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Abstract. Biological membrane fusion is driven by
different types of molecular fusion machines. Most of
these proteins are membrane-anchored by single
transmembrane domains. SNARE proteins are essen-
tial for intracellular membrane fusion along the
secretory and endocytic pathway, while various viral
fusogens mediate infection of eukaryotic cells by

enveloped viruses. Although both types of fusion
proteins are evolutionarily quite distant from each
other, they do share a number of structural and
functional features. Their transmembrane domains
are now known to be critical for the fusion reaction.
We discuss at which stages they might contribute to
bilayer mixing.
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Introduction

Biological membrane fusion is central to cellular
secretion and endocytosis, infection of eukaryotic host
cells by enveloped viruses, cell-cell fusion, etc. Several
excellent recent reviews cover the mechanism of
fusion [1-17]. Depending on the perspective of the
different authors, these reviews emphasize different
aspects of fusion, like the specificity of membrane-
membrane recognition prior to fusion, regulation of
fusogenic proteins by accessory factors and the
biophysics of bilayer mixing, to name a few. Here,
we review the mechanism of the fusion reaction and
focus on the role of the transmembrane domains
(TMDs).

Amphipathic phospholipid molecules self-assemble in
aqueous solution into bilayers that normally do not
fuse spontaneously. How do the lipids then rearrange
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along the pathway from the unfused to the fused
membrane and how do fusogenic proteins facilitate
bilayer restructuring? Functional dissection of the
fusion reaction is primarily based on two major model
systems. One system comprises envelope proteins
from different viruses, of which the trimeric class I
fusion protein influenza hemagglutinin (HA) repre-
sents the most thoroughly investigated case [2, 12].
Class I viral fusogens are synthesized as precursor
molecules that are proteolytically cleaved to yield the
mature forms. The membrane-spanning subunit con-
tains an N-terminal amphipathic fusion peptide, an
ectodomain that folds into a coiled-coil structure and a
single TMD. In the case of class II proteins, internal
fusion sequences are embedded within the ectodo-
mains [1, 4, 13]. SNARE:s [soluble N-ethylmaleimide-
sensitive factor (NSF) attachment protein receptors],
on the other hand, form a family of orthologs that are
essential for most types of intracellular membrane
fusion, ranging from constitutive vacuole-vacuole
fusion in yeast cells to regulated exocytosis of neuro-
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transmitters from mammalian presynaptic terminals
[4, 10, 14, 17]. According to their preferential sub-
cellular localization, SNARE proteins were initially
classified as vesicle (v) or target membrane (t)-
SNARESs [18]. This nomenclature is somewhat am-
biguous, since t-SNARESs are also found on vesicles
and v-SNARESs can be found on target membranes. A
systematic sequence analysis revealed that most v-
SNARESs have an arginine residue in the center of the
SNARE domain (R-SNARESs), whereas a glutamine
(or aspartate) residue is found in syntaxins and SNAP-
25-like t-SNARE proteins (Q-SNARE:s) [19, 20]. The
N-terminal domains of SNAREs show considerable
variability. The N terminus of Q-SNARE:s consists of a
three-helix bundle [10] that can interact with the
central SNARE domain. R-SNARESs have either a
complex longin-fold (longins) or short, presumably
unstructured, sequences (brevins) [14]. Most
SNAREs are membrane anchored via a single C-
terminal proteinaceous TMD. In some cases, anchor-
ing is mediated by palmitate (the Q-SNAREs SNAP-
25 and SNAP-23 [21, 22]), palmitate and farnesyl
chains (Ykt6, [23,24]) or by an N-terminal PX domain
(the Q-SNARE Vam?7, [25, 26]). However, SNARE-
mediated fusion can occur only if at least one SNARE
on each bilayer is anchored by a TMD [27, 28].
SNARESs do not share sequence homology with viral
envelope proteins and thus both types of fusogens
must be regarded as distinct classes of molecules.
Nevertheless, they do share a number of basic
architectural features: both are integral membrane
proteins with a single-span transmembrane topology,
both assemble to quaternary complexes via formation
of membrane-extrinsic coiled-coil domains, and in
both cases the quaternary complexes form supra-
molecular multimers [4, 8, 29, 30]. The TMDs of
SNARE:S [31-33] and of hemagglutinin [34] insert as
a-helices that span the bilayer and assume oblique
angles relative to the normal bilayer.

To assess the potential function of fusion protein
TMDs in fusion, they have been replaced with lipid
anchors, mutated or truncated. Table 1 lists a number
of examples where alteration of viral fusion protein
TMDs affects the efficiency of fusion; in some other
reports, TMDs were not functionally relevant. Table 2
compiles the evidence for a role of TMDs in SNARE
function.

In addition to the structural analogies between viral
fusogens and SNARESs, fusion reactions that are
driven by these proteins share essential mechanistic
features. In both cases can bilayer mixing be divided
into subreactions: (i) membrane apposition, (ii) for-
mation of stalk and hemifusion intermediates, (iii)
fusion pore formation, and (iv) the hemifusion-to-
fusion transition. By outlining the various stages of the
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fusion reaction, we discuss the stage(s) at which the
TMDs may contribute to membrane fusion.

Membrane apposition

Depending on their content in charged lipid species
and integral membrane proteins, hydrated mem-
branes are held at an equilibrium distance of 2-
20 nm [13]. Accordingly, the first step leading to
fusion is the establishment of an intermembrane
contact by proteins that bridge both cognate bilayers.
To our knowledge, no influence of TMDs at this stage
is currently known. Therefore, this stage is only
reviewed briefly here.

Virus docking to cellular membranes involves expo-
sition of the amphipathic fusion peptides by a
conformational change of ectodomains; this is fol-
lowed by fusion peptide insertion into the target
bilayer. Subsequent structural rearrangements of the
ectodomains are probably required to closely juxta-
pose both bilayers [1, 12, 35] (Fig. 1a). In addition,
there is direct evidence that the heptad repeats within
the ectodomains of HIV and Sendai virus are directly
involved in membrane fusion [36-40].

The situation is more complex with intracellular
fusion since membrane-membrane recognition along
the secretory pathway needs to be specific. Different
subcellular membranes contain distinct sets of
SNARES, which form defined trans complexes upon
initial membrane contact (Fig. 1b, c) [41]. Thereby,
the cytoplasmic SNARE domains assemble to inter-
molecular coiled coils [42, 43]. SNARESs appear to
zipper up from the N to the C terminus [44-46],
although another recent study contradicts this view
[47]. This folding reaction leads to the close apposition
of membranes prior to lipid mixing. Contrary to the
original expectation [18], it is likely that the specificity
of organelle-organelle recognition in the cell does not
exclusively rest on trans SNARE pairing [48, 49],
although evidence for specificity has subsequently
been reported [50, 51]. Rather, initial membrane
contactis at least in part mediated by Rab proteins and
tethering factors that act upstream of SNARE com-
plex formation. Proteins discussed as tethers include
Usolp, TRAPP, the exocyst, the GARP/VFT com-
plex, the HOPS complex and EEA1 [52-55]. Evolu-
tionarily distant organisms such as yeast, invertebrates
and mammals appear to present different variations of
the common theme of trans SNARE pairing. In
addition, different types of fusion — such as organ-
elle-organelle fusion or neurotransmitter release —
may have specific requirements. In symmetric va-
cuole-vacuole fusion, cis complexes of R- and Q-
SNARE:s exist prior to fusion [56]. They have to be
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Table 1. Functional defects displayed by viral fusion proteins after replacing or altering their TMDs.

Protein Type of TMD alteration Functional defect Reference
Influenza hemagglutinin Replacement by Abolished contents mixing but [63, 64]
GPI anchor retained outer leaflet mixing
Influenza hemagglutinin Replacement by Abolished contents mixing that [67]
GPI anchor is partially rescued by chlorpromazine
Influenza hemagglutinin Replacement by Inefficient fusion pore [105]
GPI anchor formation and growth
Influenza hemagglutinin Replacement by Fusion retained [148]
unrelated TMDs
Influenza hemagglutinin TMD G520L mutation Abolished contents and reduced [149].
(Japan strain) inner leaflet mixing, absence of [65]
fusion pores, fusion rescued by
chlorpromazine
Influenza hemagglutinin Shortening of TMD Abolished contents mixing but [66]
by 12 residues retained outer leaflet mixing,
partially rescued by chlorpromazine
VSV G-protein Replacement by Abolished fusion [77]
GPI anchor
VSV G-protein Deletion of TMD Abolished contents mixing but [68]
residues or mutation retained outer leaflet mixing
of a GxxxG motif
VSV G-protein Replacement by Fusion retained [77]
unrelated TMDss
HIV gp120 Replacement by Reduced syncytia formation [150].
GPI anchor [151]
HIV gp120 Different truncations Reduced syncytia formation [152]
and mutations
HIV gp120 Replacement by Viral particle release [153]
CD22 TMD or maintained
R6961 mutation
HIV gp120 Replacement by Reduced outer and inner [154]
glycophorin A or leaflet mixing
VSV G-protein TMD
HIV gp120 Mutation of Reduced cell-cell fusion [155]
GGxxG motif
Measles virus Cysteine residues Reduced palmitoylation and [156]
F protein mutated cell-cell fusion
HN protein of Newcastle Mutation of leucine Reduced fusion-promoting [157]
disease virus zipper repeat activity
Moloney murine leukemia Mutation of Pro617 Reduced fusion and infectious [158]
virus envelope protein particle formation
Reovirus fusion associated Mutation of Reduced syncytia [159]
small transmembrane tri-glycine motif formation
protein p10
Herpes simplex virus Replacement by Reduced cell-cell fusion [160]
type 1 glycoprotein gD GPI anchor
Herpes simplex virus Various point mutations Reduced cell-cell fusion [161]
type 1 glycoprotein gH
VSV TMD peptide Mutating GxxxG motif Reduced liposome-liposome fusion [85]
and other point mutations
VSV TMD peptide Mutating GxxxG motif Reduced liposome-liposome fusion [86]
Semliki forest Mutation of conserved Reduced cell-cell fusion and [162,163]

virus E1 protein

Gly residues

increased dependence of
liposome fusion on cholesterol
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Table 2. Functional defects displayed by SNARE proteins after replacing or altering their TMDs.

Protein Type of TMD alteration Functional defect Reference

Caenorhabditis elegans Frameshift within TMD of Reduced neurotransmission [164]

Snb-1 naturally occurring mutant

Caenorhabditis elegans Truncated TMD Reduced neurotransmission [165]

Unc-64

Synaptobrevin II and Replacement by phosphatidyl- Reduced liposome-liposome fusion [166]

syntaxin 1A ethanolamine anchor

Yeast exocytotic Replacement by isoprenoid Reduced exocytosis, rescue by [27]

Snclp and Sso2p anchor lysolipid addition to distal leaflet

Synaptobrevin II Multiple point mutations Reduced liposome-liposome fusion [84]

TMD peptide

Yeast vacuolar Vam3p Replacement by isoprenoid Reduced vacuole-vacuole fusion [28]
anchor

Yeast exocytotic Truncation of TMD to half Reduced inner leaflet mixing in [31]

Snclp of its original length liposome-liposome fusion

Synaptobrevin II and Replacement by Abolished inner leaflet mixing in [75]

syntaxin 1A GPI anchor cell-cell fusion (“flipped” SNARE:s)

Yeast vacuolar Vam3p Multiple point mutations Reduced vacuole-vacuole fusion [87]

(full-length protein and TMD
peptide)

reduced inner leaflet mixing in
liposome-liposome fusion

dissociated by the AAA-ATPase NSF and a-SNAPs
prior to assembly of trans complexes that bridge the
membranes [57] (Fig.1c). In contrast, fusion of
secretory vesicles to the plasma membrane is asym-
metric. It requires SNAP-25 orthologues, which
combine two SNARE domains in one protein
(Fig. 1b). Syntaxin and SNAP-25 assemble in cis at
the plasma membrane prior to trans complex forma-
tion with the R-SNARE of the secretory vesicle [4, 10,
14, 29, 46]. Although most researchers agree that
SNARE pairing sets the stage for fusion, controversy
still exists. For example, quantitative removal of
SNARESs did not inhibit the ability of sea urchin
cortical vesicles to fuse [58]. In agreement with this
cautious note, a recent study reports that synaptic
SNARESs that are reconstituted in liposomal mem-
branes at very low protein/lipid ratios accelerate lipid
mixing even without detectable trans complex forma-
tion, provided that the membranes were dehydrated
by poly(ethylene glycol) [59].

TMDs in formation of stalk and hemifusion
intermediates

Lipid mixing is thought to involve intermediate
membrane structures, and this has been reviewed
extensively [6, 8, 13, 60]. Here, we briefly summarize
the current concepts and discuss the potential involve-
ment of the TMDs.

Mixing of outer membrane leaflets requires that lipid
molecules leave their bilayer orientation. This step is
thought to result in a ‘stalk’ structure that provides a

local link between both membranes (Fig. 2). The stalk
corresponds to an hourglass-shaped structure that
may contain only a few dozen lipid molecules.
Expansion of the stalk is then believed to result in a
hemifusion diaphragm. In hemifusion, the contacting
outer monolayers mix over a more extended area,
while the distal monolayers stay intact, thus preserv-
ing the separation of both aqueous compartments
before a fusion pore forms. The concept of stalk
formation and hemifusion was originally inspired by
studies on viral fusion protein function [13, 61, 62].
This issue is not uncontroversial since experimentally
detectable lipid mixing is preceded by fusion pore
formation under conditions that allow for complete
fusion. One line of evidence supporting the existence
of stalk and hemifusion intermediates rests on the
sensitivity of the fusion reaction to lipids of different
intrinsic curvature. The intrinsic curvature is defined
by the ratio of the cross-sectional area of the hydrated
lipid head group to that of the acyl chain moiety. It
dictates the curvature of a monolayer composed of the
respective lipid species. Accordingly, lysophosphati-
dylcholine with its single acyl chain has a highly
positive intrinsic curvature. It thus stabilizes positive
curvature of the outer monolayer of a spherical, lipid-
enclosed particle, such as a liposome or a small
secretory vesicle. Conversely, the negative curvature
of the inner monolayer of the same particle is
stabilized by lipids with negative intrinsic curvature,
such as phosphatidylethanolamine, diacylglycerol and
phosphatidic acid or even by free fatty acids. At the
stalk structure and at the rim where a hemifusion
diaphragm meets the adjoining bilayers, the outer, i.e.,



854 D. Langosch, M. Hofmann and C. Ungermann Transmembrane domains and membrane fusion

virus

influenza HA

cell membrane hemifusion
B
synaptic vesicle
synapto- I
— I (] n
—
SNAP. IVa \"
I syntaxin |"I ? ‘ J’ ,l
— <
presynaptic membrane trans complex v | | | |
J o 0y [/ PN
Vb | v
0 n’
n Ve
~ 1]
hemifusion f
fusion pore
c
yeast vacuole
vam7p Wil Vam3p
I 111 v
— — T— —
+Sec17/18
+ATP
Vam3p W\ vam7p
hemifusion ‘ I

trans complex

cis complex

Figure 1. Models of protein-mediated membrane fusion. (@) Influenza hemagglutinin HA2 subunit as a representative of class I viral
fusion proteins. In the resting state, the coiled-coil domain of the trimeric molecule constitutes a six-helical bundle. Upon a pH-triggered
extension of the coils the N-terminal fusion peptides (red dots) insert into the target membrane (I). Chain reversal is probably required to
mediate membrane apposition (II), hemifusion (IIT) and fusion pore formation (not shown) prior to complete fusion (IV) where TMDs and
fusion peptides might be close. Two trimers are shown per fusion site to visualize the known cooperative nature of hemagglutinin function.
(b) SNARE:s and synaptic vesicle fusion in neurotransmitter release. Synaptobrevin associates with a preformed syntaxin/SNAP-25
heterodimer by sequential N- to C-terminal complex assembly (1) to yield the complete trans complex (I1). Trans complex formation is
thought to result in hemifusion (IIT). A fusion pore develops that is either primarily composed of lipid (IVa), lipid plus protein (IVb) or
protein (IVc). The process is terminated by full fusion (V). (¢) SNARESs and yeast vacuole fusion. Cis SNARE complexes in resting
vacuoles are dissociated by Sec17/Sec18/ATP (1) prior to trans complex formation (II), hemifusion (I11) and contents mixing (IV). A fusion
pore is not depicted here. In (b) and (c) two trans complexes per fusion site are shown to visualize the known cooperative nature of SNARE
function.

proximal, monolayer of a fusing membrane has to stalk formation and hemifusion rationalizes these

adopt a more net negative curvature compared to the
unfused bilayer. Thus, the fusing membrane is prob-
ably stressed at these sites. Indeed, fusion is stimulated
by molecules with negative intrinsic curvature and
inhibited by molecules with positive intrinsic curva-
ture within the proximal monolayer. The concept of

observations since local bilayer stress is decreased by
the presence of lipids with the appropriate shape.

Hemifusion can be observed directly with certain
mutant fusion proteins that favor outer leaflet mixing
over fusion pore formation and full membrane fusion.
For example, influenza hemagglutinin loses its ability
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Figure 2. Lipid topology in fusion intermediates. The schematic
depicts hypothetical lipid arrangements in stalk and hemifusion
diaphragm that are thought to be on-pathway intermediates in the
reaction pathway from unfused liposomes to complete lipid mixing.
The fusion pore is putatively placed at the boundary between
bilayer phase and hemifusion diaphragm. The stalk structure was
modeled after [147].

to induce enlarging fusion pores and full membrane
fusion when a glycosylphosphatidylinositol (GPI)
membrane anchor replaces its TMD (GPI-HA).
Nevertheless, GPI-HA induces the redistribution of
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fluorescent lipids between the outer monolayers of
fusing cells, the hallmark of hemifusion [63, 64]. A
hemifusion phenotype is also seen upon introducing a
point mutation into the hemagglutinin TMD [65] or
after truncating it by more than 12 residues [66].
Notably, chlorpromazine, an agent that is thought to
specifically destabilize the inner monolayer — of which
the hemifusion diaphragm is composed — rescues full
fusion with GPI-HA [67] and the point mutant [65].
Hemifusion is also seen after truncating or mutating
the TMD of the vesicular stomatitis virus (VSV) G-
protein [68]. Collectively, the implications of these
results are twofold: First, they suggest that hemifusion
is a true intermediate of the fusion reaction. Under
normal conditions, hemifusion is thought to be
‘restricted’ and to rapidly give way to fusion pore
formation and inner leaflet mixing. In those cases
where outer leaflet mixing can be experimentally
observed, the hemifusion diaphragm may have ex-
panded into an ‘unrestricted’ structure that may even
represent a kinetically stable dead-end. Formation of
stalk and hemifusion intermediates is supported by
molecular dynamics simulations of fusion. In one
recent study, fusion between tethered, protein-free
liposomes was suggested to follow a branched path-
way, in which a common stalk-like intermediate can
either directly form a fusion pore or enter a metastable
hemifused state on the way to fully fused vesicles [69].
The need for fusogenic proteins may be obliterated in
these calculations due to the unrealistically small
diameter (14 nm) of the liposome model, and to its
exclusive composition of phosphatidylethanolamine.
The negative intrinsic curvature of this lipid does not
permit formation of experimental liposomes that are
composed of only this lipid.

Apart from revealing the existence of hemifusion,
characterization of the TMD mutants also uncovered
the apparent involvement of fusion protein TMDs in
the hemifusion-to-fusion transition, which is discussed
in detail in the corresponding section below.

Recent studies indicate that hemifusion is also an
authentic intermediate of SNARE-driven membrane
fusion. The first hint in this respect was provided upon
replacement of the TMDs of yeast exocytotic
SNARE:Ss (Snclp and Sso2p) by C16 geranyl-geranyl
moieties. While this abolished exocytosis, the fusion
defect could be rescued by addition of lysolipid to the
distal membrane leaflets, i.e., from the cells’ exterior
[27]. This suggested that increasing the positive
curvature of the distal monolayer overcame arrest at
a hemifusion intermediate. At the same time, this
study demonstrated that SNARE pairing by itself is
insufficient for complete fusion but requires TMDs;
replacement of the TMD of the vacuolar Q-SNARE
Vam3p corroborated this notion [28]. A more direct
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indication for hemifusion was obtained when yeast
vacuoles were shown to exchange fluorescent lipid
labels of the outer monolayer under conditions where
SNARE pairing occurs, but where content mixing is
apparently blocked [70]. In line with the curvature
concept, addition of lysolipid to proximal vacuolar
membrane leaflets reversibly prevented hemifusion
[71], while diacylglycerol accelerated fusion [72].
Evidence for hemifusion also comes from an in vitro
assay that examines fusion between artificial lip-
osomes containing recombinant SNAREs [73]. A low
surface density of yeast exocytotic SNARE proteins in
the membrane or shortening the R-SNARE TMD to
about half of its original length partially arrests
liposomes at hemifusion. Hemifusion appears to be
an on-pathway intermediate in this reaction, as
suggested by a progressive decrease of the percentage
of hemifused membranes in the course of the reaction
[31]. Finally, “flipped” synaptic SNAREs can be
expressed with an inverted transmembrane topology
on the surface of eukaryotic cells if they are equipped
with an N-terminal cleavable signal sequence. In this
configuration, they induce cell-cell fusion [74]. One
third of the individual fusion events correspond to
hemifusion as determined by the redistribution of
aqueous versus lipidic markers. In analogy to previous
experiments done with viral fusogens, flipped
SNAREs whose TMDs had been replaced by GPI-
anchors exclusively induce hemifusion. Hemifusion is
partially reversible and considered by the authors as
an off-pathway reaction since a progressive decrease
of the number of hemifusion events in favor of
complete fusion was not seen [75].

These results convincingly demonstrate that hemi-
fusion is relevant in SNARE-mediated fusion. More-
over, they suggest that hemifusion can easily be
reached upon membrane apposition. Theoretical
estimates have indeed indicated that the repulsive
force separating hydrated bilayers as well as the
energy required for local lipid rearrangement in stalk
formation would not present major barriers on the
fusion pathway [6, 13]. It is thus possible that trans
complex formation plus thermal energy suffice to
induce outer leaflet mixing. Hemifusion of model
membranes can indeed be triggered by physical
means. It was shown that stacked pure dehydrated
bilayers that contained lipids with negative sponta-
neous curvature formed a stalk-like structure that
could be observed by X-ray scattering [76].

Is outer leaflet mixing influenced by SNARE TMDs?
While this issue is currently unresolved, some obser-
vations suggest that this might indeed be so. For
example, the VSV G-protein appears to require a
proteinaceous TMD for fusion initiation since its
replacement by a GPI-anchor reduced fusion without
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inducing hemifusion [77]. Further, GPI-anchored HA
is only ~40 % as efficient as the wild-type protein in
outer leaflet mixing [66]. Similary, flipped presynaptic
SNAREs whose TMDs had been replaced by GPI-
anchors induced only ~50-70 % of outer leaflet mixing
(the sum of complete fusion plus hemifusion) com-
pared to the wild-type SNARESs. Full-length and GPI-
linked proteins exhibited comparable surface densi-
ties in the plasma membrane [75]. These results are
thus compatible with the view that the proteinaceous
TMDs stimulate outer leaflet mixing.

TMDs may contribute to fusion initiation by bilayer
deformation. It has been argued that fusogenic
proteins might locally deform the bilayer by pulling
on the lipids that surround their TMDs. This would
result in ‘nipples’ or ‘dimples’, whose local curvature
would increase their energy and therefore favor stalk
formation [6, 13]. Thus, one function of the TMD
could simply be to translate trans complex formation
or conformational changes of ectodomains into local
bilayer stress. In addition, it has recently been
suggested that SNAREs may destabilize the bilayer
via the TMDs since membranes holding the recon-
stituted proteins were leaky even without complex
formation [59]. Protein/lipid interactions are notori-
ously difficult to study. Which forces could mediate
the interaction of fusion protein TMDs and lipids?
First, most SNAREs contain a cluster of lysine and
arginine residues within the flanking region close to
their TMD N-termini [19, 78]. In case of synaptobre-
vin, the positively charged residues have been pro-
posed to interact with the negatively charged phos-
phatidylserine in cis or in frans, depending on the
experimental conditions. The trans interaction may
play a role in membrane docking and/or fusion [79].
On the other hand, omission of phosphatidylserine
had no effect on SNARE-mediated liposome fusion
[80]. Alternatively, therefore, positively charged res-
idues may interact with the phosphate moiety of
phospholipid headgroups in cis, and thereby stabilize a
TMD/lipid interaction as seen with other membrane
proteins [81]. The issue of whether these positively
charged residues are important for fusion or not is
confounded by the observation that their mutation
within the yeast Q-SNARE Ssolp affects fusion in vivo
but not in vitro [82]. Second, a conserved pair of
tryptophan residues is located between the positively
charged cluster and the hydrophobic core of R-
SNARE TMDs. This tryptophan motif inserts into
the acyl chain region of the membrane in cis, and has
been proposed to bend the SNARE domain towards
the bilayer [83]. Third, the TMDs may mechanically
interact with the surrounding lipids by virtue of their
intrinsic structural dynamics. This is suggested by
studies with synthetic peptides that harbor the hydro-
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phobic cores of fusion protein TMDs, but dispense
with the soluble domains [84-87]. In this approach,
the reductionist philosophy that motivated reconsti-
tution and functional characterization of isolated full-
length recombinant SNARESs [73, 88-90] was extend-
ed to correlate functional and structural properties of
the TMDs. Indeed, reconstituted peptides that mimic
the TMDs of synaptic [84] or yeast vacuolar SNAREs
[87] or of the VSV G-protein [85, 86] drive liposome
fusion, while pure liposomes only show negligible
background fusion. Fusion is detected at peptide/
lipid-ratios that correspond to 20-100 TMD copies per
liposome (30 nm diameter), which is close to the
surface density of SNARESs in synaptic vesicles [91].
Like natural fusion reactions, fusion by TMD-pep-
tides is sensitive to lysophosphatidylcholine and
enhanced by the negative-curvature lipid phosphati-
dylethanolamine [84, 85]. Although the TMD pep-
tides cannot bridge membranes prior to fusion, the
macroscopic kinetics of peptide-induced liposome
fusion is comparable to that seen with full-length
SNARESs. It has been estimated previously that the
macroscopic fusion kinetics of the latter is dominated
by the low probability by which randomly colliding
liposomes fuse [88]. It is thus likely that the frequency
by which liposomes collide randomly dominates the
probability by which they enter fusion, regardless of
whether they hold full-length proteins or TMD
peptides. More recently, however, it has been shown
that stabilizing the syntaxin/SNAP25 complex by a
peptide representing part of the synaptobrevin
SNARE domain allowed for fast liposome fusion
which saturated within seconds [46]. By comparison,
individual SNARE-driven liposome fusion events
occur within milliseconds [92-94]. TMD peptide-
driven fusion is sequence specific [84]. For example,
the same point mutations reduce the fusogenicity of
full-length VSV G-protein in a cell-based fusion assay
[68] and the fusogenicity of the corresponding syn-
thetic TMD in the liposome assay, while an oligo-
leucine peptide is non-fusogenic [85]. Thus, hydro-
phobicity of a peptide does not cause fusogenicity.
Rather, the function of the TMD-peptides may be
related to the stability of their a-helical conforma-
tions. In solution, peptides corresponding to wild-type
SNARE TMDs exist as concentration-dependent
mixtures of a-helical and P-sheet structures and
mutations that increase helicity decrease fusogenicity
[84]. Similarly, mutations that stabilize the VSV G-
protein TMD helix diminish fusion [86]. Although
other transmembrane helices have been observed to
refold into B-sheets [95, 96], reversible helix/sheet
transitions are unlikely to take place in the hydro-
phobic environment of a membrane. Rather, it is
conceivable that local and transient opening of back-
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bone hydrogen bonds renders a membrane-embedded
helix conformationally flexible. Recent electron spin
resonance spectroscopy data support this idea in
demonstrating increased motional dynamics of the
oligo-valine stretch that constitutes the C-terminal
half of the yeast SNARE Ssolp helix in a bilayer [33].
A flexible helix may induce local membrane defects
and thereby promote outer leaflet mixing upon
collision with a partner liposome. The hypothesis of
fusion-promoting TMD flexibility is consistent with
the overrepresentation of [(3-sheet-promoting @3-
branched residues (isoleucine, valine) in SNARE
TMDs [84] and of isoleucine and glycine in viral
fusion protein TMDs [68]. Although p-branched
residues support formation of hydrophobic model
helices in micelles [97], they are known to destabilize
soluble helices [98, 99]. In a hydrophobic environ-
ment, these residue types may promote local and
transient helix unfolding that is too subtle to be
detected by CD spectroscopy. Helix destabilization by
isoleucine and valine may be related to an increased
entropy loss upon helix formation since p-branched
side-chains exhibit a smaller number of side-chain
conformations in the helical than in the unfolded state
[100] and/or to steric clashes between side-chain and
local backbone [99]. Glycine is known to destabilize
helices since it cannot promote folding by side-chain/
side-chain interaction [101]. That structurally flexible
TMDs may contribute to lipid mixing is in line by the
successful de novo design of fusogenic TMD peptides.
Here, the hydrophobic cores of a series of peptides
consist of helix-promoting leucine, sheet-promoting
valine and/or helix-destabilizing proline and glycine
residues. Depending on the relative ratio of these
residues, the peptides display a range of different
fusogenicities. Interestingly, the more fusogenic pep-
tides can be readily refolded from the a-helical
conformation to (-sheet or vice versa by changing
solution polarity [102].

TMD:s in fusion pore formation

The existence of fusion pores has originally been
indicated by studying viral fusion proteins. These
pores are likely to form within the hemifusion
diaphragm and their dilation is thought to complete
bilayer mixing. The rim of a hemifused membrane is
particularly suited for pore formation since local
bilayer stress is expected to promote rupture at this
site [103]. This rim may correspond to the vertex of
apposed bilayers. Indeed, video microscopy has re-
vealed intravacuolar disc-shaped membrane frag-
ments that pinch off from the vertices of fusing yeast
vacuoles. The vertex is enriched in the Q-SNARE
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Vam3p and a number of known regulatory proteins
[104].

The walls of fusion pores may primarily be composed
of lipids or of protein domains, like the TMDs. Lipids
are clearly involved since pore formation induced by
viral fusogens depends on the intrinsic curvature of
lipidsin a way that isinverse to the lipid dependence of
hemifusion [61]. Thus, the cone-shaped lysophospha-
tidylcholine stabilizes a fusion pore presumably by
forming a positively curved cover over the exposed
acyl chains of a bilayer crack. Further,even GPI-HA is
capable of forming small fusion pores [105]. Since
these pores fail to enlarge, the TMD of hemagglutinin
may be dispensable for pore formation but be
required for its expansion.

Lipids also play a role in SNARE-mediated fusion.
The fusion-active vertices in vacuoles accumulate
several regulatory lipids, including ergosterol, diacyl-
glycerol and 3- and 4-phosphatidylinositides in a
mutually interdependent manner with SNAREs and
other fusion factors [106]. While ergosterol and
diacylglycerol might affect bilayer tension by virtue
of their intrinsic negative curvature, the phosphatidy-
linositides appear to form acceptor sites for the
soluble SNARE Vam7p and actin; ergosterol regu-
lates Secl7p release. Palmitoylated proteins such as
Vac8p may facilitate fusion by intercalating into the
lipids at the fusion site [104, 107-109]. In vertebrates,
fusion may be modulated by cholesterol. Its selective
removal from membranes, selective sequestering
within membranes or enzymatic modification causes
a significant inhibition of the extent, Ca®" sensitivity
and kinetics of fusion of cortical vesicles isolated from
sea urchin eggs [110]. Cholesterol may stimulate
fusion by way of is negative intrinsic curvature;
alternatively, it may also be related to raft formation
at fusion sites since depletion of sphingomyelin has a
similar effect [111]. In SNARE-dependent insulin
exocytosis, opening of a fusion pore was actually
preceded by unrestricted lateral diffusion of lipids.
This is a rare example where lipid mixing can be
observed prior to formation of an aqueous continuity
[112]. It is no surprise to see that neurotransmitter
release is also lipid dependent. Snake venom phos-
pholipase A2 hydrolyses phospholipids to lysolipids
and fatty acids; addition of these products stimulates
exocytosis at the neuromuscular junction and thus
mimics the effect of the toxin. Again, the action of
these agents is explained by their effects on membrane
curvature [113].

A natural fusion pore may also require TMDs. For
example, a set of residues along the same face of the
syntaxin TMD helix appears to determine neuro-
transmitter flux and pore conductance [114]. Al-
though these results suggest that the syntaxin TMD
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lines the fusion pore, the sensitive side chains may not
be polar enough to allow passage of solutes, and their
volumes are not conserved in evolution [115]. In any
case, one may wonder whether the R-SNARE TMD
would also contribute to pore formation and, if so,
whether this TMD would form a half-channel within
the vesicular bilayer that connects to a Q-SNARE
TMD half-channel (Fig. 1b). There is indeed indirect
evidence for a contribution of the R-SNARE TMD to
the pore as the kinetics of pore expansion has been
found to depend on whether exocytosis is mediated by
synaptobrevin or its orthologue cellubrevin whose
TMDs are not conserved [116]. It has been suggested
that dilation of a predominantly proteinaceous fusion
pore would require dissociation of the TMD lining
with concomitant lipid intercalation. This does not
necessarily need to be so. Rather, a fusion pore may be
partially composed of TMDs and of lipid (Fig. 1b).
Even a purely proteinaceous pore may require lateral
opening at only one site for lipid mixing to proceed.
Fusion pores in neurotransmitter release do not
irreversibly lead to complete fusion. Rather, the
‘kiss-and-run” mode may be favored [117] depending
on the intracellular Ca’" concentration [118], the
subtype of the Ca®" sensor synaptotagmin [119], or
other factors that determine the release probability of
the nerve terminal [120]. In the kiss-and-run mode,
the vesicles may remain tightly docked or even
hemifused to the plasma membrane as suggested by
recent in vitro data [121].

The formation of fusion pores during intracellular
fusion has also been ascribed to non-SNARE mem-
brane proteins such as the VO subunit of the ATPase
[122] and the associated Vtc proteins [123]. It is likely
that these proteins support the organization of lipids
and SNARE:s at the fusion site. In favor of this idea,
lipid and content mixing is deficient for vacuoles
lacking the VO subunit Vphlp or Vac8p [70].

Transmembrane domains in the hemifusion-to-fusion
transition

Fusion pore dilation is thought to initiate the tran-
sition from the hemifused to the fully fused state of the
membrane. As outlined above, replacing the proteina-
ceous TMDs of various viral fusion proteins or of
SNARESs by lipid anchors or altering their primary
structures leads to partial or full arrest of the fusion
reaction at hemifusion [31, 63-67, 75, 105, 124]. In
addition to revealing the existence of a hemifused
state, these results also demonstrate a crucial role of
the TMDs in the transition from hemifusion to
complete bilayer mixing.

To date it is not clear how a TMD may accomplish this
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transition. Nevertheless, a recent study might shed
light on the issue. In this study, the fusogenic function
of a synthetic peptide mimicking the vacuolar Q-
SNARE Vam3p TMD was examined in the liposome
system. Interestingly, the extent to which the TMD
elicited complete bilayer mixing versus hemifusion
non-linearly increased with the surface density of the
helical peptide. Thus, TMD helices appear to cooper-
ate in the hemifusion-to-fusion transition. Further, the
fraction of hemifused membranes decreased with
reaction time, which qualifies hemifusion as an on-
pathway intermediate. Interestingly, introducing mul-
tiple mutations on one, but not on the other, face of the
helix significantly favored hemifusion, while covalent
dimerization of the mutant TMD restored complete
fusion to the level seen with the wild type. Therefore,
TMD-TMD interaction via the mutated residues
appears to support the hemifusion-to-fusion transi-
tion. When tested in the context of full-length Vam3p,
the crucial TMD mutation also reduced mixing of
contents of yeast vacuoles [87]. Moreover, the same
mutation or TMD deletion abolished non-covalent
homodimerization of recombinant Vam3p but not
quaternary complex formation with partner SNAREs
[125]. In sum, these findings suggest a role of
homotypic lateral TMD-TMD interactions in inner
leaflet mixing.

Indeed, TMDs have previously been demonstrated to
mediate SNARE/SNARE interactions. The synaptic
R-SNARE synaptobrevin II and the Q-SNARE
syntaxin 1A homo- and heterodimerize in SDS
micelles and in a natural membrane through a
conserved motif within their respective TMDs [126—
129]. The synaptobrevin motif forms a tightly packed
interface as indicated by molecular modeling. Effi-
cient packing of these residues requires that the
helices cross each other at a negative angle [126, 130].
Although the synaptobrevin TMD-TMD interactions
have been proposed to be of very low affinity [131],
they are significant under carefully controlled exper-
imental conditions [129]. A fusion protein of Staph-
ylococcus aureus nuclease A and the syntaxin 1A
TMD homodimerizes with a free energy of -3.5 kcal
mol™ by analytical ultracentrifugation. In contrast,
homodimerization of an analogous synaptobrevin
TMD construct could not be detected under these
conditions unless its interaction motif [128] was
rendered fully identical to the one of syntaxin 1A by
a single mutation [132]. The low synaptobrevin
affinity may be due to steric hindrance of the TMD
by the nuclease A domain as indicated by a previous
study [126]. Evidence for SNARE TMD-TMD inter-
action has also been obtained by electron paramag-
netic resonance spectroscopy of membrane-reconsti-
tuted spin-labeled proteins. Accordingly, alternate
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surfaces of the yeast exocytotic R-SNARE Snc2p
TMD helix may interact with partner TMDs [31],
while residues that mediate tertiary contacts of the Q-
SNARE Ssolp TMD are confined to one face within
its N-terminal half. Ssolp exists at a monomer/
oligomer equilibrium of approximately 6:4 at a
nominal protein-to-lipid ratio of 1:300 [33].

How can protein-protein interaction in the membrane
facilitate the hemifusion-to-fusion transition? It has
been argued that a restricted hemifusion diaphragm is
delimited by a ring of fusion protein TMDs at its
perimeter [13]. This ring could form if individual
oligomeric proteins assemble to supramolecular mul-
timers. Evidence for SNARE multimers containing
from 3 to 15 complexes has indeed been obtained [30]
based on cooperative SNARE action in exocytosis
[133], their inhibition by botulinum neurotoxins [134]
and electron microscopy of purified proteins [135].
Likewise, viral fusion proteins multimerize as indi-
cated by the cooperative function of influenza hemag-
glutinin [136] and by aggregation of baculovirus
glycoprotein 64 [137] or Semliki Forest virus E1
fusion trimers [138]. Multimerization may be sup-
ported by lateral interactions between the TMDs [30].
Currently, any mechanistic model that tries to connect
TMD-TMD interaction to bilayer mixing is bound to
be speculative. In one scenario, homo- and/or hetero-
typic TMD-TMD interactions may support multi-
merization of quaternary SNARE complexes to the
proposed ring-like structures. Alternatively, the qua-
ternary complexes may be laterally connected by
SNARE homodimers. Homodimeric forms of synap-
tobrevin have indeed been detected in neuronal
membranes [129, 139-142] and a Vam3p homodimer
is present in detergent extracts of yeast vacuoles [125].
Failure of mutant proteins to assemble a stable ring
may cause arrest at an apparently non-restricted,
readily detectable hemifused state. In yet another
scenario, the TMDs of R- and Q-SNAREs from
apposed membranes may enter heterotypic interac-
tions [127, 128] subsequent to the zippering up of the
SNARE domains [45, 46, 143]. A similar situation may
pertain to class I viral fusion proteins. It has been
postulated that the amphipathic fusion peptide of
influenza hemagglutinin interacts with its TMD late in
fusion since certain mutations within the fusion
peptide produce a hemifusion phenotype [144].
Recent results have added yet another layer of
complexity to the hemifusion-to-fusion-transition.
SNARE-mediated fusion is clamped in the presence
of complexin [121, 145, 146]. Complexin is a small
protein that stabilizes the synaptic SNARE complex
by binding into a groove of the cytoplasmic coiled coil
[9]. The fusion block is released in the presence of
Ca”'/synaptotagmin. This explains the strict Ca*"
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dependence of fast neurotransmitter release since the
SNARE:Ss can be tightly controlled by complexin and
synaptotagmin. It is presently not clear whether
similar clamps exist for other SNARE-mediated
fusion reactions since complexins are restricted to
neurons. Possibly, SNARESs that are not clamped by
complexin drive fusion in a constitutive fashion [146].
Interestingly, complexin clamps the fusion reaction at
the hemifusion intermediate [121]. The transition to
complete fusion can therefore be regulated by manip-
ulating the cytoplasmic SNARE domains. It will be
interesting to unravel how complexin and TMDs
collaborate in regulating lateral SNARE-SNARE
interactions at the fusion site.

Conclusion and perspective

Understanding the heart of membrane fusion is
intrinsically related to the question how proteins and
lipids communicate in space and time. We have
outlined that fusion protein ectodomains set the
stage for fusion. To what extent these soluble domains
suffice to initiate lipid mixing may depend on the
efficiency by which they juxtapose or disturb the
membrane. TMDs actively participate in outer and
inner leaflet mixing. This function may be related to
TMD/lipid interactions via conserved amino acid
motifs and/or via TMD conformational flexibility.
Further, TMD-TMD interactions and multimeriza-
tion of oligomeric complexes may fence off a hemi-
fusion diaphragm and affect bilayer tension. The
efficiency of pore formation and inner leaflet mixing
may depend on the stability of this fence. If membrane
defects leading to fusion pores develop at the TMD-
lipid interface, pore function would depend on protein
as well as on lipids. The future will tell whether the
fusion reaction moves along a well-defined pathway
or, rather, whether it comprises a variety of structur-
ally different intermediates.

Acknowledgements. We thank Dr. A. Herrmann for helpful
suggestions, David Minde for helpful comments on the manuscript,
and apologize to the many researchers, whose work could not be
cited due to space constraints. Preparation of this article was
supported by the Deutsche Forschungsgemeinschaft (grant LA699/
8-1,2to D.L. and C.U.).

1 Earp, L. J., Delos, S. E., Park, H. E. and White, J. M. (2004)
The many mechanisms of viral membrane fusion proteins.
Curr. Top. Microbiol. Immunol. 285, 25-66.

2 Schibli, D. J. and Weissenhorn, W. (2004) Class I and class II
viral fusion protein structures reveal similar principles in
membrane fusion. Mol. Membr. Biol. 21, 361 —-371.

3 Chen, E. H. and Olson, E. N. (2005) Unveiling the mecha-
nisms of cell-cell fusion. Science 308, 369-373.

4 Sollner, T. H. (2004) Intracellular and viral membrane fusion:
a uniting mechanism. Curr. Opin. Cell Biol. 16, 429-435.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Transmembrane domains and membrane fusion

Jahn, R. (2004) Principles of exocytosis and membrane fusion.
Ann. N. Y. Acad. Sci. 1014, 170-178.

Cohen, F. S. and Melikyan, G. B. (2004) The energetics of
membrane fusion from binding, through hemifusion, pore
formation, and pore enlargement. J. Membr. Biol. 199, 1-14.
Bonifacino, J. S. and Glick, B. S. (2004) The mechanisms of
vesicle budding and fusion. Cell 116, 153-166.

Tamm, L. K., Crane, J. and Kiessling, V. (2003) Membrane
fusion: a structural perspective on the interplay of lipids and
proteins. Curr. Opin. Struct. Biol. 13, 453-466.

Li, L. and Chin, L. S. (2003) The molecular machinery of
synaptic vesicle exocytosis. Cell. Mol. Life Sci. 60, 942-960.
Fasshauer, D. (2003) Structural insights into the SNARE
mechanism. Biochim. Biophys. Acta 1641, 87-97.

Dietrich, L. E. P., Boeddinghaus, C., LaGrassa, T. J. and
Ungermann, C. (2003) Control of eukaryotic membrane
fusion by N-terminal domains of SNARE proteins. Biochim.
Biophys. Acta 1641, 111-119.

Blumenthal, R., Clague, M. J., Durell, S. T. and Epand, R. M.
(2003) Membrane fusion. Chem. Rev. 103, 53-69.
Chernomordik, L. V. and Kozlov, M. M. (2003) Protein-lipid
interplay in fusion and fission of biological membranes. Annu.
Rev. Biochem. 72, 175-207.

Ungermann, C. and Langosch, D. (2005) Functions of
SNARE:s in intracellular membrane fusion and lipid bilayer
mixing. J. Cell Sci. 118, 3819-3828.

Zimmerberg, J. (2006) Membrane biophysics. Curr. Biol. 16,
R272-R276.

Chernomordik, L. V. and Kozlov, M. M. (2005) Membrane
hemifusion: crossing a chasm in two leaps. Cell 123, 375-382.
Jahn, R. and Scheller, R. H. (2006) SNAREs - engines for
membrane fusion. Nat. Rev. Mol. Cell Biol. 7, 631 -643.
Rothman, J. E. (1994) Mechanisms of intracellular protein
transport. Nature 372, 55-63.

Weimbs, T., Low, S. H., Chapin, S. J., Mostov, K. E., Bucher, P.
and Hofmann, K. (1997) A conserved domain is present in
different families of vesicular fusion proteins: a new super-
family. Proc. Natl. Acad. Sci. USA 94, 3046-3051.
Fasshauer, D., Sutton, R. B., Brunger, A. T. and Jahn, R.
(1998) Conserved structural features of the synaptic fusion
complex: SNARE proteins reclassified as Q- and R-SNARE:s.
Proc. Natl. Acad. Sci. USA 95, 15781-15786.

Hess, D. T., Slater, T. M., Wilson, M. C. and Skene, J. H. (1992)
The 25 kDa synaptosomal-associated protein SNAP-25 is the
major methionine-rich polypeptide in rapid axonal transport
and a major substrate for palmitoylation in adult CNS. J
Neurosci 12, 4634-4641.

Vogel, K. and Roche, P. A. (1999) SNAP-23 and SNAP-25
are palmitoylated in vivo. Biochem Biophys Res Commun
258, 407-410.

Fukasawa, M., Varlamov, O., Eng, W. S., Sollner, T. H. and
Rothman, J. E. (2004) Localization and activity of the
SNARE Ykt6 determined by its regulatory domain and
palmitoylation. Proc. Natl. Acad. Sci. USA 101, 4815-4820.
Dietrich, L. E., Peplowska, K., Lagrassa, T. J., Hou, H.,
Rohde, J. and Ungermann, C. (2005) The SNARE Ykt6 is
released from yeast vacuoles during an early stage of fusion.
EMBO Rep. 6, 245-250.

Cheever, M. L., Sato, T. K., de Beer, T., Kutateladze, T. G.,
Emr, S. D. and Overduin, M. (2001) Phox domain interaction
with PtdIns(S)P targets the Vam7 t-SNARE to vacuole
membranes. Nat. Cell Biol. 3, 613-618.

Boeddinghaus, C., Merz, A. J., Laage, R. and Ungermann, C.
(2002) A cycle of Vam7p release from and PtdIns 3-P-
dependent rebinding to the yeast vacuole is required for
homotypic vacuole fusion. J. Cell Biol. 157, 79-89.

Grote, E., Baba, M., Ohsumi, Y. and Novick, P. J. (2000)
Geranylgeranylated SNAREs are dominant inhibitors of
membrane fusion. J. Cell Biol. 151, 453-465.

Rohde, J., Dietrich, L., Langosch, D. and Ungermann, C.
(2003) The transmembrane domain of Vam3 affects the
composition of cis- and trans-SNARE complexes to pro-



Cell. Mol. Life Sci.

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Vol. 64, 2007

mote homotypic vacuole fusion. J. Biol. Chem. 278, 1656 -
1662.

Jahn, R., Lang, T. and Siidhof, T. C. (2003) Membrane fusion.
Cell 112, 519-533.

Montecucco, C., Schiavo, G. and Pantano, S. (2005) SNARE
complexes and neuroexocytosis: how many, how close?
Trends Biochem. Sci. 30, 367-372.

Xu,Y.,Zhang, F., Su, Z., McNew, J. A. and Shin, Y.-K. (2005)
Hemifusion in SNARE-mediated membrane fusion. Nat.
Struct. Mol. Biol. 12, 417-422.

Bowen, M. and Brunger, A. T. (2006) Conformation of the
synaptobrevin transmembrane domain. Proc. Natl. Acad. Sci.
USA 103, 8378-8383.

Zhang, Y., Shin, Y.-K. (2006) Transmembrane organization of
yeast syntaxin-analogue Ssolp. Biochemistry 45, 4173-4181.
Tatulian, S. A. and Tamm, L. K. (2000) Secondary structure,
orientation, oligomerization, and lipid interactions of the
transmembrane domain of influenza hemagglutinin. Bio-
chemistry 39, 496—507.

Tamm, L. K., Abildgaard, F., Arora, A., Blad, H. and
Bushweller, J. H. (2003) Structure, dynamics and function of
the outer membrane protein A (OmpA) and influenza
hemagglutinin fusion domain in detergent micelles by sol-
ution NMR. FEBS Lett. 555, 139-143.

Shnaper, S., Sackett, K., Gallo, S. A., Blumenthal, R. and
Shai, Y. (2004) The C- and the N-terminal regions of
glycoprotein 41 ectodomain fuse membranes enriched and
not enriched with cholesterol, respectively. J. Biol. Chem. 279,
18526-18534.

Peisajovich, S. G. and Shai, Y. (2003) Viral fusion proteins:
multiple regions contribute to membrane fusion. Biochim.
Biophys. Acta 1614, 122-129.

Peisajovich, S. G. and Shai, Y. (2002) New insights into the
mechanism of virus-induced membrane fusion. Trends Bio-
chem. Sci. 27, 183-190.

Kliger, Y., Peisajovich, S. G., Blumenthal, R. and Shai, Y.
(2000) Membrane-induced conformational change during the
activation of HIV-1 gp41. J. Mol. Biol. 301, 905-914.

Ghosh, J. K. and Shai, Y. (1999) Direct evidence that the N-
terminal heptad repeat of sendai virus fusion protein partic-
ipates in membrane fusion. J. Mol. Biol. 292, 531-546.
Sollner, T., Bennett, M. K., Whiteheard, S. W., Scheller, R. H.
and Rothman, J. E. (1993) A protein assembly-disassembly
pathway in vitro that may correspond to sequential steps of
synaptic vesicle docking, activation, and fusion. Cell 75, 409 -
418.

Sutton, R. B., Fasshauer, D., Jahn, R. and Briinger, A. T.
(1998) Crystal structure of a SNARE complex involved in
synaptic exocytosis at 2.4 A resolution. Nature 395, 347-353.
Antonin, W., Holroyd, C., Fasshauer, D., Pabst, S., Fischer
von Mollard, G. and Jahn, R. (2000) A SNARE complex
mediating fusion of late endosomes defines conserved proper-
ties of SNARE structure and function. EMBO 1J. 19, 6453
6464.

Xu, T., Rammner, B., Margittai, M., Artalejo, A. R., Neher,
E. and Jahn, R. (1999) Inhibition of SNARE complex
assembly differentially affects kinetic components of exocy-
tosis. Cell 99, 713-722.

Sorensen, J. B., Wiederhold, K., Miiller, E. M., Milosevic, 1.,
Nagy, G., de Groot, B. L., Grubmiiller, H. and Fasshauer, D.
(2006) Sequential N- to C-terminal SNARE complex assem-
bly drives priming and fusion of secretory vesicles. EMBO J.
25, 955-966.

Pobbati, A. V., Stein, A. and Fasshauer, D. (2006) N- to C-
terminal SNARE complex assembly promotes rapid mem-
brane fusion. Science 313, 673-676.

Han, X. and Jackson, M. B. (2006) Structural transitions in the
synaptic SNARE complex during Ca**-triggered exocytosis. J.
Cell Biol. 172, 281-293.

Fasshauer, D., Antonin, W., Margittai, M., Pabst, S. and Jahn,
R. (1999) Mixed and non-cognate SNARE complexes. J. Biol.
Chem. 274, 15440-15446.

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

Review Article 861

Yang, B., Gonzalez, L., Prekeris, R., Steegmaier, M., Advani,
R. J. and Scheller, R. H. (1999) SNARE interactions are not
selective — Implications for membrane fusion specificity. J.
Biol. Chem. 274, 5649-5653.

Scales, S.J., Chen, Y. A., Yoo, B. Y., Patel, S. M., Doung, Y. C.
and Scheller, R. H. (2000) SNAREs contribute to the
specificity of membrane fusion. Neuron 26, 457-464.
McNew, J. A., Parlati, F., Fukuda, R., Johnston, R. ., Paz, K.,
Paumet, F., Sollner, T. H. and Rothman, J. E. (2000)
Compartmental specificity of cellular membrane fusion
encoded in SNARE proteins. Nature 407, 153-159.
Gillingham, A. K. and Munro, S. (2003) Long coiled-coil
proteins and membrane traffic. Biochim. Biophys. Acta 1641,
71-85.

Zerial, M. and McBride, H. (2001) Rab proteins as membrane
organizers. Nat. Rev. Mol. Cell. Biol. 2, 107-117.

Grosshans, B. L., Ortiz, D. and Novick, P. (2006) Rabs and
their effectors: Achieving specificity in membrane traffic.
Proc. Natl. Acad. Sci. USA 103, 11821-11827.

Whyte, J. R. and Munro, S. (2002) Vesicle tethering complexes
in membrane traffic. J. Cell Sci .115, 2627-2637.

Wickner, W. and Haas, A. (2000) Yeast homotypic vacuole
fusion: A window on organelle trafficking mechanisms. Annu.
Rev. Biochem. 69, 247-275.

Mayer, A., Wickner, W. and Haas, A. (1996) Sec18p (NSF)-
driven release of Secl17p (alpha-SNAP) can precede docking
and fusion of yeast vacuoles. Cell 85, 83-94.

Coorssen, J. R., Blank, P. S., Albertorio, F., Bezrukov, L.,
Kolosova, I., Chen, X. F., Backlund, P. S. and Zimmerberg, J.
(2003) Regulated secretion: SNARE density, vesicle fusion
and calcium dependence. J. Cell Sci. 116, 2087-2097.
Dennison, S. M., Bowen, M. E., Brunger, A. T. and Lentz, B.
R. (2006) Neuronal SNARESs do not trigger fusion between
synthetic membranes but do promote PEG-mediated mem-
brane fusion. Biophys. J. 90, 1661-1675.

Zimmerberg, J. and Kozlov, M. M. (2006) How proteins
produce cellular membrane curvature. Nat. Rev. Mol. Cell
Biol. 7,9-19.

Chernomordik, L., 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.

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.

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

Niissler, F., Clague, M. J. and Herrmann, A. (1997) Meta-
stability of the hemifusion intermediate induced by glycosyl-
phosphatidylinositol-anchored influenza hemagglutinin. Bio-
phys. J. 73, 2280-2291.

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.

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
fusion transition. J. Cell Biol. 151, 425-437.

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 influ-
enza hemagglutinin-induced hemifusion to full fusion. J. Cell
Biol. 136, 995-1005.

Cleverley, D. Z. and Lenard, J. (1998) The transmembrane
domain in viral fusion: essential role for a conserved glycine
residue in vesicular stomatitis virus G protein. Proc. Natl.
Acad. Sci. USA 95, 3425-3430.

Kasson, P. M., Kelley, N. W., Singhal, N., Vrljic, M., Brunger,



862

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

D. Langosch, M. Hofmann and C. Ungermann

A. T. and Pande, V. S. (2006) Ensemble molecular dynamics
yields submillisecond kinetics and intermediates of membra-
ne fusion. Proc. Natl. Acad. Sci. USA 103, 11916-11921.
Reese, C., Heise, F. and Mayer, A. (2005) Trans-SNARE
pairing can precede a hemifusion intermediate in intracellular
membrane fusion. Nature 436, 410-415.

Reese, C. and Mayer, A. (2005) Transition from hemifusion to
pore opening is rate limiting for vacuole membrane fusion. J.
Cell Biol. 171, 981-990.

Jun, Y., Fratti, R. A. and Wickner, W. (2004) Diacylglycerol
and its formation by phospholipase C regulate Rab- and
SNARE-dependent yeast vacuole fusion. J. Biol. Chem. 279,
53186-53195.

Weber, T., Zemelman, B. V., McNew, J. A., Westermann, B.,
Gmachl, M., Parlati, F., Sollner, T. H. and Rothman, J. E.
(1998) SNAREpins: minimal machinery for membrane
fusion. Cell 92, 759-772.

Hu, C., Ahmed, M., Melia, T. J., Sollner, T. H., Mayer, T. and
Rothman, J. E. (2003) Fusion of cells by flipped SNARE:s.
Science 300, 1745-1749.

Giraudo, C. G., Hu, C., You, D. Q., Slovic, A. M., Mosharov,
E. V., Sulzer, D., Melia, T. J. and Rothman, J. E. (2005)
SNARESs can promote complete fusion and hemifusion as
alternative outcomes. J. Cell Biol. 170, 249-260.

Yang, L. and Huang, H. W. (2002) Observation of a membrane
fusion intermediate structure. Science 297, 1877-1879.
Odell, D., Wanas, E., Yan, J. and Ghosh, H. P. (1997) Influence
of membrane anchoring and cytoplasmic domains on the
fusogenic activity of vesicular stomatitis virus glycoprotein G.
J. Virol. 71, 7996-8000.

Weimbs, T., Mostov, K., Low, S. H. and Hofmann, K. (1998) A
model for structural similarity between SNARE complexes
based on sequence relationships. Trends Cell Biol. 8,260-262.
Haro, L., Ferracci, G., Opi, S., Iborra, C., Quetglas, S.,
Miquelis, R., Leveque, C. and Seagar, M. (2004) Ca®'/
calmodulin transfers the membrane-proximal lipid-binding
domain of the v-SNARE synaptobrevin from cis to trans
bilayers. Proc. Natl. Acad. Sci. USA 101, 1578-1583.
Tucker, W. C., Weber, T. and Chapman, E. R. (2004)
Reconstitution of Ca**-regulated membrane fusion by syn-
aptotagmin and SNARE:s. Science 304, 435-438.

Gonen, T., Cheng, Y. F,, Sliz, P., Hiroaki, Y., Fujiyoshi, Y.,
Harrison, S. C. and Walz, T. (2005) Lipid-protein interactions
in double-layered two-dimensional AQPO crystals. Nature
438, 633-638.

Van Komen, J. S., Bai, X., Rodkey, T. L., Schaub, J. and
McNew, J. A. (2005) The polybasic juxtamembrane region of
Ssolpis required for SNARE function in vivo. Eukaryot. Cell
4,2017-2028.

Kweon, D. H., Kim, C. S. and Shin, Y. K. (2003) Regulation of
neuronal SNARE assembly by the membrane. Nat. Struct.
Biol. 10, 440-447.

Langosch, D., Crane, J. M., Brosig, B., Hellwig, A., Tamm, L.
K. and Reed, J. (2001) Peptide mimics of SNARE trans-
membrane segments drive membrane fusion depending on
their conformational plasticity. J. Mol. Biol. 311, 709-721.
Langosch, D., Brosig, B. and Pipkorn, R. (2001) Peptide
mimics of the vesicular stomatitis virus G-protein trans-
membrane segment drive membrane fusion in vitro. J. Biol.
Chem. 276, 32016-32021.

Dennison, S. M., Greenfield, N., Lenard, J. and Lentz, B. R.
(2002) VSV transmembrane domain (TMD) peptide pro-
motes PEG-mediated fusion of liposomes in a conformation-
ally sensitive fashion. Biochemistry 41, 14925-14934.
Hofmann, M. W., Peplowska, K., Rohde, J., Poschner, B.,
Ungermann, C. and Langosch, D. (2006) Self-interaction of a
SNARE transmembrane domain promotes the hemifusion-to-
fusion transition in lipid mixing. J. Mol. Biol. 364, 1048—1060.
Schuette, C. G., Hatsuzawa, K., Margittai, M., Stein, A.,
Riedel, D., Kiister, P., Konig, M., Seidel, C. and Jahn, R.
(2004) Determinants of liposome fusion mediated by synaptic
SNARE proteins. Proc. Natl. Acad. Sci. USA 101, 2858 —-2863.

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

Transmembrane domains and membrane fusion

Chen, X., Arac, D., Wang, T.-M., Gilpin, C. J., Zimmerberg, J.
and Rizo, J. (2005) SNARE-mediated lipid mixing depends on
the physical state of the vesicles. Biophys. J. 90, 2062-2074.
Zhang, F., Chen, Y., Su, Z. L. and Shin, Y. K. (2004) SNARE
assembly and membrane fusion, a kinetic analysis. J. Biol.
Chem. 279, 38668 -38672.

Walch-Solimena, C., Blasi, J., Edelman, L., Chapman, E. R.,
Fischer von Mollard, G. and Jahn, R. (1995) The t-SNAREs
syntaxin I and SNAP-25 are present on organelles that
participate in synaptic vesicle recycling. J. Cell Biol. 128, 637 -
645.

Fix, M., Melia, T. J., Jaiswal, J. K., Rappoport, J. Z., You, D.
Q., Sollner, T. H., Rothman, J. E. and Simon, S. M. (2004)
Imaging single membrane fusion events mediated by SNARE
proteins. Proc. Natl. Acad. Sci. USA 101, 7311-7316.

Liu, T. T., Tucker, W. C., Bhalla, A., Chapman, E. R. and
Weisshaar, J. C. (2005) SNARE-driven, 25-millisecond vesicle
fusion in vitro. Biophys. J. 89, 2458-2472.

Bowen, M. E., Weninger, K., Briinger, A. T. and Chu, S.
(2004) Single molecule observation of liposome-bilayer
fusion thermally induced by soluble N-ethyl maleimide
sensitive-factor attachment protein receptors (SNARE:s).
Biophys. J. 87, 3569-3584.

Xu, Y., Shen, J., Luo, X., Zhu, W., Chen, K., Ma, J. and Jiang,
H. (2005) Conformational transition of amyloid beta-peptide.
Proc. Natl. Acad. Sci. USA 102, 5403-5407.

Szyperski, T., Vandenbussche, G., Curstedt, T., Ruysschaert,
J. M., Wiithrich, K. and Johansson, J. (1998) Pulmonary
surfactant-associated polypeptide C in a mixed organic
solvent transforms from a monomeric alpha-helical state
into insoluble beta-sheet aggregates. Protein Sci. 2533-2540.
Li, S. C. and Deber, C. M. (1994) A measure of helical
propensity for amino acids in membrane environments. Nat.
Struct. Biol. 1, 368-373.

Smith, C. K., Withka, J. M. and Regan, L. (1994) A
thermodynamic scale for the B-sheet forming tendencies of
the amino acids. Biochemistry 33, 5510-5517.

Street, A. G. and Mayo, S. L. (1999) Intrinsic f-sheet
propensities result from van der Waals interactions between
side chains and the local backbone. Proc. Natl. Acad. Sci.
USA 96, 9074-9076.

Chellgren, B. W. and Creamer, T. P. (2006) Side-chain entropy
effects on protein secondary structure formation. Proteins 62,
411-420.

Li, S. C. and Deber, C. M. (1992) Influence of glycine residues
on peptide conformation in membrane environments. Int. J.
Pept. Protein Res. 40, 243-248.

Hofmann, M. W., Weise, K., Ollesch, J., Agrawal, A., Stalz,
H., Stelzer, W., Hulsbergen, F., deGroot, H., Gerwert, K.,
Reed, J. and Langosch, D. (2004) De novo design of
conformationally flexible transmembrane peptides driving
membrane fusion. Proc. Natl. Acad. Sci. USA 101, 14776-
14781.

Kozlovsky, Y., Chernomordik, L. V. and Kozlov, M. M. (2002)
Lipid intermediates in membrane fusion: Formation, struc-
ture, and decay of hemifusion diaphragm. Biophys. J. 83,
2634-2651.

Wang, L., Seeley, E. S., Wickner, W. and Merz, A. J. (2002)
Vacuole fusion at a ring of vertex docking sites leaves
membrane fragments within the organelle. Cell 108, 357—-369.
Markosyan, R. M., Cohen, F. S. and Melikyan, G. B. (2000)
The lipid-anchored ectodomain of influenza virus hemagglu-
tinin (GPI-HA) is capable of inducing nonenlarging fusion
pores. Mol. Biol. Cell 11, 1143-1152.

Fratti, R. A.,Jun, Y. S., Metz, A.J., Margolis, N. and Wickner,
W. (2004) Interdependent assembly of specific regulatory
lipids and membrane fusion proteins into the vertex ring
domain of docked vacuoles. J. Cell Biol. 167, 1087—-1098.
Veit, M., Laage, R., Dietrich, L., Wang, L. and Ungermann, C.
(2001) Vac8p release from the SNARE complex and its
palmitoylation are coupled and essential for vacuole fusion.
EMBO J. 20, 3145-3155.



Cell. Mol. Life Sci.

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

Vol. 64, 2007

Peng, Y., Tang, F. and Weisman, L. S. (2006) Palmitoylation
plays a role in targeting vac8p to specific membrane
subdomains. Traffic 7, 1378-1387.

Subramanian, K., Dietrich, L. E., Hou, H., Lagrassa, T. J.,
Meiringer, C. T. and Ungermann, C. (2006) Palmitoylation
determines the function of Vac8 at the yeast vacuole. J. Cell
Sci. 119, 2477-2485.

Churchward, M. A., Rogasevskaia, T., Hofgen, J., Bau, J. and
Coorssen, J. R. (2005) Cholesterol facilitates the native
mechanism of Ca’*-triggered membrane fusion. J. Cell Sci.
118, 4833-4848.

Rogasevskaia, T. and Coorssen, J. R. (2006) Sphingomyelin-
enriched microdomains define the efficiency of native Ca®'-
triggered membrane fusion. J. Cell Sci. 119, 2688-2694.
Takahashi, N., Kishimoto, T., Nemoto, T., Kadowaki, T. and
Kasai, H. (2002) Fusion pore dynamics and insulin granule
exocytosis in the pancreatic islet. Science 297, 1349-1352.
Rigoni, M., Caccin, P., Gschmeissner, S., Koster, G., Postle, A.
D., Rossetto, O., Schiavo, G. and Montecucco, C. (2005)
Equivalent effects of snake PLA2 neurotoxins and lysophos-
pholipid-fatty acid mixtures. Science 310, 1678-1680.

Han, X., Wang, C.-T., Bai, J., Chapman, E. R. and Jackson, M.
B. (2004) Transmembrane segments of syntaxin line the fusion
pore of Ca’*-triggered exocytosis. Science 304, 289-292.
Szule, J. A. and Coorssen, J. R. (2004) Comment on "Trans-
membrane segments of syntaxin line the fusion pore of Ca'-
triggered exocytosis”. Science 306, 813b.

Borisovska, M., Zhao, Y., Tsytsyura, Y., Glyvuk, N., Taka-
mori, S., Matti, U., Rettig, J., Sudhof, T. and Bruns, D. (2005)
v-SNARESs control exocytosis of vesicles from priming to
fusion. EMBO J. 24, 2114-2126.

Aravanis, A. M., Pyle, J. L. and Tsien, R. W. (2003) Single
synaptic vesicles fusing transiently and successively without
loss of identity. Nature 423, 643—647.

Ales, E., Tabares, L., Poyato, J. M., Valero, V., Lindau, M. and
Toledo, G. A. (1999) High calcium concentrations shift the
mode of exocytosis to the kiss-and-run mechanism. Nat. Cell
Biol. 1, 40—44.

Wang, S. S.-S., Tobler, S. A., Good, T. A. and Fernandez, E. J.
(2003) Hydrogen exchange-mass spectrometry analysis of
beta-amyloid peptide structure. Biochemistry 42, 9507-9514.
Gandhi, S. P and Stevens, C. F. (2003) Three modes of synaptic
vesicular recycling revealed by single-vesicle imaging. Nature
423, 607-613.

Schaub, J. R., Lu, X., Doneske, B., Shin, Y.-K. and McNew, J.
A. (2006) Hemifusion arrest by complexin is relieved by Ca*-
synaptotagmin I. Nat. Struct. Mol. Biol. 13, 748-750.

Peters, C., Bayer, M. J., Biihler, S., Andersen, J. S., Mann, M.
and Mayer, A. (2001) Trans-complex formation by proteoli-
pid channels in the terminal phase of membrane fusion.
Nature 409, 581-588.

Muller, O., Bayer, M. J., Peters, C., Andersen, J. S., Mann, M.
and Mayer, A. (2002) The Vtc proteins in vacuole fusion:
coupling NSF activity to V(0) trans-complex formation.
EMBO J. 21, 259-269.

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

Roy, R., Peplowska, K., Rohde, J., Ungermann, C. and
Langosch, D. (2006) Role of the Vam3p transmembrane
segment in homodimerization and SNARE complex forma-
tion. Biochemistry 45, 7654 —7660.

Laage, R. and Langosch, D. (1997) Dimerization of the
synaptic vesicle protein synaptobrevin/VAMP II depends on
specific residues within the transmembrane segment. Eur. J.
Biochem. 249, 540-546.

Margittai, M., Otto, H. and Jahn, R. (1999) A stable interaction
between syntaxin la and synaptobrevin 2 mediated by their
transmembrane domains. FEBS Lett. 446, 40—44.

Laage, R., Rohde, J., Brosig, B. and Langosch, D. (2000) A
conserved membrane-spanning amino acid motif drives

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

Review Article 863

homomeric and supports heteromeric assembly of presynap-
tic SNARE proteins. J. Biol. Chem. 275, 17481-17487.

Roy, R., Laage, R. and Langosch, D. (2004) Synaptobrevin
transmembrane domain dimerization — Revisited. Biochem-
istry 43, 4964 -4970.

Fleming, K. G. and Engelman, D. M. (2001) Computation and
mutagenesis suggest a right-handed structure for the synapto-
brevin transmembrane dimer. Proteins 45, 313-317.

Bowen, M. E., Engelman, D. M. and Brunger, A. T. (2002)
Mutational analysis of synaptobrevin transmembrane domain
oligomerization. Biochemistry 41, 15861—15866.

Kroch, A. E. and Fleming, K. G. (2006) Alternate interfaces
may mediate homomeric and heteromeric assembly in the
transmembrane domains of SNARE proteins. J. Mol. Biol.
357,184-194.

Hua, Y. Y. and Scheller, R. H. (2001) Three SNARE
complexes cooperate to mediate membrane fusion. Proc.
Natl. Acad. Sci. USA 98, 8065-8070.

Keller, J. E. and Neale, E. A. (2001) The role of the synaptic
protein snap-25 in the potency of botulinum neurotoxin type
A. J. Biol. Chem. 276, 13476-13482.

Rickman, C., Hu, K., Carroll, J. and Davletov, B. (2005) Self-
assembly of SNARE fusion proteins into star-shaped oligom-
ers. Biochem. J. 388, 75-79.

Danieli, T., Pelletier, S. L., Henis, Y. I. and White, J. M. (1996)
Membrane fusion mediated by the influenza virus hemag-
glutinin requires the concerted action of at least three
hemagglutinin trimers. J. Cell. Biol. 133, 559-569.
Markovic, I., Pulyaeva, H., Sokoloff, A. and Chernomordik,
L. V. (1998) Membrane fusion mediated by baculovirus gp64
involves assembly of stable gp64 trimers into multiprotein
aggregates. J. Cell Biol. 143, 1-12.

Gibbons, D. L., Vaney, M. C., Roussel, A., Vigouroux, A.,
Reilly, B., Lepault, J., Kielian, M. and Rey, F. A. (2004)
Conformational change and protein protein interactions of
the fusion protein of Semliki Forest virus. Nature 427, 320—
325.

Calakos, N. and Scheller, R. H. (1994) Vesicle-associated
membrane protein and synaptophysin are associated on the
synaptic vesicle. J. Biol. Chem. 269, 24534 -24537.
Washbourne, P., Schiavo, G. and Montecucco, C. (1995)
Vesicle-associated membrane protein-2 (synaptobrevin-2)
forms a complex with synaptophysin. Biochem. J. 305, 721 -
724.

Edelman, L., Hanson, P. 1., Chapman, E. R. and Jahn, R.
(1995) Synaptobrevin binding to synaptophysin: a potential
mechanism for controlling the exocytotic fusion machine.
EMBO J. 14, 224-231.

Pennuto, M., Dunlap, D., Contestabile, A.,F., B. and Valtorta,
F. (2002) Fluorescence resonance energy transfer detection of
synaptophysin I and vesicle-associated membrane protein 2
interactions during exocytosis from single live synapses. Mol.
Biol. Cell 13, 2706-2717.

Melia, T. J., Weber, T., McNew, J. A., Fisher, L. E., Johnston,
R.J., Parlati, F., Mahal, L. K., Sollner, T. H. and Rothman, J.
E. (2002) Regulation of membrane fusion by the membrane-
proximal coil of the t-SNARE during zippering of SNAR-
Epins. J. Cell Biol. 158, 929-940.

Li, Y. L., Han, X., Lai, A. L., Bushweller, J. H., Cafiso, D. S.
and Tamm, L. K. (2005) Membrane structures of the hemi-
fusion-inducing fusion peptide mutant G1S and the fusion-
blocking mutant G1V of influenza virus hemagglutinin
suggest a mechanism for pore opening in membrane fusion.
J. Virol. 79, 12065-12076.

Giraudo, C. G., Eng, W. S., Melia, T. J. and Rothman, J. E.
(2006) A clamping mechanism involved in SNARE-depend-
ent exocytosis. Science 313, 676—680.

Tang, J., Maximov, A., Shin, O.-H., Dai, H., Rizo, J. and
Stidhof, T. C. (2006) A complexin/synaptotagmin 1 switch
controls fast synaptic vesicle exocytosis. Cell 126, 1175-1187.
Kozlovsky, Y. and Kozlov, M. (2002) Stalk model of mem-
brane fusion: solution of energy crisis. Biophys. J. 82,882 -895.



864

148

149

150

151

152

153

154

155

156

D. Langosch, M. Hofmann and C. Ungermann

Kozerski, C., Ponimaskin, E., Schroth-Diez, B., Schmidt, M.
F. G. and Herrmann, A. (2000) Modification of the cytoplas-
mic domain of influenza virus hemagglutinin affects enlarge-
ment of the fusion pore. J. Virol. 74, 395-404.

Melikyan, G. B., Lin, S. S., Roth, M. G. and Cohen, F. S. (1999)
Amino acid sequence requirements of the transmembrane
and cytoplasmic domains of influenza virus hemagglutinin for
viable membrane fusion. Mol. Biol. Cell 6, 1821 -1836.
Salzwedel, K., Johnston, P. B., Roberts, S. J., Dubay, J. W. and
Hunter, E. (1993) Expression and characterization of glyco-
phospholipid-anchored human-immunodeficiency-virus
type-1 envelope glycoproteins. J. Virol. 67, 5279-5288.
Weiss, C. D. and White, J. M. (1993) Characterization of stable
Chinese-hamster ovary cells expressing wild-type, secreted,
and glycosylphosphatidylinositol-anchored human-immuno-
deficiency-virus type-1 envelope glycoprotein. J. Virol. 67,
7060-7066.

Owens, R.J., Burke, C. and Rose, J. K. (1994) Mutations in the
membrane-spanning domain of the human immunodeficiency
virus envelope glycoprotein that affect fusion activity. J. Virol.
68, 570-574.

Wilk, T., Pfeiffer, T., Bukovsky, A., Moldenhauer, G. and
Bosch, V. (1996) Glycoprotein incorporation and HIV-1
infectivity despite exchange of the gp160 membrane-spanning
domain. Virology 218, 269-274.

Miyauchi, K., Komano, J., Yokomaku, Y., Sugiura, W.,
Yamamoto, N. and Matsuda, Z. (2005) Role of the specific
amino acid sequence of the membrane-spanning domain of
human immunodeficiency virus type 1 in membrane fusion. J.
Virol. 79, 4720-4729.

Miyauchi, K., Curran, R., Matthews, E., Komano, J., Hoshi-
no, T., Engelman, D. M. and Matsuda, Z. (2006) Mutations of
conserved glycine residues within the membrane-spanning
domain of human immunodeficiency virus type 1 gp4l can
inhibit membrane fusion and incorporation of Env onto
Virions. Jpn. J. Infect. Dis. 59, 77-84.

Caballero, M., Carabana, J., Ortego, J., FernandezMunoz, R.
and Celma, M. L. (1998) Measles virus fusion protein is
palmitoylated on transmembrane-intracytoplasmic cysteine
residues which participate in cell fusion. J. Virol. 72, 8198 -
8204.

157

158

159

160

161

162

163

164

165

166

Transmembrane domains and membrane fusion

McGinnes, L., Sergel, T. and Morrison, T. (1993) Mutations in
the transmembrane domain of the HN protein of newcastle
disease virus affect the structure and activity of the protein.
Virology 196, 101-110.

Taylor, G. M. and Sanders, D. A. (1999) The role of the
membrane-spanning domain sequence in glycoprotein-medi-
ated membrane fusion. Mol. Biol. Cell 10, 2803-2815.
Shmulevitz, M., Salsman, J. and Duncan, R. (2003) Palmitoy-
lation, membrane-proximal basic residues, and transmem-
brane glycine residues in the reovirus p10 protein are essential
for syncytium formation. J. Virol. 77, 9769-9779.

Browne, H., Bruun, B., Whiteley, A. and Minson, T. (2003)
Analysis of the role of the membrane-spanning and cytoplas-
mic tail domains of herpes simplex virus type 1 glycoprotein D
in membrane fusion. J. Gen. Virol. 84, 1085-1089.

Harman, A., Browne, H. and Minson, T. (2002) The trans-
membrane domain and cytoplasmic tail of herpes simplex
virus type 1 glycoprotein H play a role in membrane fusion. J.
Virol. 76, 10708-10716.

Sjoberg, M. and Garoff, H. (2003) Interactions between the
transmembrane segments of the alphavirus E1 and E2
proteins play a role in virus budding and fusion. J. Virol. 77,
3441-3450.

Liao, M. F. and Kielian, M. (2005) The conserved glycine
residues in the transmembrane domain of the Semliki Forest
virus fusion protein are not required for assembly and fusion.
Virology 332, 430-437.

Nonet, M. L., Saifee, O., Zhao, H. J., Rand, J. B. and Wei, L. P.
(1998) Synaptic transmission deficits in Caenorhabditis ele-
gans synaptobrevin mutants. J. Neurosci. 18, 70-80.

Saifee, O., Wei, L. P. and Nonet, M. L. (1998) The Caeno-
rhabditis elegans unc-64 locus encodes a syntaxin that
interacts genetically with synaptobrevin. Mol. Biol. Cell 9,
1235-1252.

McNew, J. A., Weber, T., Parlati, F., Johnston, R. J., Melia, T.
J., Sollner, T. H. and Rothman, J. E. (2000) Close is not
enough: SNARE-dependent membrane fusion requires an
active mechanism that transduces force to membrane anchors.
J. Cell Biol. 150, 105-117.

To access this journal online:
http://www.birkhauser.ch/CMLS



\C�Birkh�user Verlag, Basel, �<!?show =1?^[fish 0,Pool]20$0,-2,'0'^[perl ${CAP::kurzname}=~/(\d\d)$/; return $1]>�<?show =1?^(?=^[perl ${CAP::kurzname}=~/(\d\d)$/; return $1],")$^{^11502_jahr}>�<?show =0?^(?=^[perl ${CAP::kurzname}=~/(\d\d)$/; return $1],")20$0,-2,'0'^[perl ${CAP::kurzname}=~/(\d\d)$/; return $1]>�<!?show =0?^[fish 0,Pool]$^{^11502_jahr}>�

