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App. A. DPD method and parametrization

In our DPD simulations, we studied the same systems
as in [1, 2] but for a different set of parameters. In order
to make our presentation self-contained, we start with
a brief review of the DPD method and parametrization
[3-7].

The DPD model is built up from soft particles or beads
that represent several atoms or molecules. The beads
are distinguished by the label ¢ = 1,2, ..., Ny, where IV}
denotes the total number of beads, and can represent
different particle species as described by s;. The systems
considered here are built up from three such species, lipid
head (H), lipid chain (C), and water (W) beads, and the
variable s; can thus attain the three values H, C, and W.
The lipid molecules have a headgroup consisting of three
H beads and two chains, each of which consists of four
C beads. The latter architecture was introduced in the
context of molecular dynamics simulations [8] and also
used in our previous DPD simulations [1, 2].

As explained in [8], each C bead represents 3.5 CHy
groups which implies that one chain with four beads cor-
responds to a chain length of 14 such groups. There-
fore, the molecular architecture considered here provides
a coarse-grained model for the phospholipid DMPC that
has two chains, each of which consists of 14 CHy groups.
Furthermore, we choose (i) our basic length scale to
match the experimentally observed membrane area per
DMPC molecule as given by 0.596 nm? [9] and (ii) our
basic time scale to match the experimentally observed
diffusion constant, D ~ 5 pum? /s [10], for lateral diffu-
sion of DMPC within the bilayer membrane.

Two beads 7 and j experience three types of forces:
(i) A conservative force FZ-C;-, which represents a coarse-
grained description of the intermolecular interactions be-
tween the atoms or molecules contained in the beads; (ii)
A random force FZ, which represents thermal noise; and
(iii) A dissipative force Fg , which must be added in order
to ensure the dissipation-fluctuation theorem in equilib-
rium [4]. Together, the random and the dissipative force
provide the thermostat of the system. This thermostat
is constructed in such a way that it conserves particle or
bead momentum [3].

The beads are taken to be spherical, and their centers
have position vectors r; and velocities v;. For two beads
i and j, the conservative interparticle force, Ficj, depends
on the interparticle distance r;; = |r; — r;| and the unit

vector f;; = (r; —r;)/r;; pointing from j to 4. This force
is taken to be softly repulsive and given by

ri; < 1o
Tij > T0 -

F$ = ai;(1—rij/ro) Bij for

=0 for (1)

which involves only two parameters: (i) the force ampli-
tude a;; > 0, which depends on the species of the two
beads, i.e., a;; = a(s;,s;), and (ii) the force range r,,
which is taken to be independent of the bead pair (3, j).

The dissipative force between two beads ¢ and j is lin-
ear in their relative velocity v;; = v; — v; (which is pro-
portional to their relative momentum since all beads have
the same mass) and takes the form

FD = —vi;(1 = rij/ro)? (8. vij) B4y, (2)

with friction coeflicients +;;. Finally, the random force
Ff? acting between beads i and j is parametrized as

Fif = 27k T (1 = 145/75) Gij R4 (3)

with thermal energy kg7 and random variables (;;. The
latter variables are distributed symmetrically and uni-
formly with <C”(t)> =0 and <<¢j(t)<i/j/(t/)> = ((51'2'/5]']'/ +
d;j:05i+)0(t—t"), and fulfill the symmetry property ¢;;(t) =
Gii(t)-

The H and C beads of a lipid molecule are connected
by harmonic spring potentials Uy = (1/2)ka(riit1 —
lp)?> which are parametrized by the spring constant
ks and the unstretched length l,. The hydrocarbon
chains are stiffened by the three-body potential Us =
k3 [1 — cos(¢) —1b,)] which depends on the bending stiff-
ness ks, the tilt angle 1) between two consecutive bonds,
and the prefered tilt angle 1,. This parameterization was
introduced in the context of molecular dynamics simula-
tions [8] and also used in our previous DPD simulations
1, 2].

In the DPD simulations reported here, we used the
following parameter set. The values of the spring con-
stant ko and the unstretched length I, were taken to be
ko = 128kBT/r§ and [, = 0.5, as in our previous fusion
simulations [2]. The tail chains of the lipid molecules had
the bending stiffness k3 = 15, which is somewhat smaller
than the value ks = 20 used in [2], and the prefered tilt
angle ¢, = 0 as in [2]. The friction coefficients ;; had
the same values as in [1, 2] but the force amplitudes a;;
were chosen differently.

As previously mentioned, the force amplitudes depend
on the species of the two beads, i.e., a;; = a(s;, s;) with



TABLE I: DPD parameters a;; which represent the ampli-
tudes of the repulsive DPD forces between two beads ¢ and
j. These forces depend on the species s; and s; of the two
beads, i.e., ai; = a(si,s;) where s; and s; can attain the
three values H (lipid head), C (lipid chain), or W (water).
(a) Old parameter set used in [2]; and (b) New parameter
set used in the present study. The two parameter sets lead
to bilayer membranes that differ (i) in their stretching be-
havior, see Fig. 1, and (ii) in their stability with respect to
intermembrane flipflops.

s; = H, C, or W. A typical set of force amplitudes as
used in our previous DPD simulations [1, 2] is shown in
Table I(a). The new set of force amplitudes a;; as used
here is displayed in Table I(b). Comparison of these two
tables shows that all amplitudes a;; have been changed
apart from those between two W beads and between a
C and a W bead. Note that all a;; values displayed in
Table I satisfy a;; > 10, which ensures correct diffusive
behavior of the beads as discussed in [7].

Both the new and the old set of parameters lead to fluid
bilayers that arise from the spontaneous self-assembly of
the lipid molecules, and exhibit tensionless bilayer states
without interdigitation between the lipid chains in the
two monolayers. In addition, for both parameter sets,
the tensionless state of the planar membrane is character-
ized by the dimensionless molecular area A/N72 ~ 1.25.
However, the membranes obtained from the two param-
eter sets, show qualitative differences (i) in their overall
stretching behavior, see App. B below, and (ii) in the sta-
bility of two adhering membranes with respect to flips of
lipid molecules between these membranes. Whereas the
new parameter set leads to an energy barrier of about
10 kT for these intermembrane flips as described in the
main text, no such barrier could be detected for the old
parameter set.

This difference in behavior can be understood in a sim-
ple way if one considers the ratio apc/acc which gives
the strength of the repulsion between one H and one C
chain bead relative to the one between two C beads. For
the old parameter set in Table I(a), one has apc/acc = 2
whereas the new parameter set in Table I(b) leads to
the increased ratio apc/acc = 3.5, which implies an en-
hanced repulsive interaction between the H and C beads.

App. B. Tension as a function of molecular area

In contrast to the value of the molecular area in the
tensionless state, the stretching behavior of the mem-

branes is rather different for the two parameter sets.
For the old parameter set, the dimensionless tension
> = Er% /kpT is a nonlinear function of the dimension-
less molecular area A = A/Nr2 as shown in Fig. 1, and
this area can be increased from A ~ 1.25 to A ~ 2.05,
i.e., by about 60 percent, without rupturing the mem-
brane within a few ps. Experimental studies of large
vesicles, on the other hand, yield a maximal extensibility
of 3 to 5 percent [11] for lipid bilayers and of about 20
percent for polymersomes [12]. The new parameter set
in Table I(b) reduces the bilayer’s stretchability to about
20 percent and leads to an essentially linear relationship
between tension ¥ and molecular area A, see Fig. 1.
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FIG. 1: Bilayer tension versus area per molecule. Red: stan-
dart dpd parameters, Blue: New parameter set, with im-
proved stretching behavior. Solid: standart parameter set
used in the described fusion events, dashed: with agr pa-
rameter increased to 50, dashed-dotted: same as solid in the
larger boxsize ((72r9)® used for the fusion protocol

The area compressibility modulus K4 is proportional
to the slope of the tension as a function of molecular
area. The corresponding dimensionless modulus K4 =
Karg/kpT can be read off from Fig. 1 and is found to
be K4 = 18.2.

App. C. Frequencies of different pathways

Our fusion protocol starts from a vesicle preassembled
close to a planar membrane spanning the simulation box.
The vesicle is assembled within a spherical shell of outer
radius Rex = 7.5 or 15 nm. The inner radius R;, is equal
to the outer radius minus the thickness of the planar
membrane. Within this spherical shell, we accommodate
two monolayers of lipid molecules that are arranged as
equally spaced as possible. On the outer surface of the
spherical shell, we place Nox = 47R2 /A, lipid head
groups where Ay, is the prescribed molecular area of a
lipid within the vesicle membrane. Likewise, on the inner
surface of the shell, we place Ny, = 47rRi2n /Ay such head
groups. The chains of all of these molecules are taken
to point initially towards or away from the center of the
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TABLE II: Observed frequencies of different pathways for 83
simulation runs of a 15 nm vesicle in contact with a planar
membrane. The first row and first column contain the initial
molecular areas Ao and A of the vesicle and planar mem-
brane, respectively. The different pathways are adhesion (A),
hemifusion (HF), fusion (F), and rupture (R).
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1.45||A HF F R|A HF F R|A HF F R
4 0 10{2 0 40/1 2 30
1.50{|A HF F R|A HF F R|A HF F R
11 400 1 41/{0 1 100
1.55||A HF F R|A HF F R|A HF F R
0 0 42{0 0 51|10 1 5 3

TABLE III: Observed frequency of different pathways for 61
simulation runs of a 30 nm vesicle in contact with a planar
membrane. The notation is the same as in Table II.

shell.

Both vesicle and planar membrane consist of the same
type of lipid molecules with interactions as described in
App. A. The membranes are put under tension by vary-
ing the number of lipid molecules at constant box area or
vesicle radius. Two systems with different vesicle diam-
eters of 15nm and 30nm were simulated. The box area,
which is equal to the projected area of the blanar mem-
brane, was (50nm)? in both cases while the box height

was 35 and 50 nm for the 15 and 30 nm vesicle, respec-
tively.

For all simulation runs, the two membranes attained
one out of four possible states after about 12 ps which
represents the maximal time scale accessible to the simu-
lations: the membranes form an adhering (A), hemifused
(HF), or fused (F) state unless one of them ruptured (R),
see Table II and Table III

One should note that successful fusion events were al-
ways observed to proceed, on intermediate time scales,
via adhering and hemifused states. Thus, the adhering
and hemifused states that we observed after about 12 us
as displayed in Table II and Table III might still fuse if
we extended the simulations to longer time scales.
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