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The Ebolavirus matrix protein VP40 is essential for virion assembly and egress. Recently, we reported that
the coat protein complex II (COPII) transport system plays an important role in the transport of VP40 to the
plasma membrane. Here, we show that dominant-negative mutants of the GTPase Rab1b interfere with
VP40-mediated particle formation. Rab1b activates GBF1 (Golgi-specific BFA [brefeldin A] resistance factor
1), a critical factor in the assembly of COPI vesicles. Activated GBF1 stimulates ARF1 (ADP ribosylation factor
1), which recruits coat protein to cellular membranes for the assembly of COPI vesicles. Here, we demonstrate
that GBF1 and ARF1 are involved in Ebolavirus virion formation, suggesting that both the COPII and COPI
transport systems play a role in Ebolavirus VP40-mediated particle formation. These findings provide new
insights into the cellular pathways employed for Ebolavirus virion formation.

Ebolavirus, a member of the Filoviridae in the order Monon-
egavirales (4), causes hemorrhagic fever with extremely high
mortality rates in humans and nonhuman primates. Expression
of the viral matrix protein (VP40) in mammalian cells results in
the formation of virus-like particles (VLP) that resemble
authentic Ebolavirus in size and shape (6, 8, 18, 22), demon-
strating a critical role for VP40 in Ebolavirus virion formation.

The intracellular pathways employed for Ebolavirus VP40
transport to the plasma membrane, the budding site of Ebo-
laviruses, have yet to be fully defined. Transport in the early
secretory pathway (i.e., from the endoplasmic reticulum [ER]
to the Golgi compartment) is carried out by coat protein com-
plex I (COPI)- and II-coated vesicles (19) (Fig. 1A). COPI
complexes are involved in both anterograde and retrograde
transport between the ER and the Golgi compartment (16);
while COPII complexes transport from the ER to the Golgi
compartment (11). We recently found that Sec24C, a compo-
nent of the COPII vesicular transport system, interacts with
VP40, indicating that the COPII transport system plays a role
in VP40 intracellular transport (26). The transport of COPII-
coated vesicles is also regulated by the Rab GTPase Rab1,
which tethers COPII vesicles to the ER-Golgi intermediate
compartment (ERGIC) or the cis-Golgi membrane (2, 20).
To further assess the role of the early secretory pathway in
Ebolavirus virion formation, here we analyzed the role of
Rab1 in Ebolavirus VP40-induced VLP formation.

Dominant-negative mutants of Rab1b reduce Ebolavirus
VLP production. Rab1 has two isoforms, Rab1a and Rab1b,
that share about 93% amino acid homology and play an essen-
tial role in transport from the ER to the Golgi compartment
(13, 27). To evaluate their involvement in VP40 intracellular

transport, we cloned the open reading frame (ORF) of Rab1a
(NM_004161) or Rab1b (NM_030981) into the eukaryotic pro-
tein expression vector pCAGGS (10, 14) with a FLAG tag at
the N terminus. Two dominant-negative mutants of Rab1a
were generated by replacing asparagine with isoleucine at po-
sition 124 (FLAG-Rab1a_N124I) or by replacing serine with
asparagine at position 25 (FLAG-Rab1a_S25N) (17, 23). Sim-
ilarly, two dominant-negative mutants of Rab1b that abrogate
GTP binding were generated by an Asn-to-Iso substitution at
position 121 (FLAG-Rab1b_N121I) and a Ser-to-Asn substi-
tution at position 22 (FLAG-Rab1b_S22N) (17, 23). We then
confirmed the inhibitory effect of these mutants on ER-to-
Golgi compartment transport by measuring the efficiency of
secreted alkaline phosphatase (SEAP) release (Fig. 2A), as
described previously (26). All dominant-negative mutants re-
duced SEAP secretion, although to different extents.

Next, we examined the effect of these dominant-negative
mutants on Ebolavirus VP40-induced VLP production. VP40
was coexpressed in human embryonic kidney (293T) cells in
the absence or presence of FLAG-Rab1a or FLAG-Rab1b or
dominant-negative mutants thereof (Fig. 2B). Twenty-four
hours posttransfection, cell lysate and VLPs in the cell culture
supernatant were prepared, as previously described (25). Sam-
ples were resolved on 10% to 20% Tris-glycine gels (Invitro-
gen, CA), and the resolved proteins were detected with a
rabbit anti-VP40 antibody (26) or a mouse anti-FLAG anti-
body (Sigma, St. Louis, MO) by Western blot analysis. As
described previously (8), Ebolavirus VP40 protein was detected
as a double band due to an internal start codon. For our
analysis, the amount of VP40 was calculated as the sum of both
bands by using a CS analyzer, version 2.08d (Atto, Japan).
Wild-type Rab1a and Rab1b and their dominant-negative mu-
tants were expressed in transfected cells at similar levels (Fig.
2B, “Cell Lysate, Anti-FLAG”). Ebolavirus VP40-induced
VLP formation was not appreciably affected by coexpression of
wild-type or dominant-negative Rab1a protein (“N124I” or
“S25N”), or by coexpression of wild-type Rab1b protein (Fig.
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2B). However, VLP formation was moderately decreased when
VP40 was coexpressed with the dominant-negative variants of
Rab1b (Fig. 2B, “N121I” and “S22N”).

To visually evaluate the involvement of Rab1a and Rab1b in
Ebolavirus VP40 transport, we examined the morphology of
human embryonic kidney (293) cells expressing VP40 fused to
the Venus reporter protein (Fig. 2C). Cells were transfected
with a Venus-VP40 expression plasmid or a Venus control
plasmid and observed 24 h later by confocal microscopy
(LSM510 system; Carl Zeiss, Germany). Cells expressing the
Venus reporter protein (Fig. 2C, “Venus”) were morphologi-
cally indistinguishable from nontransfected cells (data not
shown). Expression of the Venus-VP40 fusion protein resulted
in the formation of filamentous fibers protruding from the cell
body (Fig. 2C, “Venus-VP40,” arrowheads), which may repre-
sent sites of Ebolavirus VLP budding. The morphology of cells
coexpressing Venus-VP40 and Rab1a, Rab1b, or Rab1a dom-
inant-negative mutants (Fig. 2D) was similar to that of Venus-
VP40-expressing cells (Fig. 2C). In contrast, coexpression of
Rab1b dominant-negative mutants (Rab1b_N121I and
Rab1b_S22N) resulted in fewer protrusions from the cell sur-
face, potentially suggesting less efficient VLP formation. A
similar effect was observed with Sar1 dominant-negative mu-

tants, which are the well-characterized COPII transport inhib-
itors (26). Collectively, these data suggest a role for Rab1b in
Ebolavirus VP40-mediated VLP production.

Role of GBF1 in VP40-induced VLP formation. Both Rab
isoforms (Rab1a and Rab1b) are critical for the tethering of
COPII-derived vesicles on the ERGIC and cis-Golgi mem-
brane, and the dominant-negative effect of each isoform is
antagonized by the other (15). Hence, for COPII transport, the
downregulation of one Rab1 isoform can be compensated for
by the other. Our finding that dominant-negative Rab1b mu-
tants reduce the efficiency of Ebolavirus VP40-mediated VLP
formation thus points to an additional role for Rab1b in
Ebolavirus virion formation. In fact, Rab1b also plays a role in
COPI complex assembly at the cellular membrane (13) (Fig.
1B). Rab1b activates the guanine nucleotide exchange factor
GBF1 (Golgi-specific BFA [brefeldin A] resistance factor 1)
(1, 13), which catalyzes the GDP/GTP exchange of the GTPase
ARF1 (ADP ribosylation factor 1) (9). Activated ARF1 then
recruits coat protein to cellular membranes for the assembly of
COPI vesicles (1, 13).

To test whether dominant-negative Rab1b mutants interfere
with Ebolavirus virion formation by affecting GBF1, we cloned
the N-terminally FLAG-tagged ORF of GBF1 (NM_004193)
into pCAGGS/MCS. A dominant-negative mutant of GBF1
which abolishes the ARF1 nucleotide-exchange activity was
created by replacing glutamic acid with lysine at position 794
(FLAG-GBF1_E794K) (5, 21). As reported, expression of
dominant-negative GBF1 resulted in the relocalization of
GM130 (a Golgi marker) to the cytoplasm in a dotted staining
pattern (Fig. 3A, arrows) (5). We then asked whether this
mutant inhibited VLP production (Fig. 3B). Expression of
FLAG-GBF1 (Fig. 3B, lane 2, “Anti-FLAG”) or its dominant-
negative variant (Fig. 3B, lane 3, “Anti-FLAG”) did not affect
VP40 expression levels in plasmid-transfected 293T cells. How-
ever, the efficiency of Ebolavirus VP40-induced VLP formation
was reduced upon coexpression of FLAG-tagged, dominant-
negative GBF1 (Fig. 3B, lane 3), but not FLAG-GBF1 (Fig.
3B, lane 2). We next visually evaluated the involvement of
GBF1 in Ebolavirus VP40 intracellular transport by using a
Venus-VP40 fusion protein (Fig. 3C). The dominant-negative
GBF1 mutant (GBF1_E794K) reduced the number of cell
protrusions induced by Venus-VP40, similar to that seen with
the Rab1b dominant-negative mutants (Fig. 2D). These results
suggest that GBF1 is required for efficient Ebolavirus VP40
intracellular transport and VP40-induced virion formation.

Role of ARF1 in VP40-induced VLP formation. Our findings
suggest that efficient Ebolavirus VLP formation relies on func-
tional Rab1b and GBF1. After activation by Rab1b, GBF1
catalyzes the activation of the GTPase ARF1, a critical factor
in the recruitment of COPI complexes to the cellular mem-
brane (Fig. 1B). To assess the role of ARF1 in Ebolavirus
VP40-induced VLP formation, we generated a FLAG-tagged
version of the ORF of ARF1 (NM_001024226) in pCAGGS/
MCS. We also generated a dominant-negative mutant by re-
placing threonine with asparagine at position 31 (FLAG-
ARF1_T31N) and a constitutively active mutant by replacing
glutamine with leucine at position 71 (FLAG-ARF1_Q71L)
(24). Both mutants affected ER-to-Golgi compartment trans-
port, as assessed by use of a SEAP assay (Fig. 4A), although
different mechanisms were likely involved: the dominant-neg-

FIG. 1. Schematic diagram of COPI and COPII transport systems.
(A) COPI and COPII transport systems. COPII vesicles transport
cargo from the ER to the Golgi compartment (anterograde transport).
COPI vesicles transport cargo from the Golgi compartment to the ER
(retrograde transport), but also play a role in anterograde cargo trans-
port from the ERGIC to the Golgi compartment. (B) COPI vesicle
formation. Rab1b activates GBF1, which then activates ARF1 (step 1).
Activated ARF1 recruits preassembled COPI complexes to the Golgi/
ERGIC membrane (step 2). Assembled COPI complexes recruit
cargo, followed by membrane curvature (step 3).
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ative mutant is enzymatically inactive (21), whereas the con-
stitutively active mutant is locked in the GTP-bound stage and
lacks GDP/GTP recycling activity, which likely accounts for its
negative effect on membrane trafficking (3). Wild-type and
mutant ARF1 proteins were expressed at similar levels in plas-
mid-transfected 293T cells (Fig. 4B, lanes 2 to 4, “Anti-
FLAG”), and their expression did not affect VP40 protein
expression levels (compare lanes 2 to 4 with lane 1). Interest-
ingly, overexpression of FLAG-ARF1 (Fig. 4B, lane 2) re-
duced the efficiency of VLP production to 42% of that of cells
expressing endogenous ARF1 only (Fig. 4B, lane 1). ARF1
executes a critical regulatory role in COPI assembly and the
regulation of vesicle transport between the ER and Golgi com-
partment (7); its overexpression may disturb the balance be-
tween anterograde and retrograde ER-to-Golgi compartment
transport and thereby interfere with the efficient formation of
Ebolavirus VLPs. Coexpression of VP40 with the dominant-
negative ARF1 mutant (Fig. 4B, lane 3) or the constitutively
active variant, which is known to affect membrane trafficking
(24) (Fig. 4B, lane 4), further reduced the amounts of Ebola-
virus VP40-induced VLPs. Consistent with these findings, over-

expression of wild-type or mutant ARF1 reduced the number
of VP40-induced cell protrusions relative to control cells (Fig.
4C), similar to the effect observed with dominant-negative
mutants of Rab1b or GBF1 (Fig. 2D and 3C). These data
demonstrate a role for ARF1 in the efficient formation of
Ebolavirus VP40-mediated VLP production.

Here, we show that dominant-negative mutants of Rab1b,
but not nonfunctional variants of Rab1a, reduce Ebolavirus
VP40-mediated VLP production (Fig. 2). Both isoforms are
interchangeable in their ability to tether COPII complexes to
the ERGIC and cis-Golgi membranes (15), suggesting that the
inhibitory effect of Rab1b is mediated through a different path-
way. In addition to its role in COPII vesicle transport, Rab1b
also plays a role in COPI transport by activating GBF1, which
in turn activates ARF1, a GTPase required for COPI recruit-
ment (Fig. 1B). Here, we demonstrate that dominant-negative
mutants of GBF1 and ARF1 reduce the efficiency of Ebolavirus
VP40-mediated VLP formation—findings that suggest a direct
or indirect role for COPI vesicle transport in Ebolavirus VP40
transport to the plasma membrane.

COPI complexes function primarily in retrograde transport

FIG. 2. Dominant-negative mutants of Rab1b reduce Ebolavirus VLP production. (A) Inhibition of secretory pathways by dominant-negative
mutants of Rab1a or Rab1b. Secreted alkaline phosphatase (SEAP) was coexpressed with Rab1a, Rab1b, or their dominant-negative mutants in
293 cells. Twenty-four hours posttransfection, SEAP activities were measured. For cells expressing wild-type Rab1 proteins, the secretion index
(i.e., the ratio of SEAP activity detected in the culture supernatant to the cell-associated SEAP activity) was defined as 100%. Experiments were
carried out in triplicate. (B) Ebolavirus VP40-induced VLP production is reduced by dominant-negative Rab1b mutants. VP40 was coexpressed
in 293T cells in the absence (“Empty”) or presence of FLAG-Rab1a, FLAG-Rab1b, or their dominant-negative mutants (“N124I” or “S22N” and
“N121I” or “S22N,” respectively). Twenty-four hours posttransfection, the released VLPs and total cell lysates were analyzed by Western blot
analysis with an anti-FLAG antibody or an anti-VP40 antibody. The intensities of the VP40 double bands were quantified, and VLP release
efficiencies were calculated based on the ratio of VP40 in VLPs and cell lysates. The values obtained with wild-type Rab1a and Rab1b proteins
were set to 100%. The results shown are representative of three independent experiments. (C) Morphological changes in cells expressing
Venus-VP40 fusion protein. The reporter protein Venus or Venus-VP40 fusion protein was expressed in 293 cells. Twenty-four hours posttrans-
fection, the cells were imaged by using confocal microscopy. Arrowheads indicate filamentous cell protrusions. (D) Dominant-negative Rab1b
mutants reduce the frequency of VP40-induced formation of cell protrusions. Venus-VP40 was coexpressed with wild-type or dominant-negative
Rab1 proteins in 293 cells. The cells were imaged 24 h posttransfection by using confocal microscopy.
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from the Golgi compartment to the ER, but also play a role in
anterograde transport from the ER to the Golgi compartment
(16) (Fig. 1A). COPI-mediated retrograde transport is in-
volved in the “capture” and “recycling” of transport cargo that
escapes from the ER (12). Ebolavirus may usurp this mecha-
nism to maximize the efficiency of VP40 transport to the plasma
membrane. Alternatively, Ebolavirus may exploit the COPI-me-
diated anterograde transport system and COPII-mediated trans-
port for efficient VP40 delivery to the plasma membrane.

In a different scenario, the COPI system may play an indirect
role in Ebolavirus VP40 transport to the membrane. The up- or
downregulation of COPI transport can cause an imbalance
between anterograde and retrograde transport between the
ER and Golgi compartment, as demonstrated by ARF1 mu-
tants that resulted in the disassembly of Golgi components (3).
Hence, downregulation of the COPI-mediated Golgi compart-
ment-to-ER transport may deplete the cell of reshuttled mem-
brane components and, through this mechanism, affect Ebola-
virus virion formation. Further studies are needed to assess the
exact role of the COPI transport system in the Ebolavirus life
cycle.

Here, we present data that further our understanding of the
cellular pathways employed by Ebolavirus. Such knowledge

may help in the identification of potential targets for the de-
velopment of antivirals to Ebolavirus infections.
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