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The replicase gene (gene 1) of the coronavirus mouse hepatitis virus (MHV) encodes two co-amino-terminal
polyproteins presumed to incorporate all the virus-encoded proteins necessary for viral RNA synthesis. The
polyproteins are cotranslationally processed by viral proteinases into at least 15 mature proteins, including
four predicted cleavage products of less than 25 kDa that together would comprise the final 59 kDa of protein
translated from open reading frame 1a. Monospecific antibodies directed against the four distinct domains
detected proteins of 10, 12, and 15 kDa (p1a-10, p1a-12, and p1a-15) in MHV-A59-infected DBT cells, in
addition to a previously identified 22-kDa protein (p1a-22). When infected cells were probed by immunoflu-
orescence laser confocal microscopy, p1a-10, -22, -12, and -15 were detected in discrete foci that were prominent
in the perinuclear region but were widely distributed throughout the cytoplasm as well. Dual-labeling exper-
iments demonstrated colocalization of the majority of p1a-22 in replication complexes with the helicase,
nucleocapsid, and 3C-like proteinase, as well as with p1a-10, -12, and -15. p1a-22 was also detected in separate
foci adjacent to the replication complexes. The majority of complexes containing the gene 1 proteins were
distinct from sites of accumulation of the M assembly protein. However, in perinuclear regions the gene 1
proteins and nucleocapsid were intercalated with sites of M protein localization. These results demonstrate
that the complexes known to be involved in RNA synthesis contain multiple gene 1 proteins and are closely
associated with structural proteins at presumed sites of virion assembly.

The coronaviruses are positive-strand RNA viruses that per-
form their entire replication program in the cytoplasm of in-
fected cells. The replication strategies used by the coronavi-
ruses are of particular interest since they utilize the most
complex patterns of replicase protein expression and viral
RNA transcription and processing of any positive-strand RNA
viruses. Coronaviruses express the largest known replicase
polyproteins, which in turn are proteolytically processed to
yield a large number of mature proteins. The patterns of coro-
navirus polyprotein expression and processing have become
more well defined in the past several years, but many of the
predicted mature replicase gene products remain to be char-
acterized in infected cells. More important, with the exception
of well-defined motifs (helicase and RNA-dependent RNA
polymerase) and two experimentally confirmed proteinases,
none of the remaining identified or predicted replicase gene
products have known functions. Thus, determination of the
expression, processing, intracellular localization, and interac-
tions of the replicase proteins is an essential step in under-
standing the unique features of coronavirus replication.

The coronavirus mouse hepatitis virus (MHV) contains a
32-kb single-stranded, positive-sense genomic RNA. The rep-
licase gene, gene 1, of MHV strain A59 (MHV-A59) is 22 kb
in length and contains two overlapping open reading frames
(ORF1a and ORF1b) connected by a ribosomal frameshift (7,
8, 25). Translation of gene 1 results in two co-amino-terminal
polyproteins with predicted masses of 495 and 803 kDa, cor-
responding to the ORF1a polyprotein (pp1a) or the ORF1a-1b

fusion polyprotein (pp1ab) (Fig. 1). Two MHV ORF1a-en-
coded proteinases, the papain-like proteinase and 3C-like pro-
teinase (3CLpro), have been experimentally confirmed (1, 2,
29, 34) and together are predicted to cleave the gene 1
polyprotein into at least 15 mature products (1, 2, 14, 25, 29,
30). Eleven of the proposed mature gene 1 proteins are known
or predicted to be cleaved by 3CLpro. In addition to cleaving
itself and helicase, MHV-A59 3CLpro has been experimentally
shown to cleave a 22-kDa protein (p1a-22) from the carboxy-
terminal region of pp1a (13, 27). Analyses of 3CLpro cleavage
products in vitro along with putative 3CLpro cleavage sites
suggested that p1a-22 was one component of a cassette con-
sisting of four small proteins of 10, 22, 12, and 15 kDa (p1a-10,
-22, -12, and -15, respectively) (27) (Fig. 1). Although the
predicted cleavage sites for each of these proteins are con-
served among murine (MHV), human (229E), avian (infec-
tious bronchitis virus), and porcine (transmissible gastroenter-
itis virus) strains, none has significant sequence similarity to
known proteins or expressed sequence tags outside the family
Coronaviridae.

Recent confocal microscopy studies of MHV-infected cells
have demonstrated that the gene 1-encoded helicase localizes
to sites of viral RNA synthesis in large cytoplasmic structures
(13). Immunoelectron microscopy studies confirmed the colo-
calization of helicase and viral RNA and showed accumulation
of the pp1a cleavage product, p1a-22, at sites of viral RNA
synthesis, suggesting functional roles for these 3CLpro cleav-
age products in coronavirus replication (46). Two ORF1b-
encoded proteins of the related MHV-JHM strain, the putative
RNA-dependent RNA polymerase and a 35-kDa protein, have
also been shown to colocalize with newly synthesized viral
RNA (38). In addition, an antiserum directed against the pro-
tein domain amino-terminal to the ORF1a-encoded papain-
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like proteinase detected protein that colocalized with viral
RNA (38), and the RNA- and gene 1-containing foci were
similar in appearance and localization to those previously ob-
served for gene 1 proteins examined by single-labeling non-
confocal indirect immunofluorescence microscopy (4, 5, 17, 37,
46, 47). Thus, all studies to date indicate that the focal accu-
mulations of viral proteins and viral RNA observed by confocal
and electron microscopy are membrane-associated viral repli-
cation complexes. The term “complex” will therefore be used
throughout this report to refer to viral proteins that colocalize
in discrete foci in cyto.

A number of important questions concerning the formation
and function of the gene 1 protein-containing complexes re-
main to be addressed. Since no direct dual-labeling immuno-
fluorescence confocal studies of gene 1 proteins (e.g., hel and
p1a-22) have yet been attempted, it is not known if all gene 1
proteins are tightly associated in a single type of membranous
complex. In addition, the relationship of replication complexes
to sites of virus assembly has not been investigated. It has been
shown that viral replication complexes may form on endosomal
membranes (46), whereas virion assembly has been shown to
occur at sites of accumulation of the viral membrane protein
(M) in the late endoplasmic reticulum, intermediate compart-
ment (IC), and early Golgi (10, 13, 16, 20–22, 31, 36, 42–45). It
remains unknown how viral RNAs synthesized in the periphery
of the cell might gain access to sites of virion assembly.

This report describes the in cyto expression and processing
of the four gene 1 proteins cleaved from the carboxy-terminal
portion of pp1a, their localization in infected cells, and their
relationship to each other and to the gene 1 proteins 3CLpro
and hel. We have confirmed the expression of three small
proteins of 10, 12, and 15 kDa flanking the previously identi-
fied p1a-22 in the MHV-A59 gene 1 polyprotein and have
demonstrated that these proteins are proteolytically processed
with kinetics similar to those of other 3CLpro cleavage prod-
ucts. Using confocal microscopy, we have demonstrated colo-
calization of p1a-22 with hel, 3CLpro, and the p1a-10, -12, and
-15 cleavage products. In addition, p1a-22 was detected in
cytoplasmic foci that were independent from the regions of
p1a-22 colocalization with other gene 1 proteins and N. Finally,
the gene 1 protein- and N-containing complexes were widely
distributed throughout the infected cell but were almost en-
tirely distinct from sites of M accumulation in the IC and
Golgi, except late in infection when increasing interdigitation
of gene 1 proteins, N, and M was observed. Together, these
results demonstrate that coronavirus replication complexes
contain multiple gene 1 proteins, that replication complexes
interface with M at presumed sites of virion assembly, and that
a subpopulation of p1a-22 may function independently of rep-
lication and assembly complexes.

MATERIALS AND METHODS

Generation of antisera. To generate polyclonal antisera against the predicted
mature p1a-10, -22, -12, and -15 domains, the protein-encoding regions were
independently subcloned and expressed in Escherichia coli for subsequent im-
munization of New Zealand White rabbits (Fig. 1). All immunizations were
performed by Cocalico, Inc. Reverse transcription-PCRs were performed using
MHV-A59 genome RNA as template. All nucleotide and amino acid numbers
correspond to the MHV-A59 sequence as modified by Bonilla et al. (7). The
p1a-10 PCR product spanned nucleotides (nt) 11975 to 12253 (amino acids [aa]
S3922 to Q4014), and primer-generated restriction sites were used to introduce
a 59 EcoRI site as well as a 39 HindIII site followed by a translational stop codon.
The p1a-10 fragment was then subcloned into the pMAL-C2 plasmid at the
EcoRI and HindIII sites downstream of the maltose binding protein coding
sequence (New England Biolabs). The resulting plasmid was expressed in E. coli
according to the manufacturer’s instructions, and the mature p1a-10 antigen was
purified by amylose resin chromatography and factor Xa cleavage of the fusion
protein. Prior to immunization of rabbits, the antigen was further purified by
electroelution from a sodium dodecyl sulfate (SDS)–12% polyacrylamide gel in

buffer containing 25 mM Tris base, 192 mM glycine, and 0.1% SDS. The p1a-22,
-12, and -15 coding sequences were each subcloned into pET-23 vectors to
produce six histidine-tagged proteins for purification by nickel resin chromatog-
raphy and SDS-polyacrylamide gel electrophoresis electroelution. The p1a-22
PCR product spanned nt 12253 to 12833 (aa A4015 to Q4208) and was ligated
into the pET-23d plasmid using primer-generated 59 NcoI and 39 XhoI sites. The
p1a-12 amplification product from nt 12831 to 13160 (aa N4209 to Q4318) and
the p1a-15 product from nt 13161 to 13571 (aa A4319 to Q4455) were both
kinase treated prior to double-blunt ligation into HincII-digested pET-23b plas-
mids. The Sp9 (anti-3CLpro) and B1 (antihelicase) antisera have been previously
described (13, 28). The aM and aN monoclonal antibodies (J.1.3 and J.3.3,
respectively) were generously provided by John Fleming at the University of
Wisconsin at Madison.

Radiolabeling of ORF1a proteins and immunoprecipitation. MHV-A59 infec-
tions of DBT cells, pulse-label and pulse-chase experiments, and in vitro tran-
scription-translation reactions were performed as previously described (14), with
the following modifications. At the times indicated in the individual experiments,
cells were moved to ice, washed with 150 mM Tris-HCl (pH 7.4), and swollen in
10 mM Tris-HCl (pH 7.4) for 30 s on ice. After removal of the 10 mM Tris, the
cells were lysed in a solution containing 1% NP-40, 1% sodium deoxycholate, 150
mM sodium chloride, and 10 mM Tris (pH 7.4) (750 ml per 7.5 3 106 cells).
Cellular debris was pelleted by centrifugation at 1,000 3 g for 5 min at 4°C, and
the supernatant was transferred to a fresh tube. SDS was added to a final
concentration of 0.1% prior to freezing the samples at 220°C. One hundred
microliters of cell lysate (106 cells) was subsequently used per 1 ml of immuno-
precipitation reaction buffer. Lysate was combined with protein A-Sepharose
beads and a 1:100 dilution of antibody in lysis buffer containing 0.1% SDS and
80 mg of phosphonomethylsulfonyl fluorone (Sigma). After incubation at 4°C for
2 h, beads were pelleted and washed with low-salt lysis buffer (150 mM NaCl)
followed by high-salt lysis buffer (1 M NaCl) and a final low-salt wash. After
rinsing, 23 Laemmli buffer (23) was added to the pelleted beads and boiled for
5 minutes prior to electrophoresis of the supernatant on SDS–10 to 20% gradient
polyacrylamide gels.

Immunofluorescence assays. DBT cells on glass coverslips were mock infected
or infected with MHV-A59 at a multiplicity of infection of 10 PFU/cell in
Dulbecco modified Eagle medium (pH 6.8) containing 6% fetal calf serum. At
the various times indicated after infection, the cells were fixed with 220°C 100%
methanol and were stored at 220°C under methanol until use. For immunoflu-
orescence assays, the cells were rehydrated in phosphate-buffered saline (PBS)
with 5% bovine serum albumin prior to blocking in the diluent solution contain-
ing 1% bovine serum albumin, 2% goat serum, and 0.05% NP-40 in PBS. Gene
1 antisera were precleared in PBS at room temperature for 1 h on fixed DBT
cells prior to incubation with infected cell monolayers. In single-labeling exper-
iments, cells were incubated with a 1:100 dilution of the precleared primary
rabbit anti-gene 1 antiserum, washed, and incubated with a 1:1,000 dilution of
Cy2-conjugated goat anti-rabbit secondary antiserum prior to mounting in Aqua-
polymount (Polysciences, Inc.). Immunofluorescence was detected at 488 nm
using a Zeiss LSM 410 confocal microscope in the Vanderbilt University Mo-
lecular Imaging Core. Red and green colors were artificially assigned to all gray
scale images using the hue-saturation option in Adobe Photoshop 5.0.

For dual labeling of gene 1 proteins, cells were fixed and incubated with a
1:100 dilution of precleared gene 1 antibody (ap1a-10, ap1a-15, Sp9, or B1)
followed by Cy3-conjugated anti-rabbit secondary antisera. p1a-22 was then
detected using ap1a-22 directly conjugated to Cy2 according to the manufactur-
er’s instructions (Amersham). Dual-labeled cells were imaged at 586 and 488 nm
for red and green, respectively. For Fig. 5, the brightness and contrast of each
image were identically modified in Adobe Photoshop 5.0 so as not to alter the
relative fluorescence of p1a-22 at each time point.

Dual labeling of p1a-22 and helicase with M was accomplished using mono-
clonal aM (J.1.3). Infected or mock-infected DBT cells were incubated with a
1:1,000 dilution of aM followed by Cy3- or Cy2-conjugated anti-mouse secondary
antisera. Cells were then washed and incubated with a 1:100 dilution of ap1a-22
or B1 antiserum prior to successive washing and incubation with Cy2- or Cy3-
conjugated anti-rabbit antibodies. For dual labeling of nucleocapsid and M, cells
were incubated with a 1:1,000 dilution of monoclonal aN (J.3.3) prior to incu-
bation with aM directly conjugated to Cy2 (Amersham).

Image reconstruction. Three-dimensional reconstructions of cells were per-
formed following z sectioning on the Zeiss 410 LSM confocal microscope. Cells
were fixed on glass coverslips, prepared for immunofluorescence, and subjected
to a series of 4-s laser scans at 488 or 586 nm. For each coverslip, the scans were
performed at 0.233-mm intervals in the z dimension beginning at the bottom of
the cell (coverslip) and progressing up through the nucleus and over the top of
the cell. Typically, between 40 and 60 images were obtained using a 633 objec-
tive with 1.73 zoom and a pinhole of 45 Airy units. The image series for each cell
were then transferred into NIH Image 1.61 (W. Rasband, NIH Image, 1.55 ed.,
1994, zippy.nimh.nih.gov.), stacked, and digitally merged to examine protein
localization throughout the intact infected cell. The settings for brightness and
contrast in each section for a given cell were constant.
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RESULTS

Detection of gene 1 proteins in MHV-infected DBT cells. We
have previously identified an MHV-A59-encoded 22-kDa pro-
tein (p1a-22) that is cleaved from the MHV-A59 gene 1
polyprotein at the LQ_S4014 and LQ_N4208 sites (27). The B4
antibody used to detect p1a-22 in the previous study was in-
duced using a fusion protein spanning aa 4032 to 4460 and
incorporating the coding sequence downstream of p1a-22 to
the end of ORF1a. Although p1a-22 was the predominant and
confirmed precipitation product of the B4 antiserum, in ex-
tended pulse-chase two proteins between 12 and 15 kDa were
also detected (27). The proteins were thought to result from
cleavage of the gene 1 polyprotein at LQ_A4318 and FQ_S4455.
We therefore proposed that the carboxy-terminal region of the
ORF1a polyprotein was cleaved by 3CLpro into mature prod-
ucts of 10, 22, 12, and 15 kDa (Fig. 1), designated p1a-10,
p1a-22, p1a-12, and p1a-15, respectively. To define the entire
complement of the pp1a carboxy-terminal region cleavage
products, a series of monospecific polyclonal antisera were
generated. The ap1a-10, ap1a-12, and ap1a-15 antisera were
induced in rabbits using E. coli-expressed fusion proteins in-
corporating aa 3922 to 4013 (ap1a-10), aa 4208 to 4317 (ap1a-
12), or aa 4318 to 4454 (ap1a-15) of the ORF1a polyprotein
(7) (Fig. 1). These protein domains were chosen based on the
known 3CLpro cleavage specificity as well as the identification
of mature cleavage products corresponding to these cleavage
sites in other coronavirus strains (26, 37, 47). In addition, a
monospecific antiserum was generated against the previously
identified p1a-22 (aa 4014 to 4207) for direct comparison of
the mature proteins.

When whole-cell lysates of MHV-infected DBT cells were
immunoprecipitated using the region-specific antisera, three

previously unidentified MHV-A59 proteins were identified
(Fig. 2). The proteins were not detected in uninfected whole-
cell lysates and had apparent masses of 10, 12, and 15 kDa,
respectively, corresponding precisely with the predicted pro-
tein masses. The immunoprecipitated proteins also comigrated
on SDS-polyacrylamide gels with the E. coli-expressed proteins
used to generate the antibodies, and the detection of each of
the proteins in infected cells was eliminated by the addition of
E64d, a known inhibitor of 3CLpro (data not shown).

Kinetics of p1a-10, p1a-12, and p1a-15 expression in cyto.
To determine if the proteins exhibited different patterns of
cleavage or degradation, infected cells were subjected to pulse-
label and pulse-chase analyses (Fig. 3). During pulse-label ex-
periments, DBT cells were infected with MHV-A59 for 5.5 h
and were labeled with [35S]Met for up to 180 min. Similar to
the previously identified p1a-22, the 10-, 12-, and 15-kDa pro-
teins were each first detectable by 60 min of labeling at ap-
proximately 6.5 h postinfection (p.i.) and continued to accu-
mulate throughout the 180-min labeling period (8.5 h p.i.). The
protein bands for p1a-22 and p1a-15 were more dense than
those of p1a-10 and p1a-12, suggesting nonequivalent amounts
of protein. This pattern was reproducible and was not an ar-
tifact of protein loading. However, when the proteins were
analyzed by densitometry and normalized for the deduced me-
thionine and cysteine content, the proteins were shown to be
present in similar amounts.

To further examine cleavage and stability of the mature
proteins, pulse-chase experiments were performed (Fig. 3). A
90-min pulse period following 5.5 h of infection was chosen
since this corresponded to a time of active [35S]Met-Cys incor-
poration in the pulse-label experiment. The mature p1a-10,
-22, -12, and -15 proteins were easily detectable after 30 min of
chase (7.5 h p.i.) and continued to accumulate up to 60 min of
chase, indicating that the proteins were cleaved from a pool of
precursors for at least 60 min after translation. The proteins
remained detectable through 5 h of chase (12 h p.i.). We have
previously demonstrated that addition of cycloheximide and
excess cold methionine (chase) results in immediate cessation
of incorporation of new [35S]Met-Cys into nascent protein
(13). Hence, accumulation of p1a-10, -22, -12, and -15 for an

FIG. 1. MHV-A59 gene 1 organization, putative cleavage sites, and cloned
protein domains. The organization and arrangement of protein domains com-
prising polyprotein 1a (pp1a, ORF1a) and polyprotein 1ab (pp1ab, ORF1a/b)
are shown. The locations of the papain-like proteinase 1 (PLP1) and 3CLpro are
indicated by arrows above the schematic, and the predicted or confirmed cleav-
age products are demarcated by vertical bars. The location of the membrane
protein domains (MP1 and MP2) in pp1a and the RNA-dependent RNA poly-
merase (RdRp) and helicase (Hel) in pp1ab are also shown. The cassette of four
proteins in the carboxy-terminal portion of pp1a is indicated in gray. In the lower
schematic, the p1a-10, -22, -12, and -15 protein domains are shown enlarged with
filled arrows denoting MHV-A59 3CLpro cleavage sites that have been con-
firmed in vitro and open arrows indicating predicted 3CLpro cleavage sites. The
cloned fragments used for production of antisera against the mature proteins
(ap1a-10, -22, -12, and -15, designated by mass in kilodaltons) or against a fusion
protein spanning the p1a-22 through p1a-15 domains (the B4 antibody) are also
shown in gray. The fusion protein used for generating the B1 (a-helicase) anti-
body is similarly indicated. Relevant MHV-A59 amino acid numbers at the
termini of each protein product are noted.

FIG. 2. Identification of proteins processed from the carboxy-terminal por-
tion of the ORF1a polyprotein in MHV-A59-infected cells. MHV-A59-infected
(i) or mock-infected (m) DBT cell lysates were immunoprecipitated with the
antisera directed against the individual protein domains as indicated above each
lane and analyzed by SDS–10 to 20% gradient polyacrylamide gel electrophoresis
and fluorography. Molecular mass markers (kilodaltons) are shown to the left of
the gel.
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hour after addition of the chase medium was consistent with
continued proteolytic processing and/or the maintenance of
stable protein populations. After overnight incubation in the
chase medium, the cell monolayers were destroyed and the
gene 1 proteins were no longer detectable. These results were
similar to our previous studies of p1a-22 using the B4 antibody
(27). Each of the antibodies precipitated products that were
present at the top of the resolving gel, but it was not possible
to determine their mass or resolve them on the 10 to 20%
gradient gels designed for maximum separation of low-molec-
ular-mass proteins. Due to the almost complete amino acid
conservation of the carboxy-terminal portion of pp1a between
MHV-A59 and MHV-JHM, it is likely that the 150-kDa inter-
mediate precursor identified in MHV-JHM-infected cells may

also be present in A59 and that the small cleavage products of
10, 22, and 12 kDa will be conserved between the strains, as has
already been shown for p1a-15 (37).

Intracellular localization of p1a-10, -22, -12, and -15. To
define the intracellular localization of p1a-10, -22, -12, and -15,
DBT cells were infected with MHV-A59 and prepared for
immunofluorescence studies as described in Materials and
Methods. In infected cells that were not fused in syncytia, each
of the four proteins was detected in cytoplasmic foci that were
largely perinuclear, often forming perinuclear rings or unilat-
eral crescents adjacent to the nucleus (Fig. 4). These protein
populations were specific to infected cells and were not present
in mock-infected cells probed with immune antisera or in in-
fected cells probed with preimmune antisera. The observed
pattern of localization for each of the proteins at 6 h p.i. varied
according to the chosen focal plane, with some planes reveal-
ing a primarily perinuclear distribution of the gene 1 proteins
and other planes revealing a punctate pattern throughout the
cytoplasm. To determine if gene 1 protein localization changed
during the course of infection, cells were harvested at 30 min
or 2, 4.5, or 6.5 h and analyzed by confocal microscopy. Gene
1 proteins were not detectable prior to 4.5 h p.i. (Fig. 5). Once
detectable, the pattern of localization was predominantly
punctate and discrete. Late in infection (6 to 7 h p.i.), the
protein populations became abundant and merged into what
appeared to be, at the resolution of light microscopy, large
confluent complexes. Accumulation of protein-containing
complexes within the extended cell processes was apparent at
later times of infection, especially with the ap1a-22 antibody
(Fig. 5).

Dual labeling of gene 1 proteins in infected cells. The initial
single-labeling experiments demonstrated striking similarities
in the localization patterns of the four ORF1a carboxy-termi-
nal proteins and similarities to the previously described com-
plexes containing hel, N, and new viral RNA (13, 38, 46). We
next sought to determine if the four proteins colocalized with

FIG. 3. Pulse-label and pulse-chase translation of p1a-10, -22, -12, and -15.
For pulse-label translation (label), DBT cells were mock infected (m) or infected
with MHV-A59 for 5.5 h and were incubated with [35S]Cys-Met for 0.3, 1, 2, or
3 h prior to immunoprecipitation with the antibodies as indicated to the right of
each gel. p denotes immunoprecipitation with preimmune serum. For pulse-
chase translation (chase), DBT cells were radiolabeled beginning at 5.5 h p.i.
with [35S]Cys-Met for 90 min prior to addition of excess cold methionine and
cycloheximide for the times indicated above each well. Following harvesting and
immunoprecipitation of the cells, label and chase samples for each antibody were
run on the same SDS–10 to 20% gradient polyacrylamide gel, followed by
fluorography. Molecular mass markers (kilodaltons) are shown to the left of the
gels, and the locations of the p1a-10, -22, -12, and -15 proteins are indicated to
the right of the gels.

FIG. 4. Localization of p1a-10, -22, -12, and -15 in MHV-infected cells.
MHV-A59-infected or mock-infected DBT cells were fixed and prepared for
immunofluorescence microscopy as described in Materials and Methods, using
the antibodies as noted by each frame. Cells were imaged on a Zeiss LSM 410
confocal microscope using a 488-nm laser with acquisition in the LSM software.
The images are single confocal slices using a 633 objective. Image processing
(brightness and contrast) was performed in Photoshop 5.0. A representative
mock-infected cell probed with ap1a-22 is shown in panel B. ap1a-10, -12, and
-15 resulted in a similar lack of background staining in the mock-infected cells.
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each other and the previously characterized gene 1 proteins.
Since all available gene 1 protein antisera were derived from
rabbits, dual-labeling studies of gene 1 proteins required direct
conjugation of fluorescent label to one or more primary anti-
bodies. ap1a-22 was selected for direct conjugation because of
its ease of detection in both biochemical and imaging studies
and because it has been shown by immunoelectron microscopy
to localize to sites of RNA synthesis (46). Cy2-labeled ap1a-22
was first used in dual-labeling studies with the well-character-
ized hel and N proteins. p1a-22 colocalized with both hel and
N to a large extent (Fig. 6), confirming association of p1a-22
with sites of viral RNA synthesis. p1a-22 also colocalized with
the majority of the 3CLpro and the newly identified 10-, 12-,
and 15-kDa cleavage products. Our results therefore directly
demonstrate significant overlap of six independent gene 1 pro-
teins.

When cells were imaged at higher magnification, areas were
observed where the signals for p1a-22 and the other gene 1
proteins were discrete but tightly interdigitated. This pattern of
areas of intercalated as well as coincident signal was detected
in all dual-labeling studies using ap1a-22 (Fig. 6), both in
individual cells (Fig. 6, p1a-12 and 3CLpro) and in syncytia
(Fig. 6, p1a-10 and -22 and hel). Because the nominal resolu-
tion of confocal microscopy in our study was 0.2 mm, an ob-
servation of noncolocalization required separation of fluores-
cent foci of at least 0.2 mm (Fig. 6). The majority of the
p1a-22-containing complexes were contiguous with areas of
p1a-22 colocalization with other proteins, but infrequently the
foci of noncolocalized p1a-22 were distanced from these re-
gions. In all cases, multiple sections in the z dimension were
obtained, and uniformly the areas of colocalization and also
areas of noncolocalization of p1a-22 were confirmed in indi-
vidual slices and in the context of three-dimensional recon-
structions.

Dual labeling of gene 1 proteins with M. Having defined the
localization of the gene 1 proteins, we next sought to deter-

mine if any of the observed gene 1 protein-containing com-
plexes involved the presumed sites of virion assembly. The
MHV membrane protein (M) is known to be required for the
assembly of progeny virions and has been well documented as
a marker of virion assembly (21). To determine the relation-
ship of replication and assembly complexes during a peak
phase of virion formation, we used dual-labeling studies to
define the localization of p1a-22 and helicase with respect to M
at 6.5 h p.i. (Fig. 7). The complexes containing either p1a-22 or
hel were almost entirely distinct from those containing M, both
in single discrete cells and in virus-induced syncytia. However,
a small amount of labeling for p1a-22 or hel colocalized with M
in perinuclear structures. Colocalization of p1a-22 and helicase
with M was most easily seen in syncytia, where examination of
infected cells at high magnification revealed intercalation of
p1a-22 and hel-containing complexes in the perinuclear region
with complexes containing M, presumably in the IC and Golgi
(Fig. 7B). In contrast, the gene 1 protein-containing foci in the
cell periphery were uniformly devoid of M. These relationships
between p1a-22, hel, and M were prominent and characteristic
of the majority of infected cells at late times of infection.
Combined with studies showing colocalization of hel and
p1a-22 with de novo-synthesized viral RNA (13, 46), the data
indicated that viral RNAs were synthesized in replication com-
plexes in the cell periphery as well as in perinuclear regions but
that detectable colocalization of replication and assembly com-
plexes was concentrated at perinuclear sites of abundant M
accumulation.

Dual labeling of M with nucleocapsid. We next defined the
relationship of nucleocapsid (N) and M in MHV-infected cells.
We have previously demonstrated that N is tightly associated
with hel in replication complexes in DBT cells but surprisingly
does not appear to be distributed diffusely throughout the cell
or to localize in complexes distinct from hel (13). We have
shown a similar association of N with p1a-22 in this report (Fig.
6F). However, since previous studies have suggested a role for
N in viral RNA synthesis (3, 12, 33) and since N is also a
structural component of the virion (6, 9, 18, 19, 35, 39–41), we
expected that N would be abundant both at sites of replication
and at sites of assembly. To define the relationship between
N-containing replication complexes and sites of virion assem-
bly, we conjugated aM to Cy2 to allow dual labeling of M and
N in MHV-infected DBT cells (Fig. 8). N was detected in
discrete, punctate cytoplasmic complexes throughout the cell,
with a pattern characteristic of that seen with the gene 1 pro-
teins, whereas M was detected in a perinuclear Golgi-like ac-
cumulation similar to that seen during dual-labeling studies
with gene 1 proteins (Fig. 7) (11). The patterns of N and M
localization closely resembled that between the gene 1 proteins
and M, with N and M being primarily distinct except for an
intercalated pattern of N and M signals in perinuclear regions
(Fig. 8). Areas of N-M colocalization were also observed at the
margins of the N- and M-containing complexes, presumably
representing sites of assembly of the two structural proteins
into progeny virions. In all infected cells, N was detected in
discrete complexes, and there were no cells where N demon-
strated diffuse cytoplasmic distribution or extensive colocaliza-
tion with M.

DISCUSSION

The carboxy-terminal portion of the ORF1a polyprotein
(pp1a) is cleaved into four mature proteins. In this study, we
have shown that the carboxy-terminal 59 kDa of the MHV-A59
ORF1a polyprotein (pp1a) is processed to yield four proteins
of 10, 22, 12, and 15 kDa. In contrast to the proteins processed

FIG. 5. Time course of p1a-22 localization during MHV-A59 infection. In-
fected DBT cells were fixed in methanol at the times p.i. as indicated prior to
preparation for immunofluorescence using ap1a-22. Confocal images were ac-
quired and modified as described for Fig. 4. All images were identically pro-
cessed to allow direct comparison of the extent of p1a-22 expression.
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from the first 300 kDa of pp1a-pp1ab, the p1a-10, -22, -12, and
-15 proteins together comprise a cassette of low-molecular-
mass protein products that are conserved among coronavirus
strains in their location and relative sizes. We have previously
shown that p1a-22 is cleaved at a conserved 3CLpro cleavage
site at its amino terminus and at its carboxy terminus at a novel
noncanonical Q_N 3CLpro cleavage site that is completely
conserved among the coronaviruses (27). The masses of the
newly detected proteins (10, 12, and 15 kDa) correspond pre-
cisely with the predicted masses of products obtained if cleav-
age occurred at consensus 3CLpro cleavage sites. In addition,
the gene 1-encoded proteins corresponding to MHV-A59 p1a-

10, -12, and -15 have recently been detected in cells infected
with human coronavirus 229E, and homologs of p1a-10 and
p1a-15 have also been identified in infectious bronchitis virus-
and MHV-JHM-infected cells, respectively (26, 37, 47). Thus,
it appears that these four proteins comprise the mature cleav-
age products of the final 59 kDa of the MHV ORF1a polypro-
tein and likely of all coronaviruses and that the cleavages of the
mature proteins from the polyprotein are mediated by 3CLpro.

The four cleavage products accumulated in infected cells at
similar rates and were detectable for prolonged periods during
exhaustive chases. These results were similar to those for other
gene 1 proteins, including 3CLpro, p1a-22, and hel (13, 27, 28),

FIG. 6. Dual-labeling immunofluorescence confocal microscopy of MHV-infected cells. At 6.5 h p.i. MHV-infected DBT cells were fixed and prepared for
immunofluorescence using ap1a-22 as a primary antibody and other gene 1 protein antibodies or the aN monoclonal antibody as the second primary antibody. p1a-22
(p22) is shown in green in each panel, and the other proteins are shown in red as indicated. The merged images are shown with areas of colocalization in yellow. The
right column of each panel is a higher magnification (35.3) of the area demarcated by the white boxes in the left image. Arrows indicate areas of intercalation of p1a-22
with the other gene 1 proteins. (A) p1a-10 (p10); (B) p1a-12 (p12); (C) p1a-15 (p15); (D) helicase (hel); (E) 3CLpro (pro); (F) nucleocapsid (N).
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and were interesting in light of in vitro analyses of 3CLpro
cleavage of the human coronavirus 229E polyprotein demon-
strating significant differences in cleavage efficiency between
the analogous 5-, 23-, 12-, and 16-kDa proteins of 229E (47).
There is enough conservation among coronaviruses at the
cleavage sites flanking and downstream of 3CLpro to presume
that differences in 3CLpro cleavage efficiency detected in hu-
man coronavirus 229E (27) would also be present in MHV.
Possible explanations to account for the equivalent amounts of
the proteins detected in MHV-A59-infected cells include
strain-dependent differences in 3CLpro cleavage of the small
proteins or, more likely, differences in the context of the pro-
teins within the polyprotein in vitro versus in cyto. It is also
possible that differential cleavage specificity may play a critical
role in the initial stages of replication complex formation or
function but that at later times of infection there is an accu-
mulation of the proteins in membranous complexes that pro-
vide some protection from degradation. This might in turn
imply less need for regulation of gene 1 protein amounts at

later times of infection or alternatively that some of the pro-
teins detected are no longer serving roles in virus replication.
The development and use of mutants in the individual proteins
or control in the amounts of expression will be necessary to
answer these questions.

Localization of gene 1 proteins in cytoplasmic complexes.
Previous immunofluorescence microscopic studies of gene 1
proteins have relied on similarities in patterns of localization of
individual proteins and their colocalization with a common
marker, such as viral RNA, to draw conclusions about their
interactions. Thus, there have been no direct comparisons us-
ing immunofluorescence of more than one gene 1 protein in
individual infected cells. By conjugating the ap1a-22 antisera
to a fluorescent dye, we were able to define the in cyto rela-
tionships of pairs of gene 1 proteins in multiple planes of
individual infected cells. Our dual-labeling experiments dem-
onstrated that the majority of p1a-22 was colocalized with N,
hel, 3CLpro, and p1a-10, -12, and -15, confirming the incorpo-
ration of multiple structural and nonstructural proteins into
complexes at sites of viral RNA synthesis. Detection of addi-
tional p1a-22 at sites independent of other gene 1 proteins also
indicates that gene 1 proteins may be targeted to at least two
populations of membranous complexes. The areas of indepen-
dent p1a-22 localization were distinct in all dual-labeling com-
binations, and it will be interesting to determine if p1a-22 is
unique in its separate localization. Our study did not define the

FIG. 7. Dual-labeling imaging of M and p1a-22 or helicase. DBT cells were
infected for 6 h prior to fixation and preparation for dual-labeling immunoflu-
orescence using aM (green in all images) and either ap1a-22 (p22) (A and B) or
B1 ahel (Hel) (C). (A and C) The bottom panels show higher magnifications of
the region marked by the white box in the corresponding upper panel. Arrows
indicate regions of intercalation of p1a-22 or hel with M. (B) Localization of
p1a-22 and M in a virus-induced syncytium.

FIG. 8. M and N are distinct but closely associated in perinuclear regions. At
6 h p.i., infected BHK-R cells were fixed and labeled with aN (J.3.3) followed by
Cy3-conjugated anti-mouse secondary antibody and Cy2-conjugated aM (J.1.3).
In the left panel are shown two infected cells with boxes corresponding to the
increased-magnification panels to the right. Arrows indicate areas of intercala-
tion between M and nucleocapsid (N). Areas of colocalization are shown in
yellow.
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localization of all known mature gene 1 proteins or investigate
all possible dual-labeling combinations. It is therefore possible
that the separate p1a-22-containing regions also contain other
gene 1 proteins. Confirmation of the precise relationship of all
the gene 1 proteins will require biochemical studies as well as
multiple-labeling studies using several dye-conjugated anti-
gene 1 antibodies. However, the current data indicate that
coronavirus RNA synthesis is mediated by multiprotein repli-
cation complexes containing gene 1 proteins and N.

Gene 1 proteins and N do not colocalize with M but are
closely approximated at presumed sites of virion assembly.
Coronavirus assembly has been shown to occur primarily in the
membranes of the rough endoplasmic reticulum and IC, fol-
lowed by transport to or through the Golgi prior to exocytic
release of progeny virions (10, 15, 21, 22, 36, 42–45). Our dual
labeling using directly dye-conjugated aM in combination with
either aN or a number of anti-gene 1 antibodies clearly dem-
onstrated that a majority of signal for the gene 1 proteins or N
had no overlap with M. Yet, there were areas of intercalation
and interface of gene 1 proteins and N with M such that there
was a margin of coincident signal at the periphery of sites of M
accumulation. These data are consistent with early electron
microscopy studies demonstrating dense aggregates of N in
foci immediately adjacent to immature virions budding from
IC-Golgi membranes (32). Our results suggest that the aggre-
gates of N visualized by electron microscopy may have been
components of functional replication complexes in close asso-
ciation with M. We propose that accumulation of N and gene
1 proteins in perinuclear membranes is likely important for
virion assembly, potentially providing a mechanism for the
targeting of RNA-nucleocapsids to sites of assembly.

Models of replication complex accumulation in perinuclear
membranes. The results of our studies raise critical questions
concerning the formation and function of replication com-
plexes and their interaction with sites of virion assembly. How
do nascent nucleocapsids containing genome RNA reach sites
of virion assembly? Are only the replication complexes directly
juxtaposed to sites of M accumulation functional in the pro-
duction of packaged RNA-nucleocapsids? Our data suggest
several possible models for interdigitation of replication com-
plexes with sites of assembly (Fig. 9). Entire replication com-
plexes from the cell periphery may be recruited to sites of
assembly via cellular highways (Fig. 9A). Alternatively, ge-
nome RNAs may be shuttled to sites of assembly in transport

complexes containing specific gene 1 proteins such as p1a-22
(Fig. 9B). Finally, it is possible that assembly may be initiated
as the replication complexes are amplified in the cytoplasm,
resulting in incorporation of nucleocapsids into virions only at
the interface of complexes containing gene 1 proteins, N, and
RNA with those containing other structural proteins (Fig. 9C).
Answers to these questions will require biochemical, electron
microscopic, and live-cell imaging approaches to determine the
intracellular membranes involved in the establishment, main-
tenance, and potential transporting of gene 1 protein com-
plexes during the course of infection. These studies will greatly
enhance our understanding of how coronaviruses take advan-
tage of the dynamic intracellular environment to mediate and
integrate the processes of RNA synthesis and production of
infectious progeny virions.
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