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Abstract

Ebola (EBOV) and Marburg (MARV) viruses are members of the Filoviridae family which
cause outbreaks of hemorrhagic fever. The filovirus VP40 matrix protein is essential for
virus assembly and budding, and its PPxY L-domain motif interacts with WW-domains of
specific host proteins, such as Nedd4 and ITCH, to facilitate the late stage of virus-cell
separation. To identify additional WW-domain-bearing host proteins that interact with
VP40, we used an EBOV PPxY-containing peptide to screen an array of 115 mammalian
WW-domain-bearing proteins. Using this unbiased approach, we identified BCL2 Associ-
ated Athanogene 3 (BAG3), a member of the BAG family of molecular chaperone pro-
teins, as a specific VP40 PPxY interactor. Here, we demonstrate that the WW-domain of
BAGS interacts with the PPxY motif of both EBOV and MARV VP40 and, unexpectedly,
inhibits budding of both eVP40 and mVP40 virus-like particles (VLPs), as well as infec-
tious VSV-EBOV recombinants. BAG3 is a stress induced protein that regulates cellular
protein homeostasis and cell survival through chaperone-mediated autophagy (CMA).
Interestingly, our results show that BAG3 alters the intracellular localization of VP40 by
sequestering VP40 away from the plasma membrane. As BAGS is the first WW-domain
interactor identified that negatively regulates budding of VP40 VLPs and infectious virus,
we propose that the chaperone-mediated autophagy function of BAG3 represents a spe-
cific host defense strategy to counteract the function of VP40 in promoting efficient egress
and spread of virus particles.
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Author Summary

The unprecedented magnitude and scope of the catastrophic 2014-2015 EBOV outbreak
in West Africa, and its continued global emergence underscores the urgent need to better
understand the biology and pathogenesis of this zoonotic pathogen. We have identified
BAGS3 as a novel and functional host VP40 interactor that negatively regulates VP40 VLP
and virus egress in a PPxY/WW-domain dependent manner. As a cell survival protein
and key regulator of chaperone-mediated autophagy (CMA), BAG3 sequesters EBOV and
MARYV VP40 away from the site of budding at the plasma membrane, and thus may repre-
sent a novel host defense strategy to combat filovirus VP40-mediated egress and spread.

Introduction

Ebola (EBOV) and Marburg (MARV) viruses are virulent pathogens that cause severe hemor-
rhagic disease in humans and non-human primates. There are currently no FDA approved
vaccines or antiviral drugs to prevent or treat infections by these Category A NIAID priority
pathogens [1]. The recent catastrophic outbreak of EBOV in West Africa underscores the
urgent need to better understand the biology and pathogenesis of this global public health
threat, and to decipher the molecular mechanisms by which EBOV interacts with the host to
cause disease.

The filovirus matrix protein VP40 is the most abundant protein in the virion and is essen-
tial for virus assembly and egress. Indeed, expression of VP40 alone is sufficient to form virus-
like particles (VLPs), which are morphologically indistinguishable from infectious virions and
are released from mammalian cells in a manner that recapitulates the release of authentic virus
[2-6]. Although not required for EBOV replication [7], Late (L) domains (which contain
PTAP and/or PPxY amino acid sequence motifs) are conserved within EBOV and MARV
VP40 and promote efficient egress of VLPs and virus by recruiting host proteins that facilitate
virus-cell separation [3,4,6,8-11]. For example, EBOV and MARV VP40 L-domains hijack
specific host proteins associated with the ESCRT pathway, including Tsg101, Alix, and Nedd4
[3,6,8-13].

Viral proteins bearing PPxY motif each interact with a unique repertoire of WW-domain
bearing host proteins with diverse functions [14-22]. For example, the PPxY L-domain within
eVP40, mVP40, and other viral matrix proteins interacts specifically with WW-domains of: 1)
host Nedd4; a HECT family E3 ubiquitin ligase that is linked with the cellular ESCRT machin-
ery, 2) host ITCH; a HECT family E3 ubiquitin ligase involved in immune regulation and
inflammatory signaling, and 3) host IQGAP1; a multifunctional scaffolding protein involved
in regulating cell motility, actin polymerization, and filopodia formation [2,23-38]. In general,
these previously characterized viral PPxY/WW-domain interactions promote efficient virus
production.

Here, we sought to identify additional WW-domain bearing proteins that interact with the
eVP40 PPxY motif by screening a GST array of 115 host proteins containing one or more
WW-domains [39] with an EBOV PPxY-containing peptide. Using this unbiased approach,
we identified WW-domain containing protein BAG3 as a novel eVP40 interactor. BAG3 is a
stress-induced molecular co-chaperone involved in regulating cellular protein homeostasis by
CMA. Since in general, viral PPxY-containing proteins tend to bind WW-domains with good
specificity and selectivity [40], our identification of BAG3 suggests that this protein may play a
biologically relevant role in the lifecycle of EBOV. Indeed, we confirmed that hypothesis by
first using co-IP to validate the specificity of the PPxY/WW-domain physical interaction
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between VP40 (both eVP40 and mVP40) and BAG3, and functionally demonstrated that
expression of BAG3 inhibited VP40 VLP production, as well as budding of a VSV recombinant
virus containing the EBOV VP40 PPxY L-domain motif. To our knowledge, this is the first
identification of a VP40-interacting mammalian WW-domain bearing protein that negatively
regulates budding. Mechanistically, our data suggest that BAG3 binds VP40 and not only
sequesters it away from the site of budding at the plasma membrane, but also directs a fraction
of VP40 into aggresomes, thus reducing VLP egress.

Results

Screening of proline-rich motif reading array identifies BAG3 as an
EBOV VP40 PPxY interactor

The “proline-rich” reading array represents a powerful tool that we have used previously to
identify WW-domain proteins that physically and functionally bind to viral PPxY motifs (Fig
1) [37,39]. Here, we used biotinylated peptides containing either the eVP40 WT PPxY motif
(MRRVILPTAPPEYMEAI) or an eVP40 PPxY mutant motif (MRRVILPTAAAEAMEAI) to
screen 115 GST-WW domain and 40 GST-SH3 domain containing proteins (Fig 1). While the
PPxY mutant eVP40 peptide did not interact with any of the arrayed WW or SH3 domains,
the WT eVP40 peptide bound robustly to a number of host WW domains, including previ-
ously identified proteins Nedd4, Rsp5 (yeast ortholog of Nedd4), and ITCH (Fig 1B). Intrigu-
ingly, the WT eVP40 peptide also bound to a select number of WW-domains not identified
previously, including the WW-domain of host protein BAG3 (Fig 1B, panel G).

We used purified GST-WW domain fusion proteins and a GST pull down assay to confirm
the specificity of the BAG3-VP40 interaction (Fig 2). Briefly, protein extracts from HEK293T
cells expressing either eVP40-WT, eVP40-APT/PY (PPxY deletion mutant), or mVP40-WT
were incubated with beads containing GST alone or GST-BAG3WW (Fig 2). Input and pull-
down proteins were detected by Western blot. Indeed, we found that GST-BAG3WW, but not
GST alone, pulled down eVP40 in a PPxY-dependent manner (Fig 2A, top right panel), and
also pulled down mVP40 that contains a single PPxY L-domain motif (Fig 2B, top right panel).
In sum, these data indicate that, compared to other PPxY-WW domain interactions interro-
gated previously [21], the eVP40 PPxY motif possesses a relatively high and significant degree
of specificity, suggesting that BAG3 is likely a novel, biologically relevant interactor with VP40
of EBOV and MARV.

Co-IP of VP40 and BAG3

Next, we used a co-IP approach to determine whether eVP40 and mVP40 interact with full-
length BAG3 expressed in mammalian cells. To test this, HEK293T cells were co-transfected
with BAG3 plus WT or PPxY mutants of eVP40 (eVP40-APT/PY) and mVP40 (mVP40-P>A)
(Fig 3A and 3B). Cell extracts were immunoprecipitated with non-specific IgG, anti-eVP40
antiserum, or anti-mVP40 antiserum as indicated (Fig 3A and 3B), and His-cmyc-tagged
BAG3 was detected in precipitated samples by Western blot using either anti-cmyc or anti-His
antisera (Fig 3A and 3B). Exogenously expressed BAG3 was detected in eVP40-WT precipi-
tates (Fig 3A, lane 3), but was not detected in preimmune IgG, nor eVP40-APT/PY precipitates
(Fig 3A, lanes 1 and 4, respectively). Similarly, exogenously expressed BAG3 was detected in
mVP40-WT precipitates (Fig 3B, lane 3), but was not detected in preimmune IgG, nor
mVP40-P> A precipitates (Fig 3B, lanes 1 and 4, respectively). These results indicated that
both eVP40 and mVP40 interact with full length BAG3 in a PPxY-dependent manner in tran-
siently transfected HEK293T cells.
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Fig 1. Proline-rich reading array identifies BAG3 as an eVP40 interactor. A) Schematic diagram of the “proline-
rich” reading array chip. Each lettered square contains 12 numbered WW- and/or SH3 GST fusion domains in
duplicate. A mock (M) GST sample is in the center of each square. B) The fluorescent pattern following binding of
the EBOV VP40-WT biotinylated peptide to the array. The fluorescent spots indicate a positive peptide/WW-domain
interaction. EBOV VP40 peptide interactions with WW1 of Rsp5 (square A, green boxes), WW3 of Nedd4 (square
B, purple boxes), WW1 of ITCH (square C, yellow boxes), and the BAG3 WW domain (square G, red oval) are
highlighted.

doi:10.1371/journal.ppat.1006132.g001

Next, we asked whether eVP40 and mVP40 could interact with full length endogenous
BAG3 in HEK293T cells. HEK293T cells were transfected with either eVP40-WT (Fig 3C) or
mVP40-WT (Fig 3D), and once again cell extracts were immunoprecipitated with either non-
specific IgG, or anti-VP40 antiserum as indicated. Endogenous BAG3 was detected in precipi-
tated samples by Western blot using anti-BAG3 antiserum (Fig 3C and 3D). Endogenously
expressed BAG3 was detected in both eVP40-WT (Fig 3C, lane 2) and mVP40-WT (Fig 3D,
lane 2) precipitates, but not in preimmune IgG precipitates (Fig 3C and 3D, lanes 1). Together,
these results correlate well with those from the GST pulldown assays and indicate that eVP40
and mVP40 interact with full length BAG3 in a PPxY-dependent manner.

Finally, we sought to identify the functional domains of BAG3 that mediate its interaction
with eVP40 and mVP40. BAG3 contains a number of functional domains including: a single
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Fig 2. VP40/BAG3 GST pulldown assay. A) Extracts from HEK293T cells transfected with eVP40-WT or eVP40-APT/PY plasmids were incubated with
GSH beads conjugated with GST-BAG3WW or GST alone. Input and pulled-down proteins were detected by Western blotting using anti-eVP40 or anti-
GST antisera. B) Extracts from HEK293T cells expressing flag-tagged mVP40-WT were incubated with GSH beads conjugated with GST-BAG3WW or
GST alone. Input and pulled-down proteins were detected by Western blotting using anti-flag or anti-GST antisera.

doi:10.1371/journal.ppat.1006132.g002

N-terminal WW-domain, two IPV regions that bind to HspB8 and function in protein quality
control, multiple PxxP motifs that binds to SH3 domains, and a C-terminal BAG domain that
interacts with the ATPase domain of HSP70 (Fig 4A) [41-45]. Briefly, HEK293T cells were co-
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Fig 3. BAG3 interacts with eVP40 in a PPxY-dependent manner. A) Extracts from HEK293T cells transfected
with eVP40 or eVP40-APT/PY plus BAG3-WT were firstimmunoprecipitated (IP) with either normal rabbit IgG or
polyclonal anti-eVP40 antisera as indicated. BAG3 was detected in the precipitates by Western blot (WB) using
mouse anti-myc antiserum. Expression controls for eVP40-WT, eVP40-APT/PY, His-myc-tagged BAG3 and
GAPDH are shown. B) Extracts from HEK293T cells transfected with Flag-tagged mVP40 or mVP40(P>A) plus
BAG3-WT were firstimmunoprecipitated (IP) with either normal mouse IgG or anti-Flag antisera as indicated. BAG3
was detected in the precipitates by Western blot (WB) using rabbit anti-His antiserum. Expression controls for
mVP40, mVP40(P>A), His-myc-tagged BAG3 and -actin are shown. C) Extracts from HEK293T cells transfected
with eVP40-WT alone were firstimmunoprecipitated with either normal rabbit IgG or polyclonal anti-eVP40 antisera
as indicated. Endogenous BAG3 was detected in the precipitates by Western blot using polyclonal anti-BAG3
antiserum. Expression controls for eVP40-WT, endogenous BAG3, and GAPDH are shown. D) Extracts from
HEK293T cells transfected with mVP40-WT alone were firstimmunoprecipitated with either normal rabbit IgG or
anti-mVP40 antisera as indicated. Endogenous BAG3 was detected in the precipitates by Western blot using
polyclonal anti-BAG3 antiserum. Expression controls for mVP40-WT, endogenous BAG3, and -actin are shown.

doi:10.1371/journal.ppat.1006132.g003
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Fig 4. BAG3 interacts with eVP40 and mVP40 in a WW-domain dependent manner. A) Schematic diagram of
BAG3-WT and mutants BAG3-AN and BAG3-AC, highlighting the locations of the functional domains including the
single N-terminal WW-domain (blue), two IPV domains (orange), the PxxP region (yellow), and the BAG domain
(green). All three proteins contain both His and cmyc epitope tags. B) Extracts from HEK293T cells transfected with
the indicated plasmid combinations were firstimmunoprecipitated (IP) with either rabbit IgG or polyclonal anti-
eVP40 antisera as indicated. BAG3-WT or mutant proteins were detected in the precipitates by Western blot (WB)
using mouse anti-cmyc antiserum. BAG3-WT (lane 4) and BAG3-AC (lane 6) are indicated by an arrow. Expression
controls for the indicated proteins are shown. C) Extracts from HEK293T cells transfected with the indicated
plasmid combinations were firstimmunoprecipitated with either mouse IgG or anti-flag (mVP40) antisera as
indicated. BAG3-WT or mutant proteins were detected in the precipitates by Western blot using polyclonal anti-His
antiserum. BAG3-WT (lane 4) and BAG3-AC (lane 6) are indicated by an arrow. Expression controls for the

indicated proteins are shown.

doi:10.1371/journal.ppat.1006132.9004
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transfected with eVP40 plus His/myc-tagged BAG3 WT, BAG3-AN (WW-domain deletion
mutant), or BAG3-AC (BAG domain deletion mutant) (Fig 4A and 4B). Cell extracts were
immunoprecipitated with either non-specific IgG, or anti-eVP40 antiserum as indicated (Fig
4B), and cmyc-tagged BAG3 was detected in precipitated samples by Western blot using anti-
cmyc antiserum (Fig 4B). BAG3-WT (lane 4) and BAG3-AC (lane 6) were detected in eVP40
precipitates; however, BAG3-AN (lane 5) was not. No appreciable levels of BAG3 WT, BAG3-
AN, and BAG3-AC were detected in preimmune IgG precipitates (Fig 4B, lanes 1-3). Similar
results were obtained in HEK293T cells transfected with mVP40 plus the indicated BAG3
plasmids (Fig 4C). Indeed, BAG3-WT (Fig 4C, lane 4) and BAG3-AC (Fig 4C, lane 6) were
detected in mVP40 precipitates, whereas BAG3-AN lacking the WW-domain was not detected
(Fig 4C, lane 5). Western blots of the three BAG3 proteins, eVP40, mVP40, and actin are
shown as expression controls (Fig 4B and 4C). These data demonstrate that the BAG3 WW-
domain specifically mediates interactions with both eVP40 and mVP40 in mammalian cells.

BAG3 inhibits VP40 VLP egress

Given the highly specific and select PPxY/WW-domain interaction between VP40 and BAG3, we
hypothesized that this physical interaction would have a biological consequence. To test this, we
used our well-established VP40 VLP budding assay to determine whether expression of BAG3-
WT, BAG3-AN or BAG3-AC would affect VP40 VLP egress. Briefly, HEK 293T cells were trans-
fected with eVP40 or mVP40 alone, or in combination with either BAG3-WT, BAG3-AN or
BAG3-AC, and both cell extracts and supernatants containing VLPs were harvested at 24 hours
post transfection (Fig 5). All proteins were detected at equivalent levels in cell extracts (Fig 5A and
5C Cells). Interestingly, we found that expression of BAG3WT or BAG3-AC consistently resulted
in a significant decrease in egress of both eVP40 (Fig 5A and 5B) and mVP40 (Fig 5C and 5D)
VLPs. Importantly, we did not observe a significant decrease in egress of either eVP40 or mVP40
VLPs in the presence of WW-domain deletion mutant BAG3-AN (Fig 5A, compare lanes 1 and 2;
Fig 5C, compare lanes 1 and 3). Intriguingly, the inhibitory effect of BAG3 appeared to be more
pronounced on budding of mVP40 VLPs (Fig 5D), compared to that on eVP40 VLPs. This may
reflect the presence of a single PPxY L-domain within mVP40 in contrast to the presence of over-
lapping PTAP and PPxY motifs within eVP40.

To determine whether the novel inhibitory effects of BAG3 on VP40 VLP egress were dose-
dependent, we transfected HEK293T cells with a constant amount of eVP40 or mVP40 plus
increasing amounts of BAG3-WT, BAG3-AN or BAG3-AC. Cell extracts and supernatants were
harvested as described above (Fig 6). Appropriate expression levels for all proteins were con-
firmed by Western blotting of cell extracts (Fig 6, Cells). We observed a clear dose-dependent
inhibition of both eVP40 (Fig 6A and 6B) and mVP40 (Fig 6D and 6E) VLPs in the presence of
increasing amounts of either BAG3-WT or BAG3-AC. In contrast, increasing expression of
WW-domain deletion mutant BAG3-AN had no effect on budding of either eVP40 or mVP40
VLPs (Fig 6C and 6F). Once again, the level of inhibition mediated by BAG3-WT and BAG3-
AC appeared to be more pronounced on mVP40 VLPs compared to that on eVP40 VLPs, with
mVP40 VLPs being virtually undetectable in samples expressing the highest amounts of BAG3.
Taken together, these results demonstrate a functional role for BAG3 as a negative regulator of
eVP40 and mVP40 VLP budding via a WW-domain dependent mechanism. To our knowledge,
this is the first host WW-domain containing protein shown to inhibit filovirus VP40 egress.

Suppression of endogenous BAG3 enhances VP40 VLP egress

We next asked whether knockdown of endogenous BAG3 would result in an increase in VP40
VLP egress. For this, we used an siRNA approach to knockdown levels of endogenous BAG3
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Fig 5. BAG3 inhibits budding of eVP40 and mVP40 VLPs in a WW-domain dependent manner. A) HEK293T cells were
transfected with the indicated plasmid combinations, and proteins were detected in cell extracts and VLPs by Western blotting. B)
Quantification of the relative budding ratios of eVP40 VLPs from three independent experiments. VP40 VLPs from control cells
was set to 1.0. Statistical significance was analyzed by a one-way ANOVA. ns: not significant, *** =p<0.001. C) HEK293T cells
were transfected with the indicated plasmid combinations, and proteins were detected in cell extracts and VLPs by Western blotting.
D) Quantification of the relative budding ratios of mVP40 VLPs from three independent experiments. mVP40 VLPs from control cells
was set to 1.0. Statistical significance was analyzed by a one-way ANOVA. * = p<0.05, *** = p<0.001.

doi:10.1371/journal.ppat.1006132.g005

in HEK293T cells expressing e VP40 (Fig 7). HEK293T cells were transfected with eVP40 plus
either random or BAG3-specific siRNAs, and both cell extracts and VLPs were harvested and
analyzed by Western blotting (Fig 7). We were able to achieve suppression of endogenous
BAG3 by approximately 60% (Fig 7A, Cells), which led to a reproducible and significant
increase in eVP40 VLP egress compared to control siRNA samples (Fig 7A and 7B). It should
be noted that a similar ~3-fold increase was also observed for mVP40 VLPs from cells treated
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Fig 6. BAG3 inhibits eVP40 and mVP40 VLP egress in a dose-dependent manner. HEK293T cells were transfected with a constant amount of
eVP40 plus vector (-), or increasing amounts of BAG3-WT (A), BAG3-AC (B), or BAG3-AN (C). The indicated proteins were detected in cell extracts
and VLPs by Western blotting. VP40 VLP production from control cells (lane 1) was set at 100%, and the numbers in () represent relative VLP
budding compared to the control. HEK293T cells were transfected with a constant amount of mVP40 plus vector (-), or increasing amounts of
BAG3-WT (D), BAG3-AC (E), or BAG3-AN (F). The indicated proteins were detected in cell extracts and VLPs by Western blotting. mVP40 VLP
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doi:10.1371/journal.ppat.1006132.g006
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Fig 7. siRNA knockdown of BAG3 enhances eVP40 VLP egress. A) HEK293T cells were transfected with
eVP40 plus either random (control) or BAG3-specific siRNA as indicated. Proteins were detected in cell extracts
and VLPs by Western blotting. eVP40 VLPs from control cells (lane 1) was set at 1.0. B) Quantification of the
relative budding ratio of eVP40 VLPs from four independent experiments. Statistical significance was analyzed by a
student t test, *** = p<0.001.

doi:10.1371/journal.ppat.1006132.g007
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with BAG3-specific siRNAs. These results correlate well with those described above (Figs 5
and 6) and further confirm the inhibitory effect of BAG3 on VP40-mediated budding.

BAGS3 expression alters the intracellular localization of eVP40

As efficient egress of VLPs requires localization and self-assembly of VP40 at the plasma mem-
brane (PM), we next asked whether BAG3-mediated alterations in VP40 localization corre-
lated with egress inhibition. For this, we utilized confocal microscopy of live HEK293T cells
transfected with a GFP-eVP40 fusion construct in the absence (vector alone) or presence of a
BAG3-mCherry fusion construct (Fig 8A). Representative images of live cells transfected with
GFP-eVP40 alone revealed the expected pattern of expression in the cytoplasm with pro-
nounced localization around the cell periphery and in PM projections (Fig 8A, top row). In
contrast, the pattern of GFP-eVP40 changed in cells co-expressing BAG3-mCherry, resulting
in a more diffuse pattern of cytoplasmic localization with little to no PM projections (Fig 8A,
middle and bottom rows). Indeed, this contrast in VP40 localization can be visualized in
neighboring cells expressing GFP-eVP40 plus either low or high levels of BAG3-mCherry (Fig
8A, middle row). Thus, these representative live cell images suggest that localization and accu-
mulation of eVP40 at the site of budding at the PM and in PM projections is reduced in the
presence of BAG3.

As BAG3 can sequester target proteins into aggresomes during CMA, we next sought to
determine whether this altered localization pattern of eVP40 was due in part to sequestration
of eVP40 by BAG3 into aggresomes. To examine this possibility, we utilized confocal micros-
copy of live HeLa cells transfected with GFP-eVP40 + BAG3-WT + mCherry-tagged human
microtubule-associated light chain-3 (LC3) protein, a well-characterized marker for aggre-
somes (Fig 8B) [46,47]. Representative images of live HeLa cells once again revealed the typical
pattern of GFP-eVP40 predominantly at the PM in cells expressing mCherry-LC3, but lacking
expression of BAG3-WT (Fig 8B, top row). Once again, the altered and more diffuse cyto-
plasmic pattern of GFP-eVP40 was observed in cells co-expressing BAG3-WT and mCherry-
LC3; however, in addition, a fraction of GFP-eVP40 was observed to co-localize with
mCherry-LC3 in puncta most likely representing cellular aggresomes (Fig 8B, bottom two
rows). Together, these representative live cell confocal images suggest that the CMA function
of BAG3 sequesters a fraction of eVP40 away from the PM and into aggresomes, leading to a
reduction in VLP egress.

BAG3 expression reduces PM localization of eVP40 and mVP40

To further support the imaging data described above, we used a biochemical approach to
determine whether the levels of eVP40 and mVP40 in PM fractions of transfected cells
would be reduced in the presence of BAG3-W'T, but not in the presence of BAG3-AN. For
this, HEK293T cells were transfected with vector (pCAGGS) alone, VP40 + vector, VP40 +
BAG3-WT, or VP40 + WW-domain deletion mutant BAG3-AN, and both cytosol and PM
fractions were harvested and subjected to Western blot analysis (Fig 9). NA/K ATPase was
used as a positive expression control for the PM fraction, and B-actin was used as a cytosol
control (Fig 9A and 9C). As expected, both eVP40 and mVP40 were detected at equivalent
levels in all cytosol fractions (Fig 9A and 9C, lanes 2-4); however, the levels of eVP40 and
mVP40 in PM fractions from cells expressing BAG3-WT were consistently reduced by 2-3
fold (Fig 9A and 9C, lane 7; and Fig 9B and 9D) compared to that detected in the PM frac-
tions of cells expressing VP40 alone (lanes 6) or VP40 + BAG3-AN (lanes 8).

In addition to cell fractionation studies, we examined eVP40 on the cell surface using indi-
rect immunofluorescence and XZY scanning of confocal microscopy (Fig 9E). As expected,
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Fig 8. BAG3 alters the intracellular localization of eVP40 in live cells. A) HEK293T cells were trans-
fected with GFP-eVP40 (green) plus either vector, or BAG3-mCherry (red), and cells were imaged at 24
hours post transfection using a Leica SP5 FLIM inverted confocal microscope. Representative images are
shown with arrows highlighting the typical localization pattern of GFP-eVP40 at the plasma membrane and
in PM projections, while arrowheads highlight the altered diffuse cytoplasmic localization pattern of eVP40
observed in BAG3 expressing cells. Cell nuclei were stained with NucBlue. Scale bars = 10pm. B) HeLa
cells were transfected with GFP-eVP40 (green) plus mCherry-LC3 (red) and vector alone (top row), or
BAG3 (bottom two rows), and cells were imaged at 24 hours post transfection using a Leica SP5 FLIM
inverted confocal microscope. Representative images are shown with white arrows highlighting the
colocalization of GFP-eVP40 and mCherry-LC3 in aggresomes. Cell nuclei were stained with NucBlue.
Scale bars = 10um.

doi:10.1371/journal.ppat.1006132.9g008

eVP40 alone localized robustly to the PM (Fig 9E, top row). In contrast, eVP40 localization at
the PM was less pronounced in the presence of BAG3-WT compared to control cells (Fig 9E,
middle row). Importantly, the PM localization pattern of eVP40 in the presence of BAG3-AN
(Fig 9E, bottom row) was virtually identical to that in cells expressing eVP40 alone (top row).
The levels of eVP40, BAG3-WT and BAG3-AN detected at the cell surface by indirect immu-
nofluorescence and confocal microscopy correlate well with results from the cell fractionation
studies. Taken together, our results suggest that the general mechanism by which BAG3 inhib-
its VLP egress is unique and involves sequestration of a fraction of eVP40 away from the PM
and into aggresomes in a PPxY/WW domain-dependent manner. Although we focused on the
PM, it is important to note that we cannot completely rule out the possibility that sequestration
of eVP40 away from internal membranes may also contribute to the mechanism by which
BAG3 inhibits VLP egress.

BAGS inhibits egress of infectious recombinant virus VSV-M40

Finally, we sought to determine whether expression of BAG3 would inhibit egress of infectious
virus. Toward this end, we utilized our live infectious VSV recombinants; VSV-M40 and
VSV-M40-P2728A [10]. Recombinant VSV-M40 expresses the WT L-domain motifs (PTAP-
PEY) and flanking residues from eVP40 in place of the L-domain of VSV M protein and buds
efficiently, whereas recombinant VSV-M40-P2728A expresses mutated eVP40 L-domain
motifs (PTAAAEY) and is budding defective [10]. Briefly, HEK293T cells were first transfected
with vector alone, BAG3-WT, or BAG3-AN for 24 hours, and then infected with either
VSV-M40 or VSV-M40-P2728A at an MOI of 0.1 for 8 hours (peak time of budding). Infected
cell extracts were analyzed by Western blot for expression controls, and virus production was
quantified by standard plaque assay (Fig 10). We found that the levels of infectious VSV-M40
released from mock- and BAG3-AN-transfected cells were virtually identical; however, titers
of VSV-M40 released from cells expressing BAG3-W'T were consistently and significantly
reduced by >50% compared to controls (Fig 10A). In contrast, expression of BAG3-WT did
not have any significant effect on budding of mutant VSV-M40-P2728A (Fig 10C). Impor-
tantly, these data demonstrate that the inhibitory effect of BAG3 on budding extends to infec-
tious virus, and confirms the involvement of the viral PPxY/BAG3 WW-domain interaction in
this negative regulatory mechanism.

Discussion

As the major filovirus matrix protein, VP40 plays a central role in directing virion assembly
and egress from infected cells. Three minimal functional domains of VP40 are required for
efficient VLP egress, including a membrane (M) binding region, a self-interaction (I) domain,
and one or more late (L) domain motifs. The L-domain motifs hijack or recruit specific host
cell proteins that facilitate or promote efficient virus-cell separation [3,4,6,48-53]. Here, we
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were fixed at 24 hrs post-transfection, and then incubated with rabbit anti-eVP40 antiserum and mouse anti-myc antiserum (to detecting BAG3-WT and
BAG3-AN). Cells were then stained with Alexa Fluor 488 goat anti-rabbit and 594 goat anti-mouse secondary antibodies. Microscopy was performed
using a Leica SP5 FLIM inverted confocal microscope and XZY scanning. Representative images displaying eVP40 (green) and BAG3-WT (red) or

BAG3-AN (red) localized at the PM are shown. Cell nuclei were stained with NucBlue. Scale bars = 10um.

doi:10.1371/journal.ppat.1006132.g009

have identified host WW-domain containing protein BAG3 as a novel interactor with the
PPxY L-domain motif of both eVP40 and mVP40. Moreover, we confirmed the physical and
functional interaction between the WW-domain of BAG3 and the viral PPxY L-domain motif
by using L-domain and WW-domain mutants in GST-pulldowns, co-immunoprecipitation,
siRNA analysis, and/or VLP/virus budding assays. Intriguingly, unlike previously identified
host WW-domain proteins that interact with VP40, including Nedd4 [2,28,32,35] and ITCH
[37], BAGS3 is the first host WW-domain interactor to negatively regulate egress of eVP40 and
mVP40 VLPs, as well as infectious virus containing the eVP40 PPxY L-domain motif.
BAGS3 is a member of the BAG family of proteins (BAG1-BAG6) which are characterized
by a BAG domain that interacts with the ATPase domain of heat shock protein (HSP) 70 [54].
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Fig 10. BAG3 inhibits egress of infectious recombinant virus VSV-M40. HEK293T cells were first transfected
with vector alone, BAG3-WT or BAG3-AN for 24 hours, and then infected with recombinant virus VSV-M40 (A) or
VSV-M40-P2728A (C) at a MOI of 0.1 for 8 hours. Supernatants were harvested and virus titers were determined by
standard plaque assay on BHK-21 cells. Each bar represents the average of three independent experiments
performed in duplicate. Statistical significance was analyzed by one-way ANOVA. ns: not significant, *** =
p<0.001. The indicated proteins from VSV-M40 (B) or VSV-M40(P2728A) (D) infected cell extracts were detected

by Western blotting.
doi:10.1371/journal.ppat.1006132.9010
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BAGS3 is the only member of this family that contains a single N-terminal WW-domain. As a
co-chaperone and cell survival protein, BAG3 regulates multiple cell pathways, including, apo-
ptosis, autophagy, cell development and cytoskeleton organization [45,55,56]. Indeed, BAG3 is
induced under conditions of cell stress and plays a major role in sequestering misfolded and/
or foreign proteins to the proteasome for degradation by CMA [45,55,56]. Our data imply that
the CMA function of BAG3 acts as a novel host defense/response mechanism to sequester a
fraction of VP40 from the site of budding at the PM and into aggresomes, thus reducing VLP/
virus egress and spread. Whether sequestration of VP40 away from the PM results in degrada-
tion of VP40 remains to be determined. Interestingly, selective autophagy of the endoplasmic
reticulum (ER-phagy) was recently shown to regulate EBOV replication in murine cells [57].

BAGS3 has been associated with the lifecycles of other RNA and DNA viruses including,
HIV-1, varicella zoster virus, herpes simplex virus, African swine fever virus, papillomavirus,
polyomaviruses, coronavirus, adenovirus, and Epstein Barr virus [58-69]. However, in con-
trast to our findings with VP40, BAG3 primarily exerts positive effects on the lifecycles of these
other viruses. For example, Gout et. al [63] reported that the adenovirus penton base protein
interacted with the WW-domain of BAG3 via its PPxY motif to promote adenovirus entry and
virus progeny production.

Results from cell fractionation and confocal microscopy suggest that the mechanism by
which BAG3 inhibits VP40-mediated egress involves, at least in part, relocalization of VP40
away from the site of budding at the PM and accumulation of a portion of VP40 into LC3-con-
taining aggresomes, which are visualized more definitively in HeLa cells rather than HEK293T
cells. Indeed, BAG3 has been shown to regulate an aggresome-targeting pathway by interacting
with the microtubule-motor dynein to selectively direct target proteins to the aggresome
[56,59,70]. A more precise determination of whether sequestration of VP40 correlates with its
degradation, and/or whether BAG3 may disrupt trafficking of VP40 along the cytoskeletal
architecture of the cell to the PM, remains to be determined. Since BAG3 interacts with the
viral PPxY motif, we cannot completely rule out the possibility that BAG3 may competitively
inhibit VP40 from interacting with other host WW-domain containing proteins such as E3
ubiquitin ligases, Nedd4 and ITCH, which may impair ubiquitination and subsequent egress
of VP40 VLPs. This is likely not the primary mechanism of budding inhibition since the intra-
cellular localization of VP40 was altered significantly in the presence of BAG3 as judged by
PM fractionation and confocal microscopy.

In sum, we identified BAG3 as a novel, WW-domain interactor with the PPxY motif of
VP40 leading to inhibition of VLP and infectious virus egress in a PPxY/WW-domain depen-
dent manner. As a stress-induced, cell survival protein, BAG3 may represent a key component
of a novel host defense mechanism to dampen virus egress via CMA and protein sequestration.
These findings provide new insights into the roles that host proteins play in regulating filovirus
VP40-mediated egress, and a more comprehensive understanding of these virus-host interac-
tions may be helpful in the design of future antiviral therapies. For example, it may be possible
to identify small molecules that could bind to VP40 in a manner that mimics the inhibitory
effect of BAG3. Alternatively, the WW domain of BAG3 alone (per se) could be used to inhibit
VLP and virus egress as documented previously for cis-expressed YAP WW domain that
inhibited PPxY-mediated budding of Rous Sarcoma virus [71].

Materials and Methods

Cell lines and plasmids

HEK293T (American Type Culture Collection; ATCC), HeLa (American Type Culture Collec-
tion; ATCC), and BHK-21 (American Type Culture Collection; ATCC) cells were maintained
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in Dulbecco’s modified Eagle’s medium (DMEM) (CORNING) supplemented with 10% fetal
bovine serum (FBS) (GIBCO), penicillin (100U/ml)/streptomycin (100pg/ml) (INVITROGEN)
and the cells were grown at 37°C in a humidified 5% CO, incubator. The plasmids encoding
eVP40-WT, eVP40-APT/PY were described previously [2,72,73]. Flag-tagged mVP40-WT and
PPxY mutant mVP40(P>A) were kindly provided by S. Becker (Institut fiir Virologie, Marburg,
Germany). The pcDNA6 myc-His-BAG3-WT (1-575), pcDNA6 myc-His-BAG3-AN (62-575)
and pcDNA6 myc-His-BAG3-AC (1-420) plasmids were kindly provided by K. Khalili (Temple
University). Plasmid pDEST-mCherry-BAG3 was kindly provided by E. Sjettem (University of
Tromse). mCherry-hLC3B-pcDNA3.1 was a gift from David Rubinsztein (Addgene plasmid #
40827) [74).

PPxY-WW domain reading array screen

The proline rich motif “reading” array consisted of almost all known WW domains (115 domains)
from mammalian proteins (and yeast). We prepared biotinylated peptides harboring either the
EBOV VP40 WT PPxY motif (MRRVILPTAPPEYMEAI) or mutated PPxY motif (MRRVILP-
TAAAEAMEALI). Both of the biotinylated peptides were fluorescently labeled and used to screen
the specially prepared “proline-rich” reading array.

GST-pulldown assay

GST alone and GST-BAG3 WW domain fusion protein were expressed in BL-21 cells and sub-
sequently conjugated to glutathione (GSH) beads (GE HEALTHCARE). HEK293T cells were
transfected with eVP40-WT, eVP40-APT/PY or flag-tagged-mVP40, respectively. At 24 hours
after transfection, the cell extracts were incubated with the GSH beads described above at 4°C
for 4 hours with continuous rotating. The proteins complexes were pulled down with beads
via centrifugation. The rabbit eVP40 antiserum (PROSCI), mouse anti-flag monoclonal anti-
body (SIGMA), mouse anti-GST monoclonal antibody (SIGMA) were used to detect
eVP40-WT, eVP40-APT/PY, mVP40, GST, or GST-BAG3 WW proteins in input and pull-
down samples by Western blotting.

Immunoprecipitation assay

HEK293T cells were transfected with the indicated plasmids combinations using Lipofecta-
mine reagent (INVITROGEN). At 24 hours post transfection, cells were harvested and lysed,
and cell extracts were incubated with either rabbit or mouse IgG, eVP40, or mVP40 specific
antisera as indicated. Protein A or G agarose beads were then added to the mixtures and incu-
bated overnight at 4°C. After incubation, beads were collected via centrifugation and washed
4X. Proteins were then detected by Western blotting with polyclonal anti-BAG3 (Proteintech),
polyclonal anti-His (Cell Signaling), or monoclonal anti-cmyc (Millipore) antisera as
indicated.

VLP budding assay and BAGS titration

Filovirus VP40 VLP budding assays in HEK293T cells were described previously [2,13,35,
72,73]. eVP40 and mVP40 proteins in VLPs and cell extracts were detected by SDS-PAGE and
Western blotting, and quantified using NIH Image-J software. The anti-eVP40 antiserum was
used to detect eVP40-WT and eVP40-APT/PY mutant, and anti-flag monoclonal antibody was
used to detect flag-tagged mVP40. For BAG3 titration experiments, HEK293T cells were trans-
fected with 0.1ug of eVP40 or mVP40 and increasing amounts of BAG3-WT or BAG3-AC
(0.1, 0.5, 1.0pg), or BAG3-AN (0.1 and 1.0pg). The total amounts of transfected DNA were
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equivalent in all samples. Supernatants and cell extracts were harvested at 24 hours post
transfection.

siRNA knockdown

HEK?293T cells seeded in 6 well plates were transfected with human BAG3-specific or random
siRNA (DHARMACON) at a final concentration of 100nM per well using Lipofectamine
reagent (INVITROGEN). At 24 hours post transfection, cells were transfected again with
0.2ug of eVP40 or mVP40 plasmid. VLPs and cell extracts were harvested at 24 hours post
transfection, and proteins were detected by Western blotting.

Live cell imaging

HEK?293T cells were transfected with GFP-eVP40 plus mCherry-BAG3 or vector (pCAGGS),
and cells were monitored by Leica SP5 FLIM inverted confocal microscope at 24 hrs post-
transfection. HeLa cells were transfected with GFP-eVP40 plus mCherry-LC3 and either
BAG3-WT or vector alone, and cells were monitored by Leica SP5 FLIM inverted confocal
microscope at 24 hrs post-transfection. Cell nuclei were stained by NucBlue live cell ready
probes (LIFE THCHONOLOGIES). The intracellular localization of GFP-eVP40, mCherry-
BAG3, and mCherry-LC3 in the live cells were imaged using XYZ scanning. To generate series
images through the whole cell, serial optical planes of focus (at approximately 1um intervals)
were taken through the Z stacks from the top to bottom of the cell, and the collected images
were merged into one using the Leica microsystems (LAS AF) software.

Indirect Immunofluorescence assay

HEK?293T cells were transfected with the indicated plasmid combinations. At 24 hours post
transfection, cells were washed with cold PBS and fixed with 4% formaldehyde for 15 min at
room temperature, then permeabilized with 0.2% Triton X-100. After washing 3X with cold
PBS, cells were incubated with polyclonal anti-eVP40 antiserum and mouse anti-cmyc antise-
rum to detect his-myc tagged BAG3 and its mutants. Next, cells were stained with Alexa Fluor
488 goat anti-rabbit and 594 goat anti-mouse secondary antibodies (LIFE TECHONOLO-
GIES). Cell nuclei were stained with NucBlue fixed cell ready probes (LIFE TECHONOLO-
GIES). Microscopy was performed using a Leica SP5 FLIM inverted confocal microscope and
an XZY scanning model. Serial optical planes of focus were taken on the Y-axis and the col-
lected images were merged into one by using the Leica microsystems (LAS AF) software.

Cytosol and plasma membrane protein fractionation

HEK293T cells were transfected with indicated plasmid combinations, and cells were scraped
and washed with cold PBS at 24 hours post-transfection. Cells were then collected via low
speed centrifugation. The cytosol, organelle membrane and plasma membrane protein frac-
tions were isolated sequentially using the “Minute plasma membrane protein isolation kit”
(INVENT) following the manufacturer’s instructions. Proteins within the cytosol and plasma
membrane fractions were detected via SDS-PAGE and Western blotting. The B-actin and
sodium potassium ATPase were used as cytosol and plasma membrane controls and were
detected using mouse anti -actin (SIGMA) and rabbit anti Na/K ATPase (ABCAM) mono-
clonal antibodies.
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Transfection/Infection assays

HEK293T cells were first transfected with BAG3, BAG3-AN or vector for 24 hours, and then
subsequently infected with either VSV-M40 or VSV-M40-P2728A at a MOI of 0.1. Superna-
tants and infected cell extracts were harvested at 8 hours post-infection. Released VSV-M40
and VSV-M40-P2728A virions were titrated in duplicate via standard plaque assay on BHK-21
cells. Cellular proteins were detected by Western blotting using specific antibodies.

Acknowledgments

The authors wish to thank K. Khalili, E. Sjettem, and S. Becker for kindly providing reagents,
L. King for critical reading of the manuscript, and members of the Harty and Freedman labs
for helpful discussions. We also wish to thank G. Ruthel (Manager) and B.D. Freedman
(Director) of the PennVet Imaging Core for assistance with microscopy studies. Lastly, the
authors wish to thank Professor T.R. Luo (Guangxi University, China) for his invaluable guid-
ance and mentoring of J.L..

Author Contributions

Conceptualization: JL RNH.

Data curation: JL. CAS MTB SSS MS ZH RNH.
Formal analysis: JL CAS MTB SSS MS ZH RNH.
Funding acquisition: MTB MS RNH.

Investigation: JL CAS.

Methodology: JL CAS MTB SSS MS ZH RNH.
Project administration: RNH.

Resources: JL CAS MTB SSS MS ZH RNH.
Supervision: MTB SSS MS RNH.

Validation: JL CAS MTB SSS MS ZH RNH.
Visualization: JL CAS MTB SSS MS ZH RNH.
Writing - original draft: JL CAS MTB SSS MS RNH.
Writing - review & editing: JL CAS MTB SSS MS RNH.

References

1. Bray M, Murphy FA (2007) Filovirus research: knowledge expands to meet a growing threat. The Jour-
nal of infectious diseases 196 Suppl 2: S438-443.

2. Harty RN, Brown ME, Wang G, Huibregtse J, Hayes FP (2000) A PPxY motif within the VP40 protein of
Ebola virus interacts physically and functionally with a ubiquitin ligase: implications for filovirus budding.
Proceedings of the National Academy of Sciences of the United States of America 97: 13871-13876.
doi: 10.1073/pnas.250277297 PMID: 11095724

3. Jasenosky LD, Kawaoka Y (2004) Filovirus budding. Virus research 106: 181-188. doi: 10.1016/j.
virusres.2004.08.014 PMID: 15567496

4. Hartlieb B, Weissenhorn W (2006) Filovirus assembly and budding. Virology 344: 64—70. doi: 10.1016/
j.virol.2005.09.018 PMID: 16364737

5. Dolnik O, Kolesnikova L, Becker S (2008) Filoviruses: Interactions with the host cell. Cellular and molec-
ular life sciences: CMLS 65: 756—776. doi: 10.1007/s00018-007-7406-2 PMID: 18158582

PLOS Pathogens | DOI:10.1371/journal.ppat.1006132 January 11,2017 18/22


http://dx.doi.org/10.1073/pnas.250277297
http://www.ncbi.nlm.nih.gov/pubmed/11095724
http://dx.doi.org/10.1016/j.virusres.2004.08.014
http://dx.doi.org/10.1016/j.virusres.2004.08.014
http://www.ncbi.nlm.nih.gov/pubmed/15567496
http://dx.doi.org/10.1016/j.virol.2005.09.018
http://dx.doi.org/10.1016/j.virol.2005.09.018
http://www.ncbi.nlm.nih.gov/pubmed/16364737
http://dx.doi.org/10.1007/s00018-007-7406-2
http://www.ncbi.nlm.nih.gov/pubmed/18158582

@’PLOS | PATHOGENS

BAG3 is a Negative Regulator of Filovirus Egress

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Harty RN (2009) No exit: targeting the budding process to inhibit filovirus replication. Antiviral research
81: 189-197. doi: 10.1016/j.antiviral.2008.12.003 PMID: 19114059

Neumann G, Ebihara H, Takada A, Noda T, Kobasa D, et al. (2005) Ebola virus VP40 late domains are
not essential for viral replication in cell culture. Journal of virology 79: 10300-10307. doi: 10.1128/JVI.
79.16.10300-10307.2005 PMID: 16051823

Calistri A, Salata C, Parolin C, Palu G (2009) Role of multivesicular bodies and their components in the
egress of enveloped RNA viruses. Reviews in medical virology 19: 31-45. doi: 10.1002/rmv.588 PMID:
18618839

Chen BJ, Lamb RA (2008) Mechanisms for enveloped virus budding: can some viruses do without an
ESCRT? Virology 372: 221-232. doi: 10.1016/j.virol.2007.11.008 PMID: 18063004

Irie T, Licata JM, Harty RN (2005) Functional characterization of Ebola virus L-domains using VSV
recombinants. Virology 336: 291-298. doi: 10.1016/j.virol.2005.03.027 PMID: 15892969

Liu Y, Harty RN (2010) Viral and host proteins that modulate filovirus budding. Future virology 5: 481—
491. doi: 10.2217/FVL.10.33 PMID: 20730024

Bieniasz PD (2006) Late budding domains and host proteins in enveloped virus release. Virology 344:
55-63. doi: 10.1016/j.virol.2005.09.044 PMID: 16364736

Han Z, Madara JJ, Liu Y, Liu W, Ruthel G, et al. (2015) ALIX Rescues Budding of a Double PTAP/
PPEY L-Domain Deletion Mutant of Ebola VP40: A Role for ALIX in Ebola Virus Egress. The Journal of
infectious diseases 212 Suppl 2: S138-145.

Bork P, Sudol M (1994) The WW domain: a signalling site in dystrophin? Trends in biochemical sci-
ences 19:531-533. PMID: 7846762

Chen HI, Sudol M (1995) The WW domain of Yes-associated protein binds a proline-rich ligand that dif-
fers from the consensus established for Src homology 3-binding modules. Proceedings of the National
Academy of Sciences of the United States of America 92: 7819-7823. PMID: 7644498

Sudol M, Chen HI, Bougeret C, Einbond A, Bork P (1995) Characterization of a novel protein-binding
module—the WW domain. FEBS letters 369: 67—71. PMID: 7641887

Sudol M (1996) The WW module competes with the SH3 domain? Trends in biochemical sciences 21:
161-163. PMID: 8871396

Sudol M (1996) Structure and function of the WW domain. Progress in biophysics and molecular biology
65: 113-132. PMID: 9029943

Sudol M, Sliwa K, Russo T (2001) Functions of WW domains in the nucleus. FEBS letters 490: 190—
195. PMID: 11223034

lisley JL, Sudol M, Winder SJ (2002) The WW domain: linking cell signalling to the membrane cytoskel-
eton. Cellular signalling 14: 183-189. PMID: 11812645

Hu H, Columbus J, Zhang Y, Wu D, Lian L, et al. (2004) A map of WW domain family interactions. Prote-
omics 4:643-655. doi: 10.1002/pmic.200300632 PMID: 14997488

Sudol M, Hunter T (2000) NeW wrinkles for an old domain. Cell 103: 1001-1004. PMID: 11163176

Harty RN, Brown ME, McGettigan JP, Wang G, Jayakar HR, et al. (2001) Rhabdoviruses and the cellu-
lar ubiquitin-proteasome system: a budding interaction. Journal of virology 75: 10623-10629. doi: 10.
1128/JV1.75.22.10623-10629.2001 PMID: 11602704

Yasuda J, Hunter E, Nakao M, Shida H (2002) Functional involvement of a novel Nedd4-like ubiquitin
ligase on retrovirus budding. EMBO reports 3: 636—-640. doi: 10.1093/embo-reports/kvi132 PMID:
12101095

Bouamr F, Melillo JA, Wang MQ, Nagashima K, de Los Santos M, et al. (2003) PPPYVEPTAP motif is
the late domain of human T-cell leukemia virus type 1 Gag and mediates its functional interaction with
cellular proteins Nedd4 and Tsg101 [corrected]. Journal of virology 77: 11882—11895. doi: 10.1128/
JVI.77.22.11882-11895.2003 PMID: 14581525

Licata JM, Simpson-Holley M, Wright NT, Han Z, Paragas J, et al. (2003) Overlapping motifs (PTAP
and PPEY) within the Ebola virus VP40 protein function independently as late budding domains:
involvement of host proteins TSG101 and VPS-4. Journal of virology 77: 1812-1819. doi: 10.1128/JVI.
77.3.1812-1819.2003 PMID: 12525615

Timmins J, Schoehn G, Ricard-Blum S, Scianimanico S, Vernet T, et al. (2003) Ebola virus matrix pro-
tein VP40 interaction with human cellular factors Tsg101 and Nedd4. Journal of molecular biology 326:
493-502. PMID: 12559917

Yasuda J, Nakao M, Kawaoka Y, Shida H (2003) Nedd4 regulates egress of Ebola virus-like particles
from host cells. Journal of virology 77: 9987-9992. doi: 10.1128/JV1.77.18.9987-9992.2003 PMID:
12941909

PLOS Pathogens | DOI:10.1371/journal.ppat.1006132 January 11,2017 19/22


http://dx.doi.org/10.1016/j.antiviral.2008.12.003
http://www.ncbi.nlm.nih.gov/pubmed/19114059
http://dx.doi.org/10.1128/JVI.79.16.10300-10307.2005
http://dx.doi.org/10.1128/JVI.79.16.10300-10307.2005
http://www.ncbi.nlm.nih.gov/pubmed/16051823
http://dx.doi.org/10.1002/rmv.588
http://www.ncbi.nlm.nih.gov/pubmed/18618839
http://dx.doi.org/10.1016/j.virol.2007.11.008
http://www.ncbi.nlm.nih.gov/pubmed/18063004
http://dx.doi.org/10.1016/j.virol.2005.03.027
http://www.ncbi.nlm.nih.gov/pubmed/15892969
http://dx.doi.org/10.2217/FVL.10.33
http://www.ncbi.nlm.nih.gov/pubmed/20730024
http://dx.doi.org/10.1016/j.virol.2005.09.044
http://www.ncbi.nlm.nih.gov/pubmed/16364736
http://www.ncbi.nlm.nih.gov/pubmed/7846762
http://www.ncbi.nlm.nih.gov/pubmed/7644498
http://www.ncbi.nlm.nih.gov/pubmed/7641887
http://www.ncbi.nlm.nih.gov/pubmed/8871396
http://www.ncbi.nlm.nih.gov/pubmed/9029943
http://www.ncbi.nlm.nih.gov/pubmed/11223034
http://www.ncbi.nlm.nih.gov/pubmed/11812645
http://dx.doi.org/10.1002/pmic.200300632
http://www.ncbi.nlm.nih.gov/pubmed/14997488
http://www.ncbi.nlm.nih.gov/pubmed/11163176
http://dx.doi.org/10.1128/JVI.75.22.10623-10629.2001
http://dx.doi.org/10.1128/JVI.75.22.10623-10629.2001
http://www.ncbi.nlm.nih.gov/pubmed/11602704
http://dx.doi.org/10.1093/embo-reports/kvf132
http://www.ncbi.nlm.nih.gov/pubmed/12101095
http://dx.doi.org/10.1128/JVI.77.22.11882-11895.2003
http://dx.doi.org/10.1128/JVI.77.22.11882-11895.2003
http://www.ncbi.nlm.nih.gov/pubmed/14581525
http://dx.doi.org/10.1128/JVI.77.3.1812-1819.2003
http://dx.doi.org/10.1128/JVI.77.3.1812-1819.2003
http://www.ncbi.nlm.nih.gov/pubmed/12525615
http://www.ncbi.nlm.nih.gov/pubmed/12559917
http://dx.doi.org/10.1128/JVI.77.18.9987-9992.2003
http://www.ncbi.nlm.nih.gov/pubmed/12941909

@’PLOS | PATHOGENS

BAG3 is a Negative Regulator of Filovirus Egress

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Vana ML, Tang Y, Chen A, Medina G, Carter C, et al. (2004) Role of Nedd4 and ubiquitination of Rous
sarcoma virus Gag in budding of virus-like particles from cells. Journal of virology 78: 13943-13953.
doi: 10.1128/JV1.78.24.13943-13953.2004 PMID: 15564502

Okumura A, Pitha PM, Harty RN (2008) ISG 15 inhibits Ebola VP40 VLP budding in an L-domain-depen-
dent manner by blocking Nedd4 ligase activity. Proceedings of the National Academy of Sciences of the
United States of America 105: 3974-3979. doi: 10.1073/pnas.0710629105 PMID: 18305167

Usami Y, Popov S, Popova E, Inoue M, Weissenhorn W, et al. (2009) The ESCRT pathway and HIV-1
budding. Biochemical Society transactions 37: 181-184. doi: 10.1042/BST0370181 PMID: 19143627

Urata S, Yasuda J (2010) Regulation of Marburg virus (MARV) budding by Nedd4.1: a different WW
domain of Nedd4.1 is critical for binding to MARV and Ebola virus VP40. The Journal of general virology
91: 228-234. doi: 10.1099/vir.0.015495-0 PMID: 19812267

Liu'Y, Lee MS, Olson MA, Harty RN (2011) Bimolecular Complementation to Visualize Filovirus VP40-
Host Complexes in Live Mammalian Cells: Toward the Identification of Budding Inhibitors. Advances in
virology 2011.

Sette P, Nagashima K, Piper RC, Bouamr F (2013) Ubiquitin conjugation to Gag is essential for
ESCRT-mediated HIV-1 budding. Retrovirology 10: 79. doi: 10.1186/1742-4690-10-79 PMID:
23895345

Han Z, Lu J, Liu Y, Davis B, Lee MS, et al. (2014) Small-molecule probes targeting the viral PPxY-host
Nedd4 interface block egress of a broad range of RNA viruses. Journal of virology 88: 7294—7306. doi:
10.1128/JVI.00591-14 PMID: 24741084

Loughran HM, Han Z, Wrobel JE, Decker SE, Ruthel G, et al. (2016) Quinoxaline-based inhibitors of
Ebola and Marburg VP40 egress. Bioorganic & medicinal chemistry letters 26: 3429-3435.

Han Z, Sagum CA, Bedford MT, Sidhu SS, Sudol M, et al. (2016) ITCH E3 Ubiquitin Ligase Interacts
with Ebola Virus VP40 to Regulate Budding. Journal of virology.

LuJd,QuY, LiuY, Jambusaria R, Han Z, et al. (2013) Host IQGAP1 and Ebola virus VP40 interactions
facilitate virus-like particle egress. Journal of virology 87: 7777-7780. doi: 10.1128/JVI1.00470-13
PMID: 23637409

Espejo A, Cote J, Bednarek A, Richard S, Bedford MT (2002) A protein-domain microarray identifies
novel protein-protein interactions. The Biochemical journal 367: 697—-702. doi: 10.1042/BJ20020860
PMID: 12137563

Einbond A, Sudol M (1996) Towards prediction of cognate complexes between the WW domain and
proline-rich ligands. FEBS letters 384: 1-8. PMID: 8797792

Carra S, Seguin SJ, Landry J (2008) HspB8 and Bag3: a new chaperone complex targeting misfolded
proteins to macroautophagy. Autophagy 4: 237-239. PMID: 18094623

Gentilella A, Khalili K (2011) BAG3 expression in glioblastoma cells promotes accumulation of ubiquiti-

nated clients in an Hsp70-dependent manner. The Journal of biological chemistry 286: 9205-9215. doi:
10.1074/jbc.M110.175836 PMID: 21233200

Ulbricht A, Arndt V, Hohfeld J (2013) Chaperone-assisted proteostasis is essential for mechanotrans-
duction in mammalian cells. Communicative & integrative biology 6: €24925.

Fuchs M, Luthold C, Guilbert SM, Varlet AA, Lambert H, et al. (2015) A Role for the Chaperone Com-
plex BAG3-HSPB8 in Actin Dynamics, Spindle Orientation and Proper Chromosome Segregation dur-
ing Mitosis. PLoS genetics 11: €1005582. doi: 10.1371/journal.pgen.1005582 PMID: 26496431

Rosati A, Graziano V, De Laurenzi V, Pascale M, Turco MC (2011) BAG3: a multifaceted protein that
regulates major cell pathways. Cell death & disease 2: e141.

Behl C (2011) BAG3 and friends: co-chaperones in selective autophagy during aging and disease.
Autophagy 7:795-798. doi: 10.4161/auto.7.7.15844 PMID: 21681022

Te Rijdt WP, van Tintelen JP, Vink A, van der Wal AC, de Boer RA, et al. (2016) Phospholamban p.
Arg14del cardiomyopathy is characterized by phospholamban aggregates, aggresomes and autopha-
gic degradation. Histopathology.

Jayakar HR, Jeetendra E, Whitt MA (2004) Rhabdovirus assembly and budding. Virus research 106:
117—-132. doi: 10.1016/j.virusres.2004.08.009 PMID: 15567492

Lyles DS (2013) Assembly and budding of negative-strand RNA viruses. Advances in virus research
85: 57-90. doi: 10.1016/B978-0-12-408116-1.00003-3 PMID: 23439024

Okumura A, Harty RN (2011) Rabies virus assembly and budding. Advances in virus research 79: 23—
32. doi: 10.1016/B978-0-12-387040-7.00002-0 PMID: 21601040

Rossman JS, Lamb RA (2013) Viral membrane scission. Annual review of cell and developmental biol-
ogy 29: 551-569. doi: 10.1146/annurev-cellbio-101011-155838 PMID: 24099087

PLOS Pathogens | DOI:10.1371/journal.ppat.1006132 January 11,2017 20/22


http://dx.doi.org/10.1128/JVI.78.24.13943-13953.2004
http://www.ncbi.nlm.nih.gov/pubmed/15564502
http://dx.doi.org/10.1073/pnas.0710629105
http://www.ncbi.nlm.nih.gov/pubmed/18305167
http://dx.doi.org/10.1042/BST0370181
http://www.ncbi.nlm.nih.gov/pubmed/19143627
http://dx.doi.org/10.1099/vir.0.015495-0
http://www.ncbi.nlm.nih.gov/pubmed/19812267
http://dx.doi.org/10.1186/1742-4690-10-79
http://www.ncbi.nlm.nih.gov/pubmed/23895345
http://dx.doi.org/10.1128/JVI.00591-14
http://www.ncbi.nlm.nih.gov/pubmed/24741084
http://dx.doi.org/10.1128/JVI.00470-13
http://www.ncbi.nlm.nih.gov/pubmed/23637409
http://dx.doi.org/10.1042/BJ20020860
http://www.ncbi.nlm.nih.gov/pubmed/12137563
http://www.ncbi.nlm.nih.gov/pubmed/8797792
http://www.ncbi.nlm.nih.gov/pubmed/18094623
http://dx.doi.org/10.1074/jbc.M110.175836
http://www.ncbi.nlm.nih.gov/pubmed/21233200
http://dx.doi.org/10.1371/journal.pgen.1005582
http://www.ncbi.nlm.nih.gov/pubmed/26496431
http://dx.doi.org/10.4161/auto.7.7.15844
http://www.ncbi.nlm.nih.gov/pubmed/21681022
http://dx.doi.org/10.1016/j.virusres.2004.08.009
http://www.ncbi.nlm.nih.gov/pubmed/15567492
http://dx.doi.org/10.1016/B978-0-12-408116-1.00003-3
http://www.ncbi.nlm.nih.gov/pubmed/23439024
http://dx.doi.org/10.1016/B978-0-12-387040-7.00002-0
http://www.ncbi.nlm.nih.gov/pubmed/21601040
http://dx.doi.org/10.1146/annurev-cellbio-101011-155838
http://www.ncbi.nlm.nih.gov/pubmed/24099087

@’PLOS | PATHOGENS

BAG3 is a Negative Regulator of Filovirus Egress

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Schmitt AP, Lamb RA (2004) Escaping from the cell: assembly and budding of negative-strand RNA
viruses. Current topics in microbiology and immunology 283: 145-196. PMID: 15298170

Wolff S, Ebihara H, Groseth A (2013) Arenavirus budding: a common pathway with mechanistic differ-
ences. Viruses 5: 528-549. doi: 10.3390/v5020528 PMID: 23435234

Takayama S, Reed JC (2001) Molecular chaperone targeting and regulation by BAG family proteins.
Nature cell biology 3: E237—241. doi: 10.1038/ncb1001-e237 PMID: 11584289

Gamerdinger M, Carra S, Behl C (2011) Emerging roles of molecular chaperones and co-chaperones in
selective autophagy: focus on BAG proteins. J Mol Med (Berl) 89: 1175-1182.

Gamerdinger M, Kaya AM, Wolfrum U, Clement AM, Behl C (2011) BAG3 mediates chaperone-based
aggresome-targeting and selective autophagy of misfolded proteins. EMBO reports 12: 149—-156. doi:
10.1038/embor.2010.203 PMID: 21252941

Chiramel Al, Dougherty JD, Nair V, Robertson SJ, Best SM (2016) FAM134B, the Selective Autophagy
Receptor for Endoplasmic Reticulum Turnover, Inhibits Replication of Ebola Virus Strains Makona and
Mayinga. The Journal of infectious diseases.

Munoz-Moreno R, Galindo I, Cuesta-Geijo MA, Barrado-Gil L, Alonso C (2015) Host cell targets for Afri-
can swine fever virus. Virus research 209: 118-127. doi: 10.1016/j.virusres.2015.05.026 PMID:
26057710

Munoz-Moreno R, Barrado-Gil L, Galindo I, Alonso C (2015) Analysis of HDAC6 and BAG3-aggresome
pathways in African swine fever viral factory formation. Viruses 7: 1823—-1831. doi: 10.3390/v7041823
PMID: 25856634

Bruno AP, De Simone Fl, lorio V, De Marco M, Khalili K, et al. (2014) HIV-1 Tat protein induces glial cell
autophagy through enhancement of BAG3 protein levels. Cell Cycle 13: 3640-3644. doi: 10.4161/
15384101.2014.952959 PMID: 25483098

Cotugno R, Gallotta D, d’Avenia M, Corteggio A, Altamura G, et al. (2013) BAG3 protects bovine papil-
lomavirus type 1-transformed equine fibroblasts against pro-death signals. Veterinary research 44:61.
doi: 10.1186/1297-9716-44-61 PMID: 23876161

Zhang L, Zhang ZP, Zhang XE, Lin FS, Ge F (2010) Quantitative proteomics analysis reveals BAG3 as
a potential target to suppress severe acute respiratory syndrome coronavirus replication. Journal of
virology 84: 6050-6059. doi: 10.1128/JVI1.00213-10 PMID: 20392858

Gout E, Gutkowska M, Takayama S, Reed JC, Chroboczek J (2010) Co-chaperone BAG3 and adenovi-
rus penton base protein partnership. Journal of cellular biochemistry 111: 699-708. doi: 10.1002/jcb.
22756 PMID: 20607728

Rosati A, Khalili K, Deshmane SL, Radhakrishnan S, Pascale M, et al. (2009) BAG3 protein regulates
caspase-3 activation in HIV-1-infected human primary microglial cells. Journal of cellular physiology
218: 264—267. doi: 10.1002/jcp.21604 PMID: 18821563

Young P, Anderton E, Paschos K, White R, Allday MJ (2008) Epstein-Barr virus nuclear antigen
(EBNA) 3A induces the expression of and interacts with a subset of chaperones and co-chaperones.
The Journal of general virology 89: 866—877. doi: 10.1099/vir.0.83414-0 PMID: 18343826

Kyratsous CA, Silverstein SJ (2008) The co-chaperone BAG3 regulates Herpes Simplex Virus replica-
tion. Proceedings of the National Academy of Sciences of the United States of America 105: 20912—
20917. doi: 10.1073/pnas.0810656105 PMID: 19088197

Rosati A, Leone A, Del Valle L, Amini S, Khalili K, et al. (2007) Evidence for BAG3 modulation of HIV-1
gene transcription. Journal of cellular physiology 210: 676—683. doi: 10.1002/jcp.20865 PMID:
17187345

Kyratsous CA, Silverstein SJ (2007) BAG3, a host cochaperone, facilitates varicella-zoster virus replica-
tion. Journal of virology 81: 7491-7503. doi: 10.1128/JV1.00442-07 PMID: 17475647

Chroboczek J, Gout E, Favier AL, Galinier R (2003) Novel partner proteins of adenovirus penton. Cur-
rent topics in microbiology and immunology 272: 37-55. PMID: 12747546

Renziehausen J, Hiebel C, Nagel H, Kundu A, Kins S, et al. (2015) The cleavage product of amyloid-
beta protein precursor sAbetaPPalpha modulates BAG3-dependent aggresome formation and
enhances cellular proteasomal activity. Journal of Alzheimer’s disease: JAD 44: 879-896. doi: 10.
3233/JAD-140600 PMID: 25362034

Patnaik A, Wills JW (2002) In vivo interference of Rous sarcoma virus budding by cis expression of a
WW domain. Journal of virology 76: 2789-2795. doi: 10.1128/JV1.76.6.2789-2795.2002 PMID:
11861846

Licata JM, Simpson-Holley M, Wright NT, Han Z, Paragas J, et al. (2003) Overlapping Motifs (PTAP
and PPEY) within the Ebola Virus VP40 Protein Function Independently as Late Budding Domains:
Involvement of Host Proteins TSG101 and VPS-4. Journal of virology 77: 1812—1819. doi: 10.1128/
JVI1.77.3.1812-1819.2003 PMID: 12525615

PLOS Pathogens | DOI:10.1371/journal.ppat.1006132 January 11,2017 21/22


http://www.ncbi.nlm.nih.gov/pubmed/15298170
http://dx.doi.org/10.3390/v5020528
http://www.ncbi.nlm.nih.gov/pubmed/23435234
http://dx.doi.org/10.1038/ncb1001-e237
http://www.ncbi.nlm.nih.gov/pubmed/11584289
http://dx.doi.org/10.1038/embor.2010.203
http://www.ncbi.nlm.nih.gov/pubmed/21252941
http://dx.doi.org/10.1016/j.virusres.2015.05.026
http://www.ncbi.nlm.nih.gov/pubmed/26057710
http://dx.doi.org/10.3390/v7041823
http://www.ncbi.nlm.nih.gov/pubmed/25856634
http://dx.doi.org/10.4161/15384101.2014.952959
http://dx.doi.org/10.4161/15384101.2014.952959
http://www.ncbi.nlm.nih.gov/pubmed/25483098
http://dx.doi.org/10.1186/1297-9716-44-61
http://www.ncbi.nlm.nih.gov/pubmed/23876161
http://dx.doi.org/10.1128/JVI.00213-10
http://www.ncbi.nlm.nih.gov/pubmed/20392858
http://dx.doi.org/10.1002/jcb.22756
http://dx.doi.org/10.1002/jcb.22756
http://www.ncbi.nlm.nih.gov/pubmed/20607728
http://dx.doi.org/10.1002/jcp.21604
http://www.ncbi.nlm.nih.gov/pubmed/18821563
http://dx.doi.org/10.1099/vir.0.83414-0
http://www.ncbi.nlm.nih.gov/pubmed/18343826
http://dx.doi.org/10.1073/pnas.0810656105
http://www.ncbi.nlm.nih.gov/pubmed/19088197
http://dx.doi.org/10.1002/jcp.20865
http://www.ncbi.nlm.nih.gov/pubmed/17187345
http://dx.doi.org/10.1128/JVI.00442-07
http://www.ncbi.nlm.nih.gov/pubmed/17475647
http://www.ncbi.nlm.nih.gov/pubmed/12747546
http://dx.doi.org/10.3233/JAD-140600
http://dx.doi.org/10.3233/JAD-140600
http://www.ncbi.nlm.nih.gov/pubmed/25362034
http://dx.doi.org/10.1128/JVI.76.6.2789-2795.2002
http://www.ncbi.nlm.nih.gov/pubmed/11861846
http://dx.doi.org/10.1128/JVI.77.3.1812-1819.2003
http://dx.doi.org/10.1128/JVI.77.3.1812-1819.2003
http://www.ncbi.nlm.nih.gov/pubmed/12525615

o @
@ ’ PLOS | PATHOGENS BAG3 is a Negative Regulator of Filovirus Egress

73. LiuY, Cocka L, Okumura A, Zhang YA, Sunyer JO, et al. (2010) Conserved motifs within Ebola and
Marburg virus VP40 proteins are important for stability, localization, and subsequent budding of virus-
like particles. Journal of virology 84: 2294—-2303. doi: 10.1128/JV1.02034-09 PMID: 20032189

74. Jahreiss L, Menzies FM, Rubinsztein DC (2008) The itinerary of autophagosomes: from peripheral for-
mation to kiss-and-run fusion with lysosomes. Traffic 9: 574-587. doi: 10.1111/j.1600-0854.2008.
00701.x PMID: 18182013

PLOS Pathogens | DOI:10.1371/journal.ppat.1006132 January 11,2017 22/22


http://dx.doi.org/10.1128/JVI.02034-09
http://www.ncbi.nlm.nih.gov/pubmed/20032189
http://dx.doi.org/10.1111/j.1600-0854.2008.00701.x
http://dx.doi.org/10.1111/j.1600-0854.2008.00701.x
http://www.ncbi.nlm.nih.gov/pubmed/18182013

