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Abstract Enveloped viruses infect host cells by fusion of
viral and target membranes. This fusion event is triggered
by specific glycoproteins in the viral envelope. Fusion gly-
coproteins belong to either class I, class II or the newly
described third class, depending upon their arrangement at
the surface of the virion, their tri-dimensional structure and
the location within the protein of a short stretch of hydro-
phobic amino acids called the fusion peptide, which is able
to induce the initial lipid destabilization at the onset of
fusion. Viral fusion occurs either with the plasma mem-
brane for pH-independent viruses, or with the endosomal
membranes for pH-dependent viruses. Although, viral
fusion proteins are parted in three classes and the subcellu-
lar localization of fusion might vary, these proteins have to
act, in common, on lipid assemblies. Lipids contribute to
fusion through their physical, mechanical and/or chemical
properties. Lipids can thus play a role as chemically defined
entities, or through their preferential partitioning into mem-
brane microdomains called “rafts”, or by modulating the
curvature of the membranes involved in the fusion process.
The purpose of this review is to make a state of the art on
recent findings on the contribution of cholesterol, sphingo-
lipids and glycolipids in cell entry and membrane fusion of
a number of viral families, whose members bear either
class I or class II fusion proteins, or fusion proteins of the
recently discovered third class.
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Abbreviations

Chol  Cholesterol

HA Influenza hemagglutinin

HCV  Hepatitis C virus

HIV Human immunodeficiency virus
HSV  Herpes simplex virus

lysoPL Lysophospholipids

MLV  Murine leukemia virus

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PI Phosphatidyl inositol

PIP Phosphatidyl inositol phosphates
PS Phosphatidylserine

SFV Semliki forest virus

SM Sphingomyelin

SPL Sphingolipids

TBEV Tick-borne encephalitis virus
TMD  Transmembrane domains
VSV  Vesicular stomatitis virus

Two classes of viral fusion proteins... and more ?

Enveloped animal viruses are classified into several fami-
lies, depending on genome structure, virion morphology
and replication cycle. However, common features are
emerging, in particular, at the level of the envelope glyco-
proteins these viruses use to enter in host cells. These
transmembrane proteins are meant to destabilize lipid
bilayers in a controlled fashion, known as viral membrane
fusion. This fusion step can occur either at the plasma
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membrane for viruses that do not depend on pH for their
cell entry (e.g., Paramyxoviruses, some Herpesviruses and
Retroviruses) (Fackler and Krausslich 2006; Rey 2006;
Russell and Luque 2006), or inside the endosome after
activation by low pH for endocytosis-dependent virions,
such as Orthomyxoviruses, Filoviruses, Coronaviruses,
Arenaviruses, Flaviviruses, Alphaviruses and Rhabdoviruses
(Alazard-Dany et al. 2006; Chu et al. 2006; Gaudin 2000b;
Kobayashi et al. 2006; Kunz et al. 2002; Lavillette et al.
2006; Monath and Heinz 1996; Schlesinger and Schle-
singer 1996; Yonezawa et al. 2005). Table 1 presents an
overview of the viral protein families that will be discussed
in this review.

Fusion proteins undergo a number of conformational
changes to become fusion-competent; these changes are
triggered either by receptor binding onto the plasma mem-
brane for viruses that fuse at neutral pH, or by protonation
of specific residues in the endosome for viruses that pene-
trate their host cells via endocytosis. Fusion consists in a
succession of subtly controlled steps, beginning with close
apposition of viral and cellular membranes and local dehy-
dration at the contact points. It is commonly thought that
the energy released during the protein structural changes to
reach the most stable conformation is used to drive the
apposition and subsequent merging of the bilayers. This
could apply to viral and intracellular fusion processes (Blu-
menthal et al. 2003; Chernomordik et al. 2006). The initial
apposition step is followed by fusion of the outer leaflets of
membranes (the hemifusion step), leading to the formation
of a transient fusion intermediate called stalk (Chernomor-
dik and Kozlov 2005). This evolves into the fusion of inner
leaflets and the formation of a pore. This allows the internal
compartments of both fusion partners to get mixed. Ulti-
mately, the viral genome is transferred to the cytoplasm of
the host cell and viral replication can start. This is illus-
trated in Fig. 1.

For viral fusion to occur, two minimal partners are
required: a fusion machinery and lipids. These two partners
must act in concert and in a cooperative fashion so that the
fusion process can be completed. Fusion machineries have
therefore in common: (i) to interact with lipids, so they pos-
sess hydrophobic segments (fusion peptides) or are able
after rearrangements to enter into hydrophobic interactions
with membranes; (ii) to adopt specific conformations
related to the fusogenic and non-fusogenic states, since
fusion is limited in space and time. Dissimilar viruses
would therefore infect their host cells by very similar mech-
anisms at the molecular level of proteins and lipids. How-
ever, similar mechanisms can be brought about by
structurally different fusion machineries. Indeed, recent
studies on Flaviviruses such as the tick-borne encephalitis
virus (TBEV) and the Dengue virus, and on Alphaviruses
such as the Semliki forest virus (SFV) have revealed the
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characteristics of another class of viral fusion proteins,
unrelated to the well-studied influenza virus hemagglutinin,
the prototype for fusion proteins of Orthomyxoviruses,
Paramyxoviruses, Retroviruses and Filoviruses. This class
is known as class II fusion proteins and regroup proteins
of the Flaviviridae and Togaviridae families of viruses,
whereas class I proteins closely resemble the influenza
hemagglutinin.

Class I viral fusion proteins form spiky projections at the
surface of the virion, and do not give any scaffold to the vir-
ion envelope (e.g., Fig. 2 for the influenza hemagglutinin).
Glycoprotein spikes might even be very few on the enve-
lope surface, as exemplified recently by cryoelectron
microscopy tomography with HIV-1 (Zhu etal. 2006).
Viruses bearing such proteins are therefore called irregular.
Class I protein maturation is achieved by a proteolytic
cleavage which releases at their amino-terminus the fusion
peptide. In Filoviruses such as the Ebola virus, the fusion
peptide is not located at the N-terminus of the fusion glyco-
protein, but a few amino acids downstream (Ito et al. 1999).
These proteins undergo irreversible and major conforma-
tional changes leading to a hairpin post-fusion structure
formed by a three-stranded coiled coil of o helices
[reviewed in Colman and Lawrence ( 2003)].

In contrast to class I fusion proteins, class II proteins lie
almost flat on the virion surface, and do not exhibit coiled
coils (Fig.2). They are predominantly arranged as f[-
strands forming three distinct domains (DI to DIII) (see
also Fig.4), and form head-to-tail orientated dimers
[reviewed in Kielian and Rey (2006)]. Flaviviruses such as
the TBE, the Dengue and West Nile viruses possess two
major envelope glycoproteins prM and E. E, the fusion gly-
coprotein, is arranged as a homodimer in the mature state of
the virus (Kuhn et al. 2002; Modis et al. 2003; Mukhopad-
hyay et al. 2003; Rey et al. 1995; Zhang et al. 2003). In the
Semliki forest and Sindbis Alphaviruses, the fusion activity
is contained into E1 which forms a heterodimer with E2
(Fuller et al. 1995; Smit et al. 1999; Zhang et al. 2002). In
both E and El, a crucial region for the fusion activity is
called the hinge region, which lies between DI and DII and
whose flexibility is essential for its biological function. The
flat orientation of class II fusion proteins on the viral sur-
face plays a major role in maintaining the envelope struc-
ture and curvature of the virion, in contrast to spiky class I
fusion proteins. Through a network of lateral interactions,
one dimer makes contact with the neighboring dimers,
which creates a highly ordered shell with icosahedral sym-
metry (Ferlenghi et al. 2001; Kuhn et al. 2002; Lescar et al.
2001; Mukhopadhyay et al. 2003). These viruses are there-
fore called regular. The fusion peptide is internal, located in
a loop at the tip of domain II, buried at the dimer interface
for Flaviviruses and exposed for Alphaviruses (Lescar et al.
2001; Rey etal. 1995). A proteolytic cleavage does not
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Fig. 1 Schematic pathway of membrane deformation during fusion
(fusion proteins are not represented). Intact viral and cellular mem-
branes first come into close apposition, which leads to the first step
of the fusion process, the fusion of the outer leaflets of membranes
(hemifusion). This step can be blocked by the presence of lysolipids in

Class Il :

Fig. 2 3D-structures of a prototype of each class of fusion proteins;
for class I, trimer of the influenza hemagglutinin at low pH [IHTM
PDB accession number, (Bullough et al. 1994)], displaying a three-
stranded coiled coil of alpha-helices (note that the fusion peptides are
absent from this structure); for class II, monomer of the E protein of
TBEYV at neutral pH, mainly composed of beta-strands (the fusion pep-

occur within the fusion protein itself, but in the accompany-
ing protein. Conformational changes are reported to be irre-
versible, but recent data indicate that low pH-induced
inactivation of SFV El could be reverted (Waarts et al.
2005). These conformational changes include trimerization
of E or El, and the projection of the f§ barrels of domain II
toward the cellular membrane, facilitating the interaction of
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that leaflet, or promoted by unsaturated PE, cholesterol or monoolein.
The mixing of the inner leaflets of membranes evolves into an early
fusion pore, which enlarges to give rise to the late fusion pore. At that
stage viral genetic material is delivered to the cell cytoplasm

New class : VSV-G

tide is at the top) [1SVB PDB accession number, (Rey et al. 1995)]; for
the newly described class of proteins, trimer of VSV-G at low pH
[2CMZ PDB accession number, (Roche et al. 2006)], displaying three-
stranded coiled coils (bottom), a beta-strand-rich region (top), and a
pleckstrin homology domain absent in class I and /I fusion proteins
(middle). The fusion peptides are at the top

the fusion peptide with the lipid bilayer (Bressanelli et al.
2004; Gibbons et al. 2004).

The envelope of the hepatitis C virus (HCV), an Hepaci-
virus of the Flaviviridae family, is constituted by two
glycoproteins assembled as a heterodimer, E1 and E2.
Whether E1 or E2 is the fusion protein remains controver-
sial since no structural data are available at present. Using



Eur Biophys J (2007) 36:887-899

891

the 3D-structure of the TBEV E as a template, tentative
molecular 3D-modelization of the E1 and E2 molecules has
been proposed, which would rank them among class II
fusion proteins (Garry and Dash 2003; Yagnik et al. 2000).
However, due to poor amino acid sequence conservation
and in the absence of any experimental evidence, these
molecular models must be taken with caution.

Fusion proteins of viruses from the Rhabdoviridae and
Herpesviridae families seem to constitute a separate class
of fusion proteins, both structurally and biochemically
(Fig. 2). The recently published 3D-structures of the G pro-
tein of the vesicular stomatitis virus (VSV), and of the gB
protein of herpes simplex virus type 1 (HSV-1) revealed
features common to both class I and class II proteins, i.e.,
three-stranded coiled coils at the trimer axis (reminiscent of
class I) and a long three-stranded f-sheet with a structure
similar to that of a class II motif but with different strand
topology (Heldwein et al. 2006; Roche et al. 2006). Both
contain a pleckstrin homology (PH) domain, a domain
present in several cellular proteins and serving as a scaffold
for phosphatidylinositol phosphates (PIP) and protein bind-
ing (Lemmon 2004). Both carry an internal “fusion pep-
tide” [see Durrer et al. (1995) for VSV], organized in two
fusion loops (Heldwein et al. 2006; Roche et al. 2006),
exposed in the prefusion protein conformation for VSV-G
(Roche etal. 2007). The “fusion peptide” of VSV-G is
exposed in a reversible manner after low pH application
(Gaudin 2000b). This reversibility implies that, in contrast
with most proteins from other classes, the native state of the
protein can be recovered by shifting to neutral pH in the
absence of target membranes, although exposure to the low
pH-trigger had led to protein inactivation (Roche and Gau-
din 2002). Overall, these proteins little resemble the canon-
ical class I and class II molecules, which suggests that they
form a third class (Da Poian et al. 2005; Steven and Spear
2006).

However, it appears that all fusion proteins induce mem-
brane fusion very much alike, and would end up in similar
hairpin structures after fusion activation. In all cases, the
fusion peptide would be a major element of the fusion
machinery, being the trigger for controlled membrane
destabilization. Another element essential to the completion
of the fusion reaction is the transmembrane domain (TMD)
of the fusion proteins. Indeed, once the peptide has been
inserted into the target membrane, a series of conforma-
tional changes take place, eventually leading to the
observed hairpin. This implies that the bulky trimer of class
I or II fusion proteins, the minimal fusion subunit when the
fusion trigger has been applied, “lies down” between viral
and cellular membranes (Colman and Lawrence 2003;
Kielian 2006). Fusion then proceeds through trimer oligo-
merization. Such an architecture would allow for pore for-
mation and enlargement, and release of the viral genetic

material into the host cell. TMD were shown to be essential
to this final step, since fusion proteins devoid of their TMD
can only induce hemifusion (Kemble et al. 1994; Tong and
Compans 2000; Weiss et al. 1996).

We will now examine the second partner for fusion: lipids.

Lipids in membrane fusion

The lipid composition of animal membranes is complex,
but three main categories of lipids can be distinguished
(van Meer 2005): glycerophospholipids, sphingolipids (SPL)
and sterols. Glycerophospholipids regroup phosphati-
dylcholine (PC), phosphatidylethanolamine (PE), phos-
phatidylserine (PS) and phosphatidylinositol (PI). PC
represents 50% of cellular membranes, and forms stable
bilayers. PE (20% of most membranes) has a cone-shaped
molecular structure and the ability to promote the bilayer-
to-hexagonal transition that may facilitate fusion, by
increasing the negative curvature of the membrane (Cher-
nomordik and Kozlov 2005; Siegel and Epand 1997). PS is
mostly located in the inner leaflet of the plasma membrane,
and appears on its exoplasmic face during apoptosis and
blood coagulation. PI is the basis for the biosynthesis of
PIP. Phospholipids can be metabolized by phospholipases
A into lysophospholipids (lysoPL), which fulfill signaling
roles upon cell activation. These lysoPL display an
inverted-cone molecular shape, that would inhibit the for-
mation of the hemifusion stalk when present in the outer
leaflet of the bilayer, by increasing the positive curvature of
the membrane (Chernomordik and Kozlov 2005). Sphingo-
myelin (SM) is the prototype for sphingolipids (SPL), with
a phosphocholine head like PC but a hydrophobic ceramide
backbone. In glycoSPL, ceramide carries carbohydrates,
the simplest ones being glucosyl- (GlcCer) and galactosyl-
ceramide (GalCer). By themselves, SPL do not form mem-
branes, but display a liquid—crystalline phase. Membranes
are fluidized by cholesterol (chol), the mammalian sterol.
The SPL- and chol-to-phospholipid ratios decrease from
the plasma membrane to the Golgi apparatus and to the
endoplasmic reticulum (van Meer 1998). Mixtures of PC,
SM and chol spontaneously tend to segregate into a liquid-
ordered (Lo) phase enriched in SM and chol, and a disor-
dered phase. The Lo phase would form lateral heterogeneities
in the membrane, known as the (small, dynamic and
transient) “rafts” [for recent reviews, see for e.g., Kahya
(2006); MclIntosh and Simon (2006) and references
therein].

Lipids could play a role in membrane fusion by them-
selves as chemically-defined molecules, thereby critically
affecting peptide and protein binding, or by the physico-
chemical and mechanical properties they induce on/in
target membranes (“raft” formation, membrane curvature).
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This will now be further discussed in the context of viral
fusion, and the reader can refer Table 1 for details concern-
ing the relation between the three protein classes and lipids.

“Rafts” in viral entry: a complex interplay of lipids,
viral proteins and cellular receptors

Retroviruses and chol/SPL

The physiological function of lipid microdomains in HIV
entry is still a matter of great controversy, as is the location
of HIV-1 receptors and coreceptors into lipid microdo-
mains. Since the purpose of this review is not to go into the
mechanistic details of HIV entry into cells, the reader is
directed to recent reviews and articles in the field (Gaibelet
et al. 2006; Rawat et al. 2005; Viard et al. 2004; Yi et al.
2006).

The HIV fusion glycoprotein is composed of two subunits,
the surface (SU) gp120 and the transmembrane (TM) gp41
that contains the fusion peptide (Roux and Taylor 2007).

Fig. 3 Hypotheses for the
involvement of lipid rafts in HIV
entry into its target cells. See text
for details

Hypothesis 1

Both subunits are arranged as trimers. HIV infects permis-
sive cells by binding to its receptor CD4 through gp120,
and this initial interaction with CD4 promotes a conforma-
tional change in gpl20 that enables viral glycoprotein
interaction with the co-receptors CXCR4 or CCRS. This
binding occurs through a variable loop called V3, and vari-
ations in the amino acid sequence of this loop determine
HIV isolates which recognize either CXCR4, or CCRS, or
both. Essentially, two lines of controversy emerge, one con-
cerning the arrangement of receptors and co-receptors in
rafts, the other concerning the involvement of lipid rafts in
HIV entry and fusion. This is illustrated in Fig. 3. Very
schematically, in the first line of controversy, reports argue
that CD4 is present in rafts, but not the co-receptors [see for
e.g., Chazal and Gerlier (2003; Viard etal. (2004)]
(Hypothesis 1, Fig. 3), whereas other reports argue that
CD4 and the co-receptors are in rafts [see for e.g., Becher
and Mcllhinney (2005; Manes et al. (2001)] (Hypothesis 2,
Fig. 3). In the second line of controversy, results report
either that rafts are involved in HIV entry, or that rafts are
not involved. Bachelerie et al. argued that the presence of

CD4
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receptor and coreceptors in lipid microdomains was not
required for fusion (Percherancier etal. 2003). They
recently demonstrated a constitutive interaction between
CD4 and CCRS at the plasma membrane; however, the ter-
nary interaction between HIV gpl120/CD4/CCRS would
take place outside the “raft” domains of the plasma mem-
brane (Gaibelet etal. 2006) (Hypothesis 2B, Fig. 3).
Another picture emerges from the studies of Yi et al.: they
showed that chol disruption from lipid “rafts” did not affect
the distribution of CD4 and CCRS, but altered the interac-
tion of these receptor molecules with gp120. This would
then suggest that chol-rich microdomains are required for
the formation of the ternary complex (Yi et al. 2006)
(Hypothesis 2A, Fig. 3).

A more specific relation between Retroviruses glycopro-
teins and the components of the lipid microdomains SPL or
glycoSPL will be discussed below.

The entry into host cells of other Retroviruses such as
the ecotropic Murine Leukemia virus (MLV) (Lu and Sil-
ver 2000; Lu etal. 2002) or the human T-cell leukemia
virus (Niyogi and Hildreth 2001) was shown to depend
upon these chol-rich microdomains, where their receptors
are potentially located.

On the whole, the role of lipid microdomains enriched in
chol and SPL in Retroviruses entry and fusion remains elu-
sive and a matter of great dispute. One must also keep in
mind that most of these studies are based upon the use of
drugs that modify the composition of the cell membrane
(methyl p-cyclodextrin, filipin, nystatin, inhibitors of
enzymes of SPL metabolism...), and whose effect on other
membrane components/interactants such as e.g., elements
of the cytoskeleton and tetraspanins has not been assessed.
The influence of such components might be of importance
on viral membrane fusion.

Other viruses and cholesterol

The Ebola and Marburg viruses (Filoviruses), the Vaccinia
virus (Orthopoxvirus), the murine Hepatitis virus (MHV,
Coronavirus), the lymphocytic choriomeningitis virus
(LCMV, Arenavirus) and the Herpes Simplex virus (HSV,
Herpesvirus) were shown to enter into host cells via chol-
rich microdomains (Aman et al. 2003; Bavari et al. 2002;
Bender et al. 2003; Chung et al. 2005; Shah et al. 2006;
Thorp and Gallagher 2004; Yonezawa etal. 2005).
Indeed, when chol dispersion and disruption of lipid
microdomains were achieved using drugs such as filipin
and nystatin, virus entry was largely reduced (by more
than 50% for Filoviruses), although virion attachment was
unaffected, suggesting an effect at a post binding step.

A putative receptor for Filoviruses is the folate receptor-
o, supposedly residing in chol-rich microdomains. As
already shown for Retroviruses, cellular receptors could

cluster in dense chol-rich microdomains (Harder and
Simons 1997), suggesting that specific lipids could create a
favorable environment around target membrane receptors
and enhance their oligomerization or facilitate their recog-
nition. These lipids could therefore participate in the con-
formational rearrangements of fusion proteins in the viral
membrane required for fusion to occur. These microdo-
mains are proposed as the “gateway” for filoviruses entry
(Bavari et al. 2002).

In order to investigate the link between vaccinia virion
entry and chol-rich microdomains, Chung et al. isolated
microdomains after incubating virions with target cells
(Chung et al. 2005). They noticed that some viral proteins
were found exclusively in chol-rich microdomains whereas
others were found in both microdomains and non-microdo-
mains. The authors speculated that some of these proteins
could have a specific microdomain localization and could
be involved in the stabilization of these domains to enhance
downstream signalling events.

The receptor for the murine hepatitis Coronavirus is not
associated with these specific microdomains during the
virus entry step (Thorp and Gallagher 2004). After binding
of viral spike protein S to MHV cellular receptors, a redis-
tribution of viral and/or cellular proteins and/or membranes
occurs, involving the shift of viral/cellular components into
chol-rich microdomains. Nevertheless, it is not yet clear
whether chol only acts as a clustering agent of viral pro-
teins/cellular receptors after binding or as a direct entry
cofactor. A similar mechanism seems valid for other Coro-
naviruses such as the human coronavirus 229E (Nomura
et al. 2004).

For Herpesviruses, microdomains may as well act as a
platform allowing cell entry and potential coreceptors
clustering. Indeed one of the five HSV glycoproteins, gB,
associates with lipid microdomains (Bender et al. 2003).
HSV would also require the presence of chol outside the
microdomains. Thus, chol may modulate the HSV entry pro-
cess regardless of its ability to promote lipids microdomains.

Specific interactions between viral envelope
glycoproteins and lipids

Retroviruses and glycoSPL

As already discussed above, “rafts” are largely used by
Retroviruses as platforms for their entry into target cells.
Recently, Beer and Pedersen showed that early entry events
of the amphotropic murine leukemia virus (A-MLV) into
cells depended upon large lipid platforms or “rafts” enriched
in the monosialoganglioside GM1 (Beer and Pedersen
2006). Concerning HIV, specific and direct interactions
between gp120, a subunit of the fusion glycoprotein, and
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glycoSPL have been observed (Hammache et al. 1998).
Fantini et al. measured an increase in the surface pressure
of monolayers of glycoSPL such as GalCer, globotriosyl-
ceramide (Gb3) and GM3, as induced by the insertion
into the monolayer of either a full-length recombinant
gp120 or part of gpl120, the V3 loop. No effect was
observed with lactosyl-ceramide (LacCer) or glucosyl-
ceramide (GlcCer), nor when the fatty acyl chain length of
GalCer was varied from C;g to C,,, indicating that this
insertion was mainly driven by the headgroup of the glyco-
SPL. Also, the density of GalCer into model bilayers had
no effect on the binding affinity of GalCer for gp120, indi-
cating that this binding was independent of the membrane
distribution of GalCer (Viard et al. 2004). One must how-
ever keep in mind that these experiments were performed
with monomeric gp120, and that HIV Env forms a trimer at
the surface of the virus.

Recently, the Blumenthal’s group, working in the con-
text of HIV-1 Env-expressing cells, glycoSPL-deficient
cells and cells bearing HIV-1 receptors, demonstrated that
optimal fusion conditions were achieved when gp120, the
CD4 receptor and glycoSPL were associated in a trimolecu-
lar complex (Rawat etal. 2006). Interestingly, CD4 is
found in GM3-enriched microdomains in the plasma mem-
brane of lymphocytic cells, and plasma membrane chol is
required to maintain the integrity of receptor pools. Glyco-
SPL would therefore promote HIV fusion by stabilizing
association between HIV Env, CD4 and the coreceptors
CXCR4 and CCRS.

We can infer that specific recognition between HIV
gp120 and glycoSPL at the molecular level might induce
conformational changes into gp41, the subunit of the HIV
fusion protein that contains the fusion peptide. These con-
formational changes might lead to the proper exposure of
the fusion peptide toward the target membrane. Gp41 was
found to interact with GalCer, establishing a lectin-carbo-
hydrate interaction (Alfsen and Bomsel 2002; Chazal and
Gerlier 2003), whereas the interaction between gp120 and
GalCer would rather be of the carbohydrate—carbohydrate
type, involving the numerous glycosyl moieties of gp120.
Since this interaction was not discussed in the context of
membrane fusion but in the context of viral neutralization,
we can only speculate that gp41/GalCer binding might be
translated into fusion-relevant conformations.

A few studies using synthetic peptides derived from the
fusion peptide sequence of HIV-1 further documented the
link between lipid composition and fusion activity. Using
the HIV-1 fusion peptide, Cladera et al. demonstrated that
peptide membrane affinity and peptide-induced lipid mix-
ing of model membranes was enhanced by the presence of
chol in these membranes, due to the influence of chol on the
membrane dipole potential (Buzon and Cladera 2006).
Using the same fusion peptide sequence and studying its
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structure in a lipid environment by '*C solid-state NMR,
Weliky et al. observed narrower line widths of the spectra
for a lipid composition comparable to that found in the
virus and its target T cells, than for a single PC composition
(Yang and Weliky 2003). This is indicative of a greater
peptide structural homogeneity for complex lipidic compo-
sitions, notably containing chol, SM and PI. This was trans-
lated at the functional level into a greater fusogenicity to
these complex compositions. A trimer of this fusion peptide
was obtained and studied by the same approach; this trimer
was o-helical when associated with membranes devoid of
chol, and f-stranded when associated with membranes
which have a lipid headgroup and cholesterol composition
similar to that of HIV target cells (Zheng et al. 2006). For
Retroviruses the role of (specific) lipids or lipid composi-
tions is therefore apparent on peptide/protein structure and
fusion function.

Alphaviruses/flaviviruses and chol/SPL

It has long been described that SFV fusion is strictly cho-
lesterol- and sphingolipid-dependent, both in in vitro and
in vivo experiments (Kielian and Helenius 1984; Phalen
and Kielian 1991). Similar strict lipid dependence was
observed for the fusion of Sindbis virus with liposomes
(Smit et al. 1999) and in vivo (Lu et al. 1999). The insertion
of the fusion peptide of El into the target membrane
requires the presence of chol and SPL, together with the
application of low pH (Ahn et al. 2002). E1 then refolds to
form a stable E1 homotrimer whose formation is also chol-
and SPL-dependent (Klimjack et al. 1994). The dependence
of Alphavirus fusion upon chol and SPL did not appear to
correlate with the formation of lipid “rafts” in target lipo-
some membranes, and SFV fusion required only very little
amounts of SPL in the target membrane (Waarts et al.
2002), suggesting a direct protein—lipid interaction for the
“ignition” of fusion. The influence of either lipid was inves-
tigated in SFV by selecting mutants grown on chol-
depleted insect cells. Three mutants were isolated, srf-3,
srf-4 and srf-5 (for sterol requirement in function) that
exhibited a complete independence of the fusion process
toward chol (for srf-3), or cholesterol and sphingolipids (for
srf-4 and srf-5) (Chatterjee et al. 2002, 2000; Vashishtha
etal. 1998) (Fig. 4). When positioning these mutations on
the E1 glycoprotein structure, it appears that the mutation
on a proline in position 226 (Pro226) in srf-3 affects a zone
facing the fusion peptide loop, called the ij loop. The spatial
environment in close vicinity around the fusion loop seems
therefore to be essential for lipid recognition, specially
since membrane binding facilitates trimerization (Klimjack
et al. 1994). One can also conclude that this point mutation
is in a “lipid-sensing” loop, and such a lipid sensor could
act at an early step upstream to the trimerization, fusion
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Domain Il

Fig. 4 Backbone 3D-structure of regions including the fusion peptide
(FP) of SFV ELl. FP is at the extreme right, Cys involved in disulphide
bridges essential to the architecture of the FP region are shown as yel-
low balls (extreme right), Pro226 is shown as a red ball, and His230,
Leu44 and Vall78 are shown as blue balls. Central domain I is in ma-
genta, the dimerization domain Il in yellow (containing the FP) and the
C-terminal domain III is in blue (see text for details; balls are symbols
for C-alpha). The coordinates of these structures were retrieved from
the PDB (protein data base) under accession number 1I9W (Lescar
et al. 2001)

peptide insertion and fusion steps (Kielian et al. 2000). The
leucine (Leu44) and valine (Vall78) residues mutated in
srf-4 and srf-5, respectively, are in two distinct loops lying
nearby the flexible hinge region between domains I and II,
meaning that key regions for sphingolipid sensing are spa-
tially close to this hinge domain whose flexibility is essen-
tial to fusion [reviewed in Kielian (2006; Kielian and Rey
(2006)]. One can suggest that the presence of specific
amino acids in the vicinity of this hinge domain is essential
for preserving its flexibility. These amino acids could be
involved in lipid recognition and undergo rearrangements
after lipid binding that would open up this hinge region and
lead to its upward motion. This fits particularly well with
the observation on Dengue virus that in the presence of
lipid-like molecules (detergent), the hinge displays an open
conformation which accomodates one hydrophobic mole-
cule (Modis et al. 2003).

Interestingly, the Pro226 and Leu44 residues are not
conserved among Alphaviruses (Roussel et al. 2006). In
contrast, a histidine residue in position 230 (His230) is
strictly conserved among Alphaviruses and Flaviviruses.
His230 is in the ij loop (Roussel et al. 2006) (Fig. 4). A
mutant SFV bearing a His230Ala mutation was totally
blocked in fusion at a late stage, although the mutant E1
displayed normal conformational changes including E1/E2
dissociation, fusion loop exposure, cholesterol-dependent
target membrane association, and homotrimer formation
(Chanel-Vos and Kielian 2004). This points to an important
role of this ij hairpin during fusion, although the His230 is
not reported to be directly involved in lipid recognition.
Recently, the picture emerged that the His230 could play a
role on the hinge region and the orientation of the domain II

tips to ensure correct interactions of the domain II tip with
target membranes or with the tips of adjacent homotrimers
(Chanel-Vos and Kielian 2006).

All these results point toward specific E1-lipid interac-
tions rather than a requirement for “rafts” in Alphavirus
fusion. Going into more details of the chol and SPL mole-
cules revealed that fusion of SFV and Sindbis virus dis-
played a specific requirement for the 3-hydroxyl group of
chol (Bron et al. 1993; Lu et al. 1999; Phalen and Kielian
1991; Smit et al. 1999; White and Helenius 1980) and SPL
(Corver et al. 1995). Additional requirements for a C-C
double bond on the SPL backbone (Corver et al. 1995), for
the D-erythro over the L-erythro or threo series of SPL
(Moesby et al. 1995) and supposedly for hydrogen bonding
between hydroxyls of the SPL backbone and amino acids of
E1 (Samsonov et al. 2002) revealed a fine tuning in lipid
recognition by E1 at the molecular level, including stereo-
specificity.

The fusion reactions of the Flaviviruses TBE and West
Nile are also enhanced by cholesterol (Corver et al. 2000;
Gollins and Porterfield 1986; Stiasny et al. 2003), but no
SPL requirement has been observed for their fusion step per
se (Corver et al. 2000; Stiasny et al. 2003). As with Alpha-
viruses though, chol and possibly SPL had a strong promot-
ing effect on the membrane binding and trimerization of the
E fusion protein, involving the 3-hydroxyl group of lipids.
However, these effects are much less pronounced than for
Alphaviruses with respect to the overall fusion and can only
be demonstrated when fusion is slowed down by lowering
the temperature (Stiasny et al. 2003). Recent data suggested
that Flaviviruses could enter their host cells by fusing with
the plasma membrane at neutral pH, due to an interaction
with a membrane patch of appropriate lipid composition
(Koschinski et al. 2003). However, increasing in vivo evi-
dence indicates that most Flaviviridae enter their host cells
by endocytosis after receptor recognition at the plasma
membrane (Stiasny and Heinz 2006). If lipids were there-
fore to play a role in Flaviviruses fusion, it would most
probably be inside the endosome.

Hepacivirus and chol/SPL

The only representative of this viral genus is the hepatitis C
virus (HCV). Increasing evidence indicates that HCV
enters its host cells by endocytosis after receptor recogni-
tion at the plasma membrane (Bartosch and Cosset 2006).
The role of chol in HCV entry has been addressed recently
by the Chisari’s group (Kapadia et al. 2007), which showed
that in vitro cell infection was chol-dependent. This sterol
was also shown to facilitate HCV-mediated fusion in an
HCV pseudoparticles/liposomes system, and this was
dependent upon the presence of native and functional E1
and E2 proteins at the surface of the viral pseudoparticles
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(Lavillette et al. 2006). Additional results from our group
indicated that the presence of the 3-hydroxyl group of chol
was required to observe this facilitating effect, and that
the highest rate and extent of fusion could be achieved
when SM and chol were present in the target liposomal
membranes (Nourrisson D., Bartosch B., Cosset FL. and
Pécheur EI., unpublished observations). However, in the
absence of 3D structural data on the E1 or E2 envelope
proteins, it is not possible at present to discuss any lipid
specificity or involvement in HCV membrane fusion.

Other viruses

No specific lipid requirement was reported for the fusion
of Orthomyxoviruses such as the influenza virus, and the
Sendai, NDV and SVS5 Paramyxoviruses (Hawkes and
Mak 2006; Rawat et al. 2003). As already developed above,
several virus families use membranes as platforms for
their entry, and lipids therefore act through their physico-
chemical and mechanical properties.

Lipids as curvature modulators; consequences
for fusion

The commonly accepted mechanism for membrane fusion
involves the hemifusion intermediate state of negative
curvature or stalk, where the distal leaflets and the aqueous
inner contents remain distinct (Chernomordik and Kozlov
2005). The stalk structure, which has an hourglass
shape, has been identified by Yang and Huang by X-ray
diffraction (Yang et al. 2003). Nevertheless, the structure
was observed at the equilibrium rather than as a transient
structure.

Membrane curvature mainly depends on the molecular
shape of lipids. Indeed, cone-shaped lipids with a spontane-
ous negative curvature such as PE, fatty acids and choles-
terol promote hemifusion when present in the outer
membrane leaflet, whereas inverted cone-shaped lipids with
a spontaneous positive curvature such as lysolipids hinder
the hemifusion process (Fig. 1). The energy required to
induce hemifusion can be brought by fusion proteins in the
case of viral fusion. They actually interfere with bilayer
structures, and release energy from protein restructuring
or protein—-membrane interactions. This may produce the
bilayer distortion required for hemifusion (Chernomordik
and Kozlov 2005). Chernormordik et al. showed that fusion
driven by either class I and class II fusion proteins gave rise
to similar fusion intermediates (Zaitseva et al. 2005), that
could be similarly modulated by lipids. This has also been
shown by Gaudin for the fusion driven by the rabies glyco-
protein (Gaudin 2000a), most probably belonging to the
third class of fusion proteins described recently for VSV,
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another member of the Rhabdoviridae family (Roche et al.
2006). Moreover, subtle conformational changes could be
locally induced by lipids modulating curvature in the struc-
ture of the fusion peptide at the onset of fusion, as shown
on a model fusion peptide (Pécheur et al. 2000) and as sug-
gested for TBEV (Stiasny and Heinz 2004). Also, the spac-
ing between lipid head groups can modulate fusion, by
facilitating or impairing the insertion of the fusion peptide
into the target membrane (Pécheur et al. 1999).

Conclusions and perspectives

When considering lipids and fusion proteins as the minimal
partners engaged in a fusion process, it appears that several
features are common to different families of viruses.
Although two, maybe three, main classes of fusion proteins
could be distinguished upon structural and biochemical
considerations, it seems as if these classes could induce
fusion in a very similar way. For all classes of proteins, lip-
ids appear to play a key role in the conformational changes
that lead to the interaction of the fusion peptide with target
membranes, and in the membrane deformation(s) that fol-
low the initial peptide-induced curvature modification step.
Lipids may directly induce conformational changes into the
protein, or create a local environment around the proteins
favorable to the expression of their fusion properties
(receptor presentation, architecture around the fusion pro-
teins into the viral membrane). Most recently, the novel
concept of “lipid packing sensor” emerged. This lipid pack-
ing sensor is an helical motif present in cellular proteins,
which has also been identified in viral proteins in a bioin-
formatics search (Drin et al. 2007). Such a sensor has been
identified in the gL fusion glycoprotein of the Epstein-Barr
virus and in the gB precursor protein of the human herpes-
virus 6A, two Herpesviruses, and in the F fusion protein of
a human parainfluenza virus, a Paramyxovirus (B. Antonny,
personal communication). This exciting discovery opens
new perspectives with respect to viral fusion proteins,
that may contain such sensors. This would be of outstanding
importance in our understanding of the subtle and com-
plex interplay between protein-induced fusion and lipid
modulation.

Moreover, lipids and in particular, lipids specifically rec-
ognized by viral fusion proteins on the fusion pathway can
be targets for future antiviral therapies. Host sphingolipid
biosynthesis has emerged as a target for HCV therapy
(Sakamoto et al. 2005), as well as peroxisome proliferator-
activated receptor-o, whose inhibition leads to misregula-
tion of lipid metabolism events (Rakic etal. 2006). An
inhibitor of HCV entry and membrane fusion interacting
with membranes has also been recently described (Boriskin
et al. 2006). HIV infection could be blocked by a soluble
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mimic of the glycoSPL Gb3 (Lund et al. 2006), and also by
a combination of methyl-f-cyclodextrin and raft-inhibiting
cholesterol analogues (Hawkes and Mak 2006).

Lipids are key actors on the pathway to membrane
fusion. Delineating their intricacy with fusion proteins is an
exciting challenge, and will help us better understand virus
pathogenesis.
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