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Abstract

Physiological membrane vesicles are built to separate reaction spaces in a stable
manner, even when they accidentally collide or are kept in apposition by spatial
constraints in the cell. This requires a natural resistance to fusion and mixing of their
content, which originates from substantial energetic barriers to membrane fusion [1].
In order to facilitate intracellular membrane fusion reactions in a controlled manner,
proteinaceous fusion machineries have evolved. An important open question is
whether protein fusion machineries actively pull the fusion reaction over the present
free energy barriers, or whether they rather catalyze fusion by lowering those
barriers. At first sight, fusion proteins such as SNARE complexes and viral fusion
proteins appear to act as nano-machines, which mechanically transduce force to the
membranes and thereby overcome the free energy barriers [2,3]. Whether fusion
proteins additionally alter the free energy landscape of the fusion reaction via
catalytic roles is less obvious. This is a question that we shall discuss in this review,
with particular focus on the influence of the eukaryotic SNARE-dependent fusion
machinery on the final step of the reaction, the formation and expansion of the fusion

pore.

Introduction

Fusion of two lipid vesicles entails changes in membrane topology and lipid
conformation. Membranes need to be brought into direct contact, which requires the
removal of the hydration shells of the outer leaflets. It is energetically feasible to
drive this apposition through mechanical force that is exerted by fusion proteins - at
least for inducing point-like contacts [2,4,5]. The fusion proteins are assumed to
deform a small membrane area into spike-like structures that protrude towards the
fusion partner and favour splaying of lipids in the outer leaflet. Spike formation and
lipid splaying promote merging of the outer leaflets, leading to a hemifusion
structure. Here, lipids can pass between the outer leaflets but content mixing is still
prevented by the separated inner leaflets [6-10]. Hemifusion appears to be a
universal intermediate that can be observed in fusion reactions between purely lipidic
bilayers as well as in protein-driven fusion between physiological membranes [2].
This hemifusion intermediate is usually considered as a "stalk". Other models exist,
however, e.g. of fusion through proteo-lipidic hybrid structures or through entirely



proteinaceous channels [5,11-15]. While these are also supported by some
experimental evidence, much more data and theoretical work is available on stalk-
based fusion. Therefore, we conduct our further discussion of fusion in this

framework.

Full fusion requires the inner leaflets to merge. They must approach each other,
which requires a stalk to be compressed and to widen [16,17]. Mechanical force
provided by SNARE proteins is assumed to drive a local deformation (indentation) of
the inner leaflets in the hemifusion structure, enforcing lipid rearrangements and
generation of an initial fusion pore. This initial, small pore is in a local energy
minimum, i.e. it is metastable and its expansion requires energy input or catalysis by
lowering of the respective energy barriers [18]. Understanding how this requirement
is met by fusion proteins is a major challenge and one of the central problems to be
addressed by the field.

Cast of characters - the SNARE-associated protein machinery

SNARE proteins drive membrane fusion reactions inside eukaryotic cells. SNAREs
from apposed membranes assemble into parallel coiled-coil complexes that force
their transmembrane anchors, and thereby the two membranes, into close proximity.
When assembled into complexes, SNAREs are a-helical from their heptad repeat
domains (SNARE domains) up to their transmembrane domains (TMD). They
essentially constitute elastic a-helical rods, which can transmit mechanical force onto

the membranes and thereby perturb local bilayer structure.

SNARE-mediated fusion has been extensively studied, both in vivo and in artificial
reconstituted membrane systems. These approaches have taught us many details
about the structure and assembly of SNARE complexes and about the forces they
can exert on bilayers. Numerous excellent reviews summarizing the fundamental
molecular properties of SNAREs as well as of SNARE-associated SM proteins,
tether proteins and Rab-GTPases have been published (see, e.g., [19-22]). We shall
hence restrict our description of those to the necessary minimum and concentrate on



the role that SNARE complex-associated proteins play in fusion pore opening. This
question has not received sufficient attention because, for the sake of simplicity and
clarity, the results from in vitro and in vivo studies are usually interpreted under the
assumption that SNAREs are the sole driving force for fusion. This neglects the
interactions of SNAREs with members of other conserved protein families, which are
equally essential for successful membrane fusion in vivo, such as SM proteins, Rab-
GTPases and tether proteins. In the following, we will discuss the energetics of
fusion pore formation and expansion and focus on the question how SNAREs and
particularly their associated proteins modify the properties of the fusion site (Fig. 1).

Tether proteins mediate contact between membranes. They bridge them through
interactions with lipids or proteins on the two membranes [19,20]. Tether proteins
usually interact with and can be activated and/or recruited to membranes through
Rab-GTPases [21]. While Rab-GTPases are quite conserved at the primary
sequence level, tether proteins are heterogeneous. There are highly extended
coiled-coil tether proteins, characterized mainly on the Golgi, and multi-subunit tether
complexes (MTCs), which exist on a variety of compartments. Despite the different
composition and primary sequences of their subunits, MTCs share some common
structural features. MTCs are of substantial size, many of them with a molecular
mass close to the megadalton range and a size of 10-20 nm [22], as illustrated by
the HOPS complex in Fig. 2.

Besides Rab-GTPases, MTCs interact also with SNAREs [23]. This interaction can
be direct (DSL complex; HOPS) [24], but also implicate MTC-associated SM proteins
as intermediaries (e.g. in HOPS, CORVET, Exocyst). Interactions can occur with
individual SNAREs as well as with partially or fully assembled SNARE complexes
[25]. They may involve both the coiled-coil-forming heptad repeats and the N-
terminal regulatory domains of SNAREs [24,26,27]. How these interactions evolve
along the reaction coordinate of a fusion reaction remains to be resolved. It s,
however, clear that Rabs, MTCs and SM proteins can strongly promote SNARE
complex formation [28-33]. They may do so by a combination of several activities: By
keeping the membranes at a distance that allows SNARE complex zippering; by
increasing the local concentration of SNAREs at the docking zone; by actively
catalyzing SNARE assembly through “opening” the interaction of the heptad repeats



with their N-terminal autoinhibitory domains (e.g. Dsl); or by keeping SNAREs “in
register”, such that their heptad repeat domains can efficiently form stable SNARE
complexes (e.g. SM protein Vps33). The association of MTCs with SNARE
complexes can also compete with SNARE complex binding to NSF. This might
protect SNAREs against NSF-mediated disassembly, shift the equilibrium towards
SNARE complex accumulation [34,35], and enhance the specificity of SNARE

complex formation [26,36].

The interaction of SNARE complexes with SM proteins, MTCs and Rab proteins
must profoundly influence the accessibility of SNAREsS, the orientation and
conformation of SNARE complexes, and the topology of the membranes surrounding
them. This follows from a simple consideration of the sizes of these molecules and of
the steric constraints that must emanate from them (see Fig. 1). SNAREs are
relatively small. Even fully assembled SNARE complexes remain below 100 kDa,
whereas their associated proteins are large, such as SM proteins (100 kDa) or MTCs
(0.25-1 MDa). Thus, SNARE-associated proteins will have a major impact on the
shape and dimensions of the holo-complex, and on the conformational changes and
forces that it can impose on the two membranes to be fused (Figs. 1, 2).

SNARE-mediated opening of the fusion pore

The SNARE complex forms by stepwise association of the heptad repeats from their
N- to their C-terminal ends (“zippering”). Thereby, these "SNARE domains" transit
from a partially unstructured conformation into a fully folded coil-coil [37-40] (Fig. 1a).
Due to the rigidity of the a-helical linker region between the heptad repeats and the
TMDs of the SNAREs, zippering pulls the TMDs into closer proximity and finally
aligns them with each other. When the two parts of the SNARE complex reside in
separate membranes, or in a hemifusion structure, the TMD hence exerts force on
this membrane. Forces generated by the fully zippered neuronal SNARE complex at
the C-termini of the SNARE domains have been experimentally estimated by
applying optical tweezers, yielding a value of 17 pN to reversibly fold/unfold the
SNARE domain [38]. It is, however, unclear how this force is transduced to the C-



termini of the TMDs, i.e. the part that can actively work on the trans-leaflets of the
bilayer to drive the evolution of a hemifusion intermediate, open and expand a fusion
pore. That the TMDs must transmit force at this point is supported by the observation
that SNAREs with a truncated TMD or with a lipidic membrane anchor, which span
only half of the bilayer, are inefficient in opening fusion pores [6,41-45]. Interestingly,
the fusion activity of SNARE complexes carrying a lipid anchor can be stimulated in
vitro by addition of an excess of SNARE-associating proteins, such as the MTC
HOPS [46].

The force that SNARE complexes can exert on fusion intermediates depends on the
adopted secondary structure of the linker regions connecting the SNARE domain to
the TMD. Coarse-grained simulations suggest that the SNARE complex of yeast
vacuoles transduces a force of 18 pN to the trans-leaflets of an approximately 8 nm
thick fusion stalk (see Fig. 3a), when all three of its TMD-containing SNAREs (Nyv1,
Vama3 and Vti1) are a-helical [47]. However, the magnitude of this force is halved to
9 pN when the linker of Vti1 adopts a non-helical structure [47]. The vacuole SNARE
complex with its three TMDs might hence generate larger pull forces than the
neuronal SNARE complex, which is anchored by only two TMDs. This different
topological feature may be an adaptation to a larger free energy barrier of fusion
pore opening in vacuole fusion. The barrier is expected to be higher due to the lower
membrane curvature of vacuoles in comparison to synaptic vesicles, which renders
membrane curvature at a fusion site less compatible with the formation of a fusion

pore (see below).

During SNARE zipping, the SNARESs need to transit from an unfolded conformation
into a continuous a-helix and to bend at the same time [48,49]. If this transition is not
well coordinated for both sides of a SNARE complex, the folding process might be
hung up in a non-productive state [49]. Premature folding of only one of the SNAREs
into an a-helical rod may force the linker region of the other half of the SNARE
complex into an overly bended conformation, which may hinder it from ever adopting
a continuous a-helical structure (see Fig. 3b) [17]. Within such a scenario, the stiffer
helical SNARE (provided that its SNARE domain is not clamped to the membrane by
lipid anchors or interactions with other proteins) can release its bending stress by



kinking the more flexible, partially unstructured SNARE. It thereby (i) arrests
progression of SNARE zippering, and (ii) impairs efficient force transduction form the
SNARE domains to the TMDs. This may explain why mutations in the TMD region of
synaptobrevin-2, which actually enhance helicity and stiffness of the linker in
molecular simulations [50], nevertheless reduce the experimentally observed fusion
activity [51]. Efficient force transduction from SNARE complexes to fusion
intermediates may therefore require a timed and regulated adoption of a-helical
structure — here lies an interesting potential role for SNARE-associated proteins (SM
and tether proteins), which may guarantee exactly this when they catalyse SNARE
complex formation [31,33,52-54]. That SNARE-associated proteins such as Munc18
shift the equilibrium from a half-zippered intermediate towards the fully zippered
complex, as evident from FRET measurements in reconstituted nanodisc systems

[49,55], can also be understood in this context.

The X-ray structure of the complete neuronal SNARE complex, which might
represent the post-fusion state, suggests that not only the SNARE domains but also
the TMDs might fully associate [56]. This might provide an additional release of free
energy during fusion. However, in order to access this potential driving force already
during hemifusion, the TMDs would have to provide sufficient mechanical flexibility to
allow a gradual zippering of the TMDs. This notion may explain the existence of
conserved TMD residues in the synaptic SNARE synaptobrevin, which easily break
helicity and are relevant for fusion pore opening [57]. An active role of the TMD is
consistent with the observation that single amino acid substitutions in the TMDs of
syntaxin and synaptobrevin influence fusion pore conductance and dynamics [13,57-
59] and that the native TMD of synaptobrevin is required to allow efficient content
release in a synthetic fusion system [60]. However, it remains unknown whether
these substituted SNARES are still sorted efficiently to the site of exocytosis in vivo.
This poses a caveat because manipulations of the TMD can result in miss-sorting
[44]. On the other hand, the TMDs of all vacuolar SNARE proteins could be
exchanged for TMDs from proteins unrelated to fusion without a significant impact on
fusion of yeast vacuoles [44]. This argues against evolutionarily conserved,
sequence-specific roles of SNARE TMDs that go beyond those of a mechanical

membrane anchor. It remains an important and open question to which extent



conserved residues or sequence features in the SNARE TMDs have been
genetically imprinted in response to the energetics of the different fusion barriers, or
by other aspects relevant to SNARE function, such as their biosynthetic sorting, their

re-activation after fusion, or their recycling to their compartment of origin.

Recent coarse-grained simulations suggested that the TMDs of neuronal SNAREs
are not inert with respect to the barrier to hemifusion, i.e., the formation of the stalk.
They can induce a substantial reduction (~10 ksT) in the free energy of both the stalk
and of the barrier against its transition into a pore [61]. This effect may be relatively
sequence-independent but relate to the effective hydrophobic length of the TMD.
The SNARE TMD can display a hydrophobic mismatch with the membrane, such

that its length is better accommodated in a stalk than in a simple bilayer [61].

The C-termini of the TMDs may be critical to allow the SNARE complex to drive the
evolution of a hemifusion intermediate such as a stalk. The hydrophilic nature and
the net charge of the C-termini enable indentation of the stalk because they oppose
transition of the C-termini into the hydrophobic membrane core, which would
otherwise perforate the bilayer [47,62] (see Figs 3c, d). TMD-induced indentation
compresses the stalk, i.e. it reduces the distance between the two lumenal leaflets
(stalk thickness), and it simultaneously widens it parallel to the membrane surfaces.
An example of such membrane remodelling by the C-termini is demonstrated in Fig.
3c. Addition of further SNARE complexes to the site of membrane fusion must be
expected to incrementally reduce the thickness of the stalk, bringing the stalk closer
to its barrier against fusion pore opening until a sufficient thermal fluctuation enables
sudden barrier crossing. The attachment of large hydrophilic peptide tags to the C-
termini of vacuolar SNAREs (Fig. 3e), which renders their membrane penetration
energetically very costly and highly unlikely, does not impair fusion of yeast vacuoles
[47]. This strongly suggests that fusion does not rely on 'perforation’ by the C-termini

but rather involves indentation and associated remodelling of the membranes.

Nevertheless, chemical alterations and substitutions at the TMD C-termini can alter
the kinetics of fusion of exocytic vesicles (of ~100 nm diameter) [62]. Such
modifications retard fusion when the hydrophobicity of the C-termini is decreased, or
accelerate fusion when hydrophobicity is increased [63]. These effects can be



reconciled with an indentation mechanism for fusion pore opening if we take into
consideration that the local chemical environment at the C-termini contributes to the
energetic cost function of indenting a fusion intermediate. For example, adding an
additional KK motif to the C-termini of neuronal SNAREs (or mimics thereof) [62]
increases the indentation force and total energetic cost of indenting the stalk (Fig.
3d). However, barrier crossing itself occurs at a slightly smaller stalk indentation
(vertical dashed lines in Fig. 3d). The increase in work is associated with the steeper
slope of the curve (the responsive force against indentation). This suggests that the
KK motif builds up more stress in the stalk structure than the wild-type when the C-
termini come together. However, the free energy of the compressed stalk becomes
competitive to the free energy of the stalk barrier ‘faster’, i.e. at a shallower
indentation. In contrast, increasing the hydrophobicity of the C-termini displaces the
barrier towards a more profoundly indented state but simultaneously reduces the
indentation force (the slope of Fig. 3d) and the total energetic cost of indentation.
Since the force transmitted by the TMDs probably remains unaltered, fusion rates
can then be improved by shaving off the energetic cost (force) of stalk indentation via
chemical alterations of the C-termini. When the C-termini become too hydrophobic,
however, a perforation threshold can be reached, at which the SNARE complex
'misfires’, i.e. it zippers and pulls its TMD through the membrane without driving the
fusion reaction (see Fig. 3f). It is then possible that the SNARESs offering the fastest
fusion kinetics are the ones that reduce the cost of indentation to such an extent that
it allows a substantial amount of 'misfiring' with only an occasional 'hit". Similar
conditions may be non-optimal for some in vivo fusion reactions when, as for
example in regulated exocytosis in neurons, high reliability and temporal fidelity of
fusion are indispensable.

Pumping up the volume!

The free energy of a hemifusion structure strongly depends on its shape and to
which degree this shape is compatible with the arrangement and chemical properties
of its lipids and proteins [64]. Steric effects at the fusion site hence deserve attention.
Since, as outlined above, SNARE complexes associate with a variety of other
proteins, which in their sum are often much larger than the SNARE complex itself



(Fig. 2), it is not sufficient to consider only the influence of isolated SNARE
complexes on the fusion site. Proteins associated with the SNARE-complex can
modify the distance and curvature of the membranes at the fusion site and can thus
have significant impact on the energetic landscape of fusion pore formation and
expansion. In line with this, the vacuolar tether protein complex HOPS, its associated
SM protein Vps33 and the exocytic SM protein Munc18-2 are necessary for the
transition from hemifusion to full fusion [65-67]. Also the SM protein Munc18-1
influences fusion pore dynamics in exocytosis [65-67] and stimulates SNARE-
dependent liposome fusion [32]. SNARE-associated proteins, such as Munc18 and
the exocytic calcium sensor synaptotagmin, were also proposed to scaffold several
SNARE complexes around a fusion site and favor their synergistic action on it [68-
71].

Tether complexes interact with membranes through protein-protein interactions, e.g.
with Rab-GTPases, and through a direct affinity for membrane lipids, as exemplified
by the vacuolar tether/SM protein complex HOPS, which binds acidic phospholipids
[19,72-75]. While these interactions can keep membranes in proximity to each other,
there is no evidence that tether proteins actively deform membranes at a fusion site.
By contrast, SNARE complexes are able to actively generate the essential curvature
near the fusion site and force the membrane into close apposition. In doing so, they
will 'parachute' the membrane on top of the much more voluminous tether and SM
proteins, which are associated with the SNAREs (Figs. 1, 2). While this increases the
work required to bring the membranes in close apposition and form a fusion stalk,
this work can be reduced to some extent by favourable interactions of these
voluminous proteins with the membrane. In the case of the tether/SM protein
complex HOPS, for example, such favourable interactions would be provided by two
Rab-GTPases and acidic lipids, which cooperatively enhance the affinity of HOPS
[19,72-75] for the membrane. Whereas such favourable membrane interactions may
reduce the energetic cost, they are not essential for stimulating fusion. This follows
from molecular dynamics simulations and from the experimental observation that
fusion pore formation is strongly accelerated by associating the SNARE complex
with soluble proteins, which have no affinity for the bilayers but increase SNARE
complex size and deform the fusion site [76].

10



Trans-SNARE complexes exert force on the membranes and deform them. In order
to reduce the energetic cost of this membrane deformation, SNARE complexes can
accumulate at the curved edge of the membrane-membrane contact zone (Figs. 1b,
4). In support of such a notion, SNAREs and the tether/SM protein complex HOPS of
vacuoles were found to concentrate at the edge of the contact zone in a vertex ring
[77-79]. Similar vertex enrichment of (non-SNARE) mitochondrial fusion proteins has
also been observed by cryo-electron tomography of contact zones between
mitochondria fusing in vitro [80]. Recent in vivo observations by fluorescence
microscopy suggest that the fusion site between two yeast vacuoles is located near
the edge of this contact zone (see Fig. 4) [81]. Association of the SNARE complex
with voluminous protein complexes will drive SNARE complexes even more
effectively towards the edge of the contact zone, where this volume can most easily
be accommodated.

The formed SNARE/HOPS complexes can be understood as a space-filling,
molecular gas in two-dimensions (the membrane surface). Restriction of
SNARE/HOPS complexes at the docking zone or vertex imposes an entropic
pressure (crowding force) that drives the expansion of the contact zone [82]. This
entropic pressure is expected to scale with the (local) concentration of SNARE
complexes (like an ideal gas) and with the volume (size) of each complex (Lager
‘crowders’ reduce the available configurational space) [83]. If HOPS, because of its
steric volume, confines its associated SNARE complexes to the vertex region, it
effectively increases the local concentration of SNARE complexes and the
concomitant entropic pressure [82], which can additionally enforce an expansion of
the contact zone. Therefore, voluminous SNARE complexes likely induce larger
contact zones than 'skinny' SNARE complexes, illustrating how SNAREs can be put
in a 'higher gear' when their volume is being increased via association with tether
and SM proteins (Fig. 1).

Effects of SNARE-associated proteins on the energetics of the stalk-pore

transition

The presence of bulky SNARE complex ligands dramatically enhances the capacity
of SNARE complexes to open a fusion pore. This could be demonstrated through the
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in vitro fusion of yeast vacuoles. In the absence of the tether/SM protein complex
HOPS vacuoles can form trans-SNARE complexes to similar levels as wildtype
vacuoles, but these SNARE complexes can bring the membranes only into
hemifusion [76]. Addition of HOPS then drives the reaction to pore opening.
Strikingly, fusion pore opening can be stimulated to the same degree when HOPS is
replaced by other, artificial SNARE-binding proteins, such as antibodies to the
SNAREs. The only specific property required for stimulation of fusion is that these
artificial ligands add a similar volume to the SNARE complex and bind it in close
proximity to the site of membrane fusion, on or close to the SNARE domain. This
provides strong experimental evidence that steric constraints imposed on the fusion
site by SNARE-associated proteins - in the physiological setting mostly tether- and

SM proteins - provide a major driving force for fusion pore formation.

Coarse-grained molecular simulations and continuum models could be used to
explore the origins of this strong stimulation of fusion [76]. These approaches
revealed that the increased volume provided by non-SNARE proteins at the fusion
site greatly reduces the energy barrier that the stalk must cross in order to evolve
into a fusion pore. This is due to the increased curvature that these proteins impose
on the stalk (Fig. 2b), which partially "anticipates" the curvature of a later fusion pore
[84]. It thus reduces the work required to attain it. The work is provided by the
SNAREsS, which convert the strain produced by trans-SNARE pairing into a force
acting on the C-termini of their TMDs, as outlined above. This force progressively
indents the lumenal leaflets until a fusion pore develops. Reaching the critical
indentation, from which a fusion pore opens spontaneously, requires less
compression of the stalk and therefore less work in the presence of bulky SNARE-

associated proteins.

Bulky SNARE ligands will not only impose curvature on the fusion site directly. They
are expected to have further effects by which they accelerate fusion. They will drive
the SNAREs, and the fusion site that they are located in, towards the edge of the
contact zone. The membrane bending that occurs here imposes additional curvature
on the stalk to further promote fusion pore formation (Fig. 4c). Bulky SNARE ligands
also exert a peristaltic force on the SNARE complex, which drives the complex away
from the fusion site and generates additional pulling force on the C-termini in the
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indented stalk. Furthermore, it was proposed that bulky SNARE ligands could dictate
a twisted positioning of the SNARE domains at the fusion site [85]. Thereby, they
might allow the SNARE complex to zipper by up to half a turn further than it normally
would in a "relaxed" state, i.e. when the rotational positioning of the SNARE domains
is not restrained by associated proteins. Also this would provide additional pulling
force on the TMDs.

Nanoscopic fusion pores can be long-lived

Fusion pores are metastable. They can flicker, expand into full fusion or revert into a
hemifused state [5,86]. The pores are usually thought of as symmetric hourglass-
shaped lipidic structures lined by fusion proteins. Expansion of the fusion pore is
opposed by the (l) a free-energy cost associated with extending its curved
membrane perimeter, (II) creation of excess membrane area during pore expansion
(growth of vesicle volume). SNARE-mediated fusion pores have been particularly
well characterized in exocytosis, where they are easily accessible to high-resolution
electrophysiological measurements, and in synthetic systems using nanodiscs. While
SNARE-dependent fusion pores are generally considered as transient structures,
with lifetimes in the sub-second range [87,88], recent in vivo analyses in yeast
showed that the vacuoles in this organism are connected by nanoscopic fusion pores
and that this state is quite stable (for many minutes) [81]. These pores do not allow
passage of small (0.25 kDa) soluble fluorophores, indicating that they are
surprisingly narrow - with a diameter of 1 nm or less - and may not expand for a long
time. Their existence could only be shown through fluorescent lipid markers
integrated selectively in the inner membrane leaflet, and through the fact that they
allow passage of transmembrane domains spanning both leaflets (Fig. 5a). Whether
comparably stable nanopores exist in other SNARE-mediated physiological fusion
steps, where they might be considered as hemifused states [89], is currently
unknown because such pores may not be easily revealed by passage of soluble
content markers. Ironically, one may hence coin these pores ‘black holes’ - because
they easily escape detection in optical assays and — as explained below — their
formation may be related to the ‘collapse’ of a fusion pore.
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An analysis of the properties of such nanoscopic fusion pores by coarse-grained
molecular dynamics simulations provided some insight into factors that influence
their stability and expansion [81]. Insertion of three vacuolar SNARE complexes into
a stalk at the fusion site yielded a pore of 3 nm diameter (Fig. 5b). Further expansion
of the pore is opposed by a free energy cost associated with extending the interfacial
length of the highly curved circumference of the pore [84]. It would therefore require
the presence of an external force, such as the presence of osmotic pressure or a
growing protein coat on the neck of the fusion pore [90-95]. As an alternative, recent
studies on the SNARE-mediated fusion of nanodiscs indicated that incorporation of
increasing numbers of SNARE complexes into the membrane surrounding the pore
incrementally increases the conductance of the fusion pore. In this case, steric
repulsions between the growing number of SNARE complexes may enforce
widening of the pore [96]. Since, in vivo, nanoscopic fusion pores between yeast
vacuoles persist and remain too small to passage soluble dye molecules, the
physiological pool of trans-SNARE complexes and other docking factors surrounding
these pores appears to remain insufficient to substantially widen the pore through
this mechanism. Furthermore, it is important to highlight that there are structural
differences between the fusion pores in the two experimental systems. Vacuolar
fusion pores likely show axial asymmetry, because their SNARE complexes drive
them to the vertex of the microscopically sized contact zone (see Fig. 4a, c). By
contrast, a pore in a nanodisc is surrounded by polymer-coated free membrane
edges and, due to its tiny size (<25 nm diameter), cannot even permit the formation
of an extended contact zone [86].

Interestingly, a tension-less fusion pore observed in simulations showed a diameter
of 3 nm [81]). Such a diameter would easily permit passage of a small soluble
fluorophore (Fig. 4), to which the experimentally observed ‘black holes’ have been
impermeable. These fusion pores between vacuoles must hence be of substantially
smaller size (< 1 nm diameter) and/or restrict diffusion through the pore via other
means, for example by reducing water dynamics through molecular crowding in the
tiny pore [97]. What can stabilize such tiny fusion pores against reclosure? Pore
closure increases bending stress on the bilayers [84]. It also coincides with the
unfavorable dehydration of lipid head groups that is necessary to overcome
hydration repulsion between the lumenal leaflets [98]. At pore sizes < 1nm, hydration
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repulsions would dominate the free energy of the pore. This suggests that the in vivo
fusion pore must be subjected to an additional ‘compressive’ force that compensates
lumenal hydration repulsion. The precise nature of this force is unclear at present. A
possible explanation is the presence of effective attractions (likely of electrostatic
nature) within the lumen of the pore. They might occur between charged lipid head
groups, charged residues in the lumenal C-termini of the SNARESs, and divalent
cations [5]. Lumenal attractions should facilitate the ‘collapse’ of a pore. However,
they should impair the formation of a hemifission intermediate because hemifission
would decrease the number of now favorable head group interactions within the
interior of the pore. The free energy barrier against hemifission can be further raised
when voluminous proteins decrease the curvature of the rim of the fusion pore (Fig.
5a). In the presence of attractions in the pore lumen, ‘hemifission’ — when it is
enforced via an externally applied contractive force — only occurs via an alternative
asymmetric, leaky pathway [99] that circumvents ‘collapse’ of the fusion pore (Fig.
5d). In this pathway the free energy barrier against hemifission is in fact determined
by the rupture limit of the membrane. By contrast, applying an external contractive
force in the presence of luminal repulsions (e.g., through hyper-osmotic shock or

inter-leaflet tension) stimulates non-leaky hemifission (Fig. 5c).

SNARE complex positioning

It is paradoxical how a compressed pore can remain stable for many minutes without
escaping into an energetically favorable different topology, i.e. forming a hemifission
intermediate. The presence of SNARE complexes itself may "safeguard" the pore
against closure. Whereas fusion pores induced by a single SNARE complex in lipid
nanodiscs readily re-close, their stability increases when additional SNARE
complexes are integrated and their diameter widens [60,87]. The stabilization and
widening of the pore could result from a radial (entropic) force that multiple SNARE
complexes could exert when grouped around a fusion pore [60]. However, steric
effects can also become important here. When a fusion pore re-closes, the C-termini
must be pushed out of the pore, which requires to tilt the SNARE complex [81]. This
tilting is opposed by the stiffness of the helical SNARE bundle, which then collides
with the apposed membranes in the contact zone. If, in addition, we take into
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account the association of SNARE complexes with tether/SM proteins, which
themselves are fixed between the membranes in the contact zone, it is conceivable
that a movement of the SNARE C-termini out of the pore might be obstructed. This
"immobilization" of multiple hydrophilic SNARE C-termini within a fusion pore should
provide a strong obstacle to its reclosure. That restriction of SNARE complex
mobility might be important in opening and stabilizing the fusion pore is consistent
with molecular dynamics simulations showing that positionally restrained SNARE
complexes are effective in fusion pore opening whereas they produce hemifusion
diaphragms when left free to move [100].

Fusion pores of small and large vesicles face different challenges

It is not self-evident that the parameters relevant to efficient fusion are entirely
overlapping between exceptionally small exocytic vesicles, which are optimized for
rapid and temporally well-controlled fusion, and larger vesicles or organelles, where
the energetic barriers and concomitant indentation forces are expected to be much
larger. A fusion site in the contact zone between two very large vesicles is located
between two approximately flat membranes, which leaves little space for wider
movements of SNAREs and their associated proteins perpendicular to the
membranes. Due to their very high membrane curvature, fusion sites between very
small vesicles (e.g. synaptic vesicles, diameter < 40 nm) provide much more space
for SNARE complexes to reorient themselves. This may be an important factor
reducing fusion pore stability because it may allow SNARE complexes to diffuse out
of the fusion pore more easily.

Another relevant difference concerns the size of the contact zone. Whereas this
zone can be very large between docked organelles (e.g. several um? for yeast
vacuoles), synaptic vesicles make rather point-like contacts [101,102]. For such
small vesicles the size of the early fusion pore already occupies a significant fraction
of a potentially present adhesion zone, whereas this beneficial relative offset
vanishes when the adhesion zone adopts a microscopic length scale. Furthermore,
minimization of curvature stress in small vesicles after fusion can drive the

expansion of the fusion pore because their curvature stress can be large and
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competitive with the line tension of the fusion pore. Thereby, very small vesicles
should be predisposed for a rapid progression towards fusion pore opening and
expansion. "Safeguarding" the pore against re-closure through the immobilization of
SNARE complexes would thus be expected to be less important for synaptic
vesicles. Yeast vacuoles, by contrast, are large and natively controlled by osmotic
pressure. Safeguarding pores between clustered vacuoles is of functional benefit
since it allows rapid adaption to changing osmotic pressures and environmental

conditions [81].

Osmotic pressure and membrane tension are obvious factors that can expand fusion
pores [90-95]. For vesicles adhering over a larger contact area these can be
generated by formation of an extended contact zone via protein-mediated adhesion,
which alters the volume-to-surface area ratio of the vesicles (see Fig. 4a,b). Such
adhesion-mediated pressure may to some degree be reduced through water exit,
since membranes are quite permeable to water. However, the decrease in vesicle
volume through docking also increases the concentration of physiological osmolytes
inside the vesicle, thereby limiting water efflux. Docking thus induces a persistent
osmotic pressure and concomitant membrane tension which can promote fusion
pore expansion. The ‘gearing’ of SNARE complexes through bulky ligands might
enhance this process. Being driven to the vertex of the docking zone more forcefully,
voluminous, "geared" SNARE complexes may thus enforce formation of larger
contact zones, build up more membrane tension, accelerate growth of the contact

zone, and allow the generated tension to promote fusion before it can relax.

In contrast to very small vesicles, which make only point-contacts at the fusion site,
the extensive contact zone between large vesicles should lead to an inhomogeneous
probability of forming a fusion pore, already because components of the fusion
machinery accumulate near the vertex. In addition, molecular simulations suggest
that pores favorably break symmetry when formed at the vertex of an extended
contact zone, resulting in a radially asymmetric ‘edge fusion pore’ (Fig. 4c). This
symmetry break is driven by a mutual reduction of membrane bending energy for
both the fusion pore and the curved membrane edge associated with the fusion pore.
Therefore, the presence of an extended docking/adhesion zone has interesting
consequences for the preferred location, structure and further expansion of a fusion
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pore. Quite in contrast to a radially symmetric fusion pore, the expansion of an edge
fusion pore is additionally governed by an effective adhesive interaction between the
pore and the highly curved membrane at the edge of the contact zone. The physical
principle of such an expansion is analogous to the expansion of a rim-pore formed
within a hemifusion diaphragm [103]. The larger the bending free energy of the
vertex, the more favorably the vertex will be replaced by part of the fusion pore. Its
curvature, however, is directly determined by the apparent contact angle between
the adhering vesicles, i.e. by the relative size of the docking zone. This principle
might provide an explanation why attachment of voluminous proteins to SNARE
complexes can push a fusion reaction from arrested hemifusion all the way up to
complete expansion of the fusion pore, as observed through the fusion of yeast
vacuoles in vitro and in vivo [76,81]. Hence, the presence of these voluminous
complexes can raise the interfacial free energy of the vertex by putting SNAREs into
a ‘higher gear’, increasing the contact angle between the vacuoles and imposing a
direct steric effect on the membranes.

Conclusions and Perspectives

These considerations provide examples supporting the notion that steric effects of
fusion proteins and the geometric properties of the docking and fusion zone have an
important impact on the energetics of the fusion process, which must be taken into
account. Turning our attention to this aspect of SNARE-driven fusion reactions will
allow us to uncover novel properties of the fusion machinery. It will require to take a
more holistic view of this machinery, which does not only consist of SNARE
complexes but involves several other highly conserved protein families, which
associate with them. In physiological fusion reactions these conserved SNARE-
associated proteins are just as essential for fusion as SNAREs are, underlining that
they have not only accessory functions in tethering or facilitation of SNARE complex

formation, but that they also play major roles in the fusion reaction itself.
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Fig. 1. Overview of the different processes occurring in SNARE-mediated vacuole
fusion.

(a) HOPS tethers the two opposing membranes and chaperones SNARE complex
formation. Shown is a section perpendicular to the contact zone between two
vacuoles, where a SNARE complex forms under the assistance of HOPS. The actual
shape that the HOPS complex adopts during the different stages of docking is
unclear. The large volume of HOPS is expected to enforce location at the rim of the
contact zone during docking and to sterically perturb the site of hemifusion, thereby
lowering the free energy barrier of fusion pore formation. (b) Two vacuoles tethered
two each other, viewed from the side (left). The right panel shows a top view of part
of the contact zone at higher magnification, illustrating how part of the SNARE and
tether complexes (HOPS), which generate a contact zone of several um? between
two vacuoles (shown in darker orange), concentrate at its outer rim, forming the
vertex [78]. Crowding of these complexes at the vertex induces a force that drives
expansion of the contact zone. Since adhesion is protein-mediated (SNAREs,
HOPS, and possibly F-actin [104-108]), the free energy which the proteins release
must exceed the energetic costs for deforming the membranes, for concentrating
SNAREs at the contact zone and the vertex, for overcoming membrane-membrane
repulsions, and for reducing internal vacuole volume upon shape change (this
increases the relative concentration of internal osmolytes).
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(c) Cross-section through a fusion pore formed at the vertex shown in (b). The pore
is sectioned parallel to the contact zone. Some of the SNARE complexes integrate
into the pore may not bind to HOPS.
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Fig. 2. Increasing the volume of SNARE complexes through associated proteins.

(a) Size comparison of the cytosolic part of a SNARE complex with the different
SNARE-associated proteins. All proteins and the tethering complex HOPS are
represented on the same scale. The size and shape of the HOPS complex is based
on cryo-EM densities (adapted from [75]). The SNARE-binding region of HOPS, i.e.
the head region which encloses the Vps33 subunit, is encircled in yellow. Although
cryo-EM studies performed under different conditions yielded different shapes for the
complex [75,109], an approximation of its SNARE-binding "head" region as a 14 nm-
sized sphere is justified, based on the known crystal structure of the Vps33-Vps16
complex, which constitutes the major part of it [110]. (b) Opening of the fusion pore
in the presence of three vacuolar SNARE complexes from yeast. The SNARE
complexes impose force on the stalk via the C-termini of the TMDs (black arrows).
This force leads to thinning (approaching the lumenal leaflets) of the stalk and to its
evolution into a fusion pore. The geometry imposed on the fusion site by the head
region of HOPS, which is located nearby, eases non-leaky indentation and lateral
widening of the stalk. Shown is a cross section through the fusion site, perpendicular
to the plane of the membranes. Fatty acyl chains of the lipids are shown in grey, the
lipid headgroups in orange and beige, and the SNARE-binding region of HOPS is
approximated through a yellow ball of corresponding dimensions (as indicated in a).
All SNARE TMDs are colored in yellow, their hydrophilic regions in red, blue and
green, as indicated. The images have been extracted from a simulation run. The
same color scheme is used in all following figures. Due to the movement of SNARE
complexes, not all complexes are visible on all cross-sections. (c) Kinetics of the
stalk to fusion pore transition. Each curve represents the reaction pathway of
minimal free energy -- the most likely reaction pathway -- on a high-dimensional
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(hyper) surface, i.e. the so-called free energy landscape (free energy is a function of
the coordinates and momentum of all particles). This representation is reduced to 2-
dimensions by projecting this high dimensional landscape on a 1-dimensional
reaction coordinate (e.g., the thickness of the stalk). The rate k, at which this
(forward) transition occurs, is k = Ae2¢7%8T with AG* being the free energy barrier, ks
the Boltzmann constant, and T the temperature. Although fusion proteins may alter
the pre-factor A, the rate of the transition is dominated by the much larger
exponential factor comprised by the free energy barrier AG*. SNARE complexes
can lower AG* and increase the stability of the fusion pore with respect to the stalk
(AG) by actively imposing force along the reaction coordinate. HOPS catalyzes the
SNARE-mediated stalk-pore transition by (indirectly) perturbing the structure/nature
of the reactant (stalk), the barrier, and the product state (fusion pore).
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Fig. 3. SNARE-mediated forces drive the stalk to fusion pore transition.

(a) Estimation of the force exerted on the stalk by C-termini of the vacuolar SNARE
TMDs as they approach each other, based on coarse-grained molecular simulations
[47,76]. The distance displayed in the graph is illustrated by a dashed line in the
cross-section through the fusion site that is shown next to the graph. Values are
shown for three different SNARE complexes: With the linker regions between the
TMDs and SNARE domains of all three membrane-anchored SNAREs a-helical
(structured) or non-helical (unstructured), or with only a single linker region (of the
Vti1 SNARE) non-helical. (b) Zipping with a SNARE that has prematurely attained its
a-helical, structured conformation results in excessive kinking of the complementary
SNARE, which is still partially unstructured. Shown is a close-up of a partially
zippered SNARE complex linking two adhering membranes. (c) Indentation of the
stalk through the SNARE C-termini results in formation of a fusion pore. Shown is a
cross-section through a stalk (1), in which the inner leaflets progressively approach
each other, driven through a force applied on the C-termini of the SNAREs(lI-Ill),
until a fusion pore opens (1V). (d) Free energy profile of the stalk-pore transition for
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different chemically modified C-termini, based on coarse-grained molecular
simulations [47,76]. Simulations have been performed as illustrated in c, using
SNAREs in which the C-terminus carried either short charged (Lys-Lys) or
hydrophobic extensions, or no extension. Vertical dotted lines indicate the location of
the barrier to pore opening for the three cases. (e) Two extremes: In an experiment
as in ¢, large fluorescent protein tags attached to the SNARE C-termini do not
interfere with the stalk-pore transition, as long as only a single SNARE complex is
opening the pore. When several SNARE complexes collaborate to indent the stalk,
such tags strongly interfere because they sterically interfere with a concentration of
several C-termini in the indented region [47]. (f) ‘Misfiring’ of the SNARE complex
can occur when the SNARE C-termini are too hydrophobic and/or when the free
energy barrier to fusion pore formation is too high. Shown is the cross-section
through a fusion stalk in which the C-terminus of one SNARE has been pulled
through the bilayer, ending up in the buffer surrounding the stalk.
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Fig. 4. Fusion occurring within an extended contact zone.

(a) 3D-reconstruction of confocal fluorescent image stacks of a fusion pore formed
between to vacuoles in a living yeast cell. Notice its location near the edge of the
contact zone. Only two large vacuolar compartments, which are located within a
single yeast cell and adhering to each other, are visible due to their staining with a
fluorescent vital dye. The rest of the cell and the cell wall are not visible. Adapted
from [81]. (b) Electron cryo-tomography imaging of a fusion pore and contact zone
between two mitochondria fusing in vitro. The dashed black ring indicates the vertex
ring around the contact zone, which is enriched in fusion proteins, in this example
mitofusins (marked by blue dots). The images show cross sections through the
contact zone perpendicular to it (upper image) or parallel to the contact zone (lower
image). Adapted from [80]. (c) Molecular simulation of an edge fusion pore,
performed as described [76] . The edge pore is radially asymmetric, and its overall
shape and structure depend on the contact angle between the vesicles. Shown is a
cross-section of a fusion pore at the vertex of a contact zone, cut perpendicular to
the contact zone.
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Fig. 5. Nano-pores and their stability.

(a) Artistic representation of a ‘black hole’: Mixing of soluble dye molecules between
the separate compartments does not occur despite the presence of a fusion pore.
Shown is a non-expanding fusion pore in cross-section, with a single SNARE
complex integrated and a ball representing the SNARE-binding part of HOPS bound
to it. Soluble dye molecules are shown in light green. (b) A tension-less fusion pore
observed in molecular dynamics simulations in the presence of three vacuolar
SNARE complexes and the SNARE-binding region of HOPS, bound as a ball to one
of the SNARE complexes. Shown is a cross-section through the pore, parallel to the
membranes in the contact zone. The purple molecule indicates a fluorescein
molecule (MW 332 Da) and the dashed line the diameter of the pore. Adapted from
[81]. (c) External compression of the pore in the presence of lumenal (hydration)
repulsions results in hemifission. Shown is a pore cross-section perpendicular to the
contact zone. Compression of the membranes stimulates spontaneous pore closure,
which drives the SNARE complex out of the pore region and tilts it, generating strain.
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Adapted from [81]. (d) An adhesive force within the pore impairs hemifission. Cross
section of a fusion pore parallel to the contact zone (left). External compression of
the pore eventually results in rupture (leakage) of the neck of the pore (middle) and
the pore finally ‘regresses’ into a stalk (right).
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