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ABSTRACT 

We have investigated the intracellular localization of several of the proteolytic 
cleavage products derived from the 5' portion of mouse hepatitis virus (MHV) gene 1. 
Antisera UPI recognizes the N-terminal ORFla cleavage product p28. Immunofluorescent 
staining of cells with this antisera resulted in a diffuse punctate pattern of cytoplasmic 
staining, indicating that this protein is widely distributed in the cytoplasm. Immunofluores
cent staining of infected cells with antisera which recognize polypeptides p240 and p290 
stained discrete vesicular perinuclear structures suggesting that these proteins localized to 
the Golgi. This was confirmed by double immunofluorescent staining ofBHK cells express
ing the MHV receptor (BHK-R) with a Golgi specific antibody in addition to our anti-MHV 
ORFla antibodies. Antisera UPI02 recognizes p28 and the immediately downstream p65 
gene product. Double immunofluorescent staining of MHV infected BHK-R cells with 
UP I 02 labeled discrete vesicular structures overlapping the Golgi complex. In addition there 
was punctate staining more widely distributed in the cytoplasm. The simplest explanation 
for this pattern is that p65 is also localized to the Golgi region of the cell, whereas p28 is 
more widespread. Plasmids containing the first 4.7 and 6.75 kb of ORF Ia have been 
expressed using the coupled vaccinia virus - T7 polymerase system. Images obtained by 
immunofluorescent staining of transfectants with our anti-ORFla antisera are similar to 
those obtained during infection with A59. These studies indicate that the signals which direct 
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p290 to the Golgi are likely contained between the C-terrninus of p28 and ORF 1 a residue 
1494. 

INTRODUCTION 

Mouse hepatitis virus, a murine coronavirus, contains a single - stranded positive -
sense RNA genome. One of the initial steps in MHV replication is the translation of the 
5 '-most, approximately 21.8 kb of the genome. This region of the genome, designated gene 
1, contains two overlapping large open reading frames 1,2. The first open reading frame, 
ORFla encodes 4488 amino acids. The second open reading frame ORFlb, overlaps ORFla 
for 75 nucleotides and is 2771 amino acids long. In vitro transcription and translation studies 
of this region have demonstrated that these two ORFs are translated as an 800,000 kDa 
polyprotein by a ribosomal frameshifting mechanism3• Analysis of the nucleotide sequence 
and the predicted amino acid sequence revealed ORF 1 a contains several functional domains: 
two hydrophobic domains, three cysteine - rich domains, a picomaviral 3C-like protease 
domain, and two papain-like protease domains2,3. The relative positions of these ORFla 
domains are depicted schematically in Figure 1. ORFlb is predicted to encode domains 
required for the MHV RNA-dependent RNA polymerase activity - the SDD polymerase 
motif, a nucleotide binding motif, a metal binding domain, and a helicase domain4. 

The presence of protease domains encoded by ORF I a, the extremely large size of 
the predicted gene 1 primary translation product, and genetic evidence that as many as six 
separate transacting MHV gene products are needed for RNA synthesis5, all suggest that the 
gene 1 polyprotein is proteolytic ally processed into multiple polypeptides. Biochemical 
studies have recently begun to elucidate the proteolytic cleavage events in processing the 
gene 1 primary translation product. These have been most successful for ORFla. An 
N-terrninal 28 kDa protein, p28, is cotranslationally cleaved from the primary translation 
product by the first papain-like protease encoded in ORF 1 a6-8. Subsequently a 65 kDa protein 
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Figure 1. A schematic representation of the specific functional predictions of ORF I a. The positions of the 
predicted papain domains are indicated by the boxed P I and PI; the position of the predicted picornavirus 
3C-like protease domain and the two flanking hydrophobic domains are indicated by boxed MI, 3CL, M2. 
The approximate locations of those ORFla polypeptide sequences used as immunogens and the names of the 
resulting antibodies are boxed below the kilobase scale. The approximate lengths and map positions of the 
plasmlds pSPNK and pSPNS are shown. 



Localization of Polypeptides Encoded in Mouse Hepatitis Virus 253 

(p6S) is cleaved from a large precursor protein as are discrete polypeptides approximately 
290 kDa (p290), 240 kDa (p240), and SO kDa (pSO) molecular mass8,9. The presumed 
relationships of these cleavage products to the MHV genome and to each other are depicted 
in Figure 1. 

Enzymes capable of directing MHV RNA synthesis have been shown to sediment 
with the membrane fraction of the cytosol'°. Thus we have begun an investigation into the 
intracellular localization of the various gene I protein products. Since the processing 
pathway for ORF I a gene products is much better understood than that for ORF 1 b, and we 
have in hand well characterized antibodies recognizing defined regions encoded by ORF1a, 
our initial efforts have been restricted to proteins encoded within this portion of the genome. 

MATERIALS AND METHODS 

Cells and Virus 

The origin and growth of L-2 cells and BHK cells expressing the MHV receptor 
(BHK-R) have been described 1 1,12. The origin and growth ofMHV-AS9 and vaccinia virus 
expressing the T7 RNA polymerase have been described 1 1,13. 

Antibodies 

The antibodies used in this study of been described8,9. These antisera were raised in 
rabbits using procaryote/viral fusion proteins as immunogens. The locations of viral se
quences encoding the various polypeptides used to raise these antibodies, as well as the 
proteins immunoprecipitated by these antibodies, is shown in Table 1. The Golgi-specific 
anti-mannosidase II monoclonal antibody S3FC3 14 was purchased from Berkeley Antibody 
Company. Fluorescein conjugated goat anti-rabbit IgG and rhodamine conjugated goat 
anti-mouse IgG were purchased from Jackson Research. 

Plasmids and Transfections 

Plasmids pSPNK and pSPNS are derived from cDNAs and contain MHV-A59 gene 
1 sequences from the NarI site at nucleotide 182 to the KpnI site at nucleotide 4664 and the 
SpeI site at nucleotide 6756, respectively2. In both cases the MHV-AS9 cDNA is oriented in 
the plasmid pSP72 such that the coding sequences are under the control of the T7 promoter. 
pSPNK contains the coding sequence for p28, p65, and the first papain-like domain of 
MHV-AS9; pSPNS extends past the second papain-like domain (Figure 1). 

For transfection experiments 60 mm dishes containing sterile coverslips were seeded 
with 2.2 x 106 BHK-R cells and incubated overnight. The cell were then infected at a MOI=5 
with recombinant vaccinia virus expressing T7 polymerase, vTF7.3. The cultures were 

Table 1. Antisera used for Immunofluorescent localization of A59 ORF I a products 

Size of viral sequences used cDNA for fusion proteins Polypeptides immunoprecipitated 
Antisera as immunogen (aa) spans nucleotides from infected cells 

UPI 228 461-1144 p28 

81043 363 2879-3968 p290,p240 

UT600 495 5000-6486 p290,p240 

UPI02 601 182-1984 p28,p65 
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incubated at 37°C for 2.5 hours and then transfected with 5 f.lg of plasmid using lipofectin 
(GIBCO-BRL) according to the manufacturer's instructions. After being returned to the 
incubator for 21/2 hours the transfection media was replaced with fresh media and the cells 
incubated for a further six hours, at which time they were washed with PBS and fixed with 
cold acetone. 

Indirect Immunofluorescence 

L-2 cells and BHK-R cells were grown for two days on glass coverslips and infected 
with MHV-A59 at an MOl of 10 or mock-infected. L-2 cells and BHK-R cells were fixed 
with cold acetone at 6-7 hours and at 8 hours post-infection, respectively. For transfection 
experiments, BHK-R cells were similarly fixed 8.5 hours after transfection. Cells were 
treated with 5% non-fat milk in phosphate buffered saline, pH 7.4, at 4°C, incubated on ice 
with rabbit anti-ORFla antibody (1: 1 00 dilution in PBS containing 3% BSA) for 90 minutes. 
Following incubation with primary antibody, the covers lips were washed extensively with 
PBS containing 0.2% Tween 20, incubated for 60 minutes with FITC-conjugated goat 
anti-rabbit IgG (1: 100 dilution), and washed five times with PBS containing 0.2% Tween 
20. For double labeling experiments a mixture of rabbit anti-ORFla antibodies (diluted 
1: 1 00) and mouse monoclonal anti-mannosidase II antibody (diluted 1 :600) were used as 
primary reagents, and a mixture of FITC-conjugated goat anti-rabbit IgG and rhodamine
conjugated goat anti-mouse IgG were used as secondary antibodies. The cells were mounted 
in elvanol mounting solution for examination with a Multi-probe 2001, CLSM confocal 
microscope (Molecular Dynamics). The CLSM produces simultaneous dual channel images. 
Colocalization of the two chromophores was revealed by the yellow color resulting from 
their overlapping emission. To obtain black and white prints from these images, the colors 
were remapped by computer. Yellow was remapped to white (100% gray), green was 
remapped to light gray (70% gray), and red was remapped to dark gray (30% gray). 

RESULTS 

Preliminary studies were performed using single color immunofluorescent staining 
ofMHV-infected L2 cells to see if there was differential intracellular localization of various 
ORFIa polypeptide products. Antisera UPI recognizes the N-terminal ORFIa cleavage 
product p28. Immunofluorescent staining of cells with this antisera resulted in a diffuse 
punctate pattern of cytoplasmic staining, indicating that this protein is widely distributed in 
the cytoplasm (data not shown). Immunofluorescent staining of infected cells with antisera 
which recognize polypeptides p240 and p290 (sera 81043 and UT600) resulted in intense 
staining of discrete vesicular perinuclear structures suggesting that these proteins localized 
to the Golgi (data not shown). 

To investigate this further, two color immunofluorescent staining was performed 
using a Golgi-specific anti-mannosidase II monoclonal antibody in addition to the various 
anti-ORFla antibodies. The anti-Golgi antibody is a mouse monoclonal antibody and stains 
murine cells poorly, if at all, but clearly stains hamster cells 14. Thus we utilized BHK cells 
expressing the MHV receptor, BHK-R cells, for all subsequent experiments. MHV-infected 
cells were stained with anti-ORFIa antisera UPI, UPI02, 81043, UT600 and Golgi - specific 
monoclonal antibody 53FC3. In the black and white print shown in Figure 2, white indicates 
coincident detection of FITC staining (anti-ORFla antibodies) and rhodamine staining 
(anti-Golgi antibody); light gray indicates FITC staining only; and dark gray indicates 
rhodamine staining only. Staining ofp28 with UPI, and the Golgi with 53FC3, demonstrated 
that most of the staining for p28 did not coincide with the Golgi complex (Figure 2, Panel 
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Figure 2. Immunofluorescent localization of ORFla products in MHV infected cells. BHK-R cells were 
infected with MHV-A59, fixed, stained with anti-ORFla and anti-Golgi antibodies, and visualized by CLSM 
as described in Material and Methods. Areas stained only by the Golgi-specific antibody 53FC3 are indicated 
by dark gray. Areas stained only by either UPI (anti-p28, Panel A), UPI02 (anti-p28+p65, Panel B), or 81043 
(anti-p240/p290, Panel C) are light gray. Areas stained by anti-ORFla and anti-Golgi antibodies are white. 

A). As shown in Panel B, virtually all the staining of p240 and p290 proteins by antisera 
81043 coincided with the staining of the Golgi complex by antibody 53FC3. Note that almost 
no light gray regions can be seen, indicating that virtually all of the polypeptide recognized 
by 81043 are localized to the Golgi region. A similar result was obtained with antisera UT600 
(data not shown). None ofthe anti-ORF 1 a sera stained uninfected cells. Biochemical fraction 
ofthe cells into soluble and membrane fractions followed by immunoprecipitation with UP 1, 
UT600, and 81043 were consistent with the immunofluorescent staining patterns. Staining 
with antibody UPI02, which recognizes both p28 and p65, revealed a pattern that was a 
composite of the patterns observed with the anti-p28 and anti-p240/p290 sera. As shown in 
Figure 2, Panel C, approximately two thirds ofthe antigens recognized by UP I 02 (light gray 
+ white) coincided with the Golgi complex stained with 53FC3 (dark gray + white). This 
suggested to us that p65 might also be localized to the Golgi. 

Inspection of the hydrophobicity plot of the entire predicted ORFla polypeptide 
reveals that the only obvious transmembrane domains are far downstream, flanking the 
picornavirus 3C-like protease domain. The sequences contained within p290 and p240 
extend into this region ofORFla (Figure I). To investigate if these transmembrane domains 
are required for targeting p290 and p240 for localization in the Golgi region, we have utilized 
plasmids containing the first 4482 nucleotides, pSPNK, and 6574 nucleotides, pSPNS, of 
ORFla under the control of the T7 promoter. The polypeptides encoded in both of these 
constructs contain a functional papain - like protease and cleave p28 from their primary in 
vitro translation products 7. These two constructs have been transfected into BHK -R cells and 
expressed using the coupled vaccinia virus T7 polymerase system. Cells transfected with 
pSPNS and infected with vTF7.3 were fixed at 8.5 hours post transfection and stained with 
either the anti-p290/p240 antibodies UT600 or 81043 in combination with the anti-Golgi 
antibody 53FC3, stained with UPI and 53FC3, and stained with UPl02 and 53FC3. The 
images obtained by CLSM after transfection were very similar to those obtained during 
infection with MHV-A59 (data not shown). This experiment indicated that the predicted 
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Figure 3. Immunofluorescent localization ofORFla products in pSPNK transfected cells. BHK-R cells were 
infected with vFT7.3 and transfected with pSPNK, incubated, fixed, stained with anti-ORFla and anti-Golgi 
antibodies, and visualized by CLSM as described in Material and Methods. Areas stained only by the 
Golgi-specific antibody 53FC3 are indicated by dark gray. Areas stained only by either UP 102 (anti-p28+p65, 
Panel A), or 81043 (anti-p240/p290, Panel B) are light gray. Areas stained by anti-ORFla and anti-Golgi 
antibodies are white. The enlargement for Panel B is approximately twice that of Panel A. 

transmembrane domains flanking the 3C-like protease domains were not necessary for 
localization of p290/p240 in the Golgi region of the cell. 

There is no obvious candidate for a transmembrane domain targeting p290/p240 for 
retention in the Golgi encoded within pSPNS. To further investigate where the Golgi 
localization signal(s) map, a further truncation of ORFla was expressed. The plasmid 
pSPNK was expressed in a similar manner as pSPNS. The transfectants were stained with 
antibodies 81043, UPI, and UPI02 in combination with the anti-Golgi antibody 53FC3. 
Since the sequences recognized by UT600 are not encompassed by this plasmid, it was not 
used for this experiment. The staining patterns observed were very similar to those obtained 
previously. Staining for p28 with UPI again demonstrated that this polypeptide did not 
specifically localize to the Golgi region (not shown). As shown in Figure 3, Panel A, all the 
staining of p240 and p290 proteins by antisera 81043 coincided with the staining of the Golgi 
complex by antibody 53FC3; only white, indicating double staining structures, and dark gray 
regions, indicating Golgi not containing MHV ORFla antigens, can be seen. The staining 
pattern obtained with UP 1 02 was again similar in appearance to a composite of the pattern 
obtained with UP I and 81043. As shown in Figure 3, Panel B, approximately one third of 
the antigens recognized by UP102 (light gray + white) coincided with the Golgi complex 
stained with 53FC3 (dark gray + white). These results indicate that the signals localizing 
p290/p240 to Golgi are encoded within the first 4664 nucleotides of the MHV-A59 genome. 
The staining pattern with UPI is consistent with the biochemical in vitro data that p28 
cleavage only requires the first papain protease domain, and that p28 is diffusely spread 
through the cytosol. The pattern obtained in transfected cells stained with UP I 02 is consistent 
with the hypothesis that p65 localizes to the Golgi region. 
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DISCUSSION 

To better understand the functIOns of the MHV ORFI encoded protems we have 
ImtIated a serIes of experIments to detennme their mtracellular locatIOn As reported here, p28 
appears to be free m the cytosol, It IS more Widely distrIbuted than p290/240, as Judged by 
Immunofluorescent stammg with UP 1, and It partitions mto the soluble fractIOn of the cytosol, 
suggestmg that It IS not membrane bound ThiS was true m MHV-A59 mfected cells and m 
transfectlOn with experIments with both pSPNS and pSPNK, suggestmg that p28 IS cleaved 
nonnally by the protease domam contamed wlthm PI (see Figure 1) dUrIng these transfectlOns 

We have demonstrated by double Immunofluorescent stammg that several ORFla 
polypeptides localize to the Goigi regIOn of the cell Both UT600 and 81043 antisera 
recogmze the p290 and p240 ORFla cleavage products and localize these protems to the 
Goigi ThiS IS supported by the partition of these polypeptides mto the membrane fractIOn 
of mfected cells These protems do not appear to be targeted to the Goigi regIOn by the 
downstream transmembrane domams M 1 and M2 (Figure I) smce stammg cells transfected 
with pSPNK with 81043 still localized these sequences to the Goigi ThiS suggests that the 
targetmg sequences are located wlthm the first 1494 ammo aCids ofORFla, downstream of 
the p28 cleavage site Smce no clear transmembrane domam IS contamed wlthm thiS regIOn 
It IS possible that the protem IS only loosely bound to Goigi membranes by a non-membrane 
spannmg domam or by a protem-protem mteractlOn Further experIments are needed to more 
preCisely detennme the Goigi targetmg Signal m these protems 

The localizatIOn of p65 IS more uncertam at thiS time Smce UP 1 02 recogmzes both 
p28 and p65, the Simplest explanatIOn for the pattern observed With UPI 02 IS that p65 IS 
also localized to the Goigi regIOn of the cell, whereas p28 IS more Widespread AntibodieS 
recogmzmg Just p65 are needed to confinn thiS assignment 

In conclUSIOn these studies mdlcate that the MHV ORFla cleavage products p290 
and p240 localize to the Goigi complex, p28 IS more Widely distrIbuted m the cytosol, and 
suggests that p65 may also localIze to the Goigi regIOn of the cell The localizatIOn Signals 
for these protems remam to preCisely defined but appear to reSide between the C-tennmus 
ofp28 and ORFla reSidue 1494, the last ammo aCid encoded m pSPNK 
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