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Ebola virus particle formation and budding are mediated by the VP40 protein, which possesses overlapping
PTAP and PPXY late domain motifs (7-PTAPPXY-13). These late domain motifs have also been found in the
Gag proteins of retroviruses and the matrix proteins of rhabdo- and arenaviruses. While in vitro studies
suggest a critical role for late domain motifs in the budding of these viruses, including Ebola virus, it remains
unclear as to whether the VP40 late domains play a role in Ebola virus replication. Alteration of both late
domain motifs drastically reduced VP40 particle formation in vitro. However, using reverse genetics, we were
able to generate recombinant Ebola virus containing mutations in either or both of the late domains. Viruses
containing mutations in one or both of their late domain motifs were attenuated by one log unit. Transmission
and scanning electron microscopy did not reveal appreciable differences between the mutant and wild-type
viruses released from infected cells. These findings indicate that the Ebola VP40 late domain motifs enhance
virus replication but are not absolutely required for virus replication in cell culture.

Ebola virus and its close relative the Marburg virus comprise
the family Filoviridae. This name derives from the filamentous
form of virus particles that are approximately 80 nm in diam-
eter but lack uniform length. The surfaces of filovirus particles
are decorated with the glycoprotein GP, which binds to cellular
receptors and mediates the fusion of viral and cellular mem-
branes (reviewed in references 6, 19, and 32). The VP40 matrix
protein, a major structural component of the virion, is associ-
ated with the inner leaflet of the membrane, and a third mem-
brane-associated protein, VP24, was recently shown to be in-
volved in nucleocapsid formation (15). The interior of the
virion accommodates a single-stranded, nonsegmented, nega-
tive-sense RNA genome, which is encapsidated by the nucleo-
protein NP and is associated with the polymerase protein L,
and the VP30 and VP35 proteins, both of which participate in
the regulation of replication and transcription (29, 51).

The VP40 protein is the driving force in Ebola virus particle
formation and budding (reviewed in reference 32). Its expres-
sion in eukaryotic cells induces the formation and release of
virus-like particles (13, 20, 34, 44). We (34) along with others
(44) have found that these particles resemble GP-deficient
(spikeless) filoviruses, whereas another group of investigators
(1) found only membrane fragments. The reasons for this dis-

crepancy are unclear but may reflect different levels of protein
expression. GP expression also induces particle formation;
however, these particles are neither filamentous nor uniform in
diameter (34, 46). Coexpression of VP40 and GP results in the
formation of spiked, virus-like particles of uniform diameter
that are indistinguishable from Ebola virus particles on elec-
tron microscopic evaluation (34). These particles are also more
efficiently released from cells than particles formed as a result
of VP40 expression alone (1, 26, 34), indicating that Ebola
virus particle formation is primarily regulated by VP40 and
that GP augments this process.

Late domains—so called because of their role late in viral
infection (52)—are small, conserved motifs that are crucial for
the budding of virus-like particles (reviewed in reference 7).
Late domains have been identified in the matrix proteins of
rhabdo-, arena-, and filoviruses and in the Gag proteins of
retroviruses. Three distinct classes have been described to
date: PPXY, P(T/S)AP, and YXXL (where X is any amino
acid). The YXXL motif appears in the Gag protein of equine
infectious anemia virus (37) and in the gp30 protein of bovine
leukemia virus (16). While most lentiviruses, including human
immunodeficiency virus type 1 (HIV-1) (10) and HIV-2 (30),
carry P(T/S)AP motifs in their Gag proteins, the Gag proteins
of oncoretroviruses, such as Rous sarcoma virus (53) and
Moloney murine leukemia virus (57), are characterized by a
PPXY motif. For a growing number of viruses including
rhabdo-, arena-, filo- and oncoretroviruses, closely spaced
PPXY and P(T/S)AP motifs have been identified (Table 1).
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The contributions of both motifs to viral budding have been
assessed for Mason-Pfizer monkey virus (11, 54), human T-cell
leukemia virus type 1 (HTLV-1) (2, 3, 14, 23, 49), Lassa virus
(35, 43), and vesicular stomatitis virus (VSV) (17, 18).

Recent studies suggest that late domain-containing viruses
usurp the cellular ubiquitination and endosomal sorting ma-
chinery to promote particle formation and release, although
the exact mechanism(s) by which they achieve this remains
unknown. Sequential interactions between cellular cargo pro-
teins and ESCRT-I, -II, and -III (endosomal sorting complex
required for transport) deliver cargo to vesicles that bud into
late endosomes, thereby forming multivesicular bodies (re-
viewed in reference 39). Viruses are believed to commandeer
this cellular protein sorting pathway at different entry points:
(i) mono-ubiquitination of cargo protein, which is critical for
the recognition of these cargo proteins by the endosomal sort-
ing machinery and is achieved through the interaction of the
PPXY motif with Nedd4-like E3 ubiquitin ligases (12, 13, 41,
55); (ii) interaction of the P(T/S)AP motif with Tsg101 (tumor
susceptibility gene 101) (9, 28, 45), a component of the
ESCRT-I complex; (iii) recognition of the YXXL motif by a
subunit of the clathrin adaptor complex type 2 (AP2) (38),
which is involved in the endocytosis of proteins into clathrin-
coated pits, and by the class E vacuolar protein sorting protein
AIP1 (42, 48), which interacts with a component of the
ESCRT-III complex.

The VP40 proteins of both the Ebola and Marburg viruses
contain late domains at the amino termini. Marburg virus
VP40 harbors a PPXY motif, whereas Ebola virus VP40 is
unique in possessing overlapping PTAP and PPXY motifs
(PTAPPEY at amino acids 7 to 13) (Table 1). Several studies
have assessed the role of plasmid-expressed Ebola VP40 pro-
tein in particle formation and found that both motifs are crit-
ical to the efficiency of this process (13, 20, 25, 27, 28). Yet
none of these studies examined the significance of the Ebola
VP40 late domain motifs for the viral life cycle, leaving in
question their impact on virus replication. We therefore ex-
ploited reverse genetics (that is, the generation of Ebola virus
entirely from cloned cDNA [31, 47]) to assess the role of the
VP40 late domain motifs of Ebola virus for budding in the
context of replicating Ebola virus.

MATERIALS AND METHODS

Cells. Human embryonic kidney (293T) or African green monkey kidney
(Vero E6) cells were maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal calf serum, 2% L-glutamine, and a penicillin-strepto-
mycin solution (Sigma). Cells were maintained at 37°C in 5% CO2.

Construction of plasmids. We described plasmid pCEboZVP40 in detail in a
previous report (20). Briefly, it contains the coding sequence for the VP40
protein of Ebola virus Zaire (Mayinga strain) under the control of the chicken
�-actin promoter in the eukaryotic protein expression vector pCAGGS/MCS (22,
33). Derivatives thereof containing amino acid substitutions in the late domain
motifs were generated by site-directed mutagenesis using a QuikChange site-
directed mutagenesis kit (Stratagene). The names of the resulting plasmids
reflect the amino acid substitution(s) in VP40; for example, pCEboZVP40/P7A
encodes a VP40 protein in which the proline at position 7 was replaced with
alanine (see Fig. 1A).

Plasmids pCEZ-NP, pCEZ-VP30, pCEZ-VP35, pCEZ-L, pCEboZGP, and
pCEboVP24 are described in our previous publications (31, 50). The plasmids
contain the respective Ebola virus protein in the eukaryotic expression vector
pCAGGS/MCS; plasmid pC-T7pol contains the gene encoding the T7 RNA
polymerase in pCAGGS/MCS.

Plasmid pTM-T7G-Ebo-Rib (31) contains a T7 RNA polymerase promoter, a
cDNA encoding the full-length genome of Ebola virus Zaire (Mayinga strain),
and a ribozyme sequence. To alter the VP40 late domain motif(s), the respective
amino acid(s) was replaced with alanine by site-directed mutagenesis
(QuikChange Site-Directed Mutagenesis Kit; Stratagene), resulting in pTM-
T7G-Ebo-Rib-P7A, pTM-T7G-Ebo-Rib-P10A, pTM-T7G-Ebo-Rib-P7A-P11A,
and pTM-T7G-Ebo-Rib-P10A-P11A. Modification of the wild-type sequences to
create the desired mutant counterparts was verified by sequence analysis. For all
constructs used in this study, PCR-amplified regions were also subjected to
sequence analysis to verify the absence of unwanted mutations.

Transfection of cells with plasmids for the expression of wild-type or mutant

FIG. 1. Ebola VP40 late domain mutants and their effects on par-
ticle formation. (A) Ebola virus VP40 PTAP (italics) and PPXY (bold)
late domain motifs and mutants thereof. Mutated amino acids are
underlined. (B) Western blot analysis. Cells were transfected with
plasmids expressing wild-type VP40 or late domain mutants. Cell ly-
sates and supernatants were assayed with an antibody to VP40 for
protein expression and particle formation, respectively.

TABLE 1. Comparison of late domain motifsa

Virus Sequence Protein

Ebola virus PTAPPEY VP40
Marburg virus XXXPPXY VP40
VSV XXXPPPYXXXXXXXXXPSAP M
Lassa virus PTAPXXXXXXXXPPPY Z
HTLV-1 XXXPPPYXXPTAP Gag
M-PMV XXXPPPYXXXXPSAP Gag

a Alignment of the PTAP (italics) and PPXY (bold) late domain motifs and
the respective proteins in which they appear. M-PMV, Mason-Pfizer monkey
virus.
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VP40 protein. DNA and transfection reagent (2 �l per �g DNA) (Trans IT-LT1;
Panvera) were mixed in Opti-MEM (Gibco-BRL), incubated for 30 min at room
temperature, and added to the cells. Transfected cells were incubated at 37°C
until the cell monolayer or supernatant was harvested.

Particle formation assay. Twenty-four hours posttransfection of 293T cells
with plasmids pCEboZVP40, pCEboZVP40-P7A, pCEboZVP40-P11A,
pCEboZVP40-P7A-P11A, pCEboZVP40-P10A-P11A, or pCEboZVP40-M14A,
the culture medium was collected and cleared of cellular debris by centrifugation
at 2,000 rpm in a tabletop Allegra 6R centrifuge (Beckman Coulter, Fullerton,
Calif.) at 4°C for 10 min. The cleared supernatant was layered onto a 20%
sucrose (in phosphate-buffered saline) cushion and centrifuged at �92,000 � g
for 90 min at 4°C. The particle-containing pellet was then lysed in cold cell lysis
buffer (50 mM Tris, 150 mM NaCl, 0.5% Triton X-100, pH 7.4) and mixed with
2� Endurance loading buffer (ISC BioExpress, Kaysville, Utah). The sample was
then heated at 100°C for 5 min before 20% of the sample was separated on a 12%
polyacrylamide gel. The cell monolayer was also lysed in cold cell lysis buffer and
then centrifuged at �10,600 � g for 10 min to clear cellular debris. This lysate
was then mixed with 2� Endurance loading buffer, and 2% of the total sample
was separated by gel electrophoresis. Resolved proteins were detected with a
rabbit polyclonal anti-VP40 antibody by Western blotting as described previously
(20).

Generation of infectious Ebola virus. Ebola virus was generated as described
previously (31). Briefly, 5 � 105 cells of a Vero E6/293T coculture were trans-
fected with 1 �g of the appropriate plasmid for the synthesis of wild-type or
mutant Ebola virus cRNA, together with the following amounts of protein
expression plasmids: 1 �g of pCEZ-NP, 0.3 �g of pCEZ-VP30, 0.5 �g of
pCEZ-VP35, 2 �g of pCEZ-L, and 1 �g of pC-T7Pol. Four days after transfec-
tion, supernatants were collected and used to infect fresh Vero E6 cells. All
experiments for the generation of Ebola virus as well as the characterization of
recombinant Ebola virus were carried out in the BSL-4 facility at the National
Microbiology Laboratory, Winnipeg, Canada.

TEM and SEM. Vero E6 cells infected with wild-type or mutant Ebola virus
were fixed and inactivated with 2.5% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4) prior to removal from the BSL-4 facility and postfixed with 2% osmium
tetroxide. Samples were stained en bloc with 1% aqueous uranyl acetate, and
then processed for transmission electron microscopy (TEM) as described else-
where (34). For scanning electron microscopy (SEM), samples were dehydrated
via a series of ethanol gradients, substituted with t-butanol, and dried in a Hitachi
ES-2030 freeze dryer. Dried specimens were then coated with osmium tetroxide
(HPC-1S osmium coater; Vacuum Device, Inc.) and examined under a Hitachi
S-4200 microscope.

RESULTS

VP40 late domains promote efficient particle formation in
VP40-expressing cells. Previously, we reported that substitu-
tion of the proline residues at positions 10 and 11 of VP40
significantly decreased VP40-induced particle formation in
transfected cells (20). These mutations affected both the PTAP
and PPEY motifs (Fig. 1A); therefore, the individual contri-
butions of these motifs to VP40-induced particle formation
could not be assessed. We therefore generated the following
VP40 late domain mutants (Fig. 1A): VP40-P7A, in which the
proline residue at position 7 was replaced with alanine to alter
the PTAP motif without affecting the PPEY motif; VP40-
P11A, in which the proline at position 11 was replaced with
alanine to alter the PPEY motif while leaving the PTAP motif
intact; and VP40-P7A-P11A, in which both late domains were
altered. For all experiments, we also included plasmid VP40-
P10A-P11A (formerly referred to as VP40AAXY [20]) in
which both late domain motifs were mutated. A protein ex-
pression plasmid (pCEboZVP40) containing authentic late do-
main motifs served as a control. Cell lysate prepared from
plasmid-transfected cells served as a control for VP40 expres-
sion levels. Expression of wild-type VP40 induced the forma-
tion of virus-like particles (Fig. 1B, lane 1). The second band of
lower molecular weight that was observed for the cell lysate

(Fig. 1B, arrow) has been described previously by us (20) and
by others (13, 25). Mass spectrometry of this molecule showed
it to be a carboxyl terminal truncation product (L. Jasenosky
and Y. Kawaoka, unpublished data), not a product of internal
initiation of translation, as we had previously speculated. Al-
teration of the PTAP motif (mutant VP40-P7A) had only mod-
est effects on particle formation (lane 2), in accordance with
the findings of others (13, 25, 28); however, mutation of the
PPXY motif (mutant VP40-P11A) had a pronounced effect on
budding efficiencies (lane 3). Modification of both late domain
motifs (i.e., VP40-P7A-P11A or VP40-P10A-P11A) further re-
duced budding efficiencies (lanes 4 and 5). Taken together,
these results confirmed that both of the late domain motifs
play critical roles in VP40 particle production and that the
PPEY motif is more imperative to this process than is the
PTAP motif.

Generation of recombinant Ebola viruses containing muta-
tions in the VP40 late domain(s). To determine the signifi-
cance of the VP40 late domain motifs of Ebola virus for virus
replication, we made use of our system for the generation of
Ebola virus entirely from cloned cDNA (31). We modified
plasmid pTM-T7G-Ebo-Rib, which contains ribozyme se-
quences and the full-length Ebola viral cDNA in the positive-
sense orientation under the control of a T7 RNA polymerase
promoter, by altering the VP40 late domains individually and
in combination, as outlined in Fig. 1A. The resulting plasmids
were designated pTM-T7G-Ebo-Rib-P7A, pTM-T7G-Ebo-
Rib-P11A, pTM-T7G-Ebo-Rib-P7A-P11A, and pTM-T7G-
Ebo-Rib-P10A-P11A. Mixtures of Vero E6 and 293T cells
were then transfected with the respective plasmid for the tran-
scription of wild-type or mutant viral RNA, with plasmids
expressing the Ebola viral proteins that are required for the
replication/transcription of viral RNA (i.e., NP, VP30, VP35,
and L), and with pC-T7pol for the expression of the T7 RNA
polymerase. Four days later, supernatants derived from plas-
mid-transfected cells were used to infect fresh Vero E6 cells.
All four late domain mutant viruses were recovered, indicating
that these motifs are not essential for growth of Ebola virus in
cell culture. Sequence analyses of these mutant viruses con-
firmed the presence of the desired mutation(s) in VP40. To
ensure that the loss of late domain functions was not compen-
sated for by mutations in other regions of VP40 and/or muta-
tions in GP and/or VP24 (which likely interact with VP40
during virion assembly and budding), we sequenced these
genes after three consecutive passages in Vero E6 cells. In
addition, we also determined the sequences of the NP, VP30,
and VP35 genes. For the VP40 late domain mutants, we did
not detect mutations in either of these genes. These findings
indicated that the VP40 late domains are indeed dispensable
for Ebola virus replication in cell culture.

Are Ebola viruses containing mutant VP40 late domain mo-
tifs attenuated in cell culture? To determine whether Ebola
viruses with altered VP40 late domain motifs are impaired in
their assembly and/or budding efficiencies, we assessed their
growth competency. Vero E6 cells were infected at a multi-
plicity of infection (MOI) of 0.01 or 1, and supernatants were
collected on days 0 (i.e., at 2 h postinfection) to 4 postinfection
(p.i.); for cells infected at a low MOI, we collected additional
samples on days 6, 8, and 10 p.i. All experiments were carried
out in triplicate. Wild-type virus grew to 1.2 � 107 PFU at 10
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days p.i. (Fig. 2A). The VP40-P7A mutant, which bears one
functional late domain, grew to slightly reduced titers (4.5 �
106 PFU). The remaining mutants, i.e., VP40-P11A, VP40-
P7A-P11A, and VP40-P10A-P11A were modestly attenuated,
reaching 2.3 � 106, 1.9 � 106, and 1.1 � 106 PFU, respectively.
To determine if the slight delay in replication could be relieved
by infecting cells at a higher MOI, we examined viral growth
kinetics in cells infected with an MOI of 1. Wild-type Ebola
virus reached 1.3 � 106 PFU at 4 days p.i. (Fig. 2B). Mutant
viruses VP40-P7A, VP40-P11A, and VP40-P7A-P11A were
slightly attenuated early in infection but reached titers ranging
from 3.5 � 105 to 1.5 � 106 PFU at 4 days p.i. The VP40-
P10A-P11A mutant was modestly attenuated early in infection
but reached a final titer of 3.9 � 105, which is comparable to

titers obtained for the other mutant viruses. These results
indicated that while functional VP40 late domain motifs are
not essential for Ebola virus replication in cell culture, they do
support efficient virus growth.

Are Ebola viruses that lack functional late domains im-
paired in their budding ability? Mutations in viral late do-
mains have been reported to affect particle size (8) and to
arrest viruses at various stages of the budding process (2, 11,
14, 21, 23). To assess whether mutation of the VP40 late
domains of Ebola virus similarly affect virus particle formation,
we performed TEM and SEM. TEM on ultrathin sections of
Vero E6 cells infected with wild-type virus revealed virions
budding from the plasma membrane (Fig. 3A). Similar bud-
ding scenes were observed for all mutants, including the dou-
ble mutants VP40-P7A-P10A and VP40-P10A-P11A, which
suggests that alteration of the late domain motifs does not
appreciably alter the shape of budding virions. Furthermore,
we did not observe “tethered” viruses, which have been ob-
served for mutants with altered P(T/S)AP motifs (2, 11, 14, 23).
Of note, fewer of the cells infected with the double mutants
produced virus, even though all of the cells were infected at the
same MOI (data not shown). SEM studies also demonstrated
no drastic differences in the shape of budding virions between
cells infected with wild-type virus or mutants lacking both late
domain motifs (VP40-P7A-P10A and VP40-P10A-P11A) (Fig.
3B). Thus, neither TEM nor SEM revealed an appreciable
effect of VP40 late domain mutations on the morphology of
budding virions.

DISCUSSION

While many studies have examined and demonstrated a role
for late domains in virus-like particle formation and release in
vitro, relatively few of them went on to assess the impact of
mutations in these domains on the replication competency of
the mutant viruses. With respect to Ebola virus, no such studies
have been done. For VSV, alteration of either the PPXY or
the PSAP motif attenuated mutant viruses by 1 to 2 log units
(17), comparable to our findings with Ebola virus. One study
has shown that alteration of the PTAP motif of the HIV Gag
protein markedly reduces particle formation and results in
viruses that fail to replicate efficiently (4). In other studies of
the YXXL motif of equine infectious anemia virus (24) or
bovine leukemia virus (16), the authors found no strict corre-
lation between virion production and the replication efficiency
of the mutant viruses. They did find that some late domain
mutations that had no effect on particle formation rendered
the mutant viruses replication deficient, suggesting that pro-
cesses other than particle formation and release (such as virion
incorporation of viral genomes and/or other viral proteins)
were affected by these mutations. Together, these studies dem-
onstrate that late domains play a critical role in virus replica-
tion but that in vitro budding assays may not fully reveal the
significance of late domain(s) to the viral life cycle. To over-
come this potential limitation, we used a reverse genetics sys-
tem that allows the artificial generation of Ebola virus from
cloned cDNA to generate viruses mutated in their VP40 PTAP
and/or PPXY motifs and assessed the growth kinetics of these
viruses in cell culture. Compared to wild-type virus, late do-
main mutants were attenuated by one log unit but still reached

FIG. 2. Growth curves of wild-type and mutant Ebola viruses in cell
culture. Vero E6 cells were infected at an MOI of 0.01 (A) or 1 (B) and
virus titers were determined at the time points indicated. All experi-
ments were carried out in triplicate. Error bars represent the standard
deviations.
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FIG. 3. Electron micrographs of cells infected with wild-type or
mutant Ebola viruses. Vero E6 cells were infected with wild-type or
mutant Ebola viruses and processed for TEM (A) or SEM (B) as
described. In panel B, images are of cells infected with wild-type virus
(top), VP40-P7A-P11A (middle), or VP40-P10-P11A (bottom). Bar,
200 nm.
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appreciable titers (ranging from 1.1 � 106 to 4.5 � 106 PFU),
suggesting that the VP40 late domains are not absolutely re-
quired for Ebola virus replication in cell culture. Our finding
that a virus with mutations in both late domain motifs was
slightly more attenuated early in infection than those bearing
one functional motif suggests a contribution of both domains
to efficient viral replication. Mutant VP40-P10A-P11A ap-
peared to be somewhat more attenuated than VP40-P7A-
P11A, which may reflect structural differences between the two
mutant proteins or a less prominent role for the proline resi-
due at position 7 in late domain function(s).

Passage of mutant Ebola viruses did not yield revertants.
Serial passages of HIV viruses containing mutations in the
PTAP motif of their Gag protein led to revertants that restored
the late domain motif (4). This finding underscores the critical
role of the late domain in the HIV Gag protein for the viral life
cycle. By contrast, after three consecutive passages, our mutant
Ebola viruses did not revert, and no compensating mutations in
the VP40 late domain motifs were detected. Moreover, se-
quence analyses established the absence of mutations in VP24
and GP, which play roles in the formation of nucleocapsids and
virions and in the release of infectious particles (15; reviewed
in reference 32). The absence of strong selective pressure on
Ebola viruses containing mutant VP40 late domains—in con-
trast to that exerted on mutant HIV viruses that resulted in

revertants for HIV Gag—further suggests that the Ebola virus
VP40 late domains are not required for virus replication in cell
culture.

Effect of late domain mutations on virus budding. In most
systems tested, viruses with alterations in their PPXY motif are
unable to complete the budding process, resulting in electron-
dense structures underneath the plasma membrane. By con-
trast, viruses containing mutations in their P(T/S)AP motifs
often appear as immature particles tethered to cellular mem-
branes and to each other (2, 11, 14, 23). Other groups have
reported that mutations in the PPXY motif arrest VSV (21) or
Mason-Pfizer monkey virus (54) release and that mutations in
the P(T/S)AP motif have an early effect on budding (5). In fact,
one study has shown that the PPXY and P(T/S)AP motifs of
HTLV-1 Gag can arrest virions at either early or late stages in
the budding process (49), depending on the nature of the
amino acid substitution. Replacement of the VSV PSAP motif
did not significantly affect the number or shape of budding
viruses (17), similar to our findings with the alteration of the
Ebola virus PTAP motif. It is unclear whether these discrep-
ancies reflect differences in the experimental systems used,
differences among the viruses in their requirements for host
cell factors, or differences in cell type dependence of the bud-
ding processes (40, 56). As judged by TEM, Ebola viruses
mutated in their VP40 PPXY motif are released from infected
cells in numbers similar to those observed for wild-type virus,
which is evidence against a significant defect in the budding
process. This is consistent with our finding that these mutant
viruses are only slightly attenuated.

Why do viruses contain two late domain motifs? For a grow-
ing number of viruses from different families, two closely
spaced late domain motifs have been identified (Table 1).
Based on earlier findings that late domains are functionally
interchangeable (reviewed in reference 7), it was assumed that
these motifs perform redundant functions. However, for
HTLV-1 Gag, both the PPXY motif and the PTAP motif are
required for efficient particle formation, although the PPXY
motif seems to be the more critical (2, 3, 14, 49). This finding
is consistent with our data on Ebola virus-like particles (Fig.
1B) (20) and the findings of others (13, 25). By contrast, mu-
tagenesis of the PTAP motif has yielded conflicting data. While
one group of investigators reported a significant reduction in
particle formation (28), another group found a modest in-
crease (25). These discrepancies may reflect the use of differ-
ent systems and/or different protein expression levels. Since
ubiquitinated Gag has an increased affinity for Tsg101 (36), it
may be that the PPXY motif recruits Nedd4-like ubiquitin
ligases so that the PTAP motif can mediate the efficient inter-
action of the ubiquitinated Gag protein with Tsg101. Efficient
virion formation and budding may thus rely on the successive
interactions of late domain proteins with Nedd4-like ubiquitin
ligases and Tsg101 (2). While Ebola VP40 is ubiquitinated by
Nedd4-like ubiquitin ligases (13), it is currently not known if
this event subsequently increases the affinity of VP40 for
Tsg101.

In summary, we have demonstrated that the Ebola VP40 late
domains are expendable for viral replication in cell culture.
They do, however, support efficient viral replication, likely via
successive interactions with Nedd4-like ubiquitin ligases and

FIG. 3—Continued.
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Tsg101, by facilitating efficient release of virions from infected
cells.
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