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The intracellular assembly site for flaviviruses in currently not known but is presumed to be located within
the lumen of the rough endoplasmic reticulum (RER). Building on previous studies involving immunofluo-
rescence (IF) and cryoimmunoelectron microscopy of Kunjin virus (KUN)-infected cells, we sought to identify
the steps involved in the assembly and maturation of KUN. Thus, using antibodies directed against envelope
protein E in IF analysis, we found the accumulation of E within regions coincident with the RER and
endosomal compartments. Immunogold labeling of cryosections of infected cells indicated that E and minor
envelope protein prM were localized to reticulum membranes continuous with KUN-induced convoluted
membranes (CM) or paracrystalline arrays (PC) and that sometimes the RER contained immunogold-labeled
virus particles. Both proteins were also observed to be labeled in membranes at the periphery of the induced
CM or PC structures, but the latter were very seldom labeled internally. Utilizing drugs that inhibit protein
and/or membrane traffic throughout the cell, we found that the secretion of KUN particles late in infection was
significantly affected in the presence of brefeldin A and that the infectivity of secreted particles was severely
affected in the presence of monensin and N-nonyl-deoxynojirimycin. Nocodazole did not appear to affect
maturation, suggesting that microtubules play no role in assembly or maturation processes. Subsequently, we
showed that the exit of intact virions from the RER involves the transport of individual virions within
individual vesicles en route to the Golgi apparatus. The results suggest that the assembly of virions occurs

within the lumen of the RER and that subsequent maturation occurs via the secretory pathway.

The formation of flavivirus infectious particles (~50 nm in
diameter) involves the assembly of the nucleocapsid or core
particles (~30 nm in diameter) comprising the positive-sense
RNA genome and core protein C, all enclosed in a lipid en-
velope containing envelope protein E and premembrane prM
(which is proteolytically cleaved late during maturation to yield
protein M). The core particle has never been isolated in its free
state from infected cells or positively identified free within the
cytoplasm by electron microscopy. Virions accumulate as large
cytoplasmic aggregates, but with rare exceptions, the normal
process of budding through membranes that is associated with
the envelopment of viruses has not been observed with Flavi-
virus species (15, 37). Using Kunjin virus (KUN) as a model to
study the events of flavivirus replication, we have characterized
unique sets of induced membranes and their apparent replica-
tion functions by cryoimmunoelectron microscopy (CIEM).
Thus, we have identified the intracellular site of KUN RNA
synthesis within packets of vesicles (VP) that associate closely
with another virus-induced membrane structure, termed con-
voluted membranes (CM) interconvertible with paracrystalline
array (PC) structures (33, 59). CM or PC is presumed to be the
site of proteolytic processing by the viral serine protease (NS3
and cofactor NS2B) located therein (59). The consensus com-
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position of the KUN replicase complex in the VP comprises
NS1, NS2A, NS3, NS4A, NS5, and the template double-
stranded RNA or replicative form, all identified with mono-
specific antibodies by CIEM and radioimmunoprecipitation
and by biochemical analyses of infected cells (31, 33, 59). We
have proposed that this collection of membranes, along with
associated virions and proliferating endoplasmic reticulum
(ER), comprises virus factories in which compartmentalization
within the induced membranes ensures a more efficient repli-
cation process.

While it appears that virus particles are closely associated
with the KUN factories, the exact intracellular site of flavivirus
assembly remains obscure. Ultrastructural studies of flavivirus-
infected cells have consistently revealed apparent mature viri-
ons within distended ER, large cytoplasmic vesicles, and vacu-
oles (37). In addition, occasional sections have shown
individual particles within Golgi cisternae, suggesting that fla-
vivirus maturation proceeds through the Golgi apparatus (6,
14-16, 26, 32). After translation and translocation of the KUN
polyprotein into the ER lumen, processing of prM and E
occurs via host signal peptidase, whereas the core protein re-
mains within the cytosol and is cleaved at a dibasic site pre-
ceding its carboxy-terminal hydrophobic domain by the KUN
protease. Immunolocalization studies have indicated that the
core protein translocates to the nucleus, associates in the cy-
tosol with virus-induced CM or PC, and is incorporated into
virions (58). In vitro studies with expressed recombinant pro-
teins of other flavivirus species have shown that a het-
erodimeric association between prM and E is formed during
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the assembly and maturation processes (3, 57), and domains
required for this interaction have been identified within both E
and prM (3, 4). However, the interaction that occurs between
the core protein and either prM or E to promote the assembly
process is still unknown. Several studies have indicated that
prM facilitates the correct folding of E (3, 17, 24) or, alterna-
tively, masks a retention signal within E, although no such
signal has thus far been identified. During maturation, prM
appears to prevent E undergoing an acid-catalyzed conforma-
tional change required for fusion within the endosome formed
during the entry of the virus (3, 12, 13, 18). During the final
stages of maturation before virus release, this preventive mech-
anism is overcome by cleavage of the pr moiety from prM by
the host protease furin (52).

Due to the orientation and topology of the structural pro-
teins within the lipid bilayer, it is presumed that flavivirus
assembly must occur via the core particle budding into the ER
lumen (46). Although this process has not been convincingly
shown, recent developments in cryofixation and CIEM have
revealed budding of West Nile virus strain Sarafend (glycosy-
lated in both prM and E) at the plasma and intracellular
membranes (38). However, as noted above, this process does
not appear to be the general mechanism for Flavivirus species.
In this study, we have addressed the ultrastructural location of
flavivirus assembly and the subsequent maturation pathway by
using CIEM in conjunction with various inhibitors of secretion.

MATERIALS AND METHODS

Cells and virus. Vero cells were grown and maintained in Dulbecco modified
Eagle medium (DMEM) (Gibco BRL) supplemented with 5% fetal calf serum
and penicillin-streptomycin. Cells were infected with KUN strain MRM61C at a
multiplicity of infection (MOI) of 3 as previously described (59), and infected
cells were maintained in DMEM containing 0.1% bovine serum albumin.

Reagents. Brefeldin A (BFA), monensin (MON), and nocadazole (NOZ) were
obtained from Sigma and used at concentrations of 5 pg/ml, 10 uM, and 2 pg/ml,
respectively. Imino sugars, deoxynojirimycin (DNJ), and N-nonyl-DNJ (NN-
DNJ) were obtained from Toronto Research Chemicals (Toronto, Ontario,
Canada) and used at a concentration of 100 pM. Antibodies used were mouse
monoclonal anti-KUN E antibodies (1), rabbit polyclonal anti-Murray Valley
encephalitis virus E antibodies (cross-reactive with KUN E), and mouse mono-
clonal antibodies to KUN prM glycoprotein (1E7), all provided by R. Hall
(University of Queensland, Brisbane, Queensland, Australia); monoclonal anti-
bodies to ERGIC53 (48) and to giantin (28), provided by H.-P. Hauri (University
of Basel, Basel, Switzerland), and to protein disulfide isomerase (PD1) (ID3)
(55), provided by S. Fuller European Molecular Biology Laboratory, Heidelberg,
Germany); rabbit polyclonal antibodies to human Lamp1 (93/B) (11), provided
by M. Fukuda (La Jolla Cancer Research Foundation, La Jolla, Calif.); goat
polyclonal antibodies to mannose-6-phosphate receptor (M6PR) (Zi 1-2), pro-
vided by A. Hille (Department of Biochemistry, Gottingen, Germany); and
donkey antibodies specific for rabbit or goat immunoglobulin G and conjugated
to fluorescein isothiocyanate (FITC) or Texas Red, purchased from Edward
Keller (Hallam, Victoria, Australia).

Radiolabeling. Subconfluent monolayers of Vero cells were infected with
KUN at an MOI of 3. At 17 h postinfection (p.i.), cells were incubated in
methionine- and cysteine-deficient medium for 1 h. Cells were then pulse-labeled
with 50 p.Ci of [**S]methionine-cysteine (Trans-label; ICN) per ml for 120 min in
the presence of 3 pg of actinomycin D per ml. When chase experiments were
performed, the labeling medium was removed and the cells were washed twice
with phosphate-buffered saline (PBS) before incubation with DMEM supple-
mented with 0.1% bovine serum albumin and a 10X excess of unlabeled methi-
onine and cysteine (150 and 32 pg/ml, respectively). After either labeling or
chase periods (4 h), the tissue culture fluid was collected and clarified by cen-
trifugation at low speed; the cell monolayer was harvested in coimmunoprecipi-
tation buffer (10 mM Tris [pH 8.0], 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100) containing protease inhibitors and incubated on ice for 20 min before
clarification by centrifugation. Both the tissue culture fluid and lysates were used
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for radioimmunoprecipitation (RIP) experiments with mouse anti-E antibodies
as previously described (22).

Immunofluorescence (IF). Vero cell monolayers on coverslips were infected
with KUN at an MOI of approximately 3 to 5 and incubated at 37°C for 24 h. The
cells were subsequently washed with PBS, fixed with 4% paraformaldehyde for 10
min at 20°C, and permeabilized with 0.2% Triton X-100 in 4% paraformaldehyde
for 10 min at 20°C. The cells were washed with PBS, and aldehyde groups were
quenched with 0.5 M NH,CI for 7 min at 20°C. The cells were subsequently
washed twice with PBS before incubation with antibodies.

Electron microscopy. Methods for resin embedding, cryofixation, preparation
of cryosections, and immunolabeling have been described elsewhere (31, 32, 59).
However, for the current experiments, the cell blocks used for sectioning were
embedded in 10% gelatin and postfixed with 1% paraformaldehyde. Sections
were cut with a Diatome Cryo-P diamond knife and retrieved from the
cryochamber with a droplet of 14:1 2.3 M sucrose—2% methylcellulose.

RESULTS

IF analysis of the subcellular localization of KUN E protein.
To monitor the distribution of the KUN E protein in relation
to cellular organelles possibly involved in assembly or matura-
tion of virions, we examined the immunolocalization of E with
antibodies to various cell markers. The KUN  strain
(MRM61C) used for these experiments encodes a nonglycosy-
lated E protein (60). At 24 h postinfection (p.i.), KUN-infected
cells were fixed and immunostained. The overall distribution of
KUN E consisted of diffuse perinuclear staining that often
included several large densely staining foci and small isolated
foci that were widespread throughout the cytoplasm. Dual-
labeling experiments revealed extensive colocalization of KUN
E with the marker for the rough ER (RER) (anti-PDI) in the
perinuclear region (Fig. 1A to C), suggesting the accumulation
of KUN E in this region. The perinuclear staining pattern of E
also overlapped that of the Golgi apparatus (detected with
antigiantin) (Fig. 1G to I), but precise colocalization within this
organelle could not be determined by light microscopy. How-
ever, some costained cells displayed quite distinct staining pat-
terns with anti-E and antigiantin antibodies (results not
shown). Some anti-E foci associated with the perinuclear re-
gion were colabeled with a marker for the intermediate com-
partment (IC) (anti-ERGIC53) (Fig. 1D to F). A similar IF
staining pattern with anti-ERGICS3 antibodies and anti-KUN
NS3 antibodies was previously found (30), suggesting that the
anti-E-labeled foci may be associated with KUN CM or PC. In
contrast, the smaller anti-E-stained foci distributed within the
cytoplasm were strongly colabeled with a marker for endo-
somes (anti-M6PR) (Fig. 1J to L). This coincidental labeling of
E within endosomes is unfortunately unable to differentiate
between incoming or outgoing E-labeled virions. E appeared
to also show some coincidental labeling with lysosomes in the
perinuclear region (Fig. 1M to O).

In summary, KUN E protein appears to accumulate within
both the RER and endosomal compartments. Limited coinci-
dental staining within the Golgi region suggests that either the
immature virion does not traverse to this organelle or transport
through the Golgi apparatus is very rapid.

Ultrastructural analysis shows that KUN E and prM are
primarily associated with reticular membranes and the KUN-
induced CM or PC structures within infected cells. To further
define the intracellular localization of KUN during its assembly
and maturation, we immunolabeled cryosections from KUN-
infected cells at 24 h p.i. with monoclonal antibodies raised
against the E and prM proteins. As shown in Fig. 2, gold
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FIG. 1. Markers for the RER, IC, and endosomal region are associated by IF with the KUN E protein. KUN-infected Vero cells were fixed
at 24 h p.i. and processed for IF with anti-E antibodies conjugated to Texas Red (B, E, H, K, and N) for comparisons with FITC-labeled of
antibodies to various cellular compartments (A, D, G, J, and M) (same cells). Apparent partial coincidence in the dual labels was observed as a
yellow hue in panels C, F, and L. No coincidence with KUN E was apparent for the marker for lysosomes (Lamp1), but some partial overlap was

observed with the marker for the Golgi apparatus (giantin). (P and Q) Mock-infected Vero cells incubated with mouse and rabbit anti-E antibodies,
respectively.
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label both intra- and extracellular KUN virions. Infected Vero cells were harvested at 24 h p.i. and processed for cryoelectron microscopy and
immunolabeling. Ultrathin cryosections were cut and probed with antibodies to KUN E and prM (10- or 15-nm protein-A gold particles
respectively, supplied by Utrecht University, Utrecht, The Netherlands). Enrichment of anti-prM antibodies was observed within distended
reticulum membranes containing virus particles (A and B, arrowheads) and also with membranes on the periphery of the induced CM structures
(B, arrowheads). Anti-E antibodies were located on virions associated with the Golgi apparatus (C, arrowheads) and on ER continuous with the
induced CMs structures (D). Arrows in panel C highlight E labeling on reticulum membranes adjacent to the Golgi apparatus. Cryosections were
dually labeled in panels E and F with anti-E antibodies (15-nm gold particles) and anti-prM antibodies (10-nm gold particles). Panel E shows
labeling with both anti-E and anti-prM antibodies of reticulum membranes and enclosed virions (arrowheads) that are in close association with
the induced CM or PC structures. In panel F, extracellular virions were also dually labeled (arrowhead). In panel G, intracellular virions in a
vacuole were labeled with anti-E antibodies. Abbreviations: M, mitochondria; PM, plasma membrane. Bars, 200 nm.
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particles were primarily associated with reticular membranes
present within the cytoplasm of infected cells. Some of these
reticular membranes appeared to show direct connections with
KUN-induced CM or PC structures (Fig. 2D and E). In most
sections, labeling with anti-E and/or anti-prM antibodies
within the reticular membranes was associated with accumu-
lated virus particles (Fig. 2A, B, C, and E); however, in some
sections labeling did not appear to be associated with any
particular structure other than the ER or virus particles (Fig.
2D) and therefore may have represented either the accumu-
lation of E at assembly sites or the detection of E translocated
into the ER during its synthesis. Both KUN E and prM were
also immunolabeled at similar sites on reticular membranes, at
or around the periphery of induced CM or PC (Fig. 2E) and on
virus particles that were either extracellular (Fig. 2F) or intra-
cellular, within a vacuole (Fig. 2G). Gold particles appeared to
sparsely label the inner components of some CM or PC struc-
tures (Fig. 2B and E), but gold particles were never observed
to label VP structures. Interestingly, previous immunoelectron
microscopy observations with anticore antibodies showed a
labeling pattern (of the periphery of induced membranes and
virions [58]) very similar to that of anti-E and anti-prM anti-
bodies presented here (Fig. 2A, B, C, and E). Notably, gold
particles within the Golgi apparatus were always associated
with virions (Fig. 2C), implying that the E protein alone does
not traverse this organelle.

In summary, we have observed both anti-E and anti-prM
gold-labeled antibodies associated with the Golgi apparatus
and more strongly with reticular membranes that appeared to
be directly connected to KUN-induced CM or PC structures,
and they labeled predominantly the periphery rather than the
interior of the CM or PC structures. Both intra- and extracel-
lular virus particles were also clearly labeled with both anti-
bodies.

Intracellular distribution of the KUN E protein after treat-
ment of infected cells with metabolic inhibitors. As part of the
studies on the intracellular location of flavivirus assembly, we
sought to determine the effects of metabolic inhibitors on this
process late in infection. Our initial screening was performed
by dual IF with antibodies to KUN E and the Golgi apparatus
(antigiantin). Antigiantin antibodies were used to determine
the effects of the inhibitors on cellular morphology, as most of
them have an impact on the Golgi apparatus. BFA affects
many cellular functions, but its primary target is the G-coupled
ADP-ribosylation factors (10, 19). The effect of BEA on ADP-
ribosylation factors leads to an interruption in the vesicular
flow from the IC to the Golgi apparatus, resulting in Golgi
apparatus disassembly (9, 49). MON arrests protein movement
within the medial Golgi compartment (44), whereas NOZ dis-
rupts microtubules and thus microtubule-dependent traffic.
DNJ and NN-DNIJ are inhibitors of the a-glucosidases, in-
volved in the removal of terminal glucose residues from the
glycans of nascent glycoproteins in the RER, and thus cause
some viral glycoproteins to be misfolded and retained within
the ER (8, 36, 62).

For these experiments, the inhibitors were added to infected
cells at 18 h p.i., and cells were maintained in the medium for
an additional 6 h. As shown in Fig. 3A to C and 3J to O, BFA,
DNJ and NN-DNJ had negligible effects on the apparent in-
tracellular distribution of E seen by IF. Both the thickened
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perinuclear staining and the cytoplasmic foci of E observed in
Fig. 1 were also seen in the presence of these inhibitors. Stain-
ing of the Golgi apparatus showed drastic dispersal in the
presence of BFA (compare with Fig. 1), but no obvious effect
on Golgi apparatus distribution was observed with either DNJ
or NN-DNJ. Much of the dispersed antigiantin staining in the
presence of BFA was surprisingly colocalized with unchanged
staining of E (Fig. 3A to C). This apparent colocalization
probably represents redistribution of the Golgi apparatus back
into the RER, induced by the BFA treatment, to a location
similar to that of accumulated E protein (Fig. 1A to C). NOZ
induced an expansion of amorphous cytoplasmic staining of E
and a scattered distribution of the Golgi apparatus, most likely
representing a collapse in the cell ultrastructure when micro-
tubules were disrupted (Fig. 3G to I). Treatment of infected
cells with MON induced the Golgi apparatus to condense into
small foci in the perinuclear region and also caused the distri-
bution of E to become condensed into a more punctate pattern
of small foci in the perinuclear region; some of these foci
overlapped the altered Golgi foci (Fig. 3D to F).

Effects of metabolic inhibitors on the assembly, secretion,
and maturation of KUN. To extend the above study, we used
radiolabeling in pulse-chase experiments to evaluate both as-
sembly and secretion of KUN in the presence of inhibitors. For
the assembly studies, we reasoned that the coprecipitation of
core protein from treated lysates or infected culture fluid dur-
ing RIP with anti-E antibodies would suggest that the forma-
tion of virus particles had occurred in the presence of inhibi-
tors. This presumption stems from the observations of
Khromykh et al. (22), who found that core protein interacted
with the other structural proteins only in the presence of rep-
licating KUN RNA. Our aims were to attempt inhibition of
assembly at specific cellular sites, namely, RER (with DNJ or
NN-DNJ), IC (with BFA), and medial Golgi compartment
(with MON), and to look for the presence of pulse-labeled
core in anti-E immunoprecipitates. The effects of the addition
of inhibitors from 18 h p.i. on virus secretion when approach-
ing the maximum period of virus release were analyzed by
collecting radiolabeled culture fluids for RIP and plaque assay
analyses.

In all lysates, incorporation of the radiolabel in E, C, and
prM from 18 to 20 h p.i. appeared efficient and did not appear
to be inhibited by the presence of inhibitors (Fig. 4A); how-
ever, in lysates of MON-treated cells, the immature precursor
Ci of virion C appeared to be inefficiently cleaved because
normal product C (61) was only weakly labeled (Fig. 4A, lane
9). Control (untreated) samples revealed that the KUN virion
was efficiently secreted into the culture fluid during the chase
period of 4 h, and most of the labeled prM glycoprotein in
lysates was proteolytically processed to pr and M in the tcf
(Fig. 4A, compare lanes 1 and 9). In stark contrast, incubation
of infected cells in the presence of BFA drastically reduced the
amounts of all secreted structural proteins to undetectable
amounts, yet the level of incorporation of radiolabel in BFA-
treated cells was only slightly reduced (Fig. 4A, lanes 2 and 8)
compared to the results obtained for other lysates associated
with each inhibitor treatment. Treatment of cells late in infec-
tion with MON allowed efficient secretion of particles com-
prising E, prM, and C; notably, however, prM glycoprotein was
not further processed (Fig. 4A, lanes 3 and 9), suggesting that
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FIG. 3. Effect of inhibitors on the subcellular distribution of KUN E protein. KUN-infected Vero cells were incubated with the appropriate
inhibitors from 18 to 24 h p.i. and then fixed for IF analysis. The location of KUN E protein was visualized with anti-E monoclonal antibodies
conjugated to Texas Red (B, E, H, K, and N) and compared with that of the Golgi apparatus marker giantin conjugated to FITC (A, D, G, J, and
M). Coincidental labeling was observed as a yellow hue in panels C, F, I, L, and O. Inhibitors are indicated at left.

either these particles did not pass through the frans-Golgi
compartment or treatment with MON affected the pH-depen-
dent cleavage of prM to M. Treatment of cells with either
NOZ, DNJ, or NN-DNIJ did not appear to have a significant

influence on the secretion of virus particles or on the normal
processing of prM, although the amounts of immunoprecipi-
tated secreted structural proteins were reduced in each of
these samples compared with MON-treated cells (Fig. 4A,
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FIG. 4. Effect of inhibitors on the secretion of KUN structural proteins, the assembly of KUN virions, and the infectivity of secreted particles
when inhibitors were added late in infection. (A) Infected Vero cells were radiolabeled (in the presence of inhibitors) from 18 to 20 h p.i. and
chased in medium containing excess methionine-cysteine (and inhibitors) from 20 to 24 h p.i. Subsequently, cells and tissue culture fluid (tcf) were
harvested in coimmunoprecipitation buffer for RIP with anti-E antibodies. The control lane (CON) represents tcf and lysates of infected cells
labeled in the absence of inhibitors. Arrowheads on the right indicate the KUN structural proteins E, prM, and C. Ci appears to be the immature
form of C that is normally converted to C by cleavage of the carboxy-terminal hydrophobic sequence of 18 amino acids. Proteolytically processed
products pr (asterisk) and M (small square) are highlighted in lane 1. Sizes of molecular mass markers (in kilodaltons) are shown on the left.
Proteins were separated on a 15% polyacrylamide-sodium dodecyl sulfate gel and visualized by autoradiography. (B) Tissue culture fluid (tcf)
collected from the above experiment was assessed for infectivity by a plaque assay with Vero cells. Cell monolayers were incubated at 37°C for 4
days under 2% carboxymethyl cellulose overlay medium before plaques were visualized by staining of cells with 0.2% crystal violet.
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lanes 3 to 6). In all samples other than the BFA culture fluid,
core protein appeared to be coprecipitated with anti-E anti-
bodies, indicating that particle formation had occurred.

Most of the above results were reflected in the amounts of
released infectious virus, as measured by a plaque assay (Fig.
4B). NOZ- and DNJ-treated infected cells appeared to secrete
viruses at equivalent titers compared to the untreated control.
Titers of infectious virus released from MON- and BFA-
treated cells were reduced by about 6- and 10-fold, respec-
tively, during the 6-h treatment period. This result is as ex-
pected for BFA treatment, where the secretion of radiolabeled
virions is drastically inhibited and the apparent small decrease
in virus titer is explained by the apparent release of preas-
sembled but unlabeled virions present during the pulse and
chase periods. The MON effect can be explained by inefficient
processing of labeled prM to M in the secreted virions and the
release of virions assembled prior to MON treatment. Surpris-
ingly, the titer of virus released from NN-DNJ-treated cells was
reduced by about 3.5 log units, despite the observations that
radiolabeling of lysates was not inhibited by NN-DNJ treat-
ment, radiolabel in secreted particles was readily detected, and
no accumulation of prM occurred in these particles. The con-
clusion is that although NN-DNIJ did not affect viral protein
synthesis, assembly, or secretion, impairment in the glycosyla-
tion of prM reduced the infectivity of progeny virions by
99.9%. The different effects observed with DNJ and NN-DNJ
indicate that the inhibition of a-glucosidase activity by NN-
DNIJ was unique in that it had a profound effect on the infec-
tivity of secreted virus, even though prM appeared to be
cleaved.

When BFA was added as early as 1.5 h p.i., viral protein
synthesis and release of infectious virus late in infection were
drastically impaired (Fig. 5), compared with the small effects
when BFA was added late (Fig. 4). These results indicate that
the early addition of BFA severely restricts expression, prob-
ably by inhibiting the membrane induction (involving the frans-
Golgi membranes) required for optimal RNA synthesis (30), as
suggested for the inhibitory effects of BFA on poliovirus rep-
lication (35). The effects of the other inhibitors were similar
when they were added either early or late (compare Fig. 4 and
5). Notably, the early disruption of microtubules by NOZ had
no effect on virus replication and release.

In summary, it appears that none of the specific inhibitors
prevented KUN assembly, as demonstrated by the observed
coprecipitation of core protein with anti-E antibodies after
treatment with inhibitors, but secretion (with BFA) and pro-
cessing of prM in the immature virion (with MON) and infec-
tivity (with NN-DNJ) were severely affected. The high level of
infectivity of virus released after NOZ and DNIJ treatments
could not represent an intracellular accumulation of virus at
18 h p.i. (i.e., prior to late treatment) because of the observed
low level of infectivity of virus released after parallel NN-DNJ
treatment.

Exit of KUN virions from the RER occurs via transport
vesicles. The observations presented in this article and those of
others (46) suggest that the assembly of the flavivirus virion
occurs within the RER. No direct evidence of budding of
nucleocapsids into the lumen of the RER has been published,
indicating that this event either is extremely rapid or occurs
infrequently. We therefore carefully scanned cryosections for
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any evidence of a maturation pathway for KUN virions involv-
ing transport from the RER via individual vesicles to the Golgi
apparatus. Figure 6A shows quite clearly KUN virions appar-
ently exiting the RER (gold labeled with antibodies against
PDI) via individual protuberant vesicles emerging from the
RER membrane. It is apparent that each virion is being trans-
ported to the Golgi apparatus via a separate vesicle carrier
(Fig. 6B and C). These vesicles most likely represent transport
vesicles associated with the IC, as tubular-vesicular clusters
(tve) synonymous with the IC (29, 54) were frequently ob-
served associated with virus-carrier vesicles (Fig. 6C). We pro-
pose that subsequent transport proceeds through the Golgi
apparatus (Fig. 6) and that the accumulation of “mature” viri-
ons occurs in the frans-Golgi region or endosomal region.
KUN virions do not appear to accumulate within the Golgi
organelle, indicating that transit through the stacks must be a
rapid event.

Thus, our results are compatible with the notion that KUN
assembly occurs by budding into the RER or by condensation
of the nucleocapsid with associated structural proteins within
membranes of the RER. The virion is subsequently trans-
ported within individual transport vesicles to the Golgi appa-
ratus via the IC and emerges from the #rans-Golgi apparatus
for eventual release via the secretory pathway.

DISCUSSION

The experiments described in this paper have attempted to
define the intracellular site of assembly and the maturation
pathway for the flavivirus KUN. For these analyses, we used
antibody markers to cellular compartments and to the KUN
structural proteins E and prM for both dual IF (Fig. 1 and 3)
and immunolabeling of cryosections (Fig. 2, 5, and 6). We
showed that KUN virions appear to accumulate within the
RER and endosomal vesicles (Fig. 1 and 6), that the E and
prM proteins localize to distended ER and also to the periph-
ery of the induced CM or PC structures (sometimes associated
with virions) (Fig. 2), and that the KUN virion appears to
initiate maturation by exiting the RER via individual transport
vesicles (Fig. 6) and probably fuses with the cis-Golgi compart-
ment. Although no direct evidence for virus assembly was
observed, the accumulation of apparently intact virions within
the RER and the assembly of infectious virions in the presence
of BFA (Fig. 4) suggest that this event occurs pre-Golgi appa-
ratus, presumably within the RER.

IF analyses revealed that KUN E was distributed within the
perinuclear region in a diffuse manner and in large densely
staining foci and accumulated throughout the cytoplasm as
small isolated foci (Fig. 1). When compared to locations of cell
markers, the staining pattern of KUN E indicated accumula-
tion largely within the RER and endosomal compartments,
plus some coincidence with the IC marker. Interestingly, a
minor overlap with the Golgi apparatus was observed (Fig. 1G
to I) and persisted in the presence of the inhibitor MON,
thought to arrest transport within this organelle (Fig. 3D to F).
CIEM results suggested that E transversed the Golgi apparatus
only when incorporated in a virus particle (Fig. 2C), suggesting
that assembly occurs pre-Golgi apparatus. Virus particles were
not frequently observed within the Golgi apparatus, implying
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FIG. 5. Effect of inhibitors on virus assembly and on secretion and infectivity of released KUN virions when inhibitors were added early during
the infectious cycle. In this experiment complementary to that shown in Fig. 4, inhibitors were added at 1.5 h p.i. and maintained in the medium
until the cells were harvested at 24 h p.i., Experimental procedures were the same as those described in the legend to Fig. 4.

that transport through the individual stacks occurs quite rap-
idly.

The use of metabolic inhibitors to study aspects of flavivirus
assembly has not been investigated extensively. Sreenivasan et
al. (51) added BFA at 1 h p.i. to investigate its effects on West
Nile virus strain Sarafend replication in Vero cells. The results
showed some reduction in protein synthesis and severe impair-
ment of [*’H] mannose incorporation in viral glycoproteins E
and prM in the presence of 1 pg of BFA per ml, and these
effects were associated with a reduction of 3 log units in the
release of infectious extracellular virus at 20 h p.i. We per-

formed similar experiments and found that the presence of 5
g of BFA per ml early in infection severely hampered the
metabolic incorporation of radiolabel into KUN structural
proteins (Fig. 5), most likely by restricting membrane induc-
tion and thus KUN replication (30). Courageot et al. (8) incu-
bated dengue 1 virus-infected cells in the presence of 30 pM
DNJ and 300 uM castanospermine (both a-glucosidase inhib-
itors) from 19 to 25 h p.i. and found a 50 to 80% reduction in
the titer of extracellular virus. In contrast, our similar experi-
ments with KUN and 100 wM DNJ showed no effect on infec-
tious virus release. However, our observed effect of NN-DNJ
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FIG. 6. Transport of assembled KUN virions from the RER to the Golgi apparatus involves individual
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transport vesicles. (A and B) Infected

cryosections were immunolabeled with anti-PDI antibodies and 10-nm anti-immunoglobulin G gold (Biocell, Cardiff, United Kingdom). Arrow-
heads in panel A highlight apparent KUN virions exiting from the RER, whereas the arrows in all panels indicate individual virions within
individual transport vesicles en route to the golgi apparatus. (C) A resin-embedded section more clearly defines the Golgi apparatus containing
a virion (arrowhead) and the individual vesicles transporting KUN virions (arrows). Note that the individual virions in the clusters (Vi) in panel
A are not enclosed in the membrane associated with the transport vesicles. Abbreviations: M, mitochondria; Nu, nucleus; tvc, tubular-vesicular

clusters. Bars, 200 nm.

on KUN infectivity is in agreement with the results of Zitz-
mann et al. (62), who found a similar effect of NN-DNJ on the
infectivity of bovine viral diarrhea virus (also a member of the
Flaviviridae). Currently, the only explanation we have for the
discrepancy in the lack of effect of DNJ on infectious KUN
release is that the strain of KUN that we are currently using
encodes an unglycosylated E protein. In fact, preliminary ex-
periments using a mutated strain of KUN with glycosylated E
(1) suggest this may be the case, as in these experiments DNJ
reduced the release of infectious virus by 50% whereas NN-
DNIJ surprisingly had no effect on the infectious virus titer
(unpublished results).

The results obtained with MON are intriguing. First, incu-
bation of cells with MON is thought to arrest viral glycoprotein
movement within the Golgi apparatus (20, 21, 42, 44), yet our
RIP analysis after pulse-chase experiments (Fig. 4A) indicated
that KUN structural proteins are still secreted under these
conditions. Second, during treatment with MON, a large
amount of prM associated with E and C was secreted into the
medium (Fig. 4A), suggesting that movement of virus particles
within the medial Golgi compartment was not arrested and
that subsequent furin cleavage of prM was either not occurring
or was very inefficient. This deficiency in cleavage is primarily
responsible for the reduction in infectious virus titer by not
allowing the conformational change in the E protein (of im-
mature particles containing prM) that is required for uncoating

and fusion with endosomal membranes after infection (2, 18,
53), rather than arrest of particles within the Golgi apparatus.
Similar results were observed when acidotropic amines (such
as NH,CI, chloroquine, or methylamine) were added to the
culture fluid of flavivirus-infected cells (45, 47). Based on these
earlier results and our present observations, it would appear
that the ionophore MON causes an increase in the pH of
endosomal compartments, disabling the low-pH-dependent ac-
tion of furin that normally occurs just prior to virus secretion
(52). In addition, anchored or immature core protein (Ci)
appeared to accumulate in lysates (Fig. 4A, lane 9) in lieu of
normal end-product virion C and was not secreted. This accu-
mulation of nonassembled Ci may have also enhanced the
formation and release of noninfectious slowly sedimenting
hemagglutinin particles, comprising predominantly E and prM
(50), into the tissue culture fluid, and this factor would also
contribute to the observed reduction in infectivity. Thus, in
addition to the obvious inhibition of cleavage of prM, MON
also appears in some unknown way to inhibit the cleavage of Ci
that generates virion C.

The results obtained with NOZ indicated that microtubules
play no role in the release of KUN from infected cells (Fig. 4
and 5), similar to the findings of Ng et al. (39), who found
reductions of about only 10-fold in extracellular virus titers
after treatment of KUN-infected cells with the cytoskeletal
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FIG. 7. Proposed model of maturation of flavivirus KUN involves a single vesicular transport step from the RER to the Golgi apparatus and
subsequent exocytosis. Although not observed, assembly of the flavivirus virion is presumed to occur within the lumen of the RER (step 1).
Subsequently, transport from the RER involves the formation of individual transport vesicles that carry individual virions to the Golgi apparatus
(step 2). After virions are transported through the Golgi apparatus (step 3), they accumulate within an endosomal compartment (step 4) to await
exocytosis (step 5). Each proposed site of action of the inhibitors BFA and MON on this pathway is indicated. Abbreviations: TGN, trans-Golgi

network; PM, plasma membrane; vVRNA, virion RNA.

disrupting agents vinblastine sulfate, colchicine, and cytocha-
lasin B.

Previous localization data obtained with anticore antibodies
(58) revealed a distribution in the cytoplasm similar to that
obtained here with anti-E and anti-prM antibodies (Fig. 2).
Thus, all three structural proteins appeared to be labeled on
the periphery of the induced CM or PC structures in associa-
tion with the RER, which is involved in their sequential trans-
location and posttranslational cleavage. We have suggested
that the induced CM or PC structures are the sites of viral
protease cleavage (59); thus, the posttranslational cleavage of
C from prM by NS2B-NS3 (5, 27, 41, 61) may also occur at this
location. In addition, as VP are the intracellular sites of KUN
RNA synthesis (59) and are also closely associated with the
CM or PC structures, it is not surprising that the structural
proteins would also remain closely associated with these struc-
tures and package the newly synthesized genomic RNA. One
could speculate that assembly thus occurs at or near the ER
membranes continuous with the virus-induced membrane
structures. The subsequent steps involve maturation and se-
cretion of virions that exit the RER via individual transport
vesicles en route to the Golgi apparatus (Fig. 6). Once these
vesicles fuse with the Golgi apparatus, the virions appear to
move through the individual stacks into the trans-Golgi region,
where they appear to cluster and accumulate within large ves-
icles until exocytosis occurs. This process is schematically de-
picted in Fig. 7.

Questions arise as to how virions exit the RER via vesicles

for transport to the Golgi apparatus and what signals allow
interactions with the coatomer proteins (COP [34]) required
for vesicle formation. Obviously, prM plays a role in this pro-
cess, as the expression of Japanese encephalitis virus E alone
led to the retention of the protein within the ER (24). It was
additionally shown that the ectodomain of the E protein was
responsible for the interaction with prM to allow assembly and
secretion of subviral particles of tick-borne encephalitis and
dengue viruses (3, 57). These results suggest either that a
retention signal within the ectodomain of E is masked in the
presence of prM or that prM is required for the correct folding
of E. Generally, membrane proteins destined for secretion
have a cytoplasmic tail with encoded motifs, such as DxE, that
interact with coatomer components to facilitate vesicle forma-
tion (40). However, after virus assembly, this type of signal
within either E or prM would necessarily interact with the
nucleocapsid within the lumen of the ER. Martinez-Menar-
guez et al. (34) very elegantly showed that soluble secretory
proteins were concentrated in noncoated tubular clusters as-
sociated with ER membranes containing COPI components,
however, after further transport, enrichment of the soluble
cargo was observed within COPII-bearing structures and the
secretory proteins were then excluded from COPI-bearing
structures. Unfortunately, the exact mechanism for this exclu-
sion is still under investigation, but it would be interesting to
investigate the distributions of COPI and COPII within flavi-
virus-infected cells. In addition, because KUN E is nonglyco-
sylated, some as-yet-undefined peptide signal(s) within the
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protein may exist to target the virion to the trans-Golgi appa-
ratus to allow furin cleavage of pr from prM Another aspect of
viral exit is the observed budding of the E-glycosylated strain of
West Nile virus (Sarafend) at the plasma membrane (38).
Because West Nile virus strains and KUN share 93 to 98%
amino acid identity (7, 25, 43), it is surprising that glycosylation
of E in the Sarafend strain may induce a distinctly different
maturation pathway. Budding of flavivirus nucleocapsids from
intracellular membranes has been observed very infrequently
and appears to be virus strain dependent and also cell type
dependent (14, 15).

The results presented in this paper have highlighted the
maturation pathway of the flavivirus KUN. Some limited evi-
dence suggests that assembly occurs within the RER in close
association with the KUN-induced CM or PC and VP struc-
tures. Molecular approaches, such as the use of the KUN
replicon (23), with the opportunity to vary the addition of
structural proteins, should enable further investigation of the
interactions of structural proteins during the assembly process
and aid in visualizing possible assembly sites within the RER.
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