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The coronavirus mouse hepatitis virus (MHV) translates its replicase gene (gene 1) into two co-amino-
terminal polyproteins, polyprotein 1a and polyprotein 1ab. The gene 1 polyproteins are processed by viral
proteinases to yield at least 15 mature products, including a putative RNA helicase from polyprotein 1ab that
is presumed to be involved in viral RNA synthesis. Antibodies directed against polypeptides encoded by open
reading frame 1b were used to characterize the expression and processing of the MHYV helicase and to define
the relationship of helicase to the viral nucleocapsid protein (N) and to sites of viral RNA synthesis in
MHV-infected cells. The antihelicase antibodies detected a 67-kDa protein in MHV-infected cells that was
translated and processed throughout the virus life cycle. Processing of the 67-kDa helicase from polyprotein
1ab was abolished by E64d, a known inhibitor of the MHYV 3C-like proteinase. When infected cells were probed
for helicase by immunofluorescence laser confocal microscopy, the protein was detected in patterns that varied
from punctate perinuclear complexes to large structures that occupied much of the cell cytoplasm. Dual-
labeling studies of infected cells for helicase and bromo-UTP-labeled RNA demonstrated that the vast majority
of helicase-containing complexes were active in viral RNA synthesis. Dual-labeling studies for helicase and the
MHYV N protein showed that the two proteins almost completely colocalized, indicating that N was associated
with the helicase-containing complexes. This study demonstrates that the putative RNA helicase is closely
associated with MHV RNA synthesis and suggests that complexes containing helicase, N, and new viral RNA

are the viral replication complexes.

The coronavirus mouse hepatitis virus (MHV) is a member
of the recently established order Nidovirales, which also in-
cludes the arteriviruses and toroviruses. The member families
of this order contain genomes of positive-strand RNA and
express their replicase genes as two co-amino-terminal
polyproteins. The unique organization and replication strate-
gies of the members of the Nidovirales suggest that they may
encode proteins with novel functions in cytoplasmic RNA tran-
scription and replication (10, 25, 45). Much has been learned
of the organization, gene expression, and transcription of the
coronaviruses and arteriviruses, yet there are many questions
that remain to be answered concerning the processing and
localization of the viral proteins responsible for replication
complex formation and viral RNA transcription and replica-
tion.

The genome of mouse hepatitis virus strain A59 (MHV-
A59) is a 32-kb single-stranded, positive-sense RNA molecule.
Replication and transcription activities of MHYV are thought to
be mediated by proteins translated from gene 1 of the input
genome RNA. Gene 1 comprises the 5'-most two-thirds (22
kb) of the genome and is composed of two open reading
frames, ORF la and ORF 1b, that overlap but are in different
reading frames (4, 5, 27, 35). Translation of ORF 1b occurs
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following a ribosomal frameshifting event at the 3’ end of ORF
1la (6), and thus translation of gene 1 results in two co-amino-
terminal polyproteins of 495 kDa (polyprotein la) and 803
kDa (polyprotein 1ab). Since cotranslational processing of the
polyproteins occurs, neither ppla nor pplab has been detected
in MHV-infected cells or during in vitro translation of purified
genome RNA (8, 9).

OREF 1la encodes two experimentally confirmed proteinases
that are likely responsible for all of the processing of the MHV
gene 1 polyproteins (14, 15, 27, 31, 32), while regions within the
ORF 1b portion of the 1ab polyprotein have been predicted to
possess RNA-dependent RNA polymerase and helicase activ-
ities (13, 16, 24, 27). The polymerase and helicase domains are
conserved between the coronaviruses in their location and core
amino acid motifs (13). The proteins processed from these
regions of the polyprotein have been identified in cells infected
with the human coronavirus 229E (229E) and the avian infec-
tious bronchitis virus (17, 28), and the 229E “helicase” (Hel)
has been demonstrated to possess ATPase activity in in vitro
assays (21). The Hel has not been identified for any other
coronavirus. It is presumed that the Hel of coronaviruses is
intimately involved in processes of viral RNA transcription and
replication, but there has been no experimental determination
of the functions of the Hel or of its interaction with viral RNA.

It is postulated that coronavirus RNA synthesis occurs on
membrane-attached viral replication complexes that also con-
tain replicase proteins such as polymerase and Hel. Though
there has been no experimental identification of active viral
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replication complexes for any coronavirus, recent work with
the arteriviruses has demonstrated that the putative polymer-
ase and Hel proteins localize to perinuclear foci consistent with
membranous complexes (36, 48). It also has been shown pre-
viously that proteins from polyprotein la of equine arteritis
virus localize to membranous complexes that are active in
RNA synthesis (47). Since the arteriviruses and coronaviruses
share many features of genome organization and RNA tran-
scription, it has been presumed that coronaviruses similarly
will form replication complexes on cytoplasmic membranes.
Gene 1 proteins of coronaviruses have been shown to localize
to perinuclear complexes, but nothing is known of the local-
ization of the gene 1 proteins such as Hel presumed to be
involved in viral RNA synthesis, or if complexes containing Hel
are active in RNA synthesis (3, 20, 26).

In this study, we have defined the expression, processing,
and localization of the putative gene 1-encoded Hel in MHV-
infected cells. The Hel was detected as a 67-kDa protein that
was translated and proteolytically processed throughout the
infectious cycle. Hel was detected in MHV-infected cells in
cytoplasmic complexes that were initially perinuclear but be-
came more abundant and formed extensive complexes at late
times of infection. Hel-containing complexes also were sites of
nucleocapsid (N) accumulation and were active in MHV RNA
synthesis, suggesting that these membranous structures were
the active viral replication complexes and that Hel was directly
involved in the process of viral RNA synthesis.

MATERIALS AND METHODS

Viruses, cells, and infection. MHV-A59 was used throughout this study. Virus
was grown and titers were determined in DBT cells (22). DBT cells were used for
all experiments, including radiolabeling and immunofluorescence.

Induction and use of antibodies directed against the Hel domain of polypro-
tein 1ab. Two different rabbit polyclonal antisera were used in parallel in studies
of expression and localization of the putative Hel. All nucleotide sequence
numbers are based on the sequence of Lee et al. (27) as modified by Bonilla et
al. (4). Amino acid sequences were similarly derived, with ORF 1b amino acid
numbers based on presumed fusion of F 44, (ORF 1a) to the sequence FKRI, 444
(ORF1b). For the antiserum B1, a reverse transcription-PCR-amplified fragment
of gene 1 encompassing the Hel domain was digested with Stul and HindIII and
inserted into the Smal and HindIII sites of pQE-31 (Qiagen), resulting in a
cloned fragment from nucleotide (nt) 16787 to 18337. The entire fusion protein
included 21 amino acids encoded by the vector at the amino terminus including
a six-histidine tag and the portion of the gene 1 polyprotein beginning with the
amino acid sequence Fs5,;KQCYA and ending with the amino acid sequence
SLMGFKLg,3 (see Fig. 1). The fusion protein extended 69 amino acids beyond
the predicted carboxy-terminal cleavage site of the putative Hel Q_Ssog,.3. The
B1 fusion protein was expressed in Escherichia coli, purified on Ni-nitrilotriacetic
acid resin, concentrated by dialysis, and used to induce antibodies in rabbits at
Cocalico Inc. The rabbit polyclonal antiserum MHV-96.8 was raised against the
synthetic peptide 59,sSLNFTTLTLDKINNPRLQsg,, at the C-terminal end of
the putative Hel.

Immunoprecipitation, radiolabeling, and proteinase inhibition. Infections, ra-
diolabeling, pulse-labeling, and pulse-chase experiments with MHV-A59 in DBT
cells were performed as previously described (7, 9, 30). Briefly, confluent mono-
layers of DBT cells were infected with MHV-AS59 in Dulbecco modified Eagle
medium-2% fetal calf serum for 5 h at 37°C. For detection of protein, cells were
incubated with medium containing actinomycin D (5 pg/ml) for 1 h, followed by
addition of medium containing [*>S]methionine for times as indicated for indi-
vidual experiments. During pulse-label and pulse-chase experiments, translation
initiation was synchronized by treatment of cells for 30 min with medium con-
taining 200 mM NaCl, as previously described (9). At the end of the radiolabeling
or chase period, lysates of whole cells were immunoprecipitated in immunopre-
cipitation buffer containing 10 mM Tris HCI, 150 mM NaCl, 1% sodium dodecyl
sulfate (SDS), 1% Nonidet P-40, and 1% deoxycholate, and the immunoprecipi-
tated proteins were analyzed on SDS-5 to 18% gradient acrylamide gels and
prepared for fluorography as previously described (9).

Labeling and detection of newly synthesized cellular and viral RNA. New
cellular and viral RNA was detected by incorporation of bromo-UTP (BrUTP;
Sigma) into nascent strands, by a modification of the approach described by
Haukenes et al. (19). DBT cells were grown on coverslips and infected or mock
infected as described above. At 5 h postinfection (p.i.), the medium was replaced
with Optimem medium containing 30 pl of a phosphatidylethanolamine-dimeth-
yldioctadecylammonium bromide lipofection reagent per ml and 5 pg of BrUTP
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FIG. 1. Gene 1 structure and anti-Hel antibodies. The organization of the
MHYV genome is shown, with the location of gene 1, the organization of ORF 1a
and ORF 1b, and the polymerase and Hel domains shown to scale. The region
of the Bl antiserum directed against the B1 fusion protein (white box) and the
96.8 antiserum (black bar) are shown. The entire sequence of the 96.8 peptide is
shown, and the boundaries of the B1 fusion protein are indicated, as described
in Materials and Methods.

(Sigma) per ml. The transfection medium was preincubated for 15 min at 37°C
in the dark before it was added to the cells. Infection was continued for 1.5 h in
the presence of BrUTP prior to rinsing, methanol fixation, and processing for
immunofluorescence microscopy. Cellular RNA synthesis was abolished by the
addition of actinomycin D (5 pg/ml) to the transfection medium.

Immunofluorescence detection of protein and RNA. For the detection of Hel,
DBT cell monolayers were grown on glass coverslips for 36 h, until there were
areas of light confluency but the majority of cells remained noncontiguous. Cells
were infected with MHV-A59 at a multiplicity of infection of 10 PFU/cell, and
the inoculum-containing medium was left on the cells for the duration of infec-
tion. Cells were prepared for immunofluorescence at 6 h p.i., when syncytia were
detected in confluent areas of the monolayer. Cells were rinsed with 37°C
phosphate-buffered saline (PBS), the PBS was aspirated, and —20°C 100% meth-
anol was added to the wells. Cells were kept at —20°C for 1 h prior to processing
for immunofluorescence or stored at —20°C under methanol for later use. For
detection of Hel, coverslips of infected or mock-infected cells were transferred to
wells containing 5% bovine serum albumin in PBS and rehydrated for 15 min. All
subsequent steps were at 4°C in PBS with 1% bovine serum albumin-0.05%
Nonidet P-40. The rehydration solution was aspirated, and cells were incubated
with the B1 antiserum at a 1:100 dilution, either at room temperature for 45 min
or at 4°C for 16 h. Cells were then rinsed twice for 15 min and incubated with 2°C
antibody, usually Cy-2-conjugated mouse anti-rabbit monoclonal antibody
(MADb) (Amersham), at a 1:1,000 dilution for 45 min at room temperature. Cells
were rinsed three times, followed by rinses in PBS and water, and the coverslips
were mounted with Aquapolymount (Polysciences). When dual-labeling exper-
iments were performed, cells were first processed for detection of BrUTP-
labeled RNA, followed by processing for detection of Hel. The primary antibody
for detection of BrUTP-labeled RNA was mouse antibromodeoxyuridine MAb
(Boehringer) used at a 1:100 dilution, and the secondary antibody was Cy-2-
labeled goat anti-mouse antibody. During dual-labeling experiments, Cy-5-con-
jugated mouse anti-rabbit MAb was used to detect Hel.

Laser confocal microscopy. Laser confocal microscopy was performed in the
Vanderbilt Cell Imaging Resource of the Vanderbilt Cancer Center. A Zeiss
LSM 410 laser scanning confocal microscope equipped with argon, krypton, and
helium-neon lasers was used for immunofluorescence detection. For detection of
Cy-2-labeled proteins or RNA, a 488-nm laser was used, and for detection of
Cy-5-labeled helicase, a 647-nm laser was used. Fixed contrast, brightness, and
exposure times were used for all data collection and image analysis. For colo-
calization studies, narrow pinhole sizes (20 Airy units) were used to minimize the
depth of field. Images were saved as green (488 nm) and far-red (647 nm) and
merged in the LSM software and in Photoshop 4.0 (Adobe). Coronal and axial
reconstructions were performed in NIH Image 1.62b (39).

RESULTS

Expression and processing of Hel in MHV-infected DBT
cells. Two polyclonal antisera directed against the putative
Hel, B1 (fusion protein) and 96.8 (peptide), were used to
immunoprecipitate proteins from whole-cell lysates of MHV-
A59-infected DBT cells (Fig. 1). At 5.5 h p.i., a 67-kDa protein
was detected in infected cells by both antisera (Fig. 2). The
apparent mass of the immunoprecipitated protein was the
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FIG. 2. Identification of a 67-kDa protein by anti-Hel antibodies in MHV-
infected DBT cells. (A) Cells were mock infected (mock) or infected (inf.) as
described in Materials and Methods. Cells were incubated with actinomycin D
for 1 h beginning at 5 h p.i., followed by addition of [**S]methionine for 2 h.
Following cell lysis, proteins were immunoprecipitated with immune serum (B1
or 96.8) or preimmune serum (inf. pre). Molecular mass markers (in kilodaltons)
are to the left of the gel, and the locations of the 67-kDa protein and nucleo-
capsid (N) are shown. (B) Radiolabeling of infected cells was performed in the
absence (—) or presence (+) of the proteinase inhibitor E64d (400 pg/ml). Mass
markers (in kilodaltons) are to the right of the gel.

same as the calculated mass of the predicted Hel based on the
deduced amino acid sequence between nt 16355 and nt 18154
from the 5’ end of the genome RNA (Hel domain). The 67-
kDa protein was not detected in mock-infected cells by either
antiserum, nor in infected cells by preimmune sera, indicating
that it was a viral protein. Both sera precipitated proteins in
addition to the 67-kDa viral product. The MHV structural
nucleocapsid protein (N) was detected in immunoprecipitates
by both anti-Hel antisera. We have previously observed copre-
cipitation of N with other gene 1 antibodies including pla-22
and 3CLpro (ORF 1la) from infected cells (29, 30), but N
appeared to coprecipitate to a greater extent than we have
observed with other gene 1 antibodies (see below and Discus-
sion). With the exception of N, the additional proteins de-
tected by 96.8 also were precipitated by preimmune serum in
infected cells or by immune serum in mock-infected cells. The
B1 immune serum detected a protein of 180 kDa that appeared
to be specific to infected cells and immune serum but which
was also slightly visible in the infected-preimmune serum lane
and was easily seen on prolonged exposure of the gel (data not
shown). In addition, three light bands of >200 kDa were
present in infected cells immunoprecipitated with B1 immune
serum. However, in contrast to the 67-kDa Hel protein and N,
which were easily detectable in multiple independent experi-
ments, the trio of bands above 200 kDa was evanescent and not
reproducible. Certainly, it is possible that there were polypro-
tein precursors of >200 kDa, but since the observed protein
bands were not reproducible and were not seen at all during
the pulse-chase experiment or with the 96.8 antibody, it is
unlikely that they represented authentic viral proteins.

When radiolabeling was performed in the presence of the
cysteine proteinase inhibitor E64d, the 67-kDa protein was not
detected (Fig. 2B). E64d has been shown to inhibit cleavage of
the gene 1 polyprotein by the ORF la-encoded 3C-like pro-
teinase (3CLpro) (30, 31). This result confirmed that the 67-
kDa protein was a proteolytic cleavage product that likely was
cleaved by 3CLpro. No additional proteins were detected in
the presence of E64d, but N still coprecipitated when cleavage
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of the 67-kDa protein was blocked, and since N was only
minimally detected by preimmune sera, the data suggested that
N was associated with the mature 67-kDa protein, with non-
cleaved precursors, or both. The results demonstrated that the
67-kDa protein was the product of translation and processing
of polyprotein lab, specifically from the region of the polypro-
tein predicted to encode the viral Hel. The 67-kDa protein will
be referred to as Hel in the remainder of this report.

Pulse-label and pulse-chase translation of Hel. We deter-
mined the pattern of Hel expression and processing during
virus infection by performing pulse-label and pulse-chase
translation (Fig. 3). To demonstrate that the label and chase
conditions were optimal for [>*S]Met labeling during the pulse
and for abolishing labeling during the chase, we analyzed the
incorporation of [>>S]Met into trichloroacetic acid (TCA)-pre-
cipitable polypeptides or protein (Fig. 3A). During labeling,
incorporation rapidly increased for the first 120 min and then
plateaued for 1 h followed by a slow decline. In contrast, the
chase was quite effective in immediately blocking additional
incorporation of radiolabel, resulting in a rapid decline in
TCA-precipitable protein over a 2-h period. During the pulse-
label (Fig. 3B), Hel was first detected at 30 min of labeling, and
since high-salt synchronization resulted in a delay of 10 min
before reinitiation of translation (9, 41), between 20 and 30
min appeared to be required for translation and processing of
detectable amounts of mature Hel. To define precursor-prod-
uct relationships and to determine the stability of processed
Hel, pulse-chase translation was performed concurrently with
the pulse-labeling studies, by chasing replicate plates for up to
5 hin the presence of excess unlabeled L-methionine following
the labeling period (Fig. 3C). By 3 h of chase (9.5 h p.i.),
approximately 75% of the cells were involved in syncytia. By
5 h of chase (11.5 h p.i.), >90% of the cells in the monolayer
were involved in syncytia.

During the chase, the amount of Hel detected was increased
over the amount seen at the end of the labeling period (Fig.
3C, 30 min) at every time point. The amount of Hel detected
increased at each point up to 180 min and even at 300 min of
chase was equivalent to that seen at 30 min of chase. In con-
trast, the amount of nonspecifically precipitated proteins (210
and 150 kDa) was stable or decreased during the first 180 min
of chase, consistent with the TCA precipitation results that
showed decreased [*>S]Met labeling of proteins. No interme-
diate precursors were detected at any point during the chase,
consistent with the results seen in the presence of the protein-
ase inhibitor E64d. There was an increase in the amount of
label detected at the top of the gel during the first 120 min of
chase, possibly due to completion of translation of polyprotein
precursor molecules that were too large to be resolved on the
5 to 18% acrylamide gradient gel. These results together indi-
cated that new molecules of Hel were cleaved, likely from a
large polyprotein precursor, over at least a 3-h period and that
once cleaved were stable for several hours. This was in contrast
to the overall rather rapid turnover of newly synthesized pro-
teins in the cell during the same period. Though the balance
between Hel processing and degradation remains to be deter-
mined, the pattern of expression and processing of Hel was
consistent with our previous analyses of the mature gene 1
(ORF 1a) proteins 3CLpro and p22 (29, 30).

Nucleocapsid was detected during both experiments. The
amount of N detected during the pulse-label was significant
even before Hel was visible, and the amount of N seen during
both pulse-label and pulse-chase remained fairly constant.
Since the labeling experiments were performed at late times of
infection, N synthesis from mRNA 7 might be expected to
occur quickly, and nonlabeled Hel that would be precipitated
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FIG. 3. Pulse-label and pulse-chase translation of p67 Hel in MHV-infected DBT cells. (A) TCA-precipitable counts per minute of [*>S]Met during pulse-label and
pulse-chase translation. MHV-infected DBT cells were labeled in suspension beginning at 5.5 h p.i., and samples were taken at the time indicated in duplicate for TCA
precipitation and scintillation counting. At 60 min, the suspended cells were split and the chase cells were rinsed twice, followed by resuspension in chase medium and
sampling for TCA-precipitable counts at the times indicated. Data points are the means of two samples with standard deviations shown. (B) Pulse-label translation.
At 5.5 h p.i., replicate plates of MHV-infected DBT cells were incubated in medium containing 200 mM excess NaCl for 30 min, then the medium was changed to
medium containing normal concentrations of NaCl with added [>>S]Methionine, and plates were harvested for lysis and immunoprecipitation at the times in minutes
shown above the lanes. Proteins were immunoprecipitated with the 96.8 antiserum, followed by electrophoresis on an SDS-5 to 18% acrylamide gradient gel and
fluorography. Molecular mass markers (m) (in kilodaltons) are to the left of the gel, and the locations of p67 Hel and N are indicated to the right. (C) Pulse-chase
translation. Replicate plates were infected and radiolabeled concurrently with the pulse-label plates. Cells were all pulsed with [**S]methionine for 30 min (see panel
A, 30 min) followed by chase in medium containing 10-fold excess unlabeled L-methionine for the times in minutes indicated, prior to lysis, immunoprecipitation, and

electrophoresis. Numbers at right are molecular masses in kilodaltons.

and could result in coprecipitation of N but would not itself be
detected by fluorography would likely be present. This result
supported our conclusion that N may be specifically coprecipi-
tated with Hel.

Hel localization in MHV-infected DBT cells. To define the
localization of Hel, MHV-infected DBT cells were probed at
6 h p.i. with anti-Hel antisera and mouse anti-rabbit MAbs
conjugated to Cy-2 fluorescent dye (Amersham), followed by
detection on the confocal microscope with a 488-nm He-Ne
laser. In MHV-infected cells, brightly fluorescing complexes
were identified in virus-induced syncytia and in individual in-
fected cells with the B1 antiserum (Fig. 4), and cytoplasmic
complexes also were detected with the 96.8 antiserum (data
not shown). In contrast, when mock-infected cells were
probed, no specific labeling was observed with either anti-
serum. In the DBT cells with polygonal morphology, the Hel-
containing complexes were predominantly perinuclear in dis-
tribution but in many cells also were widely distributed
throughout the cell cytoplasm. In infected cells with fusiform
morphology, the complexes concentrated at the poles of the
nuclei. In virus-induced syncytia, Hel was abundant and tended
to cluster around the coalesced nuclei or form clusters of
multiple discrete foci between the nuclei. The distribution and
appearance of the Hel-containing complexes were consistent
with membrane-bound vesicles. It was not possible to say
whether the protein identified was mostly mature Hel, nascent
polyprotein containing Hel, or a combination of both, since the
serum antibodies used were polyclonal, and the Hel must exist
within the nascent polyprotein prior to cleavage. However, the
biochemical data clearly demonstrated that the antibodies
used were able to detect mature Hel and did not detect dis-
crete precursors less than 250 kDa in mass. Although it is
possible that the specificity of the antibody in confocal immu-
nofluorescence was different from that during immunoprecipi-

tation, it is most likely that the mature protein was being
identified.

Because the Hel-containing complexes were abundant at
late times of infection, we sought to define the extent and
organization of the complexes. z sectioning of individual in-
fected cells was performed, and the sections were used to
reconstruct the cell in sagittal (xy), axial (yz), and coronal (xz)
planes (Fig. 5). The two adjacent infected, nonfused cells in
Fig. SA were imaged as 58 sections at 0.2-um intervals, with
every third section shown beginning closest to the coverslip
(section 11 of 58), and extending to the “top” of the cell
(section 44 of 58). When the z sections were compared, it was
clear that Hel-containing complexes surrounded the nucleus.
When Hel was identified in serial sections of the cell, there was
apparent continuity of the complexes in both cells over a dis-
tance of several micrometers. With the cell on the right of the
image as an example, the bright Hel signal noted in section 26
extended at least through section 38, a distance of 2.5 pm. To
better visualize the extent of the complexes, coronal and axial
reconstructions were derived from the stack of sections pre-
sented in Fig. 5A (Fig. 5B and C). Both coronal (xz) and axial
(vz) reconstructions confirmed that the Hel-containing com-
plexes varied from small and discrete to large, apparently con-
tinuous structures that surrounded the nucleus and extended in
some instances through more than half the diameter of the
cell. This was particularly apparent in the axial reconstruction,
where Hel-containing structures as large as 3 by 7 pm were
observed (Fig. 5C, frame 4). Because of the limits of light
resolution, it was not possible to determine whether the larger
complexes were accumulations of smaller membranous com-
plexes or were confluent or fused structures.

Colocalization of Hel and nucleocapsid in cytoplasmic com-
plexes. Since N was detected by both anti-Hel antibodies, we
sought to determine if N was also present in cytoplasmic com-
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FIG. 4. Confocal immunofluorescence detection of Hel in MHV-infected DBT cells. Monolayers of DBT cells were infected with MHV-A59 for 6 h and then fixed
and processed for immunofluorescence as described in Materials and Methods. The B1 antibody was used for detection of Hel. Imaging was performed on a Zeiss LSM
410 laser confocal microscope, with a 488-nm laser to excite the Cy-2 dye. The images were obtained with a 63X objective. Phase-contrast images were obtained with
a Nomarski polarizer. Separate fluorescent and transmitted images were obtained and merged with Photoshop 4.0. (A) Fluorescent images of mock-infected cells
(mock) and two different fields of the infected-cell monolayer (infected), showing individual cells and virus-induced syncytia. (B) Superimposition of transmitted light
and fluorescent images. The fluorescent images from panel A were merged with transmitted light images.

plexes that contained Hel and also to demonstrate that the
detection of N occurred because of coprecipitation rather than
cross-reactivity of the anti-Hel antibodies. Sucrose gradient-
purified MHV virions were used in Western blot experiments
with antibodies directed against whole virions, matrix, nucleo-
capsid, the 3C-like proteinase (a3CLpro), and anti-Hel (B1)
(Fig. 6). The M, N, and S structural proteins were readily
detected with anti-MHYV polyclonal antibodies, and the M and
N proteins were detected by the respective MAbs. A small
amount of anti-M binding to N occurred, as well as a small
amount of anti-N binding to M. In contrast, the polyclonal
antibodies directed against Hel or 3CLpro did not directly bind
to the structural proteins, notably N. Only after extreme over-
exposure of the gel could a faint band of N be detected in the
3CLpro and Hel lanes. The antibodies were used in the same
dilutions in both Western blot and immunofluorescence exper-
iments. This experiment indicated that the gene 1 antibodies
were not directly cross-reacting with N or other MHV struc-
tural proteins and that the fluorescence observed in these ex-
periments was due to direct detection of the cognate gene 1
protein.

Dual-labeling experiments were then performed with B1 and
anti-N antibodies (Fig. 7). The patterns for Hel and N were
almost identical. The Hel and N images were merged with an
algorithm in NIH Image 1.62 that was essentially a Boolean
“and” function and therefore showed white pixels in the
merged image only if white pixels were present in the precise

location in both images. While this excluded grey pixels, it was
most stringent for colocalization of pixels. Extensive, almost
complete colocalization of Hel and N was observed by this
approach (Hel and N panel). Thus, it appeared that N was
tightly associated with the complexes formed during transla-
tion and processing of the gene 1 polyprotein. The colocaliza-
tion of Hel and N corroborated the biochemical experiments
demonstrating coprecipitation of the two proteins.
Colocalization of new viral RNA and Hel in membranous
complexes. The colocalization of Hel and N in discrete cyto-
plasmic complexes, along with the known involvement of N in
encapsidation of genome RNA and its predicted role in RNA
transcription, led us to determine whether the Hel- and N-
containing complexes were active in viral RNA synthesis. We
first assessed whether Hel and new viral RNA were localizing
to membranous structures, as the confocal imaging of Hel and
N suggested (Fig. 8). Infected cells labeled with [*>S]Met or
[PH]uridine were used to quantitate Hel and viral RNA, re-
spectively, in membranous pellets and S100 cytosol. The cell
monolayers were homogenized in the absence of detergent,
and differential centrifugation was performed to separate the
cellular membranes from the cytosolic supernatant, including a
final spin at 100,000 rpm with a TLA 20.2 rotor in a Beckman
TLX Optima centrifuge. The cytosol and membrane pellet
were analyzed by immunoprecipitation and densitometry for
Hel and by TCA-precipitable [*H]uridine for new viral RNA in
the presence of actinomycin D. Both viral RNA and Hel were
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FIG. 5. Three-dimensional sectioning of MHV-infected cells and characterization of Hel-containing inclusions. Cells were imaged for Hel with the 488-nm laser
to detect Cy-2. (A) Sagittal (xy) sections of the cells were obtained by z sectioning at 0.2-wm intervals, with resolution in the x, y, and z planes of 0.12 pm/pixel. The
and section 58 was at the “top” of the cell most distant from the coverslip. The numbers in each panel are the numbers of the sections: 11 indicates 11 of 58. (B) Coronal
(xz) reconstruction of a cell. The cell on the right of the panels in panel A was isolated, and the z stack was used to reconstruct the cell in the xz (coronal) plane with
are shown by white lines 1 through 6, and the panels to the right show the respective slices. The viewpoint is indicated by the arrow, and the orientation of the left and
right sides of the respective images is shown. The white line through the panels shows the level of section 29. (C) Axial (yz) reconstruction of the cell. This was performed

coronal viewpoint
view
123 4 5 6
total z distance of 12 wm was imaged with 58 sections. The sections were transformed into a stack with NIH Image 1.62b. Section 1 was at the level of the coverslip,
NIH Image 1.62b. Section 29 was used as the reference because it is in the middle of the cell in z dimension and shows the complexes clearly. The levels of the xz slices
as described for panel B, except in the yz plane.

detected almost exclusively in the membrane pellet, confirming
that the observed Hel-containing complexes were associated
with cellular membranes.

To more precisely define sites of MHV RNA synthesis in
cells by confocal microscopy, BrUTP was used to metabolically
label cellular and viral RNA (Fig. 9B). No cellular RNA was
detected in the cytoplasm in the absence of actinomycin D, and
the addition of actinomycin D completely abolished labeling
and detection of cellular RNA in nuclei as well (Fig. 9D).
Thus, we were able to define localization of viral RNA both in
the presence and in the absence of actinomycin D, allowing us
to clearly identify the nuclei and still distinguish sites of viral
RNA synthesis in the cytoplasm.

To determine the localization of viral RNA synthesis and the
relationship with sites of Hel localization, dual-labeling exper-
iments were performed in MHV-infected cells. Metabolic la-

beling of viral RNA with BrUTP was performed in the absence
(Fig. 9A) or presence (Fig. 9C) of actinomycin D. Infected cells
were labeled with BrUTP beginning at 5.5 h p.i. When MHV-
infected cells were labeled in the absence of actinomycin D,
labeling of cellular RNA in nuclei was identical to that in
mock-infected DBT cells (Fig. 9A, RNA column). In addition,
multiple foci of new RNA were detected in the cytoplasm of
isolated cells and syncytia. The cytoplasmic RNA was not de-
tected in all discrete cells where the cell nuclei were labeled
with BrUTP, but cytoplasmic RNA was detected in all ob-
served virus-induced syncytia. In individual nonfused cells, the
RNA-containing complexes were largely perinuclear in distri-
bution, but in syncytia the complexes were more widely dis-
tributed and also were frequently detected as coalesced aggre-
gates in the central portions of the syncytia. When actinomycin
D was added to the medium, labeling of new cellular RNA in
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FIG. 6. Immunoblotting of MHYV virion proteins by structural and gene 1
protein antibodies. MHV virions were purified by sucrose gradient centrifuga-
tion. Virions were lysed in SDS buffer, separated on an SDS-15% acrylamide gel,
transferred to polyvinylidene difluoride, and incubated with antibodies directed
against the proteins as indicated above the lanes. Equivalent amounts of virion
proteins were present in each lane. The anti-M and anti-N mouse MAbs J.1.3
and J.3.3, obtained from John Fleming, were used as primary antibodies at a
1:1,000 dilution. The rabbit polyclonal antibodies directed against 3CLpro (SP9)
and Hel (B1) were used as primary antibodies at a 1:100 dilution.

the nucleus was abolished but the amount and extent of cyto-
plasmic RNA detection were unaffected (Fig. 9C, RNA col-
umn). These results demonstrated that the cytoplasmic com-
plexes were sites of new, actinomycin D-resistant viral RNA
synthesis.

The dual-labeling experiments demonstrated that Hel-con-
taining complexes had a distribution almost identical to that of
viral RNA (Fig. 9A and C, Hel column). When the Hel and

mock hel/N

hel ano N

FIG. 7. Colocalization of Hel and N in MHV-infected cells. MHV-infected
DBT cells were fixed in 100% methanol at 5.5 h p.i. and prepared for confocal
immunofluorescence with the anti-N MAb and the anti-Hel rabbit polyclonal
serum B1. Hel was imaged at 647 nm (far red), and N was imaged at 488 nm
(green). For colocalization (Hel and N), the images were merged with an “and”
function requiring the presence of white pixels in both N and Hel images for the
white pixels to be seen in the merged image (NIH Image 1.62). Thus, the white
pixels in this image were colocalized in the N and Hel images. For the mock
Hel-N image, the Hel and N signals were overlapped without filtering, to show
the maximum signal from both channels in the merged image.
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FIG. 8. Detection of Hel and viral RNA in membrane fractions of MHV-
infected cells. MHV-infected DBT cell monolayers were homogenized in the
absence of detergent, and differential centrifugation was performed to separate
cellular membranes and cytosol, including a final spin at 100,000 rpm with a TLA
20.2 rotor in a Beckman TLX Optima centrifuge. The combined membrane
pellets (memb.) and the post-100,000-rpm cytosol were assessed for Hel by
immunoprecipitation with the B1 antibody followed by fluorography and densi-
tometric analysis (NIH Image 1.62) with a calculation of area in pixels X the
mean density of the pixels. Quantitation of new viral RNA was performed by
determination of TCA-precipitable [*H]uridine in the presence of actinomycin
D. Mock-infected cells were used as controls.

RNA images were merged, the vast majority of the signals for
viral RNA and Hel colocalized. The ability to detect viral RNA
in the absence of actinomycin D allowed us to confirm that lack
of detection of viral RNA in some cells where Hel was abun-
dant (Fig. 9A, Hel column) was due to lack of uptake of
BrUTP rather than to lack of RNA synthesis. In all cells where
cell nuclei were labeled and Hel was detected, viral RNA was
also detected, indicating that Hel detection may be a good
surrogate for viral RNA synthesis. To confirm colocalization of
the Hel and RNA signals, sequential sections (z sections) were
obtained, typically 16 sections at 0.2-wm intervals. In any cell
section where both Hel and RNA were detected, the colocal-
ization of Hel and new viral RNA was confirmed. In some cells
and primarily in syncytia, foci of viral RNA that lacked detect-
able Hel were seen. In contrast, although there were limited
areas of diffuse staining for Hel that did not have detectable
signal for RNA, there were no discrete, Hel-containing com-
plexes that did not contain new viral RNA. Overall, the dual-
labeling studies demonstrated that the vast majority of Hel and
viral RNA synthetic activity were tightly associated.

DISCUSSION

The replication programs of positive-strand RNA viruses
occur in the cytoplasm of infected cells, and the transcription
and replication of positive-strand RNA are associated with and
require cellular cytoplasmic membranes (2, 11, 12, 18, 33, 40).
Positive-strand RNA viruses also may direct the modification
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FIG. 9. Detection of RNA and Hel in MHV-infected DBT cells. MHV-infected or mock-infected DBT cells were metabolically labeled with BrUTP and processed
for confocal immunofluorescence as described in Materials and Methods. (A) Transfection of infected cells in the absence of actinomycin D, to allow for incorporation
into both viral and cellular RNA. Cells were imaged for BrUTP incorporation (Cy-2, green, RNA column) and helicase (Cy-5, red, Hel column). The images were
merged (“RNA/helicase”), with yellow pixels representing areas of signal colocalization. The white brackets in the “RNA/helicase” panel indicate the area of
enlargement in the second row of panels. (B) Mock-infected cells were labeled with BrUTP in the absence of actinomycin D and imaged for RNA and Hel as described
for panel A. Only the merged image is shown. (C) Transfection of infected cells in the presence of actinomycin D. Imaging and processing were performed as described
for panel A. The small white brackets in the merged image indicate the area of enlargement in the second row. (D) Mock-infected cells were labeled with BrUTP in

the presence of actinomycin D and imaged for RNA and Hel as described for panel A. Only the merged image is shown.

of cellular membranes and formation of novel cytoplasmic
structures containing viral replicase proteins, cellular mem-
branes, and cellular proteins (26, 34, 36, 43). Since the gene 1
polyprotein of the coronaviruses is presumed to contain all of
the viral replicase functions, it is likely that one or more pro-
teins processed from the polyprotein are involved in formation
and function of the replication complexes, presumably on cel-
lular membranes. Gene 1 proteins of the nidoviruses equine

arteritis virus, HCV-229E, and MHYV have all been shown to
localize to perinuclear complexes with the appearance of mem-
branous vesicles (3, 20, 47). The hydrophobic proteins that
flank 3CLpro in the MHV gene 1 polyprotein have been shown
to create a requirement for the presence of membranes for
3CLpro activity when they are expressed along with the pro-
teinase in vitro (38). Recently, it was shown that full-length and
subgenomic minus-strand RNAs of the coronavirus transmis-
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sible gastroenteritis virus partitioned into a membrane-pro-
tected population during cesium chloride gradient fraction-
ation, suggesting that they may be in membrane-associated
replication complexes that are active in plus-strand RNA syn-
thesis (44).

Despite the abundance of data indicating that coronaviruses
and arteriviruses direct the formation of transcriptionally ac-
tive complexes containing gene 1 proteins, it had not been
experimentally demonstrated for the coronaviruses that the
gene 1 protein-containing complexes were sites of viral RNA
transcription or replication. We therefore defined the pattern
of expression, processing, and localization of the MHV Hel
and determined if sites of Hel localization were active in viral
RNA synthesis. We have identified the 67-kDa protein trans-
lated and processed from the ORF lab polyprotein that has
been predicted to possess nucleoside triphosphatase and Hel
activities (13, 14, 27). Our experiments demonstrated that the
67-kDa Hel was processed from the polyprotein and was easily
detectable at late times of infection. The Hel was detected in
increasing amounts during prolonged chase, with evidence for
continued processing of new molecules of Hel for up to 3 h
after radiolabel was removed. Surprisingly, Hel was still easily
detectable for up to 5 h of chase (11 h p.i.), a time during a
single-cycle infection when the monolayer was almost entirely
fused. Although the mechanism for such prolonged detection
could not be determined from these experiments, they sug-
gested that the Hel was resistant to degradation following
processing. It has previously been shown that continued coro-
navirus RNA synthesis is dependent on continued polyprotein
translation and processing (23, 37, 42). Our results further
suggest that the requirement for processing may be indepen-
dent from that for translation and that some gene 1 proteins,
such as Hel, may be stably available once processed.

When localization of Hel and that of new viral RNA syn-
thesis were directly compared, it was clear that Hel localized to
complexes that were also sites of synthesis of new viral RNA.
There was a change in the appearance and distribution of the
Hel-containing complexes over time, from a few punctate pe-
rinuclear foci early in infection to widespread cytoplasmic
complexes at later times of infection (data not shown). The
Hel-containing complexes were detected as multivesicular ag-
gregations in the fused cytoplasm of the virus-induced syncytia,
as well as large structures that surrounded the nucleus in dis-
crete cells and occupied a significant portion of the cell cyto-
plasm. These results suggested that relocalization, aggregation,
and possibly fusion of the Hel-containing complexes were oc-
curring and that despite these significant alterations of the cell
the complexes remained active in new viral RNA synthesis.
Although metabolic labeling with BrUTP cannot differentiate
among plus, minus, genomic, and subgenomic RNA species,
the fact that a vast majority of incorporation of BrUTP into
new RNA was detected within the Hel-containing complexes
suggests that an evolving multifunctional complex may be the
site of multiple MHV RNA transcription and replication ac-
tivities.

In contrast, we did detect foci of newly synthesized viral
RNA that did not contain detectable Hel. These sites may
represent RNA that was synthesized and released from the
Hel-containing complexes during the 1.5-h labeling period, or
they may have been sites of RNA synthesis that did not require
the presence of Hel. Finally, it is possible that Hel was present
in these areas of new RNA localization in amounts that were
below the limits of detection. These foci of new viral RNA
were detected mostly in syncytia, and thus, it seems most plau-
sible that they represented RNA that was not tightly associated
with replication complexes or may have been recently released
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from the complexes. In support of this conclusion, isolated foci
of new viral RNA were always directly juxtaposed with com-
plexes containing both Hel and RNA. Further, the finding of
viral RNA “outside” membranous complexes is consistent with
the recent observations with transmissible gastroenteritis virus
demonstrating lack of association of some RNA species with
membranous vesicles (44).

Perhaps the most surprising finding was the intimate asso-
ciation of nucleocapsid protein with the Hel-containing mem-
branous complexes. This association was confirmed by confo-
cal microscopic colocalization, by coprecipitation, and by the
lack of cross-reactivity of the gene 1 antibodies with N. The
coprecipitation of N by gene 1 antibodies was not eliminated
by 1% SDS in the lysis and immunoprecipitation solutions,
stringent washes, or even boiling of lysate in immunoprecipi-
tation buffer prior to addition of antibodies. These results
indicated that N was likely tightly interacting with Hel in mem-
branous complexes, either within the membrane or by protein-
protein interactions. We previously have reported that N was
immunoprecipitated by antibodies against other gene 1 pro-
teins including p28 and pla-22 (9, 30), and N has been shown
to be involved in MHV RNA synthesis and to bind specifically
to MHV RNA sequences (1, 46). However, the almost exclu-
sive localization of N to the Hel- and RNA-containing com-
plexes was remarkable. We expected to see areas of N local-
ization separate from sites of presumed RNA synthesis,
notably in presumed areas of virion assembly; we did not ob-
serve this in any of our experiments. This suggested that N
synthesis, localization, and function may be focused at sites of
RNA synthesis, and that once viral nucleocapsids (RNA+N)
are formed, they are rapidly incorporated into virions for ex-
port and thus do not accumulate to levels detectable in our
system. Alternatively, it is possible that the formation and
incorporation of nucleocapsid structures into nascent virions
render them undetectable by the antibodies. In either case, the
abundance of N in all types and stages of replication complex
formation and the lack of detection of any diffuse “cytosolic” N
suggest that N may be critical for the formation and/or func-
tion of the replication complexes.

Our results raise important questions about gene 1 polypro-
tein expression and processing and the functions of distinct
mature gene 1 proteins. It is not yet clear if regulation of
polyprotein processing has emerged because precursor forms
may perform important alternative functions. The antisera
used in this study did not detect intermediate precursors to
Hel, but clearly precursors must exist since Hel is cleaved from
the gene 1 polyprotein lab. In addition, the pulse-chase studies
demonstrated the continued processing of new mature Hel
molecules. It remains to be determined if the precursors to Hel
serve specific functions during viral replication other than as a
source of new mature proteins. We have shown a clear asso-
ciation between Hel and new viral RNA, but the function of
Hel in the complex during RNA synthesis remains to be de-
termined. The origin and composition of the cellular mem-
branes recruited to MHV replication complexes have not been
defined, nor do we know the identity of gene 1 proteins in-
volved in RNA synthesis and replication complex formation.
Our results are provocative in that they suggest an amplifica-
tion process of replication complex formation that is mediated
during the ongoing maturation of gene 1 proteins. Our con-
tinuing imaging and biochemical experiments are designed to
define the precise components of the replication complex and
to determine how it can function in the highly complex trans-
lation and processing of an 800-kDa polyprotein, while at the
same time directing the transcription and replication of a 32-kb
RNA genome.
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