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Abstract
Fusion proteins can play a versatile and involved role during all stages of the fusion reaction. Their roles go far beyond forc-
ing the opposing membranes into close proximity to drive stalk formation and fusion. Molecular simulations have played 
a central role in providing a molecular understanding of how fusion proteins actively overcome the free energy barriers of 
the fusion reaction up to the expansion of the fusion pore. Unexpectedly, molecular simulations have revealed a preference 
of the biological fusion reaction to proceed through asymmetric pathways resulting in the formation of, e.g., a stalk-hole 
complex, rim-pore, or vertex pore. Force-field based molecular simulations are now able to directly resolve the minimum 
free-energy path in protein-mediated fusion as well as quantifying the free energies of formed reaction intermediates. Ongo-
ing developments in Graphics Processing Units (GPUs), free energy calculations, and coarse-grained force-fields will soon 
gain additional insights into the diverse roles of fusion proteins.
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Introduction

Membrane fusion, one of the most fundamental processes in 
life, occurs when two separate lipid membranes merge into 
a single continuous bilayer. In the last decades, much under-
standing has been gained about the intermediate steps of the 
biological fusion reaction due to extensive theoretical and 
experimental research. It has now become widely accepted 
that the fusion reaction must proceed through a hemifusion 
state before the fusion reaction can progress into the forma-
tion of a fusion pore (Chernomordik and Kozlov 2005, 2008; 
Risselada and Mayer 2020).

Notwithstanding this progress, many open and newly 
emerging questions remain regarding the nature of the 
rate-limiting steps of the fusion reaction and how the many 
participating fusion proteins such as, for example, SNARE 
molecules and associated tether proteins (e.g., see Fig 1a) 
help overcoming the free-energy barriers along the transi-
tion path (Smirnova et al. 2019). Furthermore, since mem-
brane fusion is an essential step in the infection process of 
enveloped viruses such as, for example, pandemic viruses 
(i.e., Influenza and Corona viral strains), gaining further 
understanding of membrane fusion is ultimately driven by 
the (urgent) need to control it. In fact, the ability to predict 
how molecules alter the free energy landscape of membrane 
remodeling may have far-reaching applications in medicine 
and pharmacology, because it enables the rational design 
of novel fusion inhibitors (e.g., antivirals) or accelerators 
(e.g., gene transfection and drug delivery). Moreover, as we 
will discuss within this review, unraveling the underlying 
free energy landscape of the fusion reaction via molecular 
simulations also yielded critical new insights into the diverse 
roles of the viral, neuronal, and cellular fusion machinery.

Understanding the roles and mechanisms of fusion 
proteins is intimately connected to the free energy of the 
intermediates formed during the fusion reaction. However, 
theoretically quantifying free energies of fusion inter-
mediates poses a major challenge because the essential 
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reaction intermediates in biological membrane fusion 
are complex and of a molecular length scale. Traditional 
equation-based free-energy descriptions, such as Helfrich 
elastic continuum modeling, must coarse-grain the effects 
of lipids and proteins into a few parameters, which math-
ematically describe the molecular shape (spontaneous 
curvature) and the elastic moduli of the membrane (e.g., 
Ref. Ryham et al. 2016). While continuum elastic models 
can provide intuitive physical insights into the universal 
aspects of the free-energy landscape, they lack molecular 
details that may become important, particularly for the 
primary fusion steps and protein-mediated fusion. Further-
more, continuum elastic models impose radial symmetry 
to solve the associated shape equations of lipidic fusion 
structures. However, as we will discuss in this review, a 
compelling amount of evidence from molecular simula-
tions and experiments has indicated that known lipidic 
fusion structures such as the stalk and fusion pore often 
break their radial symmetry to lower their free energy.

In molecular dynamics simulations, the physical driving 
forces that govern the reaction paths of non-chemical bio-
logical reactions are approximated by molecular force fields, 
composed of a set of functions and parameters that describe 
the different types of forces between atoms or coarse-grained 
groups of atoms. Therefore, molecular dynamics simu-
lations, in principle, enable an explicit description of the 
full molecular complexity of biological membrane fusion. 
However, employing molecular force fields for the quanti-
fication of free energies is severely limited by the computa-
tional sampling of all accessible states of a physical system 
(phase-space).

During the last decade, computational sampling of phase-
space has benefited from the development of faster CPUs 
and in particular graphics accelerators (GPUs). Also, from 
the side of molecular modeling, a speed-up by a factor of 
two hundred in comparison to atomistic simulations has 
been obtained by employing so-called coarse-grained mod-
els such as, for example, the Martini model (Marrink et al. 
2007), which map individual chemical groups into a single 

Fig. 1   Molecular simulations of the molecular fusion engine. (a) 
Molecular model of the complete synaptic fusion machinery (adapted 
from Ref.  (Bassereau 2018)). (b) The yeast fusion machinery as 
a model of the SNARE-mediated inter-cellular fusion machinery 
(adapted from Ref.  (D’Agostino et  al. 2018)). The yellow sphere 
models the head of the SNARE-associated HOPS complex. The vol-
ume of the HOPS complex poses a steric repulsion on the fusion site 

in the low curvature regime. (c) SNARE-mediated expansion of the 
stalk into a fusion pore. The green circles indicate the hydrophilic 
ends of the transmembrane domains. (d) Free energy cost associated 
with the widening of the stalk when modeling the action of SNARE 
complexes. The plateau region is related to the formation of a critical 
transmembrane contact (the barrier). At this stage, subsequent expan-
sion occurs in the absence of additional work
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interaction site. Since these coarse-grained (CG) models 
capture the level of individual amino acids, they enable 
detailed simulation of fusion proteins (Fig. 1). However, 
secondary and ternary structure of fusion proteins must enter 
as a conserved model parameter because of the absence of 
explicit hydrogen bonding. Therefore, its limitation is that 
the protein structure has to be known and must remain 
relatively unchanged during the fusion reaction. A further 
limitation of coarse-grained models is that many atomistic 
degrees of freedom are eliminated and replaced by much 
fewer coarse-grained degrees of freedom, which changes 
their entropic contribution to free energies. As a result, 
while coarse grained force fields try to include those in an 
effective matter at room temperature, the resulting tempera-
ture dependence and heat capacities may be less accurate. 
Nevertheless, these models can at least phenomenologically 
capture the spontaneous assembly or ‘zipping’ of individual 
SNARE molecules (Risselada et al. 2011; Risselada and 
Grubmüller 2012), i.e., the main constituents in neuronal 
and cellular membrane fusion, into coiled-coil complexes 
(Fig. 1). It is noteworthy that the zipping of the SNAREs 
observed in these CG simulations extends into the mem-
brane region, in agreement with the resolved X-ray structure 
of the fully assembled post-fusion state (Stein et al. 2009).

As we will discuss in more detail further below, signifi-
cant methodological advances have been made in terms of 
free energy calculation and enhanced sampling methods. In 
particular, so-called ‘string methods’ display a large poten-
tial in resolving the free energy landscape of membrane 
fusion (Smirnova et al. 2019), since these methods self-
resolve the reaction pathway of minimum free energy of the 
fusion reaction (e.g., the process of stalk formation between 
two apposed membranes)—quite in contrast to standard free 
energy calculations methods in molecular simulations which 
rely on an explicit description of a likely pathway, which 
may or may not be a minimum free energy pathway.

The goal of this review is twofold: (i) To present insights 
into how fusion proteins and other external enhancers of 
membrane fusion (e.g., electric fields (Haluska et al. 2006), 
functionalized nano-particles (Tahir et al. 2020), and car-
bon nano-tubes (Bhaskara et al. 2017)) can actively alter or 
overcome fusion barriers based on the insights of molecular 
simulations. (ii) Providing a set of ‘lessons learned’ concern-
ing the many pitfalls and challenges that one may encounter 
when studying membrane fusion by molecular simulations.

We will chime in at the stage where an initial fusion stalk 
has already formed and discuss how its subsequent evolution 
into a fusion pore can be actively driven. One of the main 
foci of this review is to discuss the role of asymmetry of 
the fusion site in reducing the free energy of both the stalk 
and fusion pore. Hence, quite in contrast to earlier elastic 
continuum models, molecular simulations are free of an 
implicit symmetry bias when studying the evolution of the 

fusion reaction and subsequently formed fusion pore. We 
highlight these diverse roles of asymmetry together with 
its corresponding microscopic observation. Finally, we will 
discuss the state-of-the-art in resolving the free energy land-
scape of protein-mediated membrane fusion via molecular 
simulations.

Expansion of the stalk in SNARE‑mediated fusion

The free energy barrier against stalk expansion, often coined 
‘radial stalk expansion’, is characterized by the formation of 
an initial contact between the transleaflets—a critical trans-
leaflet contact. Because the expansion of the stalk does not 
necessarily proceed radially (see Fig. S4 in Ref. (Risselada 
et al. 2014)), we address this reaction pathway via the collec-
tive term ‘stalk widening’. SNARE complexes can actively 
overcome the barrier against stalk widening by mechanically 
imposing local pressure on the transleaflets via the hydro-
philic ends of the transmembrane domains (TMDs), which 
facilitates local indentation of the transleaflets. In essence, 
this mechanism relies on an elastic force balance between 
the force associated with a collective growth of stalk area 
and the point-like force imposed by the TMD ends on the 
transleaflets.

It is noteworthy that the local chemical nature of the TMD 
ends can, to some extent, affect the (local) free energy cost 
required to indent the transleaflets and form a critical trans-
leaflet contact via active perturbation (Wehland et al. 2016; 
Sharma and Lindau 2018). Interestingly, stalk widening can 
be alternatively driven by placing a 12 nm-sized open car-
bon nano-tube (CNT) through the stalk’s hydrophobic core, 
which bridges both transleaflet of the stalk (Bhaskara et al. 
2017). The free ends of open carbon nano-tubes are oxidized 
and hydrophilic of nature, similar to the ends of SNARE 
TMDs. As the CNT favorably tilts away from the symme-
try axis connecting the vesicle centers, the transleaflets are 
forced to merge (Bhaskara et al. 2017).

If fusion occurs between two already highly curved mem-
branes, then ‘fusiogenic’ lipids with negative spontaneous 
curvature (e.g, POPE and cholesterol) are not expected to 
further lower the expansion barrier within this mechanism 
(Risselada et al. 2014), in contrast to the fusion reaction 
at low membrane curvature (D’Agostino et al. 2017). This 
discrepancy may be explained by the fact that the hydration 
of lipid headgroups at the circumference of the correspond-
ing ‘dimple stalk’ is actually larger than that of the corre-
sponding lipid in a fully hydrated flat membrane—the stalk 
is effectively not a negatively curved structure compared to 
a flat membrane (see Fig. S6 in Ref. (Risselada et al. 2014)). 
Stalk widening in dimple fusion (high membrane curvature) 
seems thus not limited by costly dehydration of lipid head-
groups, but rather by relative stretching of the transleaflets 
to form an initial contact. This explains why cholesterol can 
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oppose stalk widening in dimple fusion since it increases 
the elastic moduli of the leaflets (Risselada et al. 2014). 
In contrast, the presence of unsaturated lipids is therefore 
expected to enhance stalk widening since these lipids reduce 
the elastic moduli. Perhaps this is one of the many reasons 
why the presynaptic plasma membrane is highly enriched in 
poly unsaturated lipids (Takamori 2006), especially when 
stalk expansion is the rate-limiting step in the fusion reaction 
(Baoukina and Tieleman 2010; Kawamoto et al. 2015; Ris-
selada and Grubmüller 2012; Bruininks et al. 2020). Nota-
bly, a later study using the Shinoda-DeVane-Klein (SDK) 
coarse-grained model did find an additional reduction of 
the expansion barrier in small vesicles when (unsaturated) 
DOPE lipids were added to a vesicle consisting of saturated 
DMPC lipids (Kawamoto et al. 2015). The question is to 
which extend this effect relates to DOPE’s unsaturated tails 
rather than its PE head group (both variables were changed 
simultaneously).

At low membrane curvature, where the protein-free bar-
rier against stalk widening is in the range of 100 k

B
T or more 

(Kawamoto et al. 2015), active widening of the stalk posses 
a severe challenge. Even the presence of three Yeast SNARE 
complexes at the fusion site still yields a residual barrier of 
about 70 k

B
T  against expansion of the stalk (D’Agostino 

et al. 2017). Fusion within the low curvature regime may 
thus rely on the local generation of high membrane curvature 
(Risselada and Mayer 2020). Interestingly, the additional 
presence of a single voluminous SNARE-associated tether 
complex can already reduce the free energy barrier against 
stalk widening to about 35 k

B
T by imposing steric repulsions 

on the site of hemifusion (Fig. 1). These repulsions yield an 
asymmetrically perturbed or curved fusion site. The adopted 
asymmetry at the fusion site generates a stalk structure that 
is closer to the native structure of the critical intermedi-
ate (the free energy barrier) at low membrane curvature 
(D’Agostino et al. 2018). In vivo, these tether complexes 
likely enforce a peripheral location of the SNARE complex 
near the curved membrane edge (the vertex) of the contact/
adhesion zone formed between large vesicles (Risselada and 
Mayer 2020).

Finally, since the formation of a critical transleaflet 
mainly relies on the ability of the transleaflet to stretch, the 
resultant barrier against stalk widening is extremely suscep-
tible to the lipid distribution between cis- and transleaflet 
(Risselada et al. 2014). Even slight variations in the lipid 
distribution between the monolayers (a few percent only) 
will already give rise to a substantial interleaflet tension, 
which can change the free energy barrier by several tens of 
k
B
T  . Since the time scale of molecular simulations does not 

suffice to achieve equilibrium between the leaflets via spon-
taneous lipid flip-flops, the apparent stalk expansion barrier 
will, therefore, strongly depend on the construction of the 
initial membrane setup. However, equilibrium between the 

monolayers can be alternatively ensured and tested for using 
’artificial membrane pores’, which enable high lipid flip-flop 
rates within simulation time scales (Risselada and Marrink 
2009). We emphasize that changing membrane composition 
in an equilibrated vesicle by redefining interaction types (a 
trivial procedure in coarse-grained models), will also intro-
duce interleaflet tension, since each membrane composition 
has a unique lipid distribution between the inner and outer 
monolayer at equilibrium (Risselada and Marrink 2009).

Special care is also required when studying fusion with 
asymmetric planar membranes whose leaflets have different 
lipid compositions. These are typically constructed by ‘leaf-
let area’ matching, i.e., the area of each leaflet is estimated 
by simulating the corresponding symmetric membrane. 
However, it is important to emphasize that ‘leaflet area 
matching’ does not guarantee vanishing interleaflet tension 
since the two corresponding parental symmetric membranes 
usually have rather different pressure profiles. In contrast, 
‘artificial pores’ likely enable a rapid net material exchange 
between the leaflets without significant loss of compositional 
membrane asymmetry.

Furthermore, the presence of sterols or other small hydro-
phobic molecules with a high transversale diffusion rate 
likely can reduce interleaflet tension considerably, because 
they alternatively enable equilibration of the chemical poten-
tial between the two leaflets. Because generation of interleaf-
let tension offers an extremely effective mechanism to drive 
the widening of the stalk, it is tempting to think that such 
a mechanism may be exploited by the fusion machinery in 
vivo. For example, by inducing electrostatic condensation 
within the cisleaflets (e.g., anionic lipid in the presence of 
calcium) (Tahir et al. 2020). However, such a mechanism 
would require a high level of regulation (calcium influx/
efflux), and dissipation of the induced transleaflet tension 
must be restricted on the timescale of the fusion reaction.

Whether stalk widening ‘escapes’ into forming a stable 
hemifusion diaphragm (HD) rather than a fusion pore likely 
depends on inter-membrane distance and the concomi-
tant curvature of the formed ‘stalk wings’ (Nishizawa and 
Nishizawa 2013), lipid composition (Risselada et al. 2014; 
Gardner and Abrams 2017), and the number of surround-
ing SNARE complexes present (Risselada et al. 2011). In 
protein-free dimple fusion of POPC membranes (curvature 
of 1/8 nm−1 ), the barrier against HD rupture is 1–2 k

B
T  and 

therefore negligible. This is because HD growth is limited to 
a size of 2 nm, which results in the formation of an extremely 
thin and unstable connecting membrane. However, addition 
of 30% cholesterol increases the barrier against HD rupture 
to about 10 k

B
T  (see Fig. S3 in Ref. (Risselada et al. 2014)) 

(García et al. 2001; Risselada et al. 2014).
Notably, the reduced thickness of a small HD is not 

explained by the presence of excess membrane tension. 
This notion is supported by the observed reduction of fusion 
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pore size when HD material is absorbed, indicating that the 
thinner HD is not under an excess tension (see Fig. 3A and 
Ref. (Risselada et al. 2014)). Instead, the reduced mem-
brane thickness is a consequence of the material equilibrium 
(lipids can freely exchange) between the flat membrane part 
(the HD) and the curved membrane leaflet (the tri-junction 
or rim of the HD). The chemical potential of a curved leaflet 
is substantially larger than that of a flat, non-curved leaf-
let (Grafmüller et al. 2013). The HD compensates for the 
increased chemical potential at its rim by reducing the thick-
ness of its central membrane (Grafmüller et al. 2013). In 
essence, the pronounced thinning of a small HD thus results 
from the absence of bulk properties. These finite size effects 
fade when the HD grows, increasing both its thickness and 
concomitant barrier against rupture (see Fig. S3 in Ref.(Ris-
selada et al. 2014)). Artificially restricting the mobility of 
SNARE complexes surrounding the fusion site in molecu-
lar simulations destabilize HD formation by hindering its 
expansion towards a stable size (Sharma and Lindau 2018). 
The question is, of course, whether such a drastic spatial 
restriction of mobility, i.e., the usage of position restraints 
in molecular simulations, would occur also in vivo. Further, 
it is plausible that fusion facilitated by, e.g., a single SNARE 
complex (Mohrmann et al. 2010) could allow in vivo sur-
vival of an HD with interesting consequences for subsequent 
fusion pore formation (Fig. 3A).

Expansion of the stalk in viral fusion

Whereas SNAREs rely on a complementary partner wait-
ing for them in the target membrane, viruses are pirates 
that must hijack cells. In contrast to SNARE complexes, 
viral fusion proteins are seemingly unable to exert direct 
mechanical force on both transleaflets of the stalk, because 
that would require their amphiphilic fusion peptides to first 
penetrate and fully span the host membrane (Risselada et al. 
2014; Risselada and Grubmüller 2012), rather than resid-
ing on the surface of the host membrane (Skehel and Wiley 
2000). Adaptation of such a transmembrane orientation is 
additionally linked to the rupture of the host membrane, as 
demonstrated by recent electron cryotomography observa-
tions of modeled Influenza fusion (Chlanda et al. 2016) (see 
Fig. 2b). Furthermore, if multiple fusion peptides adopt a 
transmembrane orientation in the direct vicinity of the stalk, 
widening of the stalk is vastly energetically outperformed by 
alternatively asymmetric stalk expansion mechanisms (see 
Fig. 2a) (Müller et al. 2003; Smeijers et al. 2006; Risselada 
et al. 2014). Quite in contrast to functional membrane fusion 
driven by SNARE complexes, it is thus not evident if or how 
the viral fusion machinery drives the active widening of the 
stalk. Could the viral fusion machinery actively expand a 
stalk by inducing favorable interleaflet tension in the target 
membrane? Such a mechanism is not evident, however, since 

the amphiphilic fusion peptides adhere to the cisleaflet of 
the target membrane and the concomitant creation of excess 
cisleaflet area would rather oppose widening of the stalk.

Whether an active mechanism to expand the stalk is 
required largely depends on the biological requirement of 
the rate of the fusion reaction. Obviously, viral fusion rate 
does not need a similarly fast rate as neuronal fusion (sub-
millisecond). Free energy calculations have indicated the 
fusion reaction between a small highly curved 20-nm sized 
DMPC/DOPE (being 5 times smaller than most enveloped 
viruses) and a corresponding planar membrane already faces 
a substantial free energy barrier of about 50 k

B
T  against 

non-leaky stalk widening (a non-leaky radial stalk expan-
sion) (Kawamoto et al. 2015). This thus implies a consider-
able barrier against stalk widening and thus a high meta-
stability of a formed stalk structure. Notably, most enveloped 
viruses are about five times larger, and thus have a much 
lower membrane curvature, and are additionally coated with 
a stiff matrix protein on its transleaflet. Both of these fac-
tors are expected to further increase the barrier substantially 
(Risselada et al. 2014; Kawamoto et al. 2015). Therefore, 
given that an active expansion mechanism is absent, and 
given that the mechanism would preferentially proceed via 
a non-leaky ‘radial’ stalk expansion, high-resolution elec-
tron cryotomography observations of viral fusion would 
abundantly reveal meta-stable stalk structures observed as 
small lipidic junctions between two fully intact membranes. 
However, such an intermediate has not yet been observed 
by high-resolution electron cryotomography of viral fusion 
(Chlanda et al. 2016). Therefore, the viral fusion machinery 
evidently involves an active and highly efficient mechanism 
to expand the stalk.

Interestingly, simulations suggest that a stalk can be alter-
natively expanded via nucleation of a ‘hole’ in the target 
membrane in the direct vicinity of the stalk (Fig. 2a,c). The 
barrier against stalk expansion within this asymmetric mech-
anism is the formation of the ‘hole’. Formation of a stalk-
hole complex is favorable because of a mutual reduction 
of the free energy of both the stalk and the ‘hole’ (Müller 
et al. 2003; Katsov et al. 2006). Therefore, the presence of a 
metastable stalk inherently compromises the stability of the 
membrane against spontaneous pore formation (Müller et al. 
2003; Katsov et al. 2006). As a consequence of the excess 
line tension present at the rim of the ‘hole’, the stalk rapidly 
encircles the hole forming a hemifusion diaphragm. Here, it 
is noteworthy to mention that interfaces are commonly seen 
to facilitate fusion reactions (e.g., see Fig. 2d,e). For exam-
ple, modeled HIV fusion events preferentially occur at the 
boundary between liquid ordered/liquid disordered (lo/ld) 
domains (Yang et al. 2016) (see Fig. 2e). Indeed, the Ld/Lo 
interface can facilitate the attraction of fusion intermediates 
such as a fusion stalk (Risselada 2017) (see Fig. 2d) as well 
as amphiphilic (fusion) peptides (Su et al. 2020). Finally, 
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also the excess line tension of the edge of a lipid nano disc 
can drive elongation of the stalk (Sharma and Lindau 2018).

The barrier against ‘hole’ formation in the stalk’s direct 
vicinity—this corresponds to the barrier against stalk expan-
sion—is differentially affected by membrane composition 
(Risselada et al. 2014). Within such a mechanism, POPE 
lipids strongly decrease the barrier against stalk expansion, 
whereas cholesterol strongly increases it. In fact, in our 

simulations of dimple fusion, the ‘leaky’ expansion of the 
stalk is slightly favored over non-leaky stalk widening in 
the presence of POPE lipids (a free energy barrier of 15 k

B
T  

versus 17 k
B
T  , respectively). Interestingly, the free energy 

barrier within this ‘leaky’ mechanism is not affected by 
interleaflet tension (Risselada et al. 2014). Moreover, also 
restraining the bending of a transleaflet mimicking the mem-
brane stiffening effect of viral matrix proteins does not affect 

Fig. 2   Asymmetric expansion of the fusion stalk. a Expansion of a 
stalk into a hemifusion diaphragm mediated by a nearby bundle of 
transmembrane oriented influenza fusion peptides. The presence 
of the peptides eases heterogeneous nucleation of a ‘bare hole’ in 
between the stalk and peptides. The free rim of the formed ‘hole’ is 
rapidly encircled by the stalk resulting in the alternative formation 
of an hemifusion diaphragm. b Electron cryotomography observa-
tions of modeled influenza fusion reveal the virus’ ability to form 
holes in the target membrane (a liposome) even in the absence of a 

lipidic connection. Adapted from Ref.  (Chlanda et  al. 2016). Scale 
bars: 50 nm. c Free energy associated with forming a stalk-hole com-
plex (Risselada et al. 2014). The plateau region indicates the forma-
tion of a hole (the barrier), after which subsequent elongation of the 
stalk becomes spontaneous. d Fusion intermediates generally prefer 
to locate near interfaces: A fusion stalk binding to the lo/ld interface. 
e Modeled HIV fusion occurring at the lo/ld interface in experiments. 
Adapted from Ref. (Yang et al. 2016). Scale bar: 20 �m
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the free energy barrier of his mechanism (Risselada et al. 
2014) (Fig. 2a). The properties of such a mechanism are 
thus quite different from the properties of the stalk widen-
ing mechanism whose free energy barrier is highly sensitive 
to both changes in interleaflet tension and leaflet stiffness. 
Consequently, the external conditions at the site of mem-
brane fusion can additionally determine which of these two 
competitive mechanisms is most likely. Because of the active 
force which SNARE proteins can directly exert on the trans-
leaflets of a stalk structure as well as due to the abundance of 
sterols subject to high flip-flop rates (this reduces interleaf-
let tension), the SNARE fusion machinery can energetically 
outperform leaky fusion (Wang et al. 2009; Risselada and 
Grubmüller 2012).

Interestingly, our simulations illustrated that the presence 
of a metastable bundle in the target membrane formed by 
five to six trans-membrane oriented Influenza fusion pep-
tides in the direct vicinity of stalk substantially eases hetero-
geneous nucleation of a ‘hole’ between the stalk and the pep-
tide bundle (see Fig. 2a and Ref. (Risselada et al. 2014)). For 
such a peptide-facilitated mechanism, the presence of the 
peptide bundle effectively further weakens the membrane 
in the vicinity of the stalk, thus enabling the spontaneous 
formation of a ‘hole’ within simulation timescales. Since the 
collective adhesion of fusion peptides on the surface of the 
target membrane surface already substantially compromises 
membrane stability, stalk induced hole formation may in fact 
not require the presence of a nearby transmembrane bundle 

(Katsov et al. 2006). Thus, the viral fusion machinery can 
actively drive expansion of the stalk by exploiting the stalk’s 
native propensity to nucleate a ‘hole’ in its direct vicinity.

Furthermore, ‘puncturing’ of the target membrane in 
viral fusion precedes lipid mixing (Lee 2010; Chlanda 
et al. 2016). Such a phenomenon has recently been directly 
observed by electron cryotomography (Chlanda et al. 2016) 
(Fig. 2b). This mechanism somewhat resembles the experi-
mentally observed mechanism of fusion driven by electropo-
ration in the presence of an external electric field (Haluska 
et al. 2006; Böckmann et al. 2008). However, since the rim 
of such an isolated pore is likely coated by fusion peptides, 
thereby directly explaining its stability, subsequent elon-
gation of a stalk formed at the rim of the pore would be 
severely hindered. Hence, both the stalk and the peptides 
compete for the excess line tension at the pore’s interface 
(Risselada et al. 2012). This scenario most likely explains 
the observation of intermediate structures featuring a large 
pore which is partially encircled by a stalk (coined ‘lipidic 
junctions’) (Chlanda et al. 2016). It is important to empha-
size that the mechanism observed in simulations (Müller 
et al. 2003; Smeijers et al. 2006; Risselada et al. 2014) rather 
relies on the additional formation of a ‘bare hole’ in between 
the stalk and peptide bundle, and that the stalk subsequently 
competes with the peptides for the excess line tension of the 
hole’s rim by rapidly surrounding it.

The absence of a leaky viral fusion mechanism is often 
attributed to the alternative occurrence of a radial stalk 

Fig. 3   An asymmetric fusion pore. a SNARE-mediated formation 
of a pore at the rim of a hemifusion diaphragm. The pore displays a 
metastable flickering stage before it eventually expands into a toroidal 
fusion pore. b Direct microscopic observation of a rim-pore formed 
after rupture of an HD (adapted from Ref.  (Nikolaus et  al. 2010)). 
c A fusion pore centrally connecting two curved membrane sheets 

will favorably break its symmetry and expand to a larger equilibrium 
size. d The apparent local contact angle between the docked mem-
branes defines the structural asymmetry and concomitant equilibrium 
size of the vertex pore. e Electron cryotomography observations of a 
vertex pore formed in modeled mitochondrial fusion (adapted from 
Ref. (Brandt et al. 2016))
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expansion. Leakage in modeled Influenza fusion can be 
reduced but not entirely prevented by the addition of lipids 
with a negative spontaneous curvature to the host membrane 
(Chlanda et al. 2016; Haldar et al. 2018). In particular, the 
presence of 40% cholesterol effectively reduces the percent-
age of events with leaky phenotype (rupture events) to about 
10% (Chlanda et al. 2016). However, this implies that the 
free energy barriers of the two different phenotypes nev-
ertheless remain within about 2 k

B
T  of each other. It is not 

evident how two competitive reactions can proceed via for-
mation of both topologically and structurally different inter-
mediates, yet remain energetically close over a large range of 
different conditions (Chlanda et al. 2016; Haldar et al. 2018). 
Intriguingly, also the presence of a single point mutation 
within the fusion peptide of Influenza (G13A) induces a pre-
dominantly leaky phenotype in the fusion reaction between 
red blood cells expressing Influenza Hemagglutinin (Lai and 
Tamm 2010). This observation indicates a subtle but direct 
involvement of the viral protein machinery itself to facilitate 
the leaky phenotype. It also demonstrates the propensity of 
the leaky reaction phenotype to occur even under in vivo 
membrane conditions. Molecular simulations revealed that 
the G13A mutant forms substantially larger metastable bun-
dles or pores than the wild-type, thereby directly explaining 
its predominantly leaky phenotype (Risselada et al. 2012).

In contrast to electron cryotomography observations, the 
stalk-hole complexes observed in molecular simulations 
(Fig. 2a,c) feature an extremely small (size of about 1–2 
nm) and transient hole (lifetimes of less than a microsec-
ond). It is therefore quite unlikely that this reaction pathway 
would result in detectable leakage in experiments. Produc-
tive viral fusion may thus proceed via formation of a small 
‘bare hole’ that is rapidly surrounded by a present stalk. 
This would explain how an apparently non-leaky phenotype 
remains tightly kinetically coupled to its leaky counterpart. 
Timing of stalk- versus hole formation likely controls the 
switch between the two phenotypes. Adding lipids with a 
negative spontaneous curvature enhances rapid stalk forma-
tion and thus competes with the observed ability to release 
stress by growing a large unproductive peptide coated pore 
(see Fig. 2b). In particular, the presence of cholesterol which 
additionally decreases membrane permeability (Bu et al. 
2018) would delay excessive penetration of the fusion pep-
tides and subsequent pore formation in the target membrane.

A direct consequence of a ‘leaky mechanism’ is an 
increased propensity to stabilize a hemifusion diaphragm 
(HD). Hence, in contrast to the mechanism of stalk wid-
ening, formation of the HD via ‘leaky fusion’ surpasses 
nucleation of an HD through a point-like intermediate, i.e., 
a transleaflet contact, and directly results in a larger HD of 
an already more stable size. The equilibrium size that an HD 
subsequently adopts is mainly a function of its membrane 
composition and does not necessarily reflect its pathway of 

formation. To this end, we hypothesize that viral fusion has 
an increased propensity for HD formation and that the viral 
fusion machinery must actively prevent its stabilization. This 
hypothesis is supported by the experimental observation that 
a single N-terminal point mutation within Influenza fusion 
peptides arrests the subsequent fusion reaction between 
viral particles and lipidic liposomes at the stage of an HD 
(Chlanda et al. 2016). It is noteworthy that a transmembrane 
bundle consisting of G1S mutants facilitates a stalk-hole 
mechanism with a similar effectivity as the wild-type in our 
dimple fusion setup (see Fig. 2a), even though its effectiv-
ity seemed reduced in planar membrane systems (Risselada 
et al. 2012).

Finally, recent multi-scale simulations studied the 
fusion reaction between a small vesicle coated by Influenza 
Hemagglutinin and a planar membrane (Pabis et al. 2020). 
Although the authors did not explore the nature of the stalk 
expansion mechanism in close detail (the snapshot in Fig. 2c 
in Ref. (Pabis et al. 2020) reveals a ‘leaky’ stalk elongation 
mechanism), they did observe the formation of a metastable 
HD after ‘widening’ of the stalk which eventually ruptured 
in the course of the simulations. The question is whether the 
proteins played a causal effect in overcoming these different 
free energy barriers and whether the observed mechanism 
corresponds to the actual mechanism in vivo. This could be 
tested by deleterious point mutations (e.g., G1S), analogous 
to tests performed in simulations of SNARE mediated fusion 
(Sharma and Lindau 2018).

The asymmetric fusion pore

The structure of the fusion pore is arguably one of the most 
central topics in the field of membrane fusion. It is widely 
accepted that fusion involves both lipids and integrated 
fusion proteins. The fusion pore is commonly assumed to 
be axially symmetric and toroidal. However, both molec-
ular simulations and experiments have demonstrated that 
fusion pores preferentially adopt an asymmetric shape 
(Risselada et al. 2014; Blokhuis et al. 2020; Nikolaus et al. 
2010; Brandt et al. 2016; D’Agostino et al. 2018; Grafmül-
ler et al. 2007), with profound consequences for the free 
energy landscape of subsequent pore expansion (Risselada 
et al. 2014; Blokhuis et al. 2020). Two asymmetric types of 
fusion pores have been observed, (i) rim-pores formed at the 
rim of a single membrane thick hemifusion diaphragm (Gao 
et al. 2008; Nikolaus et al. 2010; Risselada et al. 2014) (see 
Fig. 3a,b), and (ii) vertex fusion pores formed at the edge or 
vertex of the contact zone formed during protein-mediated 
docking and adhesion of membranes (Grafmüller et al. 2007; 
Blokhuis et al. 2020; Brandt et al. 2016; D’Agostino et al. 
2018) (see Fig. 3c,d,e).

Rim-pores facilitate pore flickering. Destabilization of 
a hemifusion diaphragm proceeds via formation of a pore 
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formed at the rim of the hemifusion diaphragm: A rim pore. 
Similar to the expansion of a stalk, the ends of the SNARE 
TMDs exert a direct force on the rim of the HD which eases 
the heterogeneous nucleation of a rim-pore. Formation of a 
pore at such a location and concomitant symmetry break-
ing is favored because only part of the pore consists of the 
costly free membrane edge, whereas the other part involves 
the energetically less costly continuous membrane, i.e. the 
neck of a toroidal fusion pore. Because of its heterogene-
ous nature, the shape of such a pore is non-circular, and its 
overall shape during expansion is a direct consequence of 
free energy minimization (Risselada et al. 2014).

A rim-pore must expand up to a critical size (a free 
energy barrier), before complete expansion proceeds spon-
taneously (Risselada et al. 2014). Furthermore, the free 
energy landscape of rim-pore expansion up to the critical 
pore size can become rather shallow such that thermal fluc-
tuations can facilitate substantial fluctuations in pore size 
and conductance (pore flickering) (Risselada et al. 2014) 
(see Fig. 3a). Such a pore flickering stage is followed by 
a sudden complete expansion if pore expansion surpasses 
the critical pore size. Similar to regular membrane pores, 
rim-pores can close in the absence of a (substantial) free 
energy barrier, especially in the absence of membrane ten-
sion. Therefore, so-called kiss-and-run events, i.e., transient 
opening and closing of fusion pores, in synaptic vesicles 
systems could be alternatively explained by the presence of 
rim-pores in small to medium-sized hemifusion diaphragms 
(a diameter of 10 nm or more) rather than by toroidal fusion 
pores. In particular, it is difficult to envision how closing of 
a toroidal fusion pore via hemifission events could occur in 
the absence of a GTP-driven fission machinery. The small, 
native fusion pores connecting yeast vacuoles can block the 
passage of soluble fluorescent dye molecules and conse-
quently escape experimental detection in most fusion assays 
(D’Agostino et al. 2018). We therefore ironically coined 
these nanoscopic fusion pores ‘black holes’ (Risselada and 
Mayer 2020). Nevertheless, these small pores still enabled 
the passage of labeled transmembrane domains despite their 
charged C-termini, thereby illustrating a remaining ability to 
conduct ions (D’Agostino et al. 2018). However, complete 
blockage of ion conductance would require an even smaller 
pore size, less than 1 nm in diameter, and it is questionable if 
such a pore can be thermodynamically stable. In contrast, the 
formation and closing of rim-pores could result in transient 
conductance of ions. In that case, kiss-and-run behavior 
would be stimulated by the same factors that enhance the 
survival and growth of a small hemifusion diaphragm such 
as a reduced number of participating SNARE complexes 
at the site of membrane fusion and the presence of a high 
cholesterol concentration (Risselada et al. 2014). This may 
explain why cholesterol in some cases increases pore flicker-
ing (Wang et al. 2010) rather than reduces it (Stratton et al. 

2016). This alternative explanation of kiss-and-run events 
has thus far been largely overlooked.

It is very likely that in vivo fusion pore formation compet-
itively proceeds through both rim-pore formation and instan-
taneous toroidal fusion pore formation; the balance between 
these two pathways is rather subject to external conditions 
such as membrane composition and protein expression lev-
els. Both of these pores, however, come with different pore 
flickering characteristics. In our simulations (Risselada and 
Grubmüller 2012), we observed that cholesterol laterally 
redistributes itself after toroidal pore formation, thereby 
reducing membrane asymmetry and driving additional open-
ing of the fusion pore. However, the observed paradoxical 
ability of cholesterol to suppress pore opening and to facili-
tate pore flickering (Wang et al. 2010) is well explained by 
its competitive ability to stabilize an hemifusion diaphragm, 
which would eventually result in rim-pore formation (García 
et al. 2001; Risselada et al. 2014). Finally, in nano-disc 
based fusion assays, the toroidal fusion pore formed between 
a nano-disc and membrane features a volcano-like structure, 
which can subsequently collapse and seal into a continuous 
membrane because of the presence of excess line tension at 
the rim of the ‘volcano’ (Sharma and Lindau 2018). Such 
a pore collapse is an artifact of the usage of nano-discs and 
is not transferable to real membrane systems where such a 
line tension is absent. Therefore, comparisons of pore clos-
ing/opening dynamics (e.g., kiss-and-run events) between 
nano-discs and synaptic vesicles should be taken with care, 
as rather different factors may drive closing of the pore.

The asymmetric vertex pore. Recent experimental obser-
vations have illustrated that fusion pores between vesicles 
that are docked by an extended flat contact zone are located 
at the curved edge (vertex) of this zone (Brandt et al. 2016; 
D’Agostino et al. 2018) (e.g., see Fig. 3e). Using molecu-
lar simulations in conjunction with a wetting model, we 
have illustrated that a formed fusion pore experiences a 
direct attraction toward the vertex, because such a loca-
tion enables the pore to lower its costly membrane bend-
ing energy (Blokhuis et al. 2020) (see Fig. 3c). A vertex 
pore likely characterizes the native structure of the fusion 
pore if the fusion reaction precedes through the formation 
of an extended contact zone between the membranes (e.g, 
endosomal fusion, mitochondrial fusion, yeast fusion, sperm 
fusion) (Blokhuis et al. 2020).

The size adopted by the resulting vertex pore strongly 
depends on the apparent contact angle between the adhered 
vesicles (see Fig. 3d), even in the absence of membrane sur-
face tension. Larger contact angles substantially increase 
the equilibrium size of the vertex pore. Because the cel-
lular membrane fusion machinery actively docks mem-
branes, it facilitates a collective expansion of the contact 
zone and increases the contact angle. In this way, the fusion 
machinery can drive the expansion of the fusion pore by free 
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energy equivalents of multiple tens of k
B
T  (Blokhuis et al. 

2020) from a distance and not only through the entropic 
repulsions exerted by the fusion proteins that reside within 
the fusion pore (Wu et al. 2017). Furthermore, also nano-
discs are comprised of a peptide- or polymer-capped free 
membrane edge that introduces a spatially heterogeneous 
membrane environment analogous to the vertex of the dock-
ing zone. Because ‘edge attractions’ increase pore size and 
thereby likely affect measured pore conductance regard-
less of the edge’s structural nature (Blokhuis et al. 2020), 
it is an interesting question whether the fusion pore formed 
in experimental fusion assays based on larger nano-discs 
( > 20 nm) preferably locates near the rim because of edge 
attractions or whether it adopts a central location because 
of edge repulsions.

Free energy calculations of fusion intermediates

To quantify the kinetics of membrane transformations, one 
needs to study reaction paths and the free-energy barriers 
along these paths. However, using molecular force fields to 
quantify free energies is severely limited by the need to sam-
ple all accessible states of a physical system (phase-space). 
Furthermore, for collective processes involving many differ-
ent molecules, such as membrane fusion or fission, it is often 
rather unclear how the reaction path should look like, i.e., 
how to define a suitable reaction coordinate which uniquely 
describes states along the fusion reaction, and how to control 
it. A related question is whether an a priori chosen reaction 
path actually represents a low free energy and reversible 
reaction path, since the presence of hysteresis compromises 
the accuracy of the free energy calculation. Below we will 
briefly outline and discuss the different approaches that have 
thus far been employed to access the free energy landscape 
of membrane fusion.

Markov state modeling has been successfully used (de 
Groot et al. 2001; Noé et al. 2007) to classify and identify 
different metastable intermediates states within the fusion 
reaction and to quantify their connecting reaction rates (Kas-
son et al. 2006). This approach, however, requires excessive 
sampling. Further, the (unbiased) barrier of the fusion reac-
tion must be accessible within the simulation time-scales 
(Kasson et al. 2006). The advantage of this approach that 
direct information of the actual rate is obtained and thus 
the kinetic prefactor of the reaction rather than only the free 
energy barrier. It is important to emphasize that although 
such an approach involves no direct control of the fusion 
reaction (unbiased sampling), the obtained reaction rates 
still necessarily depend on the definition of the reaction 
coordinate.

Tension interpolation methods rely on the fact that an 
externally applied tension can enhance the fusion reac-
tion such that it frequently occurs within the time-scales 

of molecular simulations (Shillcock and Lipowsky 2005; 
Grafmüller et al. 2009). This method relies on simply 
counting the number of occurred fusion events observed 
within large multiples of performed simulation at different 
levels of applied tensions. The number of events at a given 
tension is subsequently interpolated to the corresponding 
situation at zero tension.

Forward flux sampling. These methods define a series 
of interfaces between the initial and final states to calculate 
rate constants and resolve transition paths for rare events 
(Borrero and Escobedo 2007; Allen et al. 2009). These 
methods require no active force to enhance sampling—in 
contrast to umbrella sampling methods. Instead, sampling 
can be alternatively enhanced via statistical biasing by 
starting simulations (trial runs) from states characterized 
by a forward progress along an defined reaction coordi-
nate. These methods may have an advantage in collec-
tive, diffusive processes such as, for example, membrane 
fusion where the relationship between a defined reaction 
coordinate and the concomitant umbrella forces are not 
trivial (Bubnis and Risselada 2016). In addition, they 
gain additional insight into the actual rate of the reaction 
(kinetic prefactor). Nevertheless, these methods become 
less practical if the free energy barriers are large (e.g., 
multiple tens of k

B
T  ) since that would require (i) an large 

number of trial runs to drive the reaction forward, and (ii) 
reconstruction of rates via post analysis requires lots of 
data storage.

Local perturbation is a straight-forward method to esti-
mate the free energy barriers within the stalk-pore transition. 
In contrast to the above approaches, here an active force 
is exerted on the transleaflet of the stalk by bringing two 
enlarged hydrophilic beads or lipids (Risselada et al. 2014), 
or the C-termini of the SNARE TMD (Sharma and Lindau 
2018) within close proximity until barrier crossing spon-
taneously occurs within the microsecond time scale of the 
simulation (Fig. 4a). This approach requires that the residual 
barrier of the perturbed state is small, a few k

B
T  only. The 

native free energy barrier is subsequently estimated from 
the equilibrium work required to reach spontaneous nuclea-
tion. Active perturbation methods provide an intuitive reac-
tion coordinate, i.e., the distance between two pull groups, 
which closely mimics how SNARE complexes exert force 
on the membrane via their hydrophilic C-termini. Addition-
ally, they enable the studying of asymmetric stalk to pore 
transitions (leaky fusion pathways).

However, because reversal of the perturbation does not 
reverse the fusion reaction after barrier crossing, the reaction 
coordinate is not thermodynamically reversible. As a conse-
quence, the apparent equilibrium work to bring the probes 
in close proximity would vanish in the limit of infinite sam-
pling. Nevertheless, given that simulation protocols are kept 
consistent, active perturbation methods can provide valuable 
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qualitative insights into trends and the relative dependencies 
of external factors.

Further, there is often some ambiguity on how and where 
to exert point-like forces. For example, when examining how 
the attachment of additional residues to the SNARE C-ter-
mini affects the stalk expansion barrier, one obtains differ-
ent results depending on whether the force is applied to the 
original C-terminus of the wild type, the new C-terminus, or 
the center of mass of the whole TMD (Sharma and Lindau 
2018; Risselada and Mayer 2020). Simultaneous perturba-
tion of multiple SNARE complexes present at the fusion site 
will introduce additional inaccuracies.

Permutation Reduction. Umbrella sampling of collective 
modes (e.g., principal components) is a standard technique 
for probing the free energy for conformational transitions 
in proteins. Its application to membrane transformations is, 
however, complicated by the diffusion of the lipids within 
each leaflet. This problem has been solved recently by the 
permutation reduction method (Reinhard and Grubmül-
ler 2007; Heinz and Grubmüller 2020), which un-does 
this diffusion without changing the physics of the system 
and, hence, allows for the application of Umbrella sam-
pling (Bubnis and Risselada 2016). (Fig. 4b). This method 
is highly effective when structural changes are character-
ized by a dominant collective mode such as, for example, 
bending of a membrane sheet (Bubnis and Risselada 2016). 
Large collective modes can be alternatively modeled by 
explicitly using membrane curvature as a collective reaction 
coordinate (Bouvier 2019). However, smoothly enforcing 
the structure through a transition state of single molecular 

nature—such as the formation of a stalk (Risselada et al. 
2014)—is hard to achieve by coupling to only a single or 
even a few collective modes. Achieving thermodynamic 
reversibility may thus be rather challenging.

Density-field based methods Structural transformations in 
membrane fusion are collective and involve a large amount 
of highly diffusive molecules. Local densities provide an 
effective high dimensional reaction coordinate to deline-
ate complex self-assembled structures, because density is 
(i) indiscriminate for the individual labels which molecular 
species carry within molecular simulations, but (ii) does dis-
criminate between subtle differences in adopted structure 
(Müller et al. 2012; Smirnova and Müller 2015; Smirnova 
et al. 2019; Endter et al. 2020). Within this approach, local 
densities of a chosen group of atoms or molecules (typically 
the hydrophobic lipid tails) are defined on a discrete three-
dimensional collocation lattice spanning the simulation box 
(see Fig. 4c). Changes in the configuration are traced locally 
at each grid point and are used to guide the simulation. The 
difference between reference and instantaneous local densi-
ties are used to calculate restoring forces due to the applied 
harmonic potential. Forces are subsequently redistributed 
to each particle according to a differentiable weighting 
function.

Because the order parameter is high dimensional (the 
dimension is defined by the number of density latices), 
it enables a large diversity of different pathways. Conse-
quently, it can be used in conjunction with string methods 
(Müller et al. 2012; Smirnova et al. 2019). The main idea of 
such an approach is to describe the most likely reaction path 

Fig. 4   Examples of methods and reaction coordinates used to probe 
the free energy landscape of membrane fusion. a Reaction coordi-
nates based on external local perturbation of the membranes (Ris-
selada et al. 2014). For example, the hydrophilic ends of transmem-
brane domains are actively pulled within closer vicinity, thereby 
mimicking the action of SNARE complexes when being subject to 
unlikely thermal fluctuations. b Permutation reduction and collec-
tive coordinates enable the extraction of global modes within dif-
fusive lipid membranes. The example illustrates the enforced bend-

ing and unbending of a membrane sheet, revealing deviations from 
the linear Helfrich behavior at high curvatures. The green-colored 
lipids illustrate the effective removal of lipid diffusion during mem-
brane unbending (Bubnis and Risselada 2016). c The coupling of 
local membrane structure to local hydrophobic density in conjunction 
with a string method can self-resolve the reaction pathway of mini-
mum free energy between two end states of interest. In this example, 
the process of stalk formation mediated by isolated transmembrane 
domains of SNARE complexes is studied. (Smirnova et al. 2019)



290	 European Biophysics Journal (2021) 50:279–293

1 3

– the minimum free-energy path (MFEP)—by a sequence 
of membrane configurations (the string) which connects the 
reactant state and product state (see Fig. 4c). To this aim, an 
initial sequence of sample configurations (the initial path) 
is constructed based on simple, linear interpolation between 
the known densities of the reaction and product state. Each 
of these sample configurations is studied by a separate, inde-
pendent MD simulation and the local chemical potential, i.e. 
the derivative of the free energy with respect to density, is 
obtained. Knowledge of this chemical potential is exploited 
to update all sample configurations that comprise the path 
within an additional but separate pseudodynamical step. 
This update locally minimizes the free energy, subject to a 
constraint that the (normalized) distance between neighbor-
ing sample configurations along the path remains uniform.

Engineered potentials. Potentials with a complex engi-
neered shape can be alternatively used to control the fusion 
reaction (Kawamoto and Shinoda 2014; Kawamoto et al. 
2015). The question is to which extend the obtained results 
would depend on the parametrization of the potential, 
because the approach involves local perturbation of the 
membranes. In contrast to using implicit umbrella potentials, 
fusion can be alternatively driven by engineered particle 
assemblies coined ‘Gizmo’ that artificially control the pro-
gress of the fusion reaction by enforcing gradual changes of 
the membrane topology (Bubnis and Grubmüller 2020). This 
approach yields a thermodynamically reversible pathway, 
but require some parametrization and fine-tuning (Bubnis 
and Grubmüller 2020).

Conclusions and outlook

In summary, fusion proteins can play quite versatile and 
involved roles during all stages of the fusion reaction. Their 
roles go far beyond forcing the opposing membranes into 
close proximity to drive stalk formation and fusion. Early 
elastic continuum models have laid the necessary founda-
tions in understanding how the elastic properties of lipid 
membranes can determine the free energy landscape of 
membrane fusion as well as the prediction of the essential 
structural intermediates formed during such an reaction. 
Within this framework, the potential roles of fusion proteins 
could only be coarsely understood in terms of their effective 
molecular shape, generated membrane curvature, their effect 
on the elastic moduli, and the generation of membrane ten-
sion (Chernomordik and Kozlov 2005, 2008).

Molecular simulations have played a central role in pro-
viding additional detailed molecular insight and understand-
ing of how fusion proteins actively overcome the different 
free energy barriers of the fusion reaction up to the expan-
sion of the fusion pore. Unexpectedly, molecular simulations 
have revealed a preference of the biological fusion reaction 

to proceed through asymmetric pathways resulting in the 
formation of, e.g., a stalk-hole complex, rim-pore, or vertex 
pore. Furthermore, force-field based molecular simulations, 
in particular coarse-grained simulations, are now able to 
directly resolve the minimum free-energy path in protein-
mediated fusion and to quantify the free energies of formed 
reaction intermediates (Smirnova et al. 2019; Endter et al. 
2020; Bubnis and Grubmüller 2020).

Coarse-grained force fields come with their shortcomings 
and pitfalls, however. Even though the models are param-
eterized on reproducing thermodynamic properties such as, 
for example, densities of bulk phases and mixtures (parti-
tioning free energies), the inevitable reduction of entropy 
in coarse-grained models must be effectively compensated 
by an enthalpic term. Therefore, resulting differences in 
entropic and enthalpic contribution can bias the obtained 
free energy profile. Perhaps most of the bias, however, will 
simply stem from differences in force-field version. For 
example, the tails of DOPC lipids are modeled by either four 
or five tail beads in the new and old version respectively. 
These different DOPC models form membranes that sig-
nificantly differ in thickness and concomitant elastic moduli 
(Marrink et al. 2004, 2007; Bubnis and Risselada 2016). It 
is rather likely that this will also result in a different free 
energy of fusion intermediates.

With the arrival of GPUs and fast free energy calcula-
tion methods (e.g., Endter et al. 2020) the corresponding 
free energies of fusion intermediates on an atomistic level 
have now in principle become accessible. Insight herein will 
gain valuable information on the predictive value of coarse-
grained models of coarse-grained simulations and will result 
in further improvements of their parameterization. Conse-
quently, direct comparisons with experiments such as the 
predicted hemifusion and fusion rates of small liposomes 
(François-Martin et al. 2017) will become possible in the 
near future. However, a quantitative comparison between 
simulation and experiments is still hindered by the fact that 
simulations typically can not include all of the relevant free 
energy barriers, but rather focus on individual steps—for 
example, modeling a scenario where the membranes are 
already brought in close proximity by a partially assembled 
SNARE complex. Therefore, experimental knowledge of 
those individual barriers must be used for the simulations 
as input. In this respect, (hidden) Markov state modeling 
on experimental data of fusion kinetics offers a promising 
route. Furthermore, albeit more qualitative, validation and 
especially the prediction of putative point mutations also 
will provide a direct and discriminate way to validate the 
reaction pathways resolved in molecular simulations.

In principle, the fusion process between a realistic model 
of a 40 nm-sized synaptic vesicle (Takamori 2006) and the 
presynaptic membrane, including all the associated proteins 
(Fig. 1a), is already within reach with current computational 
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equipment and software. In such a case, the simulation setup 
and positioning of the individual proteins can benefit from 
insights from cryo electron microscopy (EM) observations 
and resolved protein-protein interactions. Since the structure 
and stoichiometry of the participating proteins are largely 
known, optimal density overlap between simulations and 
cryo-EM data could be achieved using molecular dynam-
ics simulations driven by bias potentials derived from cor-
relations between the simulated structure and the cryo-EM 
density (Igaev et al. 2019), or rigid-body Monte-Carlo sim-
ulations (fixing the protein’s internal degrees of freedom) 
(Dodd et al. 2020).

The questions of interest that can be addressed using such 
an approach is to which extend the membrane proteins and 
the concomitant free energy barriers of the fusion reaction 
are affected by the (extreme) abundance of proteins. Indeed, 
membrane proteins occupy about 30% of the total surface 
area biological membranes (Dupuy and Engelman 2008). In 
contrast, the free energy landscape of fusion has been tradi-
tionally understood from the behavior and elastic properties 
of pure lipid membranes. Another relevant question is how 
protein crowding in both the plasma membrane and synaptic 
vesicle enables a close contact between the membrane fus-
ing membranes. In fact, the initial clearance of space at the 
site of membrane fusion may impose a significant additional 
free energy barrier within the fusion reaction. It is also pos-
sible that some degree of domain formation, which clears 
out membrane proteins, is essential for fusion to occur. If 
fusion occurs at domains, the line tension associated with 
their interface may contribute to the contraction of fusion 
pores (invagination) similar to its role in domain facilitated 
membrane budding (Lipowsky 1992).

Finally, realistic simulation of viral fusion such as, for 
example, the Influenza virus is equally possible within the 
current computational capabilities, at least on a detailed 
coarse-grained level (Reddy et al. 2015). A remaining com-
plication in simulating viral fusion, however, is the effect 
of local pH on the structure of viral proteins such as, the 
fusion loops and matrix proteins, since lowering of the pH 
plays a predominant role in facilitating the fusion reaction 
(Lee 2010). The effect of pH, which can significantly change 
because of local electrostatic interactions, is not trivially 
incorporated in coarse-grained nor atomistic simulations. 
However, pioneering methodological advances are on the 
way that enable simulation of constant pH on an atomistic 
level (see, e.g., Refs.(Mongan and Case 2005; Donnini et al. 
2011; Dobrev et al. 2020)). Future methodological develop-
ments will also focus on how to additionally include con-
figurational changes and dynamics of the fusion proteins 
themselves (e.g., the assembly of the SNAREs complex) 
within the already quite high-dimensional reaction coordi-
nates, thereby gaining an even more complete and direct 
molecular picture on how fusion proteins work.

Acknowledgements  HG likes to thank the Deutsche Forschungsge-
meinschaft (SFB 803) and the Max Planck Society for continuous sup-
port. HJR acknowledges the Life@nano excellence initiative (state of 
Lower Saxony) and the NWO Vidi scheme for funding. The GWDG 
Göttingen and the HLRN Berlin/Hannover & NWO SURFsara (the 
Netherlands) are acknowledged for computational resources.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Allen RJ, Valeriani C, ten Wolde PR (2009) Forward flux sampling for 
rare event simulations. J. Phys.: Cond. Matt. , 21, 463102

Baoukina S, Tieleman DP (2010) Direct simulation of protein-
mediated vesicle fusion: lung surfactant protein B. Biophys. J. 
99:2134–2142

Bassereau P et al (2018) The 2018 biomembrane curvature and remod-
eling roadmap. J. Phys. D: Applied Physics 51:343001

Bhaskara RM, Linker SM, Vögele M, Köfinger J, Hummer G (2017) 
Carbon nanotubes mediate fusion of lipid vesicles. ACS Nano 
11:1273–1280

Blokhuis EM, D’Agostino M, Mayer A, Risselada HJ (2020) Fusion 
Pores Live on the Edge. J. Phys. Chem. Lett. 11:1204–1208

Böckmann RA, de Groot BL, Kakorin S, Neumann E, Grubmüller H 
(2008) Kinetics, Statistics, and Energetics of Lipid Membrane 
Electroporation Studied by Molecular Dynamics Simulations. 
Biophys. J. 95:1837–1850

Borrero EE, Escobedo FA (2007) Reaction coordinates and transition 
pathways of rare events via forward flux sampling. J. Chem. Phys. 
127:164101

Bouvier B (2019) Curvature as a Collective Coordinate in Enhanced 
Sampling Membrane Simulations. J. Chem. Theory Comput. 
15:6551–6561

Brandt T, Cavellini L, Kühlbrandt W, Cohen MM (2016) A mitofusin-
dependent docking ring complex triggers mitochondrial fusion 
in vitro. eLife , 5, e14618

Bruininks BM, Souza PC, Ingolfsson H, Marrink SJ (2020) A molecu-
lar view on the escape of lipoplexed DNA from the endosome. 
eLife, 9, e52012

Bu B, Crowe M, Diao J, Ji B, Li D (2018) Cholesterol suppresses 
membrane leakage by decreasing water penetrability. Soft Matter 
14:5277–5282

Bubnis G, Risselada H (2016) Grubmüller, Exploiting Lipid Permuta-
tion Symmetry to Compute Membrane Remodeling Free Energies. 
Phys. Rev. Lett. 117:188102

Bubnis G, Grubmüller H (2020) Sequential water and headgroup 
merger: Membrane poration paths and energetics from MD simu-
lations. Biophys. J. In press

http://creativecommons.org/licenses/by/4.0/


292	 European Biophysics Journal (2021) 50:279–293

1 3

Chernomordik LV, Kozlov MM (2005) Membrane Hemifusion: Cross-
ing a Chasm in Two Leaps. Cell 123:375–382

Chernomordik LV, Kozlov MM (2008) Mechanics of membrane fusion. 
Nature Struct. & Mol. Biol. 15:675–683

Chlanda P, Mekhedov E, Waters H, Schwartz CL, Fischer ER, Ryham 
RJ, Cohen FS, Blank PS, Zimmerberg J (2016) The hemifusion 
structure induced by influenza virus haemagglutinin is determined 
by physical properties of the target membranes. Nature Microbiol. 
1:16050

D’Agostino M, Risselada HJ, Lürick A, Ungermann C, Mayer A (2017) 
A tethering complex drives the terminal stage of SNARE-depend-
ent membrane fusion. Nature 551:634–638

D’Agostino M, Risselada HJ, Endter LJ, Comte-Miserez V, Mayer A 
(2018) SNARE-mediated membrane fusion arrests at pore expan-
sion to regulate the volume of an organelle. EMBO J. 37:e99193

de Groot BL, Daura X, Mark AE, Grubmüller H (2001) Essential 
dynamics of reversible peptide folding: Memory-free conforma-
tional dynamics governed by internal hydrogen bonds. J. Mol. 
Biol. 309:299–313

Dobrev P, Vemulapalli SPB, Nath N, Griesinger C, Grubmüller H 
(2020) Probing the Accuracy of Explicit Solvent Constant pH 
Molecular Dynamics Simulations for Peptides. J. Chem. Theory 
Comput. 16:2561–2569

Dodd T, Yan C, Ivanov I (2020) Simulation-Based Methods for Model 
Building and Refinement in Cryoelectron Microscopy. J. Chem. 
Inf. Model. 60:2470–2483

Donnini S, Tegeler F, Groenhof G, Grubmüller H (2011) Constant pH 
Molecular Dynamics in Explicit Solvent with �-Dynamics. Jour-
nal of Chemical Theory and Computation 7:1962–1978

Dupuy AD, Engelman DM (2008) Protein area occupancy at the 
center of the red blood cell membrane. Proc. Natl. Acad. Sci. 
USA 105:2848–2852

Endter L, Smirnova Y, Risselada H (2020) Density Field Thermody-
namic Integration (DFTI): A Soft Approach to Calculate the Free 
Energy of Surfactant Self-Assemblies. J. Phys. Chem. B In press

François-Martin C, Rothman JE, Pincet F (2017) Low energy cost for 
optimal speed and control of membrane fusion. Proc. Natl Acad. 
Sci. U.S.A. 114:1238–1241

Gao L, Lipowsky R, Shillcock J (2008) Tension-induced vesicle fusion: 
pathways and pore dynamics. Soft Matter 4:1208

García RA, Pantazatos SP, Pantazatos DP, MacDonald RC (2001) 
Cholesterol stabilizes hemifused phospholipid bilayer vesicles. 
Biochim. Biophys. Acta. - Biomembranes 1511:264–270

Gardner JM, Abrams CF (2017) Rate of hemifusion diaphragm dis-
sipation and ability to form three-junction bound HD determined 
by lipid composition. J. Chem. Phys. 147:134903

Grafmüller A, Shillcock J, Lipowsky R (2007) Pathway of Membrane 
Fusion with Two Tension-Dependent Energy Barriers. Phys. Rev. 
Lett. 98:218101

Grafmüller A, Shillcock J, Lipowsky R (2009) The Fusion of Mem-
branes and Vesicles: Pathway and Energy Barriers from Dissipa-
tive Particle Dynamics. Biophys. J. 96:2658–2675

Grafmüller A, Lipowsky R, Knecht V (2013) Effect of tension and 
curvature on the chemical potential of lipids in lipid aggregates. 
Phys. Chem. Chem. Phys. 15:876–881

Haldar S, Mekhedov E, McCormick CD, Blank PS, Zimmerberg J 
(2018) Lipid-dependence of target membrane stability during 
influenza viral fusion. J. Cell Sci. , 132, jcs218321

Haluska CK, Riske KA, Marchi-Artzner V, Lehn J-M, Lipowsky R, 
Dimova R (2006) Time scales of membrane fusion revealed by 
direct imaging of vesicle fusion with high temporal resolution. 
Proc. Natl. Acad. Sci. U.S.A. 103:15841–15846

Heinz LP, Grubmüller H (2020) Computing spatially resolved rota-
tional hydration entropies from atomistic simulations. J. Chem. 
Theory Comput. 16:108–118

Igaev M, Kutzner C, Bock LV, Vaiana AC, Grubmüller H (2019) Auto-
mated cryo-EM structure refinement using correlation-driven 
molecular dynamics. eLIFE , e43542

Kasson PM, Kelley NW, Singhal N, Vrljic M, Brunger AT, Pande 
VS (2006) Ensemble molecular dynamics yields submillisecond 
kinetics and intermediates of membrane fusion. Proc. Natl. Acad. 
Sci. U.S.A. 103:11916–11921

Katsov K, Müller M, Schick M (2006) Field theoretic study of bilayer 
membrane fusion: II. Mechanism of a stalk-hole complex. Bio-
phys. J. , 90, 915–926

Kawamoto S, Shinoda W (2014) Free energy analysis along the stalk 
mechanism of membrane fusion. Soft Matter 10:3048

Kawamoto S, Klein ML, Shinoda W (2015) Coarse-grained molecu-
lar dynamics study of membrane fusion: Curvature effects on 
free energy barriers along the stalk mechanism. J. Chem. Phys. 
143:243112

Lai AL, Tamm LK (2010) Shallow Boomerang-shaped Influenza 
Hemagglutinin G13A Mutant Structure Promotes Leaky Mem-
brane Fusion. J. Biol. Chem. 285:37467–37475

Lee KK (2010) Architecture of a nascent viral fusion pore. EMBO J. 
29:1299–1311

Lipowsky R (1992) Budding of membranes induced by intramembrane 
domains. J. Phys. II France 2:1825–1840

Marrink SJ, de Vries AH, Mark AE (2004) Coarse Grained Model 
for Semiquantitative Lipid Simulations. J. Phys. Chem. B 
108:750–760

Marrink SJ, Risselada HJ, Yefimov S, Tieleman DP, de Vries AH 
(2007) The MARTINI force field: coarse grained model for bio-
molecular simulations. J. Phys. Chem. B 111:7812–7824

Mohrmann R, de Wit H, Verhage M, Neher E, Sorensen JB (2010) Fast 
Vesicle Fusion in Living Cells Requires at Least Three SNARE 
Complexes. Science 330:502–505

Mongan J, Case DA (2005) Biomolecular simulations at constant pH. 
Curr. Opin. Struct. Biol. 15:157–163

Müller M, Katsov K, Schick M (2003) A New Mechanism of Model 
Membrane Fusion Determined from Monte Carlo Simulation. 
Biophys. J. 85:1611–1623

Müller M, Smirnova YG, Marelli G, Fuhrmans M, Shi A-C (2012) 
Transition Path from Two Apposed Membranes to a Stalk 
Obtained by a Combination of Particle Simulations and String 
Method. Phys. Rev. Lett. 108:228103

Nikolaus J, Stöckl M, Langosch D, Volkmer R, Herrmann A (2010) 
Direct Visualization of Large and Protein-Free Hemifusion Dia-
phragms. Biophys. J. 98:1192–1199

Nishizawa M, Nishizawa K (2013) Molecular Dynamics Simulation 
Analysis of Membrane Defects and Pore Propensity of Hemifu-
sion Diaphragms. Biophys. J. 104:1038–1048

Noé F, Horenko I, Schütte C, Smith JC (2007) Hierarchical analysis of 
conformational dynamics in biomolecules: Transition networks 
of metastable states. J. Chem. Phys. 126:155102

Pabis A, Rawle RJ, Kasson PM (2020) Influenza hemagglutinin drives 
viral entry via two sequential intramembrane mechanisms. Proc. 
Natl. Acad. Sci. U.S.A. 117:7200–7207

Reddy T, Shorthouse D, Parton DL, Jefferys E, Fowler PW, Chavent M, 
Baaden M, Sansom MS (2015) Nothing to Sneeze At: A Dynamic 
and Integrative Computational Model of an Influenza A Virion. 
Structure 23:584–597

Reinhard F, Grubmüller H (2007) Estimation of absolute solvent and 
solvation shell entropies via permutation reduction. J. Chem. 
Phys. 126:014102

Risselada HJ (2017) Membrane Fusion Stalks and Lipid Rafts: A Love-
Hate Relationship. Biophys. J. 112:2475–2478

Risselada HJ, Grubmüller H (2012) How SNARE molecules mediate 
membrane fusion: recent insights from molecular simulations. 
Curr. Opin. Struct. Biol. 22:187–196



293European Biophysics Journal (2021) 50:279–293	

1 3

Risselada HJ, Marrink SJ (2009) Curvature effects on lipid packing 
and dynamics in liposomes revealed by coarse grained molecular 
dynamics simulations. Phys. Chem. Chem. Phys. 11:2056

Risselada HJ, Mayer A (2020) SNAREs, tethers and SM proteins: how 
to overcome the final barriers to membrane fusion? Biochem. J. 
477:243–258

Risselada HJ, Kutzner C, Grubmüller H (2011) Caught in the act: visu-
alization of SNARE-mediated fusion events in molecular detail. 
ChemBioChem 12:1049–1055

Risselada HJ, Marelli G, Fuhrmans M, Smirnova YG, Grubmüller H, 
Marrink SJ, Müller M (2012) Line-tension controlled mechanism 
for influenza fusion. PLoS ONE 7:e38302

Risselada HJ, Bubnis G, Grubmüller H (2014) Expansion of the fusion 
stalk and its implication for biological membrane fusion. Proc. 
Natl. Acad. Sci. USA 111:11043–11048

Risselada HJ, Smirnova Y, Grubmüller H (2014) Free Energy Land-
scape of Rim-Pore Expansion in Membrane Fusion. Biophys. J. 
107:2287–2295

Ryham RJ, Klotz TS, Yao L, Cohen FS (2016) Calculating transition 
energy barriers and characterizing activation states for steps of 
fusion. Biophys. J. 110:1110–1124

Sharma S, Lindau M (2018) Molecular mechanism of fusion pore for-
mation driven by the neuronal SNARE complex. Proc. Natl. Acad. 
Sci. USA 115:12751–12756

Shillcock JC, Lipowsky R (2005) Tension-induced fusion of bilayer 
membranes and vesicles. Nature Mat. 4:225–228

Skehel JJ, Wiley DC (2000) Receptor Binding and Membrane Fusion 
in Virus Entry: The Influenza Hemagglutinin. Annual Review of 
Biochemistry 69:531–569

Smeijers AF, Markvoort AJ, Pieterse K, Hilbers PAJ (2006) A Detailed 
Look at Vesicle Fusion. J. Phys. Chem. B 110:13212–13219

Smirnova YG, Müller M (2015) Calculation of membrane bending 
rigidity using field-theoretic umbrella sampling. J. Chem. Phys. 
143:243155

Smirnova YG, Risselada HJ, Müller M (2019) Thermodynamically 
reversible paths of the first fusion intermediate reveal an important 
role for membrane anchors of fusion proteins. Proc. Natl. Acad. 
Sci. U.S.A. 116:2571–2576

Stein A, Weber G, Wahl MC, Jahn R (2009) Helical extension of 
the neuronal SNARE complex into the membrane. Nature 
460:525–528

Stratton BS, Warner JM, Wu Z, Nikolaus J, Wei G, Wagnon E, Bad-
deley D, Karatekin E, O’Shaughnessy B (2016) Cholesterol 
Increases the Openness of SNARE-Mediated Flickering Fusion 
Pores. Biophys. J. 110:1538–1550

Su J, Marrink SJ, Melo MN (2020) Localization Preference of Anti-
microbial Peptides on Liquid-Disordered Membrane Domains. 
Front. Cell Dev. Biol. 8:350

Tahir MA, Guven ZP, Arriaga LR, Tinao B, Yang Y-SS, Bekdemir 
A, Martin JT, Bhanji AN, Irvine D, Stellacci F, Alexander-Katz 
A (2020) Calcium-triggered fusion of lipid membranes is ena-
bled by amphiphilic nanoparticles. Proc. Natl. Acad. Sci. U.S.A. 
201902597:

Takamori S et al (2006) Molecular anatomy of a trafficking organelle. 
Cell 127:831–846

Wang T, Smith EA, Chapman ER, Weisshaar JC (2009) Lipid Mixing 
and Content Release in Single-Vesicle, SNARE-Driven Fusion 
Assay with 1–5 ms Resolution. Biophys. J. 96:4122–4131

Wang N, Kwan C, Gong X, de Chaves EP, Tse A, Tse FW (2010) Influ-
ence of Cholesterol on Catecholamine Release from the Fusion 
Pore of Large Dense Core Chromaffin Granules. J. Neurosci. 
30:3904–3911

Wehland J-D, Lygina AS, Kumar P, Guha S, Hubrich BE, Jahn R, Died-
erichsen U (2016) Role of the transmembrane domain in SNARE 
protein mediated membrane fusion: peptide nucleic acid/peptide 
model systems. Molecular BioSystems 12:2770–2776

Wu Z, Thiyagarajan S, O’Shaughnessy B, Karatekin E (2017) Regula-
tion of Exocytotic Fusion Pores by SNARE Protein Transmem-
brane Domains. Mol. Neurosci. 10:315

Yang ST, Kiesling V, Tamm LK (2016) Line tension at lipid phase 
boundaries as driving force HIV fusion peptide-mediated fusion. 
Nature Comm 7:11401

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	How proteins open fusion pores: insights from molecular simulations
	Abstract
	Introduction
	Expansion of the stalk in SNARE-mediated fusion
	Expansion of the stalk in viral fusion
	The asymmetric fusion pore
	Free energy calculations of fusion intermediates

	Conclusions and outlook
	Acknowledgements 
	References




