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Lipid enveloped viruses contain a lipid bilayer coat that protects their genome to help facili-
tate entry into the new host cell. This lipid bilayer comes from the host cell which they infect.
After viral replication, the mature virion hijacks the host cell plasma membrane where it is
then released to infect new cells. This process is facilitated by the interaction between phos-
pholipids that make up the plasma membrane and specialized viral matrix proteins. This step
in the viral lifecycle may represent a viable therapeutic strategy for small molecules that aim
to block enveloped virus spread. In this review, we summarize the current knowledge on the
role of plasma membrane lipid–protein interactions on viral assembly and budding.

Introduction
Lipid-enveloped viruses possess a bilayer membrane that is acquired at the late stage of virus assembly
and budding. During this process the nucleocapsid and accessory viral proteins become engulfed
within the cellular membrane that is studded with viral transmembrane glycoproteins. The host lipid
bilayer, which becomes the viral lipid envelope, surrounds the viral nucleocapsid and genome and
harbors the transmembrane viral glycoproteins. Viral budding (i.e. the process of pinching the virion
off from the host cell) occurs when the virus is released into the extracellular space [1]. The assembly
and budding of new virions involves selective lipid–protein interactions between the host cellular
membrane and viral proteins [2]. The main driver of lipid-enveloped virus budding is known as the
matrix protein (or M) for a number of viruses harboring an RNA genome [3].
Several lipid-enveloped viruses, such as filoviruses (Ebola virus (EBOV) and Marburg virus

(MARV), retroviruses (e.g. HIV-1) and influenza viruses, assemble and bud directly from the host cell
plasma inner membrane. The plasma membrane bilayer is asymmetric in healthy cells and consists of
an outer leaflet composed mainly of phosphatidylcholine (PC), sphingomyelin (SM) and glycosphin-
golipids and an inner leaflet enriched with phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylinositol (PI) and phosphoinositides (PIPs) [4]. The lipids enriched in the inner leaflet of
the plasma membrane (PM) are predominantly anionic lipids, which attract proteins with cationic
binding domains [5]. PS is the most abundant anionic lipid in human cells and plays a major role in
the recruitment of proteins that contain PS binding domains or PS selective motifs as well as interac-
tions with clusters of cationic residues on proteins [6]. PS and other anionic lipids are known to inter-
act with several viral matrix proteins. These viral matrix proteins play an important role in the
budding and assembly of enveloped viruses. Despite PS being predominantly localized to the PM
inner leaflet in healthy cells, PS has been shown to be exposed at sites of virus budding and reside in
the viral envelope outer leaflet, where it can play an important role in virus attachment and entry [7].
This review focuses on recent studies of the lipid–protein interactions that are involved in enveloped

virus assembly and budding with an emphasis on viruses that bud from the plasma membrane. Here
we highlight the role of viral matrix proteins, matrix–host protein interactions, and post-translational
modifications of matrix proteins in facilitating the assembly and budding of filoviruses (EBOV and
MARV), HIV-1 and influenza.
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Filovirus assembly and budding
VP40 lipid binding and selectivity
EBOV and MARV are filoviruses and are some of the most dangerous pathogens on earth with high fatality
rates, a negative sense RNA genome, and a lipid envelope derived from the host cell PM (Figure 1). Filoviruses
encode the matrix protein VP40, which regulates viral assembly and budding at the PM through the formation
of a large matrix of VP40 oligomers [7]. EBOV VP40 (eVP40) and MARV VP40 (mVP40) are dimeric proteins
that harbor a N-terminal domain (NTD) and C-terminal domain (CTD) [8–10]. The NTD has a critical alpha-
helical dimerization interface while the CTD is heavily involved in lipid binding and host protein interactions
[8]. Mutation of residues in the NTD alpha-helical dimer interface not only inhibits eVP40 and mVP40 dimer-
ization [8, 10] but also results in loss of VP40 plasma membrane localization [9,11].
eVP40 binds membranes that contain PS and this binding regulates eVP40 localization and oligomerization

at the plasma membrane. Lowering the levels of PS in mammalian cells inhibits assembly and egress of eVP40
into virus-like particles (VLPs) [7]. eVP40 binds PS in the PM inner leaflet through two cationic patches in the
C-terminal domain (CTD1 contains Lys224 and Lys225 and CTD2 contains Lys274 and Lys275). When these
lysine residues were substituted with alanine, PS binding affinity was significantly reduced and eVP40 localiza-
tion to the plasma membrane was diminished [13]. The PS selectivity of eVP40 was evident when comparing
PS binding of eVP40 to other glycerophospholipids such as phosphatidylglycerol or phosphatidic acid as well
as when arginine residues replaced lysine residues in CTD1 and CTD2. While arginine residues in CTD1 and 2
could support binding of eVP40 to PS containing vesicles, the affinity was reduced ∼17-fold compared with
WT VP40 [13].
PS binding is a critical and selective factor in budding of EBOV but is not the only lipid factor required for

eVP40 oligomerization and viral budding [14]. Phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2), which is
found enriched in the PM inner leaflet, has been shown to promote and stabilize eVP40 oligomers for proper
assembly and budding (Figure 1). Depletion of PI(4,5)P2 leads to a substantial reduction in large eVP40 oligo-
mers and reduction in VLP formation [15]. Monitoring eVP40 protein dynamics in vitro indicated that PI(4,5)
P2 stabilizes key contact residues that may be important for eVP40 oligomer stability. PI(4,5)P2 may also play
this important role in eVP40 oligomer stability as eVP40 clusters PI(4,5)P2 [16] and PS becomes exposed at
the outer PM during viral budding [14].
Since the discovery of MARV in 1967, little information is available on mVP40 interactions with host pro-

teins and lipids. mVP40 underlies the inner leaflet of the virus and regulates budding from the host cell mem-
brane [17]. In contrast with eVP40, mVP40 is promiscuous in its interaction with anionic phospholipids.
mVP40 associated similarly with vesicles containing different types of phosphatidylinositols (PIPs) regardless
of the position of the phosphate groups [17]. mVP40 acts as a charge sensor, its binding to the plasma mem-
brane is dependent on the anionic charge density of the plasma membrane and when this charge density is
neutralized there is a dramatic reduction in mVP40 localization [17]. Despite the promiscuity in mVP40 lipid
binding, proper oligomerization of mVP40 dimers is mediated by PS and PI(4,5)P2 where PS is required for
NTD–NTD interactions and PI(4,5)P2 for CTD–CTD interactions [18]. As with eVP40, mVP40 has two loop
regions in the CTD that contain cationic residues and form a lipid binding basic patch. As the dimer
approaches the membrane, the number of contacts it makes with anionic lipids increases while contacts with
the neutral hydrophobic acyl chains do not [19]. This is consistent with the lack of membrane penetration
observed for mVP40 dimers in vitro [20] and in Cryo ET studies [9].

VP40 trafficking
eVP40 rearranges into at least three different oligomeric structures: dimer, ring octamer, and oligomer [10].
Each has a distinct function required by the viral life cycle. The dimeric eVP40 is trafficked to the inner leaflet
of the plasma membrane [21]. Once the dimers associate with the PM, they undergo structural rearrangements
into an array of dimer–dimer interactions [9, 18, 22]. The oligomers form extended VP40 matrix layers via
CTD–CTD interactions. eVP40 structures have different affinities for PS. Dimeric eVP40 has a higher affinity
for PS than the monomer and although not fully elucidated, the dimer–dimer oligomers likely have a high
avidity for the anionic membrane. In contrast, the RNA binding octameric ring has 10-fold lower affinity for
PS containing membranes, which may explain the lack of eVP40 ring octamers at the PM [13].
eVP40 trafficking to the plasma membrane and subsequent budding is facilitated by interaction with differ-

ent host proteins. eVP40 contains two late (L) domains (PTAP and PPxY) that hijack proteins that facilitate
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Figure 1. Schematic depicting the Ebola virus (EBOV) matrix protein VP40 oligomeric forms and assembly, budding and scission of the

EBOV.

(1) VP40 is synthesized and exists primarily as a dimer at very low protein concentrations that is mediated by alpha-helical NTD interactions.

Mutation of residues in the dimer interface will significantly impair VP40 dimerization as well as its localization to the plasma membrane. (2) VP40

dimers are able to rearrange into an octameric form that is triggered by RNA binding [12]. The ring octamer is formed through an oligomerization

interface in the NTD that is distinct from the N-terminal alpha-helical dimer interface. (3) VP40 dimers are trafficked to the plasma membrane and

hijack the COPII vesicle protein, Sec24C for this process. VP40 also undergoes a number of post-translational modifications that are important for

protein stability and viral budding including SUMOylation, ubiquitylation and phosphorylation. (4) Additionally, VP40 moves at the plasma membrane

in a ballistic motion that is dependent on actin polymerization. Actin also plays an important role in increasing virus egress. (5) At the plasma

membrane inner leaflet, VP40 binds PS and PI(4,5)P2 and can assemble into (6) oligomers via CTD–CTD interactions. VP40 oligomerization and

formation of the virus matrix layer is an essential step in proper virion or VLP formation. (7) As VP40 oligomerization occurs, PS can be detected on

the outer plasma membrane leaflet and exposed PS plays an important role in viral attachment and entry through host receptor interactions. (8) As

formation of VP40 assembly and virus budding sites ensues, the virus nucleocapsid is recruited to sites of assembly through an actin-dependent

mechanism. (9) A number of different host factors interact with VP40 at or near the plasma membrane including Tsg101, NEDD4, IQGAP1 and

Amot. These interactions help facilitate the late stages of virus budding and membrane scission. (10) Mature virions or VLPs are released from host

cell membrane giving rise to filamentous particles. Created with BioRender.com.
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viral budding (i.e. the ESCRT machinery). The PPxY domain helps recruit ubiquitin E3 ligases such as
NEDD4, ITCH and SMURF through interaction with their WW domains. VP40-E3 ligase interactions together
with the host ESCRT pathway facilitate virus egress [23]. Notably, NEDD4 acetylation by the acetyltransferase
P300 has been reported as critical for VP40 ubiquitylation and EBOV egress [24]. eVP40 also interacts with
Tsg101 (Figure 1), a component of the ESCRT machinery at sites of viral assembly to facilitate the pinching off
of budding vesicles allowing for the release of viral particles [25].
In addition to VP40 interactions with ubiquitin E3 ligases via the VP40 PPxY domain there is a functional

relationship between eVP40 and host proteins that contain the PPxY domain. For instance, angiomotin (Amot)
is a multifunctional protein that contains PPxY domains and regulates actin dynamics and cellular migration.
The egress of eVP40 VLPs and authentic EBOV was significantly reduced in knockdown Amot cells.
In addition, the co-expression of eVP40 and Amot rescued the inhibition of eVP40 VLP egress [26]. Amot is
proposed to help facilitate the interaction of eVP40 with actin which is important for EBOV egress and oligo-
merization. Time lapse imaging showed that eVP40 colocalized with and moved on actin fibers in cells, this
movement caused smaller eVP40 particles to form larger oligomers [27]. A truncated version of Amot which
lacks all PPxY motifs and the F-actin binding domain failed to rescue the inhibition of eVP40 VLP egress [26].
TIRF microscopy images also showed that in the absence of Amot the actin cytoskeleton appears less organized
and does not colocalize with eVP40 VLPs [26].
In addition to WW-domain and PPxY domain interactions, several other proteins have been identified to

facilitate VP40 intracellular transport. eVP40 relies on the COPII transport system through interaction with
Sec24C for its intracellular transport [28]. COPII is a coat protein (vesicle coat protein) that transports proteins
from the rough endoplasmic reticulum to the Golgi apparatus. COPII is composed of five proteins: Sar1, Sec23,
Sec24, Sec13 and Sec31. Yamayoshi et al. showed that Sec24C interacts with eVP40 via the region of amino
acids 303–307, amino acid substitutions in eVP40 that abolish this interaction had a negative effect on eVP40
accumulation at the plasma membrane [28]. Rab14 has recently been identified to also play an important role
in intracellular trafficking of eVP40. Rab14 is a small GTPase that belongs to the Ras superfamily and is
involved in various aspects of membrane trafficking. Fan et, al used proximity-dependent biotin-identification
(BioID) to identify Rab14 GTPase as one of the interacting partners for eVP40. eVP40 colocalized with Rab14
when expressed in HeLa cells and in the absence of or with decreased Rab14, VP40 plasma membrane localiza-
tion was diminished [21]. While less information on the mVP40 trafficking mechanism is available, mutation
of a hydrophobic patch in the mVP40 CTD greatly diminished mVP40 plasma membrane localization [11].

VP40 post-translational modifications
VP40 has been shown to undergo several post-translational modifications including phosphorylation, ubiquity-
lation, and SUMOylation (Small Ubiquitin-like Modifier (SUMO)), which are important for VP40 stability
and/or virus replication. Baz-Martínez et al. [29] demonstrated that VP40 is modified by SUMO and that
SUMO is included in VLPs. They further determined that the lysine residue 326 is involved in SUMOylation
and that mutation of this residue reduced the stability of VP40 and incorporation of SUMO into VLPs [29].
This study suggests that EBOV hijacks the cellular SUMOylation system to modify and stabilize VP40.
Ubiquitination of VP40 is important for the budding of eVP40 VLPs. The L-domain of VP40 interacts with
the NEDD4 ubiquitin ligase leading to VP40 ubiquitination. The expression of Interferon-stimulated gene 15
(ISG15), another ubiquitin-like protein, inhibits the budding of eVP40 VLPs. ISG15 competes with eVP40 for
interaction with Nedd4 ubiquitin ligase inhibiting ubiquitination of VP40 and consequently eVP40 VLP
budding. When the L-domain of VP40 is mutated and VP40 cannot interact with NEDD4, ISG15 does not
inhibit eVP40 VLP release [30].
Phosphorylation of VP40 facilitates efficient virus assembly and egress. Studies have shown that mVP40 is

phosphorylated at tyrosine residues 7,10,13 and 29 and this phosphorylation is important for efficient assembly
and production of infectious virions [31]. When these tyrosine residues are mutated diminishing mVP40 phos-
phorylation, mVP40 is still able to bind cellular membranes and produce filamentous VLPs. However, mutants
have impaired ability to recruit nucleocapsid structures and released VLPs have low infectivity [31]. mVP40
Tyr phosphorylation is hypothesized to be an important factor for the efficient recruitment of nucleocapsid
and proper assembly into infectious virions.
eVP40 has also been shown to be phosphorylated on tyrosine residues (Tyr13 and Tyr292) and while the

mechanism is not very well understood, Tyr13 phosphorylation is thought to be important for VLP egress [32].
Mutation of Tyr13 to alanine decreased the release of Ebola VLPs. The phosphorylation of eVP40 was found to
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be modulated by the host c-Abl1 tyrosine kinase [32]. The release of EBOV VLPs was inhibited by c-Abl1
knockdown and inhibition with a small molecule [32]. Thus, c-Abl1 is proposed to regulate the proper
budding and/or release of EBOV through a mechanism involving Tyr phosphorylation of eVP40. While a
number of VP40 post-translational modifications have been described the structural consequences on the dif-
ferent VP40 structural forms are still unknown.

HIV assembly and budding
The human immunodeficiency virus (HIV) is the causative agent of acquired immune deficiency syndrome
(AIDS). Currently, there are more than 40 million people in the world that are infected with HIV-1. HIV-1
egresses from an infected cell via assembly and budding at the plasma membrane. The virus encodes for the
Gag polyprotein that is necessary for binding to the plasma membrane inner leaflet and making the protein–
protein and lipid–protein interactions that are necessary for HIV-1 budding [33]. Gag consists of four domains
dubbed p17 matrix (MA), p24 capsid (CA), p7 nucleocapsid (NC) and p6. HIV-1 creates its own specific lipid
environment for virus assembly and budding through interactions of the Gag matrix domain and specific lipids
in the plasma membrane.
Gag self assembles at the inner leaflet of the host cell plasma membrane where it binds the plasma mem-

brane through an interaction of the Gag matrix domain and PI(4,5)P2 (Figure 2). Gag assembly leads to the
formation of cholesterol enriched PIP2 liquid-disordered domains at an early stage of virus assembly [34].
Analysis of HIV-1 late stage assembly showed that once the virion has assembled, Gag selectively traps PI(4,5)
P2 and cholesterol but does not trap PE or SM [34]. Studies have shown that cholesterol plays a role in Gag
matrix protein binding to membranes as well as in the stabilization of PI(4,5)P2 domains. Molecular dynamics
simulations have shown that Gag matrix protein also interacts better with the charged headgroups of PS in the
membrane in the presence of cholesterol [35]. The trapping of cholesterol by Gag enhances PI(4,5)P2 clustering
and makes the membrane surface more anionic due to the PI(4,5)P2 enrichment. This data suggests that Gag
assembly promotes lipid rearrangement in the plasma membrane creating a PI(4,5)P2/cholesterol-enriched
membrane environment to facilitate the recruitment of additional Gag proteins at the sites of budding.
Gag assembly at the plasma membrane is facilitated by myristoylation (a lipidation modification where a

myristoyl group is covalently attached at the N-terminal glycine residue) and binding to NEDD4 E3 ubiquitin
ligase family members through the PPxY domain. Gag is myristoylated at its N-terminus, this facilitates its traf-
ficking and association to the plasma membrane allowing for protein–protein and protein–lipid interactions
necessary for budding [36]. Studies in which the Gag N-terminal glycine was mutated demonstrated inhibition
of myristoylation and production of viral particles [36]. Myristoylation is thought to help Gag bind the plasma
membrane inner leaflet and is essential for efficient assembly of HIV into active virions. Retroviral Gag proteins
also contain the PPxY domains that recruit proteins of the NEDD4 E3 ubiquitin ligase family to facilitate virus
release. Mercenne et al. [37] showed that Amot can bind both NEDD4L and Gag and is required for the efficient
budding of HIV-1. Using electron microscopy they observed that when Amot is present, Gag proteins can assem-
ble into spheres and the virus can successfully bud, however, when Amot was depleted, incomplete spheres of
Gag proteins accumulated on the inner membrane surface and the virus particles were not released [37]. Large
amounts of actin have been detected in HIV-1 virions and this is proposed to be incorporated by interactions
with the nucleocapsid domain of the Gag polyprotein [38]. Just as in EBOV, Amot may facilitate Gag polyprotein
interactions with filamentous actin.

Influenza assembly and budding
The influenza virus causes seasonal epidemics where millions of people are infected globally each year.
Pandemic strains of influenza have sometimes emerged as the segmented viral genome is prone to reassortment
when co-infection occurs in cells. Influenza A is a single stranded negative-sense RNA virus with its viral enve-
lope derived from the host cell plasma membrane. Influenza A encodes for the glycoproteins hemagglutinin
(HA) and neuraminidase (NA) as well as the ion channel protein M2, all of which are important for viral entry
as well as steps of assembly and egress [39]. Influenza A also encodes for the matrix protein (M1) which is
important for virion budding and morphogenesis [40].
Influenza virus uses cholesterol enriched lipid domains in the plasma membrane as sites of virus assembly

and budding. HA and NA are intrinsically associated with lipid domains, whereas the M2 and M1 proteins are
excluded from these domains [41]. The exact mechanism of influenza virus assembly and budding is not cur-
rently known. In the VLP system, HA protein buds from cells in vesicles that resemble virions without
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requiring the expression of any other viral proteins. Similarly, the single expression of NA and M2 leads to the
release of VLPs. Combining HA, NA, M2 and M1 significantly increased the amount of VLPs released [42].
One of the problems in studying influenza budding and assembly is that the VLP system does not accurately
depict viral infection. During virus infection single HA expression is not efficient for virus budding, budding
requires additional viral proteins, such as M2 [43]. In fact, deletion of the M2 protein or mutation of the M2
cytoplasmic tail inhibits virus budding [44]. This data suggests that HA may initiate influenza virus budding
but it alone does not have the ability to complete budding and needs recruitment of other viral components
like M2. It is hypothesized that HA and NA are targeted to lipid domains in the plasma membrane, this
recruitment causes joining and enlargement of lipid domains and may cause membrane curvature and initiate
the budding event. M1 binds to HA and NA providing a site for the recruitment of viral ribonucleoprotein

Figure 2. Schematic of the HIV-1 Gag assembly and budding from the host cell plasma membrane.

(1) The Gag polyprotein is myristoylated on a N-terminal glycine, which (2) facilitates membrane insertion into the plasma membrane inner leaflet.

(3) At the plasma membrane, Gag is able to interact with PI(4,5)P2 and PS, which helps to facilitate Gag oligomerization and cluster PI(4,5)P2 and

cholesterol. (4) Gag oligomerization and clustering of PI(4,5)P2 and cholesterol into enriched regions of the plasma membrane, further induces

recruitment of Gag proteins and likely facilitates changes in membrane curvature. (5) As the Gag mediated bud site matures, the virus core is

recruited and (6) interactions with host proteins such as an E3 ligase (7) facilitate viral budding. (8) Finally, a mature HIV Gag virion is released from

the plasma membrane. Adapted from ‘HIV Replication Cycle’ by BioRender.com (2021). Retrieved from https://app.biorender.com/

biorender-templates.
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particles and M2 to the site of virus budding. M2 further alters membrane curvature causing membrane scis-
sion and release of progeny virions.

Conclusions
Although enveloped virus replication pathways are now understood in considerable detail there are still gaps in
understanding the role of protein–protein and lipid–protein interactions at the plasma membrane. IQGAP1 is
a widely expressed scaffolding protein with the WW-domain that interacts with viral PPxY L-domains [45].
IQGAP1 interaction with eVP40 is required for EBOV budding. The L-domain regions of VP40 mediate this
interaction and when IQGAP1 is suppressed there is reduced release of eVP40 VLPs [45]. IQGAP1 has also
been detected in purified HIV-1 virions [46] where it interacts with the nucleocapsid and p6 domains of the
HIV-1 Gag protein, negatively regulating Gag trafficking and virion release. Depletion of IQGAP1 increases
HIV-1 viral particle release while its overexpression reduces viral particle release. In addition, the expression of
IQGAP1 restricts Gag targeting to the plasma membrane [47]. IQGAP1 is involved in actin cytoskeletal remod-
eling during cell migration and formation of filopodia which are all important for viral budding. However,
there is still no clear understanding on what IQGAP1, or actin specifically do, and it is still not clear why
IQGAP1 expression has different effects on different viruses. In addition to this, not all enveloped viruses
assemble at the plasma membrane. Coronaviruses such as SARS-CoV-2 are lipid enveloped viruses, however,
their assembly occurs at the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) [48] and their
exocytosis through lysosomes [49].
Some progress has already been made in the development of therapeutics that target assembly and budding

and these efforts will be enhanced by a greater understanding of the viral processes reviewed herein. Despite
considerable progress, several key aspects of virus assembly and budding are not yet well understood and repre-
sent important research opportunities. The most pressing issues that need to be addressed include (1) charac-
terization of the mechanism of membrane curvature generation from the plasma membrane, (2) defining the
precise role of actin and accessory proteins such as IQGAP1 in viral assembly and budding, (3) determining
the effects of post-translational modifications (e.g. phosphorylation and ubiquitylation) of matrix protein on
structural changes, protein trafficking, lipid binding, and oligomerization and (4) defining the mechanism of
membrane scission during virus budding.

Perspectives
• Lipid-enveloped viruses that assemble and egress from the host cell plasma membrane can

cause significant disease and mortality. There are still unmet clinical needs with respect to
vaccines and therapeutics that can slow the spread or treat those who become infected for a
number of these viral infections.

• The last two decades have provided a basic understanding of some mechanisms by which
viral matrix proteins interact with host lipids and oligomerize on both model and cellular
membranes.

• A better understanding of the molecular details (e.g. host-virus interactions) of virus assembly
and budding from the plasma membrane may lead to pan-viral strategies to inhibit spread and
dissemination of lipid-enveloped viruses.
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