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Shape transformations of amphiphilic molecular assemshfiduced by chemical reaction are studied using coarseegta
molecular simulations. A binding reaction between hyditipand hydrophobic molecules is considered. It is founat tine
reaction induces transformation of an oil droplet to a tabuksicle via bicelles and vesicles with discoidal armse @iscoidal
arms close into vesicles, which are subsequently fusedhstaubular vesicle. Under the chemical reaction, the laeelvesicle
transition occurs at smaller sizes than in the absence dfytieophobic molecules. It is revealed that the enhancepfehis
transition is due to embedded hydrophobic particles ththice the membrane bending rigidity.

1 Introduction molecules aggregate into a spherical micelle structure. As
the chemical reaction progresses, this subsequentlyforans

Amphiphilic molecules in an aqueous solution spontangouslinto a tubular micelle, spherical vesicle, tubular vesistem-

aggregate into various structures. Depending on the molecttocyte, and nested vesicle. Finally, the amphiphilic malkes

lar structure, different self-assembled structures ap@e@,  form oil droplets. Through this reaction, a nanometer order

spherical and worm-like micelles, vesicles, bicontinuousstrycture (micelles) surprisingly changes to micrometdeo

structures, ett In particular, the morphology of vesicles structure (vesicles and droplets). This chemical reagiion

attracts the attention of many researchers, as this is the si gresses slowly compared to vesicle shape deformation.

pIe_st model of a ceI_I membrane. Bilayer vesicles e.xhibit In experiments conducted by Takakura etlhydropho-

various shapes.g, discocyte (red-blood-cell shape), single ;. anq hydrophilic molecules are bound into amphiphilic

and double stomatocytes, tubulation, pearl-necklaceeshap ,jecyles by dehydro-condensation. Initially, hydrophob

-8 : . _ i K . i
and so ofi”®. Thus, static vesicle shapes have been well ®Xmolecules are formed in an oil droplet in water. The chemica!

plored. In living cells, however, membrane sizes aré dynamgea cion occurs on the droplet surface and decreases the sur

ically changed by the moments of the fusion and fission Of; ¢ tensjon. Consequently, various complex structiees (
smallve_smles. The lipid composition of biomembraneseaari multiple vesicles connected together by narrow necks) aic
depending on the organelle and cell type, and the asymmetrig,qoreq. Using this chemical reaction, Takakura produced

distribution of the lipids between inner and outer leaflets ¢ self-reproducing system, in which new vesicles (daughter

yield a spontaneous membrane curvature. These compasitiof)egicies) are produced from oil droplets in the vesiclesttreo
are controlled by metabolic reactions on Golgi apparatb an,egjcles). Self-reproduction is one of the main functiohs ¢

. . ’10 - . _ X i i
lipid droplets%, and by vesicular transport in cells. How protocells*~16 and understanding the detailed mechanism of

ever, the evolution dynamics Of_l'p'_d droplets on endopiasm shape transformation induced by chemical reactions is impc
reticulum and the control of their sizes and shapes are not un; improving self-reproduction control

derstood so far. . . . .
ers100d 5o ar Although various shape deformations induced by chemice’

Recently, the shape evolution of vesicles and micelles in_eact'ons are observed vito andin vivo. their mechanisms
duced by chemical reactions has been experimentally og£act Ve vi In VIVO, thel ’

served® 13 In experiments conducted by Toyota et3lam- &€ not understood so far. The aim of this study is to clar-
phiphilic molecules were divided into hydrophobic and hy- ify the_ shz_;\pe transformat_lon of the blnd_lng reaction to errI
drophilic molecules by hydrolysis. It was found that theules an_1ph|ph|||c molecules using coarse-grained molec_ulau5|_m

tant hydrophobic molecules induce a decrease in the spontéqt'ons' The lengths and time scales of all-atom simulation

neous curvature of amphiphilic molecular assemblies,—lead.are St'”.“m'ted and, in prder to simulate large-scale dyna
ics, various coarse-grained molecules are develbpéd In

ing to various shape changes. Initially, these amphiphilic . . g .
g P g y phip comparison with thermal equilibrium states, non-equiilibr
Institute for Solid State Physics, University of Tokyo, lidas, Chiba 277- dynamlcs 'nCIUdmg chemical reactions have been epr(oIed t

8581, Japan. E-mail: noguchi@issp.u-tokyo.ac.jp a much lesser extent. Here, we propose a simple binding re-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-9 |1



action model between one hydrophilic and one hydrophobido satisfy the fluctuation dissipation theorew, aij, wP(r),
particle to form an amphiphilic molecule. We show how this andwR(r) should be related véd-2?
reaction modifies the membrane properties and induces mor- s Rio o
phological changes. g7 [w™ ()] = yjke Tw"(r). (8)
In Section 2, our simulation model is described while, in b R/n1 )
Section 3, the shape transformation induced by chemicad rea e choos&v”(r) = [w™(r)* = (1-r/0)%.
tion is explained. Section 4 presents the effects of hydveph In the DPD method, the random and dissipation forces act

bic particles embedded in the bilayer membrane and Section&S Pairwise forces. Since the action-reaction law is sedisfi
contains the summary and discussion. for each particle pair, the momentum conservation law is sat

isfied. Thus, the hydrodynamic interactions are taken into a
count.

2 Simulation Model and Method

2.1 Dissipative Particle Dynamics 2.2 Molecular Model

Dissipative Particle Dynamics (DPD) is a coarse-grainedn this paper, W, H, and T denote a coarse-grained water, hy,

molecular simulation method to take into account hydrody-dmph”ic’ and hydrophobic particle, respectively. Fanglic-

namic interaction®-22 The DPD method is applied to com- ity, the amphiphilic molecule is modeled by two soft pal
plex fluids such as amphiphilic moleculég®-32and poly- connected by a spring force, such that

2,33-35 i -arai .

!”ners2 - In this method, several atoms are coarse-grained F2 = C(1—rij /ro)fi, ©)
into one DPD patrticle, so long-term simulation can be per-

formed compared to atomic-scale molecular dynamics. whereC is the bond strength ang is the bond length. We

In the DPD method, time evolutions are described usingsetC = 48kgT /0 andr, = 0. In order to form a bilayer
Newton’s equation of motion with a pairwise Langevin ther- membrane and an oil drop|ai'j and yj are set as shown in

mostat, such that Table 1.
% = vj, m% = fi, (1) Table 1 Interaction parametews; andy; with unitskg T /o and
dt dt /mikgT /o, respectively.
fi = Zj(Ff + Ff + F).
Bead pair aj Vi
The conservative forcdﬂjc, is given by Ww 100 72
c HH 100 72
Fy =aij(1-1ij/0)0(1—rij/0)7ij, @ 17 100 72
) ) ) , WH 100 72
wherea;; is the maximum repulsive force strength,is the 300 288
cut-off length,ri; = rj —rj, andri; = rij/|rij|. The unitstep HT 200 144
function,®(x), is defined as
1 (x>0) The equations of motion are discretized by the modified
O(x) = ' 3 ithnt2
(%) 0 (otherwise. (3)  Verlet algorithn??, such that
o D i At?
The dissipation forcefi?, is given by ri(t+At) =i (t) +vi(t)At + %fi (t), (10)
. . At
FP =~y (rij) (7ij -vi))@(1—rij /0)Rij,  (4) @it +At) = wi(t) + == fih), (11)
wherevij = vi — v}, yj is a friction parameter an@®(r) is a filt+4t) = fi(ri(t+At), 5i(t+ At)), (12)
weight function. The random forcé}?, is given by At

vi(t+4) = vi(t) + (A + fit+40)).  (13)
. ) . . Note that a large time step yields artifacts in DPD simula-
whereaj; is noise strength ang;(t) is a Gaussian random tjons36, To avoid the emergence of such artifacts, the time

Ft = 0y ™ (rij)Zij (O(1 — rij /0) . ®)

number with the following properties: step,At, is set to 00050/m/ksT. The factor,A, is often
(2 (1) =0 ©) set to 0.65 in DPD simulatiod8. We compared the tem-
" lJt/ B 2’ 5 BBt 7 perature difference betweeh= 0.5 andA = 0.65, but no
(Gij(t)dia (1)) = 2(du 05 + & Ok ) O (t — ). ) apparent difference was detected between these values for
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At = 0.0050/m/kgT. In both settings, the deviations of the

configurational and kinetic temperatures from the specified

value are less than 0.5%. Thus,is set to 0.5 in this study.
The DPD program is originally implemented using CUBA

All simulations are performed in thdV T ensemble (con-
stant particle numbel, volume,V, and temperaturd,) with
the periodic boundary condition. The total number of parti-
cles isN = Ny + Nt + Ny, while the number density of all
particles is fixed ap = 302, We use reduced units with
o as the unit of lengthkgT as the unit of energy, and as
the unit of time, where = g2 /D with the diffusion constant,
D = 0.0820,/kgT/m, of W particles. The viscosityy, of
the W particle fluids is obtained ago?//mks T = 4.04+0.1
from the stress calculation in simple shear ffSwThus, our
simulation condition yields a high Schmidt number for the
DPD particles: Sc= n/mpD = 16. Since the momentum

tension is calculated froft:42
(16)
with

Paa = \—]/.(NkBT'i‘.Z(ai - ai)FiJCa)a

1>]

(17)

wherea € x,y,z, R, is thea component offif, andLy is

the simulation box length along tleeaxis. The strip is along
they axis and the edge line length i&,2 We estimatd™ for
several line lengthd,y/o, from 17 to 21, al, = Ly = 320
andNamp= 1000, and take the average for different values of
Ly. The line tension is obtained &s=6.1+0.2kgT /0.

2.4 Chemical Reaction Model

propagates significantly more rapidly than the mass, hydrom, this paper, we consider only a binding chemical reaction

dynamic interactions are taken into account in the diffngibd

between hydrophilic and hydrophobic molecules forming an

amphiphilic molecules is 1-3 nm, we can consider tabe 1
nm. Thus, the simulation time unit is estimatedras 0.6 ns
in water () = 0.8 mPas) at room temperature.

2.3 Membrane Properties in the Absence of Hydropho-
bic Molecules

sociation) is neglected. The chemical reaction is phenamen
logically introduced as a stochastic process for a neigpair

of H and T particles. For the reacted pair, the spring force
eqgn (9), is added between the H and T particles. In each sir -
ulation time step, the binding probability(r;; ), is calculated
from the particle distance, with

2.3.1 Bending Rigidity. The amphiphilic molecules, r2
consisting of one hydrophilic (H) and one hydrophobic (T) Po©(1—rij /) exp [—#] ((i,J)=(H,T)
particle, self-assemble into a fluid bilayer membrane in wa-P(ri; )At = %o
ter. We estimate the bending rigidity, of the membrane or(T,H)),
from the thermal fluctuations of a flat membrahé®4% Using 0 (otherwise,
Monge parameterization, the membrane shape is described by (18)

the membrane heighit(x,y), above thexy plane. According
to the equipartition theorem, the thermal fluctuations @ th
membrane and are related via the equatién

_ keT
ylgl>+k|q|*’

(Ih(q)?) (14)
wherey is the surface tension of the membrane. The Fourie
mode h(g), of h(x,y) is given by

h(q) = % / h(x,y) exp(—iq-r)dxdy (15)
whereA is the membrane area. We estimatéom eqn (14)
for a tensionless membrane=€ 0). The size of the simulation
box is set to 32 x 320 x 320. For the tensionless membrane,
the number of amphiphileNamp, is 4700 and the area per
amphiphile is 0435702. The bending rigidity is obtained as
K =18.0+0.3kgT.

2.3.2 Edgeline Tension. We estimate the line tension,

wherepg is the chemical reaction rate arglis the chemical
reaction length scale. We sp§ = 1 ando?/x3 = 20. Thus,
Xo~ 0.2230.

3 Shape Deformation Induced by Chemical
Reaction

r
As an initial condition, hydrophobic particles are centkire
water, as shown in Fig. 1. The hydrophobic particles forr
a spherical droplet through hydrophobic interactions. sThi
droplet structure is called an oil droplet in the following.
The hydrophilic particles are dispersed in water and no am
phiphilic molecules initially exist. The number of hydralit
hydrophobic and total particles algy = 12403,Ny = 6566,
andN = 145920, respectively. After equilibrating the system
for 4t steps, the chemical reaction as described in Section 2.4
is activated.

A typical example of shape deformation dynamics is shown
in Fig. 2. The binding reaction occurs on the surface of an oil

I, of the membrane edge from a membrane strip. The lin@roplet. Through this reaction, the surface tension of the o

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Snapshot of initial state of an oil dropletldt; = 12403,

Nt = 6566, and\ = 145920. The unreacted hydrophobic (green)
particles are only shown in the left panel. Hydrophilic (redrticles
are also shown in the right panel. Water particles are navstior
clarity.

876 1848

droplet decreases so that the area increases. As the chemi€&g- 2 Sequential snapshots of an amphiphilic molecular assembly
reaction progresses, the oil droplet transforms to a disk mjunder the binding reaction i = 12403,Ny = 6566, and
celle called bicelle (see Fig. 2(a)). Subsequently, thellic N = 145920. The number represent the simulation tiyite The
closes into a vesicle via a bowl-like shape (see Fig 2(b))yellow particles represent the reacted hydrophobic gesticSliced
. . o . . . i ¢ hots with water (bl ticl h the si
This closing transition will be discussed later, in Sectibn Snapshots with water (blue) particles are shown on the sigiet
In this spherical vesicle, unreacted hydrophobic pasiele
still embedded in the bilayer membrane. As the chemical '€ficles in each box is counted. Second, the boxes in whict.

action proceeds, a discoidal arm grows from the vesicle (seﬁ > Neut are extracted. Here, the cut-off numbegy, is
amp = llcu . ) b

Fig. 2(c)), which then closes to form an additional vesiclegqs oo Third, the nUMbeK,yace, of the small box faces that

(see Fig. Z(g_)).h'_l'hebtwo vedS|che_s ari conne%ted tofa stek-li are exposed to water is countedfp < ncut). The surface area
structure, which is observed during the membrane fuSioi is estimated fromamp= Nface02.

The unreacted hydrophobic particles are concentratedeon th Aampmonotonically increases, as shown in Fig. 3(b). Since

stalk region, and the two vesicles are fused info a singielar the amphiphilic particles prefer to be on the surface of the a

tUbl.Jlar vesmlet-(secte Fig. Z(f)l)' During (tjh's. ftusno][; ptlrocelatg hiphilic assembly, the increaseAgmpis linear to an increase
region connecting two vesicles expands into a flat membrang, o roaction rationchem This fact is clear from comparison

as shown in Fig. 2(e). This fusion pathway is similar to thebetween Fig. 3 (b) and Fig. 3 (c).

- i - i 5
stalk-bending (or stalk-leaky) pathway reported in Ref2 To further clarify the chemical reaction progression, we

In the.present _system, the stalk expansion is provoked by thgompare the surface areay, of the unreacted hydropho-
chemical reaction.

_ o _bic particles and the binding reaction rad@enheny/ dt (see Fig.
To quantify the shape deformation induced by the chem|-4)_ Aqi is determined using the same procedure asAfg,

cal_ reaction, we calculate three quantities: Fhe_radiusyef 9 As shown in Figs. 4 (a) and (b), there is a positive corre
ration, Ry, the surface aredamp of the amphiphilic molec-  |ation between the two quantities. Under the fluctuation ¢,
ular assembly, and the ratio of chemically reacted pasticle {he amphiphilic assembly, the chemical reaction occursien t
Nchem = Namp/Nr, @s shown in Fig. 3. The radius of gyration grface of the oil droplet. Thusinghen/dt is roughly propor-
is defined asRs =Silri— rG|2/N;leS whererg andNassare  tional to Ay .
the center of mass and number of partiC|eS in the amphlphlllc For a |arger oil drop'et’ more vesicles and arms are pro-
molecular assembly, respectively. thtr < 1000,Ryincreases  duced as intermediate states under the chemical reactien. W
and decreases repeatedly, as shown in Fig. 3(a). These iyestigate the shape development at four parameter sets, a
creases and decreases indicate discoidal arm growth aRd vesymmarized in Table 2. Four independent runs are performed
cle closure, respectively. for each condition. In cases bf; = 13132 Ny = 10943, and
Aamp is calculated as follows. First, the simulation box is N = 145920 (bottom row in Table 2), three vesicles are pro-
divided into small cubic boxes with side length and then duced from one oil droplet. In this case, an alternative final
the numbemamp, of hydrophobic and reacted hydrophilic par- shape, that is, a toroidal shape, can be formed as, shown in

4| Journal Name, 2010, [vol] 1-9 This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Time development of (a) the radius of gyrati®y, (b) area,
Aamp of the amphiphilic molecular assembly, and (c) chemical
reaction rationghem= Namp/Nt. The same data as in Fig. 2 is
shown.

(a)
t/t=1000

I

(b)
1098

P
(0

Fig. 5 Sequential snapshots of a shape transformation from an oil
droplet into a toroidal vesicle &y = 13132,Nt = 10943, and

N = 145920. Sliced views are shown in the middle and right rows
and two sliced sections are perpendicular to each otherréithe

green, and blue arrows indicate they, andz directions,

respectively.

L L O B B B B = Fig. 5. Whether the final shape is a tubular or toroidal vesicl
2000 - Ay ] depends on the existence of a certain intermediate shape, 2=
B f *‘iﬁ (@ - shown in Fig. 5 (a). This intermediate shape is composed of 1
T+ . . .
o L f«f 7 tubular vesicle and a flat membrane, which is attached to th.
\_‘—3 - 1 - side of the tubular vesicle. The tubular vesicle is bent adou
< 1000 [— L ] the disk. Then, the ends of the tubular vesicle are fused to-
- 3 - gether, resulting in the formation of the toroidal vesicled
B % | 7] Figs. 5 (b) and (c)). This bending process is similar to the
0 ——+++ I%ﬂ‘ R I i bending of the stalk shown in Fig. 2(e). Thus, the bendina
0.0008 — * F — around the neighboring compartment is a type of generic dy
= T (b) 7 namics for amphiphilic systems.
= T —
K] I + ]
IS +
© 0.0004 — t*ﬁ — Table 2 Final shapes generated from oil droplets for four simutatio
_go - * 7 settings. Four independent runs are executed for eachge€fttne
B tﬁ% 7 fourth/fifth row indicate the number of simulation samplagw
L ¥ _ . .
oLt 1 T . tubular or toroidal vesicle shapes.
0 1000 2000
Time sten t/t NH Nt N Tubular Toroidal
P 12403 6566 145920 7 0
Fig. 4 Time development of (a) the arég; of unreacted i;gg ?8(2)1 4 ﬁgggg i é
hydrophobic particles and (b) the chemical reaction datgeny/ dt. 13132 10943 145920 3 1
The same data in Fig. 2 is shown.
This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-9 |5



4 Effects of Embedded Hydrophobic Particles o7

T
Nemb/Namp =

In the simulations described in Section 3, we notice that the 5 o
shape transition from bicelle to vesicle is enhanced by the - u
chemical reaction. The vesicle is formed from smaller mem-
branes in comparison to those only consisting of amphiphili
molecules. Since the transition occurs under non-eqitihior
conditions, this enhancement may be caused by some dynam
effects due to inhomogeneity of the reaction and hydrody-
namic interactions, or by changes in the membrane propertie
due to embedded hydrophobic particles. To clarify whether
the enhancement is caused by dynamic or static effects, we
simulate the bicelle-to-vesicle transition of the memleraith 0 0.5 ) 1
embedded hydrophobic particles in the absence of the chem- Q

ical reaction (Section 4.1). It is revealed that the traosits

enhanced by the embedded particles. Next, we investigate tifig- 6 Transition probability to a vesicle as a function®@f. The
dependence of the transition on the membrane properties (Se>duares represent the simulation dataNgf,/Namp = 0, 0,025, and
tion 4.2 and 4.3) and conclude that the enhancement is caus@@>: The red and blue solid lines represent fits by eqn (21) for

. . L . Nemb/Namp = 0 and 0025, respectively. ANemp/Namp> 0.1, the
by the reduction of the bending rigidity (Section 4.4). transition probability becomes unity, independen€f(green solid

line).

Nemb/Namp = 0.05

0.5
 Nemt/Namp = 0.025

Reobability

Nemb/Namp =0

4.1 Enhancement of Bicelle-to-Vesicle Transition

i 5
We use the method proposed by Hu et@to calculate the for the initial Q as* ,

free energy barrier between bicelle and vesicle. This netho (Q?) = J5¥ dyexp(AE(y,{)/D) (21)
was originally used for_determlnlng.the (_Bau35|an curvature foldyexp(AE(y,Z)/f))

modulus k. Here, we briefly summarize this method. .

For a homogeneous membrane, the shape transition frofay fitting this function to simulation datd) and{ are deter-
bicelle to vesicle is understood by the competition betweerinined. The free energy barrier of eqn (19) is obtained from
the edge-line and bending energies of the memianehe  the value of{. We execute 512 independent runs for each
bicelle has edge energy ofRqis” and no bending energy, Parameter setf, Nemp), and calculate the free energy barrier
whereRyis = \/m is the radius of the bicelle of the mem- between the bicelle and vesicle. In the simulatidn; 41472,
brane aread. The vesicle has bending energy af(& +k/2)  Namp= 1000, andNem» = 25, 50, 100, 300, and 500 are used.
and no edge energy. An intermediate shape during the shapeThe P(Q%) curves at Nempb/Namp = 0 and 0025 are
transition can be approximated as a spherical cap around thgell fit by eqn (21) with ({,D) = (1.49,0.00147 and
transition poinf8. Under this geometrical assumption, the ex- (1.56,0.00174), respectively (see Fig. 6). As the hydropho-

cess energy)E, of the membrane with respect to the flat bi- bic particles are increasingly embedde®(Q?) increases.
celle is given by®47 Thus, the free energy barrier is decreased by the embe.

ded hydrophobic particles. Surprisingly, no barrier exfsir
AE(Q?,0) = 47(2K +K) [Q2+ ( /1-02_ 1], (19) Nemb/Namp > 0.1. To clarify the causes of this decrease in the
free energy barrier, we investigate the dependence of the-me

7= 2eres_’ 0_ R|\:/:S’ andR ee— /4i’ (20)  brane properties 0Nemb/Namp in the next two subsections.
K+ K i

where YRis the curvature of the membrane. The normalized4'2 Bending Rigidity
curvatureQ, is an order paramete® = 0 and 1 for the bicelle  We estimate the bending rigidity, of the membrane contain-
and vesicle, respectively. Af = 1, the bicelle and vesicle ing hydrophobic particles. Since the area of the tensisnles
have the same energy and, for@ < 2, a free energy barrier membrane depends on the fraction of embedded hydrophobic
exists at O< Q < 1. particles, we set the tensionless state by chanlyiag for a

The free energy barrier can be determined by collectindixed value ofNemp. FOr each zero-surface-tension state, the
samples in which pre-curved membranes change into opemethod described in Section 2.3.1 is applied to calcwate
disks or closed vesicles. The probabili®(Q?), at which the As the embedded hydrophobic particles are adaefirst
pre-curved membranes change into closed vesicles, isederiv decreases and is saturatedNaf,/Namp 2 0.15 (see Fig. 7).

6| Journal Name, 2010, [vol]1-9 This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Bending rigidity,k, dependence oNemb/Namp- B Lol il iaialias ‘:
0 0.05 0.1 0.15 0.2 0.25

. . . Nemb/Namp
To explain this dependence, we calculate two quantitielseof t

bilayer membrane that may cause the change in the bendirigg. 8 Dependence of (a) the orientational order paramétand
rigidity. One is the bilayer thickness, and the other is the (b) the membrane thickness, on Nemp/Namp

orientational order paramete8, The orientational order is
expressed by

3n?,—1 - 18 % 3
wheren; ; is thez component of the unit vector of théh am- 16~ 7
phiphilic molecule from the hydrophobic to hydrophilic gar - C X ]
cles. L o1ab ]
For the homogeneous membrane in the absence of hy- L ?
. . . . . F X 1
drophobic moleculesg has the following relationships with 1F B
the orientational order and thickness. The orientationddio 5 ]
of the amphiphiles is related to the membrane bending fluctu- r X 1
ations according t&>° 10 ‘X% L L LT

0.56 0.57 0.58 0.59

kT S

2
<|n‘q‘| >: qua (23)
Fig. 9 Bending rigidity,k, as a function of the orientational ordé&r,

wheren‘q‘ = [g-ng]/0, nq is the Fourier transformation of the
amphiphilic orientational vectom. On the other hand, the

membrane thickness, is related to via the equatioft the positions of the hydrophobic particles in the bilayer. |
a curved membrane, the embedded hydrophobic particles c#n
K — ing (24) exist more in the outer (laterally expanded) leaflet thame t
48 7’ inner leaflet. In contrast, the change $nis similar to the

whereY is the Young modulus. However, the heterogeneou§hange ing. _In orde_r to_illustrate th?s more cIe_arIy, we replot

membrane with embedded particles may not obey these reld @ @ function oSin Fig. 9. The linear relation between

tions. andSis clear. Thus, the reduction efby the embedded par-
The dependence af and S of the embedded membranes ticles is mainly caused by the disturbance of the orientatio

on Nemb/Namp are shown in Fig. 8. Following addition of the amphiphilic molecules.

the hydrophobic particles] increases an® decreases. The

embeddgd hydrophobic particles disturb t.he. orientatigchef 4 3 Edge Line Tension

amphiphiles, and enlargk The decrease i8is saturated at

Nemb/Namp 2 0.15 butd shows no saturation. We estimate the edge line tensidn,at Nemp/Namp= 0t0 0.5
According to eqn (24) increases with increasirly How-  (see Fig. 10). ANemp/Namp S 0.1, T is almost constant. For

ever, adding more hydrophobic particles decreasdgspite  Nemp/Namp € [0.1,0.3], T increases, while foNemp/Namp >

the increasingl. This is likely due to the rearrangement of 0.3, " decreases. Alemp/Namp> 0.3, the hydrophobic par-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-9 |7



L L L BB N simulation, i.e., that all membranes transform into vescl
I ] 1 since the free energy barrier disappearé at 2.
| | In order to more quantitatively verify this, we compare two
L [ [ l l | ratiosck andc;, which are defined as
B N k(0) {(0.025
I ] Cx = m and ¢c; = TO), (25)
i [ ) wherek (0) and{(0) (k(0.025) and{(0.025)) denotek and
I ¢ at Nemp/Namp = 0 (0.025), respectively. Wher /k and
51— — .
T T I are constantcy = C;. In the region ofNemp/Namp €
0 02 04 05 [0,0.1], K (Nemb/Namp) can be well fitted by the linear func-
embamp tion, k(x)/keT = ax+b, for (a,b) = (52+3,17.5+0.3).

Fio. 10 Edae i iorC function oNar/N We calculatex (0.025) using this fit function. It give$_K =

' ge line tensiort;, as a function oNemb/Namp 1.07+0.03 andc; = 1.045+ 0.002, so that they coincide
within the statistical error. Thus, we conclude that the en-
hancement of the transition is caused by the reduction of

The inclusion of molecules such as sterols and peptides
modifies the bending rigidity, which also depends on lipid
composition and buffer conditioR$®% The addition of
cholesterols was previously believed to increasen gen-
eral®%2 Recently, however, Dimova et al. reported tkas
reduced for a sphingomyelin membrane and does not signifi
cantly change for DOPC membranes with increasing chole<
terol content?°3. The reduction ok was also reported for
the addition of the peptide, FP23,and azithromycif* to
DOPC membranes. The inclusion of lidocaine increases
whereasd decreases in theLphase of DMPC/DMPG mem-

ticles are concentrated at the membrane edge and the mefpfanes®. Thus, depending on the embedded molecules, t:.
brane forms swollen round edges (see Fig. 11). This redud?icelle-to-vesicle transition can be enhanced or suppcesa
tion of the edge curvature would cause a reductiofi.ifor ~ the present system, enhancement is obtained but the oppos:.
Nemb/Namp € [0.1,0.3], the density of the hydrophobic parti- effe(_:t (suppression) can be induced by a different type pf in
cles is not uniform on the membrane edge. Thus, the menflusion. However, the effect can be predicted by measuring
brane tends towards a shorter edge at which the hydrophobfdl"™ @s functions of the inclusion density.

particles can be uniformly distributed. This tendency lifke

enhances§. 5 Summary

(o))

FolkgT

(a) (b)

Fig. 11 Snapshots of the membrane strifNaky,/Namp= 0.5 and
Ly =170. Embedded hydrophobic particles are only shown in (c)
from the same view point as in (b).

We have investigated shape evolutions of amphiphilic mrolec
ular assemblies induced by the binding reaction between h,
By using the results shown in the previous two subsectionsdrophilic and hydrophobic molecules using DPD simulations
the enhancement effect of the bicelle-to-vesicle tramsits ~ Various shape transformations such as bicelle-to-vesiate
understood by the change in the membrane properties. Agition, multiple vesicle formation, vesicle fusion, anddiolal
cording to the results of Section 4.3, the chang€ iis ap-  vesicle formation are exhibited under the non-equilibriun
parent only foMNemp/Namp > 0.1. However, the enhancement condition. When all hydrophobic particles are reacted, the
effect is apparent even femp/Namp >~ 0.025, as shown in  thermal equilibrium state is a spherical vesicle. Howethe,
Fig. 6. Thus, the line tension is not a relevant parameter fofinal shapes are tubular and toroidal vesicles stabilizethey
the enhancement. In contrast, the change is apparent for volume and topological constraints, which are generated in
Nemb/Namp < 0.15. shape evolution. During the shape changes, the hydrophobic
The ratio,k /k = —1.06, is obtained from the simulations at particles embedded in the membrane modify the membrane
Nemb= 0. This is a typical value for lipid membranes/( ~ properties and affect the dynamics. We have quantified this
—1)4. We assume thad/k is independent ORlemp/Namp At enhancement effects by calculating the line tension and-ben
Nemb/Namp =~ 0.1, the parameter{ ~ 2.2, is obtained from ing rigidity. In particular, the reduction of the bendingidity
Kk /ksgT ~ 12.4. This agrees with the results of the transition accelerates the bicelle-to-vesicle transition.

4.4 Origin of Enhancement Effect

8| Journal Name, 2010, [vol] 1-9 This journal is © The Royal Society of Chemistry [year]



The extension of discoidal arms from the vesicles and thag
closure of additional vesicles are found in our simulations 20
The formation of multiple vesicles from an oil droplet has
been experimentally observed by Takakua éale expect 2;
that similar arm-extension and closure processes occurred ,5
their experiment. 24

In this paper, we consider only a simple binding reaction.25

H. NoguchiJ. Phys. Soc. Jpn2009,78, 041007.

P. J. Hoogerbrugge and J. M. V. A. Koelm&urophys. Letf.1992,19,
155-160.

P. Espanol and P. Warreaurophys. Letf.1995,30, 191.

R. D. Groot and P. Warred, Chem. Phys1997,107, 4423.

M. Venturoli and B. SmitPhysChemComyi999,2, 45-49.

R. D. Groot and K. L. Rabon@&iophys. J.2001,81, 725-736.

S. Yamamoto, Y. Maruyama and S.-a. HyodlaChem. Phys2002,116,

The shape dynamics can be changed by reaction schemes and5842-5849.

molecular compositions. The effects of inverse and othea-re 25
tions on the shape evolutions and its dependence on moteculd’
architecture are important topics for further investigas. 28
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