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Using biochemical assays, it has been demonstrated that expression of Ebola virus VP40 alone in mamma-
lian cells induced production of particles with a density similar to that of virions. To determine the morpho-
logical properties of these particles, cells expressing VP40 and the particles released from the cells were
examined by electron microscopy. VP40 induced budding from the plasma membrane of filamentous particles,
which differed in length but had uniform diameters of approximately 65 nm. When the Ebola virus glycoprotein
(GP) responsible for receptor binding and membrane fusion was expressed in cells, we found pleomorphic
particles budding from the plasma membrane. By contrast, when GP was coexpressed with VP40, GP was found
on the filamentous particles induced by VP40. These results demonstrated the central role of VP40 in forma-
tion of the filamentous structure of Ebola virions and may suggest an interaction between VP40 and GP in

morphogenesis.

Ebola virus, a member of the family Filoviridae in the order
Mononegavirales, causes severe hemorrhagic fever in humans
and nonhuman primates, resulting in high mortality rates (27).
This enveloped, nonsegmented, negative-strand RNA virus
(27) has a filamentous appearance, but its shape may be
branched, circular, U- or 6-shaped, or long and straight (4).
Virions have a uniform diameter of approximately 80 nm but
vary greatly in length.

Ebola virus particles consist of seven structural proteins. The
glycoprotein (GP) of Ebola virus forms spikes of approxi-
mately 7 nm, which are spaced at 5- to 10-nm intervals on the
virion surface (4, 27). GP is the only transmembrane protein of
Ebola virus and is responsible for receptor binding and mem-
brane fusion (31). Cells infected with recombinant vaccinia
virus expressing the GP produced virosomes that varied in
shape and diameter but uniformly possessed spike structures
on their surface (35), although the effects of more than 80
vaccinia virus proteins (23) on the formation of particles are
unknown. Similar virosomes are also released from Ebola vi-
rus-infected cells (35). These findings suggest that the GP
contributes not only to an early stage of the viral infection cycle
but also to viral budding.

The Ebola virus VP40 protein, equivalent to the matrix
protein of other negative-strand RNA viruses, is the most
abundant protein in virions and is located beneath the viral
membrane, where it presumably maintains the structural in-
tegrity of the particle (4). In enveloped viruses, matrix proteins
play important roles in virus assembly and budding. In vesic-
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ular stomatitis virus (VSV), for example, the matrix protein
drives the formation of vesicles (16, 19). The matrix protein of
human parainfluenza virus type 1, expressed in mammalian
cells, assembles into virus-like particles that are released into
culture medium (2). The retroviral Gag protein assembles into
particles that bud from the cell surface (3, 7, 10). These ob-
servations indicate that the matrix proteins of these enveloped
viruses have an intrinsic ability to form virus-like particles.

The matrix proteins of many enveloped viruses are associ-
ated with the plasma membrane and are thought to interact
with the cytoplasmic tails of viral glycoproteins. Such interac-
tion is believed to be important for virus assembly. In influenza
viruses, the removal of the cytoplasmic tail of the hemaggluti-
nin or neuraminidase glycoprotein alters virion morphology
(14, 22). Although not essential for normal particle formation
in rabies virus and VSV, glycoproteins enhance the efficiency
of particle formation (20, 21, 30). However, little is known
about the VP40-GP interaction in Ebola virion formation.

Using biochemical assays, Jasenosky et al. (12) and others
(11, 33) recently showed that expression of VP40 in mamma-
lian cells leads to the production of particles with a density
corresponding to that of virions in the culture medium. To
determine the morphological properties of these particles and
to understand the VP40-GP interaction during virion morpho-
genesis, we used electron microscopy to examine cells express-
ing VP40 or GP alone or those expressing both proteins.

MATERIALS AND METHODS

Cells. 293T human embryonic kidney cells were maintained in Dulbecco’s
modified Eagle medium supplemented with 10% fetal calf serum, L-glutamine
and penicillin-streptomycin-gentamicin solution (24). The cells were grown in an
incubator at 37°C under 5% CO..

Plasmids. Full-length cDNAs encoding the Ebola virus (species Zaire) VP40
or GP were cloned separately into a mammalian expression vector, pPCAGGS/
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(B) 293T cells transfected with an empty expression vector lack such particle formation. Bars, 100 nm.

MCS (17, 25), which contains the chicken B-actin promoter. The resulting con-
structs were designated pCEboZVP40 and pCEboZGP, respectively.

Cell transfection for expression of VP40 and GP. 293T cells (10°) were trans-
fected with plasmids using the Trans IT LT-1 reagent (Panvera, Madison, Wis.)
according to the manufacturer’s instructions. Briefly, 1 pg of DNA in 0.1 ml of
Opti-MEM (Gibco-BRL) and 3 pl of the transfection reagent were mixed,
incubated for 10 min at room temperature, and added to the cells. Transfected
cells were incubated at 37°C for 24 or 48 h.

Electron microscopy. Ultrathin-section electron microscopy was performed as
follows. Twenty-four hours posttransfection of 293T cells with plasmids, the cells

were washed with phosphate-buffered saline (PBS) and fixed for 20 min with
2.5% glutaraldehyde (GLA) in 0.1 M cacodylate buffer (pH 7.4). They were
scraped off the dish, pelleted by low-speed centrifugation, and then fixed for 30
min with the same fixative. Small pieces of fixed pellet were washed with the
same buffer, postfixed with 2% osmium tetroxide in the same buffer for 1 h at
4°C, dehydrated with a series of ethanol gradients followed by propylene oxide,
embedded in Epon 812 Resin mixture (TAAB), and polymerized at 70°C for 2
days. For immunoelectron microscopy, cells were fixed with 4% paraformalde-
hyde and 0.1% GLA, dehydrated, and embedded in LR White Resin (London
Resin Company Ltd.). Thin sections were stained with uranyl acetate and lead
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FIG. 2. Pleomorphic particles resulting from GP expression. The supernatants of cells expressing GP were centrifuged through 20% sucrose,
and the pelleted material was then negatively stained with 2% PTA. (A and B) Pleomorphic particles with surface spikes were observed. (C and
D) Pelleted material was immunolabeled with a mixture of anti-GP monoclonal antibodies conjugated to 15-nm gold particles. Bars, 100 nm.

citrate and examined with a JEM-1200EX electron microscope at 80 kV. For
negative staining, culture media of 293T cells were collected at 24 h posttrans-
fection onto a Formvar-coated copper grid, stained with 2% phosphotungstic
acid solution (PTA), and examined with a JEM-1200 electron microscope at 80
kV. For immunoelectron microscopy, the samples were adsorbed to Formvar-
coated nickel grids and washed with PBS containing 0.5% bovine serum albumin
(PBS-BSA). The grids were then treated with mouse anti-GP monoclonal anti-
body (a mixture of ZGP12, ZGP42, and ZGP133 [32]; 1:150 in PBS-BSA) or
rabbit anti-VP40 polyclonal antibody (1:300 in PBS-BSA) and rinsed six times
with PBS, followed by incubation with a goat antimouse immunoglobulin con-
jugated to 15-nm gold particles (1:50 dilution; BB International) or a goat
antirabbit immunoglobulin conjugated to 5-nm gold particles (1:100 dilution; BB
International). After washing, the samples were fixed for 10 min in 2% glutar-
aldehyde and negatively stained with 2% PTA.

RESULTS

Pleomorphic particle formation by GP. To determine the
morphology of vesicles induced by Ebola virus GP expression,

we analyzed GP-expressing cells and their supernatants by
electron microscopy. The ultrathin sections of these cells
showed particle-like structures with surface spikes budding
from the plasma membrane (Fig. 1A); no such structures were
observed using cells transfected with the expression vector
alone (Fig. 1B). The spikes, which extended approximately 10
nm from the lipid membrane of the particle-like structure, did
not seem to have a particularly ordered arrangement (Fig. 1A,
inset). As previously observed with the recombinant vaccinia
virus system (35), pleomorphic structures similar to virosomes
with a range of diameters were apparent in the supernatants of
GP-expressing cells (Fig. 2A and B). The spikes on the surface
of the vesicles reacted with a mixture of anti-GP monoclonal
antibodies (Fig. 2C and D), confirming the GP derivation of
the structures.
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FIG. 3. Morphological changes in 293T cells expressing VP40. At 24 h posttransfection of 293T cells with a VP40-expressing plasmid,
filamentous particles budding from the plasma membrane (A), membrane ruffles and the adhering site of two bilayers (C, arrows), as well as
aggregated ribosomes (E, arrows) were apparent. Intracellular electron-dense filamentous structures (F, arrowheads) were also observed. (B and
D) The filamentous particles and membrane ruffles were immunolabeled with an anti-VP40 antibody conjugated with 5-nm gold particles. M,
mitochondrion; mt, microtubule. Bars, 100 nm (panels A, B, C, D, and F) or 200 nm (panel E).

VP40 induces filamentous particle formation. To determine
how VP40 protein expressed in 293T cells is released into
culture medium (11, 12, 33), we analyzed the VP40-expressing
cells by transmission electron microscopy. The ultrathin sec-
tions of the cells expressing VP40 showed budding of filamen-

tous structures (approximately 65 nm in diameter) on the cell
surface (Fig. 3A). In some cells, the plasma membranes ap-
peared ruffled and to consist of two bilayers (Fig. 3C). Aggre-
gated ribosomes (Fig. 3E, arrows) were occasionally found in
the cytoplasm of cells expressing VP40, as were electron-dense
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filamentous structures (approximately 45 nm in diameter; Fig.
3F, arrowheads), which were never seen in cells transfected
with the expression vector alone. The budding particles and
membrane ruffles reacted with rabbit anti-VP40 polyclonal an-
tibody (Fig. 3B and D), confirming that VP40 had contributed
to the generation of these structures. In studies to further
determine the size and morphology of the VP40 particles re-
leased from cells, the supernatants of cells expressing this pro-
tein were centrifuged through 20% sucrose and the pelleted
material was negatively stained with 2% PTA and analyzed by
electron microscopy. Filamentous particles, which had uniform

EBOLA VIRUS MORPHOGENESIS 4859

FIG. 3—Continued.

diameters of approximately 65 nm but varied lengths, were
observed (Fig. 4A through C). These results indicate that VP40
alone can induce the formation of filamentous particles which
bud from the cell surface.

VP40-GP interaction in particle morphogenesis. To deter-
mine how GP expression affects VP40-driven particle forma-
tion, we transfected 293T cells with both VP40- and GP-ex-
pressing plasmids. In ultrathin sections of the tranfected cells,
we observed filamentous particle-like structures of 80-nm ex-
ternal diameter that were budding from the plasma membrane

(Fig. 5).
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FIG. 4. Filamentous particles induced by VP40 expression. The supernatants of cells expressing VP40 were centrifuged through 20% sucrose,
and the pelleted material was then negatively stained with 2% PTA. Particles with uniform diameters of approximately 65 nm and varied lengths

were observed. Bars, 100 nm.

The structures possessed spikes of approximately 10 nm on
their surface, in contrast to the structures observed in cells
expressing VP40 alone (Fig. 3A). Also, in contrast to the ar-
rangement of the spikes on the pleomorphic structures in-
duced by GP expression, the spikes on the filamentous parti-
cles seemed to have an ordered arrangement (Fig. SA, inset).
Also, unlike the findings for expression of GP alone, few ple-
omorphic particles were observed. The particle structures were
studied in more detail after negative staining of the particles in
culture supernatants of cells expressing both VP40 and GP.
Filamentous Ebola virus-like particles with surface spikes of
approximately 85-nm in external diameter and lengths that
ranged to 10 pm were observed (Fig. 6A through C). The
spikes projected from the particle surface at 5- to 10-nm in-
tervals and were morphologically indistinguishable from those
on the Ebola virion surface (4, 27). Labeling the spikes with a
mixture of anti-GP monoclonal antibodies conjugated with
gold particles confirmed their identity as GP (Fig. 6D). Fur-
thermore, when treated with 0.03% Triton X-100 and with
both the anti-VP40 antibody conjugated to 5-nm gold particles
and a mixture of anti-GP monoclonal antibodies conjugated to
15-nm gold particles, the filamentous particles became labeled
with both antibodies, demonstrating that the Ebola virus-like

particles contained GP as well as VP40 proteins (Fig. 6E).
These results demonstrate GP incorporation into VP40-gen-
erated filamentous structures without affecting filamentous
particle formation.

DISCUSSION

A hallmark of Ebola viruses is their filamentous virions, as
suggested by the family name Filoviridae. The shapes of envel-
oped viruses are determined by viral proteins of retroviruses
(1, 5, 15) or by both viral RNA length and proteins of VSV
(26). Because specific interactions among viral components are
required for the formation of defined virion shapes, an under-
standing of such interactions can lead to the identification of
targets for the development of antiviral compounds.

Here we showed by electron microscopy that the expression
of VP40 in the absence of any other Ebola virus proteins leads
to the formation of filamentous particles which resemble spike-
less virions released into the supernatant of cultured Ebola
virus-infected cells (6). Thus, our results suggest that the Ebola
virus VP40 possesses structural information necessary and suf-
ficient to induce the formation of filamentous particles, which
then bud from the plasma membrane. Interestingly, some fil-
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FIG. 5. Filamentous, spiked particles buddlng from the plasma membrane at 24 h posttransfection of 293T cells with plasmids coexpressing

VP40 and GP. Bars, 100 nm.

amentous structures were observed in the cytoplasm of cells
expressing VP40 as have been found in the cytoplasm of the
cells infected with Ebola virus. Similar structures have also
been observed in cells expressing the M1 protein of influenza
virus or the Gag protein of retroviruses (3, 7, 9). However, the
tubular structures observed upon expression of influenza virus M1
alone were not seen during normal viral infection or when M1

was coexpressed with other influenza virus proteins. Thus, VP40
may form intracellular filamentous structures by self-aggregation.

Membrane ruffles containing VP40 protein were observed in
some VP40-expressing cells (Fig. 3C and D). The M protein of
VSV induces similar double-layered membranes at the cell sur-
face when expressed from recombinant Sendai virus (29). IpaC
protein secreted by Shigella flexneri has also been linked to large-
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FIG. 6. Ebola virus-like particles produced by coexpression of VP40 and GP. The supernatants of cells coexpressing these two proteins were
centrifuged through 20% sucrose, and the pelleted material was then negatively stained with 2% PTA. (A through C) Filamentous particles with
surface spikes and varied lengths were observed. Pelleted material was immunolabeled with a mixture of anti-GP monoclonal antibodies
conjugated to 15-nm gold particles (D, arrowheads), treated with 0.03% Triton X-100 at room temperature for 15 min, and then immunolabeled
with a mixture of anti-GP antibodies conjugated to 15-nm gold particles (E, arrowheads) and an anti-VP40 antibody conjugated to 5-nm gold
particles (E, arrows). Bars, 1 pm (panel A) or 100 nm (panels B through E).
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FIG. 6—Continued.

scale membrane extension in macrophages, including lamellipo-
dia and membrane ruffles (18, 34), while Salmonella enterica se-
rovar Typhimurium triggers the formation of host cell membrane
ruffles in nonphagocytic cells (8, 36). These membrane ruffles are
thought to result from interactions between the bacterial proteins,
including IpaC, and the actin cytoskeletons of host cells (34, 36).
In Ebola virus-infected cells, host cell plasma membranes prolif-
erate extensively at the peak stage of viral budding (6), as ob-
served in cells expressing VP40 alone. Thus, VP40 may interact
with actin filaments during the assembly or budding of Ebola virus
at the cell surface.

The impact of glycoprotein interaction with the matrix pro-
tein on virion morphology differs among viruses. For example,
deletion of the cytoplasmic tails of the influenza virus hemag-

EBOLA VIRUS MORPHOGENESIS 4863

glutinin and neuraminidase alters virus morphology (14, 22),
while the characteristic morphologies of rabies virus and VSV
do not depend on glycoprotein-matrix protein interaction (20,
21, 28, 30). The Ebola virus GP, like that of VSV G, was
incorporated into filamentous particles without affecting the
morphology of the particles. However, such interaction may
contribute to the efficiency of budding, as demonstrated by
research with VSV (13, 21).

In conclusion, we demonstrated that VP40 induces VP40
containing-filamentous particle formation and that GP spikes
are incorporated into VP40 induced-filamentous particles
upon coexpression of GP and VP40, resulting in Ebola virus-
like particles. This virus-like particle formation system will be
useful to further elucidate the mechanism of Ebola virus par-
ticle formation, including the functional link between Ebola
virus and cellular components.
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