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The intracellular assembly of the transmissible gastroenteritis coronavirus (TGEV) was studied in infected
swine testis (ST) cells at different postinfection times by using ultrathin sections of conventionally embedded
infected cells, freeze-substitution, and methods for detecting viral proteins and RNA at the electron microscopy
level. This ultrastructural analysis was focused on the identification of the different viral components that
assemble in infected cells, in particular the spherical, potentially icosahedral internal core, a new structural
element of the extracellular infectious coronavirus recently characterized by our group. Typical budding
profiles and two types of virion-related particles were detected in TGEV-infected cells. While large virions with
an electron-dense internal periphery and a clear central area are abundant at perinuclear regions, smaller
viral particles, with the characteristic morphology of extracellular virions (exhibiting compact internal cores
with polygonal contours) accumulate inside secretory vesicles that reach the plasma membrane. The two types
of virions coexist in the Golgi complex of infected ST cells. In nocodazole-treated infected cells, the two types
of virions coexist in altered Golgi stacks, while the large secretory vesicles filled with virions found in normal
infections are not detected in this case. Treatment of infected cells with the Golgi complex-disrupting agent
brefeldin A induced the accumulation of large virions in the cisternae that form by fusion of different
membranous compartments. These data, together with the distribution of both types of virions in different
cellular compartments, strongly suggest that the large virions are the precursors of the small viral particles

and that their transport through a functional Golgi complex is necessary for viral maturation.

Coronaviruses are a group of large, enveloped RNA viruses
involved in a number of serious diseases that affect mammals
and birds (15, 43). These viruses have a simple protein com-
position. Basically, four to five protein species make up the
infectious viral particle, with some variation in the different
members of the family: S and M glycoproteins are inserted in
the viral envelope (36, 56), as well as the small membrane E
protein, a minor component recently identified (20, 41, 67).
Some members of the Coronaviridae family contain an addi-
tional envelope protein, the hemagglutinin esterase (HE) (32,
57). The nucleocapsid (N) protein is located inside the virion
and forms a complex with the viral RNA (29). Molecules of N
protein also seem to be part of the internal core shell recently
found in coronaviruses (52).

Morphogenesis of coronaviruses takes place in the cyto-
plasm of the infected cell, with the participation of different
membranous compartments, as established from the early ul-
trastructural studies of coronavirus-infected cells (2, 12-14,
24). Early in infection, shortly after the appearance of M and
S proteins, the first progeny virions are seen by electron mi-
croscopy (EM) in the perinuclear region of the cell (62-64).
Viral morphogenesis starts with the assembly of a helical nu-
cleocapsid, made up of viral RNA and the nucleocapsid N
protein (13, 58, 59). It is not known whether this nucleocapsid
is preformed within the cytoplasm and rapidly transported to
the membranes where assembly occurs or whether it is assem-
bled in association with cellular membranes. The nucleocapsid
associates with smooth membranes belonging to the endoplas-
mic reticulum-Golgi intermediate compartment (ERGIC) that

* Corresponding author. Mailing address: Department of Macromo-
lecular Structure, Centro Nacional de Biotecnologia (CSIC), Campus
Universidad Auténoma, Cantoblanco, 28049 Madrid, Spain. Phone:
341-5854509. Fax: 341-5854506. E-mail: jlcarrascosa@cnb.uam.es.

4022

constitute the “budding compartment” for coronaviruses (35).
This compartment, which ultrastructurally resembles the tran-
sitional elements at the rough endoplasmic reticulum now
identified in a variety of cells (23), contains both perinuclear
and peripheral elements (55). A structural analysis of cells
infected with infectious bronchitis virus, transmissible gastro-
enteritis coronavirus (TGEV), or feline infectious peritonitis
virus revealed that these viruses also use the smooth perinu-
clear membranes (33), although some budding in the Golgi
complex has been occasionally detected in mouse hepatitis
virus (MHV)-infected cells. Although molecular details of the
budding process have not yet been elucidated, it has been
demonstrated that the M protein, which is essential for assem-
bly, accumulates locally in the ERGIC membranes and prob-
ably reaches a concentration high enough to be recognized by
the nucleocapsids (53). This association would trigger the bud-
ding process, which most probably involves the collective in-
corporation of all other viral envelope proteins. The minor
envelope E protein, which is not fully characterized, also plays
a crucial role in assembly (6), although its nature has not been
yet elucidated. This budding process gives rise to virions that
are transported to and through the Golgi complex by vesicular
carriers (35). In the Golgi complex, the viral particles are
usually seen only at the rims of the stacks and at the trans side,
and the virions are collected into vesicles of the constitutive
exocytic pathway and released from the cell. Tooze et al. (63)
described the existence of two different morphologies for
MHV-AS59 viral particles in infected AtT20 cells. Virions in the
trans-Golgi network were often kidney shaped and had a fairly
uniform and high electron density, while virions in the Golgi
cisternae and pre-Golgi compartments were spherical and ex-
hibited an “empty” center. Once released from the cell, coro-
navirions tend to attach to the plasma membrane, forming
dense mats of adsorbed virions.
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Our group has recently identified a new structural element
in purified virions from two coronaviruses, TGEV and MHV
(52). An internal core, potentially icosahedral, that contains
the helical nucleocapsid, was visualized in intact virions, and
after a purification procedure for the cores was established,
their structure and protein composition were characterized
(52). Since the internal core shell represents a new structural
element in the sequence of coronavirus assembly, its formation
in infected cells must involve some as yet undefined steps in
coronavirus morphogenesis that need to be revisited. In the
last 10 years, methods that preserve cellular and viral ultra-
structure and that detect macromolecules at the EM level have
been developed and proving to be very useful tools in under-
standing viral structure and morphogenesis (5, 9, 21, 22, 26, 27,
49). We have studied the morphogenesis of the TGEV and
started to define the different types of viral particles that as-
semble inside infected cells, as well as the cellular elements
potentially involved in viral maturation.

MATERIALS AND METHODS

Cells, viruses, and antibodies. TGEV virions (PUR46-MAD strain) were
purified from infected cultures of swine testis (ST) cells. Cell culture, virus
infections, and purification of TGEV were performed as previously described
(28). Monolayers of ST cells were infected with TGEV at a multiplicity of
infection of 10 PFU/cell and collected at different times (1, 2, 3, 4, 5, 6, 8, 10, 12,
and 24 h) after fixation for EM (see below). The murine monoclonal antibodies
specific for TGEV proteins have been described previously (18, 51, 54). Hyper-
immune serum against the PUR46-MAD strain of TGEV was raised in rabbits
(28). Colloidal gold conjugates of goat anti-mouse and goat anti-rabbit immu-
noglobulin G were provided by Biocell Research Laboratory (Cardiff, United
Kingdom).

Electron microscopy. (i) Processing of infected ST cells for embedding in
EML-812. Monolayers of control ST cells and cells infected with TGEV (at the
postinfection (p.i.) times indicated in the previous paragraph) were fixed in situ
with a mixture of 2% glutaraldehyde and 2% tannic acid in 0.4 M HEPES buffer
(pH 7.5) for 1 h at room temperature. Fixed monolayers were removed from the
dishes in the fixative and transferred to Eppendorf tubes. After centrifugation in
a microcentrifuge and washes with HEPES buffer, the pellets were processed for
embedding in EML-812 (EML Laboratories, Berks, United Kingdom), an epoxy
resin adequate for ultrastructural studies, by methods previously established (48)
with some modifications, such as two postfixation steps to stabilize the lipids and
short dehydration at 4°C to minimize the extraction of soluble components.
Postfixation of the cells was done with a mixture of 1% osmium tetroxide and
0.8% potassium ferricyanide in distilled water for 1 h at 4°C. This mixture has
been reported to provide high levels of preservation and contrast of membranous
organelles (45, 48). After washes with HEPES buffer, samples were treated with
2% uranyl acetate, which protects membranes from extraction during dehydra-
tion (22), washed again, and dehydrated in increasing concentrations of acetone
(50, 70, 90, and 100%, 10 min each, at 4°C), and EML-812 was allowed to
infiltrate the cells at room temperature. Polymerization of the infiltrated samples
was done at 60°C for 3 days. Ultrathin (20- to 30-nm-thick) sections of the
samples were stained with saturated uranyl acetate and lead citrate by standard
procedures. For RNA detection, infected cells were subjected to a milder fixation
(1% glutaraldehyde in phosphate-buffered saline [PBS]) before being embedded
in EML-812. No postfixation was applied in this case. All samples were studied
with a JEOL 1200 EX II electron microscope.

(ii) Treatment of infected ST cells with nocodazol and BFA. Confluent mono-
layers of ST cells were infected with TGEV at a multiplicity of infection of 10
PFU/cell, and at 4 h p.i., cultures were treated with the microtubular disrupting
agent nocodazole (Sigma) at different concentrations (1, 3, 10, and 20 wM) and
incubated for 4 h at 37°C. Cells were then fixed in situ with a mixture of 2%
glutaraldehyde and 2% tannic acid in HEPES buffer, washed, and kept at 4°C
until use. Other cultures were treated for 2 or 4 h with the Golgi complex-
disrupting agent brefeldin A (BFA) (Sigma), which was added to the cultures at
4 h p.i. and at a concentration of 1, 5, or 10 wg/ml. Some of these cultures were
incubated for 2 or 4 h more after BFA was removed. Cells were then fixed with
glutaraldehyde-tannic acid or maintained at 37°C for 2 or 4 h after replacing the
culture medium by a fresh one without the drugs. At the times indicated, cells
were fixed and processed for embedding in EML-812, as described above.

(iii) Quick-freezing and freeze-substitution of fixed infected ST cells. Small
pellets of fixed cells were cryoprotected with glycerol, applied on small pieces of
filter paper (1 mm?), blotted for 15 s, and quick-frozen in liquid propane at an
approximate speed of 10*°C/s. Vitrified specimens were stored in liquid nitrogen
until use. For freeze-substitution, samples were transferred to a Reichert Jung
AFS freeze-substitution unit (Leica, Vienna, Austria), and maintained for 24 h at
—90°C in a mixture of pure acetone and 0.5% (wt/vol) osmium tetroxide for a
complete substitution of the water of the sample by established procedures (22,
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46). After a controlled gradual increase of the temperature, the cell samples were
infiltrated with the epoxy resin EML-812 and polymerized. Ultrathin sections
were either stained with uranyl acetate and lead citrate or processed for immu-
nodetection of viral proteins.

(iv) Detection of viral proteins and RNA. Immunogold labeling of TGEV
proteins was done on ultrathin EML-812 sections of infected ST cells by using
monoclonal or polyclonal antibodies and conjugates of secondary antibodies and
5- or 10-nm-diameter colloidal gold particles, according to general procedures
previously described in detail (49-51). RNA from cellular and viral structures
was detected as previously described (3, 4) by using a conjugate of RNase and
colloidal gold with a diameter of 10 nm provided by EY Laboratories (San
Diego, Calif.). Sections were incubated with the RNase-gold conjugate diluted
1:40 in PBS (pH 7.5) for 30 min at room temperature, washed with PBS and
distilled water, and stained with uranyl acetate and lead citrate. For a cytochem-
ical control, some sections were preincubated with a solution of nonconjugated
RNase (20 pg/ml) before treating with the RNase-gold conjugate.

(v) Quantitative studies. The size of the viral cores (the dense internal com-
ponent) was measured from electron micrographs of freeze-substituted infected
ST monolayers (6 h p.i.) (see Fig. 4). The distribution of the different types of
virions in different cellular compartments (perinuclear area, Golgi complex, large
secretory vesicles, and extracellular cell surface) at different p.i. times was also
studied. The results are presented as the percentage of each viral morphology in
the indicated compartment (see Table 1). The effect of nocodazol and BFA
treatments on the intracellular accumulation of the different types of virions was
also studied, and the results are summarized in Table 2. A total of 3,500 virions
were included in these quantitative studies.

RESULTS

Different TGEV assemblies in infected ST cells. ST cells
infected with TGEV were studied at different p.i. times to
understand the early events in morphogenesis. At 4 h p.i., the
earliest p.i. time rendering sufficient amounts of virions to be
studied by ultrathin sections and EM, very few virions accu-
mulate inside infected cells. At 5 and 6 h p.i., a progressive
accumulation of intracellular viral particles takes place, al-
though the ultrastructure of the cells is still indistinguishable
from that of noninfected cells. At 8 and 10 h p.i., large amounts
of intracellular and extracellular virions can be seen. At longer
times (24 h), large secretory vesicles with many viruses and
many extracellular virions are seen, together with cellular al-
terations and cytoplasmic inclusions typical of late p.i. times
(12, 61). Five and 6 h p.i. were then selected as the best times
to analyze the early assembly events, well before the overpro-
duction of viral components and viral particles makes inter-
pretation more complicated.

Our analysis of the different viral assemblies that form in
infected cells has been done with ultrathin sections of conven-
tionally embedded infected cells and cells processed by freeze-
substitution, a method that allows a high level of preservation
of fine structural details. Certain fine details, such as the shape
and size of cellular organelles, are better preserved by freeze-
substitution, although conventional embedding methods pro-
vide better contrast of cellular membranes. This combination
of data showed the existence of virions of two different sizes
and morphologies, both in freeze-substituted and convention-
ally embedded samples (Fig. 1). The earliest viral assembly
distinguished inside infected cells consisted of characteristic
budding profiles or “maturation arcs” (Fig. 1A). The budding
profiles give rise to large virions that exhibit an electron-dense
internal periphery and a less dense central zone (Fig. 1A).
These virions, together with the budding profiles, are more
abundant in the perinuclear area of the cell but are also found
in smaller amounts at other locations. A different type of viral
particle accumulates in regions closer to the plasma mem-
brane. These particles are smaller and contain a dense core
(Fig. 1B). The structure and dimensions of the internal core of
these virions (diameter of around 60 nm) are identical to the
corresponding cores found in extracellular viral particles (Fig.
1C). Only a small amount of large viral particles exit the cells



4024 RISCO ET AL.

(Fig. 1D); these virions constitute a minor component of the
extracellular population of virions (see below).

Figure 2 is a summary of the different TGEV-related assem-
blies detected in infected ST cells. Budding profiles contain a
dense cytoplasmic element (presumably the helical nucleocap-
sid) and exhibit different stages from flat forms (Fig. 2A) to
curved structures (Fig. 2B), some with cytoplasmic “tails” (Fig.
20C), to almost spherical (Fig. 2D). Large spherical viral parti-
cles originate from the budding profiles (Fig. 2E and F). On
the other hand, smaller viral particles contain homogeneously
dense cores (Fig. 2G and H), characteristic of extracellular
virions. We obtained the first evidence of a potentially icosa-
hedral internal core in the small virions with freeze-substituted
cells, since a polygonal periphery is distinguished in some of
the sectioned particles (Fig. 1B and 2G and H). All the de-
scribed viral assemblies were unequivocally identified as re-
lated to TGEV, since they all reacted with polyclonal anti-
TGEV antibodies (Fig. 2I and J), and they were always
associated with the membrane. Several monoclonal antibodies
specific for the TGEV M, N, and S proteins also reacted with
the two different types of viral particles (not shown).

Large and small viral particles also bound a conjugate of
RNase-gold (Fig. 3), used to detect RNA-containing structures
at the EM level (3, 4). This conjugate reacted with RNA-
containing cellular structures, such as ribosomes (Fig. 3A) and
nucleoli (not shown). The conjugate reacted with the small
viral particles and the dense periphery of large virions (Fig.
3B). Pretreatment of the sections with nonconjugated RNase
totally inhibited the binding of the RNase-gold complex to
viral particles and to RNA-containing cellular components
(Fig. 3C and D).

Using freeze-substituted infected ST cells, we measured the
size of the dense internal component of the viral particles (the
structures contrasted better in these samples) and the size
distribution obtained is shown in Fig. 4. Considering the small
differences in diameter caused by the plane of section, two
main sizes account for more than 80% of the whole population
of virions. In extracellular virions, most of the viral cores cor-
respond to the smaller size (diameter, 50 to 65 nm), while a
population of large particles (68 to 80 nm) is found in intra-
cellular virions. Also, minor components appeared after this
quantitative study: a small percentage (4%) of bigger particles
(>80- to 92-nm diameter) and a small percentage of virions (1
to 5%, depending on the p.i. time) that did not correspond to
the two morphologies described. We found large particles with
a homogeneous, highly dense content, small virions with an
annular, dense internal structure, and virions with an unde-
fined internal structure of apparently low density. They could
constitute potential intermediary assemblies, although their
significance remains to be established.

The distribution of large and small virions in different cel-
lular regions and compartments was analyzed (Table 1). This
quantification indicated that large virions are more abundant
in the perinuclear area, known to be rich in ERGIC-related
elements, while both large and small virions coexist in the
Golgi complex (Table 1 and Fig. SA). Post-Golgi complex large
secretory vesicles contain mainly small dense virions, the mor-
phology that corresponds to that of the majority of the extra-
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cellular population of virions (Table 1). These data suggest
that the large annular virions are precursors of the small viral
particles and that the major structural transformation that
yields the small virions could depend on the transport of
TGEYV particles through the Golgi complex of ST cells.

Effects of BFA and nocodazole on TGEV assembly. The
intracellular distribution of the two types of TGEV particles
strongly suggests an association between intracellular transport
through the constitutive secretory pathway and the structural
maturation of virions. To test this possibility, we analyzed the
effects of two drugs that disrupt the exocytic pathway (BFA
and nocodazole) on viral assembly. BFA acts within minutes,
inducing a rapid redistribution of Golgi cisternae into the en-
doplasmic reticulum, leaving no definable Golgi structure (17,
39, 40). This dramatic effect on the endoplasmic reticulum and
Golgi systems occurs without affecting other cellular processes,
including protein synthesis. At 4 h p.i., when few virions accu-
mulate, infected ST cells were treated with BFA as described
in Materials and Methods. The disappearance of the Golgi
complex was associated with the formation of large cisternae
that most probably result from the fusion between different
membranous compartments (Fig. 5). While both large and
small virions coexist in the Golgi apparatus from normal in-
fected cells (Fig. SA), most of the TGEV particles visualized
inside the large cisternae of BFA-treated infected cells are
large virions with a very electron-dense periphery and a less
dense center (Fig. 5B and Table 2). A significantly higher
amount of budding profiles was seen in these cells than in
normally infected cell cultures (Table 2). Removal of BFA
from these cultures did not lead to a recovery of cellular
internal organization and TGEV release when cells were main-
tained 2 or 4 h more in the absence of the drug. Large annular
virions kept accumulating inside large cisternae under these
conditions (not shown).

The addition of nocodazole to infected ST cells (4 h p.i.)
apparently arrested the transport of viral particles beyond the
Golgi apparatus. The cytoplasm of cells affected by the no-
codazole treatment was less organized, as shown by EM; no
microtubules were distinguished, and there were smaller and
dispersed Golgi stacks (not shown). TGEV virions were seen in
these disrupted Golgi stacks, and they exhibited the two types
of morphologies described above (Fig. 5C and Table 1). Large
secretory vesicles with numerous virions were not seen, and
very few virions were detected on the extracellular surfaces of
these cells (not shown). No differences in structure were ob-
served in large and small TGEV virions assembled in the
presence of nocodazole compared with virions visualized in
normally infected cells.

These results strongly suggest that precursor virions need to
pass through a functional Golgi complex to complete the struc-
tural transformation that yields the small, infectious virions.

DISCUSSION

The morphogenesis of coronaviruses has been defined as a
complex process that involves different elements of the consti-
tutive exocytic pathway of the cell. Special interest resides in
the events that take place during the budding process and the

FIG. 1. TGEV virions in different regions of infected ST cells. Sections of freeze-substituted cells (A to C) and a conventionally embedded cell (D) are shown. (A)
Certain areas of the infected cell, mainly close to the nucleus, accumulate characteristic budding profiles (arrows) and large virions with an internal electron-dense
periphery and clear center (arrowheads). (B) Closer to the plasma membrane, virions exhibit a smaller size and a homogeneously dense internal core (arrows). Some
of these viral cores clearly exhibit polygonal contours (arrowheads). (C and D) Most of the extracellular virions are small particles with dense cores (arrows), although
a few large viral particles are also seen in the extracellular environment (arrowhead in panel D). Abbreviations: sv, secretory vesicle; ci, cilium; pm, plasma membrane;

mv, microvilli. Bar, 200 nm.
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FIG. 2. Collection of images corresponding to the different TGEV-related assemblies detected in infected ST cells. Sections of conventionally embedded cells (A,
C, D, and I) and fixed, freeze-substituted cells (B, E, F, G, H, and J) are shown. (A to D) Different stages of the budding profiles. All stages present a dense cytoplasmic
structure (arrows) interacting with smooth-walled membranes (arrowheads) and a variable curvature, from flat (A) to almost spherical (D). In panel C, part of the dense
material is apparently not interacting with the membrane and looks like a cytoplasmic tail (arrow). Budding profiles originate large spherical viral particles with an
electron-dense internal periphery and a clear center (E and F). Smaller virions have an internal dense core that frequently exhibit polygonal contours (arrows in panels
G and H). Budding profiles (arrow in panel I) and both large and small viral particles (I and J) react with polyclonal anti-TGEV antibodies, as shown by immunogold

labeling. Bar, 100 nm.

subsequent construction of the spherical, most probably icosa-
hedral, core shell. In this study, we have shown that two types
of virus-related particles can be found in TGEV-infected cells,
large virions that form from budding profiles and small viral
particles that are identical to the extracellular infectious virions
characterized in our previous report (52). The optimal struc-
tural preservation obtained in this study and the confirmation
provided by freeze-substitution have been decisive in identify-
ing the two types of TGEV virions in infected ST cells. More-
over, our images strongly suggest that the morphology of the
small viral particles is closely related to the formation of the
internal core shell.

The morphological maturation described for TGEV repre-

sents a dramatic decrease in the volume of the viral particle.
Significant changes in virion volume during maturation have
been extensively described in the morphogenesis of bacterio-
phages (8, 10, 31), although it does not seem to be so frequent
among animal viruses. Nevertheless, there are cases in which a
similar process has been also described. The human immuno-
deficiency virus, for example, assembles large virions that later
transform into smaller viral particles with condensed internal
cores (19, 22). The process also represents a considerable
change in virion volume that must take place after the activa-
tion of the viral protease. For TGEV, we have seen that the
change in volume is accompanied by a major redistribution of
the dense intravirion material that first occupies a peripheral
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FIG. 3. Binding of an RNase-gold complex to sections of infected ST cells. (A) The signal concentrates on RNA-containing cellular structures, such as, for example,
the rough endoplasmic reticulum (RER)-associated ribosomes and free ribosomes. Binding to individual ribosomes is distinguished (arrows). Some signal on
mitochondria (mi) is also detected. (B) This RNase-gold complex also reacts with both small (arrows) and large (arrowheads) virions. The RNA-gold probe binds to
the dense periphery of large virions. Pretreatment of the sections with nonconjugated RNase (20 pg/ml) abolished the subsequent binding of the RNase-gold complex
to both RNA-containing cellular structures (C) and to TGEV particles (labeled v in panel D). r, ribosome; SV, secretory vesicle. Bar, 200 nm.

position and after maturation becomes homogeneously distrib-
uted inside the smaller condensed core. This dense material
most probably contains the viral RNA, as suggested by the
signal provided by the RNase-gold complex and the data ob-
tained in another study, in which phosphorous elemental maps
have been proposed to represent the direct locations of nucleic
acids in viruses (47).

What are the stimuli that trigger TGEV structural matura-
tion inside ST cells? Our data point to a close association
between intracellular transport through the exocytic constitu-
tive pathway and viral maturation. In this sense, Tooze et al.
(63) reported the existence of two types of virions in AtT20
cells infected by the MHV-AS59 coronavirus. While spherical

large virions were visualized in pre-Golgi compartments and in
Golgi cisternae, smaller, kidney-shaped, very electron-dense
viral particles were detected in the trans-Golgi network. Al-
though the mentioned kidney shape could be the result of a
deformation suffered by the small viral particles, the morpho-
logical maturation described for MHV seems to be very similar
to the process in TGEV that we detected. The data we have
obtained in infected cells treated with BFA or nocodazole also
support the possibility that viral maturation is taking place in
the Golgi complex. Nocodazole treatment was chosen to study
the effects that a blockade of the exocytic pathway at a post-
Golgi level could have on viral morphology. The results of
experiments with live cells and microtubule inhibitors (1, 7)
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FIG. 4. Size distribution of TGEV cores in viral particles from ultrathin
sections of TGEV-infected cells. Only intracellular virions from freeze-substi-
tuted samples were included in the quantification. The percentage of viral cores
with a defined diameter is represented. Core size (diameter [in nanometers])
classes were established as follows: 1, <36; 2, >36 to 38; 3, >38 to 41; 4, >41 to
44; 5, >44 to 47; 6, >47 to 50; 7, >50 to 53; 8, >53 to 56; 9, >56 to 59; 10, >59
to 62; 11, >62 to 65; 12, >65 to 68; 13, >68 to 71; 14, >71 to 74; 15, >74 to 77;
16, >77 to 80; 17, >80 to 83; 18, >83 to 86; 19, >86 to 89; 20, >89. Virions
belonging to the two extremes of the core size distribution are shown in the two
micrographs: the small virion on the left corresponds to class 8, while the large
virion on the right corresponds to class 19. A total of 505 virions were included
in the measurements.

suggest that microtubules facilitate the transport of vesicles
between the Golgi apparatus and the plasma membrane, while
the movement of membrane out of the endoplasmic reticulum
toward the Golgi complex is believed to occur by a microtu-
bule-independent mechanism (39). It is also known that no-
codazole treatment causes a reversible fragmentation of

TABLE 1. Distribution of large and small virions in different
compartments of infected ST cells”

% of virions in compartment

Time or Virion
treatment type” Perinuclear ct?n?;l)ix S\fecgiec tl(e)gy Extracellular®
fpe®el) 84 51 34 12
SV 16 49 66 88
6 LV 83 45 14 8
SV 17 55 86 92
8 LV 85 46 34 5
SV 15 54 66 95
10 LV 84 37 9 2
SV 16 63 91 98
24 LV 56 33 11 5
SV 44 67 89 95
NOC (8 h p.i.)d LV 82 62
SV 18 38

“ A total of 2,400 virions (at least 100 per compartment and treatment) were
included in this quantification.

> LV, large virions; SV, small virions.

¢ Virions attached to the cell surface.

4 Infected cells (4 h p.i.) were incubated for 4 h in the presence of 20 uM
nocodazole (NOC).
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the Golgi complex into numerous dispersed units that remain
functional (65). In nocodazole-treated, infected ST cells,
TGEYV virions are able to reach these modified Golgi stacks
and undergo structural maturation. The assembly seems, how-
ever, to be retarded, since fewer small virions accumulate with
time (Table 1). On the other hand, BFA was used to analyze
the morphology of TGEV particles assembled in the absence
of a functional Golgi complex. Large “precursor” virions ac-
cumulated in these cells. Although it has been reported that
cells appear to metabolize BFA (11), at the lower BFA con-
centration used in our experiments (1 pg/ml), the effects of
BFA treatment on the organization of ST cells and release of
TGEV were not reversible 4 h after the drug was removed.
Large annular virions kept accumulating inside the large cis-
ternae under these conditions. It is likely that the prolonged
treatment with BFA needed to accumulate virions makes the
effect of the drug irreversible in ST cells. We have observed
(52a) that the effects on cellular ultrastructure were less dra-
matic when BFA was added after a 30-min incubation with
nocodazole, probably because BFA-induced fusion between
different membranous compartments partly depends on micro-
tubules, as proposed by Lippincott-Schwartz et al. (39). Four
hours after both drugs were removed, a partial recovery of
intracellular organization was seen, together with an increase
in the amount of small dense virions (up to 30% of the total
population of virions). Virus secretion, however, was not re-
covered.

To this point we have no data on whether cellular factors are
responsible for viral morphological maturation or whether spe-
cific virus-associated elements are activated during intracellu-
lar transport. A combination of both is also possible, as in the
case of alphaviruses. One of the viral polyproteins of Sindbis
virus is processed by the combined action of an autoproteolytic
activity in the capsid protein, a cellular signal peptidase, and an
enzyme thought to be a component of the Golgi apparatus
(60). Maturation through a proteolytic processing has the ad-
vantage of being an irreversible process, as extensively docu-
mented, for example, in bacteriophages (8) and retroviruses
(30, 34). In coronaviruses, no enzymatic activity associated to
purified coronavirus particles has been reported to date. How-
ever, the large intracellular precursor virions have not been
purified and characterized in vitro. Since new virus-associated
proteins are being reported (16) and still several open reading
frames remain to be defined (56), minor, yet unidentified virus-
associated proteins could exist and be involved in the matura-
tion process. The E envelope protein is, for example, a key
element in assembly, being synthesized in ample amounts in
infected cells but incorporated into extracellular virions in only
minor amounts (53).

It has been proposed that proteolytic processing (25) and
dephosphorylation (37, 59) of the nucleocapsid (N) protein
could play an important role in assembly. For TGEV M and S
proteins, glycosylation is the only posttransductional modifica-
tion known to take place. Glycosylation of M is not a require-
ment for assembly, since a mutant TGEV defective for glyco-
sylation in M was able to assemble normally and produce
infectious virions (38). Correct glycosylation of S is necessary
for its folding and incorporation into infectious virions, but not
for the assembly of viral particles (42). Glycosylation is not
complete for all the protein molecules within the viral parti-
cles, probably due to accessibility problems for the enzymes in
reaching all the modification sites, since they have to act on
whole viral particles. Some similar mechanism could explain
why a small amount of virions “escape” from the maturation
process and exit the cell, constituting a minor component of
the extracellular population of virions. The participation of
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FIG. 5. Effect of BFA and nocodazole treatment on TGEV assembly. (A) Large virions (arrowheads) and small dense viral particles (arrows) coexist within the
Golgi complex (G) of normal infected cells. (B) BFA causes the disappearance of the Golgi complex as a distinguishable structure, together with the formation of large
cisternae (asterisks), some of them apparently derived from the rough endoplasmic reticulum (RER), since they have ribosomes (r) attached. TGEV virions assemble
in association with these cisternae (arrowheads point to budding profiles). Large viral particles with an electron-dense internal periphery and clear center (arrows)
accumulate in these conditions. Some ERGIC-like tubular membranes are visible in these cells (pairs of arrows). (C) Abnormal Golgi stack (G) from a nocodazole-
treated infected ST cell. Both budding profiles (arrowheads) and small dense virions (arrows) are seen within the altered membranes of the stack. mi, mitochondria;
pm, plasma membrane. Bar, 200 nm.
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TABLE 2. Percentages of large and small virions in infected ST
cells at different times and with different treatments”

% of virions®

Time or treatment” _ BP?
LV SV

Time (h p.i.)
5 49 51 5
6 31 69 5
8 28 72 3
10 27 73 6
24 18 82 1

Treatment
NOC (8 h p.i.) 61 39 5
BFA (8 h p.i.) 88 12 22

“ A total of 2,995 virions (at least 400 per treatment) were included in this
quantification. For details of the different treatments, see the text.

® Infected cells (4 h p.i.) were incubated for 4 h in the presence of either 20 pM
nocodazole (NOC) or 5 pg of BFA per ml.

¢ LV, large virions; SV, small virions.

4 Number of budding profiles (BP) per 10 infected cells.

these or some other processes in the morphogenesis of coro-
naviruses should be studied in detail, and to this end, the
purification of the large precursor virions will be of great in-
terest.

Recent studies focused on the association between the coro-
navirus envelope proteins and the formation of virus-like par-
ticles in vitro have identified some of the molecular require-
ments for building pseudo-viral envelopes (44, 66). Lateral
interactions between the M and E envelope proteins within the
lipid bilayer seem to constitute the driving force for the assem-
bly of these particles. Although they can contain variable
amounts of the different envelope proteins, the sizes of the
envelopes assembled under these conditions are surprisingly
similar to those of whole virions (66). Although these processes
are far from the natural morphogenetic pathway, they can be
of interest in understanding the particular roles and assembly
capabilities of the isolated structural components.

The detailed structural analysis presented here shows new
aspects of the morphogenesis of coronaviruses. Further studies
are necessary for defining its molecular basis and its potential
application in the in vitro manipulation of assembly. The po-
tential existence of other intermediates in the sequence of
assembly should also be defined. These studies are presently
under way.
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