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Coronavirus El Glycoprotein Expressed from Cloned cDNA
Localizes in the Golgi Region
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Cloned cDNA encoding the membrane glycoprotein El of the coronavirus mouse hepatitis virus strain A59
was expressed transiently in a monkey fibroblast cell line (COS) by using a simian virus 40-based vector. As
determined by indirect immunofluorescence microscopy, the El protein accumulated intraceUularly in a
perinuclear region coincident with a Golgi marker. The same three species of El that occur in virus-infected
cells were also found in transfected cells. These are one unglycosylated form and two apparently 0-glycosylated
forms that could be labeled in a tunicamycin-resistant fashion with [3H]glucosamine. Because 0 glycosylation
occurs posttranslationally in the Golgi apparatus, we could show, by monitoring the rate of acquisition of
oligosaccharides, that the transport of El from the rough endoplasmic reticulum to the Golgi apparatus had
a half time of between 15 and 30 min.

Coronaviruses, a group of plus-stranded, enveloped RNA
viruses, mature in intracellular membranes. In infected cells,
viral particles form by the budding of viral nucleocapsids,
assembled in the cytoplasm, into the lumen of the endoplas-
mic reticulum or into the Golgi apparatus, depending on the
type of cell (2, 7, 21, 22). Infectious virions are shed by the
cells through exocytosis of vesicles emanating from the
Golgi region.

Intracellular virus budding is a relatively rare phenome-
non. It has been described for coronaviruses, as well as for
bunyaviruses (9, 10) and toroviruses (3, 24). For corona-
viruses, the membrane glycoprotein El is thought to be the
determinant of the budding site. This conjecture is based on
two findings. First, in infected cells, El accumulates in
internal membranes (2, 11; E. W. Doller and K. V. Holmes,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1980, T190, p.
267), while the other viral membrane protein E2 appears on
the plasma membrane (Doller and Holmes, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1980). Second, when infected
cells are grown in the presence of the drug tunicamycin,
which inhibits the addition of N-linked oligosaccharides to
E2 but not the addition of 0-linked oligosaccharides to El,
noninfectious virus particles are produced which contain El
but lack E2 (7, 13, 16), suggesting that E2 is not essential for
the budding process.
Because the signals that determine protein targeting to

intracellular membranes are not well defined, the El protein
is an ideal model for the study of such targeting. We have
recently studied the insertion of El into membranes and the
resulting topology of the protein (1, 14, 15, 18). By using in
vitro translation in the presence of microsomes, we have
found that the polypeptide is anchored in the lipid bilayer by
three successive transmembrane helices and that only small
parts are accessible to proteases on either side of the
membrane; these accessible parts are regions of approxi-
mately 2,500 and 1,500 daltons from the NH2 and COOH
termini which are exposed to the lumenal and cytoplasmic
compartments, respectively (15). Assembly of the protein
into microsomes appeared not to involve cleavage of an
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N-terminal signal sequence. Instead, it was concluded that
the insertion signal resides in an internal domain (18).
Moreover, it was shown that integration of El into mem-
branes requires interaction with the signal recognition parti-
cle (14), the cytoplasmic component of the protein transloca-
tion system.
To begin further studies of its biogenesis and role in

coronavirus maturation, we wanted to express the El pro-
tein in cells in the absence of other mouse hepatitis virus
(MHV) proteins. To accomplish this, the El gene was
excised from the original cloning vector pHN42 (12; a
generous gift from H. Niemann) by using the restriction
enzymes AhaIlI and HindIll. After the insert DNA was
purified by gel electrophoresis and filled in with DNA
polymerase (Klenow fragment), XhoI linkers were added,
and the fragment was subsequently digested with XhoI. The
purified fragment was then ligated into the in vitro transcrip-
tion vector pT3/T7-18 (Bethesda Research Laboratories,
Inc.) in which an XhoI site had been inserted. The El gene
was excised with XhoI and cloned into the XhoI site of the
pBR322/SV40-based expression vector pJC119 (19). In this
vector the El gene is under the control of the simian virus 40
late promotor that can be activated in COS-1 cells through
the constitutive expression of large-T antigen (4). All manip-
ulations were done by standard protocols. The resulting
plasmid pJCE1 was transfected onto COS-1 cells, and El
expression was monitored by indirect immunofluorescence.
Cells were made permeable and El protein was detected by
using a rabbit anti-MHV-A59 serum (dilution 1:200; 17)
followed by affinity-purified fluorescein-conjugated goat an-
ti-rabbit immunoglobulin G serum (1:20; Southern
Biotechnology). Finally, the cells were treated with rho-
damine-conjugated wheat germ agglutinin (1:100; a gift from
Avi Kupfer). We only observed specific El fluorescence
near the nuclei of cells expressing the protein (Fig. 1). By
using rhodamine-coupled wheat germ agglutinin as a marker
for the Golgi apparatus (5), it was concluded that in these
COS cells the El protein accumulated in the Golgi region.
We did not observe any fluorescence at the plasma mem-
brane of permeabilized cells, nor could we detect surface
labeling of nonpermeabilized cells (not shown). Apparently,
El protein does not reach the plasma membrane. In contrast
to many other genes expressed with this vector, the level of

2042

Vol. 61, No. 6



NOTES 2043

E2-

N-

El,
Ei,\-

cos
7 Sac(-) COS,3HF~- r------

oh + o

"_ - a. o -= -

M -N

_E--i
sO -El,

FIG. 1. Detection of the El protein by indirect immunofluores-
cence microscopy. COS-1 cells grown on cover slips were fixed 40
h after transfection with pJCE1. The cells were stained for El by
using an antiviral antiserum, as described in the text. The micro-
graphs on the left are of fluorescein isothiocyanate-labeled cells, and
the pictures on the right are of the same fields after being stained
with rhodamine-labeled wheat germ agglutinin.

expression of El was low. Clear fluorescence was observed
only in approximately 1% of the cells compared with 10 to
20% observed for other proteins, such as rat growth hor-
mone (5). The reason for this low level of expression is
unknown.
To further characterize the immunoreactive material in

pJCEl-transfected COS-1 cells, biosynthetic labeling and
analyses were done. Cells grown in 3.5-cm-diameter culture
dishes were incubated for 90 min with 100 ,uCi of [35S]me-
thionine at 44 h after transfection. Lysates were prepared by
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FIG. 2. Biochemical analysis of El in pJCE1-transfected COS-1
cells. Cells were transfected either with pJCE1 or with the parental
vector pJC119. They were labeled with [35S]methionine or
[3H]glucosamine, as described in the text. Immunoprecipitates were
prepared and analyzed-in a 15% polyacrylamide gel. Lanes: 1
through 3, immunoprecipitates from pJC119 (lane 1)- and pJCE1-
transfected cells labeled with [35S]methionine for 90 min. The
material in lane 3 was obtained by labeling in the presence of
tunicamycin (TM). Lanes 6 and 7, immunoprecipitates from pJC119
(lane 6)- and pJCEl-transfected cells labeled with [3H]glucosamine;
8 through 11, pulse-chase experiment. pJCE1-transfected COS cells
were labeled with [35S]methionine for 15 min. The material in lane 8
was prepared immediately, whereas that of lanes 9 through 11 was
harvested after a 7.5-, 15-, or 30-min chase, respectively. Lanes 4, 5,
12, and 13, immunoprecipitates of MHV-A59-infected Sac- cells
either pulse-labeled with [35S]methionine for 10 min (lanes 5 and 13)
or pulse-labeled and chased with excess unlabeled methionine for 90
min (lanes 4 and 12). Elo, unglycosylated form of El; El, and El,,,
the two main glycosylated forms of El; N, MHV-A59 nucleocapsid
protein; E2, MHV-A59 membrane glycoprotein E2 precursor.

the disruption of the cells on ice with 0.5 ml of 1% Triton
X-114 in 50 mM Tris chloride (pH 8.0) containing 62.5 mM
EDTA-2 mM phenylmethylsulfonyl fluoride-100 U of kal-
likrein inhibitor per ml. Nuclei were removed by centrifuga-
tion for 5 min at 10,000 x g and 4°C, and 1 ml of0.4% sodium
deoxycholate-1% Nonidet P-40 in the same buffer was added
to the supematants. Immunoprecipitates were then prepared
as previously described (15) with 2 ,ul of rabbit anti-MHV-
A59 serum and were analyzed by electrophoresis in 15%
polyacrylamide gel. Three polypeptide species appeared in
pJCEl-transfected cells that were not present in lysates from
cells that had been transfected with the parental vector
pJC119 (Fig. 2, lanes 1 and 2). Of these, the faster-migrating
species comigrated with the unglycosylated form of El (Elo)
found in MHV-A59-infected Sac- cells after pulse-labeling
with 150 uCi/ml for 10 min at 7 h postinfection (Fig. 2, lane
5) (16). The other two species had electrophoretic mobilities
corresponding with those for the main glycosylated forms of
El (Els and Elss) which appeared in these infected Sac-
cells during a 90-min chase (Fig. 2, lane 4). These two
species, but not the faster-migrating form, could indeed be
labeled when pJCEl-transfected COS cells were incubated
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with 0.5 mCi of [3H]glucosamine in 1.5 ml of glucose-free
medium from 33 to 45 h after transfection (Fig. 2, lane 7).
Moreover, synthesis of the glycosylated forms was not
affected by tunicamycin. When the above-described labeling
with [35S]methionine was done in the presence of 3,ug of
tunicamycin per ml, after a 2 h pretreatment with the same

concentration of the drug, the same El species still appeared
(Fig. 2, lane 3).

Further evidence for the identity of the polypeptides was

obtained from a pulse-chase experiment. After a 15-min
incubation in methionine-free medium, pJCE1-transfected
COS cells in 3.5-cm-diameter culture dishes were labeled in
parallel for 15 min with 250,uCi of [35S]methionine. Then,
one dish was harvested immediately, while the others were

further incubated for various times with excess (2 mM)
unlabeled methionine. Analysis of the immunoprecipitates
showed that Elo was the main species synthesized during the
pulse and that it was posttranslationally glycosylated, giving
rise to El. and E1SS (Fig. 2, lanes 8 through 11).
These results clearly identify El as the protein specifically

expressed in pJCEl-transfected COS cells. They also estab-
lish the Golgi localization suggested by immunofluorescence
because 0 glycosylation is known to occur in this compart-
ment (8, 11). In addition, the pulse-chase experiment al-
lowed us to estimate the transit time of the protein from
endoplasmic reticulum to the Golgi membranes. The exper-

iment showed that immediately after the 15-min chase El
had become largely glycosylated. Thus, the half time for
transit from the endoplasmic reticulum to Golgi membranes
is between 15 and 30 min. This is similar to the kinetics of 0
glycosylation of El found in MHV-A59-infected cells (6, 16).
We conclude from these results that the El protein itself

contains the necessary information for its specific targeting
to Golgi membranes. El protein is therefore an ideal candi-
date for use in determining the site of intracellular budding.
As mentioned above, coronaviruses have been demon-
strated by electron microscopy to mature by budding from
intracellular membranes. In certain cell types, such as Sac-
cells (22, 23) and astrocytes (2), budding of MHV-A59 into
reticular membranes was found to occur, whereas in the
pituitary cell line AtT20, this budding appeared to occur

exclusively into Golgi membranes (21). If the site of budding
of coronaviruses is indeed determined by the properties of
the El protein, it would be especially interesting to compare

the localization of El expressed from cloned DNA in dif-
ferent cell types with the site of budding in those cells.
Unfortunately, use of the simian virus 40-based vector

pJC119 is restricted to monkey cells, and we found that
MHV would not grow in these cells. Experiments are

therefore in progress to try to express El from vectors with
a broader host range, e.g., vaccinia virus.

In MHV-infected cells, El is synthesized from a

bicistronic subgenomic messenger, mRNA6, in which the El
gene is followed at its 3' side by sequences encoding the viral
nucleocapsid protein (20). The El gene is, however, silent in
mRNA6, the nucleocapsid protein being synthesized from
another subgenomic messenger, mRNA7 (20). The expres-

sion of El from pJCE1 in COS cells indicates that the
presence of the nucleocapsid gene in mRNA6 is not a

requirement for expression of El but is merely a conse-

quence of the specific replication process of coronaviruses.
The same conclusion could also be drawn from in vitro

experiments which showed that El could be faithfully trans-

lated from mRNA that was synthesized from a transcription
plasmid harboring the El gene only (data not shown).

Because of its unique features, the El glycoprotein of

coronavirus MHV is an excellent tool to study aspects of
membrane protein integration and targeting. By in vitro
mutagenesis of the cDNA encoding El, it may now be
possible to identify the membrane insertion signal(s) of the
protein, as well as additional topogenic domains. These
mutant genes, when expressed in cells, will presumably also
allow identification of signals involved in its sorting and
transport. In this respect the accumulation of El in the Golgi
apparatus, as found in COS cells, provides a sensitive
phenotype for evaluating the effects of such mutations.
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