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ABSTRACT We studied the interaction of bilayer vesicles and adhesive nanoparticles using a Brownian dynamics simula-
tion. The nanoparticles are simple models of proteins or colloids. The adhering nanoparticle induces the morphological
change of the vesicle: budding, formation of two vesicles in which only outer monolayers are connected, and fission. We also
show that the nanoparticle promotes the fusion process: fusion-pore opening from a stalk intermediate, a neck-like structure
that only connects outer monolayers of two vesicles. The nanoparticle bends the stalk, and induces the pore opening.

INTRODUCTION

In living cells, fission and fusion events frequently occur in
various processes, such as endo- or exocytosis, protein
trafficking, fertilization, and viral infection (Lipowsky and
Sackmann, 1995; Jahn and Südhof, 1999; Allan and Balch,
1999). The studies of their mechanisms are biologically
important. Budding, fission, and fusion of lipid vesicles
have been extensively studied for simple model systems.

The many morphologies of vesicles are understood by the
coarse-grained surface models where the bilayer membrane
is treated as a smooth continuous surface (Lipowsky and
Sackmann, 1995; Hotani et al., 1999; Kumar et al., 2001).
However, in these models, the artificial recombination of
surfaces is needed to investigate the shape transformations
with topological change such as fission (Chen et al., 1997).
It is not possible to apply these methods to the dynamics of
the structural change of membranes. In contrast, some au-
thors studied lipid bilayer structures using molecular dy-
namics (MD) (Pastor, 1994; Tieleman et al., 1997; Lindahl
and Edholm, 2000; Saiz and Klein, 2001; Ohta-Iino et al.,
2001). It has only been applied for a small number of
molecules and short time dynamics because of limited com-
putational resources.

Some mesoscopic models between atomic and macro-
scopic resolutions have been applied to surfactant/water
mixtures and block copolymer systems: coarse-grained
molecular simulations (Bernardes, 1996; Goetz et al.,
1999), self-consistent theory (Netz and Schick, 1996; Li
and Schick 2000; Kawakatsu 1997; van Vlimmeren et al.,
1999), and dissipative particle dynamics (DPD) (Groot et
al., 1999; Groot and Rabone, 2001). Particularly, DPD is
a powerful method taking into account hydrodynamic
interactions. The self-assembly into vesicles is simulated

by lattice Monte Carlo method (Bernardes, 1996) and
DPD (Yamamoto et al., 2002).

Recently, we proposed another simple model of am-
phiphilic molecules to investigate the shape transformations
with topological change with molecular resolution (Noguchi
and Takasu, 2001a). We used three-dimensional Brownian
dynamics. An amphiphilic molecule is modeled as a rigid
rod. Solvent molecules are not taken into account explicitly,
and “hydrophobic” interaction is mimicked by the multi-
body local density potential of the hydrophobic segments.
The amphiphilic molecules self-assemble into vesicles with
bilayer structures. We also clarified two pathways of spon-
taneous vesicle fusion (Noguchi and Takasu, 2001b). This
model does not include hydrodynamic interactions and al-
lows the volume change of a vesicle. The long-ranged
hydrodynamic interactions can accelerate the structural
changes (Groot et al., 1999; Maurits et al., 1998), and this
effect is estimated using scaling argument for a budding
dynamics (Kumar et al., 2001). The volume constraint
should decelerate the various structural changes. However,
the absence of solvent molecules reduces computational
time, and enables the model to be applied to the phenomena,
largely changing the size of the molecular aggregate. We
simulated the structural changes of a pulled vesicle (Nogu-
chi and Takasu, 2002). The pulled vesicle stretches and
forms a dumbbell-like structure, where two vesicles connect
a long cylindrical structure. At a certain force, it becomes 20
times longer than the initial vesicle in 1 ms.

In our present paper, we added a spherical nanoparticle
interacting attractively with the hydrophilic segments of
amphiphilic molecules. We investigate the budding and
fission of a vesicle induced by the adhesion of the nanopar-
ticle. This is a simple model system of phagocytosis, and
should also provide basic information to transfer drug-
carrier complexes (Woodle and Scaria 2001; Angelova and
Tsoneva 1999). The adhesion is usually caused by specific
binding of ligands to membrane receptors or by electrostatic
interactions. The cationic colloids or small vesicles adhere
to anionic large vesicles or cells and vice versa (Chenevier
et al., 2000; Huebner et al., 1999). Dietrich et al. (1997)
investigated the adhesion of sulfate Latex spheres to neu-
tral-lipid vesicles. However, the capture mechanisms with
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molecular resolution are unresolved. One purpose of the
present paper is to examine the basic capture mechanisms.
We also clarify that the nanoparticle mimics the fusion
protein, and promotes the fusion process of two vesicles.

METHOD

An amphiphilic molecule is modeled as one hydrophilic segment (j � 1)
and two hydrophobic segments (j � 2, 3), which are separated by a fixed
distance � and are fixed on a line. Thus, this model explicitly takes into
account the translational and orientational degree of freedom for phospho-
lipid molecules with two hydrophobic tails and ignores the intra-chain
degrees of freedom including trans-gauche transformation. A nanoparticle
is modeled as a sphere with radius rnp. The interaction between amphiphilic
molecules (i � 1, . . . , N) is given by a repulsive soft-core potential UREP

and an attractive “hydrophobic” potential UHP: UAM � UREP � UHP.
Both segments have the same soft radius ram,

UREP � �
i�� i�

Urep�2ram, �rij � ri�j���, (1)

Urep�r0, r� � exp�	20�r � r0�/�
 (2)

The hydrophobic objects assemble not by a direct attraction, but by the
repulsion with water molecules. Because solvent molecules are not
taken into account explicitly, this hydrophobic interaction is mimicked
by the function Uhp(�) of the local unnormalized density of hydrophobic
segments,

�i,j � �
i�� i�,j��2,3

h��rij � ri�j���,

with weighting function,

h�r� �
1

exp�20�r/� � 1.9�
 � 1
.

�i,j is the number of hydrophobic segments in the sphere whose radius is
�1.9�. If a radius larger than 2� is chosen, the density of a middle segment
�i,2 counts hydrophobic segments at the back of the hydrophilic segment
ri,1. Thus, we chose the radius of 1.9�. UHP is given by

UHP � �
j�2,3

Uhp��i,j�,

Uhp��� � �
	0.5� � � �* � 1

0.25�� � �*�2 � c �* � 1 � � � �*

	c �* � �.

(3)

We used the values �* � 10 and c � 4.75 at j � 2, and �* � 14 and c �
6.75 at j � 3. The values of c are given by c � 0.5�* 	 0.25 to connect
the potential continuously at � � �* 	 1. The harmonic potential at �* 	
1 � � � �* is used to reduce the force from 0.5 d�i,j/dri,j to 0 continuously.
At low density (� � �* 	 1), Uhp(�) acts as the pair-wise potential 	h(r).
We assume that the segment is shielded by hydrophobic segments from
solvent molecules and hydrophilic segments at �*. Thus, Uhp(�) is constant
at higher density (� 	 �*). We modified the usual pair-wise potential with
cutoff at high density �*. If the pair-wise potential 	h(r) is used instead of
Uhp(�), the bilayer membrane has no fluid phase and does not form a
vesicle spontaneously.

The nanoparticle interacts with amphiphilic molecules by potential
UNP:

UNP � �
j�2,3

Urep�ram � rnp, �rij � rnp��

� � Uadh�ram � rnp, �ri1 � rnp�� (4)

We used the same type of repulsive potential as that between amphiphilic
molecules. The nanoparticle only attracts hydrophilic segments of am-
phiphilic molecules. Uadh(r0, r) is given by

Uadh�r0, r� � 
np�exp�20�r � r0�

� �
�

1
exp�20�r � r0 � 0.6��/�
 � 1�, (5)

where 
np is the depth of Uadh(r0, r). The adhesion potential Uadh(r0, r) is
short-range potential, and the well width of this potential is �0.6�. When
the bilayer membrane interacts with the nanoparticle, the nanoparticle
attracts the hydrophilic segments only in proximal monolayer. To simplify
the model, we used not an electrostatic potential but the potential, which
has similar shape to Urep(r) and h(r).

The motion of the segments of the molecule and the nanoparticle
follows the underdamped Langevin equation,

m
d2ri,j

dt2 � 	�
dri,j

dt
� gi,j�t� �

�U

�ri,j
, (6)

mnp

d2rnp

dt2 � 	�np

drnp

dt
� gnp�t� �

�U

�rnp
, (7)

where m (mnp) is the mass and � (�np) is the friction constant of the
segments of the molecule (the nanoparticle), and U � UAM � UNP. gi,j(t)
and gnp(t) are Gaussian white noise and obey the fluctuation-dissipation
theorem. The equations of the translational and rotational motions of
amphiphilic molecules are integrated by a leapfrog algorithm with a time
step of t � 0.01 (Allen and Tildesley, 1987).

We cut off Urep(r0, r) at r0 � 0.3� and Uadh(r0, r) at r0 � 0.9�. We set
h(r) � 1 for r � 1.6� and h(r) � 0 for r 	 2.2�. We used the periodic
boundary condition with the cubic box with the side length 50 or 100�. We
fixed the segment radius ram � 0.5�, the segment mass m � 1, the friction
constant of segments � � 1, and the temperature T � 0.2 (We set kB to
unity hereafter). The radius of the nanoparticle is changed: rnp � �, 2�, and
3�. The mass and friction constant of the nanoparticle are the same values
for the translational motion of amphiphilic molecules: mnp � 3 and �np �
3. We present our results with the reduced units, � � 1. In the budding
simulation, we changed the depth of Uadh(r0, r): 
np � 0.5, 1, 2, 3, 4 at N �
2000 and 
np � 0.05, 0.1, 0.25, 0.5, 1, 2, 3, 4, 5 at N � 500 or 1000. We
take the standard deviation of three separate runs as an estimate of the
calculation error.

RESULTS AND DISCUSSION

Properties of vesicles

In this subsection, we describe the properties of vesicles
without nanoparticles at T � 0.2. Amphiphilic molecules
spontaneously form vesicles at N � 200 (Noguchi and
Takasu, 2001a). When the initial state is random gas state
with N � 1000, molecules aggregate into spherical or disk-
shaped micelles, and they assemble and reform into vesi-
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cles. Finally, all molecules belong to one vesicle. The ves-
icle exhibits a clear bilayer structure and is in a fluid phase.
Molecules in vesicles diffuse laterally: the lateral diffusion
constant is 0.0039 (�0.0004). Flip-flop motion, which is the
transverse motion between inner and outer monolayers, is
much slower than the lateral diffusion. The half lifetime of
flip-flop motion is �100,000 time steps.

When bilayer membrane is assumed as an elastic sheet,
the free energy F of the vesicle is written as

F �


2 	�c1 � c2 � c0�
2 dA � G 	 c1c2 dA � U0, (8)

where  is bending rigidity, G is Gaussian bending rigidity,
C1 and C2 are two principal curvatures, c0 is a spontaneous
curvature, and dA is an area element of the membrane
(Lipowsky and Sackmann, 1995). We used the energy U
instead of free-energy F, because the entropy of molecules
is small in our model. It consists of translational and orien-
tational entropies. We assume c0 � 0 and G � 0. The
theoretical study using a simple molecular model (Suezaki
and Ichinose 1995) indicates that Gaussian bending rigidity
G is much less than bending rigidity  in fluid membranes.
We estimated the bending rigidity  from the fluctuation of
quasi-spherical vesicles consisting of 1000 molecules
(Noguchi and Takasu, 2001b). The vesicle shape is de-
scribed as a series in spherical harmonics: r(�, �) � r0[1 �
�ulmYlm(�, �)]. r(�, �) is the distance between molecules
and the center of mass of vesicles ri 	 RG with spherical
coordinates �, �, where ri and RG are the center of mass of
ith molecules and the vesicle, respectively. r0 is the radius
of an equivalent surface-area sphere. We estimated r0 � 9.4
(�0.2) from �r� � 9.17 (�0.01) and (�r� 	 r0)/r0 �
	0.1T/. The amplitude of undulations is given by (Hel-
frich, 1986; Milner and Safran, 1987)

�ulm
2 � �

T

�l � 2��l � 1��l � 1�
. (9)

We estimate  � 1.5 (�0.5) from ulm with l � 2 and 3 of
vesicles. ulm with larger l does not fit Eq. 9 because the
radius of the vesicles is not much larger than the thickness
of membranes.

Figure 1 shows the size dependence of the mean energy
�U� of vesicles at equilibrium. When the shape of vesicles is
assumed to be a sphere, the energy �U� � 8� � U0 is
derived from Eq. 8. U0 is the energy to form a flat bilayer
membrane from isolated amphiphilic molecules, and should
be proportional to N. We obtain  � 0.6 (�0.2) and U0/N �
	11.21 (�0.01) from the slope and asymptotic value at
N � � in Fig. 1, respectively. The slope of smaller vesicles
becomes larger. It should be caused by some effect of
smallness: the quadratic approximation of the bending en-
ergy in Eq. 8 might have error for the high curvature of
small vesicles. Two estimations of  have the same order of

magnitude, and we obtain /T 
 5. /T of phospholipid
molecules is 5�100 at typical experimental condition (Li-
powsky and Sackmann, 1995). The bending rigidity  of our
model is around minimum value of phospholipid. The sim-
ulated vesicles correspond to rather flexible membranes.

U0/NT at T � 0.2 are on the order of those of phospho-
lipid molecules at typical experimental condition: U0/NT �
	10 � 	30 (Tanford, 1980). The unit length � should
correspond to �1 nm. The unit time step of our simulation
corresponds to �1 ns, when the lateral diffusion constant is
assumed to correspond to that of phospholipid at 30°C,
�10	7 cm2/s (Wu, 1977).

Hydrophobic segments interact attractively via the hydro-
phobic potential Uhp(�), and this attraction disappears at
� � �* in both segments. In contrast, the Van der Waals
interaction between alkyl chains remains at high density in
real lipid molecules. This interaction should be significant
to investigate the transition of fluid and gel phases. The
improvements of the attractive potential and derivation from
theories such as the density-function theory of liquid (Tara-
zona 1985; Denton and Ashcroft 1989) is expected in fur-
ther studies.

Our present model does not represent molecules of spe-
cific chemistry. The model molecule is slightly wider or
shorter than lipid molecules. The area per molecule in
membranes is 2�2. It is larger than the experimental data of
lipid molecules: 50�80 Å2 (Nagle and Tristam-Nagle,
2000). The quantitative description of lipid molecules re-
quires the improvement of the model in comparison with the
data of atomic-level MD simulations and experiments such
as x-ray diffraction (Nagle and Tristam-Nagle, 2000;
Lafleur et al., 1996).

Budding and fission of vesicles

In this subsection, we show the morphological change of a
vesicle induced by a nanoparticle. First, we investigate
stable or metastable states by a stepwise annealing simula-

FIGURE 1 Size (N) dependence of the mean total energy �U� without
nanoparticles at temperature T � 0.2.
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tion with three separate runs. We set a nanoparticle at the
center of a vesicle as the initial state for the lowest 
np:

np � 0.5 at N � 2000 and 
np � 0.05 at N � 500 or 1000.
To save computational time, we increased 
np stepwise and
obtained steady states. Figures 2 and 3 show the snapshots
and the mean radius of gyration �Rg� of the vesicles adher-
ing to the nanoparticle with rnp � 3� at N � 2000, respec-

tively. At 
np � 0.5, the nanoparticle adheres to the inner
monolayer of the vesicle. This adhesion does not change the
morphology of the vesicle much, and �Rg� at 
np � 0.5
coincides with that of the vesicle without the nanoparticle
within the calculation error. With an increase in 
np, the
hydrophilic segments cover larger surface of the nanopar-
ticle, and encapsulate almost all the nanoparticle at 
np � 2.
At 
np � 1 and 2, the vesicle exhibits pear shape, and the
bilayer structure keeps well (Fig. 2 A). At 
np � 3, the
bilayer structure is often deformed in the pinched membrane
by the side of the nanoparticle (Fig. 2 B). In one run, the
vesicle reforms to the two connected vesicles. In the other
two runs, the pear-shaped vesicles remain at 
np � 3, and
reform at 
np � 4 (Fig. 2 C). The connection region exhibits
cylindrical shape, and the structure is similar to the stalk
intermediates in vesicle fusion (Chernomordik 1995; Nogu-
chi and Takasu, 2001b). We call the clusters before and
after morphological change as a budded state and a stalk
state, respectively. The fission to two vesicles occurred in
two runs at 
np � 4 (Fig. 2 D), and the stalk state remains
after 100,000 time steps in one run.

Figures 4 and 5 show the dynamics of structural change
from the budded state (Fig. 2 B) to the stalk state (Fig. 2 C)
at 
np � 4. More hydrophilic segments adhere to the nano-
particle, and the bilayer structure in the pinched connection
region is destabilized. The pore then opens, and the cross-

FIGURE 2 Sliced snapshots of the vesicle and the nanoparticle at N � 2000 and rnp � 3�. Gray spheres and white cylinders represent hydrophilic and
hydrophobic segments of amphiphilic molecules, respectively. A black sphere represents the nanoparticle. Molecules with 	2 � (ri 	 RG)e1 � 2 are shown
from the front direction e1. ri and RG are the center of mass of ith molecule and all amphiphilic molecules, respectively. e1 is a the unit vector orthogonal
to the direction of the nanoparticle position e2 � (rnp 	 RG)/ rnp 	 RG. Then, rnp and RG belong to the sliced region.

FIGURE 3 
np dependence of the mean radius of gyration �Rg� at N �
2000 and rnp � 3�. The value of 
np � 0 represents �Rg� of vesicles without
nanoparticles. At 
np � 4, �Rg� is only averaged over the stalk states before
fission as shown in Fig. 2 C.
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section of the connection region becomes arc shape (Fig.
4 B). The arc-shaped structure separates to two stalks, and
they fuse to one stalk (Fig. 4 C). Finally, the stalk structure
is formed at 12,000 time steps (Fig. 4 D). UNP remains
decreasing for 10,000 time steps after the formation of the
stalk state. Fission then occurs at 54,000 time steps. The

stalk state is an intermediate state of fission, and has a
lifetime of 40,000 time steps.

Figure 6 shows the 
np dependence of the mean nor-
malized energy �UNP�/
np. The decrease of �UNP�/
np

indicates the increase of the number of adhered mole-
cules, and exhibits no abrupt transition. The budding
induced by a nanoparticle is continuous morphological
change. We define the number of adhered molecules Nadh

as that of the molecules, which hydrophilic segment is
closer than rnp � ram � 0.7� to the nanoparticle. When
N � 2000 and rnp � 3�, the normalized energy per
an adhered molecule �UNP�/�Nadh�
np � 	0.89 (�0.05)
and 	0.97 (�0.01) at 
np � 0.5 and 4, respectively. It
exhibits weak 
np dependence within 10% of value.

Figure 7 shows the energy differences �UAM�, �UREP�,
and �UHP�, the energies of vesicles minus those of vesicles
without nanoparticles. In the annealing simulation, �UAM�
increases with an increase in 
np. This energy increase is
mainly caused by repulsion between adhered molecules. On

FIGURE 4 Sliced snapshots of the connection region in the structural
change of the vesicle at 
np � 4. The initial state (t � 0) is the pear-shaped
vesicle at 
np � 3 as shown in Fig. 2 B. The sliced snapshot from the front
view at t � 30,000 is shown in Fig. 2 C. Molecules with 	1.5 � (ri 	
R0)e2 � 1.5 are shown from the direction e2, where R0 � rnp 	 8e2 (A, B,
and C) or rnp 	 9e2 (D).

FIGURE 5 Time development of the energies UAM and UNP for the data
shown in Fig. 4.

FIGURE 6 
np dependence of the mean interaction energy �UNP� be-
tween amphiphilic molecules and the nanoparticle. We use N � 2000 at
rnp � 3� and N � 1000 at rnp � �. At rnp � 2�, we change the size of
vesicles: N � 500 (dashed line), N � 1000 (solid line), and N � 2000
(dot-dashed line).
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the surface of the nanoparticle, the molecules are in order
with high density, and �UHP� decreases. In the simulation
starting with stalk states, the stalk structure remains even

without the nanoparticle. Thus, the budded and stalk states
are in the local minima of the free-energy landscape. The
energies of both states equal at 
np 
 1. At larger 
np, the
stalk state is more stable. At smaller 
np, the budded state or
the vesicle with the isolated nanoparticle is more stable.

When the radius of nanoparticle rnp is � or 2�, the stalk
state is not observed even at 
np � 5. The vesicles exhibit
similar structures as shown in Fig. 2, A and B. UNP is
dependent slightly on N at rnp � 2� as shown in Fig. 6. At
N � 500, the budded part of vesicle encapsulating the
nanoparticle is larger than the other part at 
np � 5. Thus,
the number of adhered molecules depends slightly on the
morphology of vesicles.

Next, we describe the adhesion of a nanoparticle from the
outside of a vesicle at N � 2000, rnp � 3�, and 
np � 4. We
set the nanoparticle outside of the vesicle at initial states.
Figures 8 and 9 show the sequential snapshots and the time
development of U and Rg of the adhesion process. The
nanoparticle contacts the outer monolayer of the vesicle at
3600 time steps. First, the nanoparticle begins to bud to the
inside of the vesicle (Fig. 8 A), and Rg decreases. Because
the membrane shows acute angles by the sides of the bud,
the outer monolayers reform to bilayer structure there (see
upper side in Fig. 8 A). The membrane then encapsulates the
nanoparticle (Fig. 8 B). To reduce the connection region, the
encapsulated nanoparticle gradually moves to the outside of
the vesicle (Fig. 8 C), and Rg increases. Finally, the vesicle
changes to the stalk state (Fig. 8 D). The pathway of for-

FIGURE 7 
np dependence of the mean interaction energies between
amphiphilic molecules at N � 2000 and rnp � 3�. The energies minus
those of vesicles without nanoparticles are shown: UAM � UAM 	 UAM

v ,
where UAM

v is UAM of vesicles without nanoparticles: UAM
v � 	22411.2

(�0.4). UREP and UHP are the energy differences for the repulsive and
hydrophobic potentials, respectively. UREP

v � 389.4 (�0.2) and UHP
v �

	22800.6 (�0.4). Open symbols and solid lines represent the results of
annealing simulation. Closed symbols with dashed lines represent the
results starting the stalk states as shown in Fig. 2 C. The values at 
np � 0
represent those of vesicles without nanoparticles.

FIGURE 8 Sequential snapshots of adhesion process of the nanoparticle from the outside of a vesicle at rnp � 3�, 
np � 4, and N � 2000. Snapshots
depict the same as Fig. 2.
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mation of the stalk structure is the same as in Fig. 4. We
observed these morphological changes in three separate
runs. The fission is then observed in two runs, and the stalk
states remain after 130,000 time steps in the other run. Thus,
the final structures are almost independent of initial states.

The simulated vesicles correspond to diameters of �25
nm. The usual budding events occur on lipid and biological
vesicles �100 nm in diameter. However, the number of
adhered molecules is almost independent of the size of
vesicles, and the structures around the nanoparticle are
slightly modified. When a larger vesicle is used, the vesicle
adhered by the nanoparticle from outside would bud to the
inside of the vesicle. Volume of the simulated vesicles is not
fixed, because our model does not take into account explicit
solvent molecules. Under volume constraint, a small spher-
ical vesicle cannot bud. The ellipsoidal vesicles or suffi-
ciently large vesicles are needed to obtain budding. In the
experiment of adhesion of Latex spheres (Dietrich et al.
1997), the volume of the vesicles changes during adhesion.
It is caused by water flow through pores on a membrane.
They also observed expulsion and recapture after ingestion
using multi-lamellar vesicles.

We only observed the stalk formation and fission at rnp �
3�. The high curvature of connection region at rnp � 3�
should promote the transition to stalk structure. Larger
nanoparticles with rnp � 3� may induce the stalk formation
and fission well. In our simulation, the adhesion energy per
molecule (per area) for the stalk formation is 
np/T � 20

(4 � 10	2 J/m2), and seems too large. However, this energy
should decrease for larger particles. When membrane ten-
sion is generated by morphological change to a pear-shape
vesicle, the tension should reduce the energy for membrane
deformation in stalk formation.

In our simulation, the membrane curves toward the
nanoparticle. In contrast, coat proteins (Schekman and
Orci, 1998) and anchored polymers (Tsafrir et al., 2001)
curve membrane toward the opposite side. It is interest-
ing to examine this type of induction process into bud-
ding and fission, and to compare it with the induction by
the nanoparticle.

Fusion process promoted by nanoparticle

In this subsection, we show that the fusion of vesicles is
promoted by a nanoparticle. In our previous paper (Noguchi
and Takasu, 2001b), we have clarified the two pathways of
spontaneous fusion of two vesicles at T � 0.2 and 0.5. At
higher temperature T � 0.5, the contacted vesicles form a
neck-like structure that only connects outer monolayers (see
Fig. 10 A). This structure corresponds to a stalk intermediate
in the stalk model (Chernomordik et al., 1995). The cross-
section shape of the stalk often changes from circle to
ellipse by thermal fluctuation. When a small pore connect-
ing the inside and outside of a vesicle opens by the side of
the elliptic stalk, the stalk bends around the pore, and the
fusion pore connecting the insides of vesicles opens. At T �
0.2, the vesicles are stable, and the contacted vesicles do not
form the stalk intermediate. We used the stalk intermediate
at T � 0.5 as the initial states, and investigated the pore-
opening process. Some vesicles fuse through the pathway
predicted by modified stalk model (Siegel, 1993): the inner
monolayers contact inside the radially expanded stalk, and
the fusion pore opens. The quenching from T � 0.5 to T �
0.2 have promotion effect on the pore opening. The stalks,
which do not fuse in 10,000 time steps, are stabilized, and
remain after 100,000 time steps. We used these stabilized
stalk intermediate and the nanoparticle with rnp � � as the
initial states.

Figures 10 and 11 show the sequential snapshots and the
time development of the energies UAM and UNP of the
fusion process at well depth 
np � 1. First, the nanoparticle
adheres to the surface of a vesicle (Fig. 10 A). The nano-
particle diffuses on the surface, and reaches the side of the
stalk (Fig. 10 B). The energy UNP decreases from 	10 to
	20 (Fig. 11 B) because the nanoparticle contacts more
amphiphilic molecules of both vesicles. The stalk bends
around the nanoparticle, and the pore opens on a vesicle
(Fig. 10, C and G). The pore then opens on the other vesicle
(Fig. 10 D), and the fusion pore that connects the insides of
the vesicles is formed (Fig. 10 E). The vesicle exhibits pear
shape, and the nanoparticle contacts the amphiphilic mole-
cules on an equatorial line as shown in Fig. 10 E. This
structure is metastable and remains until 24,000 time steps.

FIGURE 9 Time development of the total energy U and the radius of
gyration Rg for the data shown in Fig. 8.
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Finally, the part of the membrane is detached from the
nanoparticle, and the vesicle becomes spherical shape (Fig.
10 F). We obtain this stalk-bending pathway in four sepa-
rate runs. At 
np � 0.5, the vesicles fuse through the same
pathway in one run, and the vesicles remain in the stalk
intermediate after 100,000 time steps in three runs. At 
np �
2, the vesicles fuse in four separate runs. However, the
pear-shaped vesicle (Fig. 10 E) remains after 100,000 time
steps in all runs. At 
np � 2.5, the nanoparticle induces the
budding of a contacted vesicle through similar process as
shown in Fig. 8 in two runs, and the pear-shaped vesicle is
formed in the other two runs.

These results indicate that the nanoparticle clearly pro-
motes the stalk-bending process. The nanoparticle bends the
stalk. The vesicle surface near the arc-shaped stalk becomes
unstable by the high bending curvature, and a pore opens.
The adhesion force with the appropriate strength is needed
for the fusion promotion. The nanoparticle with larger 
np

induces budding on the contacted vesicle surface. The nano-
particle with smaller 
np does not change the vesicle states.

Some fusion proteins may promote the stalk-bending
process. We used the simple spherical nanoparticle contain-
ing no hydrophobic part. The protein structures are more
complex, and contain hydrophobic domains. The way of

FIGURE 10 Sequential snapshots of fusion process promoted by the nanoparticle at rnp � �, 
np � 1, and N � 1000. The snapshots are viewed from
ec (A–F) or ea (G) direction. ea is the eigenvector of the largest eigenvalue of the moment tensor of inertia. eb � (rnp 	 RG)/ rnp 	 RG and ec � ea �
eb. (A) All molecules are shown. (B–F) Molecules with 	2 � (ri 	 RG) ec � 2 are shown. (G) Molecules with 	1.5 � (ri 	 rnp) ea � 1.5 (left) or with
	4.5 � (ri - rnp) ea � 	1.5 (right) are shown.

FIGURE 11 Time development of the energies UAM and UNP for the
data shown in Fig. 10.
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promotion by proteins may be slightly modified. Though
the stalk bends around the nanoparticle in our simulation,
the protein may bend to the opposite side. The protein then
exists on the outside surface of the vesicle after fusion, and
can promote the fusion with another vesicle again. The
hydrophobic segments of protein might mediate the pore
opening on a vesicle by the side of the stalk. Though the
pore connecting the inside and outside of a vesicle is small
and opens within short time, �1 �s, some solvent mole-
cules can flow between the inside and outside of a vesicle
through the pore. In many biological fusions, this flow
should not be acceptable, and may be avoided by the shield
of the protein. The nanoparticle almost covers the pore in
our simulation.

In our simulation, the high bending curvature of small
vesicles with a diameter of 20 nm mediates fusion, and the
fusion rate of larger vesicles is slower. The local curvature
of membranes is important in the fusion mediated by pro-
teins such as hemagglutinin. At the beginning of fusion, the
bending structure of a membrane protruding toward the
other membrane, called dimple or microprotrusion, is ob-
served by quick-freezing electron microscopy (Chandler
and Heuser, 1980; Ornberg and Reese, 1981; Kanaseki et
al., 1997). Its diameter is 10–20 nm. This dimple largely
reduces the energy to create the stalk (Kuzmin et al., 2001).
Thus, we can interpret that the dimple is mimicked by the
vesicle in our simulation. The obtained fusion pathways
may exist in large vesicles with �m scale.

CONCLUSIONS

We have shown that nanoparticles induce the structural
changes of vesicles: budding, stalk formation, and fission.
We have clarified that a stalk state is fission intermediate
between budded and separated states. The budded vesicle
changes to the stalk state through pore opening at the
connection region.

We have also shown that the nanoparticle promotes the
fusion process from the stalk intermediate to the fusion-pore
opening. The bound nanoparticle bends the stalk and in-
duces the pore that connects the inside and outside of a
vesicle. Some fusion proteins may use the same promotion
method.

We used the simple model with the absence of solvent
molecules and hydrodynamic interactions. This absence
should modify the dynamics quantitatively. Particularly, it
is biologically important whether water molecules flow
through the pores opened on membranes in fission and
fusion processes. When the budding needs volume change,
the budding is accompanied with pore opening and water
flow through it. The further studies using MD or DPD
simulations are required to clarify these. We changed adhe-
sion strength only by 
np. It depends on the surface density
of ligands and receptors for adhesion caused by specific
ligand binding. In low receptor concentration, the adhesion

couples the lateral diffusion of receptors on a vesicle (Boul-
bitch et al., 2001). It is interesting to examine this effect on
structural changes. We hope that further experimental stud-
ies will reveal fission and fusion promotion processes in real
systems.

Note: After submitting the present paper, we received
the preprint about membrane fusion (Müller et al., 2002)
from Prof. M. Schick. They observed similar fusion behav-
ior to stalk-bending process using a lattice Monte Carlo
simulation. They used a different model from ours, and its
amphiphilic molecules are flexible. This may suggest that
stalk-bending process occurs in membrane fusion of various
amphiphilic molecules.

This work was supported in part by a grant-in-aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science, and Technology
of Japan.
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