processed by viral proteases to
mature products (and their intermediates) that are designated nonstructural proteins
(nsp’s) 1 to 12 (1). The release of the nsp1-to-nsp3 and nsp3-to-nsp12 proteins from
ppla/ab is mediated by papain-like proteases (PLPs) and chymotrypsin-like protease
(3CLpro), respectively (nsp3 release is controlled by two proteases) (20). No domain
variation was reported for the nsp3-to-nsp12 region, with the size of ORF1b-encoded
nsp9 to nsp12 being found to be under particularly strong constraint (21). According
to the characterization of mostly EAV and PRRSVs, these proteins include four RNA
processing enzymes (residing in nsp9 to nsp11), diverse enigmatic cofactors (nsp6
to -8 and nsp12) of replication, 3CLpro (nsp4), and two transmembrane domains,
TM2 and TM3, anchoring the replication-transcription complex (RTC) (nsp3 and
nsp5) (1, 22, 23, 26).

In contrast, the domain organization and size of the nsp1-nsp2 region vary consid-
erably among the five characterized arterivirus species. For other arteriviruses with fully
sequenced genomes, this region has not been studied, while for the most distantly
related virus, WPDV, the respective region of the genome was not available (11). nsp2
is one of the two largest arterivirus proteins. Its size varies >2-fold, from 572 amino
acids (aa) (EAV) to 1,232 aa (PRRSV-2). It invariably includes a multifunctional Zn-
binding PLP2 domain at the N terminus and adjacent transmembrane (TM1) and
Cys-rich (CR) domains at the C terminus (1, 27). These conserved domains are separated
by a poorly conserved domain known as the hypervariable region (HVR) (1), which is
notable for its high content of proline in PRRSV (28, 29), while another poorly conserved
domain of unknown function (hinge) is found upstream of PLP2 in some arteriviruses
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(27). PLP2 mediates the processing of the nsp2-nsp3 junction and removes ubiquitin
and ubiquitin-like moieties from target proteins, thus regulating both genome expres-
sion and virus-host interaction (30). The HVR contains antigenic sites (31), and the TM1
domain seems to contribute to anchoring the RTC, but the function of the CR domain
remains totally obscure (1). In addition, EAV nsp2 is a cofactor essential for cleavage of
the nsp4-nsp5 junction by 3CLpro (32). Recently, two truncated and modified deriva-
tives of nsp2 of unknown function, and possibly different localizations, were identified
in PRRSVs (33, 34). Their generation involves —1 and —2 PRFs in the nsp2 genome
region encoding the HVR-TM1 junction and is directed by a slippery sequence and a
downstream C-rich element conserved in several arteriviruses but not EAV (33, 34). PRFs
are transactivated by a complex of viral nsp1b and host poly(C) binding protein (PCBP)
that binds to the downstream C-rich element (34, 35).

The scale of variation in the nsp1 coding region is even larger, since it may encode
either one (nsp1; EAV), two (nspla and nsplb; LDV and PRRSV-1 and -2), or three
(nsp1a, nsp1b, and nsplc; SHFV) proteins. Each of these nsp1 variants includes an
enzymatically active PLP domain that liberates the respective nsp from ppla/ab by
cleavage at the C terminus and, for SHFV PLP1c, possibly also the N terminus (17,
36-41). The name of each PLP includes a suffix matching that in the name of the nsp
in which it resides. The only exception is EAV nsp1, which uniquely includes an
enzymatically silent PLP (PLP1a) upstream of the active PLP, accordingly named PLP1b
(36, 37). The variable number of adjacent PLPs present in the nsp1 region is likely to
have emerged by duplication, implying that they are paralogs. Yet similarity between
paralogous PLPs is (extremely) low at both the primary and tertiary structure (available
for PLP1a and PLP1b of PRRSV-2 [18, 42]) levels, which suggests that this region has
been under diversifying positive selection and/or that considerable time has passed
since the duplication. nsp1/nsp1a of the characterized arteriviruses also includes an
N-terminal Zn finger (ZnF) domain (37). All three domains of nsp1 are important for
template-specific complex regulation of subgenomic mRNA production (transcription)
and virion biogenesis in EAV (19, 43, 44); nsp1a of PRRSV-1 seems to play a similar role
in transcriptional regulation (45). Analysis of tertiary structure and biochemical
characterization of nsp1b revealed a small domain with weak nuclease activity
residing upstream of PLP1b in PRRSV-2 (42) (hereinafter called nuclease domain).
This protein was also shown to facilitate —1 and —2 PRFs in the nsp2 genome
region of PRRSV-1 and -2 (34). All individual nsp1 subunits of PRRSV-2, LDV, SHFV,
and EAV were found to have anti-innate-immunity activities (46, 47).

In the present study, we sought to gain insight into the structure and function of the
nsp1-nsp2 genomic region by characterizing the evolution of this region in all known
arteriviruses, including seven newly identified arteriviruses of monkeys and one arteri-
virus of the forest giant pouched rat (12, 87-91). To increase the resolution of this
analysis, we also extended it to the most distantly related arterivirus, WPDV, whose
sequence in this region is reported for the first time, thus completing its full genome
sequence. We were interested in mapping the already identified domains to the
nsp1-nsp2 region for arteriviruses that have not been characterized in this respect,
reconstructing the evolutionary history of PLP duplications and other nsp1 domains,
identifying molecular markers of PLP paralogs, and searching for new sites under
constraint. Below we describe the obtained results along with the challenges of analysis
of distant relations, summarize our conclusions, and outline directions for future
studies.

RESULTS

Completion of genome sequencing of WPDV by a modified RACE method. The
available WPDV sequence, obtained using a classic 5" rapid amplification of cDNA ends
(RACE) protocol, comprised 10,087 nucleotides (nt), which included the published
partial sequence of 9,509 nt [excluding the poly(A) tail] (11). However, analysis of this
sequence suggested that it may still lack the 5'-terminal region which encodes nsp1-
nsp2 in other arteriviruses. Several attempts to further extend this sequence by use of
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FIG 1 Overview of the target-enriched 5’ RLM RACE protocol. Total RNA extracted from WPD-affected
tissues was treated with calf intestine alkaline phosphatase (CIP) to remove free 5’ phosphates from all
noncapped nucleic acids, followed by treatment with tobacco acid pyrophosphatase (TAP) to remove the
cap structure from full-length mRNA (including capped positive-sense viral RNA), ligation of the RACE
adapter to decapped mRNA containing 5’ phosphates, and reverse transcription of the ligated mRNA to
cDNA by use of random decamers. These steps were performed according to the manufacturer’s
instructions (RLM RACE; Invitrogen). The ligated cDNA was then hybridized to biotinylated virus-specific
probes. The viral sequences captured on streptavidin-coated magnetic beads were used in the PCR step
of the 5" RLM RACE protocol. The unknown 5’ end was amplified with a selection of virus-specific reverse
primers and adapter-specific RACE primers. The target (WPDV) and nontarget (host) nucleic acids are
depicted in orange and blue, respectively.

a commercially available kit utilizing a modification of the classic approach to 5’ RACE
(5" RNA ligase-mediated [RLM] RACE) according to the manufacturer’s instructions were
unsuccessful. To address this challenge, we modified the 5" RLM RACE protocol by
addition of a target enrichment step (Fig. 1). Three rounds of RACE reactions (RACE 1-3;
see Materials and Methods) were performed using different capture probes and
different target-specific primers (Table S1). Using the modified protocol, three bands of
different sizes (~0.4 kbp, 1.5 kbp, and 2.5 kbp) were obtained by primary PCR with the
RACE.outer/WPD.S5.R primer pair (RACE 1) (Fig. 2). Each band was reamplified sepa-
rately with the RACE.inner primer in combination with either the WPD.S5.R, WPD.S7.R,
or WPD.S8.R primer. Sequencing of the nested bands indicated that the 0.4-kbp band
represented nonspecific amplification, while the 1.5-kbp and 2.5-kbp bands assembled
into one sequence, which extended the available sequence of WPDV by another 2,006
nt. The longest PCR product obtained in RACE 2 extended the RACE 1 assembly by
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FIG 2 Example of the results obtained using modified 5" RLM RACE as described in the text. (Left) One
of the primary PCRs (lane 3) using the RACE.outer/WPD.S5.R primer pair (see Table S1 in the supple-
mental material) and target-enriched ¢cDNA captured on streptavidin-coated magnetic beads as the
template produced three bands, with approximate sizes of 2,500 bp (band 1), 1,500 bp (band 2), and 400
bp (band 3), with no bands in the no-template control (lane 4). Lane 2 represents an unsuccessful 5" RLM
RACE reaction with a different source of starting material. (Right) Nested PCR with the RACE.inner primer
and either the WPD.S5.R (lanes 2 to 5) or WPD.S7.R (lanes 6 to 8) reverse primer. DNA extracted from
primary band 1 (lanes 2 and 6), band 2 (lanes 3 and 7), band 3 (lanes 4 and 8), or water (lane 5) was used
as the template. No bands were visible in the no-template control with the RLM-RACE inner/WPD.S7.R
primer pair (not shown in the picture). A DNA ladder (GeneRuler DNA ladder mix; Fermentas) was
included in lane 1 of both gels.

808 nt. Small bands of about 250 bp were amplified following seminested PCRs with
the RACE.outer/inner and WPD.S16.R primer pairs and either HOT FIREPol or Kappa
LongRange enzyme mix (RACE 3). Both bands contained the same sequence, which
aligned with the existing WPDV sequence but did not extend it. The RACE adapter was
ligated at nt 343 of the WPDV sequence obtained in RACE 2.

Based on our inability to amplify any further sequences in the 5'-end direction by
using a variety of primers and amplification conditions, combined with the bioinfor-
matics analysis of the newly identified sequence (see below), we concluded that we
most likely amplified the full genomic sequence of WPDV. If so, then the length of the
WPDV genome is 12,901 nt, excluding the poly(A) tail, and the length of predicted
polyprotein T1ab (pp1ab) of WPDV is 3,402 aa, whose coding sequence is flanked by a
245-nt 5’ untranslated region (5’-UTR) and a 97-nt 3’-UTR (Table 1).

Phylogeny of arteriviruses. To facilitate analysis of the nsp1-nsp2 genomic region,
we reconstructed the phylogeny of arteriviruses by using multiple-sequence alignment
(MSA) of seven conserved nsp domains (see Materials and Methods; see Table S2 in the
supplemental material) of 14 viruses, including WPDV (Fig. 3A; also see below). The total
size of the analyzed MSA was 2,055 columns, which accounted for 43% of the pplab
sites (bottom panel in Fig. 3A). The viruses represented all species defined by DEmARC
(Table 2) (see Materials and Methods), whose sampling varied by 2 orders of magnitude
(Fig. 3C). Based on the tree topology and the distance-based results of DEmARC, we

TABLE 1 Predicted ORFs in the genome of WPDV and their corresponding protein
products

Start position  Stop position Length Protein size

Name (nt) (nt) (nt) Protein product (aa)
ORF1a 246 6,242 5,997 Polyprotein 1a 1,998
ORF1b 6,218 10,453 4,236 Polyprotein 1ab“ 3,402
ORF2 10,309 10,932 624 Glycoprotein 2 (GP2) 207
ORF2a 10,553 10,690 138 Envelope protein (E) 45
ORF3 10,794 11,447 654 Glycoprotein 3 (GP3) 217
ORF4 11,330 11,581 252 Glycoprotein 4 (GP4) 83
ORF5 11,578 12,114 537 Glycoprotein 5 (GP5) 178
ORF5a 11,603 11,839 237 Glycoprotein 5a (GP5a) 78
ORF6 12,051 12,593 543 Membrane protein (M) 180
ORF7 12,424 12,804 381 Nucleocapsid protein (N) 126

aPolyprotein 1ab is predicted to be expressed from ORF1a and -b via a —1 ribosomal frameshift.
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FIG 3 Phylogeny and nsp1-nsp2 domain organization of arteriviruses. (A) The phylogeny is presented by a posterior sample of phylogenetic trees, reconstructed
by BEAST software. The trees are colored blue, red, or green, in descending order of prevalent topology. The genome organization, polyprotein processing
scheme, and polyprotein domains used for phylogeny reconstruction (shaded in gray) are detailed in the bottom left corner for PRRSV-2 (accession number
NC_001961.1). (B) The domain organization of nsp1-nsp2 is shown for each arterivirus species. Protein domains are represented by colored bars. The bar
representing PLP1b of EAV has dark green stripes to emphasize its affinity with PLP1c. Bars representing the PLP1 domains of WPDV have white stripes to show
their weak sequence similarity with the PLP1 domains of other arteriviruses. The positions of nsp2 PRF-related motifs are indicated by orange triangles, those
of experimentally established cleavage sites by black triangles, and those of PxPxPR motifs by cyan diamonds. (C) Number of genomes sequenced for each of

the characterized species (with sampling size and bias).

recognized five clades (Table 2), including three represented by single virus species
(WPDV, EAV, and African pouched rat arterivirus [APRAV]), one represented by eight
virus species (named the simian clade), and one represented by three virus species
(named the LDV-PRRSV clade). A large Bayesian sample of rooted trees revealed
well-resolved branches for all viruses except APRAV and, to a lesser extent, simian
hemorrhagic encephalitis virus (SHEV) (Fig. 3A). APRAV formed the basal branch to
either the LDV-PRRSV (less favored; 33.66% of trees) or LDV-PRRSV and simian (most
favored; 66.30% of trees) clades. Also, in a small fraction of trees (4.43%), SHEV formed
a basal branch to the Kibale red colobus virus 1 (KRCV-1) and KRCV-2 clade, while in the
majority of trees (95.50%) SHEV was basal to all simian arteriviruses other than SHEV.

Domain organization of the nsp1-nsp2 genomic region of arteriviruses. We
then analyzed the domain organization of the nsp1-nsp2 genomic region in different
arteriviruses. Using arterivirus-wide MSA, we found that all poorly characterized viruses
of the simian clade adopted the domain organization described for SHFV (Fig. 3B; Table
S3). The sequence affinity of viruses of the LDV-PRRSV clade in this region, except for
the highly divergent hinge and HVR domains, was also previously documented and
confirmed by our analysis. Quality MSAs of the nsp1-nsp2 region for both the simian
and LDV-PRRSV clades and three other single-species clades were converted into
the respective HMM profiles that were used for all-versus-all profile-profile com-
parisons by HHalign. The most informative comparisons were profile comparisons
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TABLE 2 Representative set of arteriviruses whose genome sequences were used in the
present study

Acronym? Virus name Accession no. Cluster name®
PRRSV-2 Porcine reproductive and respiratory EU624117.1 LDV-PRRSV
syndrome virus 2
PRRSV-1 Porcine reproductive and respiratory DQ489311.1 LDV-PRRSV
syndrome virus 1
LDV Lactate dehydrogenase-elevating virus U15146.1 LDV-PRRSV
KRCV-2 Kibale red colobus virus 2 KC787658.1 Simian
PBJV Pebjah virus KR139839.1 Simian
SHFV Simian hemorrhagic fever virus AF180391.1 Simian
DeMAV De Brazza's monkey arterivirus KP126831.1 Simian
KRTGV Kibale red-tailed guenon virus 1 JX473849.1 Simian
KRCV-1 Kibale red colobus virus 1 KC787630.1 Simian
SHEV Simian hemorrhagic encephalitis virus KM677927.1 Simian
MYBV-1 Mikumi yellow baboon virus 1 KM110938.1 Simian
EAV Equine arteritis virus X53459.3 EAV
APRAV African pouched rat arterivirus KP026921.1 APRAV
WPDV Wobbly possum disease virus JN116253.3 WPDV

aSequences of all full-length arterivirus genomes retrieved from GenBank and RefSeq, as well as that of the
full-length WPDV genome, were grouped into 14 species by DEmARC. One sequence from each species was
selected as a representative for further analysis.

bDelineated species were further grouped into five clusters.

of the most diverse simian clade with itself and other clades, whose results are
visualized as two-dimensional plots in Fig. 4. Based on the number of high-scoring
domains and the level of confidence (measured by both probability and E values),
sequence affinity between the simian clade and other clades was ranked in the
descending order LDV-PRRSV > APRAV > EAV > WPDV. Notably, this ranking was in
agreement with the phylogenetic relationships of the clades (Fig. 3A). This analysis also
enabled nsp1-nsp2 domain assignment for APRAV (Fig. 3B; Table S3; see below). At the
domain level, support was obtained for the conservation of ZnF and “nuclease”
domains in all viruses except for EAV and WPDV, and for PLP2 of all non-WPDV
arteriviruses (Fig. 4 and 5). Since EAV also encodes the ZnF domain (37), this result
showed that the conducted profile-profile comparisons were not sufficiently sensitive
to reveal the most remote relationships. We then inspected residues conserved in the
respective MSAs of the ZnF and nuclease domains (Fig. 5A and B). As expected, four
Zn-binding residues were conserved in the ZnF MSA of non-WPDV arteriviruses (Fig. 5A). In
contrast, the Lys and Glu residues implicated in the nuclease activity of PPRSV-2 (42) were
found to be among the least conserved residues in the MSA of the nuclease domain (Fig.
5B). Accordingly, the “nuclease” domain included only two residues (Trp and Pro) that
were invariant in arteriviruses, further indicating that this domain is unlikely to have any
enzymatic activity that can broadly be conserved in arteriviruses; its name is thus
retained purely for historical reasons.

Relationships between paralogous and orthologous PLPs of all non-WPDV
arteriviruses. Before proceeding to analyze WPDV further, we first clarified the rela-
tionships between paralogous and orthologous PLPs by using profile-profile plots. In
agreement with prior observations, no significant similarity between PLP1a and either
PLP1b or PLP1c was found for PLPs of any origin. In contrast, similarity between PLP1b
and PLP1c variants of different origins was significant, although it varied considerably
depending on the pair (Fig. 6A). The most significant similarity was that between PLP1b
variants of the simian and LDV-PRRSV clades, which was supported much more strongly
than the next most significant hit between either of these PLP1b variants and simian
PLP1c (3.9e—26 versus 1.1e—15). Likewise, PLP1b of APRAV showed much higher
sequence similarity to PLP1b of the LDV-PRRSV or simian clade than to PLP1c of the
simian cluster (8.2e—11 and 6.1e—09 versus 0.0001). In contrast, the enzymatically
active PLP of EAV (known as PLP1b) was most similar to simian PLP1c rather than to
PLP1b variants of different origins (7.28e—08 versus 0.00091 to 0.00013). In all com-
parisons of PLP1b and PLP1c, the result depended on the inclusion of EAV PLP1b:
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FIG 5 Multiple-sequence alignments of selected nsp1-nsp2 domains of arteriviruses. (A) MSA of ZnF domains. Zinc-binding residues are marked with black
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with the help of Espript 2.1 (82). Secondary structures were derived from PDB entries.

almost entire domains were similar without EAV PLP1b being involved, while the
similarity was limited to the N-terminal half of the domain when EAV PLP1b was
compared. To extend these observations further, MSA of combined PLP1b/PLP1c was
used to infer the Bayesian phylogeny of these domains (Fig. 6B). While the obtained
sample of rooted trees lacked a prevalent topology, PLPs were clearly partitioned into
two major PLP1b- and PLP1c-based clades according to the sequence affinities revealed
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FIG 6 Sequence similarity and evolutionary relationships of PLP1b and PLP1c. (A) HHalign comparisons between PLP1b and PLP1c domains of different
arteriviruses. For each comparison, a dot plot is shown. On the dot plot, the alignment path of the top-scoring hit is drawn with a transparent line. The color
of the line indicates the probability of the hit. Below the dot plot, the probability and E value of the top-scoring hit are given. (B) Posterior sample of

phylogenetic trees generated by BEAST, based on MSA of PLP1b and PLP1c. For other designations, see the legend to Fig. 3A.

in the profile analysis. For each clade, considerable uncertainty of the branching was
observed for most viruses, likely due to the extremely large scale of divergence of the
entire tree (more than four times that of the nsp-based tree of non-WPDV arteriviruses)
(compare Fig. 6B with Fig. 3A), confounded by the small size of the PLP1 domains. The
only notable exception to the domain-clade association was EAV PLP1b, which was
basal to either PLP1c (70.26% of trees) or PLP1b and PLP1c (23.36% of trees), and this
was also sustained in the comparable tree including WPDV (Fig. S1; see below). These
results combined strongly suggested an orthologous relationship between PLP1b
variants of the simian, LDV-PRRSV, and APRAV clades but not that of EAV, which is most
likely either an ortholog of PLP1c enzymes or a direct descendant of the ancestral
enzyme for PLP1b and PLP1c (see Discussion).

Domain organization of the nsp1-nsp2 region in WPDV. To improve the limited
resolution of the domains mapping in the nsp1-nsp2 region of WPDV by profile-profile
comparison (Fig. 4), we combined four clade-specific MSAs of domains of this region.
These MSAs were then compared with the N-terminal 1,096 aa of WPDV ppla/pplab
in the profile-profile mode by using HHalign (Fig. 7). Significant similarities were
observed for the PLP2 (8.4e—06) and TM1-CR (1.7e—23) domains, which were much
stronger than those observed using simian-based profiles only (Fig. 4), facilitating
mapping of these domains in the WPDV polyprotein. In line with the considerable
divergence of WPDV, its PLP2 domain included a 16-aa insertion between catalytic Cys
and His residues in the otherwise uniformly compact PLP2 sequences of different
origins (Fig. 5C). Although no other domain showed statistically significant similarity,
the sizes of regions upstream of PLP2 and between the TM1-CR and PLP2 domains in
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FIG 7 HHalign profile-profile comparisons of nsp1-nsp2 domains of WPDV and non-WPDV arteriviruses.
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the WPDV pplab protein were sufficiently large to accommodate other canonical
domains.

To learn whether WPDV could indeed encode highly divergent homologs of arteri-
virus PLP1, we scanned WPDV pp1ab with HMM profiles of short regions around the
catalytic cysteine and histidine residues of nsp1 PLPs of other arteriviruses by using
HHalign; since enzymatically silent PLP1a of EAV lacks the catalytic cysteine, it was not
included in the corresponding HMM profile. Hit probability distributions (Fig. 8) re-
vealed that two top-scoring hits for the cysteine motif had considerably higher prob-
abilities (1.62% and 0.47%, respectively) than those of other hits (=0.04% and =0.06%
for Cys and His motifs, respectively), indicating that they may be genuine. These
top-scoring hits were mapped upstream of the putative PLP2 domain, to aa 121 to 125
and 301 to 311 of the WPDV polyprotein, positions compatible with belonging to two
PLP1 varieties. Accordingly, these hits included CysTrp and CysTyr dipeptides, respec-
tively, which either matched or closely resembled the CysTrp dipeptide with a catalytic
Cys residue of PLP1b and PLP1c, besides conservation at other, less prominent positions
(Fig. 9 and 10A). These observations were used to guide MSAs between WPDV and
arteriviruses for PLP1a, PLP1b, and PLP1c, including putative catalytic His residues (Fig. 9),
and to delineate the hinge domain in WPDV (Fig. 3B; Table S3). Like its EAV counterpart,
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the delineated PLP1a domain of WPDV lacks the catalytic cysteine and is expected to
be proteolytically silent. However, like PLP1a enzymes of all arteriviruses, it did include
the most characteristic HXXXXXF motif (Fig. 10A), which is the core of the Ha conser-
vation peak in Fig. 10B. Secondary structure predictions (Fig. 9) and the modest impact
of the WPDV inclusion in the respective MSAs on their mean conservation (Fig. 10B)
further supported the identification of these most divergent PLP1s (Fig. S1). No ZnF or
nuclease domains were evident in WPDV.

N- and C-terminal subdomains of PLP1 are enriched with sites that are con-
served in paralogous PLP1b/c and PLP1a, respectively. Sequence similarity between
PLP1a and PLP1b/PLP1c is limited to very few residues (Fig. 9). This profound diver-
gence was also evident upon comparison of the resolved crystal structures of PRRSV-2
nspla and nsp1b (Protein Data Bank [PDB] entries 3IFU [18] and 3MTV [42]) by use of
DALI (48), which revealed the similarity between PLP1a and PLP1b to be below the
Z-score cutoff (Z-scores of 4.2 and 3.6 and root mean square deviations [RMSD] of 4.0
and 4.6 with PLP1b and PLP1a as queries, respectively) (see Materials and Methods). To
gain insight into the selection that drove the divergence of these enzymes, we mapped
residues conserved in PLP1a and PLP1b/c of non-WPDV arteriviruses on the structure of
PRRSV-2 PLP1a (Fig. 11A) and PLP1b (Fig. 11B), respectively. Six of 9 residues conserved
in PLP1a were found in the right subdomain of the papain fold, while 9 of 13 residues
conserved in PLP1b/c were located in the left subdomain of the papain fold. This
contrasting pattern suggests that the divergence of PLP1a and PLP1b/c has been
constrained and/or promoted in a subdomain-specific fashion, which thus explains the
exceptionally low similarity between these paralogs.

Conservation of a novel proline-rich motif in the nsp2 HVR of WPDV and other
arteriviruses. One of the two most divergent regions of nsp2 is the HVR, located
between PLP2 and the TM1-CR domains (Fig. 3B). We found that the size of this domain
varied >5-fold, from 125 aa (EAV) to 716 aa (PRRSV-2). Since the size difference might
have emerged as a result of duplications, we searched for repeats in this domain. The
presence of tandem repeats was initially detected in the WPDV HVR when it was
compared to itself by use of HHalign and was subsequently corroborated by RADAR
(49). The MSA of WPDV HVR tandem repeats was converted into an HMM profile and
compared with the nsp2 HVRs of different arteriviruses by using HHalign, resulting in
multiple significant hits that conformed to the pattern PxPxPR or a close derivative (Fig.
12A and Q). Similar results were obtained using MEME (50), which identified extended
versions of this motif (E value = 9.3e—9) in representatives of eight species (Fig. 12B
and C). A subsequent search for strict matches to the PxPxPR motif in the pplab
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FIG 9 Multiple-sequence alignment of arterivirus nsp1 PLPs. The top two secondary structures were derived from PDB entries. All other secondary
structures were predicted by Jpred4 (74). Red triangles indicate columns of the PLP1a and PLP1b/PLP1c MSAs that have conservation scores above
0.75 for non-WPDV arteriviruses and were mapped on PDB structures (see Fig. 11). Columns containing the first residues of the PRRSV-2 PLP1a
and PLP1b C-terminal subdomains are indicated by ochre bars. Catalytic motifs of nsp1 PLPs are underlined in cyan. The MSAs were visualized
with Espript 2.1 (82).
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FIG 10 Distribution of sequence conservation in the N-terminal region of pp1ab of arteriviruses. (A) MSAs
of nsp1 PLP motifs of all non-WPDV arteriviruses are depicted as logos, with the homologous WPDV
sequence specified below each logo. PLP motifs, including the catalytic residues Cys (C) and His (H) and
putative RNA-binding residues (R), are labeled with domain-specific suffixes. Logos were prepared with
the R package RWebLogo 1.0.3 (83). (B) The conservation profile, calculated based on the MSA of
sequences from non-WPDV clusters, is shown for each domain of nsp1 and the N-terminal domains of
nsp2. Areas above and below the mean conservation lines are shaded in black and gray, respectively.

Dotted red lines indicate the mean conservation of the domains after the addition of the WPDV sequence
to the MSA. EAV PLP1b was regarded as PLP1c for this figure.

proteins of all sequenced arteriviruses identified at least one copy of the motif in the
HVR for most viruses of 10 arterivirus species, with the number of motif copies varying
in some species (Table 3). Two of the remaining four species, SHEV and KRCV-1, were
found to contain a PxPxPR motif(s) in the hinge domain, while none of the pplab
domains of two other species, Pebjah virus (PBJV) and De Brazza's monkey arterivirus
(DeMAV), contain this motif. Overall, PxPxPR motifs were found predominantly in the
HVR and much less frequently in the hinge domain, with the only exception being two
isolates of Kibale red-tailed guenon virus 1 (KRTGV) that contain one copy of the motif
in the PLP1a domain.

EAV may be the only arterivirus that has no PRF motifs in the nsp2 region. The
above-described MEME analysis also identified residue conservation in all arteriviruses
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FIG 11 Subdomain-specific distribution of residues conserved in PLP1a and PLP1b/c. The structures
shown are tertiary structures of PRRSV-2 PLP1a (A) and PLP1b (B) with residues conserved in all
non-WPDV arteriviral PLP1a and PLP1b/PLP1c domains, respectively. The N-terminal subdomain, formed
by a-helices, is shown in cyan; and the C-terminal subdomain, consisting of antiparallel B-strands, is
shown in blue. Conserved residues are shown in yellow (catalytic dyad) and red (all the rest). The
following residues were conserved in the PLP1a alignment and mapped on PRRSV-2 (accession number
EU624117.1) nspla: left subdomain, Gly45, Cys76, and Gly109; and right subdomain, Pro134, Tyr141,
His146, Phe152, Ala155, and Pro175. The following residues were conserved in the PLP1b/c alignment
and mapped on PRRSV-2 (accession number EU624117.1) nsp1b: left subdomain, Gly88, Cys90, Trp91,
Leu94, Ala110, Gly120, Gly123, Tyr125, and Leu126; and right subdomain, Gly143, His159, Leu160, and
Gly203. The figure was prepared with PyMOL (85).

except the most divergent ones, EAV and WPDV, at the very C terminus of the HVR
(Fig. 12B, red boxes), which is adjacent to the TM1-CR domains conserved in all
arteriviruses (Fig. 13). Upon conversion of the arterivirus-wide MSA of the HVR domain
C terminus (Fig. 14B) into the nucleotide MSA (Fig. 14Q), it became evident that amino
acid conservation identified by MEME corresponds to nucleotide PRF motif conserva-
tion, slippery sequence RG_GUU_UUU (R = G or A) and downstream element CCCAN
CUCC (33). These motifs were shown to guide translation of the genome region
encoding HVR/TM1-CR junction in two alternative open reading frames, —1TF and
—2TF, in PRRSV-1 and -2 (33, 34). These two ORFs are expressed via —1 and —2 PRF
with the production of nsp2N and nsp2TF, respectively (Fig. 14A). Previously, it was
suggested that during nsp2 PRF in arteriviruses, complete codon-anticodon repairing is
required at the closely monitored ribosomal A site, while mismatches are tolerated at
the P site (33). Accordingly, slippery sequences observed in our analysis conformed to
the patterns NN_NUU_UUU, NN_NUU_UUC, and NN_NUC_UCU (with the exception of
PRRSV-1 EU076704.1 slippery sequence GG_GUU_UGU), which allow the integrity of
the A-site duplex to be maintained after the —1/—2 shift or, in the case of the latter
pattern, only the —2 shift (51). Deviations in the downstream element were rare and
did not involve more than one nucleotide, while observed sizes of —2TF domains
were comparable (with the exception of LDV L13298.1 47 aa -2TF domain) to the
experimentally verified size of the —2TF domain of PRRSV (Table 4). These results
suggest that the observed variations in PRF motifs in our large virus data set (Table
4) may be compatible with their function despite the detrimental effects of some of
these variations artificially introduced into PRRSV-2 (33, 35).

To learn about WPDV in this respect, we compared HMM profiles of nsp2 PRF-related
motifs of arteriviruses and the WPDV nsp2 nucleotide sequence by using NHMMER. The
two motifs were found in close proximity and canonical order in the expected region
of the WPDV nsp2 locus, with the third best hit to each of the two queries. Remarkably,
the hit to the slippery sequence profile was the only one observed that allowed
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FIG 12 Conservation of PxPxPR motifs in the HVR of arteriviruses. (A) Rank distribution of the top 30 hits obtained during HHalign comparison
between WPDV HVR tandem repeats and individual HVR domain sequences of arteriviruses. The red line depicts the 5% probability threshold.
WPDV HVR tandem repeats identified by RADAR are shown in the top right corner. (B) Locations of motifs identified by MEME in the HVR of
arterivirus species. Extended PxPxPR motifs are shown in green, and conserved C-terminal motifs corresponding to the nsp2 PRF site are shown
in red. (C) MSA of the PxPxPR motif and its derivatives in the HVR of viruses representing arterivirus species. Coordinates in the names of motifs
refer to their domain position. Numbers to the right of the MSA show support for the identification of each motif by three methods. The first
column shows probability values assigned to hits containing PxPxPR motifs by HHalign in analyses comparing HVR sequences of the respective
arteriviruses to the MSA of tandem repeats of the WPDV HVR. The second column shows P values assigned to motifs by MEME. The third column
shows matches (+) and mismatches (—) of the PxPxPR pattern.

complete A-site duplex repairing in the —2 frame. While each of these hits was
statistically insignificant (with E values of 4.6 and 2.3), the probability of observing their
combination in this place by chance may be approximately 2 orders of magnitude
smaller than that of observing each hit separately, given the size of the nsp2 locus.
Importantly, no comparably located proximal hits were found upon scanning of the
EAV nsp2 locus, which served as a negative control. Accordingly, WPDV compared to
EAV deviated from PRRSV much less in both motifs, but these were separated by 18
rather than the canonical 10 nucleotides (Fig. 14C). In WPDV, the —1 frameshift is
expected to lead to immediate termination of translation (as observed in PRRSV) (Fig.
15A), while translation in the —2 frame may result in the product being extended with
a domain as in other arteriviruses, with the following caveats: the size of this domain
is much smaller than those of arteriviruses (32 versus 169 to 230 aa) (but see Table 4),
and it lacks a TM module (Fig. 15B). The —1/—2 PRF is stimulated by a complex of PCBP
and nsp1b in PRRSV (34, 35). Its effector region, located in PLP1b, is most conserved in
arteriviruses (peak and logo Rb in Fig. 10) and, further, has a conserved counterpart in
PLP1c (Rc). WPDV deviates considerably from arteriviruses in this region, in both PLP1b
and PLP1¢, which may be due to either coevolution with the PRF motifs or the lack of
involvement of these domains in PRF regulation in WPDV.

DISCUSSION

In this report, we present the current state of the art for domain characterization of
the nsp1-nsp2 genome region of arteriviruses by comparative sequence analysis. This
work has confirmed and considerably extended the results of prior analyses of this
region (5, 7, 17-20, 25, 39, 41). Below, we briefly discuss the limitations and implications
of the obtained results as well as the challenges of the conducted analyses.

We analyzed the genomes of all arteriviruses available on 11 June 2015 plus the
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TABLE 3 Intraspecies variation in the number of PxPxPR motifs in the HVR and elsewhere
in pplab

Motifs in HVR
Species Total no. of genomes No. of motifs per domain No. of genomes
WPDV 1 3 1
EAV 27 3 27
SHEV@ 1 0 1
MYBV-1 13 1 13
PBJV 3 0 3
SHFV 1 1 1
KRTGV® 4 1 4
DeMAV 1 0 1
KRCV-2 29 2 1
1 26
0 2
KRCV-1¢ 15 0 15
LDV 2 1 1
0 1
PRRSV-2 368 4 1
3 310
2 53
1 4
PRRSV-1 36 1 34
0 2
APRAV 1 2 1

a0ne motif is present in the hinge domain.
bOne motif is present in the PLP1a domain of 2 out of 4 isolates.
<One or two motifs are present in the hinge domain of 11 or 4 out of 15 isolates, respectively.

genome sequence of WPDV, the most distantly related arterivirus, reported in full here
for the first time. We extended the available WPDV genome sequence of 10,087 nt by
2,814 nt in the 5’ direction. This was accomplished with a modified 5 RLM RACE
protocol in two steps, RACE 1 (2,006-nt extension) and RACE 2 (808-nt extension), and
benefited from bioinformatics analyses. No further extension was observed with an
additional step, RACE 3, and no major genomic element was missing in this sequence
according to our bioinformatics analysis. Collectively, these results attest to the com-
pletion of the genome sequence of WPDV, although we acknowledge that the exact
terminal nucleotide(s) remains to be verified. Even with the target enrichment step, the
full 5 end was obtained in only one PCR, with several shorter PCR fragments amplified
in various PCR runs. The difficulties encountered in amplification of the 5’ end of the
WPDV sequence may be related to the presence of complex secondary structures at the
5’ end of the viral genomic RNA. Such structures play a role in virus replication and
have been described for the genomes of other nidoviruses (52).

The traditional 5" RACE protocol relies on homopolymer tailing of cDNA. The tail is
then used to attach a linker sequence in the first rounds of PCR with a sequence-specific
reverse primer and a linker-specific forward primer (53). The main drawbacks of the
technique are that it does not provide the ability to select full-length cDNA transcripts
of interest and that it introduces bias for amplification of shorter sequences. As a result,
a range of heterogeneous amplicons are produced, often including nonspecific prod-
ucts (54, 55). To overcome these difficulties, 5" RLM RACE was used in the current study,
which supports amplification of only capped, full-length mRNA. However, in all 5" RLM
RACE reactions, only some of the amplified bands extended the sequence in the 5’
direction despite the presence of a ligated adapter at the 5’ ends of several other PCR
products. This may have occurred due to one or more different factors of a biological
and technical nature, including the presence of defective genomes and/or low effi-
ciencies of the calf intestine alkaline phosphatase (CIP) and tobacco acid pyrophos-
phatase (TAP) treatments for preventing ligation of the adapter to noncapped RNA.

WPDV is the most distant of the arteriviruses based on conservation of the non-
structural proteins, and it infects the most distantly related mammalian host, a marsu-
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WPDV TAAAV[FEATVGWSINSLKAYVAK. . . .. LPRTCPA.WYSLSMFLLMALPP.GLGSVLSFVLGAVFLFL....TVSPVPLVISVTLFS
EAV VQAL[PILKTP. . .AVQRYTMTLKMMRSRFSWHCDV .WYPLAVIACLLPIW.PSLALLLSFAIGLIP...... SVGNNVVLTA .LLVS
SHEV RGRD[F|SRCL. . .PYLLSFWNTT. .RASLHGVRLAVASLLLLVGLLLAVMPTMVFVVP .ALLLIYWTRPHW. .VSYAGPAGMGAIYL
MYBV-1 ATNV[VISRLH. . .[PQLLAYLDMRDVKAGNTTSYYI.SSGLWALTLLLLSI.SPFLGLALGILAFVCCPNSR.TSRVSSLLYP.LLLF
PBJV ASSR[VFQYK. . .PHLLAAL.STSSGSARSPMVYV.GFGLFSLGFLLVGL.SPLASILLGCCGLLFCFTSR.TGITMFASLV.CVSI
SHFV LQQR[V[FGLY. . .PQLLSMLLPSGARPSTPRLLGC.YFSMAVAMFFLFLG.SPLFILCAVLAGVIAPS.AR.YPKILCCCLV.VVYI
KRTGV PSGR[V[FGLL. .. PHILAFFHCQTQPVSLWRLLVA .YLSVALALVFTYHR.SILATIFMVIPLLVCPKSAR..TRLISVVCG.IIFL
DeMAV PAGR[V[FHLY. . .PQLLALLAPRQNRYPLSRLVCA.YSLFALALVCLSFG.SWFCFLFGAAALGCIWSSRH. .ARALFGILV.VCFV
KRCV-2 VGDQ[VSRFQ...PHLLAFLCSPSSRVSMPVLVFS.HFLLLLACFFALAP.SIWAVPITAGAWVLAGR.HR.SVRAITALVL.CFLC
KRCV-1 FNRQ[VSHIK...PHLLHFLHGSNR..AVHPGTYC.SSLLLMCICMLLCL.HAQFVGIALLAVPLYLCHARQSIRVLSLFAV.FLYV
LDV LNHQV|FLLS...SHLLAMWSVVLGSRQKLNWADY.VYTLFCLCCVLLCF.HFPAIGFIPLAGCVFGSPWRVRLSVFSVWLCVAVVV
PRRSV-2 LSCQV|FSLV...|SHLPIFFSHLFKSDSGYSPGDW.GFAAFTLFCLFLCY.SYPFFGFAPLLGVFSGSSRRVRMGVFGCWLAFAVGL
PRRSV-1 LMTWV|FEVY. .. SHLPAFILTLFSPRGSMAPGDW.LFAGVVLLALLLCR.SYPILGCLPLLGVFSGSLRRVRLGVFGSWMAFAVFL
APRAV YMPAVFRVV. . .PRLLOCYNGILHGSVGISRAGA.CALFCCLAVSMVLVAVSPVFALLPLVLLCTRVRGRRLCFVISGMALARWIQ
]

WPDV WFVLTRPHFIQ LATN.GLPMPESIVVMNRGSABLIGLVIHLFA.YAGMSRRIFATLRVVSVAVTLALYAAYVLDGVL
EAV SANYVASMDHQ LALLEE..EHYYRAVRWRPIT@ALSLVLNLLGQVGYVARSTFDAAYVPCTVF@LCSFAILYLCRNR.
SHEV MSLLLGPSPNA DTALHALAARFANRRAGRHSL[PTSTLFVLYEYFVYMEAD.LSLISSLLCVFBVVLCCAWLLRRRY.
MYBV-1 CKLVLSEQSLV RDFLLSVSLRYASAPPRFVTP[PFTAGFAVLRNFVIVTTLVQ.YAHFLLLVF@BVCILLLCMCHRSF.
PBJV LNLVLRSSSPL VAYLHQLRDRYDDPPSVYLTP@PFTAFFAFIRWLRFVSLRPL.LVHCILLLLBSLLLLLILLSHKV.
SHFV CTLFADAISSV RAFLSDLGDRYSTNQPVYITP[EPATFFLAVSRNFFVVSVALF.PLHLLLLMV@VLLVIGVLCMDGY.
KRTGV LNLFLGSERAL LRAIDHLRLRFSTTAPVYVTP@LLTVGFALLRNFIYTGAASV.YIHCLLLLABIVLILALMFLNGI.
DeMAV LRLFADESSSL HEYLDSVRGRLSASFRTFITP@LLTVFLAFFRGLYPITSALF.VLHYFLLLLBLVFILALLFVRRI.
KRCV-2 FSTVFPEAESV RDRLTALANRFRGAVVRYVGA@PGTCILLFARSLYYFESAAS.MLYALLFIF@LALLCCILSHNRI.
KRCV-1 AALFLSDEHHL LOFLHDLQRRFSTSPPRFLTP[PITAGAVFVNYFWGAVVLGY.FLYYLGFLIBIGLVGLVAGHNRI.
LDV FQEVLPEPGSV AALERYSGNGVHRPVNHIGV@LVGTVAGFVARVVGGPRHYWFYFLRLMVVLBLGLVFLAVALRGR.
PRRSV-2 FKPVSDPVGTA RNVLHSFELLKPWDPVRSLVV@PVGLGLAILGRLLGGARYIWHFLLRLGIVABCILAGAYVLSQGR.
PRRSV-1 FSTPSNPVGSS HAELLALEQRQLWEPVRGLVV[PSGLLCVILGKLLGGSRHLWHVILRLCMLTBILALSLVYVVSQGR.
APRAV LANTEAAVIQS LELRSFIAGNILDGPVSVATI@PFGVLGSFLAGVLGGDRYGWTLVLRAAFAVLALVIIGFISQNR.
WPDV 0. KKLJH S S E KAKN I[V)vNN|TM[T|LQ|FMD|T[Y|A P[FP . N HCESKSFIQWSTARPVAYSRYDPTKSSAE
EAV cl.[P|. AITHVLGS|T|GQRV S[KILA|L|I[D|L/C DH[FISK|PT . vl Y|T[elTAAMER . QCASTVDPHSFDIQKKAGAT
SHEV A|. |P[S[EVVLR T V[P|L S[R[V S|L|S T|L|L{D|I|c DN|C/AR|P|P . I Y|CeNLPTVT . AGTKPISYSKLDLKKLSPR
MYBV-1 A|. |PIEE|IIQGR CV|P|S S[R|L S[R|V S|L[VID|I|C D|V[Y|KA[P|P . a Y|Tfe]SLSCVK.ACSSALPVAHIDPKKVSNT
PBJV A|. |PEEIVLP TIPS S[R|TS[RAVILILD|I|ADA|FAP[PP . i FREVLPAVG.VGSGVISCDAIDTKKVRAN
SHFV A|. |PEEVSLLTIPP|QS[R[VS[RRF[LILD|I|CD|F|Y|SAlPP . I FREDYSPIG.SSTSVITADKIDVKKVSCR
KRTGV A|. |[PHEVHLCT IP|AS[R[VS[RIAT|LILD|I|cD|T|F|S AP|P . I Y|Qle]CINPT. . GAAATIECARVDPKKVTPS
DeMAV A|. |PEEVPLLT IP|SS[R[V T|RIAF|L|LD|I|AN|T|F|S S|P|Q - I Y|D[fCVCPTG. TSANIAVG . KVDVKKVTHK
KRCV-2 A|. |PEEVVLKT I|P|LS[R|I S[R|S T|L|LD|I|CD|S|FISR|P|P . T Y|Tfe]CFNPVV.DSASPIPVSRVDPKKITSN
KRCV-1 A|. |PEELVLL T V|P|A S[R|T H[RIA T|V|LD|V|C DN[Y|S N|P|P . vl Y|REQLPSVA.SVCCNVPAAKVDVKKVSAK
LDV A|. |[PHEVHLR V FP|L T|K|[V AR|P T|L|E]A|V|C DM|Y|S A[PR . I WOlEKVSPHQ . VTDKPVSYSNLEEKK|I SNK
PRRSV-2 Al. [PN[E|IAFNV F|P|F TRA T|R|S S|L|I|D|L|C DIR|F|C A[P|K G M3 P|T WTERSPIEQ. PSEKPIAFAQLDEKR|[ITAR
PRRSV-1 A|. |PAE[VA LNV F|P|F S|R|A T|R|N S|L|T|S|L|C D|R|F|Q T|P|K G V}8] P|V] WREESPIHQ . PHQKPIAYANLDEKKISAQ
APRAV [VK|T/AE|I PTF T V|P|S TK[V A|TAALVIN|Y|CDIV[VIS KIE|Y . PiJL{V] MClEgSRTL...SPTSSTSYKNLDPVKVGPR
WPDV TVLPLEKNRE V[I|SHA|. . LEHGVVVFHMGHTGVDKR[I|EAYPASI[SPLPDFFPODLPYTS TEATLVRJDVNLKAALSAC[GY PDMD
EAV VY LT PV N(S|G] CILINVMWKRPIGISTVLGEQTG . AVYTAV|KSI|S[FSPP. ...CICVSTTLPTRPGV|TVDHALYNRLTAS|GV.|[DPA
SHEV TV I P IS TPA A|THVL|. . NARGVMTPLVHL. . . . AEK[V[DKL[P[CKN|P|. . . . F[FP|. . YDLNNKSV|V]A\4D|PD|TY|[SLFSEL(GL .|[DJL S
MYBV-1 [T|SCTF[ITCRls ALAVL|. . SARGITLSLGKPPR. . . jAVKV[EKF|P|CKN|P|. . . . F[FP|. . YDLSLTTP|V[Vf4D|CAITYELFAEL|GL . N[VS
PBJV T|L C SMjzS T|P|A| A|IHVL|. . SARGQLAYQSNCK. . . MEKVIEKLPICRN|P|. . . . I|FE|. . YDVNSRNI|V[T\{4DAKTFELLRDL|GC.DTS
SHFV TIVCSFls clpls VILHVIL|. . SVRIGQMCAHNEQK. . . YJEK[VIDALPICKNP|. . . . LVS|. . IRSLLKEI[V|PJ4D|SGTY[EILSSIGC.DMS
KRTGV TICASF)IS Cals A|IHVL|. . SARGITIGPFNNAK. . . (EKVEKLPFKN|P. . . . LIFP|. . YDVDNKKV|V[V|4D|PT|TY/TLFSEL|GC . DVS
DeMAV T|SCS V)T Clp|T ALHVL|. . ASRGTIAPLNNNK. . . JAKK[VDAL[P|CRN|P|. . . . LIFP|. . FDIKNKV I|T|C{4D|SD|TY/SLLSEL|G|C . DILS
KRCV-2 [TIICTL|gVCPRA A|IHVL|. . HNRGQLAFDRTAK. . . MEKV[ETL|P|CKN|P|. . . . F[FP|. . YDVMSRKI|V[V)4D|SAITFELFTQL|GL.DTS
KRCV-1 (TVCSIJITSP|S ALQVL|. . NARGIQLGYENHA . . . . JEAVAVLPICAN|P|. . . . F[FP|. . YDTSSSKI[V[TNCAYTYNLFTELGV.DTS
LDV TIVV P P)TD|P|Q CILIKIVL|. . QCGGISIQDVGVPE. . . [4KK[V[SKV|P[YKA[P. . . . FFPN.VSIDPECY|I[VlDPVITY|SAAMRGCY .|GVS
PRRSV-2 [T[VVAQIJYDPN CILIRIVL|. . QAG|GIAMVAEAVPK. . . [YVK[V[SAI|P[FRA[P. . . . FFPAGVKVDPECR|I|V)DPDTFTTALRS|GY .|STA
PRRSV-1 [T[VVAV|YDP|S CILIKIVL|. . QAGCIRIVDQPTPE. . . |4VR[V|SEI|P[FSA[P. . . .FFPK.VPVNPDCR|I|V)D|SDTFVAAVRC|GY .|STA
APRAV ITjV L PWigS NV|T|C ALK|SV|. . LNGR|SICSRTPLK. . . {TPAKTV|PFKHE. . . . TFPD.LPVDPDQE[IIWDLPTYHLLSTQEKC .|[KMD
WPDV K[T] WLLENEVYPI.GVDQKRTCRYLSHHVS

EAV LiL LEKLNPGF < % 5.5 s 6565 5.6.55 55 8 RLI

SHEV HL FKAMGVKRP.ASSA......... VVR|

MYBV-1 H|L FQVMNVKRP.TFYEKARLK. .. .LTK|

PBJV HIL FEVMGVKRP .DRLGVALMQAR. .RIS

SHFV HIL FKVMGVPRP.SPFTVMRLRAC. .RVV

KRTGV HL FKAMNTPRP .DAFTILKLKAT. .RRL

DeMAV HL FQEMGVPRP.DYFTVLRLKAA..RIM

KRCV-2 ML FEAMGVARP.TKLAAAAL..... RVR

KRCV-1 ILjL FKAMGVEKP.KSFCLAALK. .. .KRV

LDV HL ABEVNGLR: % 55 5 56 06 56,5553 8 FVS

PRRSV-2 N[L BOLNGLKIR OIS s smmmus KPS

PRRSV-1 QL AKLNQTPLR.DSAST........ KTT

APRAV K[V AAVNGILPGNGKIWANNVITPERAQI

FIG 13 Multiple-sequence alignment of the nsp2 C termini of arteriviruses. Columns containing amino acids whose tRNAs are expected to be present in the
ribosomal P and A sites prior to —1/—2 frameshifting are marked with orange triangles. The first column of the TM1-CR domains is marked with a black box.
Amino acid residues predicted by TMHMM 2.0 (75) to form transmembrane regions are colored blue. The MSA was visualized with Espript 2.1 (82).

pial. In the arterivirus tree, its basal single-virus lineage could be contrasted with the
sister lineage represented by a dozen arterivirus species which infect different
placental hosts and which are separated by considerably shorter evolutionary
distances. The divergence of WPDV from other arteriviruses is so profound that neither
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A B WPDV AAV[FEATVGWSNSLK
“1TF EAV ALPLKTP. . .[AVORY
SHEV RDF|SRCL. . .|[P[YLLS
2 MYBV-1 NV[V|SRLH. . .[PQLLA
o - -2TF PBJV SRVIFQYK. . .[PHLLA
o SHFV QRV[FGLY. . .[PQLLS
KRTGV GRV[FGLL. . .[PHILA
ORF1a DeMAV GRV[FHLY. . .[PQLLA
KRCV-2 DQWVI|SRFQ. .. [PHLLA
®» KRCV-1 RQWV|SHIK. ..[PHLLH
c - nsp2N LDV HQV|FLLS . . .|SHLLA
@ — nsp2TF PRRSV-2 CQV|FSLV SHLPI
o PRRSV-1 TWV[FEVY SHLPA
oY nsp2 APRAV PAV|FRVV PRLLQ
C ORF's (aa)
nt -1TF -2TF
WPDV 2451 GCA GCA GUU UUU GAA GCA ACC GUG GGC UGG UCC AAC UCC CUU AAA 0 32
EAV 1713 GCG CUA CCG CUC AAA ACC CCA —--—- —-—— —-- GCA GUG CAG CGG UAU - -
SHEV 2881 CGU GAU UUC UCU CGG UGC UUG --- —-- —-- CEC UAU CUC Cuu ucc - 219
MYBV-1 2683 AAU GUG GUC UCU CGG CUC CAC --- --- --- CCC CAG CUC CUG GCC - 220
PBJV 2679 AGC CGU GUU UUU CAG UAC ARA --- --- --- CCC CAC CUC CUU GCU 73 225
SHEV 2865 CAG CGG GUU UUU GGC UUG UAC --- —--—- —-- CCC CAG CUC CUU UCC 77 225
KRTGV 2677 GGG CGG GUU UUU GGA UUG CUA --- —-—— —-- CCC CAC AUC CUU GCC 55 230
DeMAV 2790 GGG CGU GUU UUU CAC CUU UAC --- === —-- CCC CAG CUC CUC GCC 73 225
KRCV-2 2766 GAC CAG GUC UCU CGC UUC CAA --- —-— —-- CCC CAU CUC CUG GCU - 220
KRCV-1 2714 AGG CAG GUC UCU CAC AUC AAG --- --- --- CCC CAC CUC CUC CAC - 219
LDV 2989 CAC CAG GUU UUU CUC UUG UCC --- —--— --- UCC CAU CUC CUC GCC 20 169
PRRSV-2 3787 UGC CAG GUU UUU AGC CUC GUU —--= =-=-= —-- UCC CAU CUC CCU AUU 0 169
PRRSV-1 3507 ACA UGG GUU UUU GAA GUU UAC --- --- --- UCC CAU CUC CCA GCU 0 169
APRAV 3149 CCC GCG GUU UUC CGC GUC GUC --- —-— —-- CCC CEC CUC CUU CAG 55 173
[

FIG 14 Arteriviral nsp2 PRF. (A) Schematic representation of the expression of nsp2 moieties (based on LDV; accession number U15146.1).
(B) Fragment of the pp1ab alignment corresponding to the site of nsp2 PRF. Columns containing amino acids whose tRNAs are present
in the ribosomal P and A sites prior to frameshifting are highlighted with orange triangles. (C) Nucleotide alignment corresponding to the
protein alignment presented in panel B. The slippery sequence is shown in orange and the C-rich element in cyan. Deviations from the
canonical motifs, i.e., RG_GUU_UUU (R = G or A) and CCCANCUCG, are highlighted in red. For each sequence, the genome coordinate
of the first nucleotide in the alignment is specified. If the frameshift site allows complete A-site duplex repairing in the —1 or —2 frame,
then the length of the corresponding hypothetical protein product is specified. Otherwise, it is marked with a dash. Alignment columns
containing the first nucleotides of —1TF and —2TF are highlighted with pink and blue bars, respectively.

of the arterivirus-specific domains was delineated upstream of PLP2 in the putative
nsp1 region by application of the most powerful profile-profile comparison techniques
using conventional criteria. Only after the established homology of WPDV and arteri-
viruses in other nsp’s was accounted for in the analysis did the profile-profile compar-
ison identify three putative and highly divergent PLP1 domains in pplab. While this
delineation will guide further experimental characterization of these domains, the mere
presence of three paralogous PLP1 domains in WPDV is already significant for under-
standing the evolution of PLP1 domains in the sister lineage.

Given the presence of two or three PLP1 domains in all arteriviruses, the most recent
common ancestor (MRCA) of all known arteriviruses most likely already encoded at
least two PLP1 domains, one of which is expected to be the ancestor of the ubiquitous
PLP1a domain (Fig. 3). This consideration also implies that a duplication of PLP1 must
have happened before the emergence of this MRCA; it remains to be established
whether descendants of the ancestral arterivirus lineage with a single PLP1 domain
have yet to be discovered or already went extinct. Gene duplication often results in
subfunctionalization or neofunctionalization, driven by positive selection to improve
fitness that is facilitated by an increased evolvability of duplicates, each of which is less
constrained than their ancestor (56, 92). This framework may explain the observed
subdomain-specific association of most conserved residues in PLP1a and PLP1b/c of all
non-WPDV arteriviruses. Given the large evolutionary distance involved (Fig. 3), these
residues must be under the strong purifying selection that is commonly associated with
a conserved function(s). Besides the Cys and His residues involved in catalysis, the
functions of other residues have yet to be established.

Since PLP1b and PLP1c of the non-WPDV arteriviruses are much more closely related
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TABLE 4 Intraspecies variation of nsp2 PRF-related elements

Journal of Virology

Slippery sequence C-rich region —1TF —2TF
Total no. of No. of No. of Length No. of Length No. of
Species genomes Sequence? genomes Sequence? genomes (aa) genomes (aa) genomes
SHEV 1 Au_uUc_UcU 1 CCuANCUCC 1 25 1 219 1
MYBV-1 13 ¢G_GUc_UcU 10 CCCANCUCC 13 10 4 220 13
uG_GUc_UcU 3 0 4
21 3
15 1
13 1
PBJV 3 Gu_GUU_UUU 3 CCCANCUCC 3 73 3 225 3
SHFV 1 GG_GUU_UUU 1 CCCANCUCC 1 77 1 225 1
KRTGV 4 Gu_GUU_UUU 2 CCCANaUCC 4 60 2 230 4
GG_GUU_UUU 2 55 2
DeMAV 1 Gu_GUU_UUU 1 CCCANCUCC 1 73 1 225 1
KRCV-2 29 AG_GUc_UcU 29 CCCANCUCC 29 24 29 220 29
KRCV-1 15 AG_GUc_UcU 15 CCCANCUCC 15 13 15 219 15
LDV 2 AG_GUU_UUU 2 CCCANCUCC 2 23 1 47 1
20 1 169 1
PRRSV-2 368 AG_GUU_UUU 298 CCCANCUCC 366 0 314 169 365
GG_GUU_UUU 40 CCCgNCucCC 2 23 33 168 1
GG_GUU_UUc 17 16 16 128 1
AG_GUU_UUc 6 18 5 115 1
AG_aUU_UuU 5
uG_GUU_UUU 1
Au_GUU_UUU 1
PRRSV-1 36 GG_GUU_UUU 35 CCCANCUCC 36 0 36 169 35
GG_GUU_UgU 1 170 1
APRAV 1 ¢G_GUU_UUc 1 CCCgNCuccC 1 55 1 173 1

aDeviations from the canonical motifs, i.e., RG_GUU_UUU (R = G or A) and CCCANCUCC, are shown by lowercase bold letters.

to each other than to PLP1a, they must have emerged through a second duplication
and subsequent diversification. This duplication must have happened before the
emergence of the MRCA of the simian group, all of whose members encode three PLP1
domains. The type- and lineage-specific evolutionary dynamics of PLP1 domains might
have involved both divergent and convergent evolution and/or parallel duplication.
These dynamics remain untested computationally due to poor sampling of three
long-branch lineages that include just a single species each (WPDV, EAV, and APRAV),
compounded by the observed variation in the number of PLP1 domains and the
complexity of their similarities. For instance, similarity between PLP1b and PLP1c varies
from very strong in viruses of the simian group to extremely weak in WPDV, while
sequence affinity of the second PLP1 domain for PLP1b and PLP1c differs for EAV and
LDV/PRRSV/APRAYV, respectively. In the case of EAV, the observed affinity of the second
PLP1 domain for PLP1c is both compatible with the published experimental research
(33, 34) and incompatible with the current designation of this domain, PLP1b, which
reflects its order in the pp1ab polyprotein. Consequently, our results predict EAV PLP1b
to be closer functionally to PLP1c, which has not yet been characterized beyond its
proteolytic activity in SHFV (39, 41, 46).

One of the recently identified functions of PLP1b is transactivation of nsp2 PRF,
which was demonstrated for PRRSV-2 and shown to be lacking in EAV (33, 34), in line
with PLP1b of the latter being similar to PLP1c (see above). Results of comparative
sequence analyses by the discoverers of this phenomenon (33, 34) and those presented
in this paper support the conservation of nsp2 PRF in all non-EAV arteriviruses.
According to our analysis, the most divergent version of nsp2 PRF may be employed by
WPDV, which deviates from other non-EAV arteriviruses in the sizes of the —2TF domain
(smaller) and the region separating two PRF-related nucleotide motifs (larger). Both
deviations may have functional implications. The —2TF domain of WPDV does not have
hydrophobic regions predicted for other non-EAV arteriviruses, which may imply
different localizations of nsp2TF proteins. The production of nsp2N and nsp2TF in
PRRSV was highly sensitive to mutations that changed the size of the spacer between
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WPDV 008N 2
SHEV RGRD|FISSVLALS[PFLLEHHS .

MYBV-1 ATNV[VSSAPPPAPGLP

PBJV ASSR|VFSVQTPPPPICCAL. HELRLCSQPYGVCW.LWSLFTWFSTRGPI . PLGLNPSGMLWTTILLYVQNWYHYVCFSGMCLYT. . . .
SHFV LQQR[VFWLVPPAPPFHAAPIWCSPFYPSPAGLL . LLYGCRYVLSIFGF.TPLHPMCSTCWSYRPKR.QVPQNFMLLPGRCLHMYSVC
KRTGV PSGRVFWIATPHPCLLSLPNSTCFSLASFGCL.LVCCSCFGLHLSSL . HPCHNLHGYPATCMP . & & v v v v et e e oo e e e eee e
DeMAV PAGR|VFSPLPPAPRPFGPSPEPLPSFSVGLCL.LSFCSGFGLPQLWF.MVLFPIRSCCTWMYMVQPPR.SGLVWYSGCVLCT. ...
KRCV-2  VGDQV|SSLPTPS|PGFSVLTKLSCFDACSGV « v v v vt v et e e e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
KRCV-1 FNRQV|ISSHQAPPPPLLTWV . . « v vt v v e e e e eee e

LDV LNHQV|FSLVLPS[PRHVVCRARISPKA. .

PRRSV-2 LSCOVIF::mesms|smsms sws smeins s

PRRSV-1 LMTWVF...... R N
APRAV YMPAV[FPRRPPPPSVLOQWYPPWFCRDFTCWCL .

WPDV TAAAVIFLKQPWAGETPLKRTWLN . . . . . YRAHALPwGTVCOCEY &t s oo s st s oo 05 55 @606 s ¥ ot s Gi 6 &% ial 0 8 0 0 5 40 % o 0 3 58
SHEV RGRD|F[SLGAC. . .|JI|SFPFGTPL. .ERRCTVFVLLLLAFFYLLGCYSLLCLLWSLLSQ.PSYSSTGLALIG. . SPMRDLLAWVLFI
MYBV-1 ATNV[V[SLGST. . .JdS|SWPTLTCGTLKQEILLATIL.VLVSGLSPFCSYPL.ALFLDWHWEYWLLSAAQTPV.HLGFQAYCIL.SCC
PBJV ASSRVIFFSTN. . .JdT|SLLRS . PRAQALLAALWCML . ALVSFHLVFYSWAY . PPWPQSFWDAVDYYFALRPE.LVSLCLLLWY.VSL
SHFV LQQR[VIFLACT. . .JdS|SFPCCSHLVLALLPLACWAA . TSLWLSLCSFYFWV .HPSSSYVQYLLELSPQA.PG. TPKFYAVAWS.LST
KRTGV PSGRVIFLDCY. . .pT|SILPSFIAKLNLFLFGVFWLP . TCLLLLLWSSLIIA.PSLPQSSWLSRYLYALSQQE. .LASSAWFVA.SSF
DeMAV PAGR[VFFTFT. . .}JdS|S|SPFWPLARTATLFLGWSVP . TLFLLWLWSASALV.HGSVSYSELLHLDVYGPAAT. .LGPCLVFWL.CAL
KRCV-2 VGDQISLASN. . .JdI|SWLFCAHQALVFRCLFWCLV.TSFCSWLVSLHWRQ.AYGPYQLRPEPGFWQED.ID.LCAPLLLLCC.AFC
KRCV-1 FNRQV|SLTSS. . .JdT[S|ISTSYMGLTA. .LCTLGLIV.VLCCLCAYVCSYAC.MMRNLLASPYWRYHYTYAMPDSPYVYLVFLLF.FSM
LDV LNHQ|FFSCP. . .]JI|S|ISPCGLSCSDLAKSLIGLIM.FTHCFAYVVCCYAF.TSQPLDSSPLPVVFLGLLGEFAYLFFLFGFVLQWW
PRRSV-2 LSCQV|FLASF...JJI|SLFSSHTSSNLTVVILRVIG.VLQLLLYFASFYVT.VTHSSVLLPSWVYFLGLLGVCEWGFLAAGWLLLLV
PRRSV-1 LMTWV|FLKFT. . .JJI|SQLLYSHFSRRGALWLQAIG.CLQVLFYLLSCSVV.LTQYSDAFPYWVSSLVLCGVFVWVFLVLGWLLLYF
APRAV YMPAV[FSASS. . .|3JASFSATMVSSMVLSGFHVLVL .VLCSAVWLSRWSWSPFHQFLRSSPWYSFALGFVGVGCVLSSLEWPLHVGF
123 2
SHEV LCLFFWGHHPTLALLILDTVIPLSMLLPLALPIDVLAATRWGRLPLSLSSMSTLCIWKRI.FLLYPLFCACSTLFCVVLGSCVDVI
MYBV-1 FVNWCFQSNPWFVRVMIPGAVISCLVCLCAMLALPLVLLLLGRSQQASLCYVILLSSPLLSS.MLIFCCLCSMYVSSFYACAIGAF
PBJV YLTWSFGHLPLFAKIETTIAWLTFISSVTVTMTLHLFISRRDLSQLSSLSFAGFVLYRYGLF.WSTVYFFFSTLYSSFLYCYLTRY
SHFV YVLCLLMRYPLSATMMTLTVVLSSVIWVIGTPLISLFISRPDPQHSSLLYLAIFLLSRWPCF.LYTCFSLWLMFYLSLVYCAWMATI
KRTGV YLICSWARSVPFVNLTTISAFVLSTTFVCAFPPLLLCMLHQVFSPLGSHYLEISYILAQPVS.IYTACFFWLILSSSLLSCFLMEF
DeMAV YLDCLLMSHPLYANTRTIAVTSISIASAVAYLLASALSSLRVFSQSSWLSSAAYILLLRPCL.CYTIFSFFSTLYSSLLYCLFAEY
KRCV-2 VSLLSFQRLRVFANLMDLIAVIASPLWLIVSVALSFVTSALDRERVYCYSPALCITLNLLPV.CCMLFYLSLTWLCSAASCLIIGY
KRCV-1 WLHYSFQTNTIYALSMTTNVCSFCMTCSAVSVLALLGFLPQVPLQPGLSSSTIFGVLWYWDI.FSITWVFLSTLASSVWSLVTIAY
LDV CSRRSYLNLGLSVPVLRLSVRQLLSGIPVMVFTDLLTILVLVWWAPWQODLLLAWWAAHGIIGFTSFALWWFWTWDSCFLPWLCVEG
PRRSV-2 CSSLCLTQSALLVSLTRQSVGTSFILLSFSNLGTLSAALLWAPSVSALPFLAGYWAGHATSGTFCLGLALLQTVSWLELMCFLKVG
PRRSV-1 YSRLHPTQSVLLVTTIRRNVMLSFWLLSSANFGNLCAALWLAPQVSYVSSLASYSVGHVISGMLSYVYACLQIWPFLLFMWCPKGV
APRAV NLLILRLPLYSHVIQVRQNALSYVALLPVTYLMGLLVSLLLGPSGYWEVSLLAYLVGIGMGGHLSFVQLLLSTWRLSSLDSSHKTD
WEDV, s s s s i msime s metomals o956 sems e @s s @sms suls@e iy smimusmsaaame s smsms gs

SHEV AGGALLPASAQPRPRSSFGPFHCLVFRFLRFLIFVTTAPARQSTSSRWPPVTVDATAATSQP. .

MYBV-1 VSSAMGVAFASLQKKSKVAVYLVVACRGFHWWTSVMCIRPLHAILSKWRPATRVVIPGPYLV. ...........

PBJV AVIAGVDASDWRQRRLSCPPFLLAGLQGLYYWTLQMLSPLLQSMSFVWQQVTQDVSEACYLPLVSEVA. .. ...

SHFV VSGASPDVLGRLQRRYPSLRYPSLVCRAAFYWIYVISTPLHPLISFAWRLDSTVVFEETTPLLDQVPV......

KRTGV AFGALGGVFVQPPTRFTFARYLHPVCLVLHYWISVTLSLPRQSISFVWRLAMQVVTKAASTPQ.ERQPLLSVPV

DeMAV VYGAGAGAFAQLRKRYRCLPYLVLVLRGLFCWTLQILSPLRKLMSFAWRLGTQDATTAVYVPLELPPI. ... ..

KRCV-2 AYAATGVAFGKPQKRSCLRLFLSAASLALRFWIYVIVSPDPQWTSSSKPLGGAAAIPDASILL...........

KRCV-1 VGDAFALVSGQPPRSWYSLRCLRAVYTGLLYWMYAIITPTHQWTSSNRLQGMPGVIVDNCPA. ...........

LDV - o= V= =

PRRSV-2 VKSAGDLV........

PRRSV-1 VTSVGESV........

APRAV VSDASVTASAP

FIG 15 Multiple-sequence alignments of alternative nsp2 C termini. (A) C terminus of nsp2N, translated as a result of —1 PRF. (B) C terminus of nsp2TF,
translated as a result of —2 PRF. MSAs were guided by the MSA presented in Fig. 13. For other details, see the legend to Fig. 13.

PRF motifs (35). Consequently, during evolution, the unusually large size of this region
in WPDV must have been associated with changes elsewhere in the genome and/or
been host specific. In this respect, PLP1b is a prime candidate to consider due to its role
as the major domain of nsp1b in the transactivation of nsp2 PRF (34). Compared to its
orthologs, PLP1b of WPDV has a unique large insertion in the left subdomain and
accepted many mutations to the putative equivalent of the positively charged a-helix
that was implicated in the interaction with the PRF motifs in PRRSV. While further
experimental research could address a possible connection between sequence specifics
of the PLP1b and PRF motifs in WPDV, our results indicate that the —2 PRF in nsp2 may
be a universal feature of non-EAV arteriviruses.

The apparent production of several molecular forms of nsp2 in arteriviruses may be
linked to multifunctionality of this large nsp, which remains poorly characterized. We
described here the large (5-fold) variation of the size of the most divergent domain of
nsp2, the HVR, among arterivirus species, which is indicative of this domain being
involved in arterivirus adaptation to hosts. Duplication was likely one of the mecha-
nisms used to increase the size of this domain, as could be deduced from the presence
of three tandem repeats with the formula PxPxPR in WPDV. These repeats may mediate
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a conserved function, since various numbers of their counterparts were identified in
many but not all arteriviruses. Their interacting partners may be host proteins contain-
ing an SH3 domain(s), which have been shown to recognize PxPxPR motifs (57). A
similar suggestion was first made in a previous study (28), based on the presence of
canonical SH3-binding PxxP motifs in nsp2 of PRRSV-1. However, PxxP motifs were not
detected in our MEME analysis, suggesting that their presence in the HVR may be due
to a disproportionally high Pro content in this domain.

In conclusion, our comparative genomic analysis of the most divergent region of
replicative polyproteins revealed evolutionarily conserved patterns that are either
specific to distinct species or common for different groups of arteriviruses. While the
obtained insights were often the first ones for recently identified arteriviruses (12,
87-91), this analysis is also expected to promote further characterization of prototype
arteriviruses, thus connecting the exploration of genetic diversity with experimental
research on arteriviruses.

MATERIALS AND METHODS

Modified 5° RLM RACE. The protocol supplied with a commercial kit (FirstChoice RLM RACE;
Invitrogen) was modified by addition of a target enrichment step. Briefly, total RNA was isolated from a
standard inoculum (Sl) that had been used in the previous WPD transmission studies (58) and from which
the previously described partial viral sequence was obtained (11). Extracted total RNA was used as a
template for the initial steps of 5 RML RACE, performed according to the manufacturer’s instructions
(Fig. 1). The steps comprised treatment of total RNA with calf intestine alkaline phosphatase (CIP) to
remove free 5’ phosphates from all noncapped nucleic acids, treatment with tobacco acid pyrophos-
phatase (TAP) to remove the cap structure from full-length mRNA (including capped positive-sense viral
RNA), ligation of the provided RACE adapter to decapped mRNA containing 5’ phosphates, and reverse
transcription of the ligated mRNA to cDNA by use of random decamers.

In the first round of 5" RLM RACE (RACE 1), the cDNA was enriched for the target sequence before
proceeding with the PCR step of the protocol. The enrichment step was performed using the magnetic
bead, sequence capture, nested PCR method according to principles described by others (59-61). Briefly,
0.24 pmol of a biotinylated capture probe that matched the available 5’ sequence of viral RNA
(biotin-WPD.S5.F) (see Table S1 in the supplemental material) was added to a reaction mix that
comprised 5 ul of cDNA, 1 ul of 10X buffer O (containing 50 mM Tris-HCl, 10 mM MgCl,, 100 mM NaCl,
and 0.1 mg/ml bovine serum albumin [BSA] at a 1X dilution; Fermentas), and water in a final volume of
10 pl. The nucleic acids were denatured at 95°C for 5 min and hybridized at 60°C for 23 h. An equal
volume of 2X wash buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 2 M NaCl) and 1 ul (5 ug) of
streptavidin-coated magnetic beads (Dynabeads M280; Invitrogen) were then added to the hybridization
reaction mixture, and the mixture was incubated for 3 h at 43°C with gentle shaking. The viral sequences
captured on streptavidin-coated magnetic beads were then washed 3 times in 1X wash buffer and
resuspended in 8 ul of water.

An aliquot (2 ul) of bead suspension was used in the PCR step of the 5" RLM RACE protocol. Primary
PCRs were performed using a 0.2 uM final concentration of each primer (RACE.outer forward primer and
a virus-specific reverse primer) in 1X HOT FIREPol PCR master mix (Solis Biodyne) with 2 mM (final
concentration) MgCl,. The amplification conditions included 15 min of initial denaturation at 95°C
followed by 35 cycles of denaturation (95°C for 10 s), annealing (60°C for 10 s), and elongation (72°C for
1 to 3 min), followed by a final extension step (72°C for 7 min). Nested PCRs were performed as primary
reactions, but a nested adapter-specific primer (RACE.inner) was used in combination with each of
several virus-specific reverse primers (Table S1). The template used for nested PCR was either the primary
PCR product (1 ul) or a gel-purified band from the primary PCR (1 wl). Since the lengths of the expected
PCR fragments were unknown, primary PCRs were also performed using an Expand long-range PCR kit
(Roche) according to the manufacturer’s instructions, with an initial elongation step of 4 min at 68°C.

In order to determine whether the longest PCR product represented the 5’ end of the full-length
genomic RNA, the RLM RACE protocol was repeated using another capture probe (Biotyn_S12.F)
targeting a region within the newly determined 5’ end of the sequence, in combination with virus-
specific primers WPD.S10.R, WPD.S13.R, WPD.S14.R, and WPD.S15.R (RACE 2) (Table S1).

The final round of 5° RLM RACE reactions (RACE 3) was performed using virus-specific primers
(WPD.S16.R and WPD.S18.R) (Table S1) located close to the 5’ end identified in RACE 2. The RACE 3
reactions were performed according to the manufacturer’s instructions, without the target enrichment
step. Primary and nested PCR amplifications were performed with either HOT FIREPol PCR mix or Kappa
LongRange HotStart ReadyMix (Kappa Biosystems). The long-range mix was used as recommended by
the manufacturer to support amplification of fragments of up to 15 kbp. The non-TAP control was
included in the RACE reaction mixtures to further assess whether any of the RACE-amplified bands
originated from capped RNA sequences.

The final assembly of the newly identified 5’ end with the previously published sequence (11) was
confirmed by amplification of a set of overlapping PCR fragments by use of virus-specific primers and SI
cDNA as the template.
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The previous GenBank record (accession number JN116253) was updated to include the 5" end of the
viral sequence.

Designation of nsp1 and PLP domains. In the literature, nsp1 PLPs and corresponding cleavage
products are labeled with either the Latin letters a, b, and c or the Greek letters «, 3, and vy (for example,
PLP1a or PLP1a and nspla or nspla). In this report, we use Latin letters as labels.

Arterivirus genomes and classification. Full-length genomes of arteriviruses available on 11 June
2015 were retrieved from GenBank (62) and RefSeq (63) by using the homology-annotation hybrid
retrieval of genetic sequences (HAYGENS) tool (http://veb.lumc.nl/HAYGENS). The sequence of the WPDV
genome, including the newly sequenced 5’ terminus, whose annotation was updated accordingly (Table
1), was added to the set. With the help of DEmARC 1.3 (64; https://talk.ictvonline.org/files/ictv
_official_taxonomy_updates_since_the_8th_report/m/animal-ssrna-viruses/5890), genomes of a total of
502 viruses were clustered into 14 species (3) that were grouped into five clusters. One virus represen-
tative was selected to represent each arterivirus species in further analyses (Table 2).

MSAs. Multiple-sequence alignments (MSAs) of pp1ab domains were generated using the Viralis platform
(65) and assisted by use of the HMMER 3.1 (66), Muscle 3.8.31 (67), and ClustalW 2.012 (68) programs in default
modes, with subsequent manual local refinement of MSAs of most divergent domains. Domain borders in
nsp1-nsp2 proteins were tentatively identified (Table S3) through limited similarity with protein domains and
cleavage cites that were studied experimentally (27, 36-39). They may differ from the ones defined elsewhere.
The MSA of nsp1 PLP paralogs was prepared using the profile mode of ClustalW in a stepwise manner: first,
the PLP1b and PLP1c domain alignments were combined, and then the PLP1a MSA was added. MAFFT
v7.123b (69) was used to align tandem repeats (see below). All presented protein MSAs were deposited at
https://github.com/aag1/Arteriviridae_nsp1-2 in FASTA format.

Quantification of MSA conservation. To quantify residue conservation at each position of the MSA,
we used the R package Bio3D 1.1.-5 (70), the “conserv” command, the “similarity” conservation assess-
ment method, and the substitution matrix BLOSUM62 (71). Individual columns of arteriviral PLP1a and
PLP1b/PLP1c alignments (WPDV sequences excluded) were considered to be conserved if their conser-
vation score exceeded 0.75. To transform conservation scores of individual columns in the arteriviral
nsp1-nsp2 MSA into a conservation profile for plotting, a sliding window of 11 MSA columns was used
to calculate mean conservation score values.

Secondary structure retrieval and prediction. Information about the PRRSV-2 nsp1a and nsp1b
and EAV PLP2 secondary structures was retrieved from PDB structures 3IFU (18), 3MTV (42), and 4IlUM
(30), respectively, using the DSSP database (72) via the MRS system (73). Secondary structure predictions
were made for individual nsp1 PLP sequences of different origins by use of Jpred4 (74) in MSA mode.

Transmembrane region prediction. Transmembrane regions of proteins were predicted with the
help of TMHMM 2.0 (75).

Profile-profile comparisons. We employed HHmake 2.0.16 to convert protein MSAs into HMM
profiles and an in-house version of HHalign 2.0.16 (76) (deposited at https://github.com/dvs/hhsuite) to
conduct profile-profile comparisons. The in-house version of HHalign enables the user control over the
SMIN score threshold, otherwise hard coded to be 20. The SMIN score threshold is utilized by the HHalign
algorithm to decide which hits will be reported, based on their raw Viterbi scores. By lowering the SMIN
score threshold, the user can increase the number of alternative hits reported, which may be informative
for analyzing extremely remote relationships.

HHalign comparisons were performed with the following parameters: SMIN score threshold of 5, local
alignment mode, and realignment by the MAC algorithm not applied. To visualize profile-profile
comparisons in default mode, dot plots were generated.

Repeat and motif identification. We used a multistep procedure to characterize sequence repeats
and associated motifs. First, the protein sequence of a virus was compared to itself by use of HHalign.
In the produced diagonal plot, overlapping off-diagonal hits with high statistical support were indicative
of tandem repeats. Subsequently, the protein sequence was submitted to the RADAR Web server (49) to
verify the presence of tandem repeats and to delineate their exact positions. To study if an identified
repeat motif was present in sequences representing other arterivirus species, the sequences were
scanned with a RADAR-produced MSA of repeats by use of HHalign (probability threshold, 5%). At the
next stage, the obtained results were verified and extended by use of MEME 4.11.2 (50), which was
applied to the selected protein domain of representatives of all arterivirus species. In the MEME analysis,
the number of unique motifs to be found was set to 10, the expected distribution of the unique motifs’
occurrences in a sequence was defined as “any number of repetitions,” the lengths of motifs were
allowed to range from 4 to 50 aa, and other parameters were set to their defaults.

Nucleotide sequence profile comparisons. We used NHMMER 3.1b1 (77) with the parameters
rna-toponly-max-nonull2 to scan the EAV and WPDV genome regions encoding nsp2 for similarity to
nucleotide MSAs of nsp2 PRF-related motifs from genomes representing 12 other arterivirus species.

Phylogeny reconstruction. The phylogeny of arteriviruses was reconstructed using a concatenated
MSA of most conserved nsp domains (Table S2). To select a model of evolution that best fits the data,
ProtTest 3.4 (78) was used. All models offered by ProtTest were tested. When a discrete gamma
distribution was employed to model various rates of mutation among sites (+G), four rate categories
were used. Maximum likelihood (ML) tree topology optimization strategy, employing a subtree pruning
and regrafting (SPR) algorithm, was used. Two model selection criteria, the Akaike information
criterion (AIC) and the Bayesian information criterion (BIC), were employed. According to both
criteria, the LG+1+G+F model is the best. Subsequently, the phylogeny was reconstructed using the
BEAST 1.8.2 package (79) and the LG+1+G4+F model. Two models, a strict clock and a relaxed clock
with an uncorrelated lognormal rate distribution, were tested. The latter was found to be superior
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(log,, Bayes factor of 5.48). Markov chain Monte Carlo (MCMC) chains were run for 10 million steps
and sampled every 1,000 steps; the first 10% were discarded as burn-in. Mixing and convergence
were verified with the help of Tracer (http://beast.bio.ed.ac.uk/Tracer).
A similar procedure was used to reconstruct the phylogeny of PLP1 domains by using MSA of PLP1b and
PLP1c domains. Among the models available in BEAUti 1.8.2, ProtTest favored the LG+1+G4+F model, which
was employed for BEAST phylogeny reconstruction. A relaxed clock with an uncorrelated lognormal rate
distribution was favored over a strict clock (log,, Bayes factors of 4.88 and 3.80 for data sets with and without
WPDV PLP1 domains, respectively). MCMC chains were run for 5 million steps and sampled every 500 steps;
the first 10% were discarded as burn-in. The R package APE 3.5 was used to calculate the percentage of trees

in the sample that differed in terms of the phylogenetic positions of major clades (80).
Tertiary protein structure comparison. We used the DALI server (48) for comparison of PLP tertiary

structures. Conventionally, two folds are considered to be similar if their similarity Z-score is above 2.
However, to be considered strongly supported, the similarity Z-score must be above the cutoff, defined
as n/10 — 4, where n is the number of residues in the query structure (81). For PRRSV-2 PLP1a and PLP1b
queries, Z-score cutoffs were calculated to be 10.7 and 9.4, respectively.

Visualization of results of bioinformatics analyses. Protein MSAs with highlighted conservation

and assigned secondary structure were visualized with Espript 2.1 (82), using the BLOSUM62 similarity
coloring scheme and a similarity global score of 0.2. MSA conservation was also presented in the logo
format with the help of the R package RWebLogo 1.0.3 (83). To visualize the posterior sample of trees,
DensiTree.v2.2.1 was used (84). Protein tertiary structures were processed for presentation by use of
PyMOL 1.7.6.6 (85). R was used extensively for other data plotting (86).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
JVI.02096-16.

TEXT S1, PDF file, 0.1 MB.
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