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The replicase open reading frame 1b (ORF1b) protein of equine arteritis virus (EAV) is expressed from the
viral genome as an ORF1ab fusion protein (345 kDa) by ribosomal frameshifting. Processing of the ORF1b
polyprotein was predicted to be mediated by the nsp4 serine protease, the main EAV protease. Several putative
cleavage sites for this protease were detected in the ORF1b polyprotein. On the basis of this tentative
processing scheme, peptides were selected to raise rabbit antisera that were used to study the processing of the
EAV replicase ORF1b polyprotein (158 kDa). In immunoprecipitation and immunoblotting experiments,
processing products of 80, 50, 26, and 12 kDa were detected. Of these, the 80-kDa and the 50-kDa proteins
contain the putative viral polymerase and helicase domains, respectively. Together, the four cleavage products
probably cover the entire ORF1b-encoded region of the EAV replicase, thereby representing the first complete
processing scheme of a coronaviruslike ORF1b polyprotein. Pulse-chase analysis revealed that processing of
the ORF1b polyprotein is slow and that several large precursor proteins containing both ORFla- and
ORF1b-encoded regions are generated. The localization of ORF1b-specific proteins in the infected cell was
studied by immunofluorescence. A perinuclear staining was observed, which suggests association with a

membranous compartment.

Equine arteritis virus (EAV) (8) is the prototype of the
arterivirus family (for a review, see reference 27), which also
includes lactate dehydrogenase-elevating virus (15), porcine
reproductive and respiratory syndrome virus (26), and simian
hemorrhagic fever virus (16). The EAV RNA genome is 12.7
kb in length and is of positive polarity. The replicase gene
covers the 5'-terminal three-quarters of the genome and is
composed of two open reading frames, ORFla and ORF1b
(Fig. 1A) (8), that are expressed from the genomic RNA.
ORF1b is expressed by means of a ribosomal frameshifting
mechanism which produces a 345-kDa ORF1ab fusion protein
of 3,175 amino acids. In the context of a reporter gene con-
struct, the in vivo frameshifting efficiency was estimated to be
between 15 and 20% (8).

The EAV replicase is processed extensively by at least three
viral proteases (Fig. 1B). A preliminary processing scheme in
which the 187-kDa ORFla protein (1,727 amino acids) is
cleaved into six major end products, nonstructural proteins 1 to
6 (nsp1 to nsp6), has been published (35). The N-terminal nsp1
contains a papainlike cysteine protease which cleaves the
nspl/2 site (34). The adjacent nsp2 contains a second cysteine
protease activity that cleaves the nsp2/3 site (36). Both the nspl
and nsp2 autoproteases act rapidly and probably exclusively in
cis. The remaining nsp3456 precursor (96 kDa) is processed by
a chymotrypsinlike serine protease (SP). This protease is lo-
cated in nsp4 and was shown to be a representative of the
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relatively unique subgroup of 3C-like serine proteases (37).
The SP cleaves the nsp4/5 site, a step which precedes the
processing of the nsp3/4 and nsp5/6 sites (35, 37). Recently, a
more detailed analysis of the processing of the EAV ORFla
protein has revealed that the nsp5 cleavage product from the
scheme in Fig. 1B can be cleaved internally at three additional
sites (42). Two of these additional cleavages have been attrib-
uted to the nsp4 SP. The protease carrying out the third novel
cleavage within nsp5 remains to be identified (Fig. 1B).

The arterivirus replicase gene and replication strategy are
evolutionarily related to those of coronaviruses and toroviruses
(33). This is illustrated by the presence of a set of homologous
replicase domains, the use of ribosomal frameshifting to ex-
press ORF1b, and the generation of similar nested sets of
mRNAs to express the structural proteins encoded in the 3'-
terminal region of the genome (Fig. 1A). The ORF1b-encoded
part of the replicase contains the domains which are most
conserved between arteriviruses and the members of the two
genera of the coronavirus family, the coronaviruses and the
toroviruses (8, 15, 33). Of these domains (Fig. 1B), the putative
viral polymerase (28) and nucleoside triphosphate-binding/he-
licase motifs (18) are common to all positive-stranded RNA
viruses. A possible metal-binding region (8, 19) is located be-
tween the polymerase and helicase motifs, and a fourth con-
served domain that is unique for coronaviruslike viruses is
found in the C-terminal region of the ORF1b protein (8, 32).
The ORF1b polyprotein can thus be predicted to play a crucial
role in the replication of coronaviruslike viruses, and knowl-
edge about its posttranslational processing will be essential for
its functional analysis.

By using a tentative processing scheme of the ORF1b pro-
tein, which was based on comparative sequence analysis, four
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FIG. 1. Schematic representation of the EAV genome and replicase. (A)
EAYV genome organization and expression. The replicase la and lab polypro-
teins are expressed from the genomic RNA. The filled circle indicates the
ribosomal frameshift site. The structural proteins are expressed from a nested set
of subgenomic mRNAs, RNAs 2 to 7, that contain a common 5’ leader sequence
(filled box). (B) Schematic representation of the replicase ORF1ab polyprotein.
The ORFla-encoded part of the protein is depicted in white. The three previ-
ously identified protease domains (see text) and corresponding cleavage sites
(arrowheads) are shown. The arrow represents a cleavage by an as yet uniden-
tified protease. The ORFla-encoded cleavage products nspl to nsp6 (35) are
indicated. The ORF1b-encoded part of the protein is shaded, and the locations
of conserved domains (8) are shown. Amino acid (aa) numbers are indicated at
the bottom. Abbreviations: PCP, papainlike cysteine protease; CP, cysteine pro-
tease; POL, putative polymerase domain; M, putative metal-binding region;
HEL, putative helicase domain; C, conserved C-terminal domain.

ORF1b-specific peptide antisera have been raised. Using these
tools, we have now been able to identify a set of cleavage
products derived from the ORF1b-encoded part of the arteri-
virus replicase. Pulse-chase experiments revealed that cleavage
of the EAV ORF1b polyprotein is extremely slow and yields
many large processing intermediates. However, four end prod-
ucts of 80, 50, 26, and 12 kDa, which probably cover the en-
tire ORF1b polypeptide, were detected. Immunofluorescence
studies revealed that the ORF1b-encoded replicase proteins
are located in the perinuclear region of the EAV-infected cell,
where they are probably associated with a membranous com-
partment.

MATERIALS AND METHODS

Cells and virus. Baby hamster kidney (BHK-21) and rabbit kidney (RK-13)
cells were used for propagation of the EAV Bucyrus strain (11) as described by
de Vries et al. (9). EAV-infected Vero (African green monkey kidney), BHK-21,
and RK-13 cells were used for immunofluorescence assays.

Preparation of antigens. The ORF1b-encoded amino acids of the EAV rep-
licase will be indicated by their positions in the ORF1ab fusion protein (residues
1728 to 3175). Four EAV ORF1b protein-specific peptides (B1, B2, B3, and B4
[Table 1]) were synthesized and coupled to bovine serum albumin (BSA) as
described by Snijder et al. (35). Each synthetic peptide was used to immunize two
rabbits as described before (35). Rabbits were boosted repeatedly by using
BSA-coupled or free peptide, after which they were bled. These final bleeds will
be referred to as antisera aBl1, aB2, aB3, and aB4, which were used in all
experiments described in this report. The preimmune sera and antisera were
tested in immunoprecipitation (Fig. 3) and immunoblotting (Fig. 4) analyses
using lysates of EAV-infected and mock-infected RK-13 cells.

Radioactive labeling of EAV nonstructural proteins. RK-13 cells were infected
with EAV (multiplicity of infection of 50) or were mock infected as described by
de Vries et al. (9). Subsequently, they were incubated at 39.5°C and starved in
medium without methionine and cysteine for 15 min prior to labeling. Proteins
were labeled from 6 to 9 h postinfection (p.i.) with 200 uCi of [**S]methionine
and 80 pCi of [*S]cysteine (Tran®>S-label; ICN Biomedicals Inc.) per ml of
medium. For the immunoprecipitation experiment using the aB3 and the B4
sera, 200 p.Ci of [**S]cysteine (ICN Biomedicals) per ml of cysteine-free medium
was used. For pulse-chase experiments, proteins were labeled at 8 h p.i., using a
30-min pulse with 1 mCi of [*>S]methionine and 400 p.Ci of [**S]cysteine per ml
of medium. Following the pulse, cells were washed twice with phosphate-buff-
ered saline (PBS) and incubated in medium containing 2 mM each unlabeled
methionine and cysteine.
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Immunoprecipitation, SDS-PAGE, and Western blotting (immunoblotting).
Cells were lysed as described by de Vries et al. (9) in lysis buffer containing the
protease inhibitors phenylmethylsulfonyl fluoride (400 uM) and leupeptin (10
wM). The methods for immunoprecipitation, sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), fluorography, and Western blotting
were described previously (35).

Immunofluorescence assay. Vero, RK-13, and BHK-21 cells were grown on
coverslips, infected with EAV (multiplicity of infection of approximately 1), and
incubated at 39.5°C. Cells were fixed with 3% paraformaldehyde in PBS and
washed with 10 mM glycine in PBS. Following permeabilization with 0.1% Triton
X-100, indirect immunofluorescence assays were carried out with the aB1, aB2,
B3, or aB4 antiserum at a 1:100 dilution in PBS containing 5% fetal calf serum
to reduce background fluorescence. A Cy3-conjugated donkey anti-rabbit immu-
noglobulin G (1:800 dilution; Jackson ImmunoResearch Laboratories) was used
as the secondary antibody.

Fluorescence microscopy. Confocal fluorescence microscopy was performed
with the confocal scanning laser beam microscope developed at the European
Molecular Biology Laboratory, Heidelberg, Germany (38). The 529-nm laser line
of an argon ion laser (Spectra-Physics), an Axiophot microscope (Zeiss), and a
100X Plan-neofluar objective (Zeiss) were used for imaging. The laser power,
photomultiplier sensitivity, and number of averages (usually 32) were adjusted to
generate images with sufficient contrast. Computer-stored images were recorded
on Kodak TMX-100 film by using a freeze-frame camera.

RESULTS

Tentative ORF1b protein processing scheme and selection
of peptides. Antisera raised against synthetic peptides were
used as a sensitive tool to study the proteolytic processing of
the EAV replicase ORF1b protein in infected cells. A tentative
processing scheme for the ORF1b protein was generated. To
this end, the primary structures of the ORF1b polyproteins of
the related arteri-, corona-, and toroviruses (see the introduc-
tion) were compared. Details of this analysis will be presented
elsewhere. These polyproteins are assumed to be related by
common ancestry (8, 15, 33) and share the same organization
of conserved domains. They have been predicted to be cleaved
by the 3C-like protease encoded by ORFla (15, 19, 21, 33).
Three conserved potential cleavage sites for the EAV nsp4 SP
were identified in the ORF1b protein sequence (Fig. 2), which
were not identical to those previously predicted by Godeny et
al. (15). By using the PHD program (29, 30), the secondary
structure and water-accessible areas were predicted for the
four cleavage products that were expected to be generated
upon processing of the EAV ORF1b polyprotein. Peptides
from potentially water-accessible and disordered areas were
selected to raise the antibodies used in this study (Fig. 3B and
Table 1). Peptide B1 represented the first 23 ORF1b-encoded
residues of the ORFlab polyprotein, encoded immediately
downstream of the ORF1a/1b frameshift site. Peptides B2 and
B3 were derived from the regions on either side of the pre-
dicted cleavage site downstream of the helicase domain (Glu-
2837 | Lys-2838). Peptide B4 represented replicase sequences
from the C-terminal region of the ORF1b protein.

Production of ORF1b protein-specific rabbit antisera. Syn-
thetic peptides (Table 1) were coupled to BSA and used to

TABLE 1. Overview of the antigens used to raise
EAV ORF1b-specific antisera

Anti- Position in Amino acid sequence
Serum “ the ORFlab X

gen . of the antigen

protein

as? FP 1508-1727 RDAAR-212 amino acids-VNQLN
aB1 P 1728-1750 LRAPHIFPGDVGRRTFADSKDKG
aB2 P 2812-2827 YTHVPIKDGVIHSYPN
aB3 P 2875-2889 VVSNDRYPNCLQITL
oB4 P 3108-3125 EWALSTEPPPAGYAIVRR

“ FP, bacterial glutathione S-transferase fusion protein; P, synthetic peptide.
b Described previously by Snijder et al. (35).
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FIG. 2. Cleavage sites for the EAV 3C-like nsp4 protease in the ORFlab
polyprotein. The five previously described (37, 42) ORF1a protein cleavage sites
are listed. Also shown is an alignment of the most probable cleavage sites in the
ORF1b protein sequences of the arteriviruses EAV, porcine reproductive and
respiratory syndrome virus (PRRSV), and lactate dehydrogenase-elevating virus
(LDV). Sequences were extracted from the EMBL/GenBank database (acces-
sion numbers X53549, M96262, and U15146, respectively).

raise rabbit antisera directed against the ORF1b polyprotein.
Each antigen was injected into two rabbits. For peptides B1,
B2, and B4, the antisera obtained from the two different rab-
bits that had been immunized with the same antigen produced
identical results. However, the signal/noise ratio varied de-
pending on the serum and assay used. For peptide B3, only one
of the two injected rabbits produced an ORF1b protein-spe-
cific antiserum. The EAV-specific proteins recognized by the
antisera are discussed below.

The antisera were tested in immunoprecipitation (Fig. 3A)
and Western blot (Fig. 4) analyses using EAV-infected RK-13
cell lysates and the conditions previously used for the analysis
of the ORF1a protein processing (35). In both assays, preim-
munization sera and uninfected cell lysates were used as neg-
ative controls. The previously described ORFla protein-spe-
cific a5 serum (35) was used as a positive control. The most
prominent bands recognized by this serum are nsp5 and the
nsp3456 and nsp56 processing intermediates (Fig. 3A). Fur-
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thermore, under the mildly denaturing conditions used in this
assay, the antiserum coimmunoprecipitates nsp2 (61 kDa), a
property which is attributed to a previously described interac-
tion between nsp2 and precursor proteins containing the nsp3
region (35).

Detection of ORF1b-encoded cleavage products. The pro-
teins recognized by the ORF1b-specific antisera were analyzed
in immunoprecipitation using cell lysates from a 6- to 9-h p.i.
interval labeling (Fig. 3A). Furthermore, they were tested in
Western blot analysis (Fig. 4) using unlabeled 9-h p.i. cell
lysates. In both assays, each of the antisera recognized one
protein that was not detected by any of the other sera. These
cleavage products will be discussed in order of the position of
the peptides in the ORF1b polyprotein sequence (Table 1). A
number of precursor proteins that were recognized by multiple
sera used for the experiments shown in Fig. 3A and 4 are
discussed below.

The aB1 serum recognized an approximately 80-kDa pro-
tein, p80 (Fig. 3A and 4). Only in Western blot analysis (Fig.
4), this serum detected additional proteins of approximately
49, 47, and 30 kDa. Sera aB2, aB3, and aB4 recognized prod-
ucts of 50 kDa (p50), 26 kDa (p26), and 12 kDa (p12), respec-
tively (Fig. 3A and 4). With the ORFla protein-specific a5
serum, the proteins described above were not detected and
were therefore concluded to be ORF1b encoded. The detec-
tion of a 61-kDa product after immunoprecipitation (Fig. 3A)
was explained as coprecipitation of nsp2 by all ORF1b protein-
specific antisera (see Discussion), a property previously described
for a number of ORF1a protein-specific sera as well (35).

The tentative position in the ORF1b polyprotein of the
products described above is indicated in Fig. 3B. Protein p80,
which was recognized by serum aB1 but not by serum a5, was
assumed to extend approximately 80 kDa into the ORF1b
polyprotein and should therefore contain the putative poly-
merase domain (see also Discussion). In the C-terminal half of
the ORF1b protein, the B2 and B3 peptides are separated by
a segment of only 47 amino acid residues which contains one of
the predicted cleavage sites (Fig. 2). Thus, it was not unex-
pected that the aB2 and aB3 sera each recognized a product
(p50 and p26, respectively) that was not recognized by the
other serum. Logically, most of the 50-kDa protein had to be
derived from the region upstream of the B2 peptide. This
product was therefore concluded to contain the putative heli-
case domain and is likely to be adjacent to p80 (Fig. 3B).
Likewise, most of p26 had to be derived from the region
downstream of the B3 peptide, and this product was assumed
to adjoin p50. Finally, the 12-kDa protein, detected by the aB4
serum, was concluded to be the most C-terminal cleavage
product of the ORF1b polyprotein (Fig. 3B). The origin of the
49-, 47-, and 30-kDa proteins recognized in immunoblotting by
the aB1 serum remains unclear. These proteins were not rec-
ognized by the aB1 serum in immunoprecipitation.

Detection of ORF1ab-encoded precursor proteins. In immu-
noprecipitation (Fig. 3A) and immunoblot (Fig. 4) analyses,
several precursor proteins were detected. The largest, of ap-
proximately 210 kDa (p210), was recognized by the four
ORF1b protein-specific sera and by serum a5. The most prom-
inent precursor protein in Fig. 3A, of about 190 kDa (p190),
was recognized by the same set of antisera. In view of the
coding capacity of ORF1b (158 kDa) and the recognition of
these proteins by the a5 serum, it was concluded that these
products contained the full-length ORF1b protein and a part
of the ORF1a protein (see Discussion). Several minor precur-
sor proteins, migrating just below p190, were assumed to be
ORFlab-encoded processing intermediates that were lacking
either the C-terminal region of the ORF1b polyprotein or a
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FIG. 3. (A) Immunoprecipitation analysis of EAV-infected and mock-infected RK-13 cell lysates, using the aB1, aB2, aB3, and aB4 sera. The positions of the
molecular mass markers used during SDS-PAGE and of several EAV-specific proteins (see text) are indicated. The ORF1a protein-specific a5 serum was included as
a positive control. For the o5 lanes, the autoradiographs were exposed for 10-times-shorter periods of time. Abbreviations: P, preimmune serum used on EAV-infected
cell lysate; V, immune serum used on EAV-infected cell lysate; M, immune serum used on mock-infected cell lysate. (B) Provisional map of the ORF1b protein-specific
cleavage products. The locations of the protein sequences used to raise the aB1, aB2, aB3, aB4, and o5 antisera are depicted. The white arrowheads indicate the
putative cleavage sites in the ORF1b protein (Fig. 2), and the numbers of their P1 residues are given. The black arrowhead indicates the most C-terminal cleavage site
in the ORF1la-encoded region of the ORF1lab polyprotein. For each of the newly detected cleavage products, the N- and C-terminal borders of the region from which
they could originate are indicated. These boundaries were based on the estimated size (SDS-PAGE) of the proteins and the locations of the peptides used to raise the

antisera with which the proteins were detected.

part of the ORFla-encoded domain at their N termini (see
Discussion). A protein of approximately 38 kDa (p38) was
recognized by only two of the antisera, «B3 and aB4 (Fig. 3A
and 4). This protein was therefore concluded to be a precursor
of p26 and p12.

Pulse-chase analysis of ORF1ab polyprotein processing. To
study the kinetics of ORF1lab polyprotein processing and to
analyze precursor-product relationships, pulse-chase experi-
ments were carried out with two of the ORF1b-specific sera.
EAV-infected cells were pulse-labeled for 30 min at 8 h p.i.
Subsequently, the labeled proteins were chased for up to 4 h
and immunoprecipitated with sera aB1 and oB2 (Fig. 5B and
C). The ORF1a protein-specific a5 serum was used to analyze
ORF1lab-encoded precursor proteins (Fig. SA).

Directly after the pulse-labeling, the p80 cleavage product
was present (Fig. 5B). With time, the amount of p80 increased,
and this increase coincided with the processing of precursor
proteins migrating in the top of the gel (see below). Similar
results were obtained with serum aB2 (Fig. 5C), although p50
was first observed at a later time point (1 h postpulse) than p80.
Furthermore, small amounts of several products migrating be-
tween 40 and 47 kDa were precipitated by both the aB1 and
aB2 sera (Fig. 5). This was attributed to coimmunoprecipita-
tion of the ORFla-encoded proteins nsp34, nsp56, and nsp5
(35). For p26 and p12, a pulse-chase analysis was not feasible
because of the low incorporation of radioactivity.

After the pulse-labeling, most of the label was present in the
largest precursor protein, p210. The amount of p210 first in-
creased slightly and then slowly decreased, although it was still
detectable after a 4-h chase period. The most abundant pre-

cursor band in Fig. 3A and 4, p190, turned out to be a doublet.
Both p190 and the slightly smaller one, p180, were detected
directly after the pulse. Their quantities first increased some-
what before decreasing slowly again (Fig. 5). Furthermore, we
observed several precursor proteins that had not been detected
in previous experiments (Fig. 3A and 4). The largest of these
proteins, approximately 130 kDa (p130), was recognized by
both the aB1 and aB2 sera (Fig. 5B and C). It was first ob-
served after a 1-h chase period, and in view of its size, it was
assumed to be a precursor of p80 and p50. A protein of ap-
proximately 120 kDa (p120) was observed with the «5 and
aBl sera (Fig. SA and B) and was assumed to be a precur-
sor protein containing nsp5 (41 kDa) and p80. Finally, a pro-
tein of approximately 90 kDa (p90 [Fig. 5C]) was detected
directly after the pulse with the aB2 serum. We consider this
product a potential precursor of the p50, p26, and p12 prod-
ucts.

Intracellular localization of ORF1b-encoded proteins. The
intracellular localization of proteins containing the aB1 and
aB2 epitopes was studied by confocal immunofluorescence
microscopy. Three different cell lines, Vero, RK-13, and BHK-
21, were used for this analysis, and the results obtained with
two of them are shown in Fig. 6. For all three cell lines, the
results obtained with the aB1 and aB2 sera were identical. A
time course experiment showed that the first traces of ORF1b-
encoded proteins could be detected at 4 h p.. (data not
shown). At 10 h p.., a strong, somewhat punctate labeling of
the perinuclear region in Vero cells (Fig. 6A and B) was ob-
served, usually slightly polarized on one side of the nucleus. In
EAV-infected RK-13 cells, this polarization of the signal was
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FIG. 4. Immunoblot analysis of EAV-infected and mock-infected RK-13 cell
lysates, using the aB1, aB2, aB3, and aB4 sera. The ORF1a protein-specific a5
serum was included as a positive control. The positions of the molecular mass
markers used during SDS-PAGE and of several EAV-specific proteins (see text)
are indicated. Abbreviations are as for Fig. 3.

much more pronounced (Fig. 6C and D). In BHK-21 cells,
relatively small but strongly labeled areas were seen on either
side of the nucleus (data not shown). The observed pattern
suggests that the ORF1b-encoded proteins are associated with
a membranous compartment of the host cell, most likely
the endoplasmic reticulum and/or intermediate compartment.
The use of the aB3 serum gave rise to a nonspecific pattern
throughout the cell (data not shown). A faint but specific
signal, identical to that observed with the aB1 and oB2 sera,
was obtained when we used the B4 serum on EAV-infected
RK-13 cells (data not shown).

DISCUSSION

Provisional map of mature processing products encoded by
ORF1b. Studies on the proteolytic cleavage of the EAV rep-
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licase have revealed many features of the ORF1la polyprotein
(35-37). In contrast, experimental data on the processing of
the ORF1ab replicase protein were completely lacking. Using
a tentative processing scheme and four novel antisera, we have
now detected a set of processing end products that, in princi-
ple, covers the entire ORF1b-encoded region of the EAV
replicase. The tentative position of p80, p50, p26, and pl2 in
the ORF1b polyprotein (Fig. 3B) was deduced from their es-
timated sizes and from the fact that each of these products
reacted with only one of the four ORF1b protein-specific an-
tisera. The provisional map, presented in Fig. 3B, was later
supported by the sizes of a number of processing intermediates
and by their reactivity with the various antisera (Fig. 5). Fur-
thermore, the location of the predicted cleavage sites in the
ORF1b protein (Fig. 2) is in agreement with the processing
scheme presented in Fig. 3B and 7. Although only three can-
didate cleavage sites were identified and the sizes of the four
processing end products add up to the approximate coding
capacity of ORF1b, we cannot formally exclude the existence
of additional, small cleavage products. The latter could be
derived from parts of the polyprotein that are located between
the four cleavage products described in this report.

As expected, processing of the ORF1b-encoded part of the
EAYV replicase does not occur within the well-defined con-
served domains of the protein (Fig. 7) (8). Furthermore, the
processing scheme of the EAV ORF1a protein (35) appears to
apply to the ORFla-encoded part of the ORF1lab frameshift
protein as well. The nsp5/6 junction (between Glu-1677 and
Gly-1678) (37) is assumed to be the most C-terminal cleavage
site in the ORFla protein. When the ORFlab protein is
cleaved at this site, products that are largely ORF1b encoded
but contain the 50 most C-terminal residues of the ORFla
protein at their N termini will be generated. We assume that
p80 and the p130 intermediate, which were detected with the
aB1 serum, fall into this category (Fig. 7). In principle, these
products could have been recognized by the a5 serum that was
raised by using the C-terminal 220 amino acids of the ORFla
protein (35). The fact that this was not the case indicates that
the major epitopes recognized by this serum are not located in
the C-terminal 50 residues of the ORFla protein. Assuming
that Gly-1678 indeed is the N-terminal residue of p80, its size
nicely fits into a processing scheme in which the p80 C termi-
nus is generated by a cleavage between Glu-2370 and Ser-2371
(Fig. 2 and 3B).

Theoretically, pS0 could occupy any position in the ORF1b
protein that includes the B2 peptide (residues 2812 to 2827).
However, p50 was not recognized by serum aB3, which was
raised by using a sequence just downstream of the B2 peptide.
The latter is therefore located close to the C terminus of p50.
The p50 N terminus is located upstream of the helicase domain
and is likely to be generated by the same cleavage that gener-
ates the C terminus of p80 (Fig. 3B). The region of the repli-
case downstream of p50 yields two small cleavage products,
p26 and p12. Furthermore, a relatively abundant precursor of
38 kDa (p38) was observed (Fig. 3A and 7). Both this precursor
and p26 contain the conserved C-terminal domain of unknown
function that is specific for arteri-, corona-, and toroviruses.

Proteolytic cleavage of the ORF1ab polyprotein is slow and
yields many processing intermediates. Our previous pulse-
chase analysis of ORF1la protein processing (35) revealed that
proteolysis of the nspl/2 site was complete within a 15-min
pulse-labeling period and that the liberation of nsp2 was only
marginally slower. Subsequently, the nsp4/5 site in the nsp3456
precursor was cleaved at an intermediate rate. The nsp3/4 and
nsp5/6 junctions were processed very slowly, and these cleav-
ages were far from complete after a 3-h chase period. Thus, it
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FIG. 5. Pulse-chase analysis of EAV ORF1ab protein processing. EAV- or mock-infected RK-13 cells were pulse-labeled for 30 min, and the label was chased for
the various times indicated. (A) Immunoprecipitation using the ORF1a protein-specific a5 serum. Only the high-molecular-weight region of the gel is shown. (B and
C) Immunoprecipitation analyses of the same samples used for panel A, using the aB1 and aB2 sera, respectively. The upper panel shows a short exposure of the

high-molecular-weight region of the gel shown in the lower part.

could be predicted that ribosomal frameshifting and ORF1b
translation (158 kDa) would yield extended versions of three
polypeptides that contain the C terminus of the ORFla pro-
tein: nsp3456, nsp56, and nsp6 (Fig. 7).

On the basis of its size and the results of pulse-chase exper-
iments (Fig. 5), the p210 precursor most likely represents
nsp3456 extended with the full-length ORF1b polyprotein
(Fig. 7). There is a substantial difference between the calcu-
lated size of this product (255 kDa, starting at Gly-832) (37)
and its estimated size derived from SDS-PAGE. Of course, a
certain inaccuracy is inherent to estimating protein sizes from
gel. However, it should be noticed that parts of the C-terminal
half of the ORF1la protein are known to induce aberrant mi-
gration during SDS-PAGE (35, 37), which is exemplified by the
migration of nsp3456 (estimated size, 70 kDa; calculated size,
96 kDa) in the gel shown in Fig. 3 (serum «5).

On the basis of our knowledge of ORF1a protein processing,
the largest of the remaining set of precursor proteins, p190,
most likely represents nsp56 extended with the full-length
ORF1b protein sequence (Fig. 7) (35). A number of the less
abundant precursors migrating just below p190, including p180
(Fig. 3A and 5), are likely to be generated by the additional
processing of the C-terminal region of the ORFla and
ORF1ab proteins (37, 42). In view of the uncertainty about the
exact number and locations of cleavage sites, we have, for the
moment, refrained from numbering the ORF1b protein-de-
rived cleavage products. The generation of a number of
smaller processing intermediates (p130, p120, p90, and p38)

could be explained by cleavages at the same three sites that
yield the four ORF1b-encoded end products (Fig. 7).

Our pulse-chase analysis (Fig. 5) revealed that processing of
the ORF1b polypeptide is slow and thus resembles the cleav-
age of some of the sites in the ORF1a protein (35). Moreover,
the cleavages in the ORF1b protein do not appear to take
place in a specific order. As a result, many processing inter-
mediates arise, and several proteins containing one or more
conserved domains are present in infected cells (Fig. 7). In
view of the results obtained with other viral systems (20, 31, 39,
43), it is possible that these differentially processed replicase
subunits fulfill different roles in the viral life cycle. Thus, pro-
teolytic cleavages may either activate or inactivate specific
functions during viral replication and transcription.

Proteolytic processing of the coronaviruslike replicase. The
replicases of arteriviruses and coronaviruses contain a number
of conserved domains, the presence of which formed the basis
for the proposal of a coronaviruslike superfamily (8, 33). De-
spite the approximately twofold size difference between the
replicase polyproteins of coronaviruses and arteriviruses, the
similarities in replicase organization and expression are obvi-
ous: the order of the conserved domains is identical, and both
virus groups utilize ribosomal frameshifting and extensive pro-
teolytic processing during replicase expression. Most of the
conserved domains are located in the ORF1b-encoded part of
the replicase. The best-conserved domain in the ORF1a pro-
tein is a 3C-like protease, which is thought to be the main
protease involved in replicase processing (33). Despite the fact
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FIG. 6. Confocal immunofluorescence analysis of EAV-infected Vero (A and B) and RK-13 (C and D) cells. Labeling was carried out with the aB1 (A and C) or

aB2 (B and D) serum. The bar represents approximately 22 wm.

that the principal catalytic residue of this 3C-like protease is
Cys in coronaviruses and Ser in arteriviruses, it is likely that
these proteolytic functions are related by common ancestry
(37). The cleavage site specificity of both enzymes has recently
been shown to be similar to that of the prototype 3C-like
enzymes, the picornavirus 3C Cys proteases (for a review, see
reference 12). The coronavirus 3C-like Cys protease can cleave
at Gln | Ala/Ser/Gly dipeptides (23, 24, 44), a finding which
is consistent with previous cleavage site predictions (13, 17,
21). Evidence that the EAV nsp4 3C-like Ser protease cleaves
five Glu | Gly/Ser/Ala junctions in the C-terminal half of the

ORF1a protein has recently been obtained (Fig. 1 and 2) (37,
42). Conserved amino acid residues in the substrate-binding
region of 3C-like proteases are thought to determine their
specificity for cleavage sites with Gln or Glu at the P1 position
(25, 37).

No putative protease domains have been detected in the
ORF1b polyproteins of arteriviruses and coronaviruses. For
infectious bronchitis virus, the prototype coronavirus, a largely
ORF1b-encoded 100-kDa polypeptide that contains the puta-
tive viral polymerase domain has been identified (22). It was
shown that this product probably results from cleavages carried
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FIG. 7. Tentative processing scheme for the EAV ORF1ab polyprotein. See
the legend to Fig. 1 for symbols and abbreviations. The arrowheads with question
marks indicate putative cleavage sites (see text), and the numbers of their P1
residues are given. The locations of three cleavage products that contain the
ORFla C terminus (nsp3456, nsp56, and nsp6) are indicated. The putative
positions in the lab polyprotein of the processing products identified by using the
aB1, aB2, aB3, and aB4 sera are shown. Below the dotted line, the putative
positions of several ORFlab-encoded processing intermediates are indicated.

out by the 3C-like Cys protease. Two potential Gln | Ser
cleavage sites were identified just upstream of the ORF1a/1b
frameshift region and downstream of the putative polymerase
domain (22, 23). Its presumed location in the infectious bron-
chitis virus replicase implies that this 100-kDa coronavirus
cleavage product is the equivalent of the EAV p80 protein
described in this report. Furthermore, preliminary results from
coexpression of the wild-type and inactivated EAV nsp4 pro-
tease and the ORF1b polyprotein have confirmed that also in
arteriviruses, the 3C-like protease is responsible for processing
of the ORF1b polyprotein (41).

The information summarized above enabled us to use com-
parative sequence analysis (Fig. 2) to generate a tentative pro-
cessing scheme for the EAV ORF1b protein, which contains
three putative cleavage sites for the nsp4 SP. This model was
subsequently used to select peptides to raise antibodies against
ORF1b-encoded cleavage products. The four processing end
products that were described in this report fit perfectly into the
tentative processing scheme (Fig. 7). The candidate cleavage
sites are currently being tested by site-directed mutagenesis
and expression of cDNA constructs. Our predictions imply that
the total number of cleavages in the EAV replicase is (at least)
11 and that 8 of these processing steps are carried out by the
3C-like SP in nsp4.

Localization of the EAV replicase complex. The subcellular
localization of ORF1b-encoded proteins was studied by con-
focal immunofluorescence microscopy using the aB1 and aB2
sera (Fig. 6). The observed perinuclear signal suggests that
proteins containing the putative viral polymerase and helicase
domains (precursors, end products, or both) are associated
with a membranous compartment, most likely (parts of) the
endoplasmic reticulum or intermediate compartment. Since
the proteins recognized by the aB1 and aB2 sera are likely to
play a key role in viral replication and transcription, we predict
that their localization is identical to that of the viral replication
complex in the infected cell.

The replication complexes of many animal and plant posi-
tive-stranded RNA viruses have been shown to be membrane
associated (2, 5, 7, 14), but information on coronaviruslike
viruses was lacking thus far. Different intracellular membranes
are used and modified by different viruses, probably to gener-
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ate a structural scaffold for the formation of the replication
complex. Furthermore, membrane association may create a
protective microenvironment that facilitates the various repli-
cative processes that have to be carried out by viral nonstruc-
tural proteins. A particularly well studied replication complex
is that of the picornavirus poliovirus (1, 3, 4, 6, 10). Poliovirus
infection stimulates lipid synthesis and induces the accumula-
tion of virus-specific vesicles that carry the replication complex.
Various subunits of the poliovirus polyprotein have been
shown to interact with membranes. When these proteins are
expressed independently, they can induce vesicle formation
and can severely affect membrane trafficking in the host cell.

Computer analysis of the ORF1b-encoded polyproteins of
arteriviruses and coronaviruses did not predict any transmem-
brane hydrophobic domains. However, such domains are
present in several of their ORFla-derived cleavage products.
In the case of EAV, they are found in nsp2 and in nsp3 and
nspS, on either side of the 3C-like nsp4 protease domain (35).
Interestingly, similar hydrophobic regions flank the 3C-like
protease domain of coronaviruses. With EAV ORF1a-specific
antisera, an immunofluorescence pattern identical to the signal
obtained with the new ORF1b-specific sera is obtained (Fig. 6)
(40). This finding implies that most replicase cleavage products
assemble into a large complex that is probably anchored in the
membrane through the hydrophobic regions in the ORF1la pro-
tein. Furthermore, coimmunoprecipitation of several ORFla-
derived (nsp2, nsp34, nsp56, and nsp5 [Fig. 5]) proteins by the
ORF1b protein-specific sera indicates formation of complexes
containing ORF1a- and ORF1b-derived proteins. Experiments
to characterize the EAV replication complex in more detail
and to analyze the role of individual cleavage products are in
progress.
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