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Abstract
Membrane fusion plays a lead role in the transport of vesicles, neurotransmission, mitochondrial dynamics, and viral infec-
tion. There are fusion proteins that catalyze and regulate the fusion. Interestingly, various types of fusion proteins are present 
in nature and they possess diverse mechanisms of action. We have highlighted the importance of the functional domains of 
intracellular heterotypic fusion, homotypic endoplasmic reticulum (ER), homotypic mitochondrial, and type-I viral fusion. 
During intracellular heterotypic fusion, the SNAREs and four-helix bundle formation are prevalent. Type-I viral fusion is 
controlled by the membrane destabilizing properties of fusion peptide and six-helix bundle formation. The ER/mitochondrial 
homotypic fusion is controlled by GTPase activity and the membrane destabilization properties of the amphipathic helix(s). 
Although the mechanism of action of these fusion proteins is diverse, they have some similarities. In all cases, the lipid 
composition of the membrane greatly affects membrane fusion. Next, examples of lipidation of the fusion proteins were 
discussed. We suggest that the fatty acyl hydrophobic tail not only acts as an anchor but may also modulate the energetics 
of membrane fusion intermediates. Lipidation is also important to design more effective peptide-based fusion inhibitors. 
Together, we have shown that membrane lipid composition and lipidation are important to modulate membrane fusion.
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Introduction

Lipids are one of the essential molecules in biology. For a 
long period, lipids were not considered as fashionable as 
proteins (catalyze reactions), and nucleic acids (store genetic 
information). However, the traditional view on lipids has 
changed substantially during the last few decades. It is 
now well-recognized that protein-lipid interaction plays an 
important role in the survival of cells. Lipids form supra-
molecular assemblies; like micelle, bilayer, and hexagonal 
phase in water. The bilayer assemblies (membrane) were 
chosen by nature during evolution to form compartments 
(Izgu et al. 2016; Sarkar et al. 2020). These compartments 
were important to the proto-cell development, and evolu-
tion of life. The ‘Lipid World’ model of evolution also sug-
gests that prebiotic amphiphile and lipid bilayer membrane 
catalyzed biological reactions during early evolution (Segré 
et al. 2001; Lancet et al. 2019). Amino acids and lipidated 
amino acids further stabilize the membrane compartments to 
support the evolution (Cornell et al. 2019; Joshi et al. 2021). 
It was proposed that communication between the compart-
ments was essential for establishing networks. We propose 
that the prebiotic communication between the membrane 
compartments may be recognized as the primitive version 
of membrane fusion. It occurs between two separate lipid 
bilayers that merge into a continuous bilayer and the inter-
nal contents of two separated membranes mingle (Fig. 1). 
Membrane fusion is a lipid-centric event and immensely 
important in living systems, from viruses to eukaryotic 
cells. It contributes to virus infection, neurotransmitter 
release, cell fertilization, and intracellular transport (Jahn 
et al. 2003; Han et al. 2017). Fusion starts with the close 
apposition of two bilayers. However, due to the hydration 
repulsion between the proximal leaflets of the membranes, 
fusion is not a spontaneous process. In today’s world, the 
fusion proteins catalyze and regulate the fusion. There are 
various proposals on how membrane fusion proteins cata-
lyze the fusion in living systems. Among them, the widely 
accepted lipid-centric simple model suggests that the con-
formational energy of the protein (pre-fusion to a post-fusion 

structure) is harnessed to generate the hemifusion intermedi-
ate (through arrays of non-lamellar lipid intermediate struc-
tures), and then the fusion pore (Fig. 1) (Collins et al. 2012). 
More precisely, the fusion starts with pre-fusion contact/
docking. Then a hemifusion intermediate(s) were formed, 
which lead to pore formation (Fig. 1). Every step has an acti-
vation barrier due to the membrane curvature deformations 
and unfavorable lipid-water arrangements (Chakraborty 
et al. 2012). Studies have shown that lipid composition can 
influence every step: from docking to hemifusion to fusion 
pore (Chernomordik and Kozlov 2003; Tamm et al. 2003; 
Meher and Chakraborty 2019). Lipid composition can also 
modulate the structure, organization, and dynamics of fusion 
proteins. In addition, the lipid-binding domain of several 
fusion proteins binds to regulatory lipids and thus controls 
membrane fusion. Since the membrane fusion proceeds via 
lipidic intermediates; the lipid composition of the membrane 
and the lipidation of the fusion proteins may perturb fusion. 
Lipidation is a covalent attachment of lipid molecules to the 
protein/peptide (Jiang et al. 2018). In the present review, 
we focus on how the lipid composition of the membrane 
and lipidation of fusion proteins modulate several types of 
membrane fusion.

Membrane Fusion Proteins

There are two types of fusion in biology: homotypic and het-
erotypic. When two same-type membranes merge together, 
it is termed homotypic fusion. This type of fusion occurs in 
vacuoles, mitochondria, and the endoplasmic reticulum. In 
heterotypic fusion, two different types of membranes fuse 
with each other. Examples include virus and cell/endoso-
mal membrane fusion, synaptic vesicles-plasma membrane 
fusion, late endosome-lysosome fusion etc. (Fig. 2) (Martens 
and McMahon 2008).

During synaptic vesicle fusion (neuronal transmis-
sion) and intracellular heterotypic fusion, soluble N-eth-
ylmalemide sensitive factor attachment protein receptors 
(SNAREs) play the most important role in fusion (Jahn and 
Scheller 2006; Rizo and Xu 2015). The SNARE proteins 

Fig. 1   Mechanism of membrane fusion. Fusion occurs via hemifusion intermediate (s) to pore formation. The docking step was not shown
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that are responsible for the synaptic vesicle fusion comprise 
R-SNARE (attached to synaptic vesicles) and Q-SNARE 
(attached to the target membrane). Under the appropriate 
condition, the R-SNARE and Q-SNAREs interact with each 
other, bring two membranes to close proximity, and facilitate 
fusion (Fig. 3A). The post-fusion structure of the SNARE 
complex suggests that they form a four-helix bundle (coiled-
coil motif) structure that usually contains one R-SNARE 
with two or three Q-SNAREs. It is well understood that the 
energy released by the four-helix bundle initiates and drives 
the fusion (Jahn et al. 2003). SNAREs also control the yeast 
homotypic vacuole fusion via a similar coiled-coil four-helix 
bundle structure (Wickner 2010).

The fusion between the viral membrane and the host 
membrane is triggered by viral fusion proteins. In the case 
of the type-I fusion protein, a six-helix bundle (coiled-coil 
motif) formation between the heptad repeat 1 and 2 (HR1 
and HR2) formation is crucial. The fusion protein also con-
tains a 15–30 amino acid segment, known as the fusion pep-
tide. During fusion, the fusion peptide binds to the target 
membrane, and then the six-helix bundle formation by HR1 
and HR2 domains supplies the energy required for fusion 
(Fig. 3B). Therefore both the fusion peptide and the six-helix 
bundle have an important role to catalyze the type-I viral 
fusion (Table 1) (Meher and Chakraborty 2019). Studies 
have shown that the fusion peptide may influence the mem-
brane interface and induce non-bilayer structures to catalyze 
the fusion.

The homotypic fusion of the endoplasmic reticulum 
membrane is triggered by dynamin-like fusogenic GTPases, 
atlastins, and the homotypic fusion of mitochondrial outer 
membranes is triggered by GTPase mitofusins (MFNs), optic 
atrophy-1 (OPA1) (Moon and Jun 2020). MFNs consist of an 
N-terminal GTPase domain followed by HR domains, trans-
membrane domains, and a C-terminal HR domain (Fig. 3C). 
In most cases, MFNs have two transmembrane domains 
and thus both HR domains reside at the cytoplasmic site 
(Fig. 3C) (Li et al. 2019). The exact mechanism by which 
the HR domains of MFNs facilitate fusion remains unclear 
(Cohen and Tareste 2018; Moon and Jun 2020). However, 
the present model suggests that the MFNs of two fusing 
membrane forms a homodimer via the GTPase domain and 
the interaction of the HR2 domain. Upon GTP hydrolysis, 
a drastic conformational change results in the merger of the 
membranes (Cao et al. 2017). A recent report suggests that 
the HR1 domain of MFN also possesses membrane destabi-
lization properties (Daste et al. 2018). The ER fusion protein 
family, atlastin contains an N-terminal GTPase domain fol-
lowed by a helical domain, transmembrane domains, and 
a C-terminal domain (Bian et al. 2011; Yan et al. 2015). 
The GTPase dimerization, GTP hydrolysis, and HR2-mem-
brane interaction control the atlastin-mediated fusion. It is 
noteworthy to mention that the fusion catalyzing proteins 
have different mechanisms of action in heterotypic intra-
cellular fusion or viral fusion or ER/mitochondrial homo-
typic fusion. In SNAREs, the formation of a highly stable 

Fig. 2   Various types of homo-
typic and heterotypic fusion in 
biology
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four-helix bundle is essential. The viral fusion is controlled 
by a six-helix bundle and fusion peptide-membrane interac-
tion. The ER fusion/mitochondrial fusion is controlled by 

GTP hydrolysis, HR bundle, and HR-membrane interaction 
(Table 1).

Fig. 3   A SNARE-mediated fusion via four-helix bundle formation. 
B Type-I viral fusion protein-mediated fusion via six-helix bundle 
(6-HB) formation, FP is the fusion peptide, RBD is the Receptor 

Binding Domain. C Mitofusin induced fusion of mitochondrial outer 
membrane occur via GTPase activity and helix-bundles

Table 1   Different types of 
fusion proteins and their 
important functional domains

Type Fusion protein Important domain

Intracellular heterotypic fusion, endosome-
endosome homotypic fusion

SNAREs Four-helix bundle

Type-I viral fusion Spike, hemagglutinin, 
gp41 etc

Fusion peptide, six-helix bundle,

Homotypic endoplasmic reticulum fusion Atlastin GTPase, HR domains
Homotypic mitochondial fusion MFNs, OPA1 GTPase, HR domains
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Membrane Lipid Composition and Fusion

Membrane lipid may modulate fusion in two different path-
ways. We term the first pathway as intrinsic, where the lipid 
head group or tail structure affects the energetics of lipidic 
hemifusion intermediates. The second pathway is extrinsic, 
where lipid—fusion protein interaction modulates the ener-
getics of fusion. In the intrinsic pathway, pioneering works 
were reported on the modulation of membrane curvature, 
thickness, hydration, and dipole moment. The biological 
membrane is not homogeneous and the lipid composition 
of different membranes is tuned to match their specific bio-
logical role. Phospholipids, sphingolipids, cholesterol (yeast: 
ergosterol), and diacylglycerol are major components of the 
biological membrane. Phosphatidylcholine (PC), phosphati-
dylethanolamine (PE), phosphatidylserine (PS), phospha-
tidic acid (PA), phosphatidylglycerol (PG), phosphatidylino-
sitol (PI), phosphatidylinositol phosphate (PIP) are the major 
phospholipids present in biological membranes (Lauwers 
et al. 2016). Among them, PC is cylindrical in shape and 
thus assembles into a planar-like bilayer (Fig. 4). PE has an 
inverted cone-shaped molecular structure, which promotes 
negative curvature to the membrane and facilitates the 
hemifusion structure to catalyze fusion (Fig. 4) (Fuller and 
Rand 2001; Meher and Chakraborty 2019). Diacylglycerol, 

cholesterol, and oleic acid also induce negative curvature 
and promote hemifusion. It is well-documented that the 
transition from bilayer to hemifusion state is associated 
with lipid-water protrusion and hexagonal phase formation 
(Chakraborty et al. 2012). Lysolipids like lysophosphatidyl-
choline and lysophosphoglycan have a large headgroup and 
the conical shape induces positive curvature to the mem-
brane (Fig. 4). The positive curvature in the outer leaflet of 
the bilayer generally increases the activation barrier for the 
hemifusion intermediate formation and thus inhibits fusion. 
PS, PA, PG, PI, PIP are negatively charged and they bind to 
the polybasic patches of the protein (van den Bogaart et al. 
2011; Tarafdar et al. 2015). However, negatively charged 
lipids like PS, PG inhibit model membrane fusion because 
of charge-charge repulsion (Tarafdar et al. 2012). The fusion 
may be promoted in presence of Ca2+, which brings PS-
doped membranes close to each other (Tarafdar et al. 2012). 
Apart from phospholipids, cholesterol is one of the major 
lipid components of the cellular and sub-cellular membrane 
(Ingólfsson et al. 2014). Cholesterol induces negative cur-
vature in lipid monolayers (Wang et al. 2007), and alters the 
membrane thickness, and fluidity to modulate the fusion. It 
generally promotes fusion by increasing membrane fluid-
ity and negative curvature. Sphingomyelin (SM), a major 
sphingolipid mostly stabilizes the membrane and reduces 

Fig. 4   Shape of lipids and 
their impact on the membrane 
curvature
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membrane fusion (Haque et  al. 2001). The unsaturated 
fatty acyl groups in phospholipids may change the over-
all geometry of the lipid, and increase the fluidity of the 
lipid membrane, to control membrane fusion (Pinot et al. 
2014). Membrane fusion may also be affected by the pres-
ence of the liquid-ordered (Lo) phase. Cholesterol, with its 
unique structure, reduces the transgauche isomerizations of 
the neighboring fatty acyl chains and therefore facilitates 
the formation of Lo phase. Growing evidence suggests that 
HIV fusion peptides preferentially target the liquid-ordered/ 
liquid-disordered (Ld) boundary regions and promote fusion 
at the interfaces between Lo and Ld domains (Yang et al. 
2015).

In the extrinsic pathway, lipids interact with the fusion 
machinery components to control the fusion. For example, 
PS and PIP recruit the synaptic fusion machinery compo-
nents and facilitate the reorganization of fusion proteins 
and their domains (van den Bogaart et al. 2011; Pérez-Lara 
et al. 2016). During the pre-fusion state (synaptic fusion), 
the negatively charged PS and phosphatidylinositol biphos-
phate (PIP2) cause electrostatic repulsion between the mem-
branes and prevent spontaneous fusion (van den Bogaart 
et al. 2011; Tarafdar et al. 2012). However, the PIP2 (highly 
negatively charged) interacts with the polybasic membrane 
juxtaposed region of syntaxin-1 to form clusters and prepare 
the effective docking sites (Fig. 5A) (van den Bogaart et al. 
2011; Milovanovic et al. 2016). PIP2 and PS are also known 
to promote the interaction of synaptotagmin (a cofactor of 
synaptic fusion) to Ca2+ (Bai et al. 2004). In addition, the 

conserved polybasic patch located on the C2B domain of 
synaptotagmin binds to negatively charged multivalent lipids 
like PIP2 (Chapman 2008; Südhof 2013), and promotes the 
interactions either between SNAREpin and synaptotagmin 
or syntaxin and synaptotagmin (Pérez-Lara et al. 2016). 
These interactions are necessary for fast Ca2+-dependent 
exocytosis.

Membrane cholesterol also influences SNARE-mediated 
membrane fusion as the depletion of cholesterol from the 
membrane leads to a decrease in exocytosis (Yang et al. 
2016; Han et al. 2017). Cholesterol alters the physical prop-
erties of the membrane and their interaction with fusion 
proteins (SNAREs) modulates the formation of cholesterol-
dependent clusters (raft-like domain) that control docking at 
the fusion sites (Murray and Tamm 2009, 2011). Apart from 
SNARE-mediated exocytosis, membrane cholesterol also 
modulates viral infections by affecting the fusion between 
viral and host cell membranes. Cholesterol changes the 
fluidity, thickness, compressibility, water penetration, and 
intrinsic curvature of lipid bilayers to catalyze viral glyco-
protein-mediated membrane fusion (Yang et al. 2016). In the 
case of influenza, increased cholesterol content decreases 
the energy to form hemifusion stalk (Chlanda et al. 2016) 
by altering the host membrane curvature (Liu and Boxer 
2020). For HIV, cholesterol helps fusion between choles-
terol-poor disordered and cholesterol-rich domains of target 
membranes (Yang et al. 2015). Cholesterol-transmembrane 
domain interactions of the Ebola virus glycoprotein (GP) 
affect structural features of GP to facilitate fusion (Lee et al. 

Fig. 5   A Syntaxin-1 forms clusters via polybasic patches (present in membrane juxtaposed region) and negatively charged PIP2, PS. B HR1 
domain-membrane interaction facilitates the MFN-mediated fusion
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2021). Increasing the cholesterol levels in the membrane 
improves the chances of full fusion events, whereas choles-
terol-depleted virus-like particles show reduced cell entry 
(Lee et al. 2021). Cholesterol may also alter the oligomeriza-
tion status of the N-terminal fusion peptide of SARS-CoV to 
modulate the membrane organization and dynamics (Meher 
et al. 2019). In the case of the SARS-CoV-2 virus, it was 
suggested that the depletion of cholesterol from the viral 
membrane affects membrane fusion and infection (Sand-
ers et al. 2021). Similar studies with SARS-CoV-2 internal 
fusion peptide also showed that it induces more hemifusion 
in cholesterol-rich membranes (Pattnaik et al. 2021).

In yeast vacuole fusion, various lipids such as phos-
phatidic acid (PA), phosphatidylinositol phosphates (PIP), 
sphingolipids, diacylglycerol (DAG), and ergosterol (yeast 
cholesterol) regulate the homotypic membrane fusion 
(Wickner 2010; Wickner and Rizo 2017; Hurst and Fratti 
2020). During atlastin-mediated ER homotypic fusion the 
specific lipid composition of ER membranes was essential to 
maintain the homeostasis. Sey1p (yeast ortholog of atlastin)-
mediated in vitro liposome fusion studies were highly sus-
ceptible to the omission of ergosterol or PE (Sugiura and 
Mima 2016; Lee et al. 2019). Sey1p-dependent fusion was 
also reduced by omitting three acidic lipids (PS, PA, PI) 
from the liposome bilayer (Sugiura and Mima 2016). The 
C-terminal tail of atlastin was reported to be amphipathic 
and it is likely that the polybasic patches interact with the 
acidic membrane lipids, thereby affecting the local curvature 
and the stability of the membrane (Drin and Antonny 2010; 
Liu et al. 2012).

The role of lipids in MFN-mediated mitochondrial outer 
membrane fusion is widely documented (Moon and Jun 
2020). The GTPase domain, HR1, HR2, and TMDs are 
essential for fusion. The HR1 domains of MFN bind to the 
lipid bilayer via amphipathic alpha-helix (Daste et al. 2018). 
Upon GTP hydrolysis, the dimeric HR1 domain interacts 
with the respective lipid membrane (Figs. 3C, 5B), which 
brings outer mitochondrial membranes in closer proximity. 
The binding of the amphipathic helix with the membrane 
perturbs the membrane structure and promotes fusion (Daste 
et al. 2018). Apart from the binding, the individual lipid 
component (PA and PE content) may introduce local nega-
tive curvature into the mitochondrial membrane and thus 
facilitate the MFN-mediated fusion (Frohman 2015; Cohen 
and Tareste 2018). Therefore, the lipid composition of the 
mitochondrial membrane guides the membrane fusion. It 
may be noted that the mitochondrial membrane has ~ 20% 
PE, and 5% PA. Since the overexpression of phospholipase 
A1, which degrades PA to lysophosphatidic acid triggers 
mitochondrial fragmentation (Baba et al. 2014), it has been 
suggested that mitochondrial fusion may depend on the 
PA content of the membrane. This led to the speculation 
that PA and HR1 (of MFN) interaction might facilitate the 

mitochondrial outer-membrane fusion (Fig. 5B) (Cohen and 
Tareste 2018).

The mitochondrial inner-membrane fusion is regulated 
by OPA1. Cardiolipin (CL) is an important mitochondrial 
inner-membrane lipid that comprises ~ 25% of the total lipid 
content (Horvath and Daum 2013; Moon and Jun 2020). CL 
contains two phosphate head groups and four acyl chains. 
The inactivation of CL synthase causes morphological 
defects in mitochondria (Matsumura et al. 2018). Therefore, 
the CL content of the membrane is crucial in mitochondrial 
inner-membrane fusion. CL may also enhance the GTPase 
activity of the yeast ortholog of OPA1 (Mgm1) and regulates 
the mitochondrial morphology (Frohman 2015; Ban et al. 
2017; Ge et al. 2020).

Lipidation of Protein and Membrane Fusion

Membrane fusion is an event related to lipid bilayer, mem-
brane attachment of the fusion proteins is essential. Viral 
membrane fusion proteins attach to the target membrane 
have transmembrane domain and fusion peptide(s) to 
anchor the lipid bilayer. The intracellular fusion proteins 
and the machinery components anchor membrane via trans-
membrane domains, Ca2+-binding domain, PS/PIP binding 
domains, or via acylation. Various types of acylation are 
reported in the literature including S-palmitoylation, S-pre-
nylation, N-myristoylation, lysine-acylation etc. (Jiang et al. 
2018; Suazo et al. 2021).

During neurotransmission, the SNARE complex in the 
presynaptic neuron was composed of syntaxin-1, vesicle-
associated membrane protein-2 (VAMP-2), and SNAP-25 
(Fig. 3A). VAMP-2 is located on the synaptic vesicle and 
syntaxin-1 and SNAP-25 are located on the presynaptic 
plasma membrane. VAMP-2 and syntaxin-1 contain a trans-
membrane domain (TMD), which anchors them into the lipid 
membrane. The SNAP-25 is connected to the membranes 
via palmitoylation, where covalent bonds between multiple 
cysteine side chains of the protein and palmitoyl side chains 
of the membrane and multiple cysteine side chains of the 
protein (Fig. 6A) (Gonzalo et al. 1999; Prescott et al. 2009). 
Protein palmitoylation is a post-translational modification 
that modulates the proper function of a variety of eukaryotic 
fusion proteins. The palmitoylation of the target protein is 
catalyzed by a family of palmitoyl acyltransferases (PAT), 
which are localized in the endoplasmic reticulum, Golgi, 
and plasma membrane. It is widely believed that the S-pal-
mitoylation of SNAP-25 plays an important role in mem-
brane anchoring and targeting. The thioester bonds which 
formed after palmitoylation are labile and thus resemble 
other reversible regulatory post-translational protein modi-
fications (Sobocinska et al. 2018). It was proposed that the 
palmitoyl chains of SNAP-25 are required for membrane 
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targeting (Gonzalo et al. 1999). However, recent results sug-
gest that the lipid linker of SNAP-25 plays a more active role 
in calcium-triggered exocytosis. The lipid linker might be 
responsible for the fast exocytosis (rate enhancement) dur-
ing neurotransmitter release (Nagy et al. 2008). Recently, 
Shaaban et al. showed that the palmitoylated linker segments 
interact with neighboring lipids to facilitate the triggering 
of fusion (Shaaban et al. 2019). We suggest that role of lipid 
linkers is not restricted only to membrane targeting, rather 
they take part actively in fusion. Apart from SNAP-25, other 
intracellular fusion proteins e.g. SNAP-23(Pallavi and Naga-
raj 2003), syntaxin-11 (Kinoshita et al. 2019), Ykt6 were 
reported to be palmitoylated for the membrane association 
and localization. The exact role of how the palmitoyl chain 

of these proteins affects fusion was not explored in detail 
(Hong and Lev 2014).

In the case of a viral fusion protein, such S-palmitoyla-
tion was not abundant. As mentioned earlier, the viral fusion 
protein has TMDs and it attaches to the target membrane 
via a hydrophobic aminoacid-rich domain, the fusion pep-
tide. Therefore acylation is not directly necessary to bind 
the target membrane. However, many recent reports sug-
gest a more potential role of S-acylation (with cysteine) 
of the viral fusion protein in virus entry and infection. In 
case of the influenza virus, the cytoplasmic tail of hemag-
glutinin (HA) fusion protein is highly conserved with three 
cysteine residues. The thiols are post-translationally modi-
fied by covalently bound fatty acids. Recently Chlanda et al. 

Fig. 6   A Role of S-palmitoylation in SNARE-mediated membrane fusion. B S-acylation stabilizes the spike protein and facilitates the fusion
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mutated three cysteine residues to understand the role of 
S-palmitoylation (Chlanda et al. 2017). Deacylated HA of 
different influenza virus strains imparted the virus assem-
bly and membrane fusion. The palmitoylation contributes 
to the local curvature of the membrane to control fusion 
and pore expansion (Chlanda et al. 2017). S-palmitoylation 
of mouse hepatitis virus (MHV) fusion protein (spike) was 
proposed to mediate its association with lipid microdo-
mains, promote syncytia formation, and increase infectivity 
(Thorp et al. 2006). In the case of SARS-CoV-2, viral fusion 
is initiated by a similar glycoprotein (spike) that exists as a 
trimer (Fig. 6B). The receptor-binding domain of the spike 
initiates the binding to the angiotensin-converting enzyme 
2 (ACE2) receptor, and subsequently, after the protease 
action, the fusion peptide of spike protein gets exposed and 
interacts with the target membrane to promote viral fusion. 
S-acylation of the spike protein by ZDHHC20 is essential for 
SARS-CoV-2 infectivity, stabilizing the spike protein trimer 
and facilitating its interaction with lipid bilayers (Wu et al. 
2021). It was also found that the S-acylation of spike protein 
triggers cholesterol/sphingolipid-rich raft-like domains to 
form, enabling membrane fusion (Vilmen et al. 2021; Mes-
quita et al. 2021). The palmitoylation and its association to 
a raft-like domain protect it from degradation (Vilmen et al. 
2021). The palmitoylation of SARS‐CoV‐2 spike protein 
is critical for S‐mediated syncytia formation and SARS‐
CoV‐2 pseudo-virus particle entry (Li et al. 2022). Apart 
from SARS-CoV-2, the spike protein of SARS-CoV has also 
been shown to promote spike-mediated fusion (Petit et al. 
2007; McBride and Machamer 2010). Since palmitoylation 
is essential for fusion and infectivity of coronavirus, it has 
been suggested that the fatty acid synthase (FAS) may be a 
useful target to control fusion and viral infection. The inhibi-
tors of FAS and PAT may reduce viral replication and entry 
to the host cells (Gadalla and Veit 2020; Chu et al. 2021).

Lipid Anchor and Virus Entry Inhibitor

Conventional antiviral drugs have been developed to target 
viral proteins and host cell proteins that are involved in the 
infection process. The type-I viral fusion protein follows a 
common mechanism and forms a six-helix bundle (6HB) to 
drive the membrane fusion (Fig. 3B). Many peptides inhibi-
tors were developed that interfere with the formation of the 
6HB. T20, a 36-amino acid peptide-based fusion inhibitor 
developed to inhibit HIV entry. T1249, a 39 amino acid long 
sequence of gp41 also effectively blocks HIV entry. The 
covalent binding of a cholesterol moiety to a classical HIV-1 
fusion inhibitor peptide, C34 increases its antiviral activities. 
Conjugating cholesterol to the inhibitory peptide enhances 
the membrane partitioning of the peptide to the model mem-
brane as well as in human blood cells. Therefore lipidation 

(cholesterol-conjugated peptide) may exhibit a better inhibi-
tory effect than the parent peptide (Park and Gallagher 2017). 
GPI-anchored 2P23 (GPI-2P23) derived from the C-terminal 
HR domain of gp41 completely protected cells (TZM-bl) 
from infections of divergent HIV-1, HIV-2, and SIV iso-
lates as well as a panel of T20-resistant mutants (Tang et al. 
2019). Peptides derived from influenza hemagglutinin (HA) 
are generally inefficient to inhibit viral entry. However, the 
C-terminal cholesterol conjugation of these peptides acts as 
potent inhibitors for influenza entry. Cholesterol-conjugated 
peptides such as S-KKWK and its derivatives exhibited 
potent and broad anti-influenza A virus activity in vitro and 
in vivo. S-KKWK binds to a conserved hydrophobic pocket 
on the HA2 subunit, thereby preventing the six-helix bundle 
formation (Wu et al. 2015; Lin et al. 2017). In the case of 
SARS-CoV, it was shown that the N-terminal HR-derived 
peptide does not show any inhibitory effect. A C-terminal 
HR-derived peptide EK1 targets the N-terminal HR region 
of human coronavirus (HCoV) spike protein. Thus EK1 
inhibits infection of different HCoVs, including SARS-
CoV-2, MERS-CoV, and SARS-CoVs (Outlaw et al. 2020). 
Yuxian He and co-workers have synthesized a lipo-peptide 
EK1V1 by modifying EK1 with cholesterol, which exhibited 
significantly improved antiviral activity. EK1V1 displayed 
potent cross inhibitory activities against divergent HIV-1, 
HIV-2, and simian immunodeficiency virus (SIV) (Yu et al. 
2021). Another EK1 derivative, the lipo-peptide EK1C4 
increases the inhibitory activity against the SARS-CoV-2 
and HIV-1 infection (Xia et al. 2020). The cholesterol-con-
jugated peptide fusion inhibitor, IPB02 has a high ability to 
inhibit SARS-CoV-2 and SARS-CoV infections (Zhu et al. 
2020). IPB02 was modified further and a new lipo-peptide 
IPB02V1 was created by introducing a flexible PEG8 linker 
into IPB02 between the peptide sequence and cholesterol 
molecule. It was shown that the cholesterol conjugated 
IPB02V1 exhibited high potency to inhibit all the tested 
pseudoviruses (Zhu et al. 2021). Recently, Matteo Porotto 
and co-workers developed dimeric cholesterol-conjugated 
peptide ([SARSHRC-PEG4]2-chol) fusion inhibitor (de Vries 
et  al. 2021). The peptide robustly inhibited S-mediated 
fusion of several emerging SARS-CoV-2 variants (de Vries 
et al. 2021).

Membrane fusion inhibitors that target the lipid bilayer’s 
physical properties may have a broad spectrum of antiviral 
efficacy, and they can be useful for drug-resistant mutation. 
Surfactins are cyclic lipo-peptides naturally produced by 
various strains of Bacillus subtilis, and they have a broad 
spectrum of bioactivities. Surfactin showed antiviral activity 
against several enveloped viruses such as herpes-simplex-
virus (HSV-1, HSV-2), Vesicular stomatitis virus (VSV), 
Simian immunodeficiency virus (SIV), Newcastle disease 
virus (NDV), and porcine epidemic diarrhea virus (PEDV). 
The antiviral activity of surfactin is due to the inhibition 
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of membrane fusion events between the virus and host 
cell (Yuan et al. 2019). Surfactin can be inserted into the 
cell membrane and stabilize the positive curvature of the 
outer leaflet (Yuan et al. 2018). Apart from surfactin, the 
pulmonary surfactants, and the surfactant production stimu-
lants appear to be effective in the treatment of COVID-19 
(Mandato and Vajro 2021). It was hypothesized that these 
surfactants probably interfere with ACE2 receptor binding, 
however, the positive curvature induction by these molecules 
cannot be ruled out. The rigid amphipathic fusion inhibitors 
(RAFIs) are synthetic compounds of inverted cone molecu-
lar geometry. The inverted cone molecular geometry of the 
RAFIs increases the energy barrier for the hemifusion stalk, 
and the perylene group exposed to visible light may induce 
viral lipid peroxidation, inhibiting fusion (st. Vincent et al. 
2010; Vigant et al. 2014). Recently, our group explored the 
mechanism of mycobacterium evasion of phagosome-lys-
osome fusion and tested the antiviral potential of designed 
lipo-peptides as an effective fusion inhibitor. We have 
shown that the lipo-dipeptide (myr-WD) acts as a potent 
fusion inhibitor, whereas the WD peptide (no lipidation) has 
a marginal effect to inhibit fusion (Sardar et al. 2021). The 
myr-WD peptide can tackle H1N1 and murine coronavirus 
infections (Sardar et al. 2021). The lipidation facilitates the 
peptide binding to the membrane to exert the fusion inhibi-
tory effect (Sardar et al. 2021). The lipidated peptide (myr-
WD) increases the membrane order at the interface and also 
decreases the water penetration. The membrane physical 
property tuning ability of the lipo-peptide may be due to 
the specific peptide sequence (WD) coupled with the lipid 
linker. The fatty acyl part of the lipid linker may directly 
modulate the energetics of fusion and further studies are 
necessary in this regard. However, we suggest that lipidation 
is an important strategy to develop useful antiviral drugs.

Conclusion

Membrane fusion is an important biological process in the 
life of eukaryotic cells. Fusion is a step-wise process that 
involves the formation of non-bilayer hemifusion intermedi-
ates. The shapes of lipids are important and a non-bilayer 
forming lipid (that induces negative curvature) generally 
promotes fusion. In addition, the charge-charge repulsion 
of negatively charged lipids also contributes to the fusion. 
The fusion proteins, which catalyze the fusion interact with 
the lipids, and the specific lipid composition of the mem-
brane may be desirable. The mechanism of action of the 
fusion proteins is really diverse. During intracellular het-
erotypic fusion, the SNAREs and the four-helix bundle play 
the predominant role. During ER/mitochondrial fusion, the 
GTP hydrolysis (by GTPase domain) and amphipathic helix-
membrane interaction catalyze fusion. In the case of viral 

fusion, the fusion peptide bind to the membrane, and its 
membrane destabilizing property is highly important apart 
from the dominant role of six-helix bundle formation. How-
ever, we found that the lipid composition of the membrane 
controls the fusion of all types of fusion proteins. There-
fore, the lipid composition has really great role in biological 
fusion. Some of the fusion proteins get palmitoylated (with 
the help of PAT, lipidation). The lipidation helps them to 
anchor to the membrane, improves localization, provides 
stability, and promotes fusion by stabilizing the hemifusion 
intermediates. The membrane anchoring ability of lipida-
tion was also helpful to design peptide-based fusion inhibi-
tors that block the six-helix bundle formation in type-I viral 
protein-mediated fusion. Together, the ‘Lipid World’, be it 
the lipid composition or the lipidation of the fusion protein 
has an immense role to control biological fusion.
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