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Abstract. Membrane fusion constitutes a pivotal process
in eukaryotic cell physiology. Both specialized proteins
and membrane lipids play key roles in fusion. Here, our
current understanding of the mechanism of membrane fu-
sion is reviewed. The focus is on the relatively simple and
well-understood proteinaceous fusion machinery of en-
veloped viruses and the physical properties of lipids that
appear to be of great relevance for fusion progression.
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Recent observations suggest that viral fusion proteins use
packed conformational energy and bilayer-destabilizing
domains to (i) bring participating membranes into inti-
mate contact, (ii) merge proximal lipid monolayers
through highly curved stalk/hemifusion intermediates,
and (iii) generate a lipid-containing fusion pore, thereby
terminating the fusion process.
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Introduction

Membrane fusion is fundamental for eukaryotic life. A
plethora of biological phenomena including sexual repro-
duction, the formation of multinucleated cells, intercellu-
lar communication, and intracellular trafficking and re-
cycling of membranes all involve this essential process
[1, 2]. Cellular invasion by enveloped pathogenic viruses
such as influenza and HIV also requires merging of viral
and cellular membranes [3, 4]. In addition, membrane-
coated vehicles that mimic viral entry into cells have
gained increased interest as targeted drug and intracellu-
lar gene delivery systems [5]. Deciphering the molecular
mechanism of fusion, consequently, poses an outstanding
challenge to scientists, not only because of its physiolog-
ical relevance but also because of its interest for medical
and technological purposes.
Biomembrane fusion is a complex process tightly regu-
lated by specialized proteins. However, distinguishing be-
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tween proteins directly involved in membrane fusion it-
self and proteins implicated in processes preceding or fol-
lowing actual membrane coalescence has proven ex-
tremely difficult [6]. So far, viral surface glycoproteins
are the only proteins unequivocally identified as being
both necessary and sufficient for execution of biological
membrane fusion. Although proteins are clearly essential
to control the specific location, timing, and speed of fu-
sion, at the same time, lipids are also active partners in
this process since, ultimately, the lipidic part of the mem-
branes must fuse [6, 7].
Since membrane fusion does not occur spontaneously un-
der most physiologically relevant conditions, specialized
proteins are often referred to as ‘catalysts’ of the fusion
process. However, the physiological fusion process ex-
hibits two main differences compared to classical enzy-
matic reactions. First, a single fusion act involves tran-
sient changes in the organization of hundreds of lipid
molecules. Consequently, the height of the energy barrier
to be overcome in the fusion process depends not only on
specific characteristics of individual lipid molecules, but
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also on collective properties of membrane lipids. Second,
the best understood fusion proteins seem to provide the
free energy required to overcome the energy barrier for
lipid bilayer fusion by transiting from a metastable state
into a thermodynamically more favorable state, i.e., by
undergoing an irreversible conformational change.
Therefore, fusion proteins are best considered as local
suppliers of energy, rather than as catalytic agents (en-
zymes).

The process: lipid bilayer merging

The fusion of two membranes in an aqueous environment
implies that two separate lipid bilayers merge to become
coplanar and mix the aqueous volumes that each of them
initially encloses, without substantial spillage to the ex-
ternal medium. The presence of protein is not an absolute
prerequisite for fusion: purely lipidic membranes can be
induced to fuse in response to a variety of stimuli. Accu-
mulating evidence indicates that the ultimate physico-
chemical mechanism underlying biomembrane fusion is
very similar to that governing pure lipid fusion, and in-
volves a common set of intermediate stages, in which
membrane lipids momentarily and locally leave the pla-
nar bilayer architecture to adopt highly curved nonbilayer
arrangements.

Lipid polymorphism
In addition to the bilayer (lamellar) phase broadly recog-
nized as the dominant structural motif for biomembranes,
lipids can adopt a wide variety of nonbilayer (nonlamel-
lar) morphologies typically possessing spherical, hexag-
onal or cubic geometry [8, 9]. The different morphologies
adopted by lipids can be rationalized according to the
depth-dependent distribution of lateral pressures within a
lipid monolayer [10] (fig. 1A). In a planar monolayer at
equilibrium, a uniform lateral pressure is exerted all
along the lipid molecule (fig. 1A-1). Any imbalance in
the lateral pressure distribution will induce a tendency in
the lipid monolayer to curl away from a planar, lamellar
configuration into a curved, nonlamellar configuration. If
a positive lateral pressure exists at the polar part of the
lipid and a negative lateral pressure exists at the apolar
part, formation of normal (type I) nonlamellar phases
will be promoted in which acyl chains are directed toward
the interior of the structure and headgroups are splayed
outwards (fig. 1A-2). Conversely, if the lateral pressure at
the hydrophobic tail region dominates, inverted (type II)
nonlamellar phases will be favored in which headgroups
are facing toward a central aqueous channel and chains
are directed outwards (fig. 1A-3). Prominent examples of
inverted nonlamellar phases are the hexagonal HII and bi-
continuous cubic QII phases (fig. 1A-3, B). By conven-

tion, a lipid monolayer in a type I phase possesses posi-
tive mean interfacial curvature, whereas a lipid mono-
layer in a type II phase possesses negative mean interfa-
cial curvature (a lipid monolayer in a lamellar phase, at
equilibrium, possesses zero mean interfacial curvature).
The polymorphic behavior of an individual lipid can also
be rationalized by considering its effective molecular
shape, which, in turn, is primarily determined by the rel-
ative surface areas occupied by the polar headgroup and
the apolar hydrocarbon chains [8–11]. Important lipid
components of eukaryotic membranes such as the zwitte-
rionic phospholipids phosphatidylcholine (PC) and
sphingomyelin (SM), and the negatively charged phos-
pholipids phosphatidylserine (PS), cardiolipin (CL), and
phosphatidic acid (PA), all have similar cross-sectional
areas at the headgroup and hydrocarbon regions, under
most physiological conditions. These lipids approximate
cylinders in shape and form stable bilayers (lamellar-pre-
ferring lipids; fig. 1A-1). On the other hand, biomem-

Figure 1. Lipid polymorphism. (A) Schematic representations of
pure lipid monolayers composed of molecules with cylindrical (1),
inverted conical (2) and conical (3) effective shapes. Left column:
patterns of lateral forces exerted at the lipid headgroup and tail re-
gions. Middle column: illustrative lipid phases formed at equilib-
rium. L, lamellar (bilayer) phase; HI, normal hexagonal phase; HII,
inverted hexagonal phase. Right column: Corresponding mean in-
terfacial curvatures, and representative lipid species (in parenthe-
ses) (B) Structural element of an inverted bicontinuous cubic phase
QII (left), and its proposed correlation with a lipidic fusion pore
(right). See text for more details. 



brane lipids possessing a relatively large area at the head-
group in relation to the chain region exemplified by
lysophosphatidylcholine (LPC) are best modeled as in-
verted cones, and form normal nonlamellar phases (type
I lipids; fig. 1A-2). Finally, physiologically relevant am-
phiphiles with a large apolar portion relative to the polar
one, such as unsaturated species of phosphatidyl-
ethanolamine (PE), diacylglycerol (DAG), and fatty acid
(FA), emulate cone-like shapes, and form, or promote
formation of inverted nonlamellar phases (type II lipids;
fig. 1A-3).
The effective molecular shape of an individual lipid gov-
erns the intrinsic tendency of the monolayer to bend, i.e.,
the spontaneous curvature of the lipid monolayer in the
stress-free state [12]. From this perspective, lipids with
cylindrical, inverted-conical, and conical molecular
shapes are said to possess zero, positive, and negative
spontaneous curvature, respectively. However, the phase
preference or spontaneous curvature of a particular lipid
depends not only on the chemical structure of the mole-
cule, but also on environmental factors and intra- and in-
termolecular interactions. For example, binding of Ca2+

ions to CL or PA can induce a closer packing of the head-
groups, reducing the area subtended by the polar part of
the lipid and thereby triggering a transition from a lamel-
lar phase into a type II phase [13].

Nonlamellar lipids and membrane fusion
Multiple lines of evidence indicate that nonlamellar lipids
can influence the outcome of the fusion reaction. Endo-
cytic vesicles [14], secretory granules [15] and enveloped
viruses [16–18] are all more prone to merge with pure
lipid vesicles (liposomes) containing PE, compared to li-
posomes composed exclusively of lamellar-preferring
lipids such as PC or SM. Likewise, the presence of PE
seems to be required for liposomes to mimic the high fu-
sogenicity of natural membranes [19, 20], and PE is com-
monly utilized in lipid-based intracellular drug delivery
systems [5]. Similarly to PE, membrane-incorporated FA
is also known to promote exocytosis [21, 22], organelle-
organelle fusion [23, 24], viral fusion [25–27], and lipo-
some-liposome fusion [28–30]. DAG greatly stimulates
fusion efficiency in a number of biological and model
membrane systems as well [31, and references therein].
However, not every exogenous nonlamellar lipid pro-
motes fusion. LPC, for example, is a near-universal fu-
sion inhibitor [32]. Other type I amphiphiles have also
been found to inhibit diverse membrane fusion processes
[33–40]. In summary, a general trend exists in exogenous
type II lipids to promote membrane fusion, and in exoge-
nous type I lipids to inhibit membrane fusion.
Lamellar lipids can be transformed into nonlamellar
lipids in vivo by the catalytic activity of lipid-modifying
enzymes, such as phospholipases. The most common

phospholipases cleave intact phospholipids leaving DAG
(phospholipase C), PA (phospholipase D), and FA and
lysolipids (phospholipase A2) as lipid catabolites in the
membrane. In addition to their well-known function as
signaling second messengers, phospholipase-generated
products have been directly implicated in membrane-fus-
ing events [41–50]. Thus, not only exogenous incorpora-
tion, but also in situ generation of nonlamellar lipids af-
fects membrane fusion susceptibility.
How do nonlamellar lipids influence the fusion process?
The fact that nonlamellar lipids affect biomembrane fu-
sion and pure lipid fusion in a similar fashion, together
with the absence of any specific chemical moiety directly
correlating with fusion promotion or inhibition, suggests
that nonlamellar lipids act by changing one (or several)
physical parameter(s) of the lipid membrane matrix. A
property of the membrane of great relevance for fusion is
the spontaneous curvature of its constituent monolayers
[32]. As discussed before, incorporation of any non-
lamellar lipid in a planar monolayer will impart a desire
for interfacial curvature, due to unequal distribution of
lateral pressure between amphiphile headgroup and chain
areas. However, in a bilayer membrane structure, mono-
layer bending is opposed by cohesive hydrophobic inter-
actions acting against the peeling apart of the two leaflets.
If, as a result of such competing forces, the spontaneous
curvature of the nonlamellar lipid is not expressed, a cur-
vature stress builds up in the bilayer [12, 51]. Such cur-
vature stress can be described as elastic energy stored in
the membrane with the latent ability to destabilize the
lipid bilayer structure [52]. Therefore, nonlamellar lipids
may modulate fusion by inducing curvature stress in the
bilayer through changes in monolayer spontaneous cur-
vature.

Stalk model of membrane fusion
Based on both the above-mentioned experimental find-
ings and theoretical arguments, a specific fusion scheme
known as the stalk hypothesis has been developing for
more than two decades. Several versions of the stalk
model have been proposed [32, 53–58], all sharing the
following general outline: (i) establishment of close con-
tact between participating lipid bilayers, (ii) merger of
proximal (cis) lipid monolayers via stalk/hemifusion
structures; and (iii) merger of distal (trans) lipid mono-
layers with concomitant opening of a lipidic fusion pore
(fig. 2).
To fuse, the two membranes must first be brought into
close contact. The main force opposing lipid bilayer ap-
proach at distances below ~2–3 nm is the repulsive hy-
dration force [59]. Since this force is proportional to
membrane area, less work is necessary if close approxi-
mation occurs at a localized point. However, merely sur-
mounting the intermembrane hydration repulsion barrier
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has not yet been directly demonstrated, this has been at-
tributed to its very transient and localized nature. The
stalk is then postulated to evolve into a hemifusion inter-
mediate (fig. 2A-2). Here, trans monolayers touch each
other forming a single bilayer that continues to separate
the aqueous compartments. Experimentally, hemifusion
is usually defined as mixing of membrane lipids without
mixing of aqueous contents. Such an intermediate stage
of membrane fusion has been demonstrated in a wide va-
riety of model systems [61–67]. Hemifusion states have
also been captured and extensively characterized in mul-
tiple viral-mediated membrane fusion events [68–79].
How do two hemifused membranes evolve toward their
complete fusion? In its original formulation, the model
proposed that the hemifusion zone expands radially due
to relaxation of monolayer bending energy and/or aided
by membrane surface tension, until an extended bilayer
septum or hemifusion diaphragm is formed [32]. Mem-
brane surface tension build-up would later rupture the
hemifusion diaphragm opening a lipidic fusion pore, i.e.,
a narrow passageway across the bilayer that connects pre-
viously separated aqueous compartments, and that is
lined by trans monolayer lipid headgroups (fig. 2A-3).
Experimental evidence supports the very small size of the
initial fusion pore as well as its lipidic composition [80],
although the latter issue is still a matter of discussion
[81]. Lipidic fusion pores tend to open and close (flicker)
before expanding irreversibly [62], thereby terminating
the fusion process (fig. 2A-4).
Both the stalk and the lipidic fusion pore possess highly
curved shapes. Therefore, the energy required to create
such nonlamellar lipid structures should depend on spon-
taneous monolayer curvature. Considering two planar
membranes brought into close proximity, theoretical esti-
mates showed that the more negative the spontaneous
curvature of cis monolayers, the more energetically fa-
vorable was stalk formation [61]. This prediction is
strongly supported by the close to universal ability of ex-
ogenous type II nonlamellar lipids to promote fusion, and
of exogenous type I nonlamellar lipids to inhibit fusion,
as discussed before. On the other hand, also in light of
theoretical calculations, the probability of lipidic fusion
pore formation/expansion within the hemifusion di-
aphragm was predicted to be greater, the more positive
the spontaneous curvature of trans monolayers [82]. A
number of experimental observations are in agreement
with this expectation as well [26, 61, 63, 83]. In short, ac-
cording to the original stalk model, the willingness of a
lipid bilayer to fuse relies upon the bending propensity of
its constituent monolayers, with the most fusogenic mem-
branes being those possessing negative and positive spon-
taneous curvatures in cis and trans monolayers, respec-
tively.
Subsequent work by Siegel brought to attention factors
other than monolayer curvature that may contribute to

CMLS, Cell. Mol. Life Sci. Vol. 59, 2002 Review Article 1481

does not guarantee fusion; productive fusion also neces-
sitates the building up of an attractive force between the
hydrophobic interiors of closely juxtaposed membranes
[60]. During biomembrane fusion, specific proteins,
lipids, and/or lipid-modifying enzymes may participate
in delimiting a focal point in the membrane for fusion
progression, as well as in reducing the hydration repul-
sion barrier, and in perturbing the bilayer structure to cre-
ate hydrophobic defects at the membrane surface.
Such hydrophobic patches are believed to act as nucle-
ation sites for the first fusion intermediate: the stalk (fig.
2A-1). The stalk is depicted as a nonlamellar lipidic
structure with an hourglass shape that connects only cis
monolayers of interacting membranes. Although the stalk

Figure 2. Stalk mechanisms of lipid bilayer fusion. Original stalk
model (A) and modified stalk model (Siegel’s version) (B). 1: stalk
intermediate. Proximal leaflets of two interacting membranes
merge, while distal leaflets are kept distant from each other. 2:
hemifusion. Distal leaflets contact with each other to form a single
bilayer that still impedes exchange of aqueous volumes. 3: initial li-
pidic fusion pore. A narrow aqueous connection is established that
allows diffusion of small solutes (ions) across the membrane. 4: ex-
panded lipidic fusion pore. Note the following: (i) lipid monolayers
are considered flat initially (top), but acquire high curvature in fu-
sion intermediates (1–3); (ii) to form nonlamellar stalk/hemifusion
structures, the two monolayers of the original bilayer peel from one
another creating energetically unfavorable hydrophobic interstices
(voids) within fusing membranes (shaded areas in 1–3), (iii) the
hemifusion zone in the original stalk model (A2) is large relative to
that in the modified stalk model (B2); and (iv) initial fusion pores
(3) are shaped differently in these two versions of the stalk hypo-
thesis. 



evolution of fusion intermediates [54, 55, 84]. Siegel
noted that stalk formation should be opposed by the en-
ergy required to create hydrophobic void spaces within
fusing membranes, very much like lamellar-HII phase
transitions are thought to be opposed by the energy asso-
ciated with formation of interstices between hexagonal
cylinders of the HII phase [54]. Such hydrophobic cavities
are thought to preclude expansion of the hemifused zone,
the stalk only evolving into a highly localized hemifusion
structure or trans monolayer contact (TMC) (fig. 2B-2).
The TMC intermediate would then reconfigure into a fu-
sion pore or interlamellar attachment site (ILA) (fig. 2B-
3), an event presumably governed by the bilayer rupture
tension, a material property of the membrane which de-
pends on its lipid composition [55, 84].
Interestingly, according to Siegel’s calculations, fusion
pore/ILA formation should be favored when trans mono-
layers possess negative spontaneous curvature [54], not
positive spontaneous curvature as proposed in the origi-
nal stalk model [82]. Additionally, this author posited that
ILAs are key precursors of bicontinuous QII phases, and
that the mechanism of formation of lipid fusion interme-
diates is similar to the mechanism of formation of bicon-
tinuous QII phase precursors [55]. These considerations
are consistent with the high fusogenicity of membrane
systems with negative spontaneous curvature in both
monolayers, and with the tendency of such lipid disper-
sions to form bicontinuous QII phases under equilibrium
conditions [30, 84–92]. In summary, in this modified
version of the stalk model, the fusion process relies upon
the propensity of interacting lipid bilayers to form stalks,
TMCs and ILAs, and progression through these putative
fusion intermediates is energetically more favorable in
the vicinity of a lamellar-bicontinuous QII phase transi-
tion.
One long-standing dilemma of the stalk model is the un-
realistically high energy predicted for hypothetical inter-
mediates along the fusion pathway. Recently, much effort
has been devoted to solve this problem by considering ad-
ditional monolayer deformations [56, 57], as well as al-
ternative geometries of intermediate structures [58]. Both
factors have been shown to reduce considerably the total
energy of the fusion process [56–58]. Future experimen-
tal work may help to determine the applicability of these
novel theoretical postulates to pure lipid and biological
membrane fusion.

Viral fusion proteins:
biological suppliers of fusogenic energy

To date, surface glycoproteins of enveloped viruses are
the best-understood biological fusion protein machines.
Viral fusion proteins have in common a number of fea-
tures. (i) Viral fusion proteins undergo a maturation step
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that renders them metastable, primed for shifting into a
more stable state upon receiving the appropriate fusion-
triggering signal (low pH or receptor binding). (ii) In the
fusogenic state, they are almost invariably trimeric, and
aggregation of multiple trimers often helps fusion. (iii)
Typically, each monomer within the oligomer can be con-
veniently divided into three segments: an extraviral part
known as the ectodomain, a single transmembrane do-
main, and an intraviral segment or cytoplasmic tail. (iv)
Upon fusion triggering, regions within the ectodomain
acquire the competence to bind to and insert into mem-
branes. Of special relevance is the fusion peptide: a rela-
tively short, hydrophobic and well-conserved stretch of
amino acids that is indispensable for fusion. (v) The fu-
sion peptide-harboring ectodomain appears to be primar-
ily responsible for initial steps of the fusion process,
whereas the transmembrane domain seems to be funda-
mental for late steps of the fusion process. (The cytoplas-
mic tail is thought not to directly contribute to fusion.)
During the last decade, the core structures of many viral
fusion proteins have been solved at the atomic level.
However, for several reasons, the structure-function rela-
tionship in viral protein-mediated fusion is still not com-
pletely understood. First and foremost, influenza hemag-
glutinin (HA) is the only viral fusion protein for which
detailed structural information is available in both its pre-
fusogenic and fusion-activated conformations. Further-
more, most high-resolution structures obtained to date
correspond to soluble fragments of viral fusion proteins;
structural information of membrane-anchored entire viral
fusion proteins is much more rare. Additional complica-
tions arise because crystallized viral fusion protein frag-
ments are static structures of extraordinary homogeneity,
while viral protein-mediated biomembrane fusion is a
highly dynamic process in which only a fraction of the to-
tal protein population is actually engaged. Hence, corre-
lating a particular equilibrium protein structure with a
precise stage along the membrane fusion pathway is dif-
ficult.
With these caveats in mind, some ways through which vi-
ral fusion proteins may cause membrane fusion can be
discussed. Particular emphasis will be given to putative
roles played by distinct regions of viral fusion proteins in
the overall fusion process. For more thorough overviews
on viral membrane fusion, the reader is referred to several
excellent recent reviews [1, 3–4, 93–95]

Soluble structural elements
Structurally, soluble parts of ectodomains of viral fusion
proteins can be classified into two main groups [93]:
those in which a helices are the prevalent secondary ele-
ments (class I viral fusion proteins) and those in which
the polypeptide chain is almost exclusively folded as an-
tiparallel b sheets (class II viral fusion proteins).
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Helical bundles
Fusion proteins of orthomixo-, retro-, filo- and paramyx-
oviruses all contain [3, 4] (or are predicted to contain)
[96] a characteristic ectodomain core structure consisting
of a triple-stranded coiled-coil helical bundle. This type
of structurally related, homotrimeric viral fusion protein
is synthesized in an immature precursor form that is itself
subsequently cleaved to generate a receptor-binding sub-
unit and a fusogenic subunit, the latter possessing the fu-
sion peptide at or near its NH2 terminus. Two well-known
class I viral fusion protein representatives are influenza
HA and HIV-1 Env.
To enter a cell, influenza virus first binds to specific cell
plasma membrane receptors, then becomes endocytosed,
and, finally, upon acidification of the endosomal interior,
fusion of viral and endosomal membranes ensues [1].
HA1 and HA2 subunits of HA are responsible for recep-
tor binding and for low pH-mediated membrane fusion,
respectively [3]. Structural and biochemical studies have
shown that in neutral pH (native) HA, three HA1 subunits
are positioned in the periphery of the molecule with their
receptor-binding globular domains sitting atop, whereas
three fusogenic HA2 subunits are positioned in the center
of the molecule with their C termini anchored to the mem-
brane (fig. 3A, left) [1, 97]. Proceeding N terminally, the
most relevant structural features of an HA2 monomer are
a 29-residue-long a-helical region involved in trimeric
coiled-coil formation, a 21-residue-long loop segment, a
short helical region running antiparallel to the central
coiled-coil, and the NH2 terminal fusion peptide compris-
ing the last 20–25 residues. Of note, in neutral pH native
HA, the fusion peptide is hidden at the triple coiled-coil
interface, inaccessible for membrane interaction.
Compared to the neutral pH crystal structure of HA, three
major differences are observed in crystallized ecto-
domain core fragments of HA (lacking HA1 and the fu-
sion peptide) treated with acid pH [98] or expressed in
bacteria [99, 100] (fig. 3A, right). First, what were a dis-
ordered loop and a short helix in neutral pH HA2 are re-
cruited into the central coiled-coil in low pH-treated
HA2. Second, 6 residues in the middle of the 29-residue-
long a helix transform into a 180° turn, causing the
polypeptide chain to reverse direction, and thereby pack-
ing the remainder of the helix antiparallel against the cen-
tral coiled-coil. Third, the C-terminal portion of the
ectodomain that had a compact structure in native HA2
adopts a mostly extended conformation at fusogenic pH,
while continuing to proceed toward the N-terminal end of
the structure. In the context of the whole HA bound to
membrane, HA1 subunits are thought to dissociate to al-
low HA2 to adopt the above-described triple hairpin-like
structure (also known as the six-helix bundle), with each
identical hairpin possessing the membrane-embedded N-
terminal fusion peptide and the C-terminal transmem-
brane domain in close proximity.

The fact that the ectodomain of HA2 expressed in bacte-
ria without HA1 folds spontaneously into the same solu-
ble core structure as the low pH-treated HA2 ectodomain
gave rise to the idea that native HA exists in a metastable
fold, in which HA1 prevents HA2 from achieving its most
stable six-helix bundle fold [99]. Consistent with this in-
terpretation, high temperature or other protein-destabiliz-
ing factors can replace low pH in activation of the con-
formational change in HA2 and in HA-mediated fusion
[101–103]. In contrast, HA2 ectodomain core structures
exposed to low pH or expressed by themselves in bacte-
ria are highly thermostable [101, 102].

Figure 3. Structures of representative viral fusion proteins in their
presumptive membrane-bound state: Neutral pH (native) and acid
pH (fusion-activated) conformations of influenza HA [receptor-
binding subunits (HA1) of the molecule are indicated encircled by
dotted lines] (A); ‘hairpin-trimer’ (fusion-activated) conformation
of HIV-1 gp41 (B); neutral pH (native) conformation of tick-borne
encephalitis virus E protein (TBE-E). Only a single monomer of the
TBE-E dimer is shown. The hatched ellipsoid represents the miss-
ing domain in the crystal (approximately 100 amino acids) (C). In
all structures, monomers of the fusogenic subunit are colored in
green, and ribbon representations highlight the principal elements
of secondary structure. Orange balls in A and in C correspond to
atomic Van der Waals surfaces of fusion peptides. Membrane re-
gions: transmembrane anchors (black), and inserted fusion peptides
(orange). Atomic structures, 2HMG (HA neutral), 1QU1 (HA2
acid) 1IF3 (HIV-1 gp41) and 1SVB (TBE-E) were rendered with
Swiss-PDBviewer. 



Unlike influenza, retroviruses enter the host cell through
fusion with the plasma membrane at neutral pH [4]. This
process is mediated by the retroviral Env viral surface
glycoprotein consisting of a receptor-binding subunit and
a membrane-anchored fusogenic subunit designated
gp120 and gp41, respectively. Binding of gp120 to spe-
cific cell surface receptors triggers a cascade of confor-
mational changes culminating in the activation of gp41,
thereby leading to fusion of viral envelope and cellular
plasma membranes. The solution structure of the ecto-
domain core of gp41 (in the absence of gp120 and the fu-
sion peptide) also consists of a trimer-of-hairpins or six-
stranded helical bundle: three N-terminal helices form 
a central triple-stranded coiled-coil, and are surrounded
by three C-terminal helices that pack antiparallel within
hydrophobic grooves on the surface of the coiled-coil
core (fig. 3B) [104–107]. By analogy to HA2, this 
highly stable structure, presumably having the fusion
peptide and the transmembrane domain located close 
together within the membrane milieu, has been proposed
to represent the low-energy conformation of gp41. 
What is the precise relationship between the above dis-
cussed class I viral fusion protein ectodomain structures
and membrane fusion? Although this question is still
open to discussion, recent studies support the idea that
transitioning of the ectodomain from its native conforma-
tion into the trimer-of-hairpins conformation is directly
linked to membrane fusion [108–110]. Along this line of
reasoning, theoretical estimations showed that the pack-
ing of three C-terminal helices of gp41 into the hy-
drophobic grooves of the central triple-stranded coiled-
coil can, by itself, produce sufficient free energy to over-
come the activation barrier for lipid bilayer fusion [108].
However, several class I viral fusion proteins, including
HA, possess a much shorter C-terminal helix than gp41
[96], suggesting that additional factors can also be im-
portant for coupling class I viral fusion protein refolding
and membrane fusion.

Beta domains
In contrast to class I viral fusion proteins, class II viral fu-
sion proteins are not predicted to contain helical coiled-
coils, but are instead almost totally composed of antipar-
allel b sheet structures [93]. Other distinguishing charac-
teristics of class II viral fusion proteins include a
maturation step consisting in the cleavage of a second
protein with which they heterodimerize, and the presence
of an internally (not NH2 terminally or NH2 proximally)
localized fusion peptide.
Recently, high-resolution native structures of two mem-
bers of this group have been made available: that of the
flavivirus tick-borne encephalitis protein E (TBE-E) (fig.
3C) [112] and alphavirus Semliki forest virus E1 protein
[113]. Both proteins form elongated antiparallel homo-
dimers that lie almost flat on the surface of the viral mem-

brane. The internal fusion peptide is kept protected from
interacting with the membrane at the dimer/heterodimer
interface, being localized to the tip of the molecule oppo-
site to that leading to the C-terminal transmembrane do-
main.
Activation of the fusogenic potential of E/E1 is triggered
by the acid pH of the endosome. Activation involves dis-
sociation of native dimers into monomers, exposure of
the fusion peptide, and subsequent reorganization of the
dissociated E/E1 monomers into trimers [114, 115]. Be-
cause the neutral pH E/E1 dimeric form is more labile
than the low pH-treated E/E1 trimeric form, and because
the dimer-to-trimer transition is an irreversible process,
class II proteins are believed to exist in a metastable state
in their native conformation, similar to the coiled-coil-
based class I proteins [103, 113, 115, 116]. Moreover, a
flexible hinge region located in the middle of the
ectodomain of E/E1 has been postulated to serve as a piv-
otal point for bending the molecule in half upon low pH
activation, so that the transmembrane domain and the fu-
sion peptide can be brought into close proximity [113].
However, without detailed information of low pH-acti-
vated structures of E/E1, whether class I and class II viral
fusion proteins share essentially the same fusion mecha-
nism remains unclear.

Fusion peptides
Fusion peptides play a key role in successful membrane
fusion, as demonstrated by the fact that most mutations
within these sequences negatively affect viral/host cell
membrane fusion and infection [73, 117–123]. Much in-
sight into the mechanism of action of viral fusion pep-
tides has been obtained by studying the interaction be-
tween synthetic fusion peptide analogues and liposomes
[94]. The general ability of such synthetic peptides to in-
duce liposome fusion suggests that viral fusion peptides
are actively involved in the fusion process, rather than
merely serving as membrane-anchoring devices.
An unusual property of viral fusion peptides is their high
conformational flexibility in lipid membranes. An illus-
trative example is provided by the recently solved, high-
resolution structures of the membrane-associated HA fu-
sion peptide at neutral and acid pH [124]. At both pHs,
the peptide adopts a kinked, predominantly helical am-
phipathic structure with an inverted ‘V’-like shape, with
the two ‘arms’ of the inverted ‘V’-shaped structure pene-
trating obliquely into the cis monolayer of the bilayer.
Amphipathic helical fusion peptides derived from HA
[125, 126], HIV [127, 128], and SIV [129–131] have
been shown to insert obliquely into lipid membranes, and
such peptide orientation is apparently correlated with in-
creased fusogenicity of intact viral proteins [132–134].
Returning to the fusion peptide structure of HA, the most
important differences between the neutral and the low pH
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form are found in the C-terminal portion of the peptide
[124]. Here, an irregular segment present at neutral pH
becomes helical at low pH, and two charged residues di-
rected toward the interior of the membrane at neutral pH
are relocated to the opposite side of the structure at low
pH. Therefore, at the fusogenic pH, the surface of the
peptide facing the membrane core becomes more hy-
drophobic, leading to a deeper penetration of the peptide
into the membrane.
Why does fusion peptide penetration into the membrane
favor membrane fusion? According to an increasingly
recognized model originally proposed by Epand and co-
workers [135, 136], fusion peptide insertion would per-
turb the lipid bilayer architecture of the membrane in
such a way as to enhance its fusogenicity. This hypothesis
is based on the capacity of a number of viral fusion pep-
tides to destabilize lamellar lipid phases relative to non-
lamellar inverted lipid phases, as well as in the good cor-
relation observed between such activity and peptide-in-
duced liposome fusion [130, 132, 135–142]. In the case
of HA, the low pH-induced penetration of the inverted
‘V’-shaped structure into the cis monolayer of the mem-
brane may result in increased lateral pressure at the lipid
hydrocarbon region, which, in turn, would impart nega-
tive curvature stress in the cis monolayer, facilitating for-
mation of stalk-type nonlamellar lipidic structures and,
thus, initiating membrane merger. Alternatively, or in ad-
dition, the bilayer-destabilizing function of the fusion
peptide of HA may play an important role at later stages
of the fusion process. This peptide has been shown to
promote formation of inverted bicontinuous QII lipid
phases, which possess structural elements resembling fu-
sion pores (fig. 1B) [137]. Furthermore, Qiao et al. [73]
demonstrated that replacement of certain amino acids
within the HA fusion peptide led to cell-cell hemifusion,
again suggesting involvement of this sequence in fusion
pore formation. The fusion peptide of HA probably facil-
itates fusion pore opening by destabilizing the hemifu-
sion zone through a curvature-independent mechanism
[142], which may be related to its ability to decrease the
bilayer rupture tension [55, 84, 143]. Of note, finally, is
that several fusion peptides, including those of HIV-1
[140, 141, 144, 145] and class II viral fusion proteins
[146] have been proposed to induce fusion through non-
helical, b-type structures.

Transmembrane domain
While the role of the ectodomain and its distinct regions
in virus-mediated fusion has been investigated for a long
time, the function of the transmembrane domain only
came into focus more recently. A major breakthrough was
made in 1993 with the demonstration that replacing the
transmembrane domain of HA2 by a glycosylphos-
phatidylinositol anchor leads to membrane hemifusion,
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not complete fusion [68]. The same outcome (hemifu-
sion) is obtained when the length of the HA2 transmem-
brane domain is reduced so that it becomes incapable of
fully traversing the bilayer [75]. Similar results have also
been obtained with other viruses [95]. Together, these
findings suggest that completion of the fusion process via
fusion pore formation requires the presence of a mem-
brane-spanning transmembrane domain. As in the case of
the fusion peptide, the transmembrane domain is thought
to promote fusion pore formation by destabilizing the
lipid bilayer structure of the hemifusion zone [69, 75, 78].

Mechanisms of fusion: coupling viral fusion protein
refolding to lipid bilayer merging
The most extensively studied and best-characterized viral
fusion protein is HA. Figure 4 displays three recent hy-
pothetical models of HA-mediated membrane fusion.
The essence in all three is the same: transitioning of HA2
from the native metastable conformation (top) into the
more stable six-helix bundle conformation (bottom) is
mechanistically and thermodynamically linked to the
close apposition and merger of viral and cellular mem-
branes.
According to currently favored models, the first step
upon pH acidification is extension of the central coiled-
coil of the ectodomain (green) (fig. 4A). This results in
relocation of the N-terminal fusion peptide (bold arrow)
to the tip of the structure, allowing for its insertion into
the endosomal membrane. Then, the extended coiled-coil
structure collapses through a helix-to-turn transition that
reverses orientation of the C-terminal end (red). As a re-
sult, the fusion peptide and the transmembrane domain
locally pull target and viral membranes toward each
other, bringing them into close apposition. Completion of
ectodomain reconfiguration into the triple-hairpin con-
formation, together with intrinsic bilayer-destabilizing
activities of the fusion peptide and transmembrane do-
mains, allows evolution through stalk/hemifusion inter-
mediates and, finally, opening of a lipidic fusion pore.
Alternative models propose that the energy released
through coiled-coil extension is used to form a high-en-
ergy defect at the viral membrane, which is critical to pro-
mote fusion of viral and endosomal membranes (fig. 4, B
and C). Kozlov and Chernomordik [147] argued that the
willingness of several HA2 molecules with their fusion
peptides anchored into the viral membrane to achieve an
extended coiled-coil conformation yields an upward
pulling force that causes dimpling of the lipid bilayer of
the viral envelope (fig. 4, B). Extreme curvature accumu-
lated at the crest of the viral bilayer dimple (also known as
the bilayer nipple [56]) permits a near-to-spontaneous ad-
vance from close bilayer apposition to fusion completion
via the stalk mechanism. On the other hand, Bentz [148]
postulated that extension of the central coiled-coil extracts
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some of the fusion peptides from the viral membrane, cre-
ating a hydrophobic defect in that membrane which at-
tracts lipids from the endosomal membrane (fig. 4C).
Finally, in addition to the features discussed in the above-
presented models, clustering of multiple HA molecules at
the fusion site is also generally recognized as an impor-
tant contributor to the overall fusion process, both in
mechanistic and energetic terms [72, 147–152].

Acknowledgments. I am greatly indebted to Jose Luis Nieva for
many insightful discussions, as well as for invaluable help in the de-
sign and preparation of the figures of this manuscript.

1 Hernandez L. D., Hoffman L. R., Wolfsberg T. G. and White J.
M. (1996) Virus-cell and cell-cell fusion. Annu. Rev. Cell Dev.
Biol. 12: 627–661

2 Jahn R. and Südhof T. C. (1999) Membrane fusion and exo-
cytosis. Annu. Rev. Biochem. 68: 3250–3262

3 Skehel J. J. and Wiley D. C. (2000) Receptor binding and
membrane fusion in virus entry: the influenza hemagglutinin.
Annu. Rev. Biochem. 69: 531–569

4 Eckert D. M., and Kim P. S. (2001) Mechanisms of viral 
fusion and its inhibition. Annu. Rev. Biochem. 70: 777–
810

5 Hafez I. M and Cullis P. R. (2001) Roles of lipid polymor-
phism in intracellular drug delivery. Adv. Drug Deliv. Rev. 47:
139–148

Figure 4. Mechanistic models coupling HA2 refolding and membrane fusion. Only HA2 monomers are shown for visual clarity. Top: na-
tive/metastable HA2 conformation, with N-terminal fusion peptides (FPs) (bold arrows) hidden within the protein structure. A Currently
prevailing model. Upon low pH activation, native HA2 first shifts into a ‘pre-hairpin’ intermediate, in which the fusion peptides relocate
to the top of the extended triple-stranded coiled-coil (green) for insertion into the endosomal membrane. Then, the ectodomain bends in
half to pack the C-terminal helix (red cylinder) anti-parallel to the central coiled-coil (green cylinder). As the C-terminal transmembrane
domain (black box) and the N-terminal FP (bold arrow) approach each other, they cause the drawing together and merger of target and host
membranes via the stalk mechanism. B Upon activation, FP initially inserts into the viral membrane, and subsequent coiled-coil extension
is coupled to the pulling-up of the viral membrane. Bending stress at the top of the dimple facilitates merger of interacting membranes via
the stalk mechanism. C Here, extension of the coiled-coil results in extraction of the FP from the viral membrane, leaving a hydrophobic
defect in that membrane. Lipids from the target membrane are then attracted to such a hydrophobic defect and fusion ensues via the stalk
mechanism. 



6 Burger K. N. J. (2000) Greasing membrane fusion and fission
machineries. Traffic 1: 605–613

7 Zimmerberg J. and Chernomordik L. V. (1999) Membrane fu-
sion. Adv. Drug. Deliv. Rev. 38: 197–205

8 Cullis P. R. and Tilcock C. P. (1991) Lipid polymorphism. In:
Membrane fusion, pp 35–64, Wilschut J. and Hoekstra D.
(eds), Dekker, New York 

9 Ruthven N. A., Lewis A. H., Mannock D. A. and McElhaney
R. N. (1997) Membrane lipid molecular structure and poly-
morphism. Curr. Top. Membr. 44: 25–101

10 Marsh D. (1996) Lateral pressure in membranes. Biochim.
Biophys. Acta 1286: 183–223

11 Israelachvili J. N., Marcelja S. and Horn R. G. (1980) Physi-
cal principles of membrane organization. Q. Rev. Biophys. 13:
121–200

12 Gruner S. M. (1985) Intrinsic curvature hypothesis for bio-
membrane lipid composition: a role for nonbilayer lipids.
Proc. Natl. Acad. Sci. USA 82: 3665–3669

13 Bailey A. L. and Cullis P. R. (1997) Liposome fusion. Curr.
Top. Membr. 44: 359–372

14 Vidal M. and Hoekstra D. (1995) In vitro fusion of reticulo-
cyte endocytic vesicles with liposomes. J. Biol. Chem. 270:
17823–17829 

15 Chernomordik L. (1996) Non-bilayer lipids and biological fu-
sion intermediates. Chem. Phys. Lipids. 81: 203–213

16 Van Meer G., Davoust J. and Simons K. (1985) Parameters af-
fecting low-pH-mediated fusion of liposomes with the plasma
membrane of cells infected with influenza virus. Biochem-
istry 24: 3593–3602

17 Alford D., Ellens H. and Bentz J. (1994) Fusion of influenza
virus with sialic acid-bearing target membranes. Biochem-
istry 33: 1977–1987

18 Epand R. M., Nir S., Parolin M. and Flanagan T D (1995) The
role of the ganglioside GD1a as a receptor for Sendai virus.
Biochemistry 34: 1084–1089

19 Brock T. G., Nagaprakash K., Margolis D. I. and Smolen J. E.
(1994) Modeling membrane degranulation with liposomes:
effect of lipid composition on membrane fusion. J. Membr.
Biol. 141: 139–148

20 Haque M. E., McIntosh T. J. and Lentz B. R. (2001) Influence
of lipid composition on physical properties and PEG-medi-
ated fusion of curved and uncurved model membrane vesi-
cles: ‘nature’s own’ fusogenic lipid bilayer. Biochemistry 40:
4340–4348

21 Morgan A. and Burgoyne R. D. (1990) Relationship between
arachidonic acid release and Ca2+-dependent exocytosis in
digitonin-permeabilized bovine adrenal chromaffin cells.
Biochem. J. 271: 571–574

22 Roldan E. R. S. and Fragio C. (1993) Phospholipase-A(2) ac-
tivity and exocytosis of the ram sperm acrosome – regulation
by bivalent cations. Biochim. Biophys. Acta 1168: 108–114 

23 Paiement J., Lavoie C., Gavino G. R. and Gavino V. C. (1994)
Modulation of GTP-dependent fusion by linoleic and arachi-
donic acid in derivatives of rough endoplasmic reticulum from
rat liver. Biochim. Biophys. Acta 1990: 199–212

24 Lavoie C., Jolicoeur M. and Paiement J. (1991) Accumulation
of polyunsaturated free fatty-acids coincident with the fusion
of rough endoplasmic-reticulum membranes. Biochim. Bio-
phys. Acta 1070: 274–278

25 Chernomordik L., Leikina E., MyongSoon C. and Zimmer-
berg J (1995) Control of baculovirus gp64-induced syncitium
formation by membrane lipid composition. J. Virol 69:
3049–3058 

26 Chernomordik L. V., Leikina E., Frolov V., Bronk P. and Zim-
merberg J. (1997) An early stage of membrane fusion medi-
ated by the low pH conformation of influenza hemagglutinin
depends upon membrane lipids. J. Cell Biol. 136: 81–93

27 Gaudin Y. (2000) Rabies virus-induced membrane fusion
pathway. J. Cell Biol. 150: 601–611

28 Epand R. M., Epand R. F., Ahmed N. and Chen R. (1991) Pro-
motion of hexagonal phase formation and lipid mixing by
fatty acids with varying degrees of unsaturation. Chem. Phys.
Lipids 57: 75–80

29 Zellmer S., Cevc G. and Risse P. (1994) Temperature- and pH-
controlled fusion between complex lipid membranes: exam-
ples with the diacylphosphatidylcholine/fatty acid mixed lipo-
somes. Biochim. Biophys. Acta 1196: 101–113

30 Basañez G., Goni F. M. and Alonso A. (1998) Effect of single
chain lipids on phospholipase C-promoted vesicle fusion: a
test for the stalk hypothesis of membrane fusion. Biochem-
istry 37: 3901–3908

31 Goñi F. M. and Alonso, A. (1999) Structure and functional
properties of diacylglycerols in membranes. Prog. Lipid Res.
38: 1–48

32 Chernomordik L. V., Kozlov M. M. and Zimmerberg J. (1995)
Lipids in biological membrane fusion. J. Membr. Biol.
146:1–14

33 Miao L., Stafford A., Nir S., Turco S. J., Flanagan T. D. and
Epand R. M. (1995) Potent inhibition of viral fusion by the
lipophosphoglycan of Leishmania donovani. Biochemistry
34: 4676 – 4683

34 Basañez G., Fidelio G. D., Goñi F. M., Maggio B. and Alonso
A. (1996) Dual inhibitory effect of gangliosides on phospho-
lipase-C promoted fusion of lipidic vesicles. Biochemistry 35:
7506–7513

35 Holland W., Hui C., Cullis P. R. and Madden T. D. (1996)
Poly(ethylene glycol)-lipid conjugates regulate the calcium-
induced fusion of liposomes composed of phosphatidyl-
ethanolamine and phosphatidylserine. Biochemistry 35:
2618–2624

36 Basañez G., Goñi F. M. and Alonso A. (1997) Poly(ethylene
glycol)-lipid conjugates inhibit phospholipase C-induced
lipid hydrolysis, liposome aggregation and fusion through in-
dependent mechanisms. FEBS Lett. 411: 281–286

37 Martin I., Turco S. J., Epand R. M. and Ruysschaert J. M.
(1998) Lipophosphoglycan of Leishmania donovani inhibits
lipid vesicle fusion induced by the N-terminal extremity of vi-
ral fusogenic simian immunodeficiency virus protein. Eur. J.
Biochem. 258:150–156

38 Saéz-Cirión A., Basañez G., Fidelio G., Goñi F. M., Maggio B.
and Alonso A. (2000) Sphingolipids (galactosylceramide and
sulfatide) in lamellar-hexagonal phospholipid phase transi-
tions and in membrane fusion. Langmuir 16: 8958–8963

39 Johnsson M. and Edwards K. (2001) Phase behavior and ag-
gregate structure in mixtures of dioleoylphosphatidyl-
ethanolamine and poly(ethylene glycol)-lipids Biophys. J. 80:
313–323

40 Genois N., Barbeau B., Olivier M. and Tremblay M. J. (2001)
Inhibition of HIV-1-mediated syncytium formation and virus
replication by the lipophosphoglycan from Leishmania dono-
vani is due to an effect on early events in the virus life cycle.
Clin. Exp. Immunol. 124: 32–42

41 Mayorga L. S., Colombo M. I., Lennartz M., Brown E. J., Rah-
man K. H., Weiss R. et al. (1993) Inhibitors of endosome fu-
sion by phospholipase A2 (PLA2) points to a role for PLA2 in
endocytosis. Proc. Natl. Acad. Sci. USA 90: 10255–10259

42 Nagao T., Kubo T., Fujimoto R., Nishio H., Takeutchi T. and
Hata F. (1995) Ca2+-independent fusion of secretory granules
with phospholipase(A2)-treated plasma membranes in vitro.
Biochem. J. 307:563–569

43 Blackwood R. A., Transue A. T., Harsh D. M., Brower R. C.,
Zacharek S. J., Smolen J. E. et al. (1996) PLA2 promotes fu-
sion between PMN-specific granules and complex liposomes.
J. Leukoc. Biol. 59: 663–670

44 Blackwood R. A., Smolen J. E., Transue A. T., Hessler R. J.,
Harsh D. M., Brower R. C. et al. (1997) Phospholipase D ac-
tivity facilitates Ca2+-induced aggregation and fusion of com-
plex liposomes. Am. J. Physiol. 272: C1279–C1285

CMLS, Cell. Mol. Life Sci. Vol. 59, 2002 Review Article 1487



45 Goñi F. M. and Alonso A. (2000) Membrane fusion induced
by phospholipase C and sphingomyelinases. Biosci. Rep. 20:
443–463

46 Harsh D. M. and Blackwood R. A. (2001) Phospholipase A2-
mediated fusion of neutrophil-derived membranes is aug-
mented by phosphatidic acid. Biochim. Biophys. Res. Com-
mun. 282: 480–486

47 Cohen J. S. and Brown H. A. (2001) Phospholipases stimu-
late secretion in RBL mast cells. Biochemistry 40:6589–
6597

48 Vitale N., Caumont A. S., Chasserot-Golac S., Du G., Wu S.,
Sciorra V. A. et al. (2001) Phospholipase D1: 1 key factor for
the exocytotic machinery in neuroendocrine cells. EMBO J.
20: 2424–2434

49 Humeau Y., Vitale N., Chasserot-Golaz S., Dupont J. L., Du
G., Frohman M. A. et al. (2001) A role for phospholipase D1
in neurotransmitter release. Proc. Natl. Acad. Sci. USA 98:
15300–15305

50 Stieglitz K. A., Seaton B. A. and Roberts M. F. (2002) Bind-
ing of proteolytically processed phospholipase D from Strep-
tomyces chromofuscus to phosphatidylcholine membranes fa-
cilitates vesicle aggregation and fusion. Biochemistry 40:
13954–13963

51 Janes N. (1996) Curvature stress and polymorphism in mem-
branes. Chem. Phys. Lipids 81: 133–150 

52 Bezrukov S. M. (2000) Functional consequences of lipid
packing stress. Curr. Opin. Coll. Interf. Sci. 5: 237–243

53 Kozlov M. M. and Markin V. S. (1983) Possible mechanism of
membrane fusion. Biofizika 28: 242–247

54 Siegel D. P. (1993) Energetics of intermediates in membrane
fusion: comparison of stalk and inverted intermediate mecha-
nisms. Biophys. J. 65:2124–2140

55 Siegel D. P. (1999) The modified stalk mechanism of lamel-
lar/inverted phase transitions and its implications for mem-
brane fusion. Biophys. J. 76: 291–313

56 Kuzmin P. I., Zimmerberg J., Chizmadzhev Y. A. and Cohen F.
S. (2001) A quantitative model for membrane fusion based on
low-energy intermediates. Proc. Natl. Acad. Sci. USA 98:
7235–7240

57 Markin, V. S. and Albanesi J. P. (2002) Membrane fusion: stalk
model revisited Biophys. J. 82: 693–712

58 Kozlovsky Y. and Kozlov M. M. (2002) Stalk model of mem-
brane fusion: solution of energy crisis. Biophys. J. 82:
882–895

59 Rand R. P. and Parsegian V. A. (1997) Hydration, curvature
and bending elasticity of phospholipid monolayers. Curr. Top.
Membr. 44:167–189

60 Helm C. A. and Israelachvili J. N. (1993) Forces between
phospholipid bilayers and relationship to fusion. Methods En-
zymol. 220: 130–143

61 Chernomordik L. V., Melikyan G. B. and Chizmadzhev Y. A.
(1987) Biomembrane fusion: a new concept derived from
model studies using two interacting planar bilayers. Biochim.
Biophys. Acta 906: 309–352

62 Chanturiya A., Chernomordik, L. V. and Zimmerberg, J.
(1997) Flickering fusion pores comparable with initial exocy-
totic pores occur in protein free phospholipid bilayers. Proc.
Natl. Acad. Sci. USA. 94: 14423–14428

63 Chernomordik, L. V., Chanturiya A., Green, J. and Zimmer-
berg J. (1995) The hemifusion intermediate and its conversion
to complete fusion: regulation by membrane composition.
Biophys. J. 69: 922–929

64 Lentz B. R. and Lee J. (1999) Poly(ethylene glycol) (PEG)-
mediated fusion between pure lipid bilayers: a mechanism in
common with viral fusion and secretory vesicle release? Mol.
Membr. Biol. 16: 279–296

65 Pantazatos D. P. and MacDonald R. C. (1999) Directly ob-
served membrane fusion between oppositely charged phos-
pholipid bilayers J. Membr. Biol. 170: 27–38

66 Pincet F., Lebeau L. and Cribier S. (2001) Short-range spe-
cific forces are able to induce hemifusion. Eur. Biophys. J. 30:
91–97

67 Villar A. V., Alonso A. and Goni F. M. (2001) Leaky vesicle
fusion induced by phosphatidylinositol-specific phospholi-
pase C: observation of mixing of vesicular inner monolayers.
Biochemistry 39: 14012–14018

68 Kemble G. W., Danieli T. and White J. M. (1994) Lipid-an-
chored influenza hemagglutinin promotes hemifusion, not
complete fusion. Cell 76: 383–391

69 Melikyan G. B., White J. M. and Cohen F. S. (1995) GPI-an-
chored influenza hemagglutinin induces hemifusion to both
red blood cell and planar bilayer membranes. J. Cell Biol. 131:
679–691

70 Bagai S. and Lamb R. (1996) Truncation of the COOH-termi-
nal region of the paramyxovirus SV5 protein leads to hemifu-
sion but not complete fusion. J. Cell Biol. 135: 73–84

71 Muñoz-Barroso I., Durell S., Sakaguchi K., Appella E. and
Blumenthal R. (1998) Dilation of the human immunodefi-
ciency virus-1 envelope glycoprotein fusion pore revealed by
the inhibitory action of a synthetic peptide from gp41. J. Cell
Biol. 140: 315–323

72 Chernomordik, L. V., Frolov V. A., Leikina E., Bronk P. and
Zimmerberg J. (1998) The pathway of membrane fusion cat-
alyzed by influenza hemagglutinin: restriction of lipids, hemi-
fusion, and lipidic fusion pore formation. J. Cell Biol. 140:
1369–1382

73 Qiao H., Armstrong R. T., Melikyan G. B. and Cohen F. S.
(1999) A specific mutant at position 1 of hemagglutinin fu-
sion peptide displays a hemifusion phenotype. Mol. Biol. Cell
10: 2759–2769

74 Razinkov V. I., Melikyan G. B. and Cohen F. S. (1999) Hemifu-
sion between cells expressing hemagglutinin of influenza virus
and planar membranes can precede the formation of fusion pores
that subsequently fully enlarge. Biophys. J. 77: 3144–3151

75 Armstrong R. T., Kushnir, A. S. and White, J. M. (2000) The
transmembrane domain of influenza hemagglutinin exhibits a
stringent length requirement to support the hemifusion to fu-
sion transition. J. Cell Biol. 151: 425–437

76 Leikina E. and Chernomordik L. V. (2000) Reversible merger
of membranes at the early stage of influenza hemagglutinin-
mediated fusion. Mol. Biol. Cell 11: 2359–2371

77 Markosyan R. M., Cohen F. S. and Melikyan G. B. (2000) The
lipid-anchored ectodomain of influenza virus hemagglutinin
(GPI-HA) is capable of inducing nonenlarging fusion pores.
Mol. Biol. Cell 11: 1143–1152

78 Melikyan G. B., Markosyan R. M., Roth M. G. and Cohen, F.
S. (2000) A point mutation in the transmembrane domain of
the hemagglutinin of influenza virus stabilizes a hemifusion
intermediate that can transit to fusion. Mol. Biol. Cell 11:
3765–3775

79 Leikina E., LeDuc D. L., Macosko J. C., Epand R., Epand R.,
Shin Y. K. et al. (2001) The 1-127 HA2 construct of influenza
virus hemagglutinin induces cell-cell hemifusion. Biochem-
istry 40: 8378–8386 

80 Zimmerberg J., Vogel S. S. and Chernomordik, L.V. (1993)
Membrane fusion. Annu. Rev. Biophys. Biomol. Struct. 22:
433–466

81 Mayer A. (2001) What drives membrane fusion in eukaryotes?
Trends Biochem. Sci. 26: 717-723

82 Kozlov M. M., Leikin S. L., Chernomordik L. V., Markin V. S.
and Chizmadzhev Y. A. (1989) Stalk mechanism of vesicle 
fusion: intermixing of aqueous contents. Eur. Biophys. J. 17:
121–129

83 Melikyan G. B., Brener S. A., Ok D. C. and Cohen F. S. (1997)
Inner but not outer membrane leaflets control the transition
from glycosylphosphatidylinositol-anchored influenza hem-
agglutinin-induced hemifusion to full fusion. J. Cell Biol.
136: 995–1005

1488 G. Basañez Membrane fusion



84 Siegel, D. P. and Epand R. M. (1997) The mechanism of
lamellar-to-inverted hexagonal phase transitions in phos-
phatidylethanolamine: implications for membrane fusion
mechanisms. Biophys. J. 73: 3089–3111

85 Ellens H., Siegel D. P., Alford D., Yeagle P. L., Boni L., Lis L.
J. et al. (1989) Membrane fusion and inverted phases. Bio-
chemistry 28: 3692–3703

86 Siegel D. P., Banschbach J. L., Alford D., Ellens H., Lis L. J.,
Quinn P. J. et al. (1989) Physiological levels of diacylglyc-
erols in phospholipid membranes induce membrane fusion
and stabilize inverted phases. Biochemistry 28: 3703–3709

87 Siegel D. P., Burns J. L., Chestnut M.H. and Talmon Y. (1989)
Intermediates in membrane fusion and bilayer/nonbilayer
phase transitions imaged by time-resolved cryo-transmission
electron microscopy. Biophys J. 56: 161–169

88 Frederik P. M, Burger K. N. J., Stuart M. C. A. and Verkleij A.
J. (1991) Lipid polymorphism as observed by cryo-electron
microscopy. Biochim. Biophys. Acta 1062: 133–141 

89 Bennet D. E. and OBrien D. F. (1995) Photoactivated en-
hancement of liposome fusion. Biochemistry 34: 3102–3113

90 Nieva J. L., Alonso A., Basáñez G., Goñi F. M., Gulik A., Var-
gas R. et al. (1995) Topological properties of two cubic phases
of a phospholipid: cholesterol:diacylglycerol aqueous system
and their possible implications in the phospholipase C-in-
duced liposome fusion. FEBS Lett. 368: 143–147

91 Basañez G., Nieva J. L., Rivas E., Alonso A. and Goñi F. M.
(1996) Diacylglycerol and the promotion of lamellar-hexago-
nal and lamellar-isotropic phase transitions in lipids: implica-
tions for membrane fusion. Biophys. J. 70: 2299–2306

92 Basañez G., Ruiz-Arguello M. B., Alonso A., Goni F. M.,
Karlsson G. and Edwards K. (1997) Morphological changes
induced by phospholipase C and by sphingomyelinase on
large unilamellar vesicles: a cryo-transmission electron mi-
croscopy study of liposome fusion. Biophys. J. 72: 2630–
2637

93 Heinz F. X. and Allison S. L. (2001) The machinery for fla-
vivirus fusion with host cell membranes Curr. Opin. Micro-
biol. 4: 450–455

94 Martin I., Ruysschaert J.-M. and Epand R. M. (1999) Role of
the N-terminal peptides of viral fusion proteins in membrane.
fusion. Adv. Drug Deliv. Rev. 38: 233–255

95 Scrotch-Diez B., Ludwig K., Baljinnyam B., Kozerski C.,
Huang Q. and Hermann A. (2000) The role of the transmem-
brane and the intraviral domain of glycoproteins in membrane
fusion of enveloped viruses. Biosci. Rep. 20: 571–596

96 Singh M., Berger B. and Kim P. (1999) Learncoil-VMF: com-
putational evidence for coiled coil-like motifs in many viral
membrane fusion proteins. J. Mol. Biol. 290: 1031–1041

97 Wilson I. A., Skehel J. J. and Wiley D. C. (1981) Structure of
the hemagglutinin membrane glycoprotein of influenza virus
at 3 Å resolution. Nature 289: 366–373

98 Bullough, P. A., Hughson, F. M., Skehel, J.J. and Wiley, D. C.
(1994) Structure of influenza haemagglutinin at the pH of
membrane fusion. Nature 371: 37–43

99 Chen J., Wharton S. A., Weissenhorn W., Calder L. J., Hugh-
son F. M., Skehel J. J. et al. (1995) A soluble domain of the
membrane-anchoring chain of influenza virus hemaglutinin
(HA2) folds in Escherichia coli into the low pH-induced con-
formation. Proc. Natl. Acad. Sci. USA 92: 12205–12209 

100 Chen J., Skehel J. J. and Wiley D. C. (1999) N- and C-termi-
nal residues combine in the fusion-pH influenza hemagglu-
tinin HA(2) subunit to form an N cap that terminates the
triple-stranded coiled coil. Proc. Natl. Acad. Sci. USA 96:
8967–8972

101 Carr C. M, Chaudhry C. and Kim P. S. (1997) Influenza
hemagglutinin is spring-loaded by a metastable conformation.
Proc. Natl. Acad. Sci. USA 94: 14306–14313

102 Ruigkrok R. W., Martin S. R., Wharton S. A., Skehel J. J., Bai-
ley P. M. and Wiley D. C. (1986) Conformational changes in

the hemagglutinin of influenza virus which accompany heat
induced fusion of virus with liposomes. Virology 155:
484–497

103 Gaspar L., Silva A. C., Gomes A. M., Freitas M. S., Ano Bom
A. P., Schwarcz W. D. et al. (2002) Hydrostatic pressure in-
duces the fusion-active state of enveloped viruses. J. Biol.
Chem. 277: 8433–8439

104 Weissenhorn W., Dessen A., Harrison S. C., Skehel J. J and
Wiley D. C. (1997) Atomic structure of the ectodomain from
HIV-1 gp41. Nature 387: 426–430

105 Chan D. C., Fass D., Berger J. M. and Kim P. S. (1997) Core
structure of gp41 from the HIV envelope glycoprotein. Cell
89: 263–273

106 Tan K., Liu J., Wang J., Shen S. and Lu M. (1997) Atomic
structure of a thermostable subdomain of HIV-1 gp41. Proc.
Natl. Acad. Sci. USA 94: 12303–12308

107 Jelesarov I. and Lu M. (2001) Thermodynamics of trimer-of-
hairpins formation by the SIV gp41 envelope protein. J. Mol.
Biol. 307: 637–656

108 Melikyan G. B., Markosyan R. M., Hemmati H., Delmedico
M. K., Lambert D. M. and Cohen F. S. (2000) Evidence that
the transition of HIV-1 gp41 into a six-helix bundle, not the
bundle configuration, induces membrane fusion. J. Cell Bio.
151: 413–423

109 Markosyan R. M., Melikyan G. B. and Cohen F. S. (2001)
Evolution of intermediates of influenza virus hemagglutinin-
mediated fusion revealed by kinetic measurements of pore
formation. Biophys. J. 80: 812–821

110 Russell C. J., Jardetzki T. S. and Lamb, R. A. (2001) Mem-
brane fusion machines of paramyxoviruses: capture of inter-
mediates of fusion. EMBO J. 20: 4024–4034

111 Gallo A. S., Puri, A. and Blumenthal R. (2001) HIV-gp41 six-
helix bundle formation occurs rapidly after the engagement of
gp120 by CXCR4 in the HIV-1 Env-mediated fusion process.
Biochemistry 40: 12231–12236

112 Rey F.A., Heinz F. X., Mandl C., Kunz C. and Harrison S. C.
(1995) The envelope glycoprotein from tick-borne encaphali-
tis virus at 2 Å resolution. Nature 375: 291–298

113 Lescar J., Roussel A., Wien M. W., Navaza J., Fuller S. D.,
Wengler G. et al. (2001) The fusion glycoprotein shell of Sem-
liki forest virus: an icosahedral assembly primed for fusogenic
activation at endosomal pH. Cell 105: 137–148

114 Gibbons D. L., Ahn A., Chatterjee P. K. and Kielian M. (2000)
Formation and characterization of the trimeric form of the fu-
sion protein of Semliki forest virus. J. Virol. 74: 7772–7780

115 Stiasny K., Allison S. L., Schalich J. and Heinz F. X. (2002)
Membrane interactions of the tick-borne encephalitis virus fu-
sion protein E at low pH. J. Virol. 76: 3784–3780

116 Stiasny K., Allison S. L., Mandi C. W. and Heinz F. X. (2001)
Role of the metastability and acidic pH in membrane fusion by
tick-borne encephalitis virus. J. Virol. 75: 7392–7398

117 Gething M. J., Doms R. W., York D. and White J. (1986) Stud-
ies on the mechanism of membrane fusion: site-specific mu-
tagenesis of hemagglutinin of influenza virus. J. Cell Biol.
102: 11–23

118 Bosch M. L., Earl P. L., Fargnoli K., Picciafuoco S., Giombini
F., Wong-Staal F. et al. (1989) Identification of the fusion pep-
tide of primate immunodeficiency viruses. Science 244: 694-
697

119 Freed E. O., Myers D. J. and Risser R. (1990) Characterization
of the fusion domain of the human immunodeficiency virus
type I envelope glycoprotein gp41. Proc. Natl. Acad. Sci. USA
87: 4650–4654

120 Schaal H., Klein M., Gehrmann P., Adams O. and Scheid A.
(1995) Requirement of N-terminal amino acid residues of
gp41 for human immunodeficiency virus type 1-mediated cell
fusion. J. Virol. 69: 3308–3314

121 Steinhauer D. A., Wharton S. A., Skehel J. J. and Wiley D. C.
(1995) Studies of the membrane fusion activities of fusion

CMLS, Cell. Mol. Life Sci. Vol. 59, 2002 Review Article 1489



1490 G. Basañez Membrane fusion

peptide mutants of influenza virus hemagglutinin. J. Virol. 69:
6643–6651

122 Cross K. J., Wharton S. A., Skehel J. J., Wiley D. C. and Stein-
hauer D. A. (2001) Studies on influenza haemagglutinin fu-
sion peptide mutants generated by reverse genetics. EMBO J.
20: 4432–4442

123 Allison S. L., Schalich J., Stiasni K., Mandi C. W. and Heinz
F. X. (2001) Mutational evidence for an internal fusion pep-
tide in flavivirus protein E. J. Virol. 75: 4268–4275

124 Han X., Bushweller, J. H., Cafiso, D. S. and Tamm L. K.
(2001) Membrane structure and fusion-triggering conforma-
tional change of the fusion domain from influenza hemagglu-
tinin. Nat. Struct. Biol. 8: 715–720

125 Lüneberg J., Martin I., Nüßler F., Ruysschaert J.-M. and 
Herrmann A. (1995) Structure and topology of the influenza
virus fusion peptide in lipid bilayers. J. Biol. Chem. 270:
27606–27614

126 Macosko J. C., Kim C.-H. and Shin Y.-K. (1997) The mem-
brane topology of the fusion peptide region of influenza
hemagglutinin determined by spin-labeling EPR. J. Mol. Biol.
267: 1139–1148

127 Martin I., Schaal H., Scheid A. and Ruysschaert J.-M. (1996)
Lipid membrane fusion induced by the human immunodefi-
ciency type I gp41 N-terminal extremity is determined by its
orientation in the lipid bilayer. J. Virol. 70: 298–304

128 Pritsker M., Rucker J., Hoffman T. L., Doms R. W. and Shai Y.
(1999) Effect of nonpolar substitutions of the conserved
Phe11 in the fusion peptide of HIV-1 gp41 on its function,
structure and organization in membranes. Biochemistry 38:
11359–11371 

129 Martin I., Dubois M. C., Defrise-Quertain F., Saermark T.,
Burny A., Brasseur R. et al. (1994) Correlation between the
fusogenicity of synthetic modified peptides corresponding to
the NH2-terminal extremity of simian immunodeficiency
virus gp32 and their mode of insertion into the lipid bilayer:
an infrared spectroscopy study. J. Virol. 68: 1139–1148

130 Colotto A., Martin I., Ruysschaert J.-M., Sen A., Hui S. W. and
Epand R. M. (1996) Structural study of the interaction be-
tween the SIV fusion peptide and model membranes. Bio-
chemistry 35: 980–989

131 Bradshaw J. P., Darkes M. J., Harroun T. A., Katsaras J. and
Epand R. M. (2000) Oblique membrane insertion of viral fu-
sion peptide probed by neutron diffraction. Biochemistry 39:
6581–6585

132 Epand R. M., Epand R. F. Martin M. and Ruyschaert J. M.
(2001) Membrane interactions of mutated forms of the in-
fluenza fusion peptide. Biochemistry 40: 8800–8807

133 Horth M., Lambrecht B., Khim M. C., Bex F., Thiriart C.,
Ruysschaert J. M. et al. (1991) Theoretical and functional
analysis of the SIV fusion peptide. EMBO J. 10: 2747–2755

134 Voneche V., Portetelle D., Kettmann R., Willems L., Limbach
K., Paoletti E. et al. (1992) Fusogenic segments of bovine
leukemia virus and simian immunodeficiency virus are inter-
changeable and mediate fusion via oblique insertion in the
lipid bilayer of their target cells. Proc. Natl. Acad. Sci. USA
89: 3810–3814

135 Epand R. M. and Epand R. F. (1994) Relationship between the
infectivity of influenza virus and the ability of its fusion pep-
tide to perturb bilayers. Biochem. Biophys. Res. Commun.
202: 1420–1425

136 Epand R. F., Martin I., Ruysschaert J. M. and Epand R. M.
(1994) Membrane orientation of the SIV fusion peptide deter-
mines its effect on bilayer stability and ability to promote

membrane fusion. Biochim. Biophys. Res. Commun. 205:
1938–1943

137 Colotto A. and Epand R. M. (1997) Structural study of the re-
lationship between the rate of membrane fusion and the abil-
ity of the fusion peptide of influenza virus to perturb bilayers.
Biochemistry 36: 7644–7651

138 Davies S. M. A., Epand R. F., Bradshaw J. P. and Epand R. M.
(1998) Modulation of lipid polymorphism by the feline
leukemia virus fusion peptide: implications for the fusion
mechanism. Biochemistry 37: 5720–5729

139 Darkes M. J., Davies S. M. and Bradshaw J. P. (1999) X-ray dif-
fraction of feline leukemia virus fusion peptide and lipid poly-
morphism. FEBS Lett. 461: 178–182

140 Pereira F. B., Valpuesta J. M., Basañez G., Goñi F. M. and Nieva
J. L. (1999) Interbilayer lipid mixing induced by the HIV-1 fu-
sion peptide on large unilamellar vesicles: the nature of the non-
lamellar intermediates. Chem. Phys. Lipids 103: 11–20

141 Agirre A., Flach C., Goñi F. M., Mendelsohn R., Valpuesta J.
M., Wu F. et al. (2000) Interactions of the HIV-1 fusion pep-
tide with large unilamellar vesicles and monolayers: a cryo-
TEM and spectroscopy study. Biochim. Biophys. Acta 1467:
153–164

142 Siegel D. P. and Epand R. M. (2000) Effect of influenza
hemagglutinin fusion peptide on lamellar/inverted phase tran-
sitions in dipalmitoleoylphosphatidylethanolamine: implica-
tions for membrane fusion mechanisms. Biochim. Biophys.
Acta 1468: 87–98

143 Longo M. L., Waring A. J. and Hammer D. A. (1996) Interac-
tion of the influenza hemagglutinin fusion peptide with lipid
bilayers: area expansion and permeation. Biophys. J. 73:
1430–1439

144 Pereira F. B., Goñi F. M., and Nieva J. L. (1995) Liposome
destabilization induced by the HIV-1 fusion sequence: effect
of a single amino acid substitution. FEBS Lett. 362: 243–246

145 Jung J., Gabrys C. M. and Weliky D. P. (2001) Solid state nu-
clear magnetic resonance evidence for an extended b-strand
conformation of the membrane-bound HIV-1 fusion peptide.
Biochemistry 40: 8126–8137

146 Kuhn R. J., Zhang R. J., Rossmann M. G., Pletner S. V., Corver
J., Lenches E. et al. (2002) Structure of dengue virus: impli-
cations for flavivirus organization, maturation and fusion.
Cell 108: 717–725

147 Kozlov M. M. and Chernomordik L. V. (1998) A mechanism
of protein-mediated fusion: coupling between refolding of the
influenza hemagglutinin and lipid rearrangements. Biophys. J.
75: 1384–1396

148 Bentz J. (2000) Membrane fusion mediated by coiled coils: a
hypothesis. Biophys. J. 78: 886–900

149 Danieli T., Pelletier S. L., Henis Y. I. and White J. M. (1996)
Membrane fusion mediated by the influenza virus hemagglu-
tinin requires the concerted action of at least three hemagglu-
tinin trimers. J. Cell Biol. 133: 559–569

150 Blumenthal R., Sarkar D. P., Durell S., Howard D. E. and Mor-
ris S. J. (1996) Dilation of the influenza hemagglutinin fusion
pore revealed by the kinetics of individual cell-cell fusion
events. J. Cell Biol. 135: 63–71

151 Mittal A. and Bentz J. (2001) Comprehensive kinetic analysis
of influenza hemagglutinin-mediated membrane fusion: role
of sialate binding. Biophys J. 81: 1521–1535

152 Markovic I., Leikina E., Zhukovsky M., Zimmerberg J. and
Chernomordik L. V. (2001) Synchronized activation and re-
folding of influenza hemagglutinin in multimeric fusion ma-
chines. J. Cell Biol. 155: 833–843


