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Chapter 3

Pathways to (hemi-)fusion

Unity can only be manifested by the Binary.
Unity itself and the idea of Unity are already two.

Buddha

The exact pathway taken during the fusion of lipid vesicles is a topic still under
debate. In this chapter, we assess the feasibility of simulating the fusion process
with the coarse-grained MARTINI model in a computationally efficient setup.
Using a previous version of the model, we find evidence for an alternative fusion
pathway and a generally high propensity towards fusion. Compared to that, the
current version of the MARTINI model is found to display a drastically reduced
fusogenicity, that made it difficult to observe fusion despite different attempts to
overcome this reluctance.

3.1 Introduction

As described in Chapter 2, fusion between lipid bilayers can occur spontaneously
if the bilayers are exposed to sufficient tension or curvature stress. While not a
physiological process, the pathway taken in these events has been discussed in
great detail as model for membrane fusion in general, identifying stalk, hemifused
state and fusion pore as intermediate stages of the fusion process (see Section 2.4.2,
especially Fig. 2.4).

Molecular dynamics simulations of vesicle fusion have been used to gain further
insight into the transitions connecting these stages [47, 48, 49, 50], for the most
part confirming the proposed pathway of radial stalk expansion and subsequent
rupture of the hemifusion diaphragm to form the fusion pore. However, due to
the limitations of molecular dynamics, the vesicles used were unrealistically small
and hence subject to large curvature stress. With the development of the coarse-
grained MARTINI model [46] and a novel method to form large vesicles [51] in
our group, we decided to simulate the fusion of vesicles of 20 nm radius, which is
comparable to the smallest vesicle size experimentally available [52].
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24 CHAPTER 3. PATHWAYS TO (HEMI-)FUSION

3.2 Methods

3.2.1 Simulation setup

The system used for the simulations is a single vesicle of approximately 20 nm ra-
dius (2,528 lipids) formed by spontaneous aggregation using mean field boundary
potentials [51]. To reduce computational costs, the vesicle was fused with its own
periodic image by applying semi-isotropic pressure coupling with a slightly larger
reference pressure in the z direction than in the lateral directions. The system is
solvated with 102,991 coarse-grained water beads corresponding to a hydration of
163 water molecules per lipid.

In order to study the process for vesicles of different propensity towards fusion,
we used lipid compositions of DPPE and DPPC1 in ratios of 1:3, 1:1 and 3:1. Using
an older version of the MARTINI model (version 1.4), the minimum pressure in
the z direction at which fusion occurred was determined for each composition.
However, due to the preliminary nature of the simulations, only one trajectory
was obtained per condition, limiting the reliability of our statistics.

After these simulations, we switched to a preliminary version of the current
MARTINI model (version 2.0). The main changes in this version are a reduction
of the negative spontaneous curvature of PE lipids which was overestimated in
version 1.4 [46] and the introduction of a higher repulsion between lipid tail beads
and charged particles to reduce the unrealistically high permittivity of bilayers to
ions. Due to a reduced propensity for fusion in this version of the forcefield, the
remaining simulations focused on studying possible ways to overcome this reluc-
tance. Details on changes in the simulations are given in Section 3.3. Again, the
trial-and-error nature of these simulations entails a limited number of trajectories
and unreliable statistics.

3.2.2 Simulation parameters

The simulations were performed using the coarse-grained MARTINI model [46]
with the Gromacs-3.0.5 software package using a timestep of 40 fs. Both pressure
and temperature were coupled to a reference value using the Berendsen scheme
[53]. Lennard-Jones and Coulomb interactions were obtained every step for par-
ticles within a cut-off of 1.2 nm according to a neighbor list updated every 10
steps. Both the Lennard-Jones and Coulomb potential were modified with a shift
function to have the interactions smoothly vanishing at the cut-off. Unless men-
tioned otherwise, we used a reference temperature of 323 K with a coupling time
constant of 1.1 ps, and semi-isotropic pressure coupling with a compressibility of
1x10−5 bar−1 and a coupling time constant of 1.0 ps. For the x and y direction
a reference pressure of 1.0 bar was used, while the values for the z direction were
between 2.0 and 7.0 bar. Electrostatic interactions were screened with an effective
dielectric constant of 10 for version 1.4 of the forcefield2 and 15 for version 2.0.

1dipalmitoylphosphatidylethanolamine and dipalmitoylphosphatidylcholine
2Strictly speaking, this is an error in the setup. The proper value to use with version 1.4

would have been 20. However, the changes due to this are expected to be subtle, as illustrated
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The simulations were run for 1,500,000 steps for version 1.4 and 2,500,000
steps for version 2.0, corresponding to effective simulation times of 240 and 400 ns,
respectively3.

3.3 Results

3.3.1 Full fusion pathway with version 1.4

In our simulations with version 1.4 of the MARTINI model, stalks formed sponta-
neously at temperatures of 323 K for reference pressure values in the z direction
above a certain threshold. The pressure needed was found to depend on the com-
position, with approximately 6 bar for the mixtures containing 25 % DPPE and
3 bar for the mixtures containing 75 % DPPE. At the time of stalk formation,
the vesicle displayed a flattened geometry, with high reference pressures causing
a higher deformation than low pressures.

Fig. 3.1 shows the further progress observed in two of our simulations as rep-
resentative examples of the pathways observed in our simulations. Once formed,
the stalks expanded in a one-dimensional, linear fashion4, with the expansion fol-
lowing a roughly circular path until the two ends of the expanded stalk met. At
that point, the two ends merged, forming a closed circular stalk.

The formation of this circular stalk was accompanied by the formation of a
pore in one of the areas of membrane about to be enclosed by the stalk. This
poration occurred either before (Fig. 3.1, left) or after completion of the circular
stalk (Fig. 3.1, right), in the latter case giving rise to a temporary inverted-micelle-
like compartment between the vesicles5. In both cases, the result is a structure
morphologically identical to the hemifused state.

For the 240 ns simulations, the fusion process did not proceed beyond the
hemifused state within the simulated time. However, in sample continuations
of some simulations, an additional pore formed in the membrane separating the
vesicle interiors, completing the formation of the fusion pore.

3.3.2 Attempts to induce stalks in version 2.0

The simulations with version 1.4 were not continued in a systematic fashion, as
we began using version 2.0. With this version, however, stalks no longer formed
spontaneously at temperatures of 323 and even 350 K. To induce stalks, several

by the fact that the mistake eluded notice until the late proof-reading stage of this manuscript,
and are unlikely to affect the general mechanism of fusion we describe. In addition, our results
are in agreement with independent simulations using the proper dielectric constant [47], and
similar behavior has been reported using completely different models and simulation techniques
[54, 55], underlining the plausibility of our findings.

3Interpretation of dynamics in the MARTINI model has to account for the lower friction of
this model. Based on the measured mobilities of lipids and water, a conversion factor of four
has been applied to provide an approximate time scale (see [46] for further details).

4as opposed to a circular, two-dimensional fashion
5i.e. the vesicle and its periodic image
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Figure 3.1: Snapshots taken from our simulations of vesicle fusion illustrating the
observed pathways leading to the hemifused state. Both pathways proceed via linear
expansion of the stalk. The difference is the time at which poration occurs in one of the
membranes next to the stalk, with the pathway on the left illustrating pore formation
before, and the pathway on the right showing pore formation after the expanded stalk
forms a closed circular stalk. The snapshots from top to bottom following the left path
are taken from a simulation of a mixture containing DPPE and DPPC in a 3:1 ratio
using a pressure of 3.125 bar, and the two snapshots on the right from a simulation with
a 1:1 mixture at a pressure of 6.25 bar. For each snapshot, a cross-section of the stalk
or hemifusion diaphragm is shown (left), and a side view of the clipped vesicles (right).
Lipid tails are shown in black, lipid headgroups in light shades, and water in dark grey.
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strategies were assessed using the mixture containing 75 % DPPE as the most
fusogenic and a pressure of 6 bar.

Artificial introduction of stalks In this approach, a slab of water was re-
moved between the vesicles and the dimensions of the simulation box were ma-
nipulated so that an overlap of the vesicle with its own periodic image in the z
direction was introduced. Slow equilibration of the system resulted in a stalk.
Alternatively, a stalk formed in version 1.4 was used as starting configuration for
a simulation with version 2.0.

In both cases, the stalk was stable for the duration of the simulation (400 ns),
both with applying pressure via semi-isotropic pressure coupling and without.
While one simulation starting from a snapshot taken from a simulation with ver-
sion 1.4 displayed a linear expansion of the stalk at a pressure of 6.25 bar, the stalk
remained unchanged in the other three simulations. No simulation progressed to
the hemifused state or a circular closed stalk.

Increasing tail volume As a way to increase the lipid’s propensity to fusion
it is possible to increase the negative spontaneous curvature of the lipid. For this,
the minimum of the potential for the angle between the first three beads of the
lipid tails was changed from 180 to 120◦, effectively mimicking an unsaturated
fatty acid. Even with the altered lipids, however, no stalks were formed at 323
and 350 K.

Increasing the tail region’s permittivity to charged particles In order
to undo one of the changes from version 1.4 to 2.0, we altered the particle type
of the lipids’ carbon tails from C1 to C3 to reduce their repulsion to charged
particles. This way, it is easier for the lipid tails to traverse the headgroup region,
which might be a required step for the formation of stalks.

With this change, one simulation formed a stalk at 350 K using the unsaturated
lipids described above, but not at 323 K. The stalk was stable with no expansion
occurring in the duration of the simulation.

3.4 Discussion

Since the outcome of our simulations is very different for the two versions of the
forcefield used, we will begin the discussion with an analysis of the fusion pathway
observed in version 1.4 of the model, before looking at the difficulty to form stalks
in version 2.0.

3.4.1 Fusion pathway in version 1.4

Both the commonly assumed radial expansion of the stalk and the linear expan-
sion observed in our simulations cause an increase in negative mean curvature
of the surface, and are therefore in accordance with theoretical considerations
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Figure 3.2: Schematic comparison between radial (left) and linear stalk-expansion
(right). To highlight their origin, lipids corresponding to the inner leaflets in the unfused
vesicles are represented as white, and those corresponding to the outer leaflets as black.
Note that depending on which membrane ruptures in state E, two alternative structures
are possible for state F, only one of which is shown.

predicting negative spontaneous curvature to be the driving force in the transfor-
mation from stalk to hemifused state [15]. The radial expansion is accompanied
by an accumulation of unfavorable packing and curvature energy in the region of
the hemifusion diaphragm and an asymmetry of surface area between the cis and
trans monolayers6, which the linear expansion avoids. The linear expansion, on
the other hand, requires an additional pore formation. However, the formation of
pores has been predicted to be facilitated in close proximity to stalks [56], poten-
tially supporting the pathway observed in our simulations, which in a similar way
was also reported for Monte Carlo [54] and Brownian dynamics studies [55]. In
addition, this pathway would explain the content leaking often observed during
vesicle fusion in vitro (e.g. [57]).

While the hemifused state reached is morphologically identical for both path-
ways, there is an important difference with respect to the origin of the lipids
comprising the hemifusion diaphragm. For the radial expansion, the hemifusion
diaphragm is a trans membrane contact, with the lipids originating entirely from
the inner leaflets of the vesicle. In contrast, for the linear expansion accompa-
nied by pore formation observed in our simulations, the hemifusion diaphragm is
part of the vesicle’s original bilayer, one monolayer of which comes from the inner
leaflet and the other from the outer leaflet, with the latter containing lipids from
the inner leaflet due to lipid mixing during the pore formation, as illustrated in
Fig. 3.2.

6which eventually are assumed to be the driving force behind the rupture of the hemifusion
diaphragm
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3.4.2 Stalk formation in version 2.0

One of the main reasons for the difference in behavior between version 1.4 and
2.0 of the MARTINI model is likely to be the too negative spontaneous mean
curvature of lipids in version 1.4 (see above). However, our attempts of achieving
a more negative spontaneous mean curvature in version 2.0 by increasing the
temperature to 350 K and introducing unsaturated tails were not sufficient to
achieve fusion in version 2.0.

A second potential reason is the increased repulsion of the lipid tails to charged
particles, which makes it difficult for the tails to traverse the charged headgroup
region which might be a prerequisite for stalk formation. Consistent with this
explanation, after changing the lipid tail beads to a particle type with a lower
repulsion to ions, we observed stalk formation, albeit still only for unsaturated
lipids at 350 K, that is with the highest negative spontaneous mean curvature
tested in our simulations. However, it should be noted that with the small number
of simulations performed, we cannot draw conclusions with statistical relevance.

While the exact dynamics for fusion of vesicles of this size are currently not
experimentally available, it is reasonable to assume that the fusogenicity of version
1.4 is actually too high, and that the behavior observed in version 2.0 is closer to
reality.

3.5 Conclusions

Judging from our data, linear stalk expansion in combination with formation
of a pore prior to the hemifused state appears to be an alternative to radial
stalk expansion. An important corollary of this pathway is the presence of lipids
from the outer monolayers in the hemifusion diaphragm, which would in theory
give peptides or other agents located on the outside of the vesicle access to the
hemifusion diaphragm without penetrating the vesicle membrane.

We also note that the general propensity to fusion is found to be very sensitive
to the model used, potentially affecting both kinetic barriers and energetic driving
forces, which might also affect the fusion pathway itself.

Given a model with sufficient fusogenicity, however, our approach of using
semi-isotropic pressure coupling to fuse a vesicle with its own periodic image
presents a cost-efficient way to study vesicle fusion. To avoid artifacts due to
extreme deformation of the vesicle, the pressure used should be the minimum
pressure required to induce stalk formation.
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