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Abstract

Recent studies of tension-induced membrane fusion using dissipative particle dynamics
(DPD) simulations are briefly reviewed. The stochastic nature of the fusion process
makes it necessary to simulate a large number of fusion attempts in order to obtain
reliable fusion statistics and to extract meaningful values for the fusion probability and
the average fusion times. All successful fusion events follow the same pathway. In this
fusion pathway, configurations of individual lipids play an important role. Fusion starts
with individual lipids assuming a splayed tail configuration with one tail inserted in
each membrane. In order to determine the corresponding energy barrier, we measure
the average work to displace one lipid molecule from one bilayer to the other. This
energy barrier is found to depend strongly on a certain DPD parameter, and, thus, can
be adjusted in the simulations. Overall, three sub-processes have been identified in the
fusion pathway. Their energy barriers are estimated to lie in the range 8 — 15 kgT'. The
fusion probability is found to possess a maximum at intermediate tension values. As
one decreases the tension, the fusion probability seems to vanish before the tensionless
membrane state is attained. This would imply that the tension has to exceed a certain
threshold value in order to induce fusion.

Key words: membrane fusion; computer simulation; energy barrier; membrane
tension; fusion probability;
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1 Introduction

Fusion of biological membranes is an essential pro-
cess in many areas of cell biology, ranging from vesic-
ular trafficking and synaptic transmission to cell-cell
fusion or viral fusion. Lipid vesicles, which are often
used as simplified model systems (1) for the com-
plex biological membranes, can also be induced to
fuse experimentally by a variety of methods.

The initial fusion pore is believed to be a neck-like
connection with an initial size of about 10 nm. The
corresponding time scale has not been measured di-
rectly, but experimental evidence suggests that the
fusion pore can be formed in less than 100 us (2, 3).
Since it is currently not possible to resolve these
length and time scales experimentally, theoretical or
computational models are employed to gain insight
into the process of fusion pore formation.

Computer simulations such as Brownian Dynam-
ics (4), Monte Carlo simulations (5), coarse grained
Molecular Dynamics (MD) (6-8), dissipative parti-
cle dynamics (DPD) (9, 10), atomistic MD (11, 12),
have been used in recent years to give a molecular
picture of the process. These simulation studies ob-
serve different fusion pathways and highlight the im-
portance of lipid conformations in the process, but
they do not usually allow one to measure the energy
barriers between states. A Markovian state model
based on coarse grained MD (13, 14) has managed
to deduce the energy difference between the initial
state and several intermediates from the transition
rates.

Other numerical calculations using self consistent
field theory have found several energy barriers for
fusion with magnitudes between 3 and 18kpT (15,
16).

We have used DPD simulations to probe the
statistics of many fusion attempts (17, 18). From
the statistics of the fusion time in combination with
separate simulations enforcing certain lipid confor-
mations, the energy barriers for the fusion observed
in these simulations could be estimated.

We focus on the presumably simplest way to in-
duce lipid bilayer fusion, namely via membrane ten-
sion. Our fusion geometry consists of a vesicle with
a diameter of 14 or 28 nm in contact with a planar

bilayer. To obtain sufficient statistics, the time evo-
lution of over 160 fusion attempts of a vesicle to a
planar bilayer patch is monitored. In those simula-
tions, the initial projected area per molecule, A, is
varied systematically and serves as a control param-
eter.

2 Method

Dissipative particle dynamics (DPD) is a coarse
grained, particle-based simulation technique that
explicitly includes water and reproduces hydrody-
namic behaviour (19, 20). The DPD particles or
beads represent small volumes of fluid rather than
single atoms so that their interactions are softly re-
pulsive and short ranged. All interaction potentials
have the same range r¢, but their amplitudes a;; dif-
fer for different bead species.

More complex molecules, such as the model lipids
shown in Figure 1, are constructed by connecting
adjacent beads with spring potentials. In addition,
hydrocarbon chains are stiffened by a bending po-
tential for two consecutive bonds.

For the simulations, these model lipids are pre-
assembled to form a planar membrane and a vesi-
cle separated by a thin water layer, and the rest
of the simulation box is filled with water (W)
beads. The area of the planar membrane patch is
(7279)? ~ (50nm)?2, and the diameter of the vesi-
cle is 2079 ~ 14 nm or 407y ~ 28 nm. The sim-
ulation parameters are chosen in such a way that
the simulated membranes reproduce the experimen-
tally measurable properties of DMPC membranes.
The force parameters for the three bead species are
shown in table 1.

It is convenient to express properties of the sys-
tem as dimensionless quantities in units of the bead
radius rg, the energy scale kgT and the bead mass
mg. These will be indicated by a bar. Thus, we
define the dimensionless area per molecule A =
A/r¢ and the dimensionless tension ¥ = %r3/kpT
with corresponding compressibility modulus K, =
KA’/'%/]CBT.

To obtain physical units, the length scale r¢ and
time scale 7 = \/rg mo/kgT of the system are cho-
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sen to match the experimental values for the area
per molecule A of a tensionless bilayer and the lat-
eral diffusion coefficient D of the lipids.

Fusion is induced by applying a lateral tension
to the planar bilayer. The membrane tension is an
essentially linear function of the area per molecule
A as shown in Figure 2. Using this relation, the
tension can be controlled by changing the value of
A.

To obtain sufficient fusion statistics, more than
160 fusion simulations have been monitored. For
each data point corresponding to a particular value
of the control parameter, an average over at least 18
independent simulations is taken.

3 Results

3.1 The fusion pathway

In our simulations, all successful fusion attempts in-
volve the same sequence of events. The simulation
snapshots shown in Figure 3 are one example for the
pathway of a successful fusion event.

Upon first contact, the vesicle adheres to the pla-
nar membrane patch. The contact area grows and
the vesicle membrane spreads onto the planar mem-
brane, forming a relatively sharp contact angle at
the contact line, i.e. the boundary of the contact
area. At this ’kink’, molecules start to move from
the vesicle into the planar bilayer. These “inter-
bilayer flips” take place mainly at the contact line,
see Figure 4, because the higher curvature com-
presses the lipid tails.

The interbilayer flipping of the lipids disturbs the
local double-bilayer structure and leads to the for-
mation of a disordered membrane domain within
the contact zone. The hydrophobic tails moving
through the head groups bring the hydrophobic cen-
tres of the two bilayers into direct contact. Fi-
nally, within this disordered hydrophobic-contact
region, lipids reorder to form a small hemifused
patch, which expands for a short time and finally
ruptures at the rim to form the fusion pore.

Additional insight can be gained by looking at
these snapshots from a different perspective: Figure
4 shows cuts through the planar membrane viewed

Molecular Simulation 3

from the top. These topviews illustrate two features:
(1) in view (a) of the first snapshot many such flipped
lipids appear along the contact line, whereas only
a few yellow tails can be seen in the centre of the
contact area; (ii) The white areas, which correspond
to purely hydrophobic regions,do not expand in a
radially symmetric manner, but rather following the
contact line, and forming a bean-like patch.

3.2 Fusion probability and alternative path-
ways

Fusion is not the only pathway by which the mem-
brane can reduce its tension. Alternatively, tense
membranes can rupture or, at lower tensions, the
hemifused patch can expand without rupturing,
thereby gaining membrane area and relaxing the
membrane tension. Furthermore, at low tension, the
adhering state of the two bilayers is often stable over
the whole simulation period of about 20 us.

Figure 5 shows the fraction of successful fusion
attempts as a function of the area per molecule.
Whereas the success rate of fusion is close to one for
values of A = 1.45 and A = 1.50, it decreases steeply
for smaller values of A, as adhesion and hemifusion
become more favourable. In both cases, linear ex-
trapolation to small A suggests that the fusion prob-
ability goes to zero for molecular areas A slightly
above the relaxed state for both vesicle sizes. Thus
we propose that the system exhibits threshold val-
ues Ay, and Xy, for for tension-induced fusion. In-
spection of Figure 5 shows that the threshold values
for the molecular area are given by Ay, = 1.29 and
Ay, = 1.36 and those for the tension by 3, = 0.56
and ¢, = 1.79 for the 14 nm and the 28 nm vesicle,
respectively. Close to these threshold values, the
fusion probability would vanish as

Pfu I~ CA(A — Ath) ~ CE(E - 2th) (]‘)

with Cx ~ 5.6 for the 14 nm and Cs ~ 5.3 for the
28 nm vesicle.

Comparison of the two vesicle sizes shows that (i)
the small vesicle can fuse at lower values of A than
the larger one and (ii) at low tensions, the large vesi-
cle remains in the adhered state, whereas the small
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vesicle typically hemifuses. These differences are re-
lated to the relative size of the two vesicle mem-
branes as compared to the planar membrane.

3.3 Fusion statistics and energy barriers
3.3.1 Fusion time distribution

The tension determines not only the success rates,
but also the time scale of fusion. We define the
fusion time tg, to be the period from first contact
between the membranes until the fusion pore has
opened. The distributions of fusion times tp, are
shown in Figure 6. Inspection of this figure shows
that (i) the distributions displayed shift to larger
times and (ii) the distributions become wider as the
molecular area A decreases. In addition, note that
the distributions at the different values of A over-
lap considerably, which demonstrates, that the re-
sults of individual fusion events should not be over-
interpreted. To obtain reliable results, or quanti-
tative relations, such as the tension-dependence of
the fusion times, it is necessary to perform a large
number of runs.

Each fusion time distribution, corresponding to
a certain value of A, can be characterised by the
average value (tf,), which is shown in Figure7 as
a function of the molecular area A, and the width
Aty = /{(tra — (tra))?). Both quantities appear
to grow exponentially with decreasing A. This ex-
ponential growth of the fusion times together with
the decreasing fusion probability as shown in Fig-
ure 5 makes it exceedingly difficult to determine the
time scale of fusion from computer simulations as
the tensionless state is approached.

The tension dependent fusion times indicate a
tension dependent energy barrier for fusion. In an
attempt to identify states that may constitute such
a barrier, the fusion process has been decomposed
into three sub-processes. (i) Sub-process a corre-
sponds to the first interbilayer flip. The duration
of this process defines the first flipping time ¢,; (ii)
Sub-process (3 consists of the nucleation of the hemi-
fused patch. The duration of process (3, starting
from the first interbilayer flip, defines the reorder-
ing time ¢g; Finally, (iii) sub-process 7y corresponds

to the rupture of the hemifused patch, which de-
fines the rupture time t,. By definition, the total
fusion time is given by the sum ¢, = to +tg + t,.
The average duration of the sub-processes o and g3,
(to) and (tg), are displayed together with (fg,) as a
function of the molecular area in Figure 7. Clearly,
both time scales, (t,) and (¢g), decay exponentially
with increasing A. Their tension dependence can be
described by the expressions

(to) = tsc €xp [AE%O — flai] (2)

and B o
(tg) = tsc exp [AEgo — AgX] . (3)

The third timescale, ¢, on the other hand, is found
to vary between 150 ns and 300 ns, independent of
both tension and vesicle size.

An improved fit of the average fusion time (tg,)
thus consists of two superimposed exponentials plus
a constant for the rupture time, t-, as also shown in
Figure 7.

The tension dependence of (t,) and (tg) as de-
scribed by (2) and (3) implies that the correspond-
ing energy barriers should depend linearly on the
membrane tension as AFE, = AE%O — A,% and
AEg = AE@O — flﬁi. Here AEQ,O and AEB,O are
the respective barriers for a tension free membrane
and A, and Ag are characteristic areas. In order to
find the values of AFE, and AEgs, from extrapola-
tions of the exponential fits in Figure 7 a knowledge
of the time scale ts. in (2) and (3) is also required.
This time scale can be obtained by simulations of
enforced flipping as described in the next subsec-
tion.

3.3.2 'The flipping sub-process

Since the sub-process a involves the movement of
single lipids, relative to its surroundings, it is acces-
sible to direct simulation. The energy barrier AE,,
for this process is provided by the (partially) hy-
drated polar head groups of the proximal monolay-
ers. It is intuitively clear that this barrier should
decrease with increasing tension X, as the tension
causes the head groups in the planar membrane to
move further apart and thus makes it easier for the

http://mc.manuscriptcentral.com/tandf/jenmol
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hydrophobic chains to cross from one bilayer to the
other.

A closer look at the initial flipping events during
sub-process « reveals that at first only single lipid
tails move to the planar bilayer so that the lipids
assume a splayed conformation. To measure the en-
ergy barrier for this process, additional simulations
have been performed, as illustrated in Figure 9. For
two adhering membranes, a single lipid tail is pulled
slowly with a harmonic potential from its original
position into the other bilayer, so that the lipid has
one tail in each bilayer as observed in the fusion
simulations. The average work required for this pro-
cess in 20 independent simulations was found to be
(W) =9 £ 2kpT. This value constitutes an upper
limit for the energy barrier AE, o and should cor-
respond to the barrier itself for very slow pulling.

Another estimate for the energy barrier comes
from the Jarzynski relation (21), which leads to

AF -w
exp [kBT] = <exp [kBT] > (4)
This equality should hold irrespective of how fast

the process happens, if a sufficiently large num-
ber of trajectories is sampled. The average value

(exp [ W“}), again obtained from the 20 indepen-

ks T
dent enforced flipping simulations, gives a barrier
height of 8 kpT.

The energy barrier AE, which arises from hy-
dration in real membranes, is implemented in the
coarse-grained simulations via the stronger force
amplitude apc between head (H) and tail (C) beads.
Therefore, for a given lipid architecture and param-
eter set, the height of the barrier can be expected
to be primarily governed by the value of the agc.

This expectation is confirmed by simulations of
enforced interbilayer flips using different values of
the agc parameter in the range agc = 35 to ayc =
50, as shown in Figure 10.

Since the flipping barrier depends on agc, its
magnitude can be tuned in such a way that the
energy barrier is consistent with available refer-
ence data. A possible experimental estimate of
the barrier height can be deduced from the hydra-
tion energy of one hydrocarbon chain, which can

Molecular Simulation 5

be estimated from the critical micelle concentration
(CMC). For DMPC this is of the order of 10 kgT.

3.3.3  The total energy barrier

Since the energy barrier for one of the sub-processes
of fusion could be measured in independent simu-
lations, the time scale ti. has become accessible.
Using the same value for ts in relation (3), the
energy barrier AEg, for sub-process 3 at ¥ = 0
can be estimated to be AEg o = 11.1 + 2 kgT and
AE@O = 14.4 £ 2 kgT for the 14 nm and 28 nm
vesicle respectively, the barrier for sub-process = is
estimated as 8 kgT'.

At low tensions the total fusion time tg, is dom-
inated by the reordering time, (tg) (see Figure 7).
Thus the simulation statistics presented here sug-
gest that the main energy barrier for fusion of ten-
sionless bilayers comes from the reordering process
and is of the order of 10 — 15kgT .
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(b) _ag|H C W
H [30 35 30
C |3 10 75
W |30 75 25

Table 1: Amplitudes ay; the conservative forces be-
tween head (H), chain (C) and water (W) beads in
units of kgT'/rg. The parameter aww is chosen to
reproduce the compressibility of water. All values
of aj; satisfy a;; > 10 to ensure correct diffusive be-
haviour (22)

Figure 1: (a) A coarse-grained bead and spring
model of dimyristoyl-phosphatidylcholine (DMPC)
consisting of 3 head (H) beads and two hydrocar-
bon chains, each made from four chain (C) beads.
Consecutive beads are connected by springs and the
hydrophobic chains are stiffened by a three body
potential constraining the angle @ between two con-
secutive bonds (23). (b) Model system consisting of
a vesicle with a diameter of 28 nm close to a planar
membrane that spans the simulation box with side
length L = 50 nm. The rest of the box is filled
with water (W) beads. The water beads outside the
vesicle are not shown.

Figure 2: Bilayer tension ¥ as a function of area
per molecule A. Error bars represent the standard
error. The tension vanishes for Ay ~ 1.25, increases
linearly up to A ~ 1.55 and then drops abruptly
because the membrane ruptures.

Molecular Simulation 7

Figure 3: Fusion of a vesicle with a diameter of 28
nm to a planar membrane with a projected area of
(50nm)?. The vesicle consists of 6869 lipids (or-
ange heads, yellow chains) while the planar mem-
brane contains 6911 lipids (red heads, green chains).
The water beads originally inside the vesicle are
blue, those outside are not shown for clarity. Six
snapshots illustrating the development of the fusion
event from 78.5 ns after the first contact until open-
ing of the fusion pore after 1334 ns. The insets are
magnifications of the lipid rearrangements at the
contact line.

Figure 4: Cross sections of the snapshots shown in
Figure 3, cut through the midplane of the planar
membrane and viewed from above. The green hy-
drophobic beads from the planar bilayer are made
transparent, so that, view (a) of the first snapshot
shows the yellow hydrophobic chains of vesicle lipids
that have flipped into the planar bilayer. In view
(b) of the first snapshot and in the four subsequent
snapshots, all hydrophobic beads are made trans-
parent, so that white areas in the head group plane
indicate purely hydrophobic regions.
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Figure 5: Fusion probability as a function of molec-
ular area A for (a) the 14 nm and (b) the 28 nm
vesicles. In both cases, thefusion probability, i.e.
the fraction of fusion attempts that lead to fusion
within 20 wus, exhibits a maximum at Apax with
1.45 < Apax < 1.51n (a) and Apax =~ 1.5 in (b) cor-
responding to the tensions ¥ ~ 3.36 and¥ ~ 4.25,
respectively. At higher tensions, fusion becomes less
likely because of membrane rupture; at lower ten-
sions, fusion is more and more replaced by hemifu-
sion or adhesion. Linear extrapolation of the data to
smaller values of Aindicates that tensionless mem-
branes will not fuse spontaneously for both sys-
tems. The threshold values for the molecular area
found from the extrapolation are Ay, = 1.29 and
A, = 1.36. The corresponding tension threshold is
estimated to be ¥y, ~ 0.56 for the 14 nm vesicles
and 3¢, ~ 1.79for the 28 nm vesicles.

Figure 6: Histograms for the fusion time, ts,, (a) for
the 14 nm vesicle and (b) for the 28 nm vesicle at
different molecular areas A.

Figure 7: The average duration of the tension de-
pendent sub-processes (t,) (red circles) and (tg)
(green diamonds) displayed together with (¢g,) (blue
diamonds) as a function of the area per molecule A
(a) for the 14 nm and (b) for the 28 nm vesicle.
Both (t,) and (tg) show an exponential dependence
on A. The light blue curve represents a fit of the fu-
sion time based on the sum (t,) + (t3) + (t,), where
(ty) is the rupture time of the hemifused diaphragm

Figure 8: First interbilayer flips of hydrophobic
chains from the vesicle (yellow) into the planar bi-
layer (head beads red, chain beads not shown).
Snapshots of the centre of the planar membrane,
with its hydrophobic chains made transparent, so
that the first hydrophobic chains from the vesicle
(yellow) moving into the planar bilayer become vis-
ible.

Figure 9: Simulations of enforced lipid flips used
to measure the energy barrier AE, (a) From two
adhering bilayers (head beads blue/green, tail beads
omitted for clarity) a single lipid is selected (orange
heads, yellow/red tails) and a force F arising from a
slowly moving harmonic potential is applied to one
of its tail beads (red), until the tail has flipped to
the other bilayer, so that the lipid has assumed a
splayed configuration with one tail inserted in each
bilayer as shown in (c¢). (b) Energy landscape FE,
for the bead as a function of the displacement z
of the yellow bead. It has a high barrier in the
centre corresponding to the repulsive head groups
and increases to the sides reflecting displacement of
the head group into the hydrophobic region.

Figure 10: Average work (W) required to enforce an
interbilayer flip as a function of the force amplitude
ayc acting between H and C beads. Diamonds: Di-
rect measurement of the average work. Error bars
represent one standard deviation. Circles: average
work determined by the Jarzynski equation (4). In
both cases the average was calculated from 20 inde-
pendent simulations.
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