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ABSTRACT Ebola virus (EBOV) is a member of the Filoviridae family and the cause
of hemorrhagic fever outbreaks. The EBOV VP40 (eVP40) matrix protein is the main
driving force for virion assembly and budding. Indeed, expression of eVP40 alone in
mammalian cells results in the formation and budding of virus-like particles (VLPs)
which mimic the budding process and morphology of authentic, infectious EBOV. To
complete the budding process, eVP40 utilizes its PPXY L-domain motif to recruit a
specific subset of host proteins containing one or more modular WW domains that
then function to facilitate efficient production and release of eVP40 VLPs. In this re-
port, we identified additional host WW-domain interactors by screening for potential
interactions between mammalian proteins possessing one or more WW domains and
WT or PPXY mutant peptides of eVP40. We identified the HECT family E3 ubiquitin
ligase WWP1 and all four of its WW domains as strong interactors with the PPXY
motif of eVP40. The eVP40-WWP1 interaction was confirmed by both peptide pull-
down and coimmunoprecipitation assays, which also demonstrated that modular
WW domain 1 of WWP1 was most critical for binding to eVP40. Importantly, the
eVP40-WWP1 interaction was found to be biologically relevant for VLP budding
since (i) small interfering RNA (siRNA) knockdown of endogenous WWP1 resulted in
inhibition of eVP40 VLP egress, (ii) coexpression of WWP1 and eVP40 resulted in
ubiquitination of eVP40 and a subsequent increase in eVP40 VLP egress, and (iii) an
enzymatically inactive mutant of WWP1 (C890A) did not ubiquitinate eVP40 or en-
hance eVP40 VLP egress. Last, our data show that ubiquitination of eVP40 by WWP1
enhances egress of VLPs and concomitantly decreases cellular levels of higher-
molecular-weight oligomers of eVP40. In sum, these findings contribute to our fun-
damental understanding of the functional interplay between host E3 ligases, ubig-
uitination, and regulation of EBOV VP40-mediated egress.

IMPORTANCE Ebola virus (EBOV) is a high-priority, emerging human pathogen that
can cause severe outbreaks of hemorrhagic fever with high mortality rates. As there
are currently no approved vaccines or treatments for EBOV, a better understanding
of the biology and functions of EBOV-host interactions that promote or inhibit viral
budding is warranted. Here, we describe a physical and functional interaction be-
tween EBOV VP40 (eVP40) and WWP1, a host E3 ubiquitin ligase that ubiquitinates
VP40 and regulates VLP egress. This viral PPXY-host WW domain-mediated interac-
tion represents a potential new target for host-oriented inhibitors of EBOV egress.

KEYWORDS E3 ubiquitin ligase, L-domain, PPXY, VLPs, VP40, WW domain, WWP1,
budding, Ebola virus
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iloviruses (Ebola and Marburg) cause sporadic outbreaks of hemorrhagic fever in

primates and humans, the severity of which was highlighted in the most recent and
largest outbreak of Ebola virus (EBOV) in West Africa in 2014 to 2015. The intersection
between filoviral and host proteins that promote viral budding remains of widespread
interest since a better understanding of these interactions and the mechanisms that
govern them will provide new insights into viral biology and pathogenesis.

The filoviral VP40 matrix protein is the most abundant structural protein, and
expression of VP40 alone drives assembly and budding of virus-like particles (VLPs) in
mammalian cells (1-10). To facilitate the efficient release (pinching off) of VLPs, EBOV
VP40 (eVP40) recruits multiple host proteins via its late (L) budding domains (PPXY
and/or PTAP) during the final stages of virion assembly and egress (1, 7, 9-15). For
example, the eVP40 PPXY L-domain motif interacts with HECT family E3 ubiquitin (Ub)
ligases Nedd4 (1, 6, 13, 16-20) and Itch (21), as well as the cytoskeletal remodeling
protein IQGAP1 (12). In general, these virus-host interactions are advantageous for
efficient virus production (1, 14, 15, 18, 19, 22-38). The eVP40 PPXY core motif recruits
host proteins by interacting specifically with one or more of their modular WW domains
(39-47). Indeed, there is an integral degree of specificity in these virus-host interactions
as the eVP40 PPXY motif interacts physically and functionally with a highly select subset
of WW-domain-bearing host proteins (21, 48, 49). Thus, it is of interest to identify and
validate the repertoire of WW-domain-containing host protein interactors that may
influence or regulate eVP40-mediated egress.

In this report, we used both a wild-type (WT) and PPXY mutant peptide of eVP40 to
screen a glutathione S-transferase (GST) array of 115 mammalian proteins containing
one or more Src homology 3 (SH3) or WW domain modules (50). Using this unbiased
approach, we identified WWP1 (WW-domain-containing E3 ubiquitin protein ligase 1)
as a specific interactor with the eVP40 PPXY motif. WWP1, like Nedd4 and ltch, is a HECT
family E3 ubiquitin ligase expressed in a wide array of tissues (e.g., testis, placenta,
spinal cord, and retina) and is involved in regulating cellular and viral processes (24,
51-57). We found that all four tandem WW domains WW1 to WW4 [WW1-4] of WWP1
were able to interact with the eVP40 PPXY motif and that WWP1 WW domain 1 appears
to be the most important domain for binding to eVP40. In addition, we showed that
expression of wild-type WWP1 (WWP1-WT) enhanced egress of eVP40 VLPs and,
importantly, that the E3 ligase activity was required for the enhancement of VLP egress.
Indeed, expression of the enzymatically inactive WWP1 mutant, WWP1-C890A, did not
enhance eVP40 VLP egress although the mutant remained capable of physically
interacting with eVP40. Finally, we showed that WWP1-WT ubiquitinated eVP40 and
that the presence of higher-molecular-weight (MW) oligomers of eVP40 was reduced
significantly in the presence of WWP1-WT but not in the presence of WWP1-C890A.
These findings indicate that a functional interaction between eVP40 and WWP1 leads
to eVP40 ubiquitination, likely promoting more efficient self-assembly, maturation, and
scission of eVP40 VLPs from the plasma membrane (58-61).

RESULTS

Screening of proline-rich reader arrays using eVP40 PPXY peptides. As de-
scribed previously (21, 49) we fluorescently labeled biotinylated peptides containing
either the WT (MRRVILPTAPPEYMEAI) or mutated PPXY motif (MRRVILPTAAAEAMEAI;
motif in boldface) and used them to screen a proline-rich reading array composed of
115 WW-domain- and 40 SH3-domain-containing proteins to detect novel host inter-
actors (Fig. 1). We identified a limited subset of WW-domain interactors with the WT
eVP40 peptide (Fig. 1A, shown in red boxes or ovals) and no WW-domain interactors
with the PPXY mutant peptide. Neither peptide interacted with any of the displayed
SH3 domains. We found that the WT peptide interacted with all four of the tandem WW
domains within host proteins WWP1 and WWP2, as well as with ltch, as we described
previously (Fig. 1A, block C) (21). Here, we will characterize further the physical and
functional interactions between eVP40 and WWP1.
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FIG 1 Proline-rich reading array screen and peptide pulldown. (A) Use of biotinylated eVP40 WT (MRRVILPTAPPEYMEAI[Lys-biotin])
peptide (50 ng) to screen a proline-rich reading array. The GST-WW domain fusion proteins are arrayed in duplicate and at different angles,
as indicated in enlarged box C. Box C shows duplicate samples of all four WW domains from WWP1, WWP2, and ITCH as indicated.
Additional positive interactions are indicated in the highlighted red boxes and ovals (A to H). The eVP40 mutant peptide (MVRRVILPTAA
AEAMEAI[Lys-biotin]) did not interact with any GST-WW domain fusion protein (data not shown). (B) Exogenously expressed FLAG-tagged
WWP1-WT was pulled down with streptavidin beads bound to either eVP40 WT (WT) or PPXY mutant (mut) peptides and detected by
Western blotting using anti-Flag antiserum (top). Expression controls for WWP1 and actin are shown (bottom).

To further evaluate the interaction between eVP40 PPXY and the host WWP1, we
used a peptide pulldown assay of WWP1 transfected cell extracts (Fig. 1B). Briefly,
HEK293T cells were transfected with FLAG-tagged WWP1-WT, and the cell extract was
incubated with streptavidin beads bound with either eVP40 WT or PPXY mutant
peptides (Fig. 1B). WWP1-WT was pulled down by the eVP40 WT peptide but not by the
eVP40 PPXY mutant peptide, as determined by Western blotting (Fig. 1B). The selective
interaction between the eVP40 WT peptide and the WW domains of WWP1 (Fig. 1A) in
conjunction with the results of the peptide pulldown assay (Fig. 1B) suggest that an
eVP40-WWP1 interaction is likely to occur in mammalian cells.

IP/Western analysis of eVP40 and WWP1. We used an immunoprecipitation
(IP)/Western assay to validate the interaction of full-length eVP40 and WWP1 proteins
in mammalian cells as predicted by the results described above. Briefly, HEK293T cells
were mock transfected or transfected with eVP40 WT plus either pCAGGS vector alone,
WWP1-WT, WWP1-C890A, or one of the WW-domain deletion mutants of WWP1, as
indicated in Fig. 2A. Cell extracts were immunoprecipitated with either normal IgG (Fig.
2A, top panel) or polyclonal anti-eVP40 antiserum (Fig. 2A, bottom panel), and FLAG-
tagged WWP1 was detected in precipitated samples by Western blotting using anti-
FLAG antiserum (Fig. 2A). With the exception of mutant WWP1-AWW1-4 (Fig. 2A, lane
9), all other variations of WWP1 were detected, albeit at different levels, in eVP40
precipitates (Fig. 2A, lanes 3 to 8). Of note was the strong interaction detected between
eVP40 and both the enzymatically inactive mutant WWP1-C890A and particularly
WWP1-AWW?2 (Fig. 2A, lane 4), and the weakest interaction was detected between the
eVP40 and mutant WWP1-AWW1 (lane 5). One possibility for the robust interaction
between VP40 and WWP1-AWW?2 is that deletion of WW2 may alter the structure of
WWP1 such that the most important interacting modular domain (WW1) now becomes
more accessible or more efficient at binding to the PPXY motif of VP40. Expression
controls for eVP40 and the various WWP1 proteins (Fig. 2B), as well as controls to
confirm that anti-eVP40 antiserum does not pull down WWP1 (Fig. 2C), are shown. In
sum, these results indicated the following: (i) eVP40 WT interacted with both WT and
enzymatically inactive forms of WWP1, (ii) eVP40 WT interacted with all four individual
WW-domain deletion mutants, (iii) eVP40 WT did not interact with mutant WWP1-
AWW1-4 lacking all four WW domains, and (iv) WW domain 1 of WWP1 appears to be
the most important modular domain for mediating eVP40-WWP1 binding.

Colocalization of eVP40 and WWP1 visualized using confocal microscopy. We
next used confocal microscopy to visualize the intracellular localization patterns of
eVP40, WWP1-WT, and mutant WWP1-AWW1-4 in HEK293T cells (Fig. 3). Transfected
cells were fixed and permeabilized at 16 h posttransfection, and specific antisera were
used to detect eVP40 (green) and Flag-tagged WWP1 (red) (Fig. 3). Clear evidence of
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FIG 2 IP/Western analysis of WW-domain-dependent interactions between WWP1 and eVP40. (A) HEK293T cells were mock transfected
or transfected with the indicated plasmids; extracts were first immunoprecipitated (IP) with either nonspecific (IgG) or polyclonal
anti-eVP40 antiserum, and the indicated Flag-tagged WWP1 protein was detected in precipitated samples by Western blotting (WB) using
anti-Flag antiserum (lanes 2 to 9). (B) Western blots of expression controls for eVP40, the indicated WWP1 protein, and actin. (C) HEK293T
cells were mock transfected (lanes 1 and 3) or transfected with HA-tagged WWP1-WT (lanes 2 and 4). Cell extracts were first
immunoprecipitated with either anti-eVP40 antiserum (lanes 1 and 2) or anti-HA (WWP1) antiserum (lanes 3 and 4), and HA-tagged WWP1
was detected in precipitated samples by Western blotting. (D) Western blots of expression controls for WWP1 and actin in cell extracts
used in the experiment shown in panel C.

eVP40 and WWP1-WT colocalization (yellow) was observed at the plasma membrane of
cotransfected cells (Fig. 3, top row, white arrowheads), whereas little to no evidence
of colocalization was observed in cells expressing eVP40 plus the mutant WWP1-
AWW1-4 (Fig. 3, bottom row). In addition, efficient budding of eVP40 VLPs was
observed from cells coexpressing WWP1-WT, as evidenced by released VLPs (Fig. 3, top
row, white arrow), whereas budding of eVP40 VLPs appeared to be restricted in cells
coexpressing mutant WWP1-AWW1-4, as evidenced by an abundance of long, thin VLP
projections from the cell surface (Fig. 3, bottom row, white arrows). These data correlate
well with those described above and indicate that WWP1 interacts with eVP40 and

eVP40

FIG 3 Confocal microscopy to visualize colocalization of eVP40 and WWP1. HEK293T cells were cotrans-
fected with eVP40 plus WWP1-WT (top) or eVP40 plus mutant WWP1-AWW1-4 (bottom). Deconvolved
confocal images are shown for eVP40 alone (green), WWP1-WT or WWP1-AWW1-4 alone (red), and
merged panels, with the boxed insets enlarged. The white arrowheads highlight colocalization (yellow)
of eVP40 and WWP1, the long white arrow highlights budding VLPs, and the short white arrows highlight
long, thin projections typical of inhibited VLP budding.
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FIG 4 siRNA knockdown of endogenous WWP1 regulates eVP40 VLP egress. (A) Western blot of cell
extracts and VLPs from HEK293T cells mock transfected (lane 1) or transfected with the indicated siRNAs
and eVP40 (lanes 2 and 3). (B) Relative budding efficiency or mean relative VLP intensity (normalized to
that of random siRNA) of eVP40 VLPs from cells treated with a WWP1-specific siRNA relative to that from
a random siRNA control. Error bars represent the standard deviation of the mean from three independent
experiments (n = 3). **, P = 0.002.

colocalizes with eVP40 at the site of VLP egress in a WW-domain-dependent manner to
promote VLP budding.

Endogenous WWP1 is required for efficient egress of eVP40 VLPs. We next
sought to confirm whether endogenously expressed WWP1 could influence eVP40 VLP
budding. Toward this end, we used a small interfering RNA (siRNA) assay to specifically
knock down expression of endogenous WWP1 in eVP40 transfected cells. Briefly,
HEK293T cells were mock transfected or transfected with eVP40 WT plus random or
WWP1-specific siRNAs, and cell extracts and VLPs were harvested and subjected to
Western blot analysis (Fig. 4A). We observed a >90% knockdown of endogenous
expression of WWP1 in siRNA-treated cells as confirmed by Western analysis (Fig. 4A,
lane 3). Moreover, in multiple experiments, knockdown of endogenous WWP1 led to an
approximately 3-fold reduction in eVP40 VLPs (Fig. 4B) compared to the level in random
siRNA controls (Fig. 4A, compare lanes 2 and 3). These results indicate that expression
of endogenous WWP1 is important for efficient egress of eVP40 VLPs.

WWP1 regulates egress of eVP40 VLPs. We next sought to evaluate how WT or
mutant forms of WWP1 would influence egress of eVP40 VLPs in a functional budding
assay. Briefly, HEK293T cells were mock transfected or transfected with eVP40 WT plus
either the pCAGGS vector alone, WWP1-WT, WWP1-C890A, or one of the WW-domain
deletion mutants of WWP1, as indicated in Fig. 5A. Cell extracts and VLPs were
harvested at 16 h posttransfection, and the proteins were detected by Western analysis
(Fig. 5A, cells and VLPs). Levels of the expression controls for eVP40, the various forms
of WWP1, and actin were equivalent in all samples; however, significant differences
were observed in the levels of eVP40 in VLPs (Fig. 5A). For example, we observed a
reproducible enhancement of eVP40 VLP egress in the presence of exogenous
WWP1-WT compared to the level with the eVP40-alone control (Fig. 5A, compare lanes
2 and 3). In contrast, we observed a consistent decrease of eVP40 VLP egress in the
presence of exogenous WWP1-C890A mutant compared to the level in the eVP40-alone
control (Fig. 5A, compare lanes 2 and 4). Budding of eVP40 VLPs was generally
enhanced in the presence of all four of the individual WW-domain deletion mutants of
WWP1 compared to that with eVP40 alone; however, the level of enhancement was
repeatedly lowest in samples expressing WWP1-AWW1 (Fig. 5A, compare lane 2 and
lanes 5 to 8). Last, as expected, budding of eVP40 VLPs was greatly reduced in samples
expressing mutant WWP1-AWW1-4 lacking all four WW domains (Fig. 5A, compare
lanes 2 and 9). Quantification of the relative budding efficiency of eVP40 alone or in
combination with the plasmids indicated in Fig. 5B. In sum, results from this functional
assay correlate well with the observed physical interactions between eVP40 and WWP1
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FIG 5 Enzymatically active WWP1 promotes enhanced eVP40 VLP egress in a WW-domain-dependent manner. (A) Western analysis of cell extracts and VLPs
from HEK293T cells mock transfected (lane 1) or transfected with eVP40 plus the indicated plasmids (lanes 2 to 9). (B) Budding efficiency or mean relative VLP
intensity (normalized to empty vector) and standard error are shown for n = 5 experiments. *, P < 0.05; **, P < 0.01.

and indicate that WWP1 expression regulates egress of eVP40 VLPs in a PPXY WW-
domain-dependent manner.

WWP1 ubiquitination of eVP40 leads to reduced expression of higher-MW
forms of cellular eVP40 and increased VLP production. WWP1 localizes in part to the
plasma membrane (PM) (57), where eVP40 must self-assemble and homo-oligomerize
properly to facilitate efficient VLP and virus egress (59, 61-64). Since expression of
WWP1 enhances eVP40 VLP egress, we sought to determine whether enhanced egress
correlated with WWP1-mediated ubiquitination of eVP40 and subsequent formation of
eVP40 oligomers. Briefly, HEK293T cells were transfected with eVP40 plus an empty
vector, WWP1-WT, or mutant WWP1-C890A, and both cells and VLPs were harvested
and analyzed by SDS-PAGE under nondenaturing or denaturing conditions as indicated
in Fig. 6A. In repeated experiments, we observed a marked decrease in expression
levels of higher-MW forms of eVP40 migrating at approximately 80 and 240 kDa in the
presence of WWP1-WT under nondenaturing conditions (Fig. 6A, top gel, lane 2),
whereas the levels of these higher-MW species remained unaltered in the presence of
empty vector (lane 1) and mutant WWP1-C890A (lane 3). The levels of monomeric
eVP40 (40 kDa) remained essentially equivalent in all samples (Fig. 6A, top gel). The
levels of eVP40, WWP1, and actin were equivalent in all samples under normal dena-
turing conditions (Fig. 6A, cells). As expected, the eVP40 level in VLPs was enhanced in
the presence of WWP1-WT (Fig. 6A, VLPs, lane 2) and reduced in the presence of mutant
WWP1-C890A (lane 3) compared to the level in the plasmid-alone control (lane 1).
These results suggest that expression of WWP1-WT, but not WWP1-C890A, leads to a
reduction in the levels of higher-MW oligomers of eVP40 in cell extracts, presumably
due to the corresponding increase in the release of VLPs.

Since the reduction of higher-MW oligomers of eVP40 occurred only in the presence
of enzymatically active WWP1, we next examined the ubiquitination status of eVP40 in
the presence of exogenously added ubiquitin (Fig. 6B). Briefly, HEK293T cells were
transfected with eVP40 plus either ubiquitin (Ub) alone, WWP1-WT plus Ub, or mutant
WWP1-C890A plus Ub, and cells were harvested and analyzed by SDS-PAGE under
nondenaturing or denaturing conditions as indicated in Fig. 6B. As described above,
higher-MW forms of eVP40 were reduced in the presence of Ub and WWP1-WT (Fig. 6B,
lane 2) compared to those detected in samples expressing Ub alone (lane 1) or Ub and
mutant WWP1-C890A (lane 3). In addition, protein bands corresponding in size to
mono-ubiquitinated monomers and dimers of eVP40 were detected only in the
WWP1-WT sample (Fig. 6B, lane 2, asterisks). Expression controls under denaturing
conditions for WWP1 and the overall cellular ubiquitination profile in the cells are
shown (Fig. 6B). Together, these results suggest that WWP1-WT ubiquitinates eVP40,
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FIG 6 WWP1 ubiquitinates eVP40 and reduces expression of higher-MW oligomers of eVP40. (A) Western analysis
of cell extracts and VLPs from HEK293T cells transfected with eVP40 plus an empty vector (lane 1), WWP1-WT, or
mutant WWP1-C890A. Cell extracts were harvested and analyzed under nondenaturing (nonD) conditions where
indicated. Higher-molecular-mass forms of eVP40 were detected under nondenaturing conditions and migrated at
approximately 80 and 240 kDa, compared to monomeric eVP40 detected at approximately 40 kDa. (B) Western
analysis of cell extracts and VLPs from HEK293T cells transfected with eVP40 plus ubiquitin (Ub) alone (lane 1),
WWP1-WT plus Ub (lane 2), or mutant WWP1-C890A plus Ub (lane 3). Cell extracts were harvested and analyzed
under nondenaturing (nonD) conditions where indicated. The asterisks (*) represent potential ubiquitinated forms
of eVP40 (lane 2).

which regulates budding efficiency, as evidenced by increased levels of eVP40 in
budding VLPs and a corresponding decrease in levels of cellular eVP40 oligomers
necessary for VLP assembly and maturation.

Effect of WWP1 expression on eVP40 oligomerization profiles. Next, we used gel
filtration analysis to further examine the oligomerization profiles of eVP40 when it is
coexpressed with WT or mutant WWP1. Briefly, HEK293T cells were transfected with
eVP40 plus either Ub, Ub plus WWP1-WT, or Ub plus WWP1-C890A (Fig. 7). Cell extracts
were clarified and filtered through a 0.22-um-pore-size filter, and proteins were sepa-
rated on a Superdex-200 10/30 high-resolution, fast protein liquid chromatography
(FPLC) column, along with internal molecular weight standards (Fig. 7A). Samples from
the eluted fractions were analyzed by SDS-PAGE and Western blotting using anti-eVP40
antiserum (Fig. 7B). The input levels of eVP40, WWP1-WT, and WWP1-C890A prior to gel
filtration were detected by Western blotting (Fig. 7B). eVP40 WT eluted from the FPLC
column in a major peak at 14.5 to 15.5 ml represented its monomeric form (Fig. 7B)
while eVP40 WT eluted at 10.5 to 12 ml likely represents the hexameric form (~240
kDa). Interestingly, eVP40 levels in the samples expressing Ub plus WWP1-WT were
reduced slightly in the monomeric (14.5 to 15.5 ml) fractions and more significantly in
the hexameric fractions (10.5 to 12 ml) compared to eVP40 levels in the same fractions
of samples expressing Ub-alone and Ub plus WWP1-C890A (Fig. 7B). The observed
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FIG 7 Gel filtration analysis of eVP40 in the presence of WWP1-WT or mutant WWP1-C890A. HEK293T cells were transfected with eVP40
plus either Ub, Ub plus WWP1-WT, or Ub plus WWP1-C890A as indicated. Lysates were separated by size on a Superdex-200 10/30
high-resolution fast-performance liquid chromatography column. (A) The chromatogram for eVP40 elution is shown as absorbance (Abs)
versus elution volume. Additionally, molecular weight standards were plotted along the dashed line as log values versus elution volume.
(B) Western blot analysis for eVP40 in the indicated elution volumes. Input controls for eVP40, WWP1-WT, and WWP1-C890A are shown.

reduction in hexameric forms of eVP40 correlated well with our results described in
Fig. 6, and these findings further support the role for E3 ligase WWP1 and ubiquitina-
tion in facilitating and enhancing egress of eVP40 VLPs.

DISCUSSION

We have identified host WWP1, an HECT-type E3 ubiquitin ligase, as a physical and
functional interactor with EBOV VP40. WWP1 contains an N-terminal C2 domain, a
C-terminal HECT domain, and four tandem WW domains that mediate interactions with
PPXY-containing substrates including, but not limited to, JunB, Smad2, p63, and
ErbB4/HER4 (57). Indeed, WWP1 functions in multiple cellular processes, including
protein degradation, signaling, and trafficking, and has been implicated previously in
virus budding. As such, this ubiquitously expressed protein is a central player in
pathways regulating transforming growth factor B (TGF-B) signaling, apoptosis, neu-
rological diseases, epidermal growth factor (EGF) signaling, metastasis, and virus egress
(24, 52-55, 57).

Here, we show that WWP1 expression enhances EBOV VLP egress in a PPXY/WW-
domain-dependent manner (1, 6, 16-19, 21). Indeed, WWP1 contains four individual
WW domains, and we show that all four WW domains can interact with the PPXY motif
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of eVP40, albeit WW domain 1 appears to be the most critical for mediating the
eVP40-WWP1 interaction. In concurrence with coimmunoprecipitation analysis, results
from confocal microscopy experiments demonstrated that WWP1 colocalizes with
eVP40 at the site of budding at the plasma membrane in a WW-domain-dependent
manner. The functional relevance of WWP1 expression to eVP40-mediated egress was
demonstrated by quantifying VP40 VLP egress in the absence or presence of WT and
mutant forms of WWP1, as well as by siRNA knockdown assays. The ability of WWP1 to
enhance the efficiency of VLP maturation and egress was evident by the significant
reduction in cellular expression of higher-MW oligomers of VP40 in the presence of
WWP1-WT but not in the presence of inactive mutant WWP1-C890A, as shown by
nondenaturing SDS-PAGE and gel filtration. Indeed, the detection of abundant VP40
oligomers in cells expressing WWP1 mutant C890A, but not WT WWP1, suggests that
VP40 oligomers remain trapped at the plasma membrane in C890A-expressing cells due
to a decreased level of VP40 ubiquitination, thereby decreasing the efficiency of VLP
budding. Enhanced egress of VP40 VLPs was concomitant with WWP1-mediated ubig-
uitination of VP40.

The positive effect of host E3 ligase WWP1 on eVP40 VLP budding reported here
further highlights the probudding function associated with the host ubiquitination
process (1, 18, 21, 65). In contrast, we along with others identified a counteracting,
“anti-budding” role for the interferon-induced, ubiquitin-like host protein ISG15 and the
process of ISGylation (16, 17, 66). These mechanistically competing processes highlight
the interplay between the virus and the host innate immune response in regulating
eVP40-mediated egress during filovirus infection. A more comprehensive understand-
ing of this virus-host interplay will be crucial for our understanding of filovirus patho-
genesis and the development of novel antiviral strategies and treatments.

While the precise mechanism by which ubiquitin and E3 ubiquitin ligases facilitate
efficient virus egress remains unclear, there does appear to be a general requirement
for enzymatically active E3 ligases and subsequent mono-ubiquitination of viral matrix
proteins. However, there is a plethora of host E3 ligases that can interact and ubiquiti-
nate viral matrix proteins such as VP40. The seemingly global regulatory role of the
various host E3 ubiquitin ligase interactors to enhance VLP egress may simply represent
redundancy in the ability of eVP40 to hijack or recruit host E3 ligases to promote
budding. Alternatively, eVP40 may interact with E3 ligases in a cell-type-specific manner
during infection that is regulated by their levels of expression. As such, cell-type-
specific expression levels of individual E3 ligases and the sequences/structures of their
individual modular WW domains likely determine their ability to interact with eVP40
(67). Indeed, the observed selectivity and specificity of the eVP40 PPXY motif for
binding to only a subset of mammalian WW domains in our WW- and SH3-domain array
(Fig. 1) predict that these interacting host proteins are likely to be biologically relevant
during the virus life cycle.

Due to the broad-spectrum nature of this virus-host interaction, the PPXY-WW
domain interface represents an intriguing target for the identification and development
of small-molecule inhibitors as potential broad-spectrum antiviral therapeutics (19, 68,
69). Indeed, we have identified lead candidate budding inhibitors that target and block
the VP40/Nedd4 PPXY-WW domain interaction, resulting in inhibition of both VP40
VLPs and live virus egress (19, 20, 69). These host-oriented budding inhibitors would
represent novel first-in-class therapeutics that could potentially target not only filovi-
ruses but also other RNA viruses that utilize PPXY L-domain motifs to complete their
budding and maturation processes. It will be of interest to determine whether our
current lead PPXY inhibitors can also block VP40 interactions with WWP1 and Itch E3
ligases to similarly reduce virus budding and spread.

MATERIALS AND METHODS

Cell lines, plasmids, and reagents. HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum (FCS), and penicillin (100 U/ml)-streptomycin
(100 wg/ml) at 37°C in a humidified 5% CO, incubator. The pCAGGs-based eVP40 WT expression plasmid
has been described previously (1, 6, 17). Plasmids expressing FLAG-tagged WWP1-WT, WWP1-C890A,
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WWP1-AWW1, WWP1-AWW2, WWP1-AWW3, WWP1-AWW4, and WWP1-AWW1-4 were kindly provided
by C. Prunier (INSERM UMR S 938, Université Pierre et Marie Curie, Paris, France), and a plasmid
expressing hemagglutinin (HA)-tagged ubiquitin (Ub-HA) was kindly provided by H. Gottlinger (Univer-
sity of Massachusetts Medical School, Worcester, MA). Mouse anti-B-actin (A1978) antiserum was
obtained from Sigma-Aldrich, mouse anti-Flag antiserum was obtained from Cell Biolabs, Inc., and
polyclonal anti-eVP40 antiserum was obtained from ProSci, Inc.

Protein array experiments. The proline-rich reading array containing WW and SH3 domains was
codon optimized for bacterial expression and cloned into a pGex vector. All WW and SH3 domains were
expressed as GST fusions in Escherichia coli and purified on glutathione-Sepharose beads. The recom-
binant domains were arrayed onto nitrocellulose-coated glass slides (OncyteAvid slides; Grace Bio-Labs,
Bend, Oregon), using an Aushon 2470 arrayer with solid pins, as described previously (50). The
fluorescent labeling of the biotinylated peptide probe and binding to slides have been described
previously (50). Two EBOV VP40 peptides were tested on the array, the eVP40 WT (MRRVILPTAPPEYME
Al[Lys-biotin]) and eVP40 mutant (MRRVILPTAAAEAMEAI[Lys-biotin]) peptides. Fluorescence was de-
tected using a GeneTAC LSIV scanner (Genomic Solutions).

GST peptide pulldown assays. Streptavidin agarose beads (Millipore) were prewashed once with
1X mild buffer (50 mM Tris-HCl, pH 7.5, 150 mM NacCl, 0.1% NP-40, 5 mM EDTA, 5 mM EGTA, 15 mM
MgCl,), and 15 ug of the WT or PPXY mutant eVP40 peptide was incubated with the prewashed
streptavidin beads in 500 wl of 1X mild buffer for 1 h at 4°C with rocking. The beads were washed three
times with mild buffer and then incubated with cell extracts from WWP1-WT transfected HEK293T cells.
The beads were then washed three times with 1X mild buffer and suspended in 30 ul of 2X loading
buffer with boiling. Protein samples were analyzed by SDS-PAGE and Western blotting.

siRNA analysis. HEK293T cells were plated in Opti-MEM in collagen-coated six-well plates and
transfected two times with either a random control siRNA or WWP1-specific siRNA (Dharmacon, Inc.) at
a final concentration of 200 nM using Lipofectamine (Invitrogen) at 2-day intervals. eVP40 WT plasmid
DNA (0.5 ng) was transfected with the second round of siRNAs. Cell extracts and VLPs were harvested
at 24 h posttransfection, and the proteins were detected in cell and VLP samples by Western blotting
using specific antisera.

IP/Western analysis. Human HEK293T cells were transfected with the plasmids indicated in Fig. 2A
using Lipofectamine reagent (Invitrogen) and the protocol of the supplier. Cells were harvested and lysed
in nondenaturing buffer (20 mM Tris-HCl [pH 8.0], 137 mM NaCl, 1.0% Nonidet P-40 [NP-40], 2.0 mM
EDTA, 2.0 mM EGTA, and 10% glycerol) at 18 to 20 h posttransfection. Cell lysates were clarified for 10
min at 3,000 rpm. Supernatants were incubated with anti-eVP40 or normal IgG (Cell Signaling) for 5 h at
4°C. Protein A agarose beads (Invitrogen) were added to the samples and incubated with agitation
overnight at 4°C. The beads were washed five times in nondenaturing lysis buffer, suspended in loading
buffer with boiling, and then fractionated by SDS-PAGE. Proteins were detected in precipitates by
Western blotting using specific antisera.

VLP budding assays. Filovirus VLP budding assays using HEK293T cells and eVP40 have been
described previously (1, 6, 12, 19, 68). For nondenaturing conditions, cells were harvested and lysed in
nondenaturing buffer (20 mM Tris-HCI [pH 8.0], 137 mM NaCl, 1.0% Nonidet P-40 [NP-40], 2.0 mM EDTA,
2.0 mM EGTA, and 10% glycerol) at 20 h posttransfection. Cell lysates were clarified for 10 min at 3,000
rpm. Protein samples were prepared with NuPAGE lithium dodecyl sulfate (LDS) sample buffer without
dithiothreitol (DTT) and boiling.

Gel filtration assay. HEK293T cells were transfected with the plasmids indicated in Fig. 7B for 24 h,
and cells were lysed with phosphate-buffered saline (PBS) containing 1% NP-40 plus protease inhibitors
and incubated at 4°C for 30 min. Cleared lysates were filtered through a 0.22-pum-pore-size filter and
separated on a Superdex-200 10/30 high-resolution, fast-performance liquid chromatography column
(GE Healthcare) using an AKTA 10 purifier system (GE Healthcare). Eluted proteins were collected in
0.5-ml fractions and analyzed by SDS-PAGE and Western blotting with anti-eVP40 antiserum. The
chromatogram plotting absorbance (280 nm) versus elution volume was generated with Unicorn
software. Molecular mass standards depicted on the chromatogram had molecular masses of 670, 158,
44,17, and 1.35 kDa (Bio-Rad).

Confocal microscopy. HEK293T cells on glass coverslips were transfected with the plasmids indi-
cated in Fig. 3 for 16 h. Cells were fixed and permeabilized with 4% paraformaldehyde (Affymetrix) and
0.1% Triton X-100 and then incubated in 1X PBS containing 5% dried milk. Cells were incubated with
rabbit polyclonal anti-eVP40 antiserum followed by staining with Alexa 488-conjugated goat anti-rabbit
secondary antibody (green) and with mouse anti-Flag antiserum to detect WWP1, followed by staining
with Alexa 594-conjugated goat anti-mouse secondary antibody (red). Images were acquired on a Leica
SP5 inverted confocal microscope with a 100X (numerical aperture [NA], 1.46) objective lens. The
confocal images were subsequently deconvolved with Huygens Essential deconvolution software.

Statistical analysis. Significance for all statistical tests was determined at P values of <0.05
and <0.01. Western blot protein intensities were quantified using ImageJ software, and intensities were
normalized to the intensity of the empty vector within each experiment (n = 5) before values were
compared across various constructs using Welch’s t test.
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