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JUSSI JÄNTTI,1,2 PEKKA HILDÉN,1 HANNE RÖNKÄ,1 VIRPI MÄKIRANTA,1 SIRKKA KERÄNEN,2
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Previous studies have suggested that Uukuniemi virus, a bunyavirus, matures at the membranes of the Golgi
complex. In this study we have employed immunocytochemical techniques to analyze in detail the budding
compartment(s) of the virus. Electron microscopy of infected BHK-21 cells showed that virus particles are
found in the cisternae throughout the Golgi stack. Within the cisternae, the virus particles were located
preferentially in the dilated rims. This would suggest that virus budding may begin at or before the cis Golgi
membranes. The virus budding compartment was studied further by immunoelectron microscopy with a
pre-Golgi intermediate compartment marker, p58, and a Golgi stack marker protein, mannosidase II (ManII).
Virus particles and budding virus were detected in ManII-positive Golgi stack membranes and, interestingly,
in both juxtanuclear and peripheral p58-positive elements of the intermediate compartment. In cells incubated
at 15&C the nucleocapsid and virus envelope proteins were seen to accumulate in the intermediate compart-
ment. Immunoelectron microscopy demonstrated that at 15&C the nucleocapsid is associated with membranes
that show a characteristic distribution and tubulo-vesicular morphology of the pre-Golgi intermediate com-
partment. These membranes contained virus particles in the lumen. The results indicate that the first site of
formation of Uukuniemi virus particles is the pre-Golgi intermediate compartment and that virus budding
continues in the Golgi stack. The results raise questions about the intracellular transport pathway of the virus
particles, which are 100 to 120 nm in diameter and are therefore too large to be transported in the 60-nm-
diameter vesicles postulated to function in the intra-Golgi transport. The distribution of the virus in the Golgi
stack may imply that the cisternae themselves have a role in the vectorial transport of virus particles.

Based on electron microscopy and double-label immunoflu-
orescence, it has been suggested that Uukuniemi virus, a bun-
yavirus, matures by budding at intracellular smooth mem-
branes of the Golgi complex (13, 14, 16). This mode of
maturation is a general feature among bunyaviruses (25). Tar-
geting and retention of the Uukuniemi virus envelope glyco-
proteins G1 and G2, as well as binding of the nucleocapsid to
the Golgi-associated membranes, are likely to be important
factors in the determination of the intracellular site of virus
budding. The envelope glycoproteins of Uukuniemi virus are
synthesized as a precursor protein (43) which is processed to
G1 and G2 during the translation and translocation in the
endoplasmic reticulum (ER) (14). The glycoproteins are then
transported to the Golgi complex where they accumulate (13),
apparently due to a retention signal in the cytosolic portion of
the G1 glycoprotein (26, 34). The glycoproteins are trans-
ported with different kinetics to the site of virus maturation
(14, 16), presumably due to different folding kinetics of G1 and
G2 (30). In mature virus particles the glycoproteins exist as
homodimers (33), which would suggest that homodimeric G1
and G2 interact in the formation of characteristic envelope-
spike complexes. Whether this interaction occurs during virus
budding or at an earlier step in the glycoprotein biosynthesis is
not known.

Immunocytochemical studies with Uukuniemi virus-infected
cells have shown that the nucleocapsid is also targeted to Golgi
membranes (14). In virus-infected BHK-21 cells the nucleo-
capsid is concentrated in the Golgi region in parallel with the
accumulation of glycoproteins at Golgi membranes (15). In-
terestingly, the association of the nucleocapsid with the Golgi
correlates with the vacuolization of the Golgi stack (15). By
immunoelectron microscopy an apparent association of the
nucleocapsid with the cytoplasmic face of the Golgi cisternae
and Golgi-associated vacuoles is observed (16). The associa-
tion of the nucleocapsid with the Golgi membranes occurs
even in the presence of monensin, although the normal bud-
ding of Uukuniemi virus is inhibited (16). It is evident that
during virus maturation the nucleocapsid has to bind to the
cytoplasmic domains of one or both of the virus glycoproteins
because Uukuniemi virus particles do not contain a matrix
protein mediating the interaction between the envelope and
the nucleocapsid. Previous immunoprecipitation experiments
suggest that both glycoproteins are needed for the nucleocap-
sid association (14).
Although the role of the Golgi complex in the virus budding

is clearly established, the boundaries of the budding compart-
ment(s) in the exocytic transport pathway are not known. We
have therefore used cytochemical and immunocytochemical
techniques to study the distribution of virus particles and bud-
ding virus in the membranes of the exocytic pathway. In addi-
tion, low-temperature incubations were used to investigate the
association of virus proteins with the early-secretory-pathway
membranes. The results indicate that virus budding begins at
the pre-Golgi intermediate compartment and continues in the
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FIG. 1. Electron microscopy of Uukuniemi virus-infected BHK-21 cells. Virus particles are seen in the lumen of the Golgi cisternae and in Golgi-associated vacuoles
and vesicles. The virus particles in the stack are present in the dilated rims of the cisternae. The small, approximately 60-nm, vesicles can be seen budding from the
cisternae (A, arrows; C, arrowhead). Note that these vesicles are smaller than the virus particles in the lumen of the cisternae. Serial section analysis (B and C)
demonstrates that the limiting membrane of large virus-containing vacuoles (B, large arrow) are occasionally continuous with the cisternal membrane (B, small arrow)
even in the middle of the stack. Bars, 200 nm.
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cisternae of theGolgi stack. Because the putative 60-nm-diameter
intra-Golgi transport vesicles are too small to carry the 100- to
120-nm-diameter virus particles, the results raise questions
about the intracellular transport mechanism of the virus par-
ticles.

MATERIALS AND METHODS

Cell culture and virus infections. Propagation of Uukuniemi stock virus in
secondary chicken embryo fibroblasts was done as described previously (8, 32).
BHK-21 cells were grown on coverslips to 50 to 70% confluence in minimal
essential medium (MEM; Sigma) supplemented with 10% fetal calf serum,

FIG. 2. Colocalization of intermediate compartment marker protein p58 with virus-containing intracellular membranes. BHK-21 cells were fixed 10 h p.i. and
processed for immunolabeling as indicated in Materials and Methods. Virus particles can be found in both the perinuclear Golgi and peripheral intermediate
compartment membranes labeled with p58. Note the virus budding profiles in the p58-positive cis Golgi cisternae of the Golgi stack (A) and in the peripheral tubular
elements (D) marked with arrows. Virus particles were consistently found in both the p58-positive and p58-negative parts of the intermediate compartment membranes.
Bars, 200 nm.
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penicillin (100 IU/ml), and streptomycin (100 mg/ml) and were infected with
Uukuniemi virus as described previously (32). Low-temperature incubations of
the cells in water baths were carried out in bicarbonate-free MEM supplemented
with 20 mM HEPES (pH 7.3) (17).
Immunofluorescence. The cells were fixed for 30 min with 3% paraformalde-

hyde or 3% paraformaldehyde and 0.08% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.2). After permeabilization with 0.05% Triton X-100, the cells were
labeled with primary antibodies and fluorochrome-conjugated secondary anti-
bodies as described previously (17). Antibodies used were rabbit antinucleocap-
sid antibodies and guinea pig anti-G1/G2 antibodies, prepared as described
previously (13), and rabbit anti-p58 antibodies (18, 39, 41). The secondary anti-
bodies used were fluorescein isothiocyanate-conjugated rabbit anti-guinea pig
immunoglobulin G (IgG) (Dako, Copenhagen, Denmark) and tetramethyl rho-
damine isothiocyanate-conjugated swine anti-rabbit IgG (Dako). The samples
were viewed with a Zeiss Lab 16 fluorescence microscope using a 1003 objective.
Photography was done with Kodak Tmax-400 ASA film.
Subcellular fractionation. Cell fractionation and gradient centrifugation were

carried out essentially as described previously (37). Two 10-cm dishes (Falcon) of
subconfluent BHK-21 cells were infected with Uukuniemi virus stock solution as
described previously (32). At 7 h postinfection (p.i.) the cells were transferred for
3 h to 158C in bicarbonate-free MEM (Sigma) buffered with 20 mMHEPES. The
cells were then washed with ice-cold phosphate-buffered saline, pH 7.4, and
harvested into hypotonic lysis buffer (10 mM Tris, 10 mM KCl, 5 mMMgCl2 [pH
7.0]). The cells were disrupted by passing the solution 15 times through a
27-gauge needle. The postnuclear supernatant (0.5 ml) was then subjected to
flotation analysis by dispersing the sample into 3.5 ml of 70% (wt/wt) sucrose in
low-salt buffer (LSB) (50 mM Tris, 25 mM KCl, 5 mM MgCl2 [pH 7.5]), which
was overlaid with 6.5 ml of 55% (wt/wt) sucrose in LSB and 1.5 to 2 ml of 10%
(wt/wt) sucrose in LSB. The gradients were centrifuged for 18 h at 38,000 rpm at
48C in a Beckman ultracentrifuge with an SW41 rotor. Fractions (about 1 ml)
were collected from the bottom. The fractions were diluted with LSB containing
0.25 M sucrose, and to pellet the membranes the samples were centrifugated for

90 min with an SW55 rotor at 45,000 rpm at 48C. The pellets were suspended in
LSB and equal aliquots were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis analysis and immunoblotting. Uukuniemi virus nucleocapsid
protein was detected with rabbit anti-nucleocapsid antibodies and alkaline phos-
phatase-conjugated anti-rabbit IgG (Promega).
Electron microscopy. For conventional electron microscopy the cells were

fixed for 2 h with 3% paraformaldehyde–2% glutaraldehyde in 0.1 M cacodylate,
pH 7.4, at room temperature followed by postfixation with 1% OsO4 on ice. To
localize the nucleocapsid association sites, Uukuniemi virus-infected BHK-21
cells were fixed for 30 min at room temperature with 3% paraformaldehyde–
0.08% glutaraldehyde–0.05% saponin in 0.1 M phosphate buffer (pH 7.2). After
fixation the cells were washed with DBS buffer (phosphate-buffered saline sup-
plemented with 0.2% bovine serum albumin and 0.05% saponin, pH 7.2) fol-
lowed by treatment with 0.05 M lysine in DBS buffer to quench free aldehyde
groups. The cells were labeled with rabbit antinucleocapsid antibodies and per-
oxidase-conjugated anti-rabbit F(ab)2 secondary antibodies (Immunotech, Mar-
seille, France) as described previously (11, 17). For labeling with antibodies to
the p58 protein and mannosidase II (ManII), the cells were fixed with the
periodate-lysine-paraformaldehyde fixative (3, 23). After development of the
peroxidase reaction the samples were postfixed with reduced 1% OsO4. The
samples embedded in LX-112 (Ladd Research Industries, Inc., Burlington, Vt.)
were cut horizontally and the sections were viewed in a JEOL JEM EX-1200
electron microscope operated at an acceleration voltage of 60 kV.

RESULTS

Electron microscopy of Uukuniemi virus-infected BHK-21
cells. Previous studies have shown that bunyaviruses mature by
budding at intracellular smooth membranes representing the
Golgi complex (13, 29, 42). However, morphological analysis of

FIG. 3. Budding of Uukuniemi virus in ManII-positive Golgi cisternae. BHK-21 cells were fixed 10 h p.i. and processed for immunolabeling as indicated in Materials
and Methods. The arrows mark budding profiles in the ManII-positive Golgi cisternae. Bar, 500 nm.
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FIG. 4. Association of nucleocapsid with membranes. (a) BHK-21 cells were infected with Uukuniemi virus, fixed with 3% paraformaldehyde–0.08% glutaraldehyde
at 7 h p.i., and stained with anti-nucleocapsid antibodies and tetramethyl rhodamine isothiocyanate-conjugated secondary antibodies. (b) Cells were treated from 7 to
7.5 h p.i. with 0.1% saponin on ice, fixed, and stained with nucleocapsid antibodies. Note the absence of perinuclear Golgi-like staining in panels a and b. An apparent
association of the label with the nuclear membrane was occasionally detected (b, arrows). (c) Cells were incubated at 158C from 7 to 10 h p.i. prior to fixation and
staining. (d) Cells were incubated at 158C from 7 to 10 h p.i., treated with 0.1% saponin on ice, fixed, and stained with nucleocapsid antibodies. Note the presence of
both peripheral and juxtanuclear nucleocapsid-positive elements in cells incubated at 158C (c and d, arrows).
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the exact site of virus maturation has been difficult because
bunyaviruses induce a progressive morphological alteration of
Golgi membranes resulting in the disappearance of the normal
stacked organization of the Golgi complex. However, these
fragmented Golgi membranes have been shown to be capable
of efficient protein transport and modification (9). Early in the
course of infection (8 to 10 h p.i.), relatively intact Golgi
complexes can still be found (15). We therefore carried out an
analysis by electron microscopy of the distribution of virus
particles in the Golgi stacks at 10 h p.i. (Fig. 1). In the Golgi
stacks which still retained normal morphology, the virus par-
ticles were seen in the lumen of the cisternae throughout the
stack (Fig. 1B and C). The virus particles were consistently
found in the dilated rims of the cisternae. Occasionally the
rims of the cisternae were swollen into large virus-containing
vacuoles (Fig. 1B and C and 2A). In the Golgi region the virus
particles were also observed in large vesicles and vacuoles on
both sides of the stack (Fig. 1 and 2). In addition, virus parti-
cles were present in more peripheral sites in the lumens of
membranous structures showing variable morphology. The
presence of virus particles in all of the cisternae in the Golgi
stack indicates that virus budding is not restricted to the medial
or the transGolgi membranes. According to previous biochem-
ical analysis, secreted Uukuniemi virus contains terminally gly-
cosylated, protein-bound glycans (14, 31). Since the glycopro-
teins in virus particles must encounter the glycosyl transferases
resident in the transGolgi it is evident that those virus particles
seen in the proximal portion of the Golgi stack must be trans-
ported to the cell exterior via the trans Golgi membranes or
their functional equivalent. Electron microscopy of the virus-
containing Golgi stacks also demonstrated the presence of
approximately 60-nm-diameter vesicles which were seen bud-
ding from the cisternae containing lumenal virus (Fig. 1A).
Vesicles of similar size have been postulated to function in the
vectorial intra-Golgi transport of secreted and membrane gly-
coproteins (35, 36). It should be noted that Uukuniemi virus
particles in the lumens of the cisternae (Fig. 1A) are consid-
erably larger than these vesicles, and therefore it is likely that
the cisternae themselves are the vehicles responsible for the
vectorial transport of the virus particles.
Analysis of the budding compartment(s). Because the dis-

tribution of Uukuniemi virus particles in the Golgi stack sug-
gested that the virus budding might start earlier than previ-
ously assumed, we carried out a detailed analysis of the
localization of virus particles with compartment-specific mark-
ers. We first used immunoperoxidase electron microscopy
(IEM) with antibodies to p58 protein, a marker for the inter-
mediate compartment and the cis Golgi (39, 41). Uukuniemi
virus-infected BHK-21 cells were processed for IEM at 10 h
p.i. (Fig. 2), and localization of virus particles, budding virus,
and p58 label was monitored. Interestingly, virus particles and

budding profiles were seen in p58-positive cis Golgi elements
and also in peripheral membranes of the intermediate com-
partment (Fig. 2). Budding profiles and virus particles were
also detected in the p58-positive cis-most cisterna of the Golgi
stack (Fig. 2A). In addition, the peripheral p58-positive ele-
ments with characteristic tubulo-vesicular morphology con-
tained lumenal Uukuniemi virus particles and budding profiles
(Fig. 2B to D). Virus particles were consistently detected at
both p58-positive and p58-negative regions of the intermediate
compartment (Fig. 2C and D). Despite careful examination, no
virus particles or budding profiles were observed in the ER
membranes, which is in agreement with previous reports on the
maturation site of bunyaviruses (25). The role of the Golgi
stack in virus budding was studied by using immunoelectron
microscopy with antibodies to ManII, a Golgi stack enzyme
(44). In agreement with previous reports, virus particles and
budding profiles were observed in the ManII-positive cisternae
in the Golgi stack (Fig. 3). Taken together, these results indi-
cate that the budding of Uukuniemi virus begins in the pre-
Golgi intermediate compartment and continues in the Golgi
stack. Therefore, the region of virus maturation in the exocytic
pathway is more widely distributed than previously assumed.
Association of the nucleocapsid with the intermediate com-

partment. At 5 to 7 h p.i. the virus nucleocapsid is evenly
distributed throughout the cytoplasm of BHK-21 cells. Later,
at 8 to 10 h p.i., the nucleocapsid concentrates in the Golgi
region (15). Although the first site of nucleocapsid association
should reside in the intermediate compartment, since the virus
budding is observed there, the binding of nucleocapsid to the
intermediate compartment is difficult to monitor because the
cytosolic pool of the nucleocapsid masks detection. Therefore,
to study the association of the nucleocapsid with the interme-
diate compartment, we used incubations at reduced tempera-
ture (158C), which amplifies the intermediate compartment
membranes due to an arrest of membrane traffic to the Golgi
stack. Furthermore, unattached virus glycoproteins accumulate
in the intermediate compartment at 158C (17, 38, 40), which
facilitates detection of the nucleocapsid binding with these
membranes. BHK-21 cells were infected with Uukuniemi virus
and incubated for 7 h at 378C. Control cells, fixed at 7 h p.i.,
showed negligible accumulation of the nucleocapsid in the
juxtanuclear Golgi region (Fig. 4a). However, when the cells
were incubated at 158C from 7 to 10 h p.i., the nucleocapsid
accumulated in the Golgi region in over 90% of the cells (Fig.
4c). Interestingly, in these cells the nucleocapsid also accumu-
lated in peripheral elements distributed throughout the cyto-
plasm (Fig. 4c). Membrane association of the nucleocapsid was
further demonstrated by treatment of the cells with 0.1% sa-
ponin on ice before fixation (3% paraformaldehyde and 0.08%
glutaraldehyde) and processing for immunofluorescence. This
treatment removed the bulk of the free nucleocapsid in the cell
cytoplasm, revealing those associated with membrane elements
(Fig. 4b and d). Saponin-treated control cells fixed at 7 h p.i.
(Fig. 4b) showed negligible association of the nucleocapsid to
the membranes in the Golgi region. However, in cells incu-
bated at 158C, saponin treatment revealed a strong accumula-
tion of the nucleocapsid in membranes in the Golgi region
(Fig. 4d). Furthermore, labeling of the peripheral elements
became clearly visible in these cells (Fig. 4d). At a later time
p.i. (10 h), this nucleocapsid association with peripheral ele-
ments was also seen in cells incubated at 378C and fixed after
saponin treatment (data not shown). Association of the nu-
cleocapsid with membranes was further demonstrated by cell
fractionation and sucrose gradient centrifugation. Uukuniemi
virus-infected BHK-21 cells were incubated at 158C from 7 to
10 h p.i. The cells were disrupted, and postnuclear supernatant

FIG. 5. Association of nucleocapsid with microsomal membranes. Uukuni-
emi virus-infected cells were incubated at 158C from 7 to 10 h p.i. Microsomes
isolated from the cells were analyzed by flotation in sucrose gradient and immu-
noblotting with antinucleocapsid antibodies. The presence of the nucleocapsid
protein in fractions 11 and 12 demonstrates partial association of the nucleo-
capsid with flotated microsomal membranes.

VOL. 71, 1997 FIRST SITE OF UUKUNIEMI VIRUS BUDDING 1167



FIG. 6. Association of nucleocapsid with peripheral and juxtanuclear glycoprotein-positive elements at 158C. Uukuniemi virus-infected cells were incubated at 158C
from 7 to 10 h p.i., fixed with 3% paraformaldehyde, and stained with antinucleocapsid antibodies and anti-G1/G2 antibodies (a and b, respectively). Colocalization
of the proteins both at the juxtanuclear Golgi region and at peripheral sites (arrows) is evident. (c and d) Double localization of the virus glycoproteins and p58, a pre-
and cis Golgi marker, in cells incubated at 158C. The cells incubated from 7 to 10 h p.i. at 158C were labeled with guinea pig anti-G1/G2 antiserum (c). Staining of the
same cells with rabbit anti-p58 antibodies (d) demonstrates that during incubation at reduced temperature the virus glycoproteins accumulate in juxtanuclear and
peripheral (arrows) p58-positive elements.
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was subjected to flotation analysis in a sucrose gradient. The
microsome fraction, floated to the 55%-10% sucrose interface,
contained Uukuniemi virus nucleocapsid protein (Fig. 5, frac-
tions 11 and 12), indicating that a quantity of nucleocapsid was
bound to microsomal membranes during low-temperature
treatment of the cells.
To further characterize the membranes with which the nu-

cleocapsid associates during the 158C incubation, we used dou-
ble-label immunofluorescence. Uukuniemi virus-infected cells
were incubated at 158C from 7 to 10 h p.i., fixed, and double
labeled with rabbit antinucleocapsid antibodies (Fig. 6a) and
with guinea pig antiglycoprotein antibodies (Figure 6b). The
nucleocapsid and the glycoproteins were found to colocalize
both in the juxtanuclear Golgi region and in vesicular elements
distributed throughout the cytoplasm (Fig. 6a and b). Double
labeling with the pre- and cisGolgi marker p58 (39, 41) showed
colocalization of the p58 and the virus glycoproteins both in
the juxtanuclear region and in the peripheral elements (Fig. 6c
and d). This further indicates that the structural proteins of
Uukuniemi virus accumulate in the pre-Golgi intermediate
compartment in cells incubated at 158C.
Immunoelectron microscopy analysis of the nucleocapsid

binding membranes. Since the nucleocapsid associated with
membranes showing a characteristic distribution of the inter-
mediate compartment, we analyzed the morphological features

of these membranes by IEM. To arrest the transport of virus
glycoproteins at the intermediate compartment, virus-infected
BHK-21 cells were incubated from 7 to 10 h p.i. at 158C and
then prepared for IEM by using antinucleocapsid antibodies
(Fig. 7 and 8). The overall distribution of the labeled mem-
brane elements was similar to that observed in immunofluo-
rescence experiments (Fig. 4c). Nucleocapsid was seen associ-
ated with membranes in the Golgi region and with membranes
of the peripheral intermediate compartment showing variable
morphology (Fig. 7). Labeled membranes in the Golgi region
consisted of vacuoles, clusters of vesicles, and elements with
cisternal morphology. The nucleocapsid-positive vacuoles and
cisternal elements frequently contained virus particles in their
lumens. Outside the Golgi region the labeled structures con-
sisted of vacuoles, tubules, and clusters of vesicles. Interest-
ingly, some peripheral elements also contained small stacks of
cisternal membranes which occasionally had a circular appear-
ance (Fig. 7). Detailed analysis of the peripheral labeled mem-
branes (Fig. 8) demonstrated that the nucleocapsid is associ-
ated with tubulo-vesicular elements resembling in morphology
the peripheral intermediate compartment (38, 41). These ele-
ments were surrounded by ER membranes which occasionally
showed labeling (Fig. 8C). Frequently, vacuoles associated
with the tubulo-vesicular structures were seen to contain virus
particles (Fig. 8C and D) or even budding virus (Fig. 8D).

FIG. 7. IEM of Uukuniemi virus-infected cells incubated at 158C. Nucleocapsid is found associated with juxtanuclear Golgi elements (GC) and 158C intermediates
distributed throughout the cytoplasm (large arrows). The morphology of these elements varies from small vesicular clusters to larger aggregates of membranes
occasionally showing cisternal organization (small arrows). Cytoplasmic vesicular clusters can be seen in association with the ER and nuclear membrane, and even close
to the plasma membrane. Note the staining apparently associated with the outer nuclear membrane. This staining is most prominent under the labeled 158C
intermediates. Bar, 1 mm.
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These results suggest that the first site of nucleocapsid binding
and virus budding resides in the pre-Golgi intermediate com-
partment.

DISCUSSION

The results of the present study demonstrate that the bud-
ding of Uukuniemi virus, a bunyavirus, can occur as early as in
the pre-Golgi intermediate compartment as well as in the cis-
ternae of the Golgi stack. Immunoelectron microscopy using

p58 protein as a compartment-specific marker clearly showed
that Uukuniemi virus particles and budding virus can be found
in both peripherally and centrally localized elements of the
intermediate compartment. In agreement with previous stud-
ies, the virus budding was also observed in the Golgi stack
marked by the Golgi enzyme ManII. The results showing bud-
ding in the p58-positive membranes were unexpected since it
had been assumed previously that bunyaviruses mature exclu-
sively in the Golgi stack or even in the trans Golgi membranes
(10, 25). Based on the present results it is not possible to

FIG. 8. Morphology of nucleocapsid-positive 158C intermediates. Nucleocapsid label is associated with clusters of cytoplasmic vesicles, vacuoles, and tubules. The
vacuoles in these elements frequently contain virus particles (C and D) and budding virus (D, arrow). Bars, 200 nm.
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evaluate how much of the budding occurs in the intermediate
compartment compared to the stack. However, it was not dif-
ficult to detect virus particles in the membranes of the inter-
mediate compartment. This suggests that a considerable
amount of virus formation takes place in these membranes.
There are several possible mechanisms which could explain

the determination of the site of virus maturation. One obvious
prerequisite is the accumulation of the structural components
at the budding site. It is evident that the structural components
of a virus have to reach a critical concentration in the budding
compartment. In the case of Uukuniemi virus the concentra-
tion of properly folded glycoproteins in the ER may be too low
to promote virus formation. Interestingly, accumulation of the
glycoproteins of Punta Toro virus, another bunyavirus, to the
ER by brefeldin A treatment results in virus budding in the ER
(4). Also, Uukuniemi virus nucleocapsid associates with virus
glycoproteins when they are accumulated in the ER mem-
branes by tunicamycin treatment of the cells (15). Recently, it
has been shown that accumulation of the bunyavirus glycopro-
teins in the Golgi stack was mediated by the targeting signal in
one of the envelope glycoproteins (4, 5, 26, 34). According to
a simple view, the budding mechanism would include a signal-
mediated retardation and accumulation of the glycoproteins in
the Golgi and subsequent association of the nucleocapsid with
the cytosolic domains of the glycoproteins. The present results
suggest that additional mechanisms are involved in the bud-
ding process. It is possible that the critical budding concentra-
tion of the virus glycoproteins has already been reached when
they enter the intermediate compartment. Indeed, there is
evidence that transported proteins are concentrated consider-
ably on their exit from the ER (1, 28). The observed enhanced
binding of the nucleocapsid protein to the intermediate com-
partment during 158C incubations suggests that concentration
of the glycoproteins is also a factor in the budding in the
pre-Golgi membranes. In conclusion, the accumulation of
Uukuniemi virus glycoproteins in the Golgi stack due to the
targeting signals does not seem to be the only determinant in
the selection of the budding site. The same appears to apply for
mouse hepatitis coronavirus (MHV), another intracellularly
maturing virus. The membrane protein M of MHV is targeted
to the trans Golgi, although the virus budding occurs in the
intermediate compartment (12). In contrast, the glycoprotein
M of avian coronavirus infectious bronchitis virus is targeted to
the intermediate compartment and the cis Golgi, where its
budding also takes place (21, 22).
How the assembly of Uukuniemi virus envelope-spike com-

plexes takes place is not known exactly. Studies on the glyco-
protein complexes in the virus particles indicate that the spikes
are formed from oligomers of glycoprotein homodimers (33).
It is possible that the requirements for oligomerization of the
homodimers are first met in the intermediate compartment.
The glycoprotein oligomers would then support the binding of
the nucleocapsid to the membranes. Immunocytochemical ex-
periments with antibodies recognizing the cytosolic part of the
G1 glycoprotein suggest that the cytosolic domain is hidden in
the ER and that its conformation changes downstream in the
transport pathway (17a). Therefore, the exposure or confor-
mational change in the cytosolic portions of the glycoproteins
may serve as a control switch for the nucleocapsid binding and
virus budding. Understanding these processes requires further
studies on the early steps of maturation of the virus glycopro-
teins and detailed studies on the molecular interactions of the
structural components of Uukuniemi virus particles.
The results of the present study suggest that important in-

formation on the organization of the secretory pathway can be
obtained by using the Uukuniemi virus as a model. In partic-

ular, the observed distribution of virus particles and budding
profiles raises questions about the mechanism of transport in
the early secretory pathway and in the Golgi stack. The virus
particles secreted from infected cells contain only terminally
glycosylated G1 glycoprotein (14). For those particles which
were formed in the early secretory pathway, the terminal pro-
cessing of protein-bound glycans, e.g., sialylation, may there-
fore occur in the envelope of the virus. This would indicate that
the virus particles formed in the intermediate compartment or
in the cis Golgi are transported through the functional Golgi
stack to the trans Golgi before externalization. Alternatively,
mature glycoproteins may be recycled to the budding site as
suggested for MHV (12).
The size of Uukuniemi virus particles (approximately 100 to

120 nm in diameter) excludes the possibility that the transport
occurs in the 60-nm-diameter vesicles postulated to function as
carriers between the compartments of the exocytic pathway.
The role of such vesicles in the vectorial intra-Golgi traffic has
been questioned (2, 6, 7, 20, 27, 40, 45). The results of the
present study suggest that the intra-Golgi transport of Uuku-
niemi virus particles takes place in the dilated portions of the
Golgi cisternae. This transport pathway of the virus particles
through the Golgi resembles the morphological pathway ob-
served in the case of maturation and secretion of collagen
granules (19, 24). Also, similar distribution within the Golgi
has been reported for the hepatic apolipoprotein E, which
localizes in saccular distensions of the Golgi cisternae (7). For
the transport of virus particles through the Golgi, another
possible mechanism is the budding of virus-containing vacuoles
from the dilated rims of the Golgi cisternae. If this is the case,
the Golgi-derived vacuoles have to undergo maturation and
achieve functional characteristics of the trans Golgi, since the
glycans in the virus-bound G1 glycoprotein undergo terminal
processing, including sialylation (14). These two mechanisms
of transport are not necessarily mutually exclusive. It is possi-
ble that early in the infection the transport of virus particles
occurs in the lumen of the intermediate compartment and
maturing Golgi cisternae and later, when the stacked organi-
zation of the Golgi is lost, in maturing vacuoles which achieve
the functional characteristics of successive compartments of
the Golgi complex.
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