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Among the functions of the replicase of equine arteritis virus (EAV; family Arteriviridae, order Nidovirales)
are important viral enzyme activities such as proteases and the putative RNA polymerase and RNA helicase
functions. The replicase is expressed in the form of two polyproteins (open reading frame 1a [ORF1a] and
ORF1ab), which are processed into 12 nonstructural proteins by three viral proteases. In immunofluorescence
assays, the majority of these cleavage products localized to the perinuclear region of the cell. A dense granular
and vesicular staining was observed, which strongly suggested membrane association. By using confocal
microscopy and double-label immunofluorescence, the distribution of the EAV replicase was shown to overlap
with that of PDI, a resident protein of the endoplasmic reticulum and intermediate compartment. An in situ
labeling of nascent viral RNA with bromo-UTP demonstrated that the membrane-bound complex in which the
replicase subunits accumulate is indeed the site of viral RNA synthesis. A number of ORF1a-encoded hydro-
phobic domains were postulated to be involved in the membrane association of the arterivirus replication
complex. By using various biochemical methods (Triton X-114 extraction, membrane purification, and sodium
carbonate treatment), replicase subunits containing these domains were shown to behave as integral mem-
brane proteins and to be membrane associated in infected cells. Thus, contribution to the formation of a
membrane-bound scaffold for the viral replication-transcription complex appears to be an important novel
function for the arterivirus ORF1a replicase polyprotein.

Equine arteritis virus (EAV) (13) is the prototype of the
Arteriviridae, a recently established family of positive-strand
RNA viruses (for reviews, see references 27 and 35) which also
includes lactate dehydrogenase-elevating virus, porcine repro-
ductive and respiratory syndrome virus, and simian hemor-
rhagic fever virus. The gene encoding the arterivirus replicase
(or nonstructural proteins [nsps]) is related to that of corona-
viruses (9, 36), and the two virus families have recently been
united in a new order, the Nidovirales (6). Despite a consider-
able size difference, the common ancestry of the arterivirus and
coronavirus replicases is evident from the presence of an array
of conserved domains and from the use of identical genome
replication and expression strategies, including the discontin-
uous transcription of a nested set of subgenomic mRNAs to
express the genes in the 39 end of the genome (6, 12, 36).

The EAV replicase gene covers the 59-terminal three-quar-
ters of the 12.7-kb genome (9) and is composed of two open
reading frames (ORFs), ORF1a and ORF1b, which are both
expressed from the genomic RNA. The replicase ORFs encode
two multidomain precursor proteins: the 1,727-amino-acid
ORF1a protein (187 kDa) and the 3,175-amino-acid ORF1ab
protein (345 kDa). The latter is produced by means of a ribo-
somal frameshift in the ORF1a/ORF1b overlap region, which
occurs with an estimated efficiency of between 15 and 20%
during genome RNA translation (9). The EAV ORF1a and
ORF1ab polypeptides are processed extensively by three
ORF1a-encoded proteases (38, 40, 41). Our current under-
standing of EAV replicase processing is summarized in Fig. 1.
The ORF1a protein can be cleaved at seven sites (39, 41, 52),
yielding eight processing end products (named nsp1 to nsp8)

and a number of processing intermediates. The N-terminal
nsp1 contains a papainlike cysteine protease, which cleaves the
nsp1/2 site (38). Likewise, nsp2 is generated by an autoproteo-
lytic event that is carried out by a second cysteine protease,
which is located in the N-terminal domain of nsp2 (40). The
remaining nsp3–8 precursor (96 kDa) can be processed at five
sites by the nsp4 chymotrypsinlike serine protease (SP) (41,
52). Cleavage of the nsp4/5 junction in nsp3–8 requires asso-
ciation of this processing intermediate with cleaved nsp2,
which acts as a cofactor (52). As a result, two different path-
ways are used to process the C-terminal half of the ORF1a
protein: a major pathway leading to cleavage of the nsp4/5 site
(upon association of nsp2 and nsp3–8), and a minor pathway in
which the nsp4/5 site remains uncleaved and the nsp5/6 and
nsp6/7 sites are processed instead.

The ORF1b-encoded part of the EAV replicase is assumed
to contain functions essential for viral RNA replication and
mRNA transcription (9, 47). Its processing by the nsp4 SP
yields a set of cleavage intermediates and four end products
(nsp9 to nsp12), including those that carry the putative viral
RNA polymerase (nsp9) and helicase (nsp10) activities (48,
49). Immunofluorescence studies revealed that nsp9 and nsp10
localize to the perinuclear region of EAV-infected cells, where
they are probably associated with intracellular membranes
(49). However, an analysis of the ORF1b-encoded part of the
replicase does not reveal domains of significant hydrophobicity
(Fig. 1). Remarkably, such domains are present in a number of
ORF1a-derived cleavage products, in particular nsp2, nsp3,
and nsp5 (39, 52). This suggests that these replicase subunits
may mediate the membrane association of a replication com-
plex which also includes ORF1b-encoded proteins. To study
the putative role of the hydrophobic ORF1a-encoded subunits
in the membrane association of the EAV replication complex,
we have analyzed their subcellular localization by using immu-
nofluorescence assays and biochemical analyses. Our results
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show that a number of ORF1a-encoded replicase subunits
behave as integral membrane proteins and that they are part of
a membrane-bound complex that is involved in viral RNA
synthesis.

MATERIALS AND METHODS

Cells, virus, and antisera. Baby hamster kidney (BHK-21), rabbit kidney
(RK-13), and African green monkey kidney (Vero) cells were used for infection
experiments with the EAV Bucyrus strain (13) by the method described by de
Vries et al. (11). The EAV replicase-specific rabbit antisera used in this study
have been described previously (39, 49). Due to the recent revision of the EAV
nsp nomenclature (52), the names of some antisera have been adapted to cor-
respond to the number of the cleavage products which they recognize. Thus, the
anti-nsp5 (39), anti-B1, and anti-B2 sera (49) are now referred to as anti-nsp7–8,
anti-nsp9, and anti-nsp10, respectively. As before, the anti-nsp4 serum is a 1:1
mixture of the anti-4C and anti-4M peptide antisera (39). Mouse monoclonal
antibodies (MAbs) were used to visualize the localization of the EAV ORF5-
encoded glycoprotein GL (MAb 93B [18]) and the cellular enzyme protein
disulfide isomerase (PDI; MAb 1D3 [50]). A rat MAb (BU1/75 [ICR1]; Harlan
Sera-Lab Ltd., Loughborough, England) raised against bromodeoxyuridine
(BrdU) was used to detect viral RNA that had been metabolically labeled with
bromo-UTP (BrUTP) (see below).

BrUTP labeling. The newly synthesized viral RNA in EAV-infected RK-13 or
BHK cells (infected with a multiplicity of infection of 10 to 20) was labeled from
6.5 to 7.5 h postinfection (p.i.) with 10 mM BrUTP (Sigma). At 30 min before
labeling, 10 mg of dactinomycin (Sigma) per ml was added to the medium to shut
down host cell mRNA transcription. BrUTP was introduced into the cells by
using cationic liposomes (Lipofectin; Life Technologies) and the manufacturer’s
method for transfection of plasmid DNA. Briefly, Lipofectin and BrUTP (a
freshly prepared 400 mM stock solution) were mixed in a small volume of
serum-free medium and incubated for 15 min at room temperature. Subse-
quently, the mixture was diluted fivefold in medium containing 1% fetal calf
serum and 10 mg of dactinomycin per ml and added to infected cells.

Immunofluorescence assays. Cells were grown on coverslips, infected with
EAV, and incubated at 39.5°C. The cells were fixed with 3% paraformaldehyde
in phosphate-buffered saline (PBS; pH 7.4) and washed with PBS containing 10
mM glycine. Following permeabilization with 0.1% Triton X-100 in PBS, indirect
immunofluorescence assays were carried out with the anti-replicase rabbit anti-
sera at dilutions of between 1:150 and 1:300 in PBS containing 5% fetal calf
serum. Tissue culture supernatants of the hybridoma cell lines producing the
anti-GL (93B) and anti-PDI (1D3) MAbs were each used at a dilution of 1:40.
The anti-BrdU MAb tissue culture supernatant was used at a 1:10 dilution. As
secondary antibodies, a Cy3-conjugated donkey anti-rabbit immunoglobulin G
(IgG) antibody (Jackson ImmunoResearch Laboratories; 1:800 dilution), a flu-
orescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG antibody (Di-
anova-Immunotech GmbH, Hamburg, Germany) (1:300 dilution), and an FITC-
conjugated rabbit anti-rat IgG antibody (DAKO, Glostrup, Denmark) (1:100
dilution) were used.

Fluorescence microscopy. For conventional fluorescence microscopy, samples
were examined with a Zeiss Axiophot or Olympus microscope. Confocal fluo-
rescence microscopy was performed with the confocal scanning laser beam mi-

croscope developed at the European Molecular Biology Laboratory, Heidelberg,
Germany (42). The 476-nm (FITC) and 529-nm (Cy3) laser lines of an argon-ion
laser (Spectra-Physics), an Axiophot microscope (Zeiss), and a 1003 Plan-
Neofluar objective (Zeiss) were used for imaging. The laser power, photomulti-
plier sensitivity, and number of averages (usually 32) were adjusted to generate
images with sufficient contrast.

Radioactive labeling and immunoprecipitation of EAV nonstructural pro-
teins. RK-13 cells were infected with EAV (multiplicity of infection, 10 to 20) or
mock infected, incubated at 39.5°C, and starved in medium without methionine
or cysteine for 15 min before being labeled. Proteins were labeled from 5 to 8 h
p.i. with 200 mCi of [35S]methionine and 80 mCi of [35S]cysteine per ml of
medium (Express label; NEN). After cell lysis and cell fractionation (see below),
EAV nsps were immunoprecipitated (39, 49) and analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and fluorography as
described previously (39).

Cell fractionation and sodium carbonate extraction. Intracellular membranes
were isolated from EAV-infected and mock-infected RK-13 cells essentially as
described by Fujiki et al. (16). After metabolic 35S labeling, the cells were washed
with ice-cold PBS, scraped from the dish in PBS, and gently pelleted by centrif-
ugation for 5 min at 500 3 g. The cells were resuspended at 2 3 106 cells per ml
in hypotonic buffer (1 mM Tris-HCl [pH 7.4], 0.1 mM EDTA, 15 mM NaCl)
containing the protease inhibitors leupeptin (2 mg/ml) and phenylmethylsulfonyl
fluoride (0.4 mM) and broken by 15 to 20 strokes of a Dounce cell homogenizer.
The nuclei were removed by centrifugation at 4°C for 5 min at 1,500 3 g. The
membranes were pelleted from the postnuclear supernatant (PNS) by ultracen-
trifugation through a 6% (wt/vol) sucrose cushion in a Beckman SW55 rotor
(150,000 3 g for 30 min at 4°C). Alternatively, the PNS was used for a Na2CO3

extraction. The pH was adjusted to 11 by addition of an equal volume of 200 mM
Na2CO3, the sample was incubated on ice for 30 min, and membranes were
pelleted as described above. Membrane pellets were dissolved in immunopre-
cipitation (IP) buffer (0.5% [vol/vol] Nonidet P-40, 0.1% [wt/vol] sodium des-
oxycholate, 0.5% [wt/vol] SDS, 150 mM NaCl, 5 mM EDTA, 20 mM Tris [pH
7.6]). The same concentrations of detergents were added to the supernatant
fractions. In addition, the pH of the supernatant of the Na2CO3 extraction was
brought to 7 by the addition of HCl. Finally, samples were diluted twice in
immunoprecipitation buffer and used for immunoprecipitation as described pre-
viously (39).

TX-114 extraction. Triton X-114 (TX-114) extractions were carried out essen-
tially as described by Bordier (4). After metabolic 35S labeling, EAV-infected
and mock-infected RK-13 cells were put on ice, washed twice with ice-cold PBS,
and lysed with an ice-cold solution of 1% TX-114 in PBS. The nuclear fraction
was removed by centrifugation in a microcentrifuge. The cytosolic fraction was
incubated on ice for 15 min and was subsequently loaded on a cushion of 6%
(wt/vol) sucrose in PBS containing 1% TX-114. The phases were separated by
incubation at 37°C for 5 min and centrifugation at room temperature for 3 min
at 2,700 3 g. The supernatant was subjected to one or two additional rounds of
TX-114 extraction. The detergent pellets were pooled and dissolved in IP buffer.
The immunoprecipitation conditions for both fractions were equalized by add-
ing concentrated detergents to the supernatant fraction. Samples were diluted
fourfold in IP buffer and used for immunoprecipitations as described previously
(39).

FIG. 1. Proteolytic processing scheme, hydrophobicity plot, and subunit nomenclature of the EAV ORF1a and ORF1ab replicase polyproteins (39, 49, 52). The
three EAV protease domains (papainlike cysteine protease [PCP], cysteine protease [CP], and serine protease [SP]) and their cleavage sites (arrows and arrowheads)
are shown. In the ORF1b-encoded polypeptide, the four major domains conserved in nidoviruses are depicted: POL, putative RNA-dependent RNA polymerase; M,
putative metal-binding domain; HEL, putative RNA helicase; C, conserved C-terminal domain specific for nidoviruses. The hydrophobicity plot was generated by the
method of Kyte and Doolittle (24). Above the axis is hydrophobic. aa, amino acid.
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RESULTS

ORF1a- and ORF1b-encoded replicase subunits colocalize
in the perinuclear region of EAV-infected cells. We have pre-
viously reported that at late time points in infection the
ORF1b-encoded cleavage products nsp9 and nsp10, which
contain the putative viral RNA polymerase and helicase activ-
ities, respectively, localize to the perinuclear region of EAV-
infected BHK-21, RK-13, and Vero cells (49). The nsp9 and
nsp10 staining in immunofluorescence assays strongly sug-
gested the association of these proteins with intracellular mem-
branes. By using antisera recognizing nsp1, nsp2, nsp4, nsp7–8,
and nsp8 (39), this analysis was now extended to the ORF1a-
encoded replicase subunits. With the exception of the anti-
nsp1 serum, the staining of infected cells obtained with the
ORF1a protein-specific antisera was identical to the pattern
previously observed with the anti-nsp9 and anti-nsp10 sera
(Fig. 2 and data not shown). These results are consistent with
colocalization of most ORF1a- and ORF1b-encoded replicase
subunits, suggesting that they assemble into a large complex
which is likely to be involved in viral RNA synthesis. nsp1
colocalized only partially with the other replicase subunits and
was also seen in the rest of the cytoplasm and—more interest-
ingly—in the nucleus. The properties of this N-terminal repli-
case cleavage product will be discussed elsewhere (37).

Some minor differences were observed among the three cell
lines used for these studies (Fig. 3B, E, and H), most notice-
ably a concentration of the signal on one side of the nucleus in

RK-13 cells. To analyze the development of the replicase pat-
tern throughout the infection cycle, time course experiments
were carried out, as illustrated in Fig. 2 for Vero cells labeled
with the anti-nsp2 serum. The first signal, a punctate labeling
of the perinuclear region, was detected at 3 h p.i. in BHK-21
and RK-13 cells (data not shown) and at 4 h p.i. in Vero cells
(Fig. 2B), in which EAV replication is somewhat delayed.
Subsequently, the signal rapidly increased (Fig. 2C and D) to
give a dense staining in the area around the nucleus (Fig. 2E to
F). A less dense, punctate pattern was observed toward the
edges of the cells, suggesting labeling of vesicular structures.
At later time points, cells exhibited pronounced cytopathic
effects in the form of large cytoplasmic vacuoles, which did not
stain with any of the EAV replicase antisera (data not shown).

The EAV replicase is associated with membranes of the ER
and/or IC. Confocal immunofluorescence microscopy (42) was
used to analyze the subcellular localization of EAV replicase
proteins in more detail. Double-labeling experiments were car-
ried out with various rabbit antisera directed against the EAV
replicase and mouse MAbs recognizing the cellular protein
PDI (50) or the EAV ORF5 glycoprotein GL (18). PDI is a
resident luminal protein of the endoplasmic reticulum (ER)
and the intermediate compartment (IC) (Fig. 3A, D, and G)
(23, 50). The anti-GL MAb can be used to stain the Golgi
complex of EAV-infected cells. Double-label experiments with
this antibody and an antiserum directed against the medial
Golgi marker mannosidase II have shown that at the onset of

FIG. 2. Immunofluorescence analysis showing the time course of the intracellular distribution of the EAV replicase in Vero cells. Cells were mock infected (A) or
EAV infected and fixed at 4 h (B), 6 h (C), 8 h (D), 10 h (E), and 12 h (F) p.i. Subsequently, the cells were processed for indirect immunofluorescence analysis with
an anti-nsp2 antiserum (39). Photographs were generated with the same exposure times for recording and printing. Essentially identical results were obtained with
antisera recognizing nsp4, nsp7–8, nsp8, nsp9, nsp10, and nsp12 (reference 49 and data not shown).
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EAV structural protein synthesis (6 to 8 h p.i. [Fig. 4A]), GL
localizes exclusively to the Golgi complex (46). At later time
points, probably due to intracellular virus assembly and trans-
port, an additional vesicular staining throughout the cell and
occasionally labeling of the nuclear envelope could be ob-
served (Fig. 4D).

Time course experiments with three cell lines revealed that
throughout the infection cycle, the staining that is typical for
the EAV replicase overlapped with a substantial part of the
region of the cell that labeled for PDI (Fig. 3C, F, and I).
During the course of infection, slight changes in the distribu-
tion of PDI were observed in a subpopulation of the cells, in
particular a concentration of the signal in the perinuclear re-
gion. In some infected RK-13 cells, the labeling for PDI dis-
appeared completely (Fig. 3D and F). As illustrated in Fig. 4,
the areas which labeled for the EAV replicase were almost
completely separated from the Golgi complex, which was
stained with the anti-GL MAb. Thus, our data suggested that
the EAV replicase complex interacts with the PDI-positive
membrane compartments of the ER and/or IC.

Colocalization of replicase proteins and viral RNA synthe-
sis. The fact that most replicase subunits, including nsp9, which
contains the putative RNA polymerase function, localize to the
same region of infected cells suggests the formation of a mem-

brane-associated, multicomponent complex involved in viral
RNA synthesis. To investigate whether the localization of the
replicase complex indeed corresponds to the site of viral RNA
synthesis in infected cells, a metabolic in vivo labeling of de
novo-synthesized EAV RNA was performed by using BrUTP.
It has been shown that this UTP analog can be incorporated
into nascent RNA transcripts by both cellular (22, 51) and viral
(29) DNA-dependent RNA polymerases and also by viral
RNA-dependent RNA polymerases (30). Antibodies originally
raised to detect BrdU-labeled DNA also recognize BrUTP-
labeled RNA transcripts (45). This makes it possible to visu-
alize de novo-synthesized RNA by using indirect immunoflu-
orescence techniques. A disadvantage is that BrUTP cannot be
taken up directly by intact cells (22, 51). However, Haukenes et
al. (20) recently reported that it is possible to introduce BrUTP
into cells by using the cationic liposomes which are commonly
used for the transfection of plasmid DNA. By using a similar
approach, EAV-infected BHK-21 and RK-13 cells were given
a BrUTP-liposome mixture at 6.5 h p.i., just before the peak of
viral RNA synthesis (10). Before and during the labeling, the
cels were given dactinomycin to shut off host cell mRNA syn-
thesis. After a 1-h incubation, the cells were fixed and pro-
cessed for immunofluorescence with a rat MAb directed against
BrdU and BrUTP, which convincingly labeled a subset (20 to

FIG. 3. Colocalization of the EAV replicase and the cellular protein PDI, a marker for ER and IC. Three different cell lines were used: BHK-21 (A to C), RK-13
(D to F), and Vero (G to I). These were EAV infected, fixed at 8 h p.i., and processed for double-label immunofluorescence analysis with a mouse MAb directed against
PDI (50), an anti-nsp2 rabbit antiserum (39), and appropriate secondary antibodies conjugated to fluorescent tags. PDI is shown in red (A, D, and G), and EAV nsp2
is shown in green (B, E, and H). For each sample, the differentially fluorescing images were recorded from the same optical section by using a confocal microscope.
A computer-generated overlay of the PDI and EAV nsp2 images is shown (C, F, and I).
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40%) of the cells. No labeling was observed when mock-in-
fected cell cultures were used (data not shown). Following
these initial single-label experiments, double-label experiments
were carried out with the anti-BrUTP MAb and the EAV
anti-nsp2 rabbit antiserum (Fig. 5). In addition to a population
of double-positive cells, these experiments revealed the pres-
ence of EAV-infected (nsp2-positive) cells that had not been
labeled with BrUTP. This nicely confirmed that the BrUTP
staining shown in Fig. 5A and C is indeed specific and not due
to, e.g., an unwanted cross-reaction between the anti-BrUTP
MAb or the anti-rat IgG conjugate with any of the other
antibodies used. Most importantly, Fig. 5 shows that the posi-
tion of EAV nsp2 in the infected cell (and thus the position of
most replicase subunits) corresponds very closely to the site of
viral RNA synthesis. Thus, these in situ RNA labelings con-
firmed that the membrane-associated complex in which most
arterivirus replicase proteins accumulate is the site of viral
RNA synthesis.

Characterization of EAV replicase subunits by Triton X-114
extraction. As outlined in the introduction and Fig. 1, the
hydrophobicity profile of a number of ORF1a-encoded sub-
units strongly suggests that these subunits may associate with
membranes and thereby play an important role in the forma-
tion of a membrane-associated scaffold for the arterivirus rep-
lication complex. In addition to immunofluorescence assays
(Fig. 2 to 5), we used biochemical methods to characterize the
properties of ORF1a- and ORF1b-encoded replicase subunits
in more detail.

EAV replicase proteins from infected cells were subjected to
TX-114 extraction. This detergent has been widely used for an
extraction procedure which separates proteins mainly on the
basis of their hydrophobic properties (4). Proteins that contain
substantial hydrophobic domains, like most membrane pro-
teins, usually partition into the detergent phase during TX-114
extraction, whereas hydrophilic proteins remain in the aqueous
phase. Following 35S protein labeling, EAV-infected RK-13 cells

were lysed in a buffer containing 1% TX-114. Cell lysates were
kept on ice to avoid phase separation, and the nuclear fraction
was removed by centrifugation. An immunoprecipitation anal-
ysis revealed that the nuclear pellet contained only small
amounts of EAV replicase proteins (data not shown). Subse-
quently, the cell lysate was subjected to two or three rounds of
TX-114 extraction (see Materials and Methods). The deter-
gent phases from these extractions were combined and dis-
solved in immunoprecipitation buffer. The aqueous and deter-
gent phases were equalized with respect to volume and to
detergent and salt concentrations and were used for immuno-
precipitations with antisera recognizing nsp1, nsp2, nsp4,
nsp7–8, nsp9, and nsp10. The immunoprecipitation results
of a typical TX-114 extraction analysis are shown in Fig. 6.
The TX-114 lysis and extraction procedure did not interfere
with the immunoprecipitation of the previously described
EAV replicase subunits and processing intermediates (39, 49,
52). Nevertheless, the efficiency with which some of the anti-
sera immunoprecipitated certain cleavage products appeared
to be influenced (compared to our standard lysis and immu-
noprecipitation protocol [see below]). The strong interaction
between cleaved nsp2 and nsp3 (or nsp3-containing processing
intermediates), which leads to extensive mutual coimmunopre-
cipitation (39), was not affected.

As expected, the proteins which lack hydrophobic domains
of substantial size (the ORF1a-encoded nsp1 and nsp4 sub-
units, and the ORF1b-encoded nsp9 and nsp10 products [Fig.
1]) were recovered almost exclusively from the aqueous phase.
Despite the presence of a central hydrophobic region (Fig. 1),
nsp2 was recovered mainly from the aqueous phase when im-
munoprecipitated directly with the anti-nsp2 serum. The ex-
tremely hydrophobic nsp3 could not be studied directly due to
the lack of an nsp3-specific antiserum. It was surprising, how-
ever, that the fraction of nsp3 which coimmunoprecipitated
with nsp2, and thus can be assumed to be complexed with this
upstream cleavage product, was found exclusively in the aque-

FIG. 4. Intracellular distribution of the EAV replicase (nsp2) and the major EAV glycoprotein GL, which can, at the early stages of infection, be used as a marker
for the Golgi complex (see the text). Vero cells were EAV infected, fixed at 6 h (A to C) and 10 h (D to F) p.i., and processed for double-label immunofluorescence
analysis with a mouse MAb directed against GL (18), the anti-nsp2 rabbit antiserum (39), and appropriate fluorescent conjugates. GL is shown in red (A and D), and
EAV nsp2 is shown in green (B and E). For each sample, the differentially fluorescing images were recorded from the same optical section by using a confocal
microscope. Computer-generated overlays of the GL and nsp2 images are also shown (C and F).
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ous phase. It was also noteworthy that the nsp2 fraction which
coprecipitated with the anti-nsp7–8 serum, probably in the
form of an nsp2/nsp3–8 complex, showed an increased affinity
for the detergent phase.

Although the hydrophilic nsp4 was recovered from the aque-
ous phase, a substantial part of the nsp3–4 processing inter-
mediate, in which nsp4 is N-terminally extended with the hy-
drophobic nsp3, partitioned with the detergent phase. The
anti-nsp4 serum also immunoprecipitated a set of bands in the
35- to 40-kDa region, which were specific for virus-infected
lysates (data not shown). These bands may represent C-termi-
nally extended nsp4-containing cleavage products (e.g. nsp4–5
and nsp4–6), although these were previously seen as minor
bands (52). Possibly, the presence of TX-114 affects the effi-
ciency with which these proteins were immunoprecipitated,
since the fully cleaved nsp4 also appeared to be precipitated
more efficiently from TX-114 lysates than from lysates pro-
duced by our standard lysis method (39).

The analysis of the cleavage products derived from the com-
plex, alternative processing of the nsp5 to nsp8 region (52)
provided convincing evidence that the hydrophobic region in
nsp5 strongly influences the biochemical properties of specific
processing intermediates which contain nsp5 at their N termi-
nus. nsp5–8 and nsp5–7 were recovered almost exclusively
from the detergent phase, but, strikingly, N-terminally trun-
cated cleavage products that lacked nsp5 (nsp6–8, nsp7–8,
nsp6–7, and nsp7) remained predominantly in the aqueous

phase. The nsp3–8 processing intermediate was more or less
equally divided between the two phases, but it should be no-
ticed that the precipitated amount of this normally quite abun-
dant intermediate (see Fig. 7) was remarkably small, suggest-
ing that a substantial part of the nsp3–8 molecules either may
not have been immunoprecipitated or may have aggregated
and remained at the top of the gel.

Identification of EAV replicase subunits in membrane frac-
tions from infected cells. To characterize the membrane asso-
ciation of EAV replicase subunits in more detail, intracellular
membranes were isolated from infected cells and treated with
sodium carbonate. This treatment can be used to differentiate
between proteins that are peripherally associated with mem-
branes and proteins that are integrated into the lipid bilayer
(16). By using 100 mM Na2CO3 (at pH 11), microsomes can be
stripped of their luminal and peripheral proteins, and subse-
quently the remaining membrane sheets, along with their in-
tegral proteins, can be pelleted and analyzed.

Following 35S protein labeling, EAV-infected RK-13 cells
were broken by using hypotonic conditions and a Dounce cell
homogenizer and a PNS was prepared by low-speed centrifu-
gation. An immunoprecipitation analysis (data not shown) of
PNS and nuclear pellet revealed that, in contrast to methods
involving lysis by detergents, a substantial amount of EAV
replicase proteins was present in the (crude) nuclear fraction.
As a result, approximately 50% of the amount of nsp2, nsp3,
nsp3–4, nsp3–8, nsp5–8, and nsp5–7 was lost. For the less

FIG. 5. Colocalization of the EAV replicase (nsp2) and viral RNA synthesis. BHK-21 (A and B) and RK-13 (C and D) cells were EAV infected, and de
novo-synthesized viral RNA was labeled in situ by using BrUTP. Dactinomycin was used to shut off host cell RNA synthesis, and BrUTP was subsequently introduced
into the cells by using liposomes. The cells were fixed at 7.5 h p.i. and processed for double-label immunofluorescence analysis with the anti-nsp2 rabbit antiserum (39),
a rat MAb recognizing BrUTP-labeled RNA, and appropriate fluorescent conjugates. The labeling of the same cells for nsp2 (A and C) and BrUTP-labeled RNA (B
and D) is shown. The presence of nsp2-positive but BrUTP-negative cells is explained by the fact that BrUTP could be introduced into only 20 to 40% of the cells (see
the text).
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hydrophobic proteins (nsp1, nsp4, nsp6–8 and its derivatives,
nsp9, and nsp10) the loss was less dramatic but was neverthe-
less substantial. Subsequently, the PNS was divided into two
equal parts, one of which was kept at pH 7 and the other was
treated with Na2CO3 at pH 11 for 30 min and subsequently
neutralized with HCl. Membranes were isolated from both
samples by ultracentrifugation through a sucrose cushion. An
immunoprecipitation analysis of membrane and cytoplasmic
fractions was carried out with the same antisera used in the
TX-114 extraction analysis (see above).

As shown in Fig. 7 (pH 7 panel), most of the EAV replicase-
processing products were recovered from the membrane frac-
tion of infected cells. The subunits which displayed affinity for
the detergent fraction in the TX-114 extraction analysis (nsp2,
nsp3–8, nsp3–4, nsp5–8, and nsp5–7) (Fig. 6) were almost
exclusively membrane associated. However, substantial amounts
of the hydrophilic nsp1 and nsp4 subunits were also recovered
from the membrane fraction. Of the ORF1a-encoded proteins,
only the C-terminal products produced by the minor process-
ing pathway (nsp6–8 and its derivatives) were largely cytoplas-
mic. The ORF1b-derived nsp9 and nsp10 subunits, which are
assumed to be at the heart of the viral RNA transcription
machinery, were recovered largely from the membrane frac-
tion, despite their presence in the aqueous phase upon TX-114
extraction (Fig. 6). Finally, there was a remarkable difference
between the behavior of two closely related precursor proteins,
which were previously named p190 and p180 on the basis of
their mobility in SDS-PAGE (48). These abundant processing
intermediates both reacted with the anti-nsp7–8, anti-nsp9,
anti-nsp10, anti-nsp11, and anti-nsp12 antisera but not with the
anti-nsp4 antiserum (Fig. 7) (49). In view of these data, we
previously postulated that the p190 precursor consisted of
nsp5–8 extended with the complete ORF1b-encoded protein

(nsp9–12) and that p180 was an N-terminally truncated version
of p190 (49). It was remarkable that p190, which contains the
hydrophobic nsp5 domain, was recovered exclusively from the
membrane fraction whereas the slightly smaller p180 molecule
was present only in the cytoplasmic fraction. This result seems
to confirm the hypothesis that p180 is an N-terminally trun-
cated version of p190, which probably results from processing
of the closely spaced nsp5/6 and/or nsp6/7 junctions. These
data again underline the strong influence of nsp5 on the local-
ization of precursor proteins of which it is part.

The immunoprecipitation analysis of the other half of the
cell lysate, which had been treated at pH 11 before separation
of the cytoplasmic and membrane fractions, revealed only mi-
nor changes compared to the results obtained with the pH 7
sample (Fig. 7, pH 11 panel). Small amounts of most cleavage
products were released from the membranes, with the nsp1
and nsp2 immunoprecipitations showing the largest differences
from the results of the analysis at pH 7. Nevertheless, the bulk
of the nsp2, nsp3–8, nsp3–4, nsp5–8, nsp5–7, and p190 process-
ing products remained associated with the membrane fraction.
In combination with the data from the TX-114 extraction anal-
ysis, these results suggest that a number of these proteins
contain one or multiple membrane-spanning domains.

DISCUSSION

The genome replication and mRNA transcription of eukary-
otic positive-strand RNA viruses depends on a unique process
of RNA-dependent RNA synthesis which occurs in the cyto-
plasm of the infected cell. A common property among these
viruses appears to be the intimate association of their RNA-
synthesizing machinery with intracellular membranes. Early in
infection, a macromolecular complex is generated, which con-
sists of viral RNA, replicative proteins, host cell-derived mem-
branes, and probably host cell proteins. The reasons for the
membrane association of viral RNA synthesis are poorly un-
derstood. It is generally assumed that the membranes play a
structural and/or organizational role in the complex, possibly
by offering a suitable microenvironment for viral RNA synthe-
sis and/or by facilitating the use of membrane-bound host en-
zymes. Different virus groups use different intracellular mem-
brane sites or compartments, e.g., endosomes and lysosomes
(15), the endoplasmic reticulum (30, 32), or chloroplasts (7).
Some viruses modify host cell membranes extensively and in-
duce specific vesicular membrane structures which carry the
viral replication complex (2, 14, 33, 53).

Little is known about the subcellular localization of the
ribonucleoprotein complexes involved in nidovirus RNA rep-
lication and mRNA transcription. By using biochemical meth-
ods, the majority of coronavirus minus-strand RNAs was re-
cently shown to be membrane associated (34), probably in the
form of double-stranded replicative intermediates. Further-
more, ORF1b-derived replicase cleavage products of both the
arterivirus EAV (nsp9, nsp10, and nsp12 [49]) and the human
coronavirus 229E (21) have been reported to localize to intra-
cellular membranes, a conclusion based on their subcellular
distribution as observed in immunofluorescence studies. In this
investigation, we have extended our previous studies (49) on
the intracellular distribution of EAV replicase subunits by
showing that most ORF1a-encoded cleavage products localize
to the same region of infected cells as nsp9 and nsp10, the
presumed viral polymerase and helicase proteins. Using a met-
abolic in situ RNA labeling (Fig. 5), we have provided con-
vincing evidence that the complex in which the replicase sub-
units accumulate is indeed the site of viral RNA synthesis. At
the resolution of the confocal microscope, the localization of

FIG. 6. TX-114 extraction analysis of ORF1a- and ORF1b-encoded EAV
replicase subunits. The replicase processing scheme and nsp nomenclature are
shown at the top of the figure, with solid boxes representing hydrophobic do-
mains (Fig. 1). RK-13 cells were EAV infected, and viral proteins were 35S
labeled from 5 to 8 h p.i. Cells were lysed with 1% TX-114, and the lysate was
subjected to three rounds of TX-114 extraction (see Materials and Methods) (4).
Detergent pellets (p) and supernatants (s) were pooled and diluted in immuno-
precipitation buffer. EAV replicase subunits were immunoprecipitated with a set
of previously described rabbit antisera (39, 49) recognizing nsp1 (a1), nsp2 (a2),
nsp4 (a4), nsp7–8 (a78), nsp9 (a9), and nsp10 (a10). The samples were analyzed
by SDS-PAGE and autoradiography.
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the EAV replication complex partially overlaps with that of the
cellular protein PDI (Fig. 3), suggesting the association with a
subdomain of the ER or IC or the formation of ER- and
IC-derived vesicular structures with which the replication com-
plex associates. The latter idea is supported by the vesicular
replicase staining which was observed in the perinuclear region
of infected cells at early stages of infection (Fig. 2B) and
toward the edges of the cell at later stages (e.g. Fig. 2D).
Interestingly, the formation of paired membranes and large
numbers of double-membrane vesicles at 3 to 6 h p.i. was
previously described as a typical feature of arterivirus infection
(5, 28, 43, 54). So far, the origin of these membrane structures
has remained unclear, but they are unlikely to play a role in
virus assembly. By using immunoelectron microscopy, we are
currently investigating whether they are part of the macromo-
lecular complex that is involved in arterivirus RNA replication
and mRNA transcription.

The biochemical studies presented in Fig. 6 and 7 clearly
implicate the hydrophobic domains in nsp2, nsp3, and espe-
cially nsp5 in membrane association. Although our results sug-
gest that these subunits contain transmembrane domains, it
should be noticed that the interpretation of our data is com-
plicated by the presence of apparently strong protein-protein
(and possibly protein-RNA) interactions within the replication
complex. These interactions were not disrupted by, e.g., pH 11
treatment or immunoprecipitation in the presence of 0.5%
SDS. Thus, the presence of certain replicase subunits in the
TX-114 phase or in purified membrane fractions could result
from their association with other viral (or even host) proteins
which contain membrane-spanning domains. In particular, the
interaction between nsp2 and nsp3 or nsp3-containing process-
ing intermediates leads to extensive, mutual coimmunoprecipi-
tation (39), which could not be disrupted by a treatment with
2% SDS, 1.5 M KCl, or 3 M urea or at pH 13 (data not shown).

Furthermore, small amounts of nsp3–4, nsp4, nsp5–8, and
nsp5–7 routinely coimmunoprecipitated with nsp9 and nsp10
during the membrane purification analyses (Fig. 7). We also
observed that a number of hydrophilic proteins (nsp1, nsp4,
nsp9, and nsp10) remained in the aqueous phase (as expected)
upon TX-114 extraction (Fig. 6) but partially separated with
the membrane fraction upon membrane purification (Fig. 7).
Also, these results suggest the presence of multiple protein-
protein interactions between replicase subunits in the replica-
tion complex.

The most conclusive results were obtained for the hydro-
phobic domain in nsp5. The presence of this subunit in the N
terminus of a processing intermediate seems to result in almost
complete membrane association. This was true not only for the
relatively small products derived from the C-terminal part of
the ORF1a protein (nsp5–8 and nsp5–7) but also for very large
processing intermediates like p190, which is assumed to rep-
resent nsp5–12 (49). Otherwise comparable proteins that lack
the nsp5 domain, like p180, nsp6–8, and nsp6–7, were recov-
ered almost exclusively from the cytoplasmic fraction (Fig. 7).
We recently described the existence of two proteolytic path-
ways for the processing of the nsp5-containing region of the
EAV replicase polyprotein (52). The “major” pathway, which
requires the association of nsp3–8 with nsp2, leads to process-
ing of the nsp4/5 junction and generates processing products
with a hydrophobic N-terminal nsp5 domain, which have now
been shown to become membrane associated. The alternative,
“minor” processing pathway results in cleavage of the nsp5/6 or
nsp6/7 sites and can now be predicted to generate a set of
equivalent but probably cytoplasmic proteins. Since we have
recently developed an infectious cDNA clone for EAV (47),
we may be able to investigate the significance of the minor
processing pathway and its products in the near future.

At present it is unclear at which stage the various EAV

FIG. 7. Membrane association of ORF1a- and ORF1b-encoded EAV replicase subunits. The replicase-processing scheme and nsp nomenclature are shown at the
top of the figure, with solid boxes representing hydrophobic domains (Fig. 1). RK-13 cells were EAV infected, and viral proteins were 35S labeled from 5 to 8 h p.i.
Cells were broken with a Dounce cell homogenizer, and a PNS was prepared. Half of the PNS was kept at pH 7, whereas the other half was treated with 100 mM sodium
carbonate at pH 11 to remove integral and peripheral proteins from the membranes (16). Subsequently, membrane (m) and cytoplasmic (c) fractions were prepared
by ultracentrifugation, diluted in immunoprecipitation buffer, and used for an immunoprecipitation analysis with the same set of antisera described in the legend to
Fig. 6. The immunoprecipitation samples were analyzed by SDS-PAGE and autoradiography.
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replicase subunits associate with membranes. The translation,
proteolytic processing, and membrane association of the rep-
licase are likely to occur in a highly coordinated fashion. How-
ever, the absence of substantial hydrophobic stretches from the
first 500 residues of the arterivirus replicase polyprotein (Fig.
1) rules out the use of the conventional, signal sequence-de-
pendent mechanism for cotranslational translocation. Thus,
the insertion of the transmembrane regions probably occurs
posttranslationally, as has been proposed for certain other
replicative proteins of positive-strand RNA viruses (32, 44).
This mechanism may (partially) depend on prior proteolytic
cleavages within the EAV replicase polyproteins. A computer
analysis of the nsp5 sequence with PHDtm software (31) pre-
dicts up to five potential transmembrane helices in the region
between residues 1280 and 1410 of the ORF1a protein. For the
hydrophobic regions in nsp2 and nsp3, the same method pre-
dicts two and four transmembrane segments, respectively. In
both nsp3 and nsp5, hydrophobic domains are located in the N
terminus of the protein, just downstream of the nsp2/3 and
nsp4/5 cleavage sites, which supports the concept of a relation-
ship between proteolytic processing and membrane insertion.
For example, the cleavage at the nsp4/5 site may be a crucial
regulatory step, which could liberate the hydrophobic domain
in nsp5 and allow its membrane insertion. Previously, we ob-
served that expression products carrying (parts of) nsp5 in
their N terminus could be translocated relatively efficiently
(41). Although this property is an artifact of the expression
system, it again underlines the affinity of the nsp5 region for
membranes. Recent transient-expression experiments with
nsp2 suggest that this protein is able to associate with mem-
branes in the absence of other viral proteins. However, the
expression of nsp2 to nsp7 was required to obtain the dense
perinuclear staining (Fig. 2) that is typical for EAV-infected
cells (data not shown). Future protein expression studies may
shed more light on the membrane topology and protein-pro-
tein interactions of the various ORF1a-encoded replicase sub-
units.

Protein sequence comparisons (9, 12, 19, 36) and experimen-
tal data (47) have implicated the replicase ORF1b-encoded
proteins of nidoviruses in viral RNA replication and sub-
genomic mRNA transcription. However, information on the
functions of the more abundantly expressed ORF1a-encoded
subunits is limited thus far. Only the role of this part of the
replicase in proteolytic processing has been firmly established
by the identification of multiple protease domains in all nidovi-
rus ORF1a proteins (1, 3, 8, 17, 25, 26, 38, 40, 41, 55). The
results presented in this paper indicate that contributing to the
formation of a membrane-associated scaffold for the viral rep-
lication complex is an important additional function of the
ORF1a polyprotein. Interestingly, arterivirus and coronavirus
ORF1a polyproteins contain hydrophobic regions in compara-
ble positions, which strongly suggests that they are important
for the basic set of replicase functions which have been con-
served during nidovirus evolution.
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