










cessing was not observed, and only the precursor protein was
precipitated. These data are compatible with the Glu-3056/Gly
dipeptide being the nsp11/12 cleavage site.

Comigration of synthetic proteins with native ORF1b-en-
coded cleavage products. To gain further support for the iden-
tification of the cleavage sites separating the nsp9, nsp10,
nsp11, and nsp12 proteins, these four proteins, as well as the
nsp11-12 precursor, were expressed by inserting translation
initiation and termination codons at the presumed cleavage
sites in the ORF1b gene. The constructs were expressed in the
recombinant vaccinia virus-T7 expression system, and by using
immunoprecipitation and SDS-PAGE, the sizes of synthetic
nsp9 to nsp12 were compared with those of the native cleavage
products from EAV-infected cells (Fig. 5). Because larger
amounts of the nsp11-12 precursor protein could be produced
in the recombinant vaccinia virus-T7 expression system (trans-
cleavage assay), this system was used to produce sufficient
amounts of this precursor.

The nsp9, nsp10, nsp12, and nsp11-12 expression products
comigrated perfectly with their in vivo counterparts. The nsp11
product migrated slightly more slowly than the corresponding
protein from EAV-infected cells (Fig. 5), probably because of
the presence of additional, pL(2839–3055)-encoded residues at
its N and C termini. Together with the mutagenesis data, these
results strongly suggest that the Glu-2370/Ser, Gln-2837/Ser,
and Glu-3056/Gly dipeptides are the nsp9/10, nsp10/11, and
nsp11/12 cleavage sites, respectively.

SP-mediated cleavages in the ORF1b protein are essential
for different stages of EAV reproduction. To test the impor-
tance of ORF1b protein processing for RNA replication and
transcription, the Glu-23703Pro, Gln-28373Pro, and Glu-
30563Pro mutations were transferred to an EAV infectious
cDNA clone (54). RNA transcripts were transfected into
BHK-21 cells, which were fixed for IFA after 12, 24, and 36 h.
As positive and negative controls, a wild-type EAV clone
(pEAV030H) and a clone encoding a presumably inactivated
Pol (pEAV030SGA) were used, respectively. The latter carried
mutations at aa 2237 and 2238 of the replicase, in the highly
conserved polymerase domain: Ser-Asp-Asp (SDD)3Ser-Gly-
Ala (SGA) (Table 1). Cells transfected with pEAV030SGA

RNA did not show detectable RNA replication or subgenomic
RNA transcription (data not shown). This result confirmed for
the first time the essential nature of this highly conserved
nidovirus replicase motif.

Previously, we have shown that EAV RNA synthesis can be
monitored indirectly by IFA. The replication of the genomic
RNA, the mRNA for the replicase, results in the increasing
expression of the viral nsp’s and their cleavage products, which
can be detected by IFA as early as 3 h postinfection (52).
Likewise, IFAs can be used to monitor the expression of the
structural proteins from the nested set of subgenomic (sg)
mRNAs starting at about 6 h p.i. In earlier experiments, cells
were double labeled with antibodies recognizing replicase sub-
unit nsp2 and the ORF5-encoded glycoprotein GL to detect
genome replication and sg mRNA synthesis, respectively (54).
This double staining, which is convenient because the two
signals do not overlap (52), was used in the present study to
monitor the effects of cleavage site mutations that abolished
one of the ORF1b protein processing steps. Cells transfected
with wild-type pEAV030H transcript showed both nsp2 and
GL signals, as well as spread of the virus to neighboring cells,
which confirmed the production of infectious virus (Fig. 6, left
panels). The Glu-23703Pro (nsp9/10 cleavage site) and Glu-
30563Pro (nsp11/12 cleavage site) mutants did not show any
nsp2 or GL signal (data not shown), indicating that cleavage at
these junctions is essential for virus reproduction. Even at very
late time points, up to 96 h posttransfection, (pseudo)rever-
tants of these mutants could not be detected. Remarkably, a
distinct phenotype for the Gln-28373Pro mutant (nsp10/11
cleavage site) was reproducibly observed in a small fraction of
transfected cells (1 to 10%). At 12 h posttransfection, a faint
nsp2 signal (but no GL staining) could be detected in a few
cells (Fig. 6, right panels). At later time points, both nsp2 and
GL were detected, indicating that both genomic and sg RNA
synthesis was taking place. Surprisingly, spread of the mutant
virus to neighboring cells was not observed (even after 96 h),
and the medium which was harvested from transfected cells at
different time points (12, 24, and 36 h) was not infectious upon
passaging in tissue culture (data not shown). These results

FIG. 5. Comigration analysis of synthetic proteins. Synthetic ORF1b-derived proteins were expressed and their migration was compared with that of native proteins
from EAV-infected cells. The numbers over the lanes indicate the synthetic nsp’s expressed. nsp2 (EAV-infected cells) and nsp9-12. pL1b-transfected cells) are
indicated as size references. N, nucleocapsid protein (14 kDa), coimmunoprecipitated from EAV-infected cells as a result of its affinity for protein A on the surface
of Staphylococcus aureus cells (50). For other abbreviations, see the legend to Fig. 2.
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indicated that infectious virus was not produced in the
EAV030Q2837P-transfected cells.

In conclusion, processing of all three SP cleavage sites in the
ORF1b protein proved to be essential for the production of in-
fectious virus. Furthermore, its selective blockage by point muta-
tions appeared to affect different stages of EAV reproduction. In
view of the unusual phenotype of the EAV030Q2837P mutant,
we decided to characterize this mutant in greater detail.

Mutations at the nsp10/11 junction affect protein function.
Since infectious virions were not produced by the semi-repli-
cation-competent Gln-28373Pro mutant, it was possible that
cleavage at the nsp10/11 site was essential for virus maturation.
Alternatively, the introduced mutations may have changed an
RNA sequence involved in EAV genome encapsidation. An
RNA encapsidation signal was described at a comparable po-
sition in the ORF1b sequence of the distantly related corona-
virus mouse hepatitis virus (14, 53). To test the possibility that
the Gln-28373Pro mutation affected such an RNA structure,
two other mutants with mutations at or near replicase codon
2837 were generated and characterized by using the infectious
clone (Table 1). First, the Gln-28373Glu mutation, which

showed efficient cleavage in the recombinant vaccinia virus-T7
expression system (Fig. 3D) and which carried the same num-
ber of nucleotide substitutions as the Gln-28373Pro mutant
(Table 1), was transferred to the EAV cDNA clone
(pEAV030Q2837E). Second, a mutant which carried five trans-
lationally silent point mutations in the Lys-2836, Gln-2837, and
Ser-2838 codons was generated (pEAV030PS) (Table 1). After
transfection of pEAV030Q2837E and pEAV030PS transcripts
into BHK-21 cells, both mutants replicated and spread with
wild-type efficiency (data not shown) (compare with wild-type
results shown in Fig. 6). Analysis of RNA isolated at 48 h
posttransfection (after spread of the virus) confirmed the pres-
ence of the original mutations (data not shown). Although
minor changes in the fitness of these mutants compared to the
wild-type virus cannot be excluded, our data indicate that the
pEAV030Q2837P phenotype is not likely caused by an effect at
the level of RNA structure.

Analysis of RNA produced in EAV030Q2837P-transfected
cells. Since a subset of the EAV030Q2837P-transfected cells
showed complete viral RNA synthesis but did not produce
infectious virus, we decided to use RNA passaging to further

FIG. 6. IFA of EAV030H- or EAV030Q2837P-transfected BHK-21 cells. Cells were fixed at 12, 24, and 36 h postelectroporation and subsequently processed for
indirect IFA. Cells were double labeled for EAV nsp2 (45) and EAV GL (16).
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characterize the properties of the Q2837P mutant and analyze
possible changes in the RNA sequence at replicase codon
2837. To this end, intracellular RNA from transfected cells was
isolated and transfected into fresh cells. As a control for RNA
passaging in the absence of virus production, the EAV030F
mutant, which contains a mutation in nsp10, was used (54).
Although its genomic RNA is replicated efficiently, EAV030F
does not produce virus due to a severe deficiency in sg mRNA
synthesis (54). Transcripts of wild-type clone pEAV030H were
used as a positive control.

RNA transcripts were electroporated into BHK-21 cells, and
intracellular RNA was isolated after 24 h (Pr0 RNA, passage 0
progeny). This RNA was used for electroporation of fresh
BHK-21 cells, and RNA was again isolated at 24 h posttrans-
fection (Pr1 RNA, passage 1 progeny). Analysis of intracellular
EAV030H and EAV030Q2837P RNAs by gel electrophoresis
and subsequent hybridization revealed that EAV030Q2837P-
transfected cells did indeed produce genomic and sg RNA
(data not shown). However, as a result of the small number of
Q2837P-transfected cells which showed RNA synthesis (and
the apparently reduced level of RNA synthesis in these cells),
the amount of RNA was incomparable to that produced in
wild-type EAV030H-transfected cells. For pEAV030H and
pEAV030F, a twofold increase in transfection efficiency was
observed when Pr0 RNA was used instead of the in vitro-
generated RNA transcript. In contrast, passaging of RNA from
cells transfected with the Q2837P mutant resulted in a de-
crease in the number of cells positive for nsp2 and GL.

To determine the sequence at the position of mutated codon
2837, an RT-PCR analysis was performed on DNase I-treated
RNA transcript, Pr0 RNA, and Pr1 RNA of the Q2837P mu-
tant. Direct sequence analysis of the PCR products revealed
that the transcript RNA and the Pr0 RNA exclusively con-
tained a Pro codon at position 2837. However, in the Pr1
RT-PCR product, a mixture was observed for each nucleotide
position of the codon (C and G, C and A, and T and G, from
the first to the third positions, respectively) (data not shown),
which suggested partial conversion of the introduced Pro
codon (CCT). Subsequently, the PCR fragments were cloned
and subjected to sequence analysis. In the clones from tran-
script (2 clones) and Pr0 RNA (14 clones), the CCT codon
(Pro mutation) was recovered. Of 13 Pr1 RNA clones, only 4
contained the original CCT codon and 9 contained a GAG
triplet encoding Glu. Interestingly, the Glu substitution had
already been tested in the infectious cDNA clone
(pEAV030Q2837E), and this clone had been shown to be
infectious and wild-type like (see above). However, in the case
of pEAV030Q2837P, the conversion of Pro-2837 to Glu did
not result in the production of infectious virus, even at 96 h
posttransfection, which suggests that the replacement of the
Pro codon must have been accompanied by additional muta-
tions elsewhere in the EAV genome.

DISCUSSION

The nsp4 SP mediates processing of the ORF1b-encoded
region of the arterivirus replicase. The nidovirus ORF1b pro-
tein contains (predicted) RNA-dependent RNA polymerase
and NTPase/RNA Hel domains which are believed to catalyze
viral RNA synthesis (8, 19, 43). Although the nidovirus ORF1b
protein’s enzymatic activities remain to be characterized,
ATPase activity was recently demonstrated for the human
coronavirus 229E Hel domain (22). Using an EAV infectious
clone, we have shown that replacements of highly conserved
residues in the Pol (see Results) and Hel (unpublished data)
domains abrogate arterivirus reproduction. As a result of the

pivotal role of ORF1b protein in the viral replication cycle, the
regulation of its expression is of vital importance for nidovi-
ruses. Since they are all derived from the same polyprotein,
whose expression is downregulated relative to that of the
ORF1a protein (8), the Pol and Hel functions and other
ORF1b-protein specific activities might act in concert. The
expression of ORF1b-encoded domains is further coordinated
at the posttranslational level through regulated cleavages at
four sites. The processing of the EAV nsp7/8 site and the three
junctions in the ORF1b protein yields four mature proteins
and a number of stable intermediates, which may have distinct
functions (55). In line with our previous predictions and data
recently obtained for coronaviruses (31–34, 49, 57, 58), we
have now shown that these cleavages are mediated by the
ORF1a-encoded nsp4 SP. The same protease is responsible for
the extensive processing of the C-terminal part of the ORF1a
protein (47, 56). Multiple processing intermediates which con-
tain both ORF1a- and ORF1b-encoded domains (55) have
previously been identified. Hence, the expression of mature
and intermediate products from the two overlapping ORFs is
probably coordinated.

We had to solve substantial technical problems when study-
ing the SP-mediated processing of the ORF1b protein. These
were caused by low expression levels, inefficient cleavage at
some sites, and poor detection of certain cleavage products. To
this end, the recombinant vaccinia virus-T7 system was em-
ployed to express either full-length ORF1ab, ORF1b alone, or
an artificial protein in which nsp4 was fused in frame to the
nsp11-12 region of ORF1b [nsp4(11–12) protein]. We have
demonstrated that in this system, nsp4 is able to process the
nsp9/10 and nsp10/11 sites, but not the nsp11/12 junction, in
trans. It is likely that all three sites are also processed in cis,
although this was not proven directly. We also believe that in
the infected cell, these sites are not equally sensitive to pro-
cessing by the nsp4 SP, which would provide a means for the
regulated expression of ORF1b-derived products.

Identification of three SP cleavage sites in the EAV ORF1b
protein. As a step toward understanding the structural deter-
minants of ORF1b protein processing, the primary structure of
the cleavage sites was tentatively determined by a combination
of three indirect methods: comparative sequence analysis, site-
directed mutagenesis, and comigration assays. In the past, the
same approach was proven successful for the identification of
SP cleavage sites in the ORF1a protein (47), two of which have
recently been confirmed by N-terminal protein sequencing
(56). Unfortunately, direct sequencing of ORF1b-derived
cleavage products was hampered by the scanty amount of these
proteins in EAV-infected cells.

The Glu-2370/Ser, Gln-2837/Ser, and Glu-3056/Gly dipep-
tides were identified as the probable nsp9/10, nsp10/11, and
nsp11/12 cleavage sites, respectively (Fig. 7). Of these three,
Glu-2370/Ser and Glu-3056/Gly both match the previously de-
termined consensus sequence (Glu/Ser or Glu/Gly) of the
EAV SP cleavage sites (47, 56). Surprisingly, Gln-2837/Ser was
identified as the probable nsp10/11 junction, which is thus the
first and only SP substrate carrying Gln instead of Glu at the P1
position. Interestingly, in the replicase proteins of the distantly
related coronaviruses, cleavages occur after Gln rather than
Glu (17, 31–34, 49, 57, 58). This similarity might therefore
reflect the evolutionary conservation of a sequence derived
from a common nidovirus progenitor. The serine and cysteine
chymotrypsin-like proteases of arteri- and coronaviruses,
which are employed to process these sites, have been proposed
to be related, although their sequences have diverged beyond
the level at which common ancestry can be considered proven
(for reviews, see references 11, 20, 27, and 42). On the other
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hand, the Gln/Ser dipeptide found at the EAV nsp10/11 junc-
tion is not conserved in other arteriviruses, and our own data
obtained with the mutant Glu/Ser site in the infectious cDNA
clone suggest that the presence of a Gln at this cleavage site is
not critical for the basic functions in the EAV life cycle. An
interplay between the nsp9/10 and nsp10/11 cleavages was ob-
served, since differences in processing efficiency at one site
were found to affect processing of the other site. Previously, an
even more-dramatic switch between two SP-mediated process-
ing pathways was described for the EAV ORF1a protein, with
nsp2 being involved as a decisive cofactor (56). Additional
experiments are required to analyze the functional significance
of these modulations in replicase polyprotein processing (see
also below).

Given the conserved nature of the EAV SP cleavage sites
and the conservation of corresponding sites in other arterivi-
ruses, it was not surprising that processing of the sites in the
ORF1b protein was sensitive to replacements at the P1 posi-
tion. It is interesting that the replacement of the P1 Gln of the
nsp10/11 cleavage site by residues with similar properties (Asp,
Glu, and Asn) did not adversely affect the production of nsp10
and could even stimulate it (Q2837E [Fig. 3D]). In contrast,
the production of the nsp9-10 intermediate was significantly
affected, being either diminished (Asn and Asp replacements)
or enhanced (Glu replacement). These results again suggest
that the particular structure of the nsp10/11 cleavage site may
have been selected to ensure a finely balanced production of
ORF1b-derived cleavage products and that this may also be
the case for other SP sites. In addition to the P1 and P19
residues of the cleavage sites, other amino acids in close prox-
imity to these positions may contain specificity determinants
for viral chymotrypsin-like proteases, of which nsp4 SP is a

member (20). One of the best-characterized enzymes, the po-
liovirus 3C protease, recognizes the P4 position, which is usu-
ally occupied by Ala and is sensitive to replacements (4, 7). In
the case of the EAV nsp4 SP cleavage sites, only the P1 and P19
positions are occupied by highly conserved residues (56) (Fig.
7). However, the P3 position of the nsp10/11 cleavage site was
sensitive to replacements (Fig. 3), indicating that there might
be additional determinants of substrate specificity.

This study provides the first experimental evidence for a
complete processing map of the arterivirus ORF1b protein
and, by including the data obtained for the EAV ORF1a pro-
tein (47, 56), also for the entire ORF1ab polyprotein. In ad-
dition to being essential for the analysis of the regulation of
ORF1b expression, this map is important for the characteriza-
tion of ORF1b-encoded functions by expressing mature non-
structural proteins separately and in different combinations.

ORF1b protein processing is essential for arterivirus repro-
duction. We used a recently developed infectious cDNA clone
of EAV (54) to initiate the first functional study of the role of
replicase processing in nidovirus reproduction. Several of the
SP cleavage site mutations which had been characterized in the
recombinant vaccinia virus-T7 system were subsequently tested
in the context of the infectious clone. All three cleavages in the
ORF1b protein were found to be essential for EAV reproduc-
tion. The nsp9/10 and nsp11/12 cleavages were crucial for early
steps in infection, since RNA synthesis could not be detected
when these two cleavages were blocked, and revertants were
not recovered.

The results obtained for nsp10/11 cleavage were different.
The P1 Pro mutant (Q2837P) displayed a remarkably complex
phenotype that may be related to the unique Gln/Ser structure
of the nsp10/11 site. In addition, the conversion of the Pro-
2837 mutation to Glu, which was observed upon RNA passag-
ing, was a complicating factor in the identification of the ge-
netic determinants of the phenotype. However, the fact that
none of the 14 RT-PCR clones derived from Pr0 RNA con-
tained the Pro-28373Glu conversion strongly suggested that
this substitution was not related to the phenotype. Therefore,
we assume that most of the Pr0 RNA in the nsp2- and GL-
positive cells at 12 h postelectroporation (Fig. 6) still contained
the original Gln-28373Pro mutation.

Like the Pro mutations introduced at the other two sites, the
Gln-28373Pro substitution was deleterious for virus reproduc-
tion. However, in a small fraction of transfected cells, viral
RNA and protein synthesis was not completely abolished, sug-
gesting either that a host cell-specific factor might be able to
suppress the effect of the mutation or that these cells could
overcome the block, e.g., due to transfection with multiple
RNA molecules. Quite remarkably, the Q2837P mutant was
defective in the production of infectious virions, even though
complete RNA and protein synthesis was detected in a subset
of the transfected cells. The observed phenotype might be the
result of only partial suppression of the effects of the mutation,
revealing secondary effects at the level of virus production.
Alternatively, ORF1b-derived products may be involved di-
rectly in virion morphogenesis, in addition to their role in RNA
synthesis. This would be the first indication of such a function
for a nidovirus nonstructural protein. For poliovirus, however,
convincing genetic data have already implicated the 2C protein
(ATPase and putative helicase) in virion assembly (30, 51). It
is remarkable that the Gln-28373Pro mutation also affects the
production of a presumed viral ATPase/helicase, EAV nsp10
(8). The possible involvement of this protein in virion assembly
may be supported by our recent observation that another
nsp10 mutant, which has a substitution in the putative metal-

FIG. 7. Cleavage sites for the EAV nsp4 SP in the ORF1ab polyprotein. The
five previously described ORF1a protein cleavage sites are listed. An alignment
of the three ORF1b protein cleavage sites (boldfaced) is shown, including se-
quences of the arteriviruses EAV, PRRSV, LDV, and SHFV. For SHFV, only a
partial ORF1b sequence has been published (40). The amino acid numbers refer
to the EAV sequence. Sequences were extracted from the EMBL/GenBank
database (accession no. X53459 [EAV], M96262 [PRRSV], U15146 [LDV], and
U63121 [SHFV]).
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binding region (His-24143Cys), has a phenotype which is sim-
ilar to that of the Q2837P mutant (unpublished data).

The special properties of the Q2837P mutant also became
evident upon passaging of RNA from transfected cells. After
one passage, the Gln3Pro mutation at position 2837 was par-
tially replaced by Glu, the consensus P1 residue for the EAV
SP. Interestingly, we have shown in the present study that a
mutant carrying a single Gln-28373Glu substitution has the
characteristics of the wild-type virus. Thus, an as-yet-uniden-
tified number of second site mutations must be responsible for
the fact that infectious virus is not produced upon Pro-
28373Glu conversion. Furthermore, during a recent, indepen-
dent repeat of this RNA passaging experiment, (pseudo)rever-
sion of the Q2837P mutant to an infectious variant did occur at
a late stage (48 h) of the first RNA passage. However, an
analysis of the Pr0 RNA from this experiment by means of
RT-PCR and sequencing again confirmed the exclusive pres-
ence of Pro at position 2837 during the initial transfection
experiment. Thus, although the outcome of repeated RNA
passaging may vary, these results do not alter our conclusion
that the Q2837P mutation allows a basic level of RNA synthe-
sis and induces an as-yet-unexplained defect in the production
of infectious virus particles.

In summary, we have identified the nsp4 SP as a major factor
in the maturation of the EAV ORF1b protein, which contains
a number of key enzyme activities for EAV replication. Three
probable cleavage sites for the nsp4 SP were determined, and
their processing was found to be essential for virus reproduc-
tion. Like in alphaviruses (29, 39) and picornaviruses (1, 3, 21),
controlled cleavage of nidovirus replicative proteins may result
in activation and/or inhibition of specific nonstructural func-
tions serving the irreversible progression of virus infection.
Future studies should characterize these activities in molecular
terms.
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