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Abstract
Influenza A virus causes seasonal epidemics, sporadic pandemics and is a significant global heath
burden. Influenza virus is an enveloped virus that contains a segmented negative strand RNA
genome. Assembly and budding of progeny influenza virions is a complex, multistep process that
occurs in lipid raft domains on the apical membrane of infected cells. The viral proteins
hemagglutinin (HA) and neuraminidase (NA) are targeted to lipid rafts, causing the coalescence
and enlargement of the raft domains. This clustering of HA and NA may cause a deformation of
the membrane and the initiation of the virus budding event. M1 is then thought to bind to the
cytoplasmic tails of HA and NA where it can then polymerize and form the interior structure of
the emerging virion. M1, bound to the cytoplasmic tails of HA and NA, additionally serves as a
docking site for the recruitment of the viral RNPs and may mediate the recruitment of M2 to the
site of virus budding. M2 initially stabilizes the site of budding, possibly enabling the
polymerization of the matrix protein and the formation of filamentous virions. Subsequently, M2
is able to alter membrane curvature at the neck of the budding virus, causing membrane scission
and the release of the progeny virion. This review investigates the latest research on influenza
virus budding in an attempt to provide a step-by-step analysis of the assembly and budding
processes for influenza viruses.
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Introduction
Influenza is a major cause of morbidity and mortality around the world. It is estimated that
infection with seasonal strains of influenza virus results in the death of over 50,000 people
per year (Thompson et al., 2003). In addition to the seasonal strains, pandemic strains of
influenza virus are capable of circling the globe rapidly, causing severe disease, such as that
caused by the 1918 pandemic strain that resulted in over 50 million deaths during a two year
period. Pandemic strains, such as the currently circulating 2009 H1N1 strain that has
infected over 22 million people (C.D.C., 2009), arise from the reassortment of the eight
different genome RNA segments of two strains of influenza virus within a single host cell.
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The eight, negative-sense, RNA segments of the influenza virus genome encode 11 different
proteins, of which 8 are packaged into the infectious, enveloped, virion (Palese and Shaw,
2007). On the viral surface are the two main antigenic determinants of the virus, the spike
glycoproteins; hemagglutinin (HA) and neuraminidase (NA). HA mediates viral entry into
cells and has receptor binding and membrane fusion activity. NA mediates enzymatic
cleavage of the viral receptor at late stages of infection, allowing for the release of progeny
virions. A third integral membrane protein, M2, is a multi-functional, proton-selective, ion
channel which has roles both in virus entry as well as in assembly and budding. Inside the
viral envelope, the matrix protein (M1) provides structure to the virion and bridges
interactions between the viral lipid membrane and the ribonucleoprotein (RNP) core. The
RNP core is composed of the RNA polymerase complex proteins, PB1, PB2 and PA, and the
nucleocapsid protein (NP) which mediates binding and packaging of the viral genome.
During virus replication three other proteins are expressed that are not incorporated into the
mature virion. Non-structural protein 1 (NS1) is a multi-functional protein with a major role
in evasion of the host immune system. NS2 (NEP) plays a crucial role in mediating the
export of viral RNPs from the cell nucleus during replication. Additionally, many strains of
influenza virus, but not all, express a protein designated PB1-F2 which is transcribed from a
second reading frame in PB1. The PB1-F2 protein is involved in the induction of host-cell
apoptosis.

The influenza virion is pleiomorphic, forming spherical virions that are ~100 nm in diameter
as well as filamentous virions that are ~100 nm in diameter but reaching over 20 μm in
length. Whereas several laboratory strains produce solely spherical virions it is thought that
in vivo human infection produces predominantly filamentous virions (Chu et al., 1949;
Kilbourne and Murphy, 1960). Indeed, samples isolated directly from the human upper
respiratory tract show mainly filamentous forms of influenza virus (Chu et al., 1949;
Kilbourne and Murphy, 1960). Additionally, analysis of lung sections from fatal cases of the
2009 H1N1 pandemic strain show the presence of filamentous virions (Nakajima et al.,
2010) and passage of the 2009 H1N1 strain in tissue culture shows that the virus retains the
ability to form filamentous virions during repeated passage (Itoh et al., 2009; Neumann et
al., 2009).

Filamentous forms of influenza virus have been noted in the literature for many years (Ada
et al., 1958; Burnet and Lind, 1957; Choppin, 1963; Choppin et al., 1961; Choppin et al.,
1960; Chu et al., 1949; Kilbourne and Murphy, 1960; Morgan et al., 1956), although the
functional significance of these filamentous virions has never been ascertained. Recent work
has shown that both the filamentous and the spherical forms of influenza virus contain only
one copy of the viral genome (Calder et al., 2010; Noda et al., 2006; Rossman et al., 2010a).
The virions appear to contain similar ratios of most viral proteins and appear to be
comparably infectious (Roberts et al., 1998). Interestingly, serial passage of filamentous
isolates of influenza virus in eggs causes a loss of the filamentous morphology (Choppin et
al., 1960). Indeed, the two most widely used laboratory spherical strains, A/WSN/33 and A/
PR/8, have been passaged extensively in eggs. Thus, the loss of filament-forming ability
may be an adaptation to growth in eggs and not specifically applicable to human infection,
although it should be noted that even infections with filamentous strains produce both
filamentous as well as spherical virions. It is not clear if certain infection conditions will
select for one form of the virus over the other, thus research into both the filamentous as
well as the spherical forms of influenza virus is necessary.

For filamentous virus, in addition to unknown methods of transmission and pathogenesis,
the mechanism by which the filaments enter cells is unknown. Research into spherical
virions has demonstrated that influenza virus enters cells by receptor-mediated endocytosis.
HA, on the surface of the virus, binds to sialic acid moieties on surface exposed
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glycoproteins and glycolipids, triggering endocytosis of the virus. The mechanism by which
influenza virus triggers endocytosis is unknown; however, recent data suggest that spherical
virus particles binding to cells may trigger the activation of receptor tyrosine kinases, such
as the epidermal growth factor receptor (Eierhoff et al., 2010), causing cellular signaling that
results in the de novo formation of clathrin coated pits (Rust et al., 2004) and the subsequent
uptake of influenza virions. For filamentous virions, however, entry may require a different
mechanism as the viral filaments are too large to fit in a standard clathrin-coated pit. Studies
on the entry mechanism of the filamentous Ebola virus have shown that the virus enters cells
via macropinocytosis (Nanbo et al., 2010; Saeed et al., 2010). Thus, we speculate that
filamentous influenza virions may also utilize macropinocytosis. This would provide an
explanation for previous data that showed that influenza viruses can utilize, an as-yet-
undefined, non-clathrin, non-caveolin entry pathway (Rust et al., 2004; Sieczkarski and
Whittaker, 2002).

Nonetheless, it has been shown that the entry of both forms of influenza virus requires
endosomal acidification (Sieczkarski and Whittaker, 2005). The low pH environment of the
endosome is necessary, both for triggering HA-mediated fusion of the viral-endosomal
membranes and for activating the M2 ion channel. The M2 proton-selective ion channel, on
endosomal acidification, mediates proton conduction into the virion core, causing
dissociation of the RNP core from the M1 protein, which allows for its subsequent import
into the nucleus and the start of viral replication (reviewed in Helenius, 1992; Lamb and
Pinto, 2005; Pinto and Lamb, 2006; Skehel, 1992). Upon replication of the viral genome and
expression of the viral proteins, assembly begins at lipid raft domains of the apical plasma
membrane, leading to the production of the next generation of influenza virions.

HA, Lipid Rafts and the Initiation of Virus Budding
Influenza virus, both spherical as well as filamentous forms, utilize lipid raft domains in the
plasma membrane of infected cells as sites of virus assembly and budding (Chen et al.,
2007; Chen et al., 2005; Leser and Lamb, 2005; Takeda et al., 2003). Lipid rafts are
variably-sized, cholesterol and sphingolipid-enriched, regions of the plasma membrane
(Brown and Rose, 1992). Lipid rafts concentrate proteins within defined regions of the
plasma membrane thus serving as functional domains (reviewed in Lingwood and Simons,
2010). Alternatively, expression of raft-associated proteins, such as the influenza virus HA
protein, can cause a coalescence of lipid raft domains, forming a ‘barge of rafts’ or the viral
‘budozone’ (Schmitt and Lamb, 2005). Lipid rafts facilitate the budding of several different
viruses, including HIV-1, Ebola virus and influenza virus (Brown and Rose, 1992; Cary and
Cooper, 2000; Simons and Ikonen, 1997; Simons and Toomre, 2000; Suomalainen, 2002).
For influenza virus, HA and NA are intrinsically associated with lipid raft domains, whereas
the M2 protein is excluded from these domains (Chen et al., 2007; Leser and Lamb, 2005;
Rossman et al., 2010a; Takeda et al., 2003). HA is a homotrimeric glycoprotein containing a
529 residue ectodomain that mediates viral attachment and entry. The HA 27 residue
transmembrane (TM) domain, in conjunction with three palmitoylated cysteine residues (one
located in the TM domain and two in the 10 amino acid cytoplasmic tail), mediates lipid raft
association (Chen et al., 2005; Scheiffele et al., 1997; Takeda et al., 2003; Zhang et al.,
2000b). The lipid raft association of HA is essential for efficient viral replication, as
mutations within the HA TM domain that eliminate raft association significantly attenuate
viral replication (Chen et al., 2005). Additionally, recent data has shown that influenza virus
infection induces the expression of the, interferon-inducible, anti-viral protein, viperin
(Wang et al., 2007). Expression of viperin causes a destabilization and reduction in lipid raft
domains, leading to attenuation of influenza virus replication (Wang et al., 2007). Thus, it is
possible that in virus-infected cells targeting HA to lipid raft domains serves to concentrate
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HA, allowing for the initiation of virus budding and this is antagonized by viperin-mediated
disruption of lipid raft.

The exact mechanism of virus bud initiation is not currently known. However, in a virus-like
particle (VLP) system, wild-type (wt), raft-associated, HA protein buds from cells in
vesicles that resemble virions, without requiring the expression of any other viral proteins
(Chen et al., 2007). Thus, HA appears to possess the ability to alter membrane curvature,
which in conjunction with lipid raft-mediated concentration effects may enable the initiation
of virus budding. In the VLP system, plasmid-based expression of HA in 293T cells, leads
to the alteration of membrane curvature, the completion of budding and the release of a
virus-like particle. Similarly, single-protein expression of NA or M2 lead to the release of
VLPs, albeit at lower levels than HA (Chen et al., 2007; Lai et al., 2010). Combining the
expression of HA, NA, M2 and M1 significantly enhanced VLP release.

Interestingly, budding in virus-infected cells does not appear to directly mirror the effects of
VLP budding (Nayak et al., 2009). The reasons for the discrepancy between VLP and virus
budding is not clear; however, VLPs generated from transfected cells lack normal virus-
regulation of protein synthesis, resulting in aberrant protein levels that may affect assembly
and budding. Even when expressing all viral proteins, transfected 293T cells produce only
spherical VLPs, while expression of the same viral proteins during virus-infection leads to
predominantly filamentous virions (Chen et al., 2007). This alteration in virion morphology
may be attributed to differential modification of virus proteins during infection as compared
to transfection, differential interactions between viral and host proteins, or alterations in
viral protein expression or localization. Additionally, whereas in the VLP system HA is able
to mediate single-protein budding, during virus infection budding requires additional viral
proteins, such as M2. Deletion of the M2 protein or mutation of the M2 cytoplasmic tail
inhibits virus budding (Chen et al., 2008; Cheung et al., 2005; Iwatsuki-Horimoto et al.,
2006; McCown and Pekosz, 2005; McCown and Pekosz, 2006; Rossman et al., 2010a). It is
possible that during virus budding HA is able to modify membrane curvature and initiate
budding, however, viral protein assembly, such as M1 binding to the HA cytoplasmic tail or
the recruitment of the RNPs, may prevent HA from completing the budding event.

This disconnect, between the ability of HA to mediate single-protein budding and its
dependence on additional proteins to mediate budding during virus infection, is similar to
previous results seen in the budding of endosomes into the multi-vesicular body (MVB), as
mediated by the host endosomal sorting complex required for transport (ESCRT) system
(Wollert et al., 2009). In an artificial system mimicking MVB budding, the ESCRT-I and -II
complexes are able to modify membrane curvature and provide a scaffold for the
recruitment of cargo proteins; however, addition of the ESCRT-III complex is required to
mediate membrane scission and the release of the budding vesicle (Wollert and Hurley,
2010; Wollert et al., 2009). Similarly, HA may initiate influenza virus budding, however,
viral protein assembly may block the ability of HA to complete budding, necessitating the
recruitment of other viral components.

The role of HA in budding initiation, but not completion, is supported by deletion and
mutation studies. Previous work has shown that deletion or mutation of HA does not
appreciably alter the number of virions that bud from the virus-infected cell, although the
resulting particles are defective, as HA is necessary for viral entry (Chen et al., 2005;
Pattnaik et al., 1986). This suggests that in the absence of HA, other viral proteins, such as
NA, are able to initiate budding, compensating for the lack of HA-initiated budding in these
viruses. Interestingly mutation of other virus proteins, such as M2, impairs the release of
viral particles, although it does not prevent the formation of virus buds on the surface of the
infected cell (Chen et al., 2008; Cheung et al., 2005; Iwatsuki-Horimoto et al., 2006;
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McCown and Pekosz, 2005; McCown and Pekosz, 2006; Rossman et al., 2010a; Rossman et
al., 2010b). Thus, M2 may be necessary for the completion of virus budding, while not
required for its initiation.

M1 and Virus Assembly
If HA is able to initiate, but not complete, virus budding then it is possible that M1 mediates
both the restriction on HA budding as well as the recruitment of viral proteins necessary to
complete budding. M1 is a 252 amino acid protein that contains three domains of bundled α-
helices separated by short linker sequences, with the middle domain mediating
oligomerization and association with the RNP (Arzt et al., 2001; Arzt et al., 2004; Elster et
al., 1994; Harris et al., 2001; Noton et al., 2007; Sha and Luo, 1997; Shishkov et al., 1999;
Wakefield and Brownlee, 1989). M1 has been postulated to crosslink the cytoplasmic tails
of HA and NA, possibly mediating incorporation into the budding virion; however, the
domains required for this interaction have not been determined and may span the entire
protein (Noton et al., 2007; reviewed in Schmitt and Lamb, 2005). Mutational analysis of
the cytoplasmic tails of HA and NA has suggested that binding to the cytoplasmic tails
mediates the recruitment of M1 into the forming virion, although M1 appears capable of
being recruited by either NA and HA, suggesting that there is some redundancy in the roles
of HA and NA during virus budding (Ali et al., 2000; Barman et al., 2004; Jin et al., 1997;
Zhang et al., 2000a). Interestingly, the virions that result from cytoplasmic tail mutations in
both HA and NA display greatly altered morphology along with a significant reduction in
M1 and RNP incorporation (Jin et al., 1997; Zhang et al., 2000a).

In the virion, M1 interacts with both the plasma membrane and with NP in the form of the
RNP (Bui et al., 1996; Noton et al., 2007; Zhang and Lamb, 1996). This is supported by
recent cryo-electron tomography data that indicates M1 provides structure and support for
the viral membrane. M1 was seen to form a helical net under the viral membrane, with
regularly spaced holes that are possible places for the insertion of, and interaction with, the
cytoplasmic tails of HA and NA (Calder et al., 2010). Thus, reduction in M1 incorporation
may impair RNP recruitment and alter virion structure.

Further evidence for the role of M1 in virion structure comes from work investigating the
genetic requirements of virus filament formation, where it has been shown that specific
sequence variants of the M1 protein are able to confer the ability to form filamentous virions
(Bourmakina and Garcia-Sastre, 2003; Burleigh et al., 2005; Elleman and Barclay, 2004;
Roberts et al., 1998). Recent work has also shown that the pitch of the helical turn of the M1
protein is different between spherical and filamentous strains (Calder et al., 2010), further
suggesting that the structure of the M1 protein determines the ability of the virus to form
filamentous or spherical virions. It is of note that M1 within the cell is soluble and
monomeric (Ruigrok et al., 2001). It has been suggested that binding to the cytoplasmic tails
of HA and NA allows for M1 to associate with lipid raft membranes, triggering a
conformational change that enables M1 polymerization at the site of virus budding (Gomez-
Puertas et al., 2000; Ruigrok et al., 2001). Thus, M1 polymerization at sites of budding may
provide the mechanism for the elongation of filamentous virions.

Interestingly, it has been reported previously that, in a vaccinia virus (Gomez-Puertas et al.,
2000), or baculovirus (Latham and Galarza, 2001) based VLP system, M1 is capable of
mediating single-protein VLP budding of filamentous VLPs. This ability of M1 to mediate
VLP budding was shown to be dependent on the virus expression system and cannot be
replicated via transfection based expression (Chen et al., 2007). This implies that the ability
of M1 to mediate VLP budding is dependent on the expression of an unknown viral protein.
It has also been suggested that M1 can mediate VLP budding if the membrane association of
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M1 is induced (Wang et al., 2010), although as seen with HA VLP budding (Chen et al.,
2007), the relevance of M1 VLP budding to actual virus budding has not been determined.
Additionally, it is not clear if RNP binding to M1 has any effect on the ability of M1 to
cause budding. Two studies using cryo-electron microscopy have shown that the viral RNPs
localize to one end of filamentous virions (Calder et al., 2010; Noda et al., 2006). We
speculate that RNP binding to M1, which in turn is associated with HA and NA in lipid raft
domains, may provide a trigger that causes the initiation of budding or perhaps causes M1
polymerization, leading to the elongation of the budding virion. However, no mechanistic
role for NP in budding has been determined.

Due to its helical structure and ability to bind to membranes, M1 may possess an intrinsic
ability to alter membrane curvature and cause membrane budding. It is possible that during
virus budding, association of M1 with the cytoplasmic tails of HA and NA recruits M1 to
the membrane, where the ability of M1 to alter membrane curvature combines with the HA-
mediated initiation of virus budding to increase the efficiency of virus budding. The
combination of HA and M1 in a plasmid-based VLP system enhanced the ability of HA to
mediate VLP release; however, the greatest VLP release occurred with the further addition
of M2 (Chen et al., 2007). Thus, the assembly of M1 at sites of budding, along with other
viral proteins such as NP, may block M1 mediation of budding in a manner that is analogous
to that of HA. As discussed below completion of virus budding requires an additional
protein, M2, to mediate membrane scission and virion release.

M2 and Membrane Scission
In conjunction with interactions with HA, NA, NP and the plasma membrane, M1 also binds
to the M2 ion channel protein. M2 is a 97 amino acid protein that associates in the
membrane as a homotetramer (Holsinger and Lamb, 1991; Sugrue and Hay, 1991). The 19
amino acid TM domain forms the pore of the ion channel (Lamb et al., 1985; Pinto et al.,
1997; Pinto et al., 1992; Zebedee et al., 1985), while the first 17 residues of the cytoplasmic
tail form a, membrane-parallel, amphipathic helix (Holsinger and Lamb, 1991; Lamb et al.,
1985; Nguyen et al., 2008; Pinto et al., 1992; Rossman et al., 2010a; Schnell and Chou,
2008; Tian et al., 2003; Zebedee et al., 1985). Recent work has suggested that the M2
cytoplasmic tail, and specifically its amphipathic helix residues 46–62, may play an
important role in virus assembly and budding (Chen et al., 2008; Iwatsuki-Horimoto et al.,
2006; McCown and Pekosz, 2005; McCown and Pekosz, 2006; Rossman et al., 2010a;
Rossman et al., 2010b).

Whereas earlier studies mapped the genetic requirement for filamentous virion formation to
the M1 protein (Bourmakina and Garcia-Sastre, 2003; Burleigh et al., 2005; Elleman and
Barclay, 2004; Roberts et al., 1998), other work has shown that M2 may modify the ability
of M1 to permit filament formation (Hughey et al., 1992; Hughey et al., 1995; Iwatsuki-
Horimoto et al., 2006; McCown and Pekosz, 2006; Roberts et al., 1998; Rossman et al.,
2010a; Zebedee and Lamb, 1988; Zebedee and Lamb, 1989). Truncation of the A/Udorn/72
M2 protein at residue 70, or mutation of the amphipathic helix, leads to a loss of filaments
on the surface of influenza virus-infected cells (McCown and Pekosz, 2006; Rossman et al.,
2010a). When M2 protein was reconstituted into large unilamellar vesicles containing high
levels of cholesterol, which resemble lipidic virus budding domains, the M2 amphipathic
helix induced negative membrane curvature (Rossman et al., 2010b). At sites of virus
budding, this induction of negative curvature may stabilize the site of budding long enough
to allow for filament polymerization (Rossman et al., 2010a; Rossman et al., 2010b). It has
been speculated that the cytoplasmic tail of M2, between resides 70–77, plays an important
role in binding to M1 (Chen et al., 2008; Grantham et al., 2010; McCown and Pekosz,
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2006). Thus, mutation of M2, such that it can no longer bind to M1, may impair filament
formation by preventing the M2-mediated stabilization of the virus budding site.

The M2 cytoplasmic tail was also shown to be important for the efficient production of
infectious viral particles, as mutations between residues 70–77 impaired vRNP incorporation
into budding virions (Grantham et al., 2010; McCown and Pekosz, 2005; McCown and
Pekosz, 2006). However, it is not known if the cytoplasmic tail of M2 binds NP directly or if
alterations in the M2-M1 interaction are responsible for the reduction in vRNP packaging.
Additional evidence for the interaction between M2 and M1 comes from the observation that
treatment of influenza virus-infected cells with the M2 ectodomain-specific monoclonal
antibody (mAb) 14C2 causes a loss of filament formation (Hughey et al., 1995; Roberts et
al., 1998) and causes a growth restriction (Zebedee and Lamb, 1988). Virus mutants that
escape antibody growth restriction contain mutations in M1 or in the M2 cytoplasmic tail
(Hughey et al., 1992; Zebedee and Lamb, 1988). Interestingly, it has been reported recently
that M2 may also associate directly with HA in an M1-independent manner (Thaa et al.,
2010). Thus, the recruitment of M2 to sites of virus budding may involve associations with
both M1 and HA.

In addition to filament formation and vRNP recruitment, the interaction between M1 and
M2, or M2 and HA, may play another important role during virus budding, the mediation of
membrane scission. While HA, and possibly M1, are capable of altering membrane
curvature and initiating the budding event, membrane scission and the release of the budding
virion requires the M2 protein (Rossman et al., 2010b). Viruses such as HIV-1, Ebola virus
and the paramyxovirus PIV-5 utilize the host ESCRT complex to facilitate membrane
scission and to complete the budding process (reviewed in Carlton and Martin-Serrano,
2009; Chen and Lamb, 2008; Welsch et al., 2007). Late domain sequences, frequently found
in viral matrix proteins, mediate recruitment of ESCRT-I or ESCRT-II complex proteins to
the budding virus. It was reported that the influenza virus M1 protein sequence YRKL
(residues 100–103) fulfilled the criteria of a late domain, including position independence of
the sequence and the ability to replace the sequence with a know late domain sequence,
PTAP (Hui et al., 2003). It was also reported that this influenza virus-specific late domain
interacted with the ESCRT-I complex protein, vacuolar protein sorting-associated protein
(VPS) 28 (Hui et al., 2006a). Disruption of the late domain sequence in M1 or siRNA knock
down of VPS28 significantly attenuated virus budding (Hui et al., 2006a); however, these
results were unable to be replicated and have since been retracted (Hui et al., 2006b).
Further research has shown that whereas M1 does appear to interact with VPS28, influenza
virus budding is not dependent on the host ESCRT complex, thus necessitating an alternate
means of membrane scission (Bruce et al., 2009; Chen and Lamb, 2008; Watanabe and
Lamb, 2010).

The host ESCRT-III complex mediates membrane scission by assembling a spiral of the
protein Snf7 around the neck of a budding vesicle, progressively constricting the budding
neck and forcing membrane scission (Wollert et al., 2009). Recent work from our laboratory
indicates that influenza virus utilizes the amphipathic helix of the M2 protein to alter
membrane curvature at the budding neck of the virus (Rossman et al., 2010b). Modification
of membrane curvature by proteins that contain amphipathic helixes is an established
phenomenon (Donaldson, 2008; Epand et al., 1995; Gouttenoire et al., 2009; Horvath et al.,
2007; Min et al., 2008; Saarikangas et al., 2009; Schwartz et al., 2004). Interestingly, the M2
protein appears to modify membrane curvature in a cholesterol-dependant manner (Rossman
et al., 2010b).

The M2 cytoplasmic tail contains two partial, overlapping, cholesterol recognition amino
acid consensus (CRAC) motifs and the ability of M2 to bind cholesterol has been
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demonstrated (Rossman et al., 2010a; Schroeder et al., 2005). However, when expressed in
the absence of other viral proteins, M2 is localized to non-raft areas of the apical plasma
membrane (Leser and Lamb, 2005; Zhang et al., 2000b). It is speculated that binding to M1
may recruit M2 to the, lipid raft-enriched, sites of virus budding where M2 would then be
able to bind cholesterol (Chen et al., 2008; Rossman et al., 2010a). This cholesterol binding
may stabilize the association of M2 at the site of virus budding, allowing for the
incorporation of M2 into the budding virion. Additionally, M2-cholesterol association may
allow for M2 to alter membrane curvature at the site of virus budding (Rossman et al.,
2010b). However, ablation of the CRAC domain only causes minor decreases in
pathogenicity of the mutant influenza viruses in mice. Thus, the significance of cholesterol
binding is not known (Stewart et al., 2010). The M2 cytoplasmic tail also contains a
caveolin-1 binding domain (CBD) and binding to caveolin-1 has been demonstrated both in
vitro and in virus-infected cells (Sun et al., 2010; Zou et al., 2009); thus, caveolin-1 binding
may further support M2 localization at the, lipid raft-enriched, sites of virus budding.

Experiments utilizing large and giant unilamellar vesicles have shown that in a low
cholesterol environment, equivalent to the bulk phase of the plasma membrane, reconstituted
M2 appears to cause positive membrane curvature, while in the presence of high levels of
cholesterol, such as those found in the lipid raft-enriched sites of virus budding, M2
mediates negative membrane curvature (Rossman et al., 2010b). Thus, the M1-mediated
recruitment of M2 to sites of virus budding may trigger the induction of negative membrane
curvature which may stabilize the HA and M1 induction of positive membrane curvature
caused during budding initiation. This stabilization may allow for virus filament formation
(Rossman et al., 2010a) and may prolong the budding event, allowing for the proper
recruitment of the remaining viral proteins and the virus genome. Interestingly, mutations of
M2 that reduce the interaction with M1 also reduce the incorporation of NP into the budding
virion (Chen et al., 2008), possibly because M2 is not being recruited to lipid raft domains
and is no longer stabilizing the site of virus budding.

In a virus-infected cell, M2 localizes to the boundary between raft and bulk plasma
membrane domains surrounding the sites of virus budding (Rossman et al., 2010b). As the
virus buds from ‘barges of lipid rafts’ (the budozone) on the surface of infected cells, the
remaining patch of raft membrane will eventually be reduced as they are incorporated into
the budding virion. The non-raft localized M2 is under represented in virions as compared to
its high level of expression in cells (Lamb et al., 1985; Leser and Lamb, 2005; Zebedee and
Lamb, 1988). During budding, perhaps due to its concentration at the lipid phase boundary,
M2 will eventually be localized to the neck of the budding virion, at the boundary between
the lipid raft-rich virion and the remaining bulk plasma membrane phase (Rossman et al.,
2010b; Schroeder et al., 2005). At this point, M2 in the lower-cholesterol environment of the
plasma membrane, would cause positive membrane curvature (Rossman et al., 2010b).
Positive membrane curvature at the neck of the budding virion would be sufficient to cause
membrane scission, possibly through modification of the line tension between the two lipid
phases, resulting in the release of the budding virus. Although it is not possible to directly
determine the number of M2 tetramers required to mediate membrane scission or the
number of tetramers found at the neck of the budding virus, it has been estimated that by 6
hours post-infection there are 3.33 × 107 molecules of M2 found on the cell surface (Lamb
et al., 1985), which is similar to the 5 × 107 molecules of HA found on the cell surface
(Gething and Sambrook, 1981). As there is extensive colocalization between M2 and HA at
sites of virus budding (Rossman et al., 2010a), the majority of the 3.33 × 107 molecules of
M2 will be at, or near, the neck of the budding virus; thus likely providing a concentration of
M2 tetramers that is sufficient to mediate membrane scission.
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An alternative model of membrane scission and virus release has been proposed recently.
The release of budding influenza virions was observed to be attenuated when the expression
of the small GTP-binding protein Rab11 was reduced (Bruce et al., 2010). Rab11, and its
interacting proteins, were also shown recently to be involved in the release of budding
respiratory syncytial virus, and thus was considered to reflect an alternative means for
membrane scission and virion release, though the mechanism for scission has not been
determined (Brock et al., 2003; Utley et al., 2008). However, Rab11 is also known to be
involved in the trafficking of proteins to the apical membrane in polarized cells (reviewed in
Jing and Prekeris, 2009), and siRNA knockdown of Rab11 expression reduced the levels of
M2 found on the apical membrane during influenza virus infection (Rossman et al., 2010b).
Further studies are necessary to determine if Rab11 plays an active role in membrane
scission during influenza virus infection or if Rab11 is essential for the proper transport of
M2 which then mediates membrane scission and virion release.

Recent studies further support the idea of M2-mediated membrane scission. Mutation or
deletion of M2 significantly attenuates the production of infectious virions as well as the
release of virus particles (Chen et al., 2008; Cheung et al., 2005; Iwatsuki-Horimoto et al.,
2006; McCown and Pekosz, 2005; McCown and Pekosz, 2006; Rossman et al., 2010a).
Examination of cells infected with mutant viruses that are deleted for the M2 protein, or
contain truncations of the M2 cytoplasmic tail, show that although virus budding begins
virus release is blocked. The resulting incompletely budded virions posses a ‘beads on a
string’ morphology that is also found in ESCRT-dependent viruses that are unable to
undergo membrane scission due to inhibition of the ESCRT system (Yuan et al., 2000). It
appears that both spherical as well as filamentous strains of influenza virus require the M2
protein for membrane scission, as mutation of M2 in a spherical strain also results in a
scission-defective morphology (Iwatsuki-Horimoto et al., 2006; McCown and Pekosz,
2006). Interestingly, it was shown recently that cholesterol extraction of virus-infected cells
by treatment with methyl-β-cyclodextrin (MβCD) caused a rapid release of viral particles
and a reduction in their infectivity (Barman and Nayak, 2007). MβCD treatment would
eliminate the M2-cholesterol association, allowing for M2 to induce positive membrane
curvature, causing a release of budding virions (Rossman et al., 2010b). This premature
triggering of membrane scission could cause virion release prior to the recruitment and
organization of all required viral proteins and the RNPs, possibly explaining the reduced
infectivity of the released virions (Barman and Nayak, 2007). Given the high degree of
conservation of the M2 protein and the observation that amphipathic helices from several
different strains of influenza virus can alter membrane curvature, it appears that mediation
of membrane scission is a highly conserved function of the M2 protein (Rossman et al.,
2010b), a function that is essential for the final stage of virus budding, virion release.

Model of Influenza Virus Budding
The mechanism of influenza virus budding and assembly has been investigated for many
years. However, it has been difficult to generate a model of the mechanistic progressing of
virus budding. Perhaps one of the difficulties is the disconnect between VLP budding and
virus budding. In many other model systems, VLP budding is thought to portray accurately
the basic mechanism of virus budding. However, for influenza virus, there appear to be
many inconsistencies between virus and VLP budding, such as the observation that
influenza virus forms filamentous virions, while the VLPs are spherical (Chen et al., 2007).
Single protein expression experiments show that HA (Chen et al., 2007), NA (Lai et al.,
2010), M2 (Chen et al., 2007; Rossman et al., 2010b) and membrane-targeted M1 (Gomez-
Puertas et al., 2000; Wang et al., 2010) are all capable of causing VLP budding. This raises
the question as to the nature of the driving force for influenza virus budding? The answer
may not be as simple as with other viruses, rather multiple influenza virus proteins may all
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provide a driving force for budding. It is possible that the ability of multiple proteins to
mediate budding may provide a level of redundancy, allowing the virus to survive loss of
function in individual proteins to mediate budding. Alternatively, the spatial-temporal
organization of viral protein assembly may allow each protein to provide its additive effect
on budding in a sequential manner driving budding in a defined, organized fashion.

Between the different viral proteins capable of mediating budding, only HA and NA appear
capable of initiating the budding event. M1 is unable to cause budding without membrane
targeting provided by HA, NA or M2 (Gomez-Puertas et al., 2000; Wang et al., 2010) and
M2 would be unable to initiate budding as it is delayed in expression in the infectious cycle
as compared to HA, NA and M1 (Hughey et al., 1992; Valcarcel et al., 1991). This leaves
HA and NA to initiate the budding event. As HA and NA are both targeted to lipid raft
domains and both proteins appear to be able to alter membrane curvature causing budding,
the concentration of HA and NA in lipid rafts may serve to provide a local alteration in
membrane curvature that starts the budding process (Fig. 1a, d). The cytoplasmic tails of HA
and NA may then serve as docking sites for M1 (Fig. 1a, b). Membrane recruitment of M1,
through HA/NA cytoplasmic tail binding, may enable its polymerization, facilitating the
formation of filamentous virions (Fig. 1b, d). Additionally, membrane-bound M1 may then
mediate alterations in membrane curvature, further progressing the budding event.
Alternatively, the binding of M1 to HA/NA cytoplasmic tails may block their ability to alter
membrane curvature, necessitating the addition of M1-mediated alternations in membrane
curvature to continue the budding process. Recruitment of NP and the RNPs to M1, at the
site of budding, may mask the ability of M1 to alter membrane curvature, preventing the
conclusion of budding as would occur during VLP budding (Fig. 1a). This block in budding
may necessitate M2-mediated membrane scission for completion.

The delayed expression of M2 (Zebedee et al., 1985) may allow for the initiation of
budding, and for proper virion assembly, before the mechanism of scission and virion
release is provided. Furthermore, the recruitment of M2 to sites of budding, by M1, puts M2
in a cholesterol-rich environment, where M2 stabilizes the site of budding instead of causing
membrane scission (Fig. 1b). This would allow for proper assembly of the budding virion
before M2 is localized to the neck of the budding virion, placing it at the boundary between
the lipid raft-enriched virion and the bulk plasma membrane phases (Fig. 1c, d). At the
budding neck, M2 may exert its own positive membrane curvature by inserting its
amphipathic helix into the membrane and modifying the line tension between the two lipid
phases. This further alteration of membrane curvature may provide the final force needed to
mediate membrane scission and the release of the budding virion (Fig. 1c, d).

Following the completion of membrane scission, the virion may still be tethered to the cell
membrane due to the interaction of virion-associated HA and cell-surface sialic acid
moieties. NA is then able to play the final role in virus budding, cleaving sialic acid off the
cell surface, preventing the HA-receptor interaction and freeing the budded virion.
Interestingly, recent cryo-electron tomography experiments have shown that NA is
concentrated at one location on budded virions, which may reflect the role of NA in
mediating the final release of virions from the cell surface (Calder et al., 2010).

Influenza virus budding requires a tightly organized assembly of multiple different viral
proteins, with many proteins providing a level of redundancy, helping to ensure successful
budding. The activities of HA, NA, M1 and M2 may serve to sequentially modify membrane
curvature, with each protein furthering the process of virus assembly and budding. Thus, for
influenza virus, budding is not a solo performance, but a carefully orchestrated symphony
with each component functioning at precisely defined points in space and time. By better
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understanding this orchestration it may be possible to alter these relationships, causing a
failure of budding and inhibiting the replication of influenza viruses.
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Figure 1.
Model of Influenza Virus Budding. A) The initiation of virus budding caused by clustering
of HA (shown in red) and NA (shown in orange) in lipid raft domains. M1 (shown in purple)
is seen binding to the cytoplasmic tails of HA and NA and serves as a docking site for the
vRNPs (shown in yellow). B) Elongation of the budding virion caused by polymerization of
the M1 protein, resulting in a polarized localization of the vRNPs. M2 (shown in blue) is
recruited to the periphery of the budding virus though interactions with M1. C) Membrane
scission caused by the insertion of the M2 amphipathic helix at the lipid phase boundary,
altering membrane curvature at the neck of the budding virus and leading to release of the
budding virus. D) Overview of the budding of influenza viruses, showing the coalescence of
HA and NA containing lipid rafts (shown in yellow), the formation of a filamentous virion
and membrane scission caused by M2 clustered at the neck of the budding virus.
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