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FIG. 5. E protein membrane integration without cleavage of a signal se-
quence. (A) RNA transcribed in vitro from plasmid pT7Ts-E was translated in a
rabbit reticulocyte lysate in the presence or absence of canine microsomal mem-
branes (MM). In parallel, vTF7-3-infected OST7-1 cells transfected with
pT7Ts-E were labeled (80 p.Ci/10-cm? dish) from 6 to 7 hpi and then lysed.
Immunoprecipitations were carried out with the anti-E («E) serum and the preE
serum, and the proteins were analyzed in 20% PAG. (B) A similar OST7-1-
derived immunoprecipitate of the E protein was split up into two parts, which
were both incubated in 1 M Tris-Cl (pH 8.0), one of which also contained 1 M
hydroxylamine. Samples were then diluted with Laemmli sample buffer and
analyzed in 20% PAG. Untreated control immunoprecipitates prepared with
anti-E and preE serum were included in the analysis for comparison. Note that
the presence of hydroxylamine caused a broadening of the protein band in the
right lane.

toplasmically, respectively, and antibodies directed to these
domains are available. Accordingly, surface-permeabilized
cells could not be stained with the anti-My, antibodies unless
the intracellular membranes were also permeabilized by using
Triton X-100 (Fig. 6). In contrast, the anti-M antibodies
readily stained the surface-permeabilized cells, thus confirming
the cytoplasmic exposure of the carboxy terminus. Consis-
tently, staining was fully abrogated by prior treatment of the
permeabilized cells with proteinase K, a treatment that only
affected the cytoplasmically exposed protein domains since the
amino terminus of the M protein remained intact and could
still be visualized by the anti-My antibodies after additional
Triton X-100 permeabilization. This latter treatment did not
enable staining with the anti-M. antibodies, indicating that the
M protein assumes one defined membrane topology, in con-
trast to the TGEV M protein, which was reported to take two
alternative orientations (31).

When the immunofluorescence assay was applied to cells
expressing the E protein, it became clear that its carboxy ter-
minus protrudes into the cytoplasm. The domain was accessi-
ble to the anti-E antibodies after surface permeabilization
(Fig. 6). Proteinase K treatment completely abolished the
staining, and subsequent permeabilization with Triton X-100

J. VIROL.

did not reveal any “hidden” carboxy-terminal domains, a result
consistent with a unique membrane topology.

A cytoplasmic exposure of the E protein’s carboxy terminus
would topologically correlate with a disposition of this domain
on the inside of MHV particles. Accordingly, we were unable
to label VLPs, obtained by expressing the MHV M and E
proteins, in an immunogold labeling with the anti-E antibodies,
as judged under the electron microscope (data not shown). To
further corroborate this point, we also used a biochemical
approach. Because of its great sensitivity, we performed an
immunoisolation of radioactively labeled virus particles from
the culture medium of MHV-A59-infected cells by using var-
ious antibodies. As the protein pattern of Fig. 7A shows, the
S-specific antibodies (Fig. 7A, aS) not only isolated S protein
but in addition all other structural proteins M, N, and E, the
latter one being visible only after prolonged exposure (not
shown). Similarly, viral particles could be isolated with the
anti-My, antibodies but not with the anti-M. antibodies, a
finding consistent with the known exterior and interior dispo-
sition of the corresponding M domains, respectively. As ex-
pected, no trace of viral particles was detected when the anti-E
serum was used in the immunoisolation, confirming the inte-
rior disposition of the E protein’s carboxy terminus in virions.

Due to its very low abundance, the E protein is difficult to
detected in MHV-AS59 particles. We nevertheless analyzed the
effect of proteolytically removing the exposed domains of the
viral membrane proteins. Figure 7B shows that treatment of
¥S-labeled virions eliminated the epitope present in the amino
terminus of the M protein recognized by the monoclonal J1.3
(aMy). It also reduced the size of the polypeptide by about 2.5
kDa as shown previously (33). The E protein seemed unaf-
fected. Its appearance as a diffuse band, visible only after long
exposure of the gel, did not change as a result of the treatment.
The mere fact that the protein remained precipitable by the
anti-E antibody implies that the carboxy terminus was indeed
protected. In addition, it shows that no other part(s) of the
protein is significantly exposed on the outside of virions.

Electron microscopic observations. One of the marked
observations made during the immunofluorescence studies
described above was the peculiar punctate staining pattern
of the expressed E protein. To study this aspect in more
detail, BHK-21 cells expressing the protein were prepared
for and then analyzed by electron microscopy. It appeared
that the E protein induced the formation of characteristic
electron-dense structures (Fig. 8A) that were not seen in
control cells, for instance, when the M protein was ex-
pressed similarly. They were, however, also observed in
MHV-A59-infected L cells (as shown after cryosectioning in
Fig. 8B) and are actually very reminiscent of the tubular
structures described in MHV-AS59-infected cells many years
ago (4). They seem to consist of masses of tubular, smooth
membranes with much curvature that form complicated net-
works. The membrane clusters are relatively homogeneous
in that other organelles are excluded. Continuities with the
endoplasmic reticulum (ER) are, however, often observed.
The structures were obviously induced by the E protein
since they labeled heavily with the anti-E antibody (Fig. 8B
to D). In fact, in highly expressing cells the E protein often
appeared to localize almost exclusively to them. Interest-
ingly, the tubular structures are part of the ER-intermediate
compartment (IC) network, as was demonstrated by their
colabeling on cryosections with a marker for these compart-
ments, Rab-1 (Fig. 8B to D; see also references 14 and 36).
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FIG. 6. Location of the carboxy terminus of the membrane-integrated E protein. BHK-21 cells expressing the M protein or the E protein were permeabilized by
using either SLO or Triton X-100 and stained for immunofluorescence with the indicated antibodies. In some cases, the SLO-permeabilized cells were first treated with
proteinase K (Prot.K) before the staining, while in other cases the SLO-permeabilized and proteinase K-treated cells were additionally permeabilized by using Triton
X-100 and then incubated with the antibodies. «M, peptide antiserum to the M protein’s C-terminal tail; «My, monoclonal antibody J1.3 specific for the M protein’s

N terminus.

DISCUSSION

The remarkable role of the E protein in coronavirus assem-
bly prompted the detailed characterization of the envelope
protein described here. E protein emerges from these studies
as a unique protein. The unglycosylated polypeptide appears in
MHV-AS59-infected cells synchronously with all the other viral
structural proteins. It is assembled in the ER membrane by
virtue of an uncleaved signal sequence assuming a complex
membrane structure which leaves its carboxy terminus in the
cytoplasm. In virions this domain is oriented inwards, facing
the nucleocapsid. When expressed independently, the E pro-
tein accumulates in and induces the coalescence of the mem-
branes of the ER-IC, giving rise to characteristic structures
that also appear in infected cells.

The E protein appears to integrate into the ER membrane
without modifications. Membrane insertion is mediated by a
signal within the large hydrophobic domain, most likely by the
28-residue stretch preceding the conserved lysine at position
38. No cleavage of this domain is predicted nor was it observed.
Hence, our biochemical analyses of permeabilized cells ex-
pressing the protein and of viral particles lead to a picture of a
largely membrane-embedded E protein, of which only the
~23-residue hydrophilic tail is exposed cytoplasmically and on
the inside of virions. No part of the protein was detectably
exposed on the virion outside, the topological equivalent of the
ER lumen. The amino terminus may be oriented to either side
of the membrane. Other, more biophysical methods will be
required to determine the fine structure of the membrane-
integral part of the molecule which is sufficiently long to span

the lipid bilayer twice. It will be interesting to find out to which
side of the membrane the conserved lysine (position 38) is
oriented, what the disposition is of the conserved cysteines
immediately downstream of this lysine, and what structural
position the proline at position 54 takes that is absolutely
conserved among all coronavirus E proteins (10, 38).

In earlier immunofluorescence studies the E protein has
been detected at the surface of infected cells. With antibodies
prepared against the whole E protein, positive but weak stain-
ing of unfixed cells infected with infectious bronchitis virus was
observed (40). Surface staining was also reported for MHV-
(49) and TGEV-infected cells, as well as for insect cells ex-
pressing the TGEV E protein by a baculovirus vector (12). The
antibodies used in these studies were directed against the pro-
tein’s carboxy terminus, leading Godet et al. (12) to the sug-
gestion that this region of the molecule is translocated across
the membrane, a finding which is at variance with our obser-
vations. The reasons for this discrepancy are unknown and
remain to be elucidated.

In MHV-infected cells the structural proteins are synthe-
sized from subgenomic mRNAs. These mRNAs are synthe-
sized in different molar amounts but at constant relative ratios
(17, 24). Except for the smallest mRNA, encoding just the N
protein, they are all structurally polycistronic but express only
their 5'-terminal open reading frame (ORF). The E protein,
however, is translated from a downstream ORF by internal
ribosome entry (3, 44). Our quantitations of the synthesis of
the S, N, M, and E proteins during infection show similar
kinetics for all of them. Although the proteins are probably
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FIG. 7. Topology of the E protein in MHV-AS59 virions: the carboxy-terminal
domain is not exposed on the outside. (A) Immunoaffinity isolation of virions.
OST7-1 cells grown in a 10-cm? dish and infected with MHV-A59 were labeled
with 3°S-labeled amino acids at 6 to 9 hpi, after which the cells were lysed and
processed for immunoprecipitation with anti-MHV («MHV) and anti-E (oE)
(right panel). The culture medium containing released virus particles was clari-
fied, and aliquots were first incubated with the antibodies as indicated (for
explanation, see previous figures; S, monoclonal antibody J7.6 recognizing an
epitope in the S ectodomain; C, control monoclonal antibody) and subsequently
with Staphylococcus aureus bacteria to adsorb the antibodies and associated viral
particles, which were analyzed in 20% PAG. (B) Protease protection analysis.
The culture medium of a similarly labeled 10-cm?” dish of infected cells was split
and either treated with proteinase K (Prot. K) or incubated without enzyme.
Concentrated lysis buffer was then added, and standard immunoprecipitations
were carried out with the antibodies indicated (for explanations, see the legends
to previous figures). Proteins were analyzed in 20% PAG. From the upper panel,
which was exposed for 4 h, the region containing the E protein is shown after a
longer exposure (4 days) in the lower panel.

produced in very different molar amounts, their time courses of
synthesis were indistinguishable.

In one of the first extensive electron microscopic studies of
coronavirus-infected cells David-Ferreira and Manaker (4) de-
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scribed the appearance of structures “formed by closely inter-
woven, membrane-limited tubules.” These structures, which
were termed tubular bodies, were induced by the MHV-AS9
infection. They appear to be very similar to what we found in
our present studies, not only in infected cells but also in re-
sponse to the independent expression of the E protein. This
observation thus links the induction of the structures directly to
the E protein. Moreover, their colabeling with antibodies to E
and to the ER-IC marker Rab-1 suggests that they are derived
by the coalescence of these pre-Golgi membranes. Although its
precise cellular localization was beyond the scope of this study,
our preliminary observations suggest that the expressed E pro-
tein accumulates in membranes of the ER-IC. We and others
have shown earlier that budding of coronaviruses occurs at
these particular membranes (18, 21, 45, 46). The reasons for
this have so far remained obscure because neither of the major
viral envelope proteins was found to localize to these mem-
branes (20, 29). If the E protein by itself indeed localizes to
pre-Golgi membranes, this would most likely provide the ex-
planation. By its interactions with the M protein the E protein
might retain M protein molecules in the early compartments,
allowing the accumulation of the large lateral assemblies where
viral particles are formed (22, 29).

While numerous viruses have been shown to variously in-
duce novel structures in infected cells, rarely have these struc-
tures been assigned to the action of a particular viral protein.
An interesting exception are the tubular networks of smooth
membranes that were reported by Hobman et al. (15, 16) to
arise in cells upon expression of the rubella virus E1 glyco-
protein. The characteristics of these structures are very similar
to the ones described here, notably with respect to their mor-
phology, their continuity with ER membranes, their labeling
with antibodies to ER-IC marker proteins, and their insensi-
tivity to brefeldin A (data not shown). The El-induced tubular
networks were purified from cells by immunoisolation and
shown to likely correspond to hypertrophied ER exit sites (16).

The convoluted appearance of the tubular membranes that
we observed in response to the E protein may point to an
important biological feature of the protein in coronavirus mor-
phogenesis. It suggests that the E protein has a tendency to
induce curvature into membranes. Earlier we hypothesized
that this might be one of two possible roles that the protein
might have during the budding of coronaviral particles (48).
The alternative role was in the closing of the neck of the
nascent particle, causing the pinching off of the virion. It is still
too early to decide whether the protein indeed serves one of
these functions. Recent support for an important function of
the E protein in virion morphogenesis comes from analyses of
MHV-AS59 E gene mutants (10). Mutations introduced into the
E protein’s hydrophilic tail by targeted RNA recombination
yielded viruses that were markedly thermolabile, suggesting
that there was a flaw in their structure. The particles of one of
the viruses were viewed by electron microscopy and appeared
to be aberrant and heterogeneous in their morphology. Instead
of the normal rounded structures, most virions had elongated,
tubular forms, often pinched at multiple points, producing
dumbbell-shaped structures. The pictures suggest that the E
protein indeed is important for creating the membrane curva-
ture needed to acquire the rounded, stable, and infectious
particle phenotype.

The occurrence of small membrane proteins appears to be
quite a general feature of enveloped RNA viruses. For some of
these a function has been established such as for the ion-
channel M2 protein of influenza virus (30) and for the alpha-
virus 6K protein which is important in the final assembly and
budding of virions (25, 27). Interestingly, we recently discov-
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FIG. 8. Electron microscopic analysis. (A) Epon section of BHK-21 cell expressing the E protein and fixed at 4 h posttransfection. The E protein induces the
formation of electron-dense membrane structures that are often continuous with the rough ER (arrowheads). (B to D) The same structures in thawed cryosections
double labeled for E (5-nm gold; arrows) and Rab-1 (10-nm gold; arrowheads). Panels: B, an MHV-infected cell fixed at 5.30 hpi, C and D, BHK-21 cells expressing

the E protein. Bars, 100 nm.

ered that a small membrane protein also occurs in arterivi-
ruses (41), which constitute another genus in the order of
Nidovirales (8). This 67-residue E protein is a structural
component of EAV. The polypeptide is very hydrophobic,
with a basic carboxy terminus, and is membrane associated
in infected cells. Importantly, the protein appeared to be
essential for the production of infectious viral particles. In
view of these findings it is surprising that no small mem-
brane protein has so far been identified in toroviruses, the

second family of viruses belonging to the Coronaviridae.
While these viruses do have an S protein and an M protein
very similar to those of coronaviruses, no E protein homo-
logue seems to be encoded. This suggests that the budding
of these viruses occurs differently from coronaviruses or that
the function of the E protein is expressed otherwise. We
expect that our continued comparative studies of these dif-
ferent nidoviruses will eventually provide more detailed in-
sight into the various ways these viruses assemble their particles.
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