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The VP40 matrix protein of Ebola virus buds from cells in the form of virus-like particles (VLPs) and plays
a central role in virus assembly and budding. In this study, we utilized a functional budding assay and
cotransfection experiments to examine the contributions of the glycoprotein (GP), nucleoprotein (NP), and
VP24 of Ebola virus in facilitating release of VP40 VLPs. We demonstrate that VP24 alone does not affect VP40
VLP release, whereas NP and GP enhance release of VP40 VLPs, individually and to a greater degree in
concert. We demonstrate further the following: (i) VP40 L domains are not required for GP-mediated en-
hancement of budding; (ii) the membrane-bound form of GP is necessary for enhancement of VP40 VLP
release; (iii) NP appears to physically interact with VP40 as judged by detection of NP in VP40-containing
VLPs; and (iv) the C-terminal 50 amino acids of NP may be important for interacting with and enhancing
release of VP40 VLPs. These findings provide a more complete understanding of the role of VP40 and

additional Ebola virus proteins during budding.

Ebola virus is a member of the Filoviridae family and is
associated with recurrent outbreaks of deadly hemorrhagic
fevers (8). Currently, there are no approved vaccines, nor are
there antiviral therapeutics to prevent or treat individuals in-
fected with Ebola virus (16). A better understanding of the
molecular aspects of Ebola virus replication will be necessary
for successful development of specific treatments for Ebola
virus infection.

The VP40 matrix protein of Ebola virus is the most abun-
dant virion protein and plays a key role in virus assembly and
budding (12, 14, 28). For example, VP40 can bud as a filamen-
tous virus-like particle (VLP) from mammalian cells in the
absence of any other viral protein (12, 20). The ability of VP40
to bud as a VLP is due, in part, to the presence of L domains
present at the N terminus of the protein (12, 14, 17). Viral L
domains are thought to serve as docking sites for interactions
with specific cellular proteins, and the resultant virus-host in-
teractions are believed to facilitate efficient virus budding (for
a review, see reference 9). Although VP40 and other viral
matrix proteins (e.g., Gag and M proteins of retroviruses and
rhabdoviruses, respectively) can bud independently from cells,
additional viral proteins are undoubtedly important for the
budding process. For example, the G protein of vesicular sto-
matitis virus (VSV) has been shown to be important for effi-
cient budding. More specifically, the membrane-proximal
stem, transmembrane domain, and cytoplasmic tail of VSV G
appear to confer this efficiency (21, 25). In addition, alterations
to the cytoplasmic tails of glycoproteins of other RNA viruses,
such as influenza A, simian virus 5, and rabies virus, appear to
result in poor budding despite an intact matrix protein (15, 19,
23).
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In addition to VP40, the surface glycoprotein (GP), the
nucleoprotein (NP), and the minor matrix protein (VP24) of
Ebola virus have been implicated in virus assembly and bud-
ding (1, 11, 12). For example, GP and VP24 have been de-
tected in a lipid-associated form in the media of transfected
cells (11, 29). It has been suggested that localization of GP to
lipid raft domains enhances budding of Ebola virus from these
specialized microdomains (1). VP24 has been postulated to
play a role in assembly and budding (11) and most recently in
efficient assembly of viral nucleocapsids (13). While a role for
Ebola virus NP in budding has not been specifically examined
to date, data from studies of other negative-strand RNA vi-
ruses suggest a role for the nucleocapsid protein in the assem-
bly process (5, 6). Together, GP, NP, and VP24 represent
candidate viral proteins likely to contribute to virus budding.

In this report, we utilized our VP40 VLP budding assay to
evaluate various combinations of GP/VP24/NP expression for
their ability to enhance release of VP40 VLPs. Our results
indicate that coexpression of GP and/or NP with VP40 leads to
a reproducible enhancement of VLP release. In contrast, the
combination of VP40 plus VP24 did not result in any detect-
able enhancement of VP40 budding; however, release of VP40
VLPs from cells expressing VP40 plus NP plus VP24 was
greater than that from cells expressing only VP40 plus NP. Our
results further suggest that GP- and NP-mediated enhance-
ment of release of VLPs may be due to interactions with VP40.

MATERIALS AND METHODS

Cells. Human 293T or COS-1 cells were maintained in Dulbecco minimal
essential medium (DMEM) (Invitrogen/Life Technologies) supplemented with
10% fetal calf serum (Invitrogen/Life Technologies) and 1X penicillin-strepto-
mycin (Invitrogen/Life Technologies).

Plasmids and antibodies. Plasmids encoding VP40-WT, VP40-dPTA, VP40-
Y13A, VP40-dPT/PY, and hemagglutinin (HA)-tagged VP24 have been de-
scribed previously (11, 17). The NP open reading frame from Ebola virus (Zaire)
was amplified by PCR and inserted into the EcoRI and Xhol sites of the
pCAGGS/MCS vector by standard cloning techniques. Plasmid NPC-50, in which
the C-terminal 50 amino acids of NP have been deleted, was generated by PCR
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and standard cloning techniques. The GP gene of EBOZ was inserted into the
EcoRI and Xhol sites of the pPCAGGS/MCS vector by standard PCR and cloning
techniques. The sec-GP plasmid was constructed by PCR and encodes only the
ectodomain of EBOZ GP. The VSV G gene was inserted into the EcoRI and
Xhol sites of the pPCAGGS/MCS vector by standard PCR and cloning tech-
niques. The herpes simplex virus-1 (HSV-1) gD glycoprotein (kindly provided by
R. Eisenberg, University of Pennsylvania) was amplified by PCR and inserted
into the EcoRI and Xhol sites of the pPCAGGS/MCS vector by standard cloning
techniques. All plasmids and introduced mutations were confirmed by auto-
mated DNA sequencing.

Monoclonal antibodies against the VP40 and NP proteins of Ebola virus were
kindly provided by J. Paragas (U.S. Army Medical Research Institute for Infec-
tious Diseases, Fort Detrick, Md.). Monoclonal antibody against full-length GP
of Ebola virus was kindly provided by P. Bates (University of Pennsylvania).
Monoclonal antibody against HSV-1 gD (monoclonal antibody DL6) was kindly
provided by R. Eisenberg (University of Pennsylvania). Monoclonal antibodies
against the HA epitope tag (Roche Biochemicals, Indianapolis, Ind.), VSV G
(Sigma-Aldrich, St. Louis, Mo.), horseradish peroxidase-linked anti-mouse and
-rabbit (Molecular Probes), and horseradish peroxidase-linked anti-rat (Santa
Cruz Biotechnology, Santa Cruz, Calif.) were used according to protocols of the
suppliers. Fluorescein isothiocyanate-conjugated anti-rat and phycoerythrin-con-
jugated anti-mouse antibodies (Roche Biochemicals, Indianapolis, Ind.) were
used according to the manufacturer’s instructions.

Budding assay. A functional budding assay for VP40 has been previously
described (17). Briefly, 3 X 10° 293T cells were transfected with 1.0 p.g of the
indicated plasmids using Lipofectamine (Invitrogen). At 24 h posttransfection
(hpt), cells were metabolically labeled with [*>S]Met-Cys (Perkin-Elmer) (100
pCi/ml) for 6 h. Culture medium was harvested and clarified at 2,500 rpm for 10
min. The supernatant was then centrifuged through a 20% sucrose cushion in
STE buffer (0.01 M Tris-HCI [pH 8.0], 0.01 M NaCl, 0.001 M EDTA [pH 8.0])
for 2 h at 36,000 rpm (Beckman SW41 rotor) to isolate VLPs. VLPs were
resuspended in STE buffer. Radioimmunoprecipitation assay buffer (50 mM Tris
[pH 7.5], 150 mM NaCl, 1.0% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl
sulfate [SDS]) was added to transfected cells and resuspended VLPs. Twenty-five
percent of the cell lysates and 100% of the VLPs were immunoprecipitated with
appropriate antibodies and analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE). Protein bands were visualized by autoradiography and quantitated by
phosphorimager analysis.

VLP flotation gradients. 293T cells were transfected with the indicated plas-
mids as described above. At 48 hpt, culture medium was harvested and VLPs
were isolated as described above. Resuspended VLPs were then floated on a
discontinuous sucrose gradient (80, 50, and 10% in STE buffer) by centrifugation
at 36,000 rpm (Beckman SW41 rotor) for 18 h. Twelve 1.0-ml fractions were
harvested from the top to the bottom of the gradient, and proteins were isolated
by trichloroacetic acid precipitation and resuspended in 1X Laemmli sample
buffer. Transfected cells were lysed in radioimmunoprecipitation assay buffer.
Proteins were separated by SDS-PAGE and transferred to nitrocellulose mem-
branes for Western blotting. Membranes were blocked for 1 h and then incu-
bated with the appropriate antibody for 1 h at room temperature. After several
washes in 1X phosphate-buffered saline (PBS) containing 0.1% Tween 20, mem-
branes were incubated with the appropriate horseradish peroxidase-linked sec-
ondary antibody for 1 h at room temperature. The membranes were washed as
before, and proteins were visualized by chemiluminescence and autoradiography.

Immunofluorescence and confocal microscopy. COS-1 cells were transfected
with the indicated plasmids as described above. At 24 hpt, cells were washed with
1x PBS and fixed with cold methanol and stained with appropriate primary and
secondary antibodies. Coverslips were mounted in ProLong Antifade (Molecular
Probes, Ltd.). Microscopy was performed with a Bio-Rad Radiance 2000 confo-
cal microscope using Lasersharp 2000 software (Bio-Rad, Ltd.).

RESULTS

Budding of Ebola virus proteins as VLPs. To determine
whether Ebola virus GP, NP, and VP24 contribute to VP40
VLP release, we first sought to determine whether GP, NP,
and VP24 could be released from cells individually as lipid-
containing particles. As expected, VP40 alone was released
from cells as a VLP which was detected predominantly in the
upper fractions of a flotation gradient (Fig. 1A; lanes 2 to 4).
A minor amount of VP40 was detected in fractions 7 and 8§,
while no VP40 was detected at the bottom of the gradient (Fig.
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FIG. 1. Flotation gradient analysis of Ebola virus protein-induced
VLPs. Human 293T cells were transfected with VP40 (A), GP (B),
VP24 (C), or NP (D), and VLPs were isolated from the culture me-
dium at 48 hpt. VLPs were isolated by centrifugation through a 20%
sucrose cushion and subsequently floated on a discontinuous (80-50-
10%) sucrose gradient. One-milliliter fractions were taken from top
(lane 1) to bottom (lane 12). Proteins in each fraction as well as in the
cell lysate (lane 13) were isolated by trichloroacetic acid precipitation,
separated by SDS-PAGE, and analyzed by Western blotting.
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1A). The presence of VP40 in the cell extract is shown as an
expression control (Fig. 1A, lane 13). Consistent with previous
findings of others (1, 29), Ebola virus GP alone was also re-
leased from cells, albeit at a level considerably less than that of
VP40 (compare Fig. 1A, lanes 2 and 13, and Fig. 1B, lanes 2
and 13). Importantly, GP was detected in the same upper
fractions as VP40 (Fig. 1B, lane 2). Conversely, neither VP24
nor NP was released as a VLP in this assay (Fig. 1C and D),
although they were abundantly expressed in the cells (lane 13).
VP40 was released from cells in greater abundance than either
GP, NP, or VP24 and is therefore likely to function as the
primary driving force for budding.

Coexpression of VP24 does not influence release of VP40
VLPs. To determine whether expression of VP24 enhances
release of VP40 VLPs, 293T cells were cotransfected with
equivalent amounts of VP40 and VP24 expression plasmids,
and VP40 VLPs were prepared from culture supernatants at 30
hpt. Cell extracts were immunoprecipitated with either anti-
VP40 or anti-HA antisera to ensure that VP40 and VP24 were
expressed appropriately in transfected cells (Fig. 2A). Mock-
transfected cells served as a negative control (Fig. 2A, lane 1).
Immunoprecipitation and phosphorimager analyses of VP40
VLPs from several independent experiments revealed that co-
expression of VP24 had no significant effect on budding of
VP40 VLPs, since equivalent amounts of VP40 were detected
in the presence or absence of VP24 (Fig. 2B, lanes 3 and 4).

To substantiate these results, confocal microscopy was used
to determine whether VP40 and VP24 colocalized in cotrans-
fected cells (Fig. 2C). As expected, VP40 was detected primar-
ily on the plasma membrane and was often present in thin
filamentous projections originating from the plasma mem-
brane (Fig. 2C, panels b and e). In contrast, VP24 was present
predominantly in a perinuclear pattern in the majority of cells,
whereas localization of VP24 to the plasma membrane oc-
curred to a much lesser extent (Fig. 2C, panels a and d). These
results indicated that VP40 and VP24 did not colocalize in the
majority of cotransfected cells (Fig. 2C, panel f); however, a
limited number of cotransfected cells showed a small amount
of colocalization at the plasma membrane (Fig. 2C, panel c).
Taken together, these data suggest that VP24 likely does not
interact directly with VP40, and coexpression of VP24 with
VP40 does not influence release of VP40 VLPs.
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FIG. 2. Functional budding assay and intracellular localization of
VP40 and VP24. 293T cells were transfected with pCAGGS vector
alone (lane 1), VP24 (lane 2), VP40 (lane 3), or VP24 plus VP40 (lane
4). VP40 and VP24 proteins were detected in cells (A), and VP40 was
detected in budding VLPs (B) by immunoprecipitation and SDS-
PAGE analysis at 30 hpt. (C) Cos-1 cells were cotransfected with VP40
and VP24, and fixed cells were visualized by confocal microscopy 24
hpt. VP24 is shown in green (panels a and c), VP40 is shown in red
(panels b and e), and the merged images are shown in panels ¢ and f.
Yellow indicates colocalization.

Coexpression of either GP or NP with VP40 enhances re-
lease of VP40 VLPs. We next sought to determine whether
coexpression of GP enhances release of VP40 VLPs. Human
293T cells were cotransfected with equivalent amounts of
VP40 and GP expression constructs, and VP40 VLPs were
detected by immunoprecipitation (Fig. 3). Immunoprecipita-
tion and phosphorimager analyses of VP40 and GP from cell
extracts demonstrated equivalent expression in appropriate
samples (Fig. 3A). Immunoprecipitation of VP40 in VLP sam-
ples revealed that coexpression of GP and VP40 resulted in
more efficient release (an average of fivefold) of VP40-con-
taining VLPs (Fig. 3B, compare lanes 3 and 4). It should be
noted that a similar level of enhancement of VP40 release was
observed using VLPs purified through a flotation gradient and
that VP40 and GP were routinely detected in identical frac-
tions taken from these gradients (data not shown). Taken
together, these findings suggest that enhancement of release of
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FIG. 3. Functional budding assay for coexpressed VP40 and GP.
293T cells were transfected with VP40 (40) or VP40 plus GP (40+GP),
and the resulting VLPs were isolated from the culture medium at 30
hpt. VP40 and GP proteins were detected in cell extracts (A) and VP40
was detected in budding VLPs (B) by immunoprecipitation and SDS-
PAGE analysis. A similar enhancement of VP40 budding was observed
in the presence of GP when VLPs were purified further on a discon-
tinuous flotation gradient (data not shown).

VP40 VLPs by GP is likely due, at least in part, to a specific
mechanism and not simply to reported cytopathic effects of GP
(30). Indeed, under these cotransfection conditions in both
COS-1 and 293T cells, GP was found to be noncytopathic (26)
as judged by cell viability assays (data not shown). Lastly,
confocal microscopy was utilized to confirm that VP40 and GP
colocalize heavily at the plasma membrane of transfected cells
(data not shown).

Similar cotransfection experiments were performed to de-
termine the contribution of NP to budding of VP40 VLPs.
Immunoprecipitation and phosphorimager analyses of cotrans-
fected cells revealed that NP and VP40 were expressed at
equivalent levels in the appropriate samples (Fig. 4A, lanes 1
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FIG. 4. Functional budding assay for coexpressed VP40 and NP.
293T cells were transfected with pCAGGS vector alone (lane 1), NP
(lane 2), VP40 (lane 3), or VP40 plus NP (lane 4). Radiolabeled cell
extracts (A) and VLPs (B) were immunoprecipitated with appropriate
antiserum, and immunoprecipitated proteins were analyzed by SDS-
PAGE and autoradiography.
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FIG. 5. Relative release of VP40 VLPs from cells expressing various combinations of Ebola virus proteins. The amount of VP40 VLPs released
from cells in the absence of other viral proteins was set at 1.0. The n-fold enhancement of VP40 VLP release (determined by phosphorimager
analysis) is shown for cells cotransfected with VP40 plus VP24, VP40 plus NP, VP40 plus GP, VP40 plus NP plus VP24, and VP40 plus NP plus
GP. The bars represent an average of at least three independent experiments. Empty vector was used when necessary to maintain an equivalent

amount of total transfected DNA in each sample.

to 4). We observed an average 3.5-fold increase in the level of
VP40 present in VLPs budding from cells coexpressing the NP
protein (Fig. 4B, compare lanes 3 and 4). Intriguingly, when
the GP protein was expressed along with both NP and VP40,
an additive increase (averaging greater than 40-fold) in VP40
VLPs was observed in repeated experiments (Fig. 5). Similarly,
whereas VP24 alone had no effect on VP40 VLP release,
coexpression of VP40 plus NP plus VP24 enhanced the release
of VP40 VLPs to a greater extent than that observed from cells
expressing only VP40 plus NP (Fig. 5). Taken together, these
data indicate that in addition to VP40, other viral proteins
contribute to the efficiency of VLP budding when coexpressed
in specific combinations with VP40 (Fig. 5).

GP-enhanced release of VP40 VLPs is independent of L-
domain function. We hypothesized that the L domains of
VP40 likely were not necessary for GP-mediated enhance-
ment, since the L domains mediate interactions with specific
host proteins. Mutations that disrupt the L-domain motifs of
VP40 have been shown to impair release of VP40 VLPs to
various degrees (17). Cells were cotransfected with GP and a
series of previously described VP40 L-domain mutants (Fig. 6).
As predicted, release of L-domain dPT/PY, dPTA, and Y13A
mutants was enhanced by GP an average of eightfold as de-
termined by phosphorimager analysis (Fig. 6A, compare lanes
1 and 2, 3 and 4, and 5 and 6). Consistent with our previous
report, the dPT/PY mutant buds much less efficiently than
either the dPTA or Y13A mutant, even in the presence of GP
(Fig. 6A, compare lanes 2, 4, and 6). Therefore, while expres-
sion of GP leads to more efficient release of all VP40 L-domain
mutants (Fig. 6B), GP expression does not rescue the L-do-

main deficiency and thus does not permit all of the L-domain
mutants to bud to equivalent levels (Fig. 6A).

Specific enhancement of VP40 VLP release by Ebola virus
GP. Enhancement of virus budding by glycoproteins often re-
sults from direct interactions between the viral matrix protein
and the transmembrane and/or cytoplasmic domains of the
glycoprotein (7, 15, 25). To determine whether the enhanced
release of VP40 VLPs by Ebola virus GP was specific to GP,
cells were cotransfected with VP40 and heterologous glycopro-
teins VSV G and HSV-1 gD (Fig. 7A). Expression controls for
VP40 and glycoproteins GP, G, and gD were performed by
immunoprecipitation (Fig. 7A, upper panel). Analysis of flo-
tation gradient purified VP40 VLPs released from the cotrans-
fected cells revealed that similar amounts of VP40 budded
from cells receiving no glycoprotein, VSV G, and HSV-1 gD
(Fig. 7A, lower panels). In contrast, release of VP40 was
clearly enhanced as expected in the presence of Ebola virus GP
(Fig. 7A, lower panel). These results indicate that the enhance-
ment of VP40 VLP release is not observed in the presence of
heterologous glycoproteins and thus suggests some level of
specificity for GP-enhanced VP40 VLP release. It should be
noted that under these assay conditions, expression of Ebola
virus GP did not result in cell death. However, a role for
GP-mediated cell rounding in the enhancement of VP40 VLP
release cannot be ruled out.

Furthermore, we sought to determine whether a secreted
form of Ebola virus GP (sec-GP), which contains the ectodo-
main and mucin-rich region of GP, would enhance release of
VP40 VLPs. Expression controls for each protein are shown
(Fig. 7B, upper panel). Analysis of VP40 VLPs released from
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FIG. 6. Budding of VP40 L-domain mutants in the absence or
presence of GP. (A) 293T cells were transfected with VP40 L-domain
dPT/PY (lane 1), dPTA (lane 3), or Y13A (lane 5) mutants alone or
along with GP (lanes 2, 4, and 6, respectively). VP40 was detected in
budding VLPs by immunoprecipitation and SDS-PAGE analysis.
(B) Levels of VP40 detected in VLPs were quantitated by phospho-
rimager analysis. The amount of each L-domain mutant alone was
normalized to 1.0.
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these cells revealed that sec-GP was unable to enhance VP40
VLP release (Fig. 7B, lower panel, compare lanes 2, 3, and 4).
Indeed, phosphorimager analysis confirmed these findings in
repeated experiments. These results indicate that the mem-
brane-bound form of GP is required for enhancement of VP40
VLP release.

Potential interaction of VP40 and NP in VLPs. To begin to
probe the mechanism of NP-enhanced VP40 VLP release, we
rationalized that an NP-VP40 interaction might mediate the
observed increase in VP40 VLP release. We examined the
ability of wild-type (WT) NP and a deletion mutant (NPC-50)
of NP lacking the C-terminal 50 amino acids to enhance re-
lease of VP40 VLPs (Fig. 8). Cells were either mock trans-
fected, transfected with VP40 and NP, or transfected with
VP40 and NPC-50 (Fig. 8A). As expression controls, cell ex-
tracts were immunoprecipitated with anti-VP40 antiserum
(Fig. 8A, lanes 1, 3, and 5) or anti-NP antiserum (lanes 2, 4,
and 6). Although VP40-specific antiserum pulled down both
VP40 and NP (lane 3) and VP40 and NPC-50 (lane 5), this may
be due to cross-reactivity of the antiserum. Anti-NP antibody
pulled down NP (lane 4) and NPC-50 (lane 6) but not VP40
(lanes 4 and 6).

Interestingly, coexpression of NP with VP40 resulted in the
expected increase in VP40 VLP release (Fig. 8B, compare
lanes 1 and 2); however, coexpression of NPC-50 did not result
in enhanced release of VP40 VLPs (Fig. 8B, compare lanes 1
and 3). Phosphorimager analysis was used to confirm these
findings in repeated experiments (data not shown). These data
suggest that the extreme C-terminal region of NP may be
important for enhancing VP40 VLP budding. If NP does in fact
interact with VP40, we might expect to observe NP in VP40-
containing VLPs. Indeed, WT NP was detected in VLPs re-
leased from cells expressing NP and VP40 (Fig. 8C, lane 3) but
not from cells expressing NP alone (Fig. 8C, lane 1). Moreover,
NPC-50 was not detected in VLPs released from cells express-

cells
VPR [ e D -
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VLPs

FIG. 7. Effect of heterologous glycoproteins on VP40 VLP release. (A) 293T cells were transfected with VP40 alone (40), VP40 plus GP (40
+ GP), VP40 plus VSV G (40 + G), or VP40 plus HSV-1 gD (40 + gD). Expression controls for VP40 and the various glycoproteins in cells are
shown (upper panel). VLPs from the above-transfected cells were isolated and purified by a discontinuous flotation gradient. Immunoprecipitation
of VP40 from upper fractions 2 and 3 are shown for each transfection condition (lower panel), and the amount of VP40 present was determined
by phosphorimager analysis. (B) Effect of the secreted GP on VP40 VLP release. 293T cells were transfected with pCAGGS (lane 1), VP40 (lane
2), VP40 plus WT GP (lane 3), or VP40 and sec-GP (lane 4). Expression controls for VP40 and the various forms of GP in cells are shown (upper
panel). The amount of VP40 in isolated VLPs was determined by immunoprecipitation and phosphorimager analysis (bottom panel).
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FIG. 8. The C-terminal region of NP is important for recruitment
into VP40 VLPs. (A) 293T cells were mock transfected (lanes 1 and 2)
of transfected with VP40 plus NP (lanes 3 and 4) or VP40 plus NPC-50
(lanes 5 and 6). Cell extracts were immunoprecipitated with either
anti-VP40 antiserum (lanes 1, 3, and 5) or anti-NP antiserum (lanes 2,
4, and 6). (B) VLPs were isolated from the culture medium and
immunoprecipitated with anti-VP40 antiserum. Immunoprecipitated
proteins were analyzed by SDS-PAGE and autoradiography.
(C) VLPS were isolated from 293T cells transfected with NP alone
(lane 1), NPC-50 (lane 2), VP40 plus NP (lane 3), or VP40 plus
NPC-50 (lane 4). VLPs were immunoprecipitated with anti-NP anti-
serum, and proteins were analyzed by SDS-PAGE and autoradiogra-

phy.

ing NPC-50 alone (Fig. 8C, lane 2) or both NPC-50 and VP40
(Fig. 8C, lane 4). These data suggest that VP40 can recruit NP,
but not NPC-50, into budding VLPs.

DISCUSSION

The prominent role of the Ebola virus VP40 protein in
budding is well established (14, 17, 20, 28); however, the mech-
anism(s) by which VP40 achieves this final step of the viral life
cycle remains unclear. In addition to the clear role of the VP40
L domains in mediating interactions with host proteins to pro-
mote the formation of VP40 VLPs (12, 27), we present evi-
dence that efficient budding of VP40 VLPs also requires the
concerted effort of additional viral proteins, including, GP, NP,
and VP24.

Flotation gradient analysis of budding VLPs indicates that
VP40 is the major virus budding protein. Coexpression of
VP40 and VP24 did not result in any significant change in the
amount of VP40 VLPs released from transfected cells. Fur-
thermore, VP40 and VP24 exhibited little to no colocalization
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as determined by confocal microscopy (Fig. 2). These data
strongly suggest that VP24 alone does not influence VP40
budding and that VP24 does not directly interact with VP40.
However, the possibility that a physical and/or functional in-
teraction between VP40 and VP24 occurs in Ebola virus-in-
fected cells cannot be ruled out.

In contrast to VP24, we were able to demonstrate that co-
expression of NP and VP40 enhanced VP40 VLP release in a
functional budding assay. Indeed, cotransfection of NP and
VP40 consistently resulted in an average 3.5-fold increase in
the amount of VP40 released as VLPs (Fig. 4B). Although this
increase is fairly low, it is highly reproducible and thus is likely
to be significant. NP was detected in VP40 VLPs, and initial
results suggest that NP may be recruited to budding VLPs by
interacting with VP40 via its C-terminal region (Fig. 8C). This
result is not surprising, since there is precedent for NP incor-
poration into matrix protein induced particles in other virus
systems, such as human parainfluenza virus type 1 (5, 6). In
addition, the matrix protein of simian virus 5 was released at
levels comparable to those of infectious virus only when coex-
pressed with at least one of two glycoproteins and nucleopro-
tein (24). Putative interactions between NP and VP40 may
function to stabilize VP40 at the plasma membrane, perhaps
accounting for the observed NP-mediated enhancement of
VP40 VLP release. Alternatively, NP-mediated enhancement
of budding may result from the ability of NP to promote
interactions between VP40 and cytoskeletal elements, un-
doubtedly important in the overall assembly and budding pro-
cesses. Experiments are currently under way to identify further
the regions of NP and VP40 that may be involved in protein-
protein interactions that promote budding.

Interestingly, we found that the combination of VP40, NP,
and VP24 resulted in a slightly, but reproducibly, larger en-
hancement of VP40 VLP budding than that observed with only
VP40 and NP (Fig. 5). Based upon these findings and data of
others (12), it is tempting to speculate that VP24 may serve as
a bridging or linking protein between VP40 and NP. VP24 has
been shown to be a component of Ebola virus nucleocapsids
(15), and thus, our finding that VP24 may indirectly enhance
budding of VP40 VLPs only in the presence of NP would be
consistent with these findings.

Consistent with previous reports, Ebola virus GP was found
to be present in budding VP40 VLPs. Findings that (i) GP
colocalized with VP40 on the plasma membrane (data not
shown), (ii) coexpression of GP resulted in a significant in-
crease in the amount of VP40 present in the upper fractions of
a flotation gradient, and (iii) GP was not found to be cyto-
pathic in our transfection assays (data not shown) all strongly
suggest that the enhancement effect of GP is likely due to a
specific mechanism. Our finding that the heterologous glyco-
proteins VSV G and HSV-1 gD were unable to enhance VP40
VLP release are consistent with this hypothesis. We were able
to demonstrate clearly that the GP-mediated enhancement of
VP40 release was not dependent on the presence of L domains
within VP40, since we observed a significant increase in bud-
ding of several L-domain mutants of VP40 in the presence of
GP (Fig. 6). These results support the idea that VP40 is the
major driving force for budding and, importantly, indicate that
there are separable viral and host-mediated (10, 18) mecha-
nisms to augment release of VP40 VLPs.
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We have begun to probe the mechanism of GP-enhanced
VP40 VLP release. GP has been demonstrated to localize to
lipid raft domains on the plasma membrane (1). Indeed, accu-
mulating evidence suggests that lipid rafts play a role in the
assembly of many viruses (for a review, see reference 2). VP40
appears to be localized to lipid rafts in Ebola virus-infected
cells (1); however, whether recruitment of VP40 to rafts is
achieved solely by interactions with host factors such as
TSG101 (17) or by interactions with viral proteins remains less
clear. One possible mechanism for GP-mediated enhancement
of budding is that GP may also recruit a population of VP40 to
lipid raft domains that may represent active sites of budding.
However, results from raft gradient flotation analysis indicated
that the population of VP40 present in lipid raft fractions in
VP40-transfected cells was not increased significantly when
these cells were cotransfected with GP (J. M. Licata and R. N.
Harty, unpublished data). In addition, GP-enhanced release of
VP40 VLPs was not affected by disrupting lipid raft formation
by treating cells with methyl-B-cyclodextrin (data not shown).
Although lipid raft localization does not appear to play a major
role in mediating GP-enhanced budding of VP40 VLPs, the
concentration of GP to particular regions of the membrane is
likely important for budding. For example, evidence suggests
that VSV G does not localize to lipid raft domains (22, 31);
however, VSV G does appear to be concentrated in specific
lipid microdomains which may serve as assembly sites for prog-
eny virions (4). Concentration of viral proteins in these regions
has been postulated to allow for modification of the lipid en-
vironment to promote virus budding or to facilitate membrane
curvature required for virus budding (3).

Current efforts are focused on identifying regions within GP
and VP40 that may physically interact to promote release of
VP40 VLPs. Our data indicate that the membrane-bound form
of GP is required for the observed enhancement of VP40 VLP
release (Fig. 7B). One possibility is that the transmembrane
and/or cytoplasmic tail of GP is important for budding. Studies
with VSV indicate that while a specific sequence of the cyto-
plasmic tail of VSV G protein is not required for glycoprotein-
enhanced release of M-induced VLPs, there is a requirement
for a specific cytoplasmic domain length (25). More recently,
the membrane-proximal stem of VSV G was found to be re-
quired for efficient viral budding (21). For example, a G-stem
protein containing this region in addition to the transmem-
brane and cytoplasmic tails was sufficient to enhance virus
release (21). The membrane-proximal stem has been proposed
to act by facilitating membrane curvature to induce the bud-
ding process (25). An in-depth mutational analysis of the cy-
toplasmic tail, transmembrane region, and proximal stem re-
gion of Ebola virus GP is currently under way in an attempt to
characterize further those regions that function to enhance
VP40 VLP budding. A better understanding of these Ebola
virus protein-protein interactions will complement our existing
knowledge of Ebola virus-host interactions and provide a more
complete insight into the mechanism of Ebola virus budding.
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