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a b s t r a c t

The filoviruses, Ebola and Marburg, cause severe hemorrhagic fever in humans and nonhuman primates,
with high mortality rates. Although the filovirus replication pathway is now understood in considerable
detail, no antiviral drugs have yet been developed that directly inhibit steps in the replication cycle.
One potential target is the filovirus VP40 matrix protein, the key viral protein that drives the budding
process, in part by mediating specific virus–host interactions to facilitate the efficient release of virions
from the infected cell. This review will summarize current knowledge of key structural and functional
domains of VP40 believed to be necessary for efficient budding of virions and virus-like particles. A
better understanding of the structure and function of these key regions of VP40 will be crucial, as they
may represent novel and rational targets for inhibitors of filovirus egress.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Ebola (EBOV) and Marburg (MARV) viruses are the sole members
f the Filoviridae family and are important pathogens of humans and

onhuman primates (Ascenzi et al., 2008; Bray and Murphy, 2007;
asillas et al., 2003; Feldmann et al., 1993; Peters and Khan, 1999).
BOV and MARV have been the cause of sporadic and deadly out-
reaks of hemorrhagic fever in many countries since their initial
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outbreaks in 1976 and 1967, respectively (Ascenzi et al., 2008; Bray
and Murphy, 2007; Feldmann et al., 1993; Peters and Khan, 1999).
Depending on the virus strain initiating the outbreak, the mortal-
ity rate is variable and can be as high as 90%. The filoviruses have
been classified by the CDC as Category A bioterrorism agent, and a
Category A NIAID priority pathogen (Bray, 2003). Currently, there
are no approved vaccines, nor antiviral drugs available to prevent
or treat filovirus infections (Bausch et al., 2008; Bray and Paragas,

2002).

One of the major obstacles toward development of filovirus
vaccines and therapeutics is that live virus experiments can
be conducted only under Biosafety Level-4 (BSL-4) conditions.

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:rharty@vet.upenn.edu
dx.doi.org/10.1016/j.antiviral.2008.12.003
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the L-domain region of Ebola VP40 has been characterized exten-
ig. 1. Electron micrographs of EBOV VP40 VLPs budding from the surface of human
93T cells. Ultrathin sections were examined with a Philips CM-100 transmission
lectron microscope equipped with a KeenView digital camera system.

evertheless, much progress has been made toward our under-
tanding of the molecular aspects of filovirus replication by
nvestigating the structure and function of the viral proteins inde-
endently under less stringent conditions. A better understanding
f the molecular events that govern filovirus replication will be
ssential for future development of vaccines and/or therapeutics.
or example, our understanding of the budding process and iden-
ification of important virus–host interactions that contribute to
fficient virus egress has progressed rapidly over the last decade
Chen and Lamb, 2008; Hartlieb and Weissenhorn, 2006; Jasenosky
nd Kawaoka, 2004; Schmitt and Lamb, 2004). One of the key
pproaches that has helped provide us with an abundance of valu-
ble insight into filovirus budding has been the use of virus-like
article (VLP) budding assays, which are relatively straightforward
o perform under BSL-2 conditions and accurately mimic the bud-
ing process of authentic, infectious virus. For example, human
93T cells are transfected with a plasmid encoding the filovirus
P40 matrix protein, and both cell lysates and cell culture media are
arvested 24–48 h post-transfection. The media sample is then lay-
red onto a 20% sucrose cushion, and the VLPs are pelleted through
he cushion by high-speed centrifugation. VLPs can be purified
urther by floatation gradient centrifugation. The amount of VP40
resent in the VLPs can be quantitated by immunoprecipitation and
DS-PAGE analyses, and the budding VLPs can also be visualized by
lectron microscopy (Fig. 1) (Johnson et al., 2006; Noda et al., 2002).
o-expression of additional filovirus proteins (e.g. GP and NP) along
ith VP40 results in their incorporation into budding VLPs and

nhances the release of VLPs over that observed by expressing VP40
lone (Licata et al., 2004). Thus, this late stage of filovirus replication
epresents a viable and promising target for development of novel

ntivirals as our fundamental understanding of the budding process
rows.

There are precedents for targeting late stages of virus assem-
ly, maturation, and release with antiviral drugs. One example
ch 81 (2009) 189–197

is Bevirimat, a novel anti-HIV-1 drug currently in clinical tri-
als and designed to inhibit virion maturation (Salzwedel et al.,
2007). A second example includes the family of neuraminidase
inhibitors of influenza viruses (Tambyah, 2008). These drugs were
designed to block neuraminidase activity, which is required for effi-
cient release and spread of influenza viruses. Antivirals targeting
filovirus budding would be predicted to dampen or slow down
virus budding and spread in an infected host, thus allowing more
time for the individual’s immune system to respond and control
the infection. The filovirus VP40 late (L)-domain/host interaction
represents a particularly attractive target since many additional
human pathogens (e.g. HIV-1, Lassa fever virus, and Nipah/Hendra
viruses) utilize L-domains for efficient budding, and thus inhibitors
of this process could potentially have broad-spectrum activity and
application.

2. Functional domains of viral matrix proteins

Early studies on retroviral Gag proteins paved the way for iden-
tification of functional protein domains required for virus budding.
Pioneering work from Wills and Craven as well as others helped
to identify three modular domains within the Gag proteins of Rous
sarcoma virus and HIV-1 that were crucial for the budding process
(Accola et al., 2000; Craven and Parent, 1996; Gottlinger et al., 1991;
Patnaik and Wills, 2002). The M (membrane-binding), I (interac-
tion), and L domains were determined to be the minimal essential
components of Gag required for budding (Patnaik and Wills, 2002).
The M-domains of RSV and HIV-1 Gag mapped to their respec-
tive N-termini, the I-domains mapped to the region of the Gag
polyprotein of RSV and HIV-1 that is involved in nucleocapsid (NC)
formation, and the L-domains mapped to the N-terminal p2b region
of RSV Gag and the C-terminal P6 region of HIV-1 Gag (Patnaik
and Wills, 2002). The working model was that Gag localized and
bound to the plasma membrane (M-domain), began to self-interact
or oligomerize (I-domain), and then budded or “pinched off” (L-
domain) from the cell surface (Patnaik and Wills, 2002). Results
from subsequent studies supported this model of budding, not only
for retroviruses, but also for other RNA viruses (Craven et al., 1999;
Harty et al., 1999; Licata et al., 2003; Martin-Serrano et al., 2001;
Noda et al., 2002; Schmitt and Lamb, 2004; Timmins et al., 2001).
Thus, it is fairly well accepted that RNA viral matrix proteins (e.g.
filovirus VP40) that are functional homologues of Gag and that can
bud independently as VLPs must possess domains equivalent to
M, I, and L to promote efficient budding of VLPs and mature viri-
ons.

3. VP40 matrix protein

VP40 is the most abundant protein in mature filovirus virions
and is the key building block for virion maturation and subsequent
egress (Feldmann et al., 1993). Functional homologs of filovirus
VP40 include the Gag polyprotein of retroviruses, and the M pro-
teins of rhabdoviruses and paramyxoviruses. Like the Gag proteins
of Rous sarcoma virus and HIV-1 and the M protein of vesicular
stomatitis virus (VSV), Ebola VP40 was found to bud from mam-
malian cells in the absence of other viral proteins (Harty et al.,
2000). VP40 is believed to possess at least three domains essen-
tial for efficient budding: the M, I, and L-domains (Fig. 2). While
sively, precise identification of the more complex M and I domains
of VP40 remains to be determined. However, recent studies have
provided new insights into these structural and functional regions
of filovirus VP40.
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Fig. 2. (Top) Diagram depicting a monomer of EBOV VP40 with the M, I, and L domains highlighted. The locations of the M and I domains are for illustrative purposes and
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ave yet to be defined precisely. In the absence of inhibitors, the M-domain will m
-domains will mediate interactions with host proteins Tsg101 and Nedd4 leading t
or inhibitors of budding. Inhibitors of L-domain function would prevent VP40 inter
o impair virus egress.

. Oligomerization of VP40

Homo-oligomerization is a key feature of viral matrix proteins
hought to be required for efficient budding of VLPs and viri-
ns. Unlike the concise, well characterized L-domains (discussed
elow), the precise identity and location of the oligomerization (I)
omain(s) of EBOV and MARV VP40 remains to be determined. Since
he I-domains are likely to be more complex than the L-domains,
argeting the oligomerization function of VP40 with small molec-
lar inhibitors will represent a significant challenge. To date, there
re no existing strategies to target this activity of VP40; however, as
ur understanding of the oligomerization and self-assembly func-
ions of VP40 grows, the potential to target this process with small

olecule inhibitors may be feasible.
Results from a number of studies have shown that the oligomer-

zation process of EBOV VP40 is complex and critical for several
tages of virus replication. These investigations have provided fun-
amental information on the structure of VP40 and the regions

nvolved in the formation of VP40 multimers. For example, elegant
tudies pioneered primarily by the Weissenhorn lab have demon-
trated that homo-oligomerization of VP40 is important for both
NA binding and virion assembly/budding (Gomis-Ruth et al., 2003;
anchal et al., 2003; Ruigrok et al., 2000; Scianimanico et al., 2000;
immins et al., 2004; Timmins et al., 2003a). Ruigrok et al. (2000)
etermined that the N-terminal region of Ebola VP40 mediated
he formation of hexamers which were suggested to be impor-
ant for virus assembly. Timmins et al. (2003a) went on to use a
lethora of experimental approaches to demonstrate further that
he N-terminal region of Ebola VP40 oligomerizes in vitro into both
exameric and octameric ring like structures, with octamer forma-

ion depending primarily on interactions with nucleic acids. These
esults suggested that the different oligomeric forms of VP40 were
ssential for specific and separate stages during filovirus replication
Timmins et al., 2003a), and perhaps regulation of these confor-

ational changes of VP40 may in turn regulate the various stages
te membrane-binding, the I-domain will mediate homo-oligomerization, and the
ient budding of virions or VLPs. (Bottom) The red Xs represent potential target sites
s with Tsg101 or Nedd4, and inhibitors of vps4 would disrupt the ESCRT machinery

of the virus life cycle (Hoenen et al., 2005; Panchal et al., 2003;
Scianimanico et al., 2000). Lastly, the role of the N-terminal portion
of VP40 in oligomerization appeared to be conserved, since this
region of Marburg VP40 was also found to form ringlike structures,
which were observed to polymerize into rods comprised of stacked
rings (Timmins et al., 2003a).

More recently, McCarthy et al. (2007) targeted amino acids
212KLR214 of Ebola VP40 for mutagenesis to determine whether
these residues were important for VP40 VLP budding. This region
of VP40 comprises a loop connecting two beta sheets in the C-
terminal region of VP40 and was predicted to be important for
VP40 structure/oligomerization based on the reported crystal struc-
ture (Dessen et al., 2000a, 2000b). Interestingly, several of the
KLR mutants of VP40 were defective in their ability to bud as
VLPs compared to that of wild type VP40 (McCarthy et al., 2007).
Addressing the mechanism of this budding defect, several of the
KLR mutants displayed intracellular localization and oligomeriza-
tion patterns that were altered from those observed for wild type
VP40 (McCarthy et al., 2007). Although further experimentation is
needed to define precisely the role of the 212KLR214 residues of VP40
in budding, these findings suggest that the 212KLR214 residues may
be important for ordered assembly/oligomerization of VP40 and
subsequent budding of VLPs. The authors suggested that the KLR
mutants may aggregate in a disordered manner primarily in the
cytoplasm, rather than oligomerize in an ordered fashion at the
site of budding at the plasma membrane (McCarthy et al., 2007).

5. Membrane-binding domains of VP40

The second property of VP40 deemed critical for efficient bud-

ding of VLPs and virions is its ability to interact directly with
lipid membranes and/or host proteins that may chaperone VP40
to the site of budding (Fig. 2). The plasma membrane is consid-
ered to be the primary site of budding for Ebola virus, whereas
studies on Marburg virus demonstrate that budding can occur
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n basolateral membranes in polarized cells (Kolesnikova et al.,
007b; Sanger et al., 2001) as well as on internal MVB membranes
Kolesnikova et al., 2002, 2004). While the precise region of Ebola
P40 required to mediate interactions with lipid bilayers remains

o be elucidated, studies by Ruigrok et al. (2000) were the first
o suggest that the C-terminal region of Ebola VP40 was impor-
ant for association with membranes. These investigators isolated
ull-length and a C-terminally truncated (114 amino acids) form
f EBOV VP40 from Escherichia coli and demonstrated that the
ull-length monomeric VP40 associated efficiently with negatively
harged lipid membranes, whereas the C-terminally truncated hex-
meric VP40 associated inefficiently with membranes (Ruigrok et
l., 2000).

Scianimanico et al. (2000) demonstrated that deletion of the
-terminal seven amino acids of VP40 resulted in destabilization
f VP40 monomers and induction of VP40 hexamers. Importantly,
hese investigators found that membrane association of wild type
P40 induced a conformational change from monomeric to hex-
meric forms of VP40 that were postulated to form the ordered
uilding blocks necessary for efficient virus assembly/budding at
he membrane (Dessen et al., 2000a, 2000b; Ruigrok et al., 2000;
cianimanico et al., 2000). Thus, the hexameric form of VP40 was
ostulated to be critical for efficient assembly and budding. As
uch, Nguyen et al. went on to determine the molecular structure
f hexameric EBOV VP40 by using three-dimensional EM (Nguyen
t al., 2005). This study provided key insights into the mechanism
f VP40 monomer–hexamer transition and its biological relevance
o the late stages of filovirus replication (Nguyen et al., 2005). In
um, oligomerization and membrane localization/binding of VP40
equired for efficient budding appear to be intricate and tightly reg-
lated, and thus the feasibility of targeting these activities of VP40
ith small molecular inhibitors could prove problematic.

Lastly, many viruses have been shown to assemble and bud
rom specialized domains within the plasma membrane known as
ipid rafts (Suzuki and Suzuki, 2006). These specific microdomains
re thought to aid in concentrating viral proteins, and excluding
ost proteins, in the membrane for efficient assembly, budding,
nd in some cases entry of different viruses (Suzuki and Suzuki,
006). Important observations made by Bavari et al. (2002) and

ater by Panchal et al. (2003) demonstrated that these cholesterol-
nriched, detergent-resistant domains were biologically significant
or filovirus budding. Association of VP40 with lipid raft domains
nd efficient release of VLPs were directed by key C-terminal
equences of VP40 including amino acids 309–317 and proline
esidues 283 and 286 (Panchal et al., 2003). These findings pro-
ide further evidence that the C-terminal region of VP40 plays a
ole in binding to membranes, particularly to specialized lipid raft
icrodomains.

. Intracellular trafficking of VP40

The mechanism by which VP40 traverses through the host cell
o the site of budding has remained an important and active area
f investigation. The process of intracellular trafficking of VP40 is
f particular interest since it likely involves host interactors serv-
ng as chaperones and/or scaffolding matrices to mediate efficient
ssembly and budding. A better understanding of this process could
eveal novel targets for inhibitors of filovirus assembly and budding
athways.

Some recent findings have begun to shed some light on poten-

ial host proteins involved in intracellular transport and localization
f VP40. Not too surprisingly, results from several studies suggest
hat host cytoskeletal proteins (e.g. actin and microtubules) asso-
iate with both Ebola and Marburg VP40 and may be important
or VLP formation and egress (Han and Harty, 2005; Kolesnikova
ch 81 (2009) 189–197

et al., 2007a; Ruthel et al., 2005). More recently, a region cen-
tered around proline-53 of EBOV VP40 has been implicated in
modulating intracellular transport of VP40 leading to efficient pro-
duction of VLPs (Yamayoshi and Kawaoka, 2007). Introduction of
alanine substitutions between amino acids 51-56 of VP40 led to
reduced levels of VLP production. Importantly, several of these
VP40 mutants were deemed defective in localization to the site
of budding at the plasma membrane, but were not defective in
homo-oligomerization (Yamayoshi and Kawaoka, 2007). Although
the mechanism by which this region of VP40 functions in budding
remains to be defined, Yamayoshi and Kawaoka note that the 51-
LRPIA-55 of VP40 is conserved in other viral matrix proteins (e.g. Gag
protein of HIV-1 and Z protein of Lassa fever virus) and may rep-
resent a conserved domain for mediating interactions with novel
host factors/chaperones (Yamayoshi and Kawaoka, 2007).

In a related study, Yamayoshi et al. (2008) used co-immuno-
precipitation and mass spectrographic analyses to identify the host
protein Sec24C, a component of the COPII vesicular transport sys-
tem, as an interactor with Ebola VP40. More specifically, amino
acids 303–307 of Ebola VP40 were shown to interact with host
Sec24C, which is thought to facilitate intracellular transport of VP40
(Yamayoshi et al., 2008). While the COPII system typically involves
transport of proteins from the ER to the Golgi, it will be of inter-
est to determine whether this machinery of the cell is usurped by
the virus for the purpose of escorting VP40 to the site of budding.
Adding to the potential significance of this interaction was the find-
ing that host Sec24C also interacted with Marburg VP40. Whether
Sec24C or the COPII system plays a similar role in directing both
EBOV and MARV VP40 to the site of budding will be of interest since
localization of Marburg VP40 has been observed in both internal
membranes of MVBs and in filopodia-like projections at the plasma
membrane (Dolnik et al., 2008; Kolesnikova et al., 2004).

7. L-domains of VP40

The third domain that is highly conserved among many viral
matrix proteins and has been shown to be important for efficient
VLP production and virus budding is the L-domain. The L-domain
motifs conserved within Ebola VP40 were shown to be important
for efficient release of both VLPs (Fig. 1) and infectious virus in cell
culture (for review see, Chen and Lamb, 2008; Dolnik et al., 2008;
Hartlieb and Weissenhorn, 2006; Jasenosky and Kawaoka, 2004;
Pornillos et al., 2002c; Schmitt and Lamb, 2004). The nature of the
L-domain region of EBOV VP40 was found to be unique in that it was
composed of two overlapping core motifs; PTAP and PPEY (Licata et
al., 2003), whereas the putative L-domain of Marburg VP40 is com-
posed only of a PPPY motif (Urata et al., 2007). Licata et al. (2003)
were able to demonstrate that individually, each L-domain motif
was able to promote budding of Ebola VP40 VLPs. In contrast, muta-
tions that disrupted both L-domain motifs resulted in a significant
decrease in Ebola VP40 VLP budding (Licata et al., 2003).

These findings were corroborated by Irie et al. (2005), who suc-
cessfully recovered VSV recombinants using reverse-genetics in
which the L-domain region of VSV M was removed and replaced
with that from Ebola VP40. Thus, the recovered VSV recombinants
had either wild type or mutated Ebola L-domains and flanking
residues inserted into the M protein of VSV. The inserted Ebola
VP40 L-domains were found to be functional in the context of a VSV
infection, such that recombinant virus titers were virtually equiva-
lent to those of wild type VSV (Irie et al., 2005). Only the VSV/Ebola

recombinant containing mutations in both VP40 L-domain motifs
was found to be impaired in budding (Irie et al., 2005). In addition,
efficient budding of VSV recombinants carrying the foreign PTAP-
type L-domain from Ebola VP40 was now dependent on expression
of host Tsg101, a PTAP L-domain interactor (see below).
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The biological relevance of VP40 L-domains was assessed in the
ontext of an actual Ebola virus infection, in which Neumann et al.
2005) recovered Ebola virus recombinants containing L-domain

utations. The results indicated that the VP40 L-domains were not
ssential for Ebola virus replication in cell culture, but L-domain
ctivity was important for efficient release of virions from infected
ells. Indeed, titers of Ebola virus recombinants lacking L-domain
ctivity were reduced by one order of magnitude compared to those
chieved by wild type virus infection in cell culture (Neumann et
l., 2005). The functional importance of filovirus L-domains dur-
ng infection and budding in vivo, in promoting efficient budding
n a cell type-dependent manner in vivo, and in serving as a use-
ul and effective target for budding inhibitors in vivo, remain to be
etermined.

. L-domain/host protein interactions

Viral L-domains mediate interactions with specific host proteins
o facilitate VLP or virus egress. Most of the key host interactors
dentified to date (e.g. Tsg101, Nedd4, and Alix) are associated with
he cellular ESCRT (endosomal sorting complex required for trans-
ort) machinery. The function and relevance of the mammalian
SCRT machinery to L-domain interactions and virus budding has
een reviewed extensively elsewhere, and thus will not be dis-
ussed in detail (Chen and Lamb, 2008; Dolnik et al., 2008; Hartlieb
nd Weissenhorn, 2006; Jasenosky and Kawaoka, 2004; Martin-
errano et al., 2003; Pornillos et al., 2002c; von Schwedler et al.,
003; Welsch et al., 2007). The ESCRT pathway is highly conserved

n eukaryotes, and is essential for protein sorting on endosomal
embranes (Hurley and Emr, 2006; Raiborg et al., 2003; Saksena

t al., 2007; Slagsvold et al., 2006). The multivesicular body (MVB)
s an integral part of the ESCRT pathway, and it is the inward invagi-
ation and ultimate scission of vesicles into the lumen of the MVB
hat topologically mimics the process of virus budding from the
lasma membrane. Thus, it follows that hijacking and usurping of
ost proteins involved in MVB formation and biogenesis by VP40
ould likely be beneficial for the process of virus budding (Welsch

t al., 2007).
At least three host proteins linked to the ESCRT machinery of the

ell, (Tsg101, Nedd4, and vps4) have been implicated in numerous
eports in facilitating efficient budding of Ebola and Marburg VP40
Han and Harty, 2007; Harty et al., 2000; Irie et al., 2004, 2005;
icata et al., 2003; Martin-Serrano et al., 2001, 2004; Okumura
t al., 2008; Panchal et al., 2003; Pornillos et al., 2002b; Silvestri
t al., 2007; Timmins et al., 2003b; Urata et al., 2007; Yasuda et
l., 2003) (Fig. 2). Although the focus of the discussion is cen-
ered around host proteins Tsg101, Nedd4, and vps4, it should be
oted that evidence implicating additional components of the cel-

ular VPS pathway in playing a role in virus budding continues to
ccumulate.

. Interactions with host proteins Tsg101 and Nedd4

Human Tsg101 was first implicated in playing a role in virus
udding by Garrus et al. (2001), who demonstrated that the UEV
omain of Tsg101 interacted with the PTAP L-domain motif of
IV-1 Gag to facilitate efficient budding. Elegant structural studies
ave revealed insights into the physical interactions between the
TAP peptide and the UEV binding pocket of Tsg101, and a series
f biochemical approaches have been employed to demonstrate

hat Tsg101 expression is important for overall budding efficiency
Garrus et al., 2001; Pornillos et al., 2002a, 2002b). A number of
ubsequent reports have demonstrated that Tsg101 functions in
similar manner by interacting physically and functionally with

he PTAP L-domain motif within Ebola VP40, as well as in other
ch 81 (2009) 189–197 193

viral matrix proteins, to promote efficient budding (Irie et al., 2005;
Licata et al., 2003; Martin-Serrano et al., 2001; Silvestri et al., 2007;
Timmins et al., 2003b; Urata et al., 2007; Yasuda et al., 2003).

Although the precise role of Tsg101 in filovirus budding remains
unclear, one thought is that Tsg101 may represent an early upstream
entry point for VP40 to access and/or hijack the complete ESCRT
machinery of the cell. It has also been suggested that Tsg101 may
act in concert with additional host factors linked to both ESCRT
function and the ubiquitination machinery of the cell to promote
virus budding (Blot et al., 2004; Gottwein et al., 2003; Licata et
al., 2003; Martin-Serrano et al., 2004; Medina et al., 2005, 2008;
Pincetic et al., 2008; Timmins et al., 2003b; Urbe, 2005; Usami et
al., 2008). Indeed, a role for the cellular ubiquitination machinery in
the process of EBOV budding has been described (Harty et al., 2000;
Licata et al., 2003; Malakhova and Zhang, 2008; Martin-Serrano
et al., 2004; Okumura et al., 2008; Timmins et al., 2003b; Yasuda
et al., 2003). Viral matrix proteins like EBOV VP40 are thought to
be monoubiquitinated, rather than polyubiquitinated, by the host.
Whereas polyubiquitination often targets proteins for degradation
in the lysosome, monoubiquitination is thought to represent a tag
necessary for engagement of, or entry into, the ESCRT pathway.
Ebola VP40 has been shown to be ubiquitinated in vitro and in vivo,
and disruption of the cellular ubiquitination machinery resulted
in a decrease in overall efficiency of budding (Harty et al., 2000;
Licata et al., 2003; Malakhova and Zhang, 2008; Martin-Serrano et
al., 2004; Okumura et al., 2008; Timmins et al., 2003b; Yasuda et
al., 2003).

The ubiquitination process in the cell represents a series of steps
involving E1 ubiquitin activating enzymes, E2 ubiquitin conjugat-
ing enzymes, and E3 ubiquitin ligases (Bonifacino and Weissman,
1998; Urbe, 2005). The E3 ubiquitin ligase is typically responsible
for target recognition and modification by enzymatically catalyzing
the transfer of a ubiquitin moiety onto the target protein. The host
E3 ligase implicated by many studies in playing a role in filovirus
VP40 budding is Nedd4 (Harty et al., 2000; Irie et al., 2004; Licata
et al., 2003; Malakhova and Zhang, 2008; Martin-Serrano et al.,
2004; Okumura et al., 2008; Timmins et al., 2003b; Yamayoshi and
Kawaoka, 2007; Yasuda et al., 2003). Nedd4 is a member of the HECT
(homologous to the E6-AP carboxyl terminus) family of E3 ubiqui-
tin ligases (Bernassola et al., 2008; Chen and Matesic, 2007; Harvey
and Kumar, 1999; Ingham et al., 2004; Rotin et al., 2000; Shearwin-

hyatt et al., 2006). We and others have shown that ubiquitination
of EBOV VP40 by host Nedd4 E3 ligase is dependent on an interac-
tion between select WW-domains of Nedd4 and the PPxY L-domain
of VP40 (Harty et al., 2000; Irie et al., 2004; Licata et al., 2003;
Martin-Serrano et al., 2004; Okumura et al., 2008; Yasuda et al.,
2003). Interestingly, the PPPY motif of Marburg VP40 was reported
to be necessary for mediating interactions with host Tsg101 (Urata
et al., 2007). Whether that motif is able to mediate interactions with
WW-domains of host Nedd4, leading to ubiquitination, remains to
be determined.

Finally, host protein vps4 (isoforms vps4A and vps4B) is an
AAA-ATPase and downstream component of the ESCRT machin-
ery. The catalytic activity of Vps4 is thought to be necessary for
removal and recycling of the ESCRT components from the mem-
brane, thus promoting membrane fission and vesicularization in
MVBs and possibly the final pinching-off stage of virus budding.
Numerous studies employing dominant negative mutants of vps4
have demonstrated the importance of this enzymatic activity for
efficient egress of VLP and virus budding (Garrus et al., 2001;
Gottwein et al., 2003; Irie et al., 2004; Langelier et al., 2006; Licata et

al., 2003; Martin-Serrano et al., 2003; Medina et al., 2005; Schmitt
et al., 2005; Shehu-Xhilaga et al., 2004; Silvestri et al., 2007; Urata
et al., 2006). Strategies to target both L-domain/host interactions
as well as vps4 function to inhibit budding of filoviruses will be
discussed below.



1 esear

1

a
b
a
t
a
t
L
m
h
a
e
i
r
t

1

w
b
p
t
l
i
b
o
d
P
a

O
Z
m
p
i
m
u
b
p

94 R.N. Harty / Antiviral R

0. VP40 in the bull’s-eye

As the driving force behind filovirus budding, VP40 represents
logical target for antiviral drugs designed to impair filovirus

udding and replication. If these antivirals can inhibit the egress
nd spread of virus, then the host may be afforded more time
o mount a robust and protective immune response. As with any
ttempt to inhibit virus replication, there may be both advan-
ages and disadvantages. For example, the advantages of targeting
-domain/host protein interactions include a detailed and funda-
ental understanding of how these short peptides interact with

ost proteins, and the potential broad-based implications of an
ntiviral that could inhibit L-domain mediated budding of many
merging human pathogens. On the other hand, the disadvantages
nclude potentially deleterious side-effects associated with the dis-
uption of normal host protein function and uncertainty regarding
he robustness of inhibition in vivo afforded by such inhibitors.

1. Strategies to inhibit filovirus budding

Inhibitors capable of disrupting VP40 L-domain interactions
ith either Tsg101 or Nedd4 would be predicted to impair filovirus

udding. By understanding the detailed atomic structure of a
rotein–protein interaction, a rational approach can be undertaken
o screen a large database of small molecules with predicted drug-
ike properties to identify specific inhibitors of this protein–protein
nteraction (McInnes, 2007; Stoermer, 2006). Indeed, elegant work
y the Sundquist lab revealed the solution structure of the domain
f Tsg101 bound to the PTAP peptide that constitutes one active L-
omain core motif of Ebola VP40 (Pornillos et al., 2002a, 2002b).
ornillos et al. (2002a) demonstrated that the PTAP peptide lies in
bifurcated groove above the vestigial enzyme active site of tsg101.

Using this information as a starting point, Michael Lee and Mark
lson (USAMRIID, Ft. Detrick, MD) devised a strategy to utilize the
INC database (Irwin and Shoichet, 2005) which currently lists 5
illion commercially available compounds with drug-like chemical

roperties, and screen for those that could potentially inhibit bind-

ng of the PTAP peptide to the pocket within Tsg101 (Fig. 3). Each

olecule was flexibly docked into a rigid binding pocket of tsg101
sing the Autodock4 program (Huey et al., 2007) and automated
y the DOVIS pipeline (Zhang et al., 2008). The top scoring com-
ounds were re-evaluated by flexible optimization of the protein

Fig. 3. Protocol to identify candidate inhibitors o
ch 81 (2009) 189–197

atoms using a molecular dynamics package and re-scored using an
empirically fitted binding free energy scoring function [e.g. Ligscore
(Krammer et al., 2005) and Glide XP (Friesner et al., 2006)]. Finally,
the top ranking compounds from this re-scoring process were fil-
tered by qualitative visual evaluation and quantitative criteria such
as the number of hydrogen bonds between protein and ligand.
The net result of this approach yielded a greatly reduced set of
molecules (N ∼ 50) that are amenable to further screening (Fig. 3).

In collaboration with the Lee and Olson laboratories, we are cur-
rently in the process of screening the top candidate drugs identified
by this approach using our Ebola VP40 VLP budding assay. As an ini-
tial method of validation, each compound will be assessed for its
ability to disrupt a PTAP-dependent VP40–Tsg101 interaction and
inhibit release of VP40 VLPs in a dose-dependent manner. In addi-
tion to using the traditional VLP budding assay to determine the
efficient of VP40 VLP egress, we are also attempting to convert our
VLP budding assay into one that is less-cumbersome, more rapid,
and amenable to a high-throughput format (McCarthy et al., 2006;
Liu and Harty, unpublished data). Toward this end, we have cre-
ated a plasmid expressing a luciferase–VP40 fusion protein, with
the intent of converting luciferase into a budding protein that is L-
domain dependent (Liu and Harty, unpublished data). Such an assay
would allow us to rapidly and quantitatively detect luciferase-VP40
in the cell supernatant and be useful for screening and validation of
inhibitors of filovirus budding. Indeed, Capul and de la Torre (2008)
have successfully utilized this approach to generate a luciferase-
based budding assay for the Z protein of Lassa fever virus.

A second strategy, similar to that described above, is to identify
small-molecule inhibitors of a VP40-Nedd4 interaction mediated
by the PPxY L-domain of VP40 and the WW-domains of Nedd4.
Although not yet proven, it is likely that the PPPY motif of Mar-
burg VP40 will also interact with WW-domains of Nedd4 or those
of Nedd4 family members. A number of reports have yielded
insight into detailed structural interactions between WW-domains
of Nedd4 and PPxY ligands (Harty et al., 1999; Henry et al., 2003;
Hu et al., 2004; Kanelis et al., 1998, 2000, 2001, 2006; Sudol et
al., 1995), which will help provide the foundation for developing

a strategy to identify budding inhibitors that target VP40-Nedd4
interactions. For example, the solution structures of WW-domain
3 from human and Drosophila Nedd4 complexed to their respective
PPxY ligands have been solved (Kanelis et al., 2001, 2006). Impor-
tantly, results from both of these studies suggest that, in addition to

f an EBOV VP40 PTAP–Tsg101 interaction.
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he core PPxY motif, amino acids flanking the PPxY motif contribute
ignificantly to the high-affinity interaction with the corresponding

W domains of Nedd4. Interestingly, several studies have reported
hat activity of viral L-domain motifs are context-dependent, in
hat amino acids flanking the core L-domain motifs are crucial for
fficient L-domain function (Irie and Harty, 2005; Li et al., 2002;
artin-Serrano et al., 2004; Zhai et al., 2008). Indeed, if efficient

udding of filoviruses is dependent on ubiquitination of VP40 by
ost E3 ligases, then small molecules designed to interfere with
inding of the ligase to its substrate (Oberst et al., 2007) would be
redicted to interfere with virus budding.

A third potentially promising strategy to inhibit filovirus bud-
ing involves disruption of vps4 catalytic activity. This L-domain

ndependent approach would impair the overall function of the
ellular ESCRT machinery, and thus prevent the virus from usurp-
ng this machinery for efficient virion release. Indeed, Silvestri et
l. (2007) recently reported that using phosphorodiamidite mor-
holino antisense oligonucleotides (PMOs) to block expression of
ps4 protected mice from lethal EBOV infection. Mice receiving the
ps4A PMO had a delayed time to death compared to the control
roup, and 70% of the mice survived an otherwise uniformly lethal
hallenge. Importantly, this approach would be predicted to inhibit
udding of both Ebola and Marburg, as well as other viruses that
ap into the VPS pathway.

2. Conclusion

Assembly and budding are essential late events in the replication
f Ebola and Marburg viruses. The study of these virus–host interac-
ions continues to progress rapidly, and a plethora of recent studies
ummarized here have revealed novel and important insights into
he structure and function of both viral and host proteins involved in
lovirus egress. With this fundamental knowledge of the budding
rocess serving as the foundation, we are now poised to develop
ovel therapeutics to inhibit filovirus budding by targeting specific

unctions of VP40 and/or specific VP40–host interactions. Although
he identification and validation of small molecules targeting VP40
-domain/host–protein interactions, as well as host VPS proteins,
ill be challenging, they should be of high priority. These targets

re particularly attractive, since these drug candidates may possess
road-spectrum activity against many emerging human pathogens
hat utilize similar mechanisms for efficient budding. Ideally, an
ntiviral cocktail targeting multiple steps in the budding pathway
e.g. membrane-binding and oligomerization of VP40) would likely
rovide the most benefit.
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