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Structural changes of pulled vesicles: A Brownian dynamics simulation

Hiroshi Nogucht and Masako Takasu
Department of Applied Molecular Science, Institute for Molecular Science, Okazaki 444-8585, Japan
(Received 27 November 2001; published 8 May 2002

We studied the structural changes of bilayer vesicles induced by mechanical forces using a Brownian
dynamics simulation. Two nanopatrticles, which interact repulsively with amphiphilic molecules, are put inside
a vesicle. The position of one nanoparticle is fixed, and the other is moved by a constant force as in optical-
trapping experiments. First, the pulled vesicle stretches into a pear or tube shape. Then the inner monolayer in
the tube-shaped region is deformed, and a cylindrical structure is formed between two vesicles. After stretching
the cylindrical region, fission occurs near the moved vesicle. Soon after this the cylindrical region shrinks. The
trapping force~100 pN is needed to induce the formation of the cylindrical structure and fission.

DOI: 10.1103/PhysRevE.65.051907 PACS nuni$er87.16.Dg, 87.16.Ac, 82.70.Uv

[. INTRODUCTION molecules form a bilayer vesicle in a fluid phd44].
We clarified spontaneous fusion pathways of two vesicles

Amphiphilic molecules such as lipids and detergents format two different temperaturgd.8]. At the high temperature,
various structures such as micelles, cylindrical structures@mphiphilic molecules frequently protrude, and the vesicles

and bilayer membranes in aqueous solufibh In particular contacted form a stalk intermediate, a necklike structure
' ~which only connects outer monolayers, as proposed in the

closed bilayer membranes, vesicles, are important biologi* X
cally as model systems for the plasma membrane and intr&@k models20-23. Then a fusion pore opens through a
stalk-bending process: a small pore on a vesicle opens next

cellular compartments in living cells. The fusion and flSSlonto the elliptic stalk, and the stalk bends around the pore.

of membranes are essential events in various biological P'O%en a fusion pore connecting the insides of the vesicles

cesses[1-5]. In an endocytosis pathway, small Ves'CIesopens. At the lower temperature, the vesicles are stable, and

pinch off from the plasma membrane and fuse with IySOS'the vesicles contacted do not form the stalk intermediate. We

omes. Between the plasma membrane and Golgi apparatu§myated the pore-opening process starting with the stalk
proteins and lipids are carried by vesicles. intermediates. Some vesicles fuse through the pathway pre-
_ Various mor_pholog|cal changes of vesicles arelunderstoogicted by the modified stalk modg21]: the inner monolay-

via coarse-grained surface models where the bilayer menrs contact inside the radially expanded stalk, and a fusion
brane is treated as a smooth continuous surfdce-10.  pore opens. However, the other vesicles remain in stalk in-
However, in these models, artificial recombination of sur-termediates for many time steps. In Rgf9], we show that a
faces is needed to investigate the phenomena accompanyingnoparticle that interacts attractively with the hydrophilic
topological change such as fissif®]. These methods pro- segments induces fusion-pore opening through a stalk-
vide no information on structural change with molecularbending process at these stabilized stalk intermediates. We
resolution. On the other hand, molecular dynamics simulaalso studied the fission process induced by the adhesion of
tions with atomic resolution have been applied only forthe nanoparticlg¢19].

~10 ns dynamics of 1000 lipid molecules due to the restric- In our present paper, we investigate the structural changes
tions of computational tim¢11-13. Thus, some authors Of a vesicle pulled by mechanical forces: stalk formation and
[14-16 have studied the statics and dynamics of amdfission. Recent developments of experimental techniques
phiphiles using coarse-grained molecular models. In RefSuch as optical23-27 and magneti¢28,29 tweezers make
[16], the modes of bending undulations and protrusions oft POSsible to trap, manipulate, and displace biological ob-
amphiphilic molecules in bilayer membranes are distin€CtS: Some authof24-2§ reported morphological changes

guished, and the bending rigidity is calculated from the unof cells pulled using optical tweezers with beads as local

dulations. However, the dynamics of molecular structurediandles. Two beads are attached to the cell at opposite ends

under topological changes of vesicles remains unclear, ~ Of @ diameter, and one is held in place with one trap, while
Recently, we proposed a simple model of amphiphilicthe other is moveq with a second trap to |nduce_t_en5|on in the

molecules to investigate the structural change with moleculaf®!l [25,26]. We discuss the experimental conditions needed

resolution [17—19. We used three-dimensional Brownian [© 0bserve the simulated structural changes. .
dynamics. An amphiphilic molecule is modeled as a rigid Th'|s paper is organized as follows. In Sec. Il, we describe
rod. Solvent molecules are not taken into account explicitlyOU" Simulation model and methodology. The results are pre-
and “hydrophobic” interaction is mimicked by the local den- sented in Sec. Ill. Dlscussu_)n and conclusions are given in
sity potential of the hydrophobic segments. The amphiphilic>€¢- IV and Sec. V, respectively.

IIl. METHOD
*Electronic address: noguchi@ims.ac.jp An amphiphilic molecule is modeled as one hydrophilic
"Present address: Department of Computational Sciencesegment (=1) and two hydrophobic segment$=2,3),
Kanazawa Univrsity, Kakuma Kanazawa 920-1192, Japan. which are separated by a fixed distarcand fixed on a line.
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(¢) #/£,=10,000

particles with radiusr,,. One nanoparticle is fixed at the
origin (0,0,0. The other nanoparticle is fixed on tleaxis:
(Xmp0,0), and is moved by a constant external fofgg.
The motion of thejth segment of theéth molecule and the &~
moved nanoparticle follows the underdamped Langevin
equation:

dzri’j dri'j_’_ i U 1
m dt2 - g dt gi,j( ) ari’j! ( )
2 (O] t/t0=50,0()0
d*Xmp dXmp Ju R PN i A it N T
Mmp > Smp d +gmp(t)_ e, (@
dt t r?me

® t/t0=51,000
A y@wﬁw1ﬁﬁi~ ﬁﬂiﬂ”"%m@ ) % y w& "

where m(my,)) and { ({mp) are the mass and the friction

constant of the segments of moleculg®e nanoparticlg re- FIG. 1. Snapshots of the vesicle and two nanoparticles at the
spectively.g; ;(t) andgpm(t) are Gaussian white noise and external force fe=10e/0, {y,/{=300, and kgT/e=0.2. One
obey the fluctuation-dissipation theorem. The equations fohanoparticle is fixed at the origi®,0,0. The other nanoparticle is

the translational and the rotational motion of molecules arelaced a0,0,0 at time steg=0, and moves to the right along the
integrated by the leapfrog algorithm with a time stepAdf  x axis. Gray spheres and white cylinders represent hydrophilic and
=0.01[30]. U is the total potentialt) =U 5y +Upp, Where  hydrophobic segments of amphiphilic molecules, respectively.
Uawm is the interaction potential between amphiphilic mol- Black spheres represent nanoparticles. The snapshots are viewed
ecules andU,p is the interaction potential between am- from thez direction.(a)—(d) Sliced snapshots. Molecules with2
phiphilic molecules and nanoparticles. <z/o<2 are shown(e),(f) All molecules are shown.

Amphiphilic moleculesi(=1, ... N) interact via arepul- \\herec is given by c=0.5* —0.25. We used the values
sive soft-core potential and an attractive “hydrophobic” po- p*=10 and 14 aj=2 and 3, respectively. At low density
tential: U py = L_JREP+ Uypot Uyps. Both segments have the (p<p*—1), Up(p) acts as the pairwise potential
same soft radius,m, —eh(r). We assume that the segment is shielded by hydro-

phobic segments from solvent molecules and hydrophilic

B segments ap*. Thus,Up(p) is constant at higher density

Urep= |§ Ureg 26 amsTij =i jrl), ) (p=p*). If the pairwise potentiat- £h(r) is used instead of
Une(p), the bilayer membrane has no fluid phase and does

_ _ _ not form a vesicle spontaneously. We g$€tr)=1 for r

vl\J/herre rU)regErro ’Jrr)ésaf eﬁp{ 2;% Ur 0)/(;};;9 “\évedrocﬁob%q <1.60 andh(r)=0 for r=2.2s to save computational time.
pc;?g(ntoiéls of t%e rﬁid.dlejH(EZZ) andHF:nd 1_33; se%mentS' Two nanoparticles have a repulsive interaction with am-
- Y " phiphilic molecules. We used the same type of repulsive po-

Unp2=ZiUnp(pi2) andUppg=2Upy(pi3). pi; is the num-

ential as that between amphiphilic molecules:
ber of hydrophobic segments in the sphere whose radius |Is ! W Phiphil 4

approximately 1.8
UNP:iEj Urep(ram+rnpr|ri,j_rnp|)- (6)

pii= 2 hdrij—=ri D, (4)  Nanoparticles do not interact with each other.
i#i'j'=23 At initial states, we set both nanoparticles at the center of
mass of a vesicle. We take the standard deviation of three
where separate runs as an estimate of the calculation error. We
present our results with the reduced unitss1, e=1, tg
=(0’le=1. We fixed the number of moleculé$=1000;
exp(20(r/c—1.9}+1" the radiir ,=0.50 andr,,=30; the massesn=my,=1;
and the friction constant of segmenits- 1. We used(,,/{
=300 and 1500. When we ugg,,/{=3, the moved nano-
. : . particle soon penetrates the membrane of a vesicle. We used
e el ety of Pt Ophotic S0 eTlo— 0.2 05, whrgs i e Bolamann constantand
ox Iici'tl i is the temperature. We mainly describe the results at
plicitly: kgT/e=0.2.
. We briefly describe the properties of vesicleskgl/e
—0.5 (p<p*-1), =0.2. Amphiphilic molecules spontaneously form vesicles.
Undp)/e = 0.25p—p*)?—c (p*—1=p<p*), (5) The vesicle exhibits a clear bilayer structisee Fig. 13)],
. and is in a fluid phase. Molecules in vesicles diffuse later-
—C (p*=p), ally: the lateral diffusion constant is 0.0039 0.0004. Flip-

h(r)=

The multibody “hydrophobic” interaction is mimicked by

051907-2
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FIG. 2. Time development of the energy, theoordinateX,, of
the moved nanoparticle, and the mean degree of orientation be-
tween neighboring moleculés,) atf.,= 10e/o for the data shown
in Fig. 1. The energAU equalsU—U™, whereU™ is the energy  [Fig. 1(d)]. We call this structure a stalk, since it is similar to
without nanoparticlest zy,/Ne = —11.1999+ 0.0006, Ujp/Ne = the stalk intermediates in vesicle fusiph8,20. The stalk
—4.6850+0.0002, andJ}jp4/Ne = —6.7129+0.0001. region becomes longer and is broken near the right vesicle

[Figs. 1e) and Xf)]. Then the stalk region soon shrinks.

flop motion, which is a transverse motion between inner andrigures 2 and 3 show the time development of the energies
outer monolayers, is much slower than the lateral diffusionUy, Uppy, Upps, the x coordinate X, of the moved
The half lifetime of flip-flop motion is~100 000 time steps nanoparticle, and the mean degree of orientation between
[17]. We estimated the bending rigidity/ksT=5 from the  neighboring molecule$S,). S, is defined asS,=u;u; if |r;
fluctuation of quasispherical vesicles and thaelependence —rj|<2. r; andu; are the center of mass and the unit orien-
of the energyU,y [19]. Under typical experimental condi- tation vectors of théth molecule. The average fdfS,) is
tions, x/kgT of phospholipid molecules is 5-10A]. The taken over all pairs of neighboisj. Uggp exhibits similar
simulated vesicles correspond to slightly flexible mem-development toU,p3: a sigmoidal curve appears étt,
branes. The energy needed to form a flat bilayer membrane 12 000; AUgg=0.042, 0.083, 0.123, 0.142, and 0.181
from isolated amphiphilic moleculed 5y /N/kgT=—50 to  at t/t,=10000, 20000, 30000, 40000, and 50000, re-
—60[19] is on the order of those of typical lipid membranes: spectively.
Uam /N/kgT=—10 to —30[31]. Since our model does not Before stalk formation, the vesicle stretches, and the
explicitly take into account solvent molecules, the volume ofstructures are partially deformed on the membrane pushed by
vesicles is not fixed. The unit lengthr corresponds to the nanoparticles and on the inner monolayer between nano-
~1 nm. The unit time step, corresponds te~-1 ns when particles. These deformations make those membranes thin-
the lateral diffusion constant is assumed to correspond to thaier, and the second segments are not exposed. Thpisis
of phospholipids at 30°C~10" 7 cn?/s[32,33. The unit  almost constant, althougl,p; and Ugep increase andsS,)

FIG. 3. Enlarged graph of Fig. 2 around stalk formation.

of external forces/o is ~20 pN. decreases. Under pulling tension, the radius of the bilayer
tube decreases, and the inner monolayers are in tight contact
Il RESULTS at t/t;=8000(Fig. 1(c)].

At t/ty;=12 000, the inner monolayer in the tube-shaped
A pulled vesicle changes its structure. Figure 1 showsesicle is destabilized by pressure from the outer monolayer,
sequential snapshots of a vesicle fat=10s/0, {mp/{ and the stalk structure is formed. Figure@)44(c) show
=300, andkgT/e=0.2. First, the bilayer vesicle stretches sliced snapshots under stalk formation. The inner monolayer
into a pear or tube shagd-igs. 1b) and XIc)]. Then the disappears aroungd=200, and the amphiphilic molecules
stretched bilayer structure changes to a cylindrical structurenove in the+x or —x direction. On the other hand, the
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FIG. 5. Density distributiorp, along thex axis. The data af,
=be/o are averaged for steady stretching vesicleStq(
=1 100 000-1 300 000) in three runs. The datd gt 10s/0 are
averaged for stretching vesicles before fissiont/ty(
=45 000-50000) for the data shown in Fig. 1.

asx wherep, first becomes larger thana’ith an increase
FIG. 4. Sliced snapshots viewed fromx direction att/t,= (decrease in x from Xmin. The molecules with x;
(8)—(c) 12000 and(d) 50000 for the data shown in Fig. 1. Mol-  <Xjef, Xjer<Xj<Xygnt, and x;=Xqn; belong to the left
ecules with(a) 20<x/o<24, (b) 24<x/0<28, (c) 28<x/0<32,  vesicle, stalk region, and right vesicle, respectively. The
and (d) 85<x/o=<89 are shownX,/c are 37.94 and 173.85 at numbers of molecules in the left vesicle, stalk region, and
t/t,=12000 and 50 000, respectively. right vesicle areNjen, Nga, and Nygy, respectively. The
. ] number of molecules in vesicles i,e=Njer+ Niigrne. We
outer monolayer keeps its structure. The inner monolayefsed the molecules Riei+ 50 <X <Xqgni— 5o to calculate
divides into two clusters inside the outer monolayer. Thisipe physical quantities of the stalk, since the regiqum
pathway is similar to the reverse pathway in the modified<y <y includes the connection points between stalk and
stalk mode[18,21]. The energies an(s,) exhibit sigmoidal  \egjcies. The number of molecules in this regionNi§,.

curves as shown in Fig. 3J,y decreases and the order g re g shows the probability distribution of the orientation

between neighboring molecules increases under stalk form%’egreesn between neighboring molecules. This distribution

tion. Thus the stalk is formed after obtaining higher energy 0.y hibits a steep peak &, =1 on a vesicle without nanopar-

overcome the free-energy bgrrier for forr_nation. We define ﬂH‘?:Ies (t=0). The amphiphilic molecules are clearly ordered
time steptg, of stalk formation as the time step when the

M ) > . in a bilayer vesicle. As the vesicle stretches, the pea®,at
hydrophilic cluster of the inner monolayer divides into two y peak,

clusters. The hydrophilic cluster is defined as follows. When 1 becomes lower and broader. The small peaiSat
a hydrophilic segment is closer than &.% the hydrophilic
segment in a hydrophilic cluster, the segment belongs to the
hydrophilic cluster. Although inner and outer monolayers of-
ten become one cluster by thermal fluctuation, this effect
does not modifyts, much. In this run we obtairig,/tg
=11750, and the mean time step {$s,/to=10,100
+ 1400 for three separate runs. At=10s/0, the time step
of stalk formation can be decided using another definition
such as the peak dfi5y or (S,). At higher external force,
however, the stalk formation can be detected only using hy-
drophilic clusters, since their sigmoidal shapes disappear.

After stalk formation, the energies increase, 48¢) de- e S

. : . ; o -1 -0.5 0 05

creases with an increase in the stalk region until fisdifgp, S
also increases since some second segments are exposed in n
th_e stalk region. A sliced snapshot_of the .Sta”.( is shown in FIG. 6. Probability distribution of the orientation degree be-
Fig. 4(d)_' Figure 5 ShOWS, the density distributign along tween neighboring molecules,,. Open symbols with solid lines
the x axis. The stalk is thinner at larger andp, decreases (gpresens, of all molecules. Filled symbols with broken lines rep-
from 3 to 2.5 att/t;=47500. Since the nanoparticle MOVes ygsents, of molecules in the stalkxeq+ 50<X<Xgn—50). The
fast, the stretching stalk does not form a uniform density  data are averaged for t/ty=15000-20000 and t/t,
We distinguish the stalk region, the right moved vesicle, and=45000-50 000 af,= 10e/07; for t/t,=1 100 000—1 300 000 at
the left fixed vesicle using, as follows. We defin&,, asx  f.=5¢/0. The probability is normalized agP(S,)dS,=1. Sym-
with minimum p, in 0<x<X,,. Then we defin&g,; (Xer)  bols are shown for 20 data points.
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(@]
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for three runs at,,,/{=300 and 1500, respectively.

—1 represents the existence of an interdigitated structure
around nanoparticles, and there is no pea&.,at —1 in the
stalk region.

Fission occurs on the stalk with,=2.5 near the right
dragged vesicle. We define the time stgpof fission as the
time step when a hydrophobic cluster divides into two. The
hydrophobic cluster is defined as folloWk7]. When one of steady state. The amphiphilic molecules are uniformly dis-
the hydrophobic segments of a molecule is closer thai@2  tributed in the stalk region as shown in Fig. 5, and the mean
at least one of the hydrophobic segments of the molecules idensity of the stalk i$p}®o=2.93+0.01. The molecules in
a cluster, the molecule belongs to the cluster. In this run, wehe stalk diffuse slowly in the direction: the diffusion con-
obtain t4s/to=50030, and the mean time step (&w/to  stant is 0.0008 0.0001 in the steady state. This diffusion
=52000* 2000 for three separate runs. We call the periodconstant is 1/5 of that in a bilayer vesicle. The energy

between the stalk formation and fission fragy, o tss the  ysa/N! _in the stalk region angS®reach constant values at
stalk period. After fission, the energies decrease fast undﬁytozmo 000. The energyeS/N,. in vesicles increases
stalk shrinking, and the nanopartlcle moves faster since 'ﬁwore slowly. When most molecules in the inner monolayer
drags fewer moleculeee Fig. 2 '

Figure 7 shows thé,, dependence o) teatse, and(b) ~ Of Vesicles are removedy,, and U%¢/Nye reach constant
Xmp- The stalk formation occurs dt,=4e/o0, and the fis-

FIG. 8. Time development of the energies, ¥eoordinateX,,
of the moved nanoparticle, and the mean density of the piftiat
fex=5e/0, {mp/{=300, andkgT/e=0.2. U3}, and Uy are the
mean energies of molecules in the stalk and vesicles, respectively.

values. Whenf, is changed from /0 to 7.5%/0¢ in the
sion occurs af,,=7.5/c. We observed the same time de- steady stalk state, fission occurs in an additional 30 000 time
velopment in three separate runs exceptffge=40s/o and ~ StePs. _ . _
{mp/ {=300. The error bars in Fig. 7, which show the stan- At f,=3el o, the stalk is not formed, and vesicles remain

dard deviation of three separate runs, are much less than théifar shaped as shown in Fig(bl Thus the forcefe,
fox dependence. Ate,=40e/o and ¢,/ { =300, the fission >3e/o is needed for stalk formation. When the initial state

is observed in three runs, and the moved nanoparticle peris a stalk state, the stalk wittp;3o=4+0.5 remains at
etrates the membrane before stalk formation in the othef,,=3¢/0o.

three runsxfﬁg is almost independent df,, and . As fey Figure 9 showsa) the mean numbers of molecules in the
decreases, a longer stalk becomes more stable, and fissigesicles and stalk region aifid) the mean velocity/ g, of the
occurs in the longer stalk. nanoparticles averaged over the stalk peridg, is defined

At fo,=>5¢/a, fission does not occur even up tdtg asvsta=(x2$p— Xﬁﬁap)/(tﬁs—tsta). The mean velocity does not
=1 300000 as shown in Fig. 8. Aftéfty,=1 100000, the depend on the definition much. We obtained almost the same
energies an&,, are almost constant, and the stalk reaches aelocities using a linear least-squares fit. We derive thjs
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orere s IR L BN R IV. DISCUSSION
L Q\ ENright +Nya (@) ] In our simulation, the force$,,=4s/c (~80 pN) and
- \ +Nright 1 fe=7.5¢/0 (~150 pN) are needed to induce stalk forma-
A r tion and fission, respectively. These forces can be produced
<, 500~ experimentally. The maximum forces of opti¢aB—2¢ and
Vor magnetic[29] tweezers are 100 pN and 10000 pN, respec-
i tively.
| Since our model does not explicitly take into account sol-
oL, vent molecules, the volume of the pulled vesicles decreases.
0'04: In the usual experimental conditions, the volume of a lipid
- vesicle, a liposome, is fixed osmotically. Hotaial.[6,34—
900-03_— 36] reported that a liposome exhibits ¢ shape, a central
“g C ellipsoid and two straight tubes, due to the mechanical force
= 0.02[~ generated by the polymerization of tubulin or actin. This
- bilayer tube(tethe) is also generated in liposomes and cells
0.01 using optical[24] and magnetic tweezef28]. Our simula-
C tion can be applied to two experimental conditions: water-
ol permeable vesicles and bilayer tubes. In the former case, the
0 10 20 30 40 stretching dynamics of a vesicle couples with the permeation

External force f o/e of water. The stretching rate should strongly depend on the
o permeation rate. Water can permeate the membranes if there
FIG. 9. (a) Mean numbers of molecules in the right dragged is an osmotic pressure difference between the inside and out-
vesicleN;q4n and the stalkNg, averaged over the stalk period. The side of a vesicle. Liposomes, where aquaporin water chan-
data for f,,=5e/0c are averaged for steady stated/t{ nels are reconstructel87,38, have high permeability for
=1100000-1 300 000). The number of all moleculellis1000.  water. The latter is the membrane in the tube region of
Open and filled symbols represent the numberg,8{{=300 and 4 _shaped liposomes; we do not incorporate the ellipsoid re-
1500, regpectlvel)(.b) Me_an velocityVg, of the nanopatrticle in the gion explicitly in our model, and its tension is mimicked by
stalk period Veq(7) are given by Eq(7). the fixed nanopatrticle. In this case, forces larger than 100 pN
may be needed for stalk formation, to remove water mol-
dependence oY, as follows. In steady stretching, the ve- ecules between inner monolayers.
locity is assumed to be In this paper, we use Brownian dynamics and ignore hy-
drodynamic interaction. The long-ranged hydrodynamic in-
teractions can accelerate structural changes. Sunil Kumar
stV =Ty Tstar (7)  etal. [10] estimated this effect using scaling argument for
budding dynamics. This effect should also modify the
stretching dynamics of pulled vesicles quantitatively. In par-
where {4, and f, are the mean friction constant and the ticular, this effect is important in stalk formation, since mol-
mean shrinking force in the stalk period, respectively. Weecules in the inner monolayer flow in thkedirection.
estimatelsi;= {mpt (Nright+ Nstd {am ON the assumption that Now we discuss the model dependence. In our present
the nanoparticle drags the molecules in the right vesicle anghodel, the stalk structure shows high stability. This stability
stalk region.{,y is the friction constant of the center of the would depend on the properties of amphiphilic molecules
amphiphilic molecules, and,,=3¢. With an increase in such as tail length and the size of a hydrophilic segment.
fex, Nsia decreases since fission occurs in the shorter stalkhen a hydrophobic tail consists of three segments, the ori-
fsa is derived from differentiation otJ 5y with respect to  ented conformation with larges, would be preferred, and
Xmp- Since we obtained the averaged fofgg=3e/ o for all the stalk state should become less stable compared to a bi-
fex, We usedfg,=3e/o for velocity estimation. The veloci- layer membrane. Then fission may occur in shorter stalks.
ties given by Eq(7) agree well withVs. When the radius of a hydrophilic segment is slightly larger
At kgT/e=0.5 and {y,,/{=300, we simulated vesicles than that of hydrophobic segments, the stalks should become
pulled byf..o/e=5 and 10. The vesicles form a stalk struc- more stable. The stability of the stalk structure may be mea-
ture through tube-shaped bilayer vesicles. However, they deured by mechanical forces in experimental studies. In some
not divide into two vesicles. A pore opens on the rightexperimental conditions, stretched stalk structures with long
vesicle and the nanoparticle goes out of the vesicle in all sixifetime might be obtained.
runs. In three of six runs, the pore opens by the side of a stalk We used small vesicles and small trapped particles with
on the right vesicle, and the vesicle opens to a flat memediameters of 20 and 6 mm, respectively, to save computa-
brane, as in opening a hand from a fist. Thus membranes atenal time. When larger vesicles and larger particles are
less stable akgT/e=0.5 than akgT/e=0.2, and the mem- used, the simulated structural changes should be slightly
brane by the side of stalk tends to deform. modified. The stalk formation and fission will occur at larger
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Xmp- The particle penetration of the membrane should neethner monolayers contact each other. Then a stalk structure is
larger forcesfq,>40s/0. formed atfo=4¢/o through the reverse pathway of the
The stalk is formed by a pulling tension through the re-modified stalk model: the inner monolayer is destabilized,
verse pathway in the modified stalk model. On the othe@nd amphiphilic molecules in the inner monolayer are moved
hand, the adhesion of a nanoparticle induces structurah lateral directions inside the outer monolayer. The stalk
change from budded states to stalk states through a differefggion stretches, and fission occurs near the moved vesicle at
pathway[19]: pores open on the membrane in the pinchedfex>7.5/0.
connection region, and the connection region becomes Fusion is also induced by mechanical ford@9]. The
smaller. The adhering nanoparticle destabilizes both innepanoparticle is placed inside each vesicle, and is moved by
and outer monolayers. On the other hand, in the pulle@xternal forces. The membranes are pushed from both sides,
vesicle, the outer monolayer keeps its structure although thand fusion occurs. Our results suggest that these structural
inner monolayer is destabilized. Thus the selective destabilichanges can be observed in experiments using optical or
zation of inner monolayers may be significant to inducemagnetic tweezers, and the stability of the stalk structure and
structural changes through the pathway of the modified stalkibe-shaped vesicles may be measured by pulling vesicles.
model.
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