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Abstract

Virus budding is a complex, multistep process in which viral proteins make specific alterations in
membrane curvature. Many different viral proteins can deform the membrane and form a budding
virion, but very few can mediate membrane scission to complete the budding process. As a result,
enveloped viruses have developed numerous ways of facilitating membrane scission, including
hijacking host cellular scission machinery and expressing their own scission proteins. These
proteins mediate scission in very different ways, though the biophysical mechanics underlying
their actions may be similar. In this review, we explore the mechanisms of membrane scission and
the ways in which enveloped viruses use these systems to mediate the release of budding virions.
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OVERVIEW OF MEMBRANE SCISSION

Membrane scission, or fission, is the process in which the membrane neck of a budding
vesicle or virus is severed and resealed into two separate membranes. The process of
scission requires significant alterations of membrane curvature, typically caused by protein-
lipid interactions and driven by the biophysical properties of lipid bilayers. The general
process of membrane scission has three steps: the formation of a neck on a budding vesicle,
the constriction of the membrane neck below a critical diameter, and the spontaneous fission
and fusion of the membrane at the neck. This critical diameter varies based on the lipid-
protein system; however, it is estimated to be in the range of 1-5 nm (Campelo & Malhotra
2012). Thus, the actual fission process is facilitated, but not mediated, by protein
interactions and occurs spontaneously when the force put on a membrane is great enough to
cause constriction beyond a critical threshold. The entire process, from alteration of
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membrane curvature to the final fission event, is a consequence of manipulation of lipid-
lipid interactions within biological membranes.

Membrane Curvature and Scission

A lipid bilayer is organized such that it is resistant to the generation of curvature. The
consequence of this resistance is that, if curvature is forced into a region of the bilayer, there
will be a change in the elastic energy of the membrane (Helfrich 1973). Thus, by
manipulating membrane curvature, it is possible to modify this elastic energy and use it to
drive the process of membrane scission. Conversely, the induction of membrane curvature
will require an input of energy greater than the cost of the elastic deformation. This reaction
can be accomplished in different ways, but all involve manipulation of the arrangement of
phospholipids in a bilayer. For example, the insertion of a protein into a lipid bilayer can
cause a separation of the polar head groups, which changes the angle of the hydrophobic
tails and causes a mismatch in surface area between the two leaflets of the bilayer (stacking
defect) that can be energetically minimized by the induction of membrane curvature (Figure
1). Likewise, protein head group binding can cause a scaffolding effect, wrapping the
membrane around a curved surface as a consequence of the attractive force between the
protein and lipid. Curvature can also be induced as a direct consequence of lipid-domain
formation within biological membranes.

Biological membranes consist of a mixture of liquid-ordered (Lo) and liquid-disordered (Ld)
phases (Figure 2). Lo lipid phases contain high levels of cholesterol, sphingolipids, and
saturated phospholipids, whereas Ld lipid phases contain mainly unsaturated phospholipids
(Lingwood & Simons 2010). In living cells, the Lo phase tends to form small, dynamic
microdomains within the membrane, which have been termed lipid rafts (Lingwood &
Simons 2010, Pike 2006). Because the saturated lipids of the Lo phase contain highly
ordered acyl chains, the lipids tend to be more elongated and form a lipid domain that is
thicker than an Ld domain. The resulting height difference between the two lipid phases
causes the polar head groups of Ld-domain lipids to line up with the hydrophobic core of the
Lo-domain lipids, an energetically unfavorable interaction that exerts a force, called line
tension, on the membrane (Figure 2).

The line tension force at a given lipid-phase boundary is determined by both the degree of
saturation and the acyl-chain length of the Lo-phase lipids as well as the polarity of the Ld-
phase lipid head groups. Thus, the presence of lipids with strongly charged head groups in
the Ld phase, such as phosphatidylethanolamine and phosphatidylglycerol, can significantly
affect the line tension energy, creating a highly energetically unfavorable interaction that can
be resolved through membrane deformation (Bischof & Wilke 2012). Membrane
deformation is also an energetically unfavorable condition, and the degree of deformation is
directly related to the force of the line tension. If the line tension force surrounding a lipid
phase is greater than the energy of deformation, then the membrane will curve and a bud
will form (Garcia-Saez et al. 2007, Lipowsky 1993). In the presence of great enough levels
of line tension, it is even possible for budding to progress through membrane scission
without requiring any protein mediators (Ddbereiner et al. 1993, Laradji & Sunil Kumar
2005, Lipowsky 1993, Minami & Yamada 2007, Sackmann & Feder 1995). However, in
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most biological systems, proteins are used to interact with and manipulate the membrane
environment, facilitating and regulating the processes of both membrane budding and
scission.

Scission Proteins

Protein-mediated alterations of membrane curvature have several advantages over lipid-only
systems. First, proteins can catalyze modifications of membrane curvature, enhancing the
efficiency of budding and scission. Second, by manipulating the expression, localization, or
modification of a protein, organisms can regulate the specific location and timing of
membrane deformation. Third, just as different lipid domains have different corresponding
line tension energies, proteins also vary in their capacity to alter membrane curvature. This
allows for an added level of regulation, wherein the full process of budding and scission
requires the concerted action of multiple copies of a single protein or multiple proteins
working together.

The ability of a protein to alter membrane curvature stems from the types of lipids the
protein interacts with and the nature of those interactions. Many cellular proteins specifically
interact with one defined lipid phase, altering its size, distribution, or behavior, and thus
cause changes in line tension capable of driving alterations in membrane curvature. Other
proteins elicit more direct alterations of membrane curvature, through lipid insertion or
scaffolding, but in each example, it is the underlying lipid biophysical properties that drive
membrane budding and scission.

Vast arrays of cellular processes require membrane scission, and as such, several different
protein-mediated membrane-scission systems have evolved. These scission processes can be
largely grouped into two categories depending on which side of the membrane neck the
scission proteins have access to (Figure 3). Many cellular processes involve vesicle budding
into the cytoplasmic compartment, either from the plasma membrane or from internal
membrane-bound compartments. Vesicle budding into the cytoplasm allows for protein
access to the outer leaflet of the membrane neck. At this location, proteins have two main
methods of inducing scission: constriction-mediated scission that occurs during endocytosis
and insertion-mediated scission that occurs during vesicle budding from the endoplasmic
reticulum (ER).

In contrast to endocytosis and ER trafficking, the orientation of budding vesicles from the
endosome into the multivesicular body (MVB) prevents access of cytoplasmic proteins, such
as dynamin, to the outside membrane neck of the budding vesicle (Figure 3). A MVB-
localized dynamin homolog conceivably exists; however, none has been found to date.
Instead, MVB scission occurs through a scaffolding process whereby a spiral assembly of
peripheral membrane proteins pulls the neck of the budding vesicle, decreasing the pore
diameter until scission occurs. Though each of these scission reactions progresses through a
unique mechanism, they all involve interactions with specific lipid domains, they all exert
specific effects on the interacting lipids, and they are all driven by the basic biophysical
properties of biological membranes.
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MECHANISMS OF MEMBRANE SCISSION

Constriction (Dynamin and Clathrin-Mediated Endocytosis)

Dynamin is a guanosine triphosphate (GTP)-ase that plays an essential role in membrane
scission during clathrin-mediated endocytosis. Dynamin assembles into ringlike structures at
the necks of budding vesicles (Figure 3). Assembly is thought to trigger GTPase activity,
leading to a conformational change in the dynamin ring that constricts the vesicle neck
below the critical diameter, which results in membrane scission (Faelber et al. 2012,
Hinshaw & Schmid 1995, Warnock & Schmid 1996). Scission occurs at the boundary
between the dynamin-coated membrane and the remaining membrane neck, because at this
point the strain on the membrane is the greatest and the energy needed to cause scission is
minimized (Morlot et al. 2012). The formation of the dynamin ring may also induce lipid-
phase segregation at the membrane neck, a phenomenon that would further facilitate the
process of membrane scission (Liu et al. 2006). Thus, assembly of the dynamin ring
structure directly alters membrane curvature around the membrane neck and facilitates the
creation of a high-tension lipid environment capable of causing spontaneous membrane
scission.

Lipid Insertion (Arfl/Sarl and Intracellular Vesicle Transport)

Membrane scission of coat protein complex-1 and -11 coated vesicles, which mediate
vesicular traffic from the Golgi complex and the ER, respectively, is accomplished by the
action of the ADP-ribosylation factor (Arf) 1 or the Sarl protein (Barlowe et al. 1993, Beck
et al. 2008, Bielli et al. 2005, Krauss et al. 2008, Lee et al. 2005, Spang 2008). Like
dynamin, Arfl and Sarl are GTPases that undergo conformational changes upon GTP
binding and hydrolysis. However, in contrast to dynamin, GTP binding by Arfl/Sarl
exposes an N-terminal amphipathic helix that binds membranes with high affinity (Beck et
al. 2008, Bielli et al. 2005, Krauss et al. 2008, Lee et al. 2005, Seidel et al. 2004). It is
thought that Arf1/Sarl mediates membrane scission through amphipathic helix insertion into
the outer leaflet of the lipid bilayer (Figure 3). This causes a stacking defect that results in
expansion of the outer leaflet of the bilayer, the induction of membrane curvature, and
scission (Sheetz & Singer 1974) (Figure 1).

Scaffolding (ESCRTs and Multivesicular Body Budding)

Budding of endosomes into the MVB, which occurs during endosomal sorting, represents an
unusual topological challenge for membrane scission, because cellular scission machinery
(such as dynamin) cannot access the site of scission on the outside of the budding vesicle
neck. Instead, for MVB budding, membrane scission must occur from the inside of the
vesicle neck. Membrane deformation and scission in this case require a cohort of cellular
proteins referred to as the endosomal sorting complex required for transport (ESCRT)
proteins. Many of these proteins were initially identified in vacuole trafficking in yeast and
so were termed vacuolar protein-sorting proteins (VPSs), or charged multivesicular body
proteins (CHMPs) in humans (Katzmann et al. 2001). The ESCRT proteins work together in
four complexes: ESCRT-O0, -1, -1, and -11l. The ESCRT-O0, -1, and -1 complexes are
involved in target binding, assembly, alterations of membrane curvature, and the recruitment
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of the ESCRT-111 complex, which is required for membrane scission (for review see Hurley
& Hanson 2010, Hurley et al. 2010).

Recent work has demonstrated that the ESCRT-I1I complex is sufficient to induce
membrane scission (Adell & Teis 2011, Guizetti & Gerlich 2012). In these experiments,
CHMP4 (Snf7) binds to the inner surface of the membrane neck, polymerizing in a spiral of
gradually decreasing diameter (Fabrikant et al. 2009, Wollert et al. 2009). This constricting
spiral bends the membrane and constricts the membrane neck below 50 nm. Further
constriction could then lead to spontaneous membrane scission (Figure 3). Additionally,
binding of CHMP2 (Vps2) and CHMP3 (Vps24) to the tip of the CHMP4 spiral could form
a protein dome that may enhance the scaffolding effect, which would further narrow the
membrane neck below the critical diameter (<2 nm) and enable membrane scission (Bodon
etal. 2011, Fabrikant et al. 2009, Morita et al. 2011). Alternatively, palmitoylation of
ESCRT-IIl components may enable lipid raft recruitment and the bridging of Lo and Ld
domains, which would modify line tension and facilitate scission (Guizetti & Gerlich 2012,
Hurley et al. 2010).

ESCRT-mediated scission may also require the activity of the Vps4 AAA+ ATPase (Babst
et al. 1997, 1998). Vps4 is a dodecamer that assembles into a ring-shaped cylinder at the site
of budding, hydrolyzing ATP to facilitate disassembly of the ESCRT complexes (Gonciarz
et al. 2008, Lata et al. 2008, Saksena et al. 2009, Scott et al. 2005). Two models have been
proposed for the mechanism by which Vps4 catalyzes membrane scission through ESCRT-
I11 disassembly. First, the ESCRT-III subunits could be pulled through the pore of the Vps4
dodecamer, tightening the ring of CHMP4 subunits and constricting the membrane neck
until scission occurs (Saksena et al. 2009, Scott et al. 2005). Second, rapid disassembly of
the membrane-constraining CHMP3 ring could relax the membrane and trigger scission
(Adell & Teis 2011). Alternatively, Vps4 may function only after the completion of
membrane scission, disassembling and recycling ESCRT-I11 complexes so that multiple
rounds of budding and scission can occur (Wollert & Hurley 2010).

The budding of endosomes into the multivesicular body is topologically comparable to the
budding of enveloped viruses from the plasma membrane into the extracellular space. As
such, the ESCRT machinery is co-opted for use by a variety of enveloped viruses. By
recruiting the ESCRT machinery to sites of virus budding, it is possible to facilitate viral
membrane scission via the ESCRT-111 complex. This is one of the most common
mechanisms of enveloped virus membrane scission.

OVERVIEW OF VIRUS ASSEMBLY, BUDDING, AND SCISSION

Enveloped virus assembly and budding is a complex, multistep process that begins with the
recruitment of viral proteins to the plasma membrane. For several viruses, the binding of
matrix proteins to the membrane is sufficient to induce vesiculation; however, other viruses
require membrane-binding proteins to either initiate budding or recruit matrix proteins to the
membrane, where they then alter membrane curvature. Much of the work investigating the
roles of single viral proteins in budding is performed using a virus-like particle (VLP)
system, in which cells express the protein(s) of interest and the capacity for VLP budding is
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assessed. In the VLP system, several viral proteins have been shown to cause membrane
budding and scission; however, when investigated in vivo, most of the proteins induce bud
formation but do not cause membrane scission (reviewed in Hurley et al. 2010). Thus, in the
absence of additional proteins, the budding process stalls, and the budding virion remains
attached to the membrane by a small membranous neck. It is at this point that membrane
scission is necessary to release the budded virion.

Just as there are a multitude of different protein-based cellular scission mechanisms, viruses
employ a variety of mechanisms to accomplish budding. Most viruses do not encode their
own scission machinery; thus, recruitment of cellular proteins is an essential step in the
completion of viral budding. However, as in MVB budding, the topology of enveloped virus
budding prevents the access of many cytoplasmically located cellular scission proteins to the
outside neck of the membrane bud. Because of this, the most common cellular scission
protein, dynamin, does not appear to be involved in viral budding. Rather, the ESCRT
proteins, which assemble on the inner surface of the membrane neck, may represent the
standard scission pathway used in enveloped virus budding.

The prototypical example of viral membrane scission is the use of the ESCRT proteins by
human immunodeficiency virus (HIV). Numerous other viruses, including many members
of the Retroviridae family, exhibit a similar dependency on the host ESCRT proteins for the
completion of membrane scission (reviewed in Martin-Serrano & Neil 2011). In addition,
recent work has identified ESCRT-independent viruses that use alternate cellular scission
machinery for budding, such as Rab11 family-interacting protein 2 (FIP2) (Utley et al.
2008). There is also one report of a virally encoded scission machine, the influenza virus M2
protein (Rossman et al. 2010b). Many of these proteins act at lipid-phase boundaries, and the
energy stored as line tension between the two lipid phases may be sufficient to drive virus
budding and membrane scission without requiring a dedicated scission factor.

VIRAL MECHANISMS OF MEMBRANE SCISSION
Scaffolding (ESCRT-Mediated Membrane Scission)

The ESCRT system—Several different enveloped viruses can recruit ESCRT
components through late-domain motifs typically found in viral matrix proteins and use
them to mediate membrane scission. Not surprisingly, there are several different variants of
late-domain sequences, each of which mediates recruitment into the ESCRT pathway at a
different stage. The P(T/S)AP motif found in HIV mediates binding to TSG101, facilitating
recruitment of the ESCRT-I complex (Garrus et al. 2001, Gottlinger et al. 1991). The YPxL
motif found in equine infectious anemia virus is responsible for binding to Alix, which
bridges the ESCRT-1 and ESCRT-I1I complexes (Fisher et al. 2007, Lee et al. 2007).
Viruses containing the PPxY motif, such as Rous sarcoma virus, can bind to Nedd4-like
proteins and are recruited into the ESCRT pathway at an as-yet-undefined point upstream of
ESCRT-1 assembly (Martin-Serrano et al. 2005).

Each of these different late-domain motifs mediates a different ESCRT assembly reaction;
however, the end stage of late-domain ESCRT recruitment is uniformly the activation of
CHMP4 and Vps4 and the completion of membrane scission, as described above for MVB
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budding. A wide range of enveloped viruses, including RNA and DNA viruses, use this
strategy for membrane scission and viral particle release; however, the best-documented use
of ESCRT-mediated scission is that of the Retroviridae family of viruses.

HIV, retrovirus budding, and ESCRT-mediated scission—HIV budding is initiated
through membrane binding of the Gag protein. Gag is a polyprotein that encodes the matrix,
capsid, nucleocapsid, and p6 proteins, which are not separated until protease cleavage occurs
in a post-budding maturation process. During viral assembly and budding, the matrix
domain of the Gag polypeptide binds to the membrane (Hill et al. 1996), bringing the capsid
domain to the site of virus budding. This enables the capsid to self-assemble into hexamers
and induce the formation of a membrane bud that is connected to the plasma membrane by a
narrow membrane neck in the range of 100 nm in diameter (Briggs et al. 2009, Morita et al.
2011, von Schwedler et al. 2003, Wright et al. 2007). The matrix and capsid domains cannot
sufficiently constrict the membrane neck to cause scission without the additional action of
the Gag protein p6 (Kozlovsky & Kozlov 2003). Gag-p6 contains a PTAP motif that serves
as a binding and recruitment site for TSG101 and the ESCRT-I complex (Carlson & Hurley
2012, Garrus et al. 2001, Huang et al. 1995). Progression through the ESCRT pathway
results in ESCRT-111-mediated membrane scission and the release of the budding virion.

Mutation of the p6 late-domain sequence, or inhibition of VVps4 activity, causes virion
budding to stall at a terminal phase in which the viral protein assembly has occurred and a
membrane bud has formed. The virion, however, fails to undergo membrane scission and
remains attached to the host-cell plasma membrane by a small membrane neck. Through an
as-yet-unidentified mechanism, budding is typically reinitiated at the site of failed scission,
which results in the formation of a new virion attached to the host-cell plasma membrane, as
before, but also attached to the previous virion by another small membrane neck. The
repeated reinitiation of budding that occurs in the presence of late-domain or ESCRT defects
results in the formation of a canonical scission-defective virion structure referred to as beads
on a string (Yuan et al. 2000).

All three late-domain motifs [P(T/S)AP, YPxL, and PPxY] are found throughout the
Retroviridae family. Equine infectious anemia virus contains a YPDL motif that can bind
Alix and facilitate the assembly of the ESCRT-I and ESCRT-11l1 complexes at the site of
virus budding (Puffer et al. 1997, Strack et al. 2003). Another retrovirus, Rous sarcoma
virus, contains a PPPPYYV variant of the PPxY late-domain motif that facilitates binding to
Nedd4-like proteins and recruitment into the early ESCRT complexes (Kikonyogo et al.
2001, Wills et al. 1994). In all cases, the late-domain sequences facilitate the recruitment of
the host ESCRT proteins to the site of virus budding, a process that is essential for
membrane scission and the release of the budding virus.

Given the essential role of the ESCRT proteins and late-domain interactions in retrovirus
budding, it is not surprising that many viruses, including HIV, have evolved multiple late
domains to facilitate redundant entry into the ESCRT pathway. The HIV Gag-p6 protein
contains a second late domain (YPDL) capable of binding Alix (Strack et al. 2003).
Interestingly, the Gag-Alix interaction also requires a second interaction, between Gag-
nucleocapsid and the Alix Bro domain; this interaction uses RNA as a bridging factor and is
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required to enable the direct recruitment of CHMP4 and the mediation of membrane scission
after the completion of Gag assembly (Carlson & Hurley 2012, Jouvenet et al. 2011, Sette et
al. 2012).

For HIV, as well as for several other enveloped viruses, the combination of PTAP and
YPDL late domains provides a redundant mechanism that ensures the ability of HIV to
recruit the ESCRT machinery and undergo membrane scission, even if one of the domains
undergoes mutation. Alternatively, the two late domains may also function in tandem,
resulting in more effective ESCRT recruitment and activation than would be possible with
only one late domain (Carlson & Hurley 2012).

Diversity of ESCRT-dependent viruses—ESCRT-dependent budding is not limited to
the Retroviridae family; in fact, the three main late-domain sequences described above are
found in many different virus families, including DNA viruses of the Poxviridae and
Herpesviridae families and RNA viruses of the Rhabdoviridae, Filoviridae, and
Paramyxoviridae families, among many others (Crump et al. 2007; Harty et al. 1999, 2000;
Honeychurch et al. 2007; Schmitt et al. 2005). ESCRT-complex recruitment and membrane
scission in these viruses appear to occur in a manner similar to retrovirus budding, with late-
domain sequences mediating binding to designated ESCRT counterparts.

Herpesviridae family members also use the ESCRT system for membrane budding;
however, in contrast to HIV budding, the herpes viruses are enveloped in an internal
budding process. Human herpes virus 6 is thought to bud from the cytoplasm into the MVB,
using host ESCRT proteins at their native location (Calistri et al. 2007, Das & Pellett 2011,
Mori et al. 2008). Interestingly, Epstein-Barr virus (EBV) also uses the ESCRT machinery
for its internal budding process; however, EBV buds through the nuclear membrane into the
cytoplasm. This variant ESCRT-dependent budding requires the relocalization of Alix,
CHMP4, and Vps4 to the inner nuclear membrane, a process that is dependent on the viral
BFRF1 protein (Lee et al. 2012). Similarly, hepatitis B virus (HBV) uses Nedd4-like
proteins to facilitate budding into the ER (Lambert et al. 2007). These budding systems raise
the intriguing possibility that the ESCRT proteins can be relocalized to different cellular
membranes, allowing for their uses in budding processes that are topologically distinct from
MVB budding.

Virus budding and ESCRT-assisted membrane scission—Although ESCRT-
mediated viral membrane scission has been demonstrated for many different viruses, there is
a growing collection of viruses for which ESCRT involvement is less clear. In these cases,
late-domain sequences have been found within viral proteins; however, disruption of these
domains, or in some cases inhibition of VVps4 activity, reduces but does not eliminate viral
budding. There are several possible explanations for this discrepancy. First, the viruses may
contain other variant late-domain sequences, such as the FPIV sequence recently reported
for PIV5 (Schmitt et al. 2005), that may compensate if the primary sequence is disrupted.
Second, there may be other unknown ESCRT components, pathways, or viral protein
substitutes that can function redundantly in certain circumstances and, thus, may compensate
when the canonical late-domain sequences are disrupted or the activity of VVps4 is inhibited.
This may explain the requirement for late-domain sequences in the budding of a collection
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of viruses that are insensitive to Vps4 inhibition, including Ebola virus, metapneumovirus
(MPV), Newcastle disease virus, Sendai virus, and vesicular stomatitis virus (VSV)
(Gosselin-Grenet et al. 2007, Irie et al. 2004, Neumann et al. 2005, Sabo et al. 2011, Schmitt
et al. 2005, Shnyrova et al. 2007). Finally, these viruses may use another method of
membrane scission in addition to the host ESCRT system, providing a measure of
redundancy in the event that one of the scission pathways malfunctions (Figure 4). It is
intriguing to speculate that this unidentified, redundant mechanism may be one of the
primary scission mechanisms used by ESCRT-independent viruses, such as influenza virus
(Rossman et al. 2010b), though further research is necessary to understand why these viruses
would exhibit an intermediate level of dependency on the ESCRT system.

Lipid Insertion (Virus-Mediated Membrane Scission)

Influenza virus M2-mediated membrane scission—Influenza virus is the only virus
known to encode its own scission protein (Rossman et al. 2010b). The budding of influenza
viruses is ESCRT independent (Bruce et al. 2009, Watanabe & Lamb 2010) and, ina VLP
system, can be mediated by each of several different viral proteins, though in vivo budding
appears to be more complex. Virus budding is thought to begin with concentration of the
viral glycoproteins hemagglutinin and neuraminidase in lipid raft domains, a process that
may be sufficient to alter membrane curvature (Leser & Lamb 2005, Rossman & Lamb
2011, Schmitt & Lamb 2005, Takeda et al. 2003). In fact, hemagglutinin has been shown to
mediate VLP budding by itself, which demonstrates its intrinsic membrane curvature—
altering capacity (Chen et al. 2007). Previous results have also suggested that the influenza
virus M1 protein is sufficient for budding, despite the absence of any late-domain sequences
(Gomez-Puertas et al. 2000). However, further studies have shown that the capacity of M1
to mediate budding requires membrane anchoring and the presence of the M2 protein (Chen
et al. 2007, Wang et al. 2010). During virus budding, M1 may act as a scaffolding protein,
providing a docking site for the influenza virus scission protein M2 (Chen et al. 2008;
Rossman et al. 2010a,b; Rossman & Lamb 2011) (Figure 4).

M2 is a homotetrameric ion-channel protein, the activity of which is essential for viral
uncoating during cellular entry (Lamb et al. 1994). Recent work has shown that the M2
cytoplasmic tail contains two essential domains: a membrane-proximal amphipathic helix
and an M1-binding motif (Chen et al. 2008, McCown & Pekosz 2006, Rossman et al.
2010a). Binding to the M1 protein is thought to mediate M2 recruitment to the sites of virus
budding, where the amphipathic helix is able to alter membrane curvature, which causes
membrane scission and the release of budding virions (Chen et al. 2008; Rossman et al.
2010a,b; Rossman & Lamb 2011).

Interestingly, M2-mediated scission appears to be regulated by membrane cholesterol. M2
can bind cholesterol through its amphipathic helix, though when expressed in the absence of
any other viral protein, M2 is located in a Ld lipid phase and binds only minimal amounts of
cholesterol (Leser & Lamb 2005, Schroeder et al. 2005, Thaa et al. 2011). During viral
infection, M2 is recruited to the Lo sites of virus budding through association with the M1
protein, which places M2 in a cholesterol-rich environment at the boundary between the Ld
and Lo lipid phases, a property that may explain its poor incorporation into budding virions
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(Nayak et al. 2009, Rossman et al. 2010a, Schroeder 2010, Schroeder et al. 2005, Thaa et al.
2011). M2 may form a ring around the Lo site of virus budding that is progressively
constricted as the virus assembles (Rossman et al. 2010b, Rossman & Lamb 2011,
Schroeder 2010). As the Lo phase is incorporated into the budding virion, the M2 ring is
proposed to constrict, forming a small focus of M2 at the neck of the budding virion, a site
that would contain lower levels of cholesterol then the virion itself (Rossman et al. 2010b,
Rossman & Lamb 2011). In this low-cholesterol Ld environment, the M2 amphipathic helix
may insert deeply into the membrane, which would cause a pronounced lipid-stacking defect
that induces positive membrane curvature at the neck of the budding virion, reduce the
diameter of the membrane neck below the critical threshold, and allow scission to occur
(Rossman et al. 2010b). Mutation of the M2 amphipathic helix results in virions stalling in
the final stages of budding, which results in the characteristic beads-on-a-string morphology
indicative of a failure to undergo membrane scission (Rossman et al. 2010b).

The action of M2 in mediating membrane scission may be more complex than originally
thought. Mutation of the putative M2 cholesterol-binding site affected protein localization
but did not affect the ability of the influenza virus to bud (Thaa et al. 2011, 2012), and
individual mutations within the amphipathic helix had only moderate effects on virus
replication (Rossman et al. 2010a, Stewart & Pekosz 2011). The reason for this effect is
unclear; however, M2 may associate with Lo membranes through multiple protein domains,
and its scission activity may be mediated through both direct alteration of membrane
curvature (via amphipathic helix insertion) and modulation of lipid-phase segregation. This
hypothesis is supported by a recent structural study that showed that the M2 amphipathic
helix binds more strongly to regions of high membrane curvature, such as the neck of
budding virions, and that its ability to alter membrane curvature depends on the presence of
raft-type lipids but not necessarily cholesterol (Wang et al. 2012). These authors also
speculated that the alteration of membrane curvature by the M2 protein will force further
lipid-phase segregation, a process that may enhance curvature at the membrane neck and
facilitate membrane scission.

Rab1l1-FIP-mediated membrane scission—Rab11 is a small GTP-binding protein
that plays numerous important roles in cellular membrane trafficking, including plasma
membrane recycling and cytokinesis (reviewed in Prekeris 2003). The many activities of
Rab11 are mediated through specific interactions with the Rab11 family—interacting proteins
(FIPs). The FIPs interact with Rab11 through an amphipathic helix domain in their C
terminus, termed the Rab11-binding domain (Hales et al. 2001, Prekeris et al. 2001). Recent
results suggest that Rab11-FIP2 may play an essential role in mediating membrane scission
during the budding of respiratory syncytial virus(RSV) (Utley et al. 2008), which is the first
indication that Rab11-FIP2 may be involved in scission reactions.

Similar to PI1V5, the budding of RSV appears to require multiple viral proteins, though no
late-domain motifs have yet been uncovered within RSV protein sequences and virus
budding is ESCRT independent (Utley et al. 2008). Interestingly, RSV budding required the
activity of Rab11-FIP2 for the efficient release of viral particles, an activity that depended
on its N-terminal C2 lipid-binding domain. Mutation of this domain resulted in an inability
to trigger membrane scission and release budding virions (Lindsay & McCaffrey 2004,
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Utley et al. 2008). However, a capacity to alter membrane curvature has not yet been
demonstrated for Rab11-FIP2, and thus the mechanism of action remains unknown.
Interestingly, budding of the closely related avian and human MPV is also ESCRT
independent (Sabo et al. 2011, Weng et al. 2011), though no dependence on Rab11-FIP2 has
yet been found for MPV.

Both Rab11 and Rab11-FIP3 have also been implicated in the assembly and budding of
influenza viruses (Bruce et al. 2010). Disruption of Rab11-FIP3 caused defects in virus
assembly, whereas disruption of Rab11 itself significantly reduced viral particle release and
appeared to inhibit membrane scission (Bruce et al. 2010). Inhibition of the receptor for
activated C kinase (RACK)-1 protein also appeared to inhibit influenza virus membrane
scission (Demirov et al. 2012). Rab11, Rab11-FIP3, and RACK-1 are all involved in other
cellular scission reactions, specifically abscission during cellular cytokinesis. During
abscission, however, the proteins mediate vesicle transport from the apical recycling
endosome to the cleavage furrow and do not directly mediate alternations of membrane
curvature (reviewed in Ai & Skop 2009, Simon & Prekeris 2008). Recent results have
shown that Rab11 facilitates the transport of viral proteins and nucleocapsids to the plasma
membrane during the assembly and budding of influenza virus, hantaviruses, and
paramyxoviruses (Amorim et al. 2011, Chambers & Takimoto 2010, Eisfeld et al. 2011,
Momose et al. 2011, Rowe et al. 2008). This raises the intriguing possibility that Rab11,
Rab11-FIP3, and RACK-1 do not directly affect membrane scission but rather play an
essential role in delivering necessary components to the sites of virus budding, whether
proteins for viral assembly, as in the case of hantavirus, or components for membrane
scission, as in the case of RSV and influenza virus. Further studies are necessary to
determine the direct effects of these proteins on viral assembly and scission.

UNANSWERED QUESTIONS IN VIRAL MEMBRANE SCISSION

Despite the extensive amount of research investigating virus budding and membrane
scission, there are many enveloped viruses whose mechanism of scission remains unknown.
Several of these viruses, such as MPV, VSV, Sendai virus, and Newcastle disease virus, are
known to bud through an ESCRT-independent mechanism (Gosselin-Grenet et al. 2007, Irie
et al. 2004, Shnyrova et al. 2007, Weng et al. 2011; reviewed in Chen & Lamb 2008). It is
intriguing to speculate about the mechanism by which these viruses affect membrane
scission. Are there late-domain-type sequences that can be indentified for binding to the
Rab11-FIP2 machinery? Do any of these viruses encode proteins that are known to modify
the lipid environment or bridge lipid domains, and so facilitate lipid-mediated scission? Are
there other viral proteins that directly interact with membranes and mediate membrane
scission, like the influenza virus M2 protein? One of the most intriguing possibilities is that
there may be other scission machinery at work in the cell. Given the myriad of essential
scission processes that occur within the cell, there are likely additional scission factors that
have not yet been discovered. However, given the topological problem of mediating scission
from the inside of the budding vesicle, the number of cellular scission factors capable of
mediating viral budding may be limited.

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2015 January 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Rossman and Lamb

Page 12

Two unusual examples of viral use of cellular scission proteins have recently been reported.
One study examining the budding of ESCRT-dependent HBV showed the existence of an
unusual ESCRT-type budding pathway (Bardens et al. 2011). Although enveloped HBV
uses Nedd4-like proteins to facilitate ESCRT-dependent scission (Lambert et al. 2007),
HBV can also bud naked capsids by using only part of the ESCRT machinery (Bardens et al.
2011). Capsid budding requires the ESCRT protein Alix but is not sensitive to Vps4
inhibition. This result is intriguing, because many studies establish the ESCRT
independence of virus budding by inhibiting Vps4. There may be other ESCRT-mediated
pathways leading to viral membrane scission that do not require the activity of Vps4, and
thus have been overlooked, though HBV capsid budding is the only documented example of
this putative alternate ESCRT pathway.

Another study of VSV budding has determined that dynamin is involved in the scission
process (Raux et al. 2010). The authors found that dynamin interacts with the VSV matrix
(M) protein and that VSV membrane scission is sensitive to dynamin inhibition. It is not
clear if dynamin is acting directly to mediate membrane scission and, if so, how it functions
on the opposite side of the membrane from its typical site of action. However, given that
dynamin is one of the primary players in cellular membrane scission, it is not surprising that
some viruses may have found a way to use this protein to affect their own budding.

The budding and membrane scission of VSV virions may also involve a lipid-mediated
mechanism. The VSV M protein appears capable of driving membrane budding, though
efficient virus budding only occurs when the VSV glycoprotein (G) is also expressed
(Mebatsion et al. 1996, Schnell et al. 1998). The VSV G and M proteins localize to different
lipid domains on the surface of infected cells (Swinteck & Lyles 2008), which raises the
possibility that the interaction between G and M proteins alters phase segregation and line
tension at the sites of virus budding, facilitating membrane scission. This activity could
provide a redundant mechanism for membrane scission as well as an additional explanation
for why VSV contains late-domain sequences but does not require ESCRT activity for
membrane scission. The modification of lipid domains and use of line tension energy to
drive membrane scission may also function in the budding of viruses with known
mechanisms of scission.

Influenza virus assembly occurs at Lo-raft-type plasma membrane domains, and the
expression of hemagglutinin and neuraminidase causes a coalescence of these domains into
larger lipid domains referred to as a barge of rafts (Leser & Lamb 2005, Schmitt & Lamb
2005). The recruitment of Ld-localized M2 tetramers to the Lo site of virus budding may
serve to locally enhance the line tension between the Lo and Ld phases of the plasma
membrane. Thus, M2 alterations of membrane curvature may exploit an existing propensity
for curvature, which could explain the energetics of the membrane-scission reaction elicited
by the M2 protein or could serve as a redundant minimal mechanism for scission (Rossman
et al. 2010b). HIV also buds from lipid raft domains, and the expression of Env causes a
coalescence of lipid rafts similar to that observed during influenza virus budding (Hogue et
al. 2011, Waheed & Freed 2009). This coalescence of lipid domains may serve to increase
the local line tension between the two lipid phases at the site of virus budding, facilitating
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ESCRT-dependent membrane scission through modification of line tension, as has been
proposed for ESCRT-dependent MVB budding (Hurley et al. 2010).

The modification of line tension to drive membrane scission may be a common feature in
the activity of any putative, virally encoded scission protein, similarly to the influenza virus
M2 protein. The ESCRT-independent alphaviruses encode a 6K protein that contains a
palmitoylated amphipathic helix, which increases the efficiency of budding but is not
specifically required (Liljestrom et al. 1991, Sanz et al. 2003, Taylor et al. 2007). Although
the mechanism of alphavirus membrane scission is currently unknown, it is intriguing to
speculate that scission may be facilitated by the association of 6K with lipid-raft-type
membrane domains, as seen with the influenza virus M2 protein and the VSV G protein
(Rossman et al. 2010b, Yao et al. 1996). This may cause similar lipid-stacking defects or
alterations in lipid-phase segregation and may provide the energy, if not the mechanism, for
membrane scission. Future work will undoubtedly elucidate the mechanism of scission for
many of these ESCRT-independent viruses. It is hoped that further discoveries of novel
scission mechanisms will lead to a better understanding of the process of scission itself and
the ways in which viruses use these different mechanisms to achieve a similar goal.

CONCLUSIONS

Proteins of the ESCRT-II1I complex (Wollert et al. 2009), as well as a multitude of different
viral proteins (Chen et al. 2007, Fang et al. 2007, Gémez-Puertas et al. 2000, Rossman et al.
2010b, Shnyrova et al. 2007), can cause membrane budding in vitro without requiring any
other factors. This indicates that the proteins can alter membrane curvature sufficiently to
cause the formation of a membrane bud and are further able to trigger scission. These results
are surprising, because in vivo budding appears to require a cohort of proteins, each of
which mediates a single step of the budding and scission process. Thus, these results call
into question the validity of in vitro budding model systems and pose the question of how
virus assembly affects the ability of different proteins to cause membrane scission.

It has been shown that the assembly of curvature-inducing proteins on a lipid bilayer
generates an attractive force between the protein scaffolding components, which causes
further scaffold assembly, membrane curvature, and scission (Reynwar et al. 2007).
However, at biologically relevant attractive forces, budding may be initiated, but there
would be insufficient force to complete the scission process (Ruiz-Herrero et al. 2012, Smith
et al. 2007). In this case, the completion of scission may require an additive force, either a
dedicated scission factor, a force-generating machine such as the cytoskeleton, or line
tension developed through lipid-phase segregation (Figure 4). The requirement for this
additive force may represent a regulatory step, ensuring that proper viral assembly has
occurred before membrane scission is initiated.

These observations raise the question of what the exact contributions of viral proteins are to
the membrane budding process and whether the role of scission proteins is to modify the
lipid environment, using lipid biophysical properties to drive the membrane scission
reaction. Thus, there is likely a broad range of scission proteins for both cellular processes
and viral budding, proteins that act by constriction, by membrane insertion, by scaffolding,
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or by clustering different lipids or lipid domains. Further studies will likely reveal the effects
of line tension on membrane scission, the prevalence of line tension alterations during
membrane scission, and the mechanism by which viral proteins can alter and use line-
tension energy.
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Figurel.
Induction of membrane curvature by protein insertion. (a) Amphipathic proteins (yellow)
can bind to and insert into lipid bilayers, occasionally at the junction between two lipid
phases (liquid-ordered- or raft-phase lipids, shown in red, and liquid-disordered- or bulk-
phase plasma membrane lipids, shown in gray). (b) Protein insertion expands one leaflet of
the lipid bilayer, which places the membrane under strain. (c) Membrane strain can be

resolved by inducing curvature. Peptide insertion at the lipid phase boundary can also alter
membrane curvature by modifying the line tension force between the two lipid phases.
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Figure 2.
Organization of lipid phases in the plasma membrane. Depiction of the lipid bilayer showing

the differences between the raft and nonraft phases. Unsaturated glycophospholipids (GPL)
represent the bulk (liquid-disordered) phase of the plasma membrane and contain mainly
nonraft transmembrane (TM) proteins. Saturated GPL and sphingomyelin (SM) represent
the raft (liquid-ordered) phase of the plasma membrane and are associated with higher levels
of cholesterol and GPl-anchored, acetylated, and raft-localized TM proteins. The ordered
packaging of the saturated lipids causes the raft phase to be thicker than the bulk plasma
membrane phase, which leads to line tension between the lipid phases.
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Figure 3.
Examples of the different types of membrane scission. (a) Assembly of scaffolding proteins

on the inside of the membrane can deform the membrane sufficiently to cause membrane
scission. (b) Constriction is accomplished by the formation of protein rings around the
outside of a budding vesicle. Contraction of the rings then constricts the budding neck,
which causes scission. (c) Lipid insertion can cause membrane scission after a bud has
formed by protein insertion into the inner membrane leaflet (in the case of the influenza
virus budding) or the outer membrane leaflet (in the case of cellular budding events) at the
neck of the membrane bud. Stacking defects caused by the insertion event then alter
membrane curvature, which leads to scission.

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2015 January 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Rossman and Lamb

Page 24

fl —_G
Figure . @ - O

Capacity for scaffold proteins to cause membrane scission during virus budding. (a) In vitro
viral matrix protein assembly can cause both membrane budding and scission; however, (b)
in vivo matrix assembly may be sufficient to deform the membrane but could require a
dedicated scission protein (red) to mediate membrane scission.
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