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Murine hepatitis virus (MHV) gene 1, the 22-kb polymerase (pol) gene, is first translated into a polyprotein
and subsequently processed into multiple proteins by viral autoproteases. Genetic complementation analyses
suggest that the majority of the gene 1 products are required for viral RNA synthesis. However, there is no
physical evidence supporting the association of any of these products with viral RNA synthesis. We have now
performed immunofluorescent-staining studies with four polyclonal antisera to localize various MHV-A59 gene
1 products in virus-infected cells. Immunoprecipitation experiments showed that these antisera detected
proteins representing the two papain-like proteases and the 3C-like protease encoded by open reading frame
(ORF) 1a, the putative polymerase (p100) and a p35 encoded by ORF 1b, and their precursors. De novo-
synthesized viral RNA was labeled with bromouridine triphosphate in lysolecithin-permeabilized MHV-in-
fected cells. Confocal microscopy revealed that all of the viral proteins detected by these antisera colocalized
with newly synthesized viral RNA in the cytoplasm, particularly in the perinuclear region of infected cells.
Several cysteine and serine protease inhibitors, i.e., E64d, leupeptin, and zinc chloride, inhibited viral RNA
synthesis without affecting the localization of viral proteins, suggesting that the processing of the MHV gene
1 polyprotein is tightly associated with viral RNA synthesis. Dual labeling with antibodies specific for cyto-
plasmic membrane structures showed that MHV gene 1 products and RNA colocalized with the Golgi appa-
ratus in HeLa cells. However, in murine 17CL-1 cells, the viral proteins and viral RNA did not colocalize with
the Golgi apparatus but, instead, partially colocalized with the endoplasmic reticulum. Our results provide
clear physical evidence that several MHV gene 1 products, including the proteases and the polymerase, are
associated with the viral RNA replication-transcription machinery, which may localize to different membrane
structures in different cell lines.

Murine hepatitis virus (MHV), a murine coronavirus, un-
dergoes RNA synthesis by a complex mechanism (27). MHV
has a positive-sense single-stranded RNA genome that is 31 kb
long and consists of seven or eight genes. The 22-kb gene 1
(also known as the pol gene) is presumed to encode the viral
RNA-dependent RNA polymerase, which has been shown by
genetic analysis to be responsible for viral RNA synthesis. The
pol gene has two open reading frames (ORFs), 1a and 1b,
which overlap by 76 nucleotides (29). ORF 1b is in the 21
reading frame with respect to the upstream ORF 1a and is
translated following ribosomal frameshifting in the overlap
region. The pol gene is first translated into a 750-kDa polypro-
tein (10, 29), which is subsequently processed by autoproteases
to generate a number of proteins containing various functional
domains (Fig. 1) (2, 6, 12–15, 20, 33, 34, 45, 48). ORF 1a
includes three putative protease motifs, two of which are pa-
pain-like cysteine protease motifs (PCP-1 and PCP-2) and one
of which is a poliovirus 3C-like protease motif (3Cpro) (22,
29). The functional domains that are predicted to be associated
with RNA synthesis have been shown by computer-based motif
analyses to be encoded by ORF 1b (8, 21, 22, 24). These

include domains for an RNA-dependent RNA polymerase, a
nucleoside triphosphate-binding/helicase domain, and a zinc
finger nucleic acid-binding domain (29). Genetic complemen-
tation analyses suggest that the entire ORF 1a and 1b can be
divided into at least five complementation groups, all of which
are required for viral RNA synthesis (19, 43).

The processing pathway of MHV gene 1 polyprotein has not
yet been fully characterized. A current working model for the
predicted cleavage events is presented in Fig. 1. It is clear that
the translation of gene 1 results in the synthesis of a polypro-
tein that is rapidly cleaved by PCP-1 to produce the amino-
terminal product, p28 (2, 12, 13, 51). PCP-1 recognizes a con-
served cleavage site (RG/V) present in both strains of MHV,
MHV-JHM and MHV-A59 (18, 25). PCP-1 also recognizes a
downstream cleavage site (A/G) to further process the
polyprotein and release a 65-kDa product (p65) adjacent to
p28 (6, 17). In vitro processing experiments indicate that
PCP-1 may function both in cis and in trans to process the gene
1 polyprotein (7). Most of the remaining processing of the gene
1 polyprotein is carried out by 3Cpro. The mature form of
3Cpro, p27, can be released by cis or trans processing of con-
served Q/S cleavage sites (32, 34). In addition, a 22-kDa prod-
uct downstream of p27 is generated from the polyprotein by
the proteolytic activity of 3Cpro (33). A number of other pu-
tative 3Cpro cleavage sites have been predicted in ORF 1a and
1b (33). The processing events occurring between p65 and p27
of MHV ORF 1a are controversial. In a study of MHV-A59-
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infected cells, Denison et al. proposed that a 290-kDa protein,
which extends to the p27 cleavage site, is generated and then
processed into p240 and p50 (15) and that the cleavage site of
p50 is in the PCP-1 domain. In contrast, Schiller et al., in a
study of the MHV-JHM strain, identified a 150-kDa protein,
which is a precursor of p27 and is expected to include both
membrane-associated protein (MP-1 and MP-2) domains (45).
Furthermore, a 72-kDa precursor to p65 has also been identi-
fied for MHV-JHM (20, 45). The processing of ORF 1b prod-
ucts of MHV-A59 has been studied with in vitro-translated
products of viral genomic RNA (14). Five products, p90, p74,
p53, p44, and p32, were detected, but the existence and nature
of these proteins in virus-infected cells have not been con-
firmed.

Cysteine and serine protease inhibitors have been used to
study the processing of gene 1 polyprotein both in vitro and in
vivo. E64d, leupeptin, and zinc chloride have been shown to
inhibit viral protein processing (13, 15, 16, 26, 32). E64d is an
irreversible cysteine protease inhibitor, which blocks the car-
boxy-terminal cleavage of p65 by PCP-1 in vitro (26) and, at a
concentration of 400 mg/ml, eliminates the proteolytic activity
of 3Cpro in infected cells (32). Leupeptin, a reversible inhib-
itor of trypsin-like serine proteases as well as some cysteine
proteases, inhibits the cleavage of p28 by PCP-1 in vitro at 1 to
2 mM (13). However, the cleavage of p28 in vivo is not affected
by the presence of up to 2 mM leupeptin (15). At 4 mM,
leupeptin only partially inhibits the 3Cpro activity in vivo (32).
Zinc chloride partially inhibits the cleavage of p28 by PCP-1
(15) but does not affect the proteolytic activity of 3Cpro in
virus-infected cells at 0.1 mM (32). In addition, E64d (26) and
leupeptin (16) inhibit MHV RNA replication, at concentra-
tions that inhibit viral protein processing.

Coronavirus RNA and polymerase are present in the mem-
brane fractions of virus-infected cells (9, 47). Immunofluores-
cence analysis with antisera against some of the MHV ORF 1a
products has localized these proteins to the Golgi apparatus in
hamster cells transfected with the MHV receptor (3). In con-
trast, the viral replication complexes of several other RNA
viruses, including equine arteritis virus (38, 51, 52), brome
mosaic virus (40), and tobacco etch virus (44), are associated
with the endoplasmic reticulum (ER) to different extents. Rep-

lication complexes of rubella viruses have been identified as
virus-modified lysosomes (35). Studies of poliovirus replication
have also demonstrated that specific vesicular structures are
induced from several intracellular membrane compartments
for virus replication during poliovirus infection (4, 46).

Despite the genetic evidence implicating most of the MHV
gene 1 products in viral RNA synthesis, so far there is no
biochemical evidence in support of their roles, partly because
of the lack of efficient in vitro RNA replication systems. In this
study, we used another approach by performing immunofluo-
rescent-staining studies and confocal microscopy to examine
whether MHV ORF 1a and 1b products and viral RNA coin-
cided in MHV-infected cells. Polyclonal antisera against two
regions of 1a protein and two regions of 1b protein (Table 1
and Fig. 1) (45), including the polymerase domain, were used
to localize the gene 1 products representing several comple-
mentation groups. Bromouridine triphosphate (BrUTP) intro-
duced by cell permeabilization in the presence of actinomycin
D and subsequent detection with an antibody against BrUTP-
labeled RNA was used to identify de novo-synthesized MHV
RNA. In both murine (17CL-1) and human (HeLa expressing
the MHV receptor, HeLa-MHVR) cells infected with MHV,
we found a colocalization of MHV gene 1 products with de

FIG. 1. Domains and processed products of the MHV gene 1 polyprotein. Predicted MHV functional domains indicated here were identified by amino acid
sequence homology to known viral functional domains (22, 29). Abbreviations: PCP, papain-like cysteine protease; 3Cpro, poliovirus 3C-like protease; MP, membrane-
associated protein; HEL, helicase; POL, polymerase. Regions used to generate fusion proteins and ultimately rabbit polyclonal antisera are indicated under the amino
acid scale. The processing of ORF 1a products depicted here is based on previous findings (2, 6, 12, 13, 20, 33, 34, 45, 48) and results shown in Fig. 5 and is slightly
different from that reported by Denison et al. (15). The dashed lines represent products of uncertain nature.

TABLE 1. Antisera generated against MHV-JHM gene 1 proteins

Antiserum Amino acid
positionsa

Products detected by
immunoprecipitation

Anti-D3
b 784–1037 p65, p72, p210, p250c

Anti-D12
b 3340–3470 p27, p150c

Anti-D18
b 5192–5379 p100, .p300

Anti-POLd 4998–5300 100-kDa proteine

Anti-D23
b 6679–6821 p35, .p300

a Amino acids are numbered by the system of Lee et al. (29) as modified by
Bonilla et al. (5).

b Generated against GST fusion proteins.
c As described by Schiller et al. (45).
d Generated against the putative polymerase domain fused to maltose binding

protein.
e The POL antiserum immunoprecipitated the bacterially expressed putative

polymerase protein of approximately 100 kDa (37a).
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novo-synthesized viral RNA, suggesting that these viral pro-
teins are associated with the viral RNA replication-transcrip-
tion machinery. We also showed that inhibitors of MHV pro-
teases effectively blocked viral RNA synthesis without altering
the localization of viral proteins, suggesting that the processing
of gene 1 polyprotein is tightly associated with MHV RNA
synthesis. In addition, we observed a colocalization of MHV
RNA and proteins with different intracellular membrane struc-
tures in different cell lines.

MATERIALS AND METHODS

Cells and virus. Murine 17CL-1 fibroblasts (49) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 10% tryptone phosphate broth. HeLa-MHVR cells (39), which are
HeLa cells permanently transfected with the MHV receptor, were kindly pro-
vided by T. Gallagher, Loyola University, Chicago, Ill. They were grown in
DMEM supplemented with 10% FBS and selected in gpt1select media (10%
FBS, 2.5 mg of mycophenolic acid per ml, 250 mg of xanthine per ml, 20 mg of
hypoxanthine per ml, and 100 mg of G418 per ml in DMEM) at every fifth
passage. Cells were plated in eight-well chamber slides 1 day before infection and
then infected with MHV strain A59 (41) at a multiplicity of infection of 1 PFU.
Viruses were removed after 1 h, and the cells were maintained in their respective
growth media containing 1% FBS.

Antisera. Polyclonal rabbit antisera raised against the D3, D12, D18, D23, and
putative POL regions of MHV-JHM gene 1 polyprotein were used in immuno-
fluorescent-staining and immunoprecipitation experiments (Table 1 and Fig. 1).
These antisera recognize gene 1 products from cells infected with either MHV-
JHM or the closely related strain, MHV-A59 (5). The D3 region (amino acids
[aa] 784 to 1037) extends from the C-terminal portion of p65 to the N-terminal
portion of p210 (45). Immunoprecipitation experiments have shown that MHV-
JHM gene 1a products, p65 and p210, and their respective intermediates, p72
and p250, were all precipitated by the D3 antiserum (45). The antiserum against
the D12 region (aa 3340 to 3470) reacts with p27 and its precursor p150 (45). The
D18 antiserum was raised against a glutathione S-transferase (GST) fusion pro-
tein containing aa 5192 to 5379, which includes the C-terminal portion of the
putative RNA polymerase. The D23 antiserum was raised against a GST fusion
protein containing a region (aa 6679 to 6821) of unknown function in ORF 1b.
The POL antiserum was raised against the putative polymerase domain (aa 4998
to 5300) fused to maltose-binding protein and shown to immunoprecipitate the
in vitro-translated polymerase of approximately 100 kDa (37a). The peptide
sequences used to generate the D18 and POL antisera overlap by 109 aa. The D18
antiserum efficiently immunoprecipitated p100 from MHV-infected cells but
generated a weak signal in immunofluorescent staining (data not shown). In
contrast, the POL antiserum generates a strong signal in immunofluorescent
staining but does not efficiently immunoprecipitate p100 from MHV-infected
cells (data not shown). Therefore, the POL antiserum was used for immunoflu-
orescent staining and the D18 antiserum was used for immunoprecipitation
assays. A monoclonal anti-bromodeoxyuridine (BrdU) antibody, which cross-
reacts with bromouridine (BrU), was purchased from Boehringer Mannheim
Biochemicals (Indianapolis, Ind.). A monoclonal antibody (StressGen, Victoria,
Canada) and a polyclonal antibody (Affinity Bioreagents, Golden, Colo.) against
a protein, GRP78, resident in the ER were used to stain the ER membrane (37).
Rhodamine-conjugated wheat germ agglutinin purchased from Vector Labora-
tories (Burlingame, Calif.) was used to localize the Golgi apparatus (50). A
monoclonal antibody against lysosome-associated membrane protein 1 (LAMP-
1), obtained from The Developmental Studies Hybridoma Bank (Iowa City,
Iowa), was used to localize lysosomes (11).

Protein synthesis and protease inhibitors. The protein synthesis inhibitor
cycloheximide was purchased from Sigma (St. Louis, Mo.). Three cysteine pro-
tease inhibitors, E64d, leupeptin, and zinc chloride, were purchased from Ma-
treya (Pleasant Gap, Pa.), Boehringer Mannheim, and Sigma, respectively. They
were added to MHV-infected cells 3 or 1.5 h before permeabilization or fixation
of the cells as indicated below.

Cell permeabilization and labeling of de novo-synthesized viral RNA. Cell
permeabilization with lysolecithin and detection of viral RNA synthesis were
performed by the method described by Leibowitz and DeVries (30) with some
modifications. Unless indicated otherwise, MHV-A59 or mock-infected 17CL-1
or HeLa-MHVR cells were permeabilized at 8.5 or 7 h postinfection, respec-
tively. The cells were washed twice with serum-free medium and treated with 100
mg of lysolecithin per ml for 90 s on ice. The permeabilized cells were then
incubated for 10 to 40 min in a transcription buffer containing 0.5 mM BrUTP to
label newly synthesized viral RNA. The standard BrUTP labeling time used was
40 min unless noted otherwise. To inhibit cellular RNA synthesis, the cells were
treated with 5 mg of actinomycin D per ml 1 h before permeabilization. Exper-
iments were terminated by fixation of the cells.

Immunofluorescent staining. Cells were washed in phosphate-buffered saline
(PBS) and fixed in 4% formaldehyde for 20 min at room temperature and
permeabilized in either acetone for 5 min at 220°C or 0.1% Triton X-100 for 30
min at room temperature. To inhibit nonspecific antibody binding, the cells were

incubated in 5% bovine serum albumin for 20 min. Primary antibodies were
diluted in 5% bovine serum albumin and incubated with cells for 1 h at room
temperature. After three washes in PBS, the cells were incubated with fluoro-
chrome-conjugated secondary antibodies for 1 h at room temperature. Fluores-
cein isothiocyanate (FITC)- or tetramethylrhodamine-5-isothiocyanate
(TRITC)-conjugated goat anti-rabbit immunoglobulin G antibodies were ob-
tained from Pierce (Rockford, Ill.). FITC- or TRITC-conjugated goat anti-
mouse immunoglobulin G antibodies were purchased from American Qualex
(La Mirada, Calif.). The cells were then washed three times in PBS and mounted
in Vectashield (Vector Laboratories).

Labeling and immunoprecipitation of viral proteins. HeLa-MHVR cells were
infected with MHV-A59 at a multiplicity of infection of 1.5 PFU. After 1 h, cells
were treated with 2 mg of actinomycin D per ml for the duration of the exper-
iment. At 2.5 h postinfection, the medium was replaced with DMEM lacking
methionine and the incubation was continued for 30 min. Proteins were meta-
bolically radiolabeled with [35S]methionine (200 mCi/ml; ICN, Costa Mesa, Cal-
if.) for 2 h followed by a 30-min chase period in complete medium. Cell lysates
were prepared at 5.5 h postinfection and subjected to immunoprecipitation with
anti-D3, -D12, -D18, and -D23 as described previously (45). The immunoprecipi-
tates were run on a sodium dodecyl sulfate–5 to 10% polyacrylamide gradient gel
and detected by autoradiography. E64d (400 mg/ml) was added to the cells at 2 h
postinfection and maintained in the medium until cell lysates were prepared at
5.5 h postinfection.

Confocal microscopy. Confocal microscopy was performed on a Zeiss-210
laser-scanning confocal microscope equipped with an argon laser and a HeNe
laser and appropriate filters. The thickness of each digital section obtained by the
microscope was 0.3 mm. Each experiment was performed at least three times. For
each experiment, approximately 500 cells were examined to ensure that the
results were representative. Only cells that were not in syncytia and did not show
any visible cytopathic effects were selected for colocalization analysis. Two or
more individual cell images were recorded for each experiment. Image analysis
was performed with the standard system-operating software provided with the
microscope. Fluorescent images were superimposed digitally to allow fine com-
parison. Colocalization of green (FITC) and red (TRITC) signals in a single pixel
produces yellow, while separated signals remain green or red.

RESULTS

Reconstitution of MHV RNA synthesis in permeabilized
cells. To label newly synthesized viral RNA in virus-infected
cells, we reconstituted an in vitro system for MHV RNA syn-
thesis in lysolecithin-permeabilized cells based on a modifica-
tion of the protocol established by Leibowitz and DeVries (30).
Instead of using radiolabeled UTP, viral RNA was labeled by
BrUTP incorporation and brominated nucleotides were de-
tected with a monoclonal antibody. In mock-infected 17CL-1
cells, intense nuclear staining was observed, which represents
cellular RNA transcription, but the cytoplasmic staining was
minimal (Fig. 2A). In MHV-infected 17CL-1 cells, some of
which form syncytia, there was a significant increase in cyto-
plasmic staining, possibly representing viral RNA synthesis;
correspondingly, there was a significant decrease in nuclear
staining in the majority of BrUTP-labeled cells (Fig. 2C).
There appeared to be an inverse relationship between RNA
labeling indices in the cytoplasm and the nucleus of infected
cells (data not shown), suggesting that host RNA transcription
may be inhibited by viral infection, resulting in predominantly
viral RNA synthesis. Alternatively, viral RNA synthesis may
have depleted BrUTP so that the labeling of cellular RNA
synthesis was reduced. Similar experiments were performed on
another cell line, DBT; however, this cell line was too fragile to
withstand the permeabilization procedure.

To further distinguish the cellular transcription from virus-
specific RNA synthesis, 17CL-1 cells were treated with actino-
mycin D, which blocks host DNA-dependent RNA transcrip-
tion without affecting MHV-directed, RNA-dependent RNA
synthesis. As expected, when cells were preincubated with 5 mg
of actinomycin D per ml for 1 h prior to permeabilization and
BrUTP labeling, no signal was detected in mock-infected cells
(Fig. 2E). In contrast, strong cytoplasmic staining, but no nu-
clear staining, was observed in MHV-infected cells (Fig. 2G).
Thus, the cytoplasmic staining observed in MHV-infected cells
in the presence or absence of actinomycin D represents virus-
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specific RNA. Since BrUTP labeling was carried out for only
15 min, the majority of the labeling observed most probably
represents newly synthesized viral RNA, which is closely asso-
ciated with the viral replication and transcription machinery.
Longer labeling times (up to 40 min) did not alter the RNA
distribution pattern (data not shown).

We have also performed BrUTP labeling of MHV RNA by
introducing BrUTP into cells through N-[1-(2,3-dioleoyloxy)
propyl]-N,N,N-trimethylammonium methylsulfate (DOTAP)-
mediated transfection. This procedure is less invasive to cells,
and we observed results similar to those obtained by the per-
meabilization procedure (data not shown). However, only

FIG. 2. Detection of de novo-synthesized viral RNA by BrUTP labeling. MHV-A59-infected 17CL-1 cells were permeabilized with lysolecithin, treated with BrUTP
at 8.5 h postinfection, and fixed 10 min later. The cells were stained with a monoclonal antibody against BrdU. Representative images of BrUTP labeling are shown
for mock-infected (A and E) or MHV-infected (C and G) cells in the presence (E and G) or absence (A and C) of 5 mg of actinomycin D per ml. Actinomycin D was
added 1 h before BrUTP labeling. B, D, F, and H are the phase-contrast images of A, C, E, and G, respectively.
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about 5% of the cells could be labeled by DOTAP transfection,
in contrast to 60 to 90% for the permeabilization procedure,
which allowed for semiquantitative analysis. Thus, the lysolec-
ithin permeabilization procedure was used throughout this
study.

Colocalization of MHV gene 1 products with de novo-syn-
thesized viral RNA. Immunofluorescence analysis with rabbit

polyclonal antisera against the D3, D12, POL, and D23 regions
of MHV gene 1 polyprotein revealed strong cytoplasmic stain-
ing in MHV-infected cells but not in mock-infected cells. Since
the virus infection was not synchronized, cells at different
stages of infection could be seen at 8.5 h (for 17CL-1) or 7 h
(for HeLa-MHVR) postinfection. Fewer than half of the in-
fected cells formed syncytia, and the rest were individual cells

FIG. 3. Colocalization of MHV gene 1 products with de novo-synthesized viral RNA. MHV-A59-infected cells were permeabilized and labeled with BrUTP at 8.5 h
(17CL-1 cells) or 7 h (HeLa-MHVR cells) postinfection. Actinomycin D (5 mg/ml) was added 1 h before BrUTP labeling. The cells were then double stained with rabbit
polyclonal antisera against D3, D12, POL, or D23 regions of gene 1 polyprotein and the mouse monoclonal anti-BrdU antibody (RNA). (A) 17CL-1 cells; (B)
HeLa-MHVR cells.
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without any visible sign of cytopathic effects as a result of MHV
infection. As illustrated by the representative images in 17CL-1
cells (Fig. 3A), the staining for all of these viral proteins ap-
peared in discrete spots or patches in the cytoplasm, predom-
inantly in the perinuclear region, of individual virus-infected
cells. Cells in syncytia, however, showed more diffuse staining
of these proteins in the cytoplasm (data not shown). In all the
experiments reported below, only the individual cells not in
syncytia were examined. It should be noted that the staining
patterns of MHV gene 1 products were similar between the
lysolecithin-permeabilized and untreated cells (data not
shown), indicating that the lysolecithin treatment did not dis-
rupt the normal cell morphology. Furthermore, the immuno-
fluorescent-staining patterns observed with antisera against
D3, D12, POL, and D23 were very similar, suggesting that all of
these proteins localized to the perinuclear region, although we
could not determine whether they colocalized with each other.
None of these antibodies stained uninfected cells (data not
shown; see Fig. 7A and 8A).

We next examined the accumulation sites of these viral pro-
teins with respect to the sites of viral RNA synthesis. Newly
synthesized viral RNA was labeled with BrUTP in the presence
of actinomycin D and analyzed by dual-labeling immunofluo-
rescence with antibodies against viral proteins and brominated
RNA. Representative results of colocalization in 17CL-1 cells
are shown in Fig. 3A. Digital superimposition of fluorescent
images revealed a significant level of colocalization of MHV
gene 1 products and BrUTP-labeled viral RNA, suggesting
that all of these proteins are associated with the viral RNA
replication-transcription machinery. Since both the processed
and precursor proteins were recognized by the antisera, it is
conceivable that both protein forms colocalized with viral
RNA. The colocalization of MHV gene 1 polyprotein products
and viral RNA was also observed in MHV-infected HeLa-
MHVR cells. Double staining of one of the proteins (D23) and
viral RNA is shown in Fig. 3B. It is interesting that the distri-
bution patterns of both gene 1 products and de novo-synthe-
sized RNA appeared to be different between 17CL-1 and
HeLa-MHVR cells, suggesting that they may be associated
with different structures in these two cell types (see below).

Time course of viral RNA labeling and protein staining. At
8.5 and 7 h postinfection for 17CL-1 and HeLa-MHVR cells,
respectively, syncytium formation could be observed. To rule
out the possibility that the patterns of viral RNA and gene 1
proteins observed at this time point were influenced by the
possible cytopathic effects induced by MHV infection, we per-
formed a kinetic study of BrUTP labeling and immunofluores-
cent staining of viral proteins at different time points postin-
fection. RNA labeling was performed at hourly intervals from
2 to 7 h postinfection in the presence of actinomycin D. Clear-
cut BrUTP labeling of viral RNA was not detectable until 4 h
postinfection for 17CL-1 (Fig. 4) and 3 h postinfection for
HeLa-MHVR cells (data not shown). Both the labeling inten-
sity and the number of cells labeled increased with the length
of infection. The accumulation of viral proteins was also de-
tected at the same time points as BrUTP labeling in the same
cells. Furthermore, confocal microscopy revealed significant
colocalization of MHV gene 1 products with newly synthesized
viral RNA at any time points examined (Fig. 4). There was no
significant difference in the patterns of RNA and protein lo-
calization between the early and late time points of infection.

Inhibition of MHV RNA synthesis by protease inhibitors.
Several cysteine protease inhibitors, i.e., E64d, leupeptin and
zinc chloride, have been shown to inhibit MHV PCP-1 and
3Cpro activities, which are responsible for the processing of
gene 1 polyprotein (13, 15, 16, 26, 32). We wanted to deter-

mine the effects of these inhibitors on viral RNA synthesis and
gene 1 protein distribution. We first confirmed the inhibition
of MHV gene 1 polyprotein processing by E64d by immuno-
precipitation with antisera against D3, D12, D18, and D23 in
HeLa-MHVR cells infected with MHV-A59. The D18 anti-
serum was used in lieu of the POL antiserum in this study
because the POL antiserum did not work well in immunopre-
cipitation and because the D18 and POL proteins overlap by
109 amino acids. As shown in Fig. 5A, anti-D18 and anti-D23,
but not the rabbit preimmune serum, immunoprecipitated
ORF 1b proteins p100 and p35, respectively, as well as a
precursor predicted to be larger than 300 kDa in virus-infected
cells. In the absence of E64d, the D3 antiserum immunopre-
cipitated p65, p72, p210, and p250 whereas the D12 antiserum
precipitated p27 and its precursor, p150 (Fig. 5B). These pro-
cessed products were of the same sizes as those of MHV-JHM,
as previously described (45). In the presence of 400 mg of E64d
per ml, none of the processed products, including p65, p72,
p27, p100, and p35, were detected by their corresponding an-
tisera, indicating that E64d almost completely inhibited the
processing of MHV gene 1 polyprotein (Fig. 5B).

E64d (26) and leupeptin (16) inhibit MHV RNA synthesis at
concentrations that inhibit protein processing. We further ex-
amined the effects of these protease inhibitors on protein lo-
calization. When added to 17CL-1 cells at 3 h (5.5 h postin-
fection) or 1.5 h (7 h postinfection) before permeabilization
and BrUTP labeling (8.5 h postinfection), all three protease
inhibitors completely inhibited MHV RNA synthesis at con-
centrations of 400 mg/ml for E64d (Fig. 6F), 10 mM for leu-
peptin, and 0.1 mM for zinc chloride (data not shown). These
results indicate that continuous protein processing is necessary
for viral RNA synthesis, suggesting that the processed products
may be unstable. Interestingly, the staining patterns of the
gene 1 products examined were not significantly altered by the
treatment with these protease inhibitors (compare Fig. 6A and
C). These results suggest that the processed protein products
were not translocated elsewhere after cleavage. Since these
viral proteins were shown to colocalize with viral RNA (Fig. 3),
it is likely that the processing of MHV gene 1 polyprotein
occurs at or near the site of viral RNA synthesis.

To confirm that the processed gene 1 products were unsta-
ble, we treated cells with cycloheximide, which inhibits MHV
RNA synthesis when added at any time after virus infection
(42). When 17CL-1 cells were treated with 10 mg of cyclohex-
imide per ml for 1.5 h before permeabilization and BrUTP
labeling, MHV RNA synthesis was completely inhibited (Fig.
6E). Significantly, gene 1 products were also completely unde-
tectable (Fig. 6B), indicating that both the precursor polypro-
tein and the processed proteins were degraded within 1.5 h.
This result indicates that in the presence of protease inhibitors,
the antisera against gene 1 proteins must be detecting the
newly synthesized precursor protein but not the processed
products. These results, when combined, indicate that both
continuous protein synthesis and processing of MHV gene 1
polyprotein are required for viral RNA synthesis. Further-
more, the precursor and processed proteins are probably lo-
calized in the same region. Similar results were obtained in
HeLa-MHVR cells when exposed to the inhibitors of protein
synthesis and proteases (Fig. 6). Although only the staining
with the D3 antiserum is presented in Fig. 6, antisera against
D12, POL, and D23 produced very similar results (data not
shown).

Colocalization of MHV RNA and gene 1 products with in-
tracellular membrane structures. Coronavirus replication or
transcription complexes are present in membrane fractions of
virus-infected cells (9, 47). The perinuclear cytoplasmic distri-
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bution of both BrUTP labeling and staining of gene 1 products
shown above is suggestive of their possible association with the
intracellular membrane compartments. To test this possibility,
antibodies against an ER-resident protein (GRP78) (37), a
lysosomal membrane protein (LAMP-1) (11), and wheat germ
agglutinin (WGA), which stains the distal face of the Golgi
stack as well as the cell surface (50), were used to localize the
respective membrane structures. Dual-labeling immunofluo-
rescence analysis was carried out with these markers together
with antibodies against BrUTP or MHV gene 1 products. In
mock-infected cells, the Golgi and ER staining (Fig. 7A to C
and 8A to C) was similar to that in virus-infected cells (Fig. 7D
to L and 8D to O), suggesting that there were no gross changes
of the cellular membrane structures in infected cells at the time
points when this study was performed. In HeLa-MHVR cells,
both viral RNA and MHV gene 1 products were localized to
the Golgi apparatus (Fig. 7D to I). In contrast, the viral RNA
and protein staining and the ER staining were almost mutually
exclusive (Fig. 7J to L). These results suggest that the Golgi
apparatus or a Golgi-derived membrane structure is probably
the site of the viral RNA replication-transcription machinery.
There was no apparent difference in WGA staining between
MHV-infected and mock-infected HeLa-MHVR cells (Fig. 7A
to C) up to at least 7 h postinfection. Surprisingly, when similar

studies were performed on the murine 17CL-1 cells, a different
pattern emerged: neither MHV RNA nor viral gene 1 products
colocalized with the Golgi apparatus (Fig. 8D to F). It is
notable that the Golgi structure in 17CL-1 cells appears to be
significantly different from that in HeLa-MHVR cells. The
viral RNA and proteins also did not colocalize with lysosomes
labeled by the LAMP-1 antibody (Fig. 8G to I). However,
immunofluorescent staining of the viral proteins (Fig. 8J to L)
and BrUTP labeling of the RNA (Fig. 8M to O) in 17CL-1
cells showed partial colocalization of viral proteins and RNA
with the ER. These findings suggest that MHV RNA synthesis
in 17CL-1 cells may occur on a structure that consists, in part,
of the ER membrane. A similar membrane localization pattern
of MHV gene 1 products, detected by antisera against D3, D12,
POL, and D23, was seen in DBT cells (data not shown). These
results, when combined, suggest that MHV RNA synthesis
occurs on a membrane structure in virus-infected cells; how-
ever, the origin of this membrane structure may be different in
different cell lines.

DISCUSSION

The present study used immunofluorescent staining and
confocal microscopy to show that several MHV-A59 gene 1a

FIG. 4. Kinetic study of MHV RNA synthesis. MHV-A59-infected 17CL-1 cells were permeabilized and subjected to BrUTP labeling at 4, 5, and 6 h postinfection
in the presence of 5 mg of actinomycin D per ml. Actinomycin D was added 1 h before BrUTP labeling. The cells were then double stained with the D3 antiserum and
mouse monoclonal BrdU antibody (RNA) as described in the Materials and Methods.
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and 1b products, including the proteases and the putative poly-
merase, colocalized with de novo-synthesized viral RNA, sug-
gesting that these gene 1 products are involved in viral RNA
synthesis. This result is consistent with the previous findings by
genetic analyses that both 1a and 1b proteins are required for
MHV RNA synthesis (19, 43). Furthermore, our results con-
firmed and extended the finding that MHV RNA synthesis is
associated with intracellular membranes in the cytoplasm of
virus-infected cells and that the origin of the membrane struc-
ture involved in MHV RNA synthesis may be different in
different cell lines.

In this study, newly synthesized MHV RNA was labeled with
BrUTP in lysolecithin-permeabilized cells. Viral RNA synthe-
sis could be detected as early as 10 min after the addition of
BrUTP, and there was no difference in the staining pattern of
viral RNA between labeling for 10 min and labeling for 40 min.
Furthermore, the putative viral polymerase gene product
(p100) and several other gene 1 products were localized to the
same perinuclear region as viral RNA in infected cells. There-
fore, it is likely that the BrUTP labeling observed in this study
represents the site of MHV RNA synthesis.

Our immunoprecipitation study presented the first descrip-
tion of ORF 1b products detected from MHV-infected cells.
Using anti-D18, we identified a 100-kDa protein that is pro-
posed to contain the MHV polymerase motif (29). The MHV
p100 product is consistent with that reported for the polymer-
ase domain of infectious bronchitis virus (p100) (31) and hu-
man coronavirus 229E (p105) (23). Using anti-D23, which was
generated against a region near the C-terminal end of ORF 1b,
we identified a processed product of 35 kDa. It is currently

unclear whether p35 is related to the p32 or p44 products
previously identified from in vitro-translated products of
MHV-A59 genomic RNA (14). In addition to the processed
products, we found that both anti-D18 and anti-D23 immuno-
precipitated a large viral protein (.300 kDa), which probably
represents the unprocessed ORF 1b precursor. Anti-D3 immu-
noprecipitated p65, p210, p250, and, to our surprise, p72, from
MHV-A59-infected HeLa-MHVR cells (Fig. 5B, lane 1). Al-
though we consistently detected these products from MHV-
JHM-infected DBT and 17CL-1 cells, we could not detect p72
from MHV-A59-infected DBT cells (45). As noted previously,
we found that only about 10 to 20% of DBT cells are infectable
with MHV at a given time point (45) whereas 100% of HeLa-
MHVR cells are infectable (39). This high level of simulta-
neous infection in HeLa-MHVR cells permits a substantial
increase in the amount of polymerase polyprotein products
present in cell lysates. We believe that increased concentration
of MHV polymerase protein in HeLa-MHVR cells permits the
detection of p72 from MHV-A59-infected cells in the present
study.

The present study demonstrates that cysteine and serine
protease inhibitors, i.e., E64d, leupeptin, and zinc chloride, are
effective inhibitors of MHV RNA synthesis when added to
cells 1.5 h before BrUTP labeling, even though the viral gene
1 products were still detected by immunofluorescent staining
and radiolabeling. This result suggests that the uncleaved pre-
cursor protein of MHV polymerase cannot support viral RNA
synthesis and that the proteolytic activity is required to gener-
ate an active polymerase. Both E64d and leupeptin inhibit the
proteolytic activity of 3Cpro (26, 32), which is believed to be

FIG. 5. (A) Immunoprecipitation of MHV ORF 1b proteins by anti-D18 and anti-D23. HeLa-MHVR cells were infected with MHV-A59 and treated with 2 mg of
actinomycin D per ml at 1 h postinfection for the duration of the experiment. At 2.5 h postinfection, the medium was replaced for 30 min with DMEM lacking
methionine. Proteins were metabolically radiolabeled with [35S]methionine for 2 h, followed by a 30-min chase period in complete medium. Cell lysates were prepared
at 5.5 h postinfection and subjected to immunoprecipitation as described previously (45). (B) Inhibition of the processing of MHV gene 1 polyprotein by E64d. E64d
(400 mg/ml) was added to the cells at 2 h postinfection and maintained in the medium until the cell lysates were prepared at 5.5 h postinfection. The immunoprecipitated
viral proteins are indicated by arrows.
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responsible for the cleavage of many of the ORF 1a and 1b
proteins. Zinc chloride, however, does not appear to inhibit
3Cpro (32) but, rather, blocks the cleavage of p28 by PCP-1
(15). The inhibition of MHV RNA synthesis by zinc chloride
suggests that a processed p28 is required for viral RNA syn-
thesis. However, no temperature-sensitive mutations have
been mapped to this region; thus, its functional significance has
not been confirmed by complementation analysis. Alterna-

tively, the processing of p28 may be necessary for the subse-
quent processing of other MHV gene 1 products. Based on the
kinetics of protein processing, the MHV gene 1 polyprotein is
probably processed sequentially (15). Since p28 is the first
protein to be cleaved from the polyprotein, it is possible that
the retention of p28 at the N terminus of the polyprotein
prevents cleavage of the rest of the polyprotein, thus affecting
the viral RNA synthesis indirectly.

FIG. 6. Inhibition of MHV RNA synthesis by protein synthesis and protease inhibitors. MHV-A59-infected cells were untreated (A and D) or treated with 10 mg
of cycloheximide per ml (B and E) or 400 mg of E64d per ml (C and F) 1.5 h before permeabilization and BrUTP labeling. The cells were labeled with BrUTP for 40
min and double stained with the D3 (A to C) and BrdU (RNA) (D to F) antibodies.
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Interestingly, although MHV RNA synthesis was completely
inhibited by protease inhibitors (Fig. 6F), the localization of
MHV gene 1 products was not altered, as indicated by their
colocalization with the same membrane structure in the pres-
ence and absence of protease inhibitors (compare Fig. 6A and
C). Therefore, the subcellular localization of the MHV repli-
case complex is independent of complete proteolytic process-
ing. However, ongoing proteolytic processing is clearly re-
quired for viral RNA synthesis, since the addition of protease
inhibitors rapidly reduced viral RNA synthesis to an undetect-
able level within 1.5 h (Fig. 6F). In addition, continued protein
synthesis is required for viral RNA synthesis (Fig. 6E). Indeed,

all of the viral gene 1 products were completely undetectable at
1.5 h after cycloheximide treatment, indicating that both the
precursor and processed gene 1 products were rapidly de-
graded (Fig. 6B). This is consistent with the previous findings
in cells treated with cycloheximide (42), anisomycin (36), or
E64d (26). Interestingly, the protease inhibitor E64d blocks
processing to the mature form of 3Cpro (p27); however, a
150-kDa precursor is detected. This indicates that the proteo-
lytic processing event responsible for cleavage of p150 is not
sensitive to E64d. Furthermore, p250 and a high-molecular-
mass protein (.300 kDa) are also detected in the presence of
the drug. Although these polyprotein intermediates are

FIG. 7. Colocalization of MHV RNA and gene 1 products with the Golgi apparatus in HeLa-MHVR cells. (A) Mock-infected cells were stained with the D3
antiserum; (B and C) mock-infected cells were double stained with WGA (Golgi) (B) and the GRP78 antibody (ER) (C); (D to F) MHV-A59-infected cells were
permeabilized and labeled with BrUTP, followed by double staining with the BrdU antibody (RNA) (D) and WGA (E); (G to I) virus-infected cells were double stained
with the D3 antiserum (G) and WGA (H); (J to L) virus-infected cells were double stained with antibodies against D3 (J) and GRP78 (ER) (K). Panels F, I, and L
are the superimposed images of D and E, G and H, and J and K, respectively.
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FIG. 8. Partial colocalization of MHV gene 1 products with the ER in 17CL-1 cells. (A) Mock-infected cells were stained with the D3 antiserum; (B and C)
mock-infected cells were double stained with WGA (Golgi) (B) and the GRP78 antibody (ER) (C); (D to F) MHV-A59-infected cells were double stained with the
D3 antiserum (D) and WGA (Golgi) (E); (G to I) virus-infected cells were double stained with antibodies against D3 (G) and LAMP-1 (lysosome) (H); (J to L)
virus-infected cells were double stained with antibodies against D3 (J) and GRP78 (ER) (K); (M to O) MHV-A59-infected cells were permeabilized and labeled with
BrUTP, followed by double staining with antibodies against BrdU (RNA) (M) and GRP78 (ER) (N). Panels F, I, L, and O are the superimposed images of D and E,
G and H, J and K, and M and N, respectively.
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present in MHV-infected, E64d-treated cells, new RNA syn-
thesis is inhibited. These results demonstrate that intermedi-
ates in proteolytic processing are not sufficient for mediating
detectable levels of MHV RNA synthesis. They also suggest
that the processing of MHV gene 1 polyprotein is likely to be
tightly associated with viral RNA synthesis. We cannot, how-
ever, rule out the possibility that the inhibitors of protein
synthesis and protease also inhibit the synthesis or processing
of cellular proteins that are involved in the regulation of MHV
RNA synthesis.

The finding that MHV autoproteases, the papain-like pro-
teases (detected by anti-D3) and 3Cpro (detected by anti-D12),
colocalized with newly synthesized viral RNA also supports
this notion. These proteases are associated with viral RNA
synthesis most probably because they process the MHV
polyprotein to generate active polymerases. They may also
directly participate in viral RNA synthesis in a role similar to
that of the poliovirus 3C protease, whose precursor protein
(3CD) binds the 59 end of the viral RNA genome to form an
initiation complex for RNA synthesis (1).

The coronavirus replication-transcription complexes are
closely associated with the membrane fractions of virus-in-
fected cells (9, 47), but the exact origin of the membrane
structure has not been determined. In the present study, MHV
RNA and gene 1 products were found to colocalize with the
Golgi apparatus in HeLa-MHVR cells, which is consistent with
the previous study of several MHV gene 1a products in ham-
ster cells expressing the MHV receptor (3). However, our
study also showed that viral RNA and proteins were associated
with a different perinuclear membrane compartment in
17CL-1 cells (Fig. 8) and DBT cells (data not shown), although
the nature of this membrane is still not clear. One possible
candidate is the ER, which was shown to partially colocalize
with MHV RNA and gene 1 products (Fig. 8). Studies of other
RNA viruses, including equine arteritis virus (38, 51, 52),
brome mosaic virus (40), and tobacco etch virus (44), have
identified the ER as the site of viral RNA synthesis. More
remarkably, the poliovirus replication complex is associated
with a unique membrane compartment that is derived from
membranes of the ER, Golgi, and other cellular membranes
(4, 46). Thus, it is possible that MHV also assembles a repli-
cation complex on virus-induced vesicles originating from sev-
eral cellular membranes such as the ER. This possibility is
consistent with the finding that MHV RNA and gene 1 pro-
teins colocalized with only a very small fraction of the ER in
17CL-1 cells (Fig. 8), suggesting that they are in a subcompart-
ment of the ER. Since there are only two regions on the MHV
gene 1 polyprotein that are predicted to contain membrane-
spanning domains (Fig. 1) (29), most of the processed proteins
may not attach to the membrane directly but may form a
replication complex with either viral (i.e., the membrane-asso-
ciated protein domains encoded by ORF 1a) or cellular mem-
brane proteins. Indeed, it has previously been shown that in
mild detergent (0.1% Nonidet P-40), the MHV gene 1 prod-
ucts can be immunoprecipitated as a complex by the antisera
against D3 and D12 used in this study (45), suggesting that the
processed viral proteins are still associated with each other.

Fragmentation of the Golgi apparatus has been observed in
MHV-A59-infected L2 murine fibroblasts and 17CL-1 cells,
but only at a much later time point, 24 h postinfection (28). In
fact, the same study has also indicated that an intact Golgi
apparatus for a period of 4 to 16 h postinfection is required for
MHV replication (28). Our results revealed no apparent
change of the Golgi apparatus in virus-infected HeLa-MHVR
and 17CL-1 cells at 7 and 8.5 h postinfection, respectively,
compared to mock-infected cells (Fig. 7 and 8). Therefore, the

Golgi apparatus we observed at or before 8.5 h postinfection
was not fragmented or rearranged by virus infection, although
it is possible that minor changes within the Golgi apparatus
were not detected by our immunostaining method. There is an
apparent difference between the WGA-labeled Golgi appara-
tus in HeLa-MHVR and 17CL-1 cells (Fig. 7 and 8). The Golgi
staining appeared as a compact triangular structure in the
juxtanuclear region of HeLa-MHVR cells and as a less well
defined structure in 17CL-1 cells. The observed difference may
be attributed to the nature of these two cell lines. HeLa cells
are human cervical carcinoma cells of epithelial origin and
have a well-defined Golgi apparatus for their secretory pur-
poses. In contrast, 17CL-1 is a nonsecretory murine embryonic
fibroblast cell line. This difference may partially account for the
finding that MHV gene 1 products are associated with the
Golgi apparatus in HeLa-MHVR cells but not in 17CL-1 cells.

Taken together, the results of present study demonstrated
that MHV gene 1a and 1b products are associated with viral
RNA replication-transcription machinery. One of the impor-
tant functions of these products is proteolytic cleavage, which
may occur at the site of viral RNA synthesis. This study further
demonstrates the membrane association of viral RNA synthe-
sis; however, the origin of membrane structure involved may be
different in different cell lines. Further investigation of the
formation of RNA replication and transcription complexes
should be helpful in defining the mechanism of MHV RNA
synthesis.
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