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Theory of Fission for Two-Component Lipid Vesicles
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The coupling between Gaussian curvature and local lipid composition for two-component lipid
vesicles can destabilize the narrow neck in a budding transition. Such a coupling reduces the Gaussian
rigidity of a membrane and enhances the fission transition if the minor component lipids prefer to stay
at regions with large positive Gaussian curvature. On the other hand, it increases the Gaussian rigidity
and a fusion transition is enhanced if the minor component lipids are expelled from regions with large
positive Gaussian curvature. [S0031-9007(97)03882-9]

PACS numbers: 87.22.Bt, 64.60.—i, 68.15.+e, 82.70.—y

The study of shape transformations and topologicathanging temperature [1]. The experiment suggests that
changes such as budding, fission, and fusion of lipid vesia coupling between curvature and local lipid composition
cles has important physical and biological significance. Irmight be important for such a fission process. However,
many ways, lipid vesicles provide excellent model systhe underlying mechanism of these topological changes is
tems to study the structure and function of cell mem-so far unclear.
branes. The processes of budding, fission, and fusion of In this paper, we study the effect of the coupling be-
membranes are essential mechanisms for cells to transpdvteen Gaussian curvature and local lipid composition for
nutrients and waste. Encapsulation of drugs and DNAwo-component lipid vesicles after a budding transition.
by vesicles or liposomes also provides a powerful tooHere we first investigate the stability of a narrow neck
in controlled drug delivery. However, a fundamental un-connecting two buds in two-component lipid mixtures.
derstanding of essential aspects of release in general a&ince fission involves topological change, the coupling of
fission and fusion in particular is still lacking. local lipid composition to Gaussian curvature is believed

Recent experiments have suggested that budding and be important for a fission transition. This coupling can
fission of lipid vesicles can be explained by physical prop-be understood in a simple way as a result from molecu-
erties of lipid membranes alone [1]. Budding transitionslar geometry to the curved surface where they stay. We
and other shape transformations are quite common fashow that this coupling can destabilize the narrow neck,
single-component and multicomponent lipid vesicles [1-which is stable in one-component lipid vesicles [3,4], and
6]. It is well known that the shape of single-componentshow that such a coupling can reduce the Gaussian rigid-
lipid vesicles is largely determined by the minimization ity, which in turn can enhance fission if the minor com-
of bending energy of lipid membranes for a given afea ponent lipids prefer to stay at regions with large positive
and a given volumé&/ [7]. For single-component lipid Gaussian curvature. On the other hand, Gaussian rigidity
vesicles, varying temperature can control the shape trangs enhanced if the minor component lipids prefer to stay
formation due to the resulting area change of the memat regions with large negative Gaussian curvature.
brane [1,8]. Similar shape transformation by changing The free energy functional in our model can be ex-
the ratio of surface area to volume can also be inducegressed as
by applying osmotic pressure. For two-component lipid
vesicles, shape transformations can also be controlled b _ _
the composition of the lipid bilayer [9,10]. In this case, YD[Q] = ELO] + cAl0] = pvIQ] + u /g A,
the phase separation of two constituents is also subject 1)
to a line tension between two fluid domains. The shape
of such a two-component lipid vesicle is therefore deterwhere ) represents the whole surface of the vesicle,
mined by the competition between bending energy and[(}] is the free energy of the vesiclé[( ] is the surface
boundary energy for a given volume and domain area. area,V[{] is the enclosed volume, andl(r) is the local

Fission and fusion are usually seen in multicompo-area fraction of the minor component lipide, p, and
nent lipid vesicles [1,11]. Fission after budding can beu are the Lagrange multipliers which can be adjusted to
induced in an artificial dimyristoyl phosphatidylcholine- achieve the desired, V, and lipid composition. For two-
cholesterol mixtures by applying osmotic pressure Withc|>ut:omponent lipid vesicles, we expreBi} ] as

E[Q] = % fﬂ dA[ci(r) + ca(r) — co + kg [Q dAci(r)er(r) + /\fQ dA ci(r)cy(r)p(r) + é fﬂ dA ¢*(r),
2)
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wherex is the bending rigidityx¢ is the Gaussian rigid- positive Gaussian curvature. Here, we have assumed a
ity, A is the coupling constant between Gaussian curvastable, homogeneous lipid mixture (i.e.>> 0).
ture and local lipid composition, andis the temperature. Since fission occurs after the pinch off the narrow neck
The coupling constank can be expressed as= «; —  (of size a) of a budded state [as shown in Fig. 1(a)],
k¢ in a two-component theory, wherg; is the Gaussian we first investigate the neck stability in a two-component
rigidity of the minor component lipids. Fok < 0, the lipid vesicle. Here, axial symmetry is assumed. Mini-
minor component lipids prefer to stay at regions with largemizing the free energy functionab[Q] in Eq. (1) with

| respect top(r), the free energy of a budded state can be

expressed as

P[0 = by + o'AIO] - pVIOL] + 5 fﬂ dALe1(F) + o) — co?

X dA2<>2<>+ifdA[+A<)<>]2 3)
Y 1 ci(r)csx(r 27 ar 2 ci\r)e\r)t,

lize the narrow neck of a budded state and leads the neck
size to a smaller value until the neck is stabilized again by
b(r) = {—[Acl(r)cz(r) + ul/t, re O, 4) steric interaction among lipids, or by dehydration forces.
0, r € Qf. However, the budded state is not necessarily the equilib-
rium state forkg < 0. Fission can occur if a two-vesicle
Here, kG = kg — pA/t, o' = o — u?/2t, and Q;  state [as shown in Fig. 1(b)] has a lower free energy. Fur-
is shown in Fig. 1(a). Q| represents the region where thermore, phase separation occurs in the neck region for
c1(r)esr(r) = — /A, andQ{ represents the region where a < /A/u. The area fraction of minor component lipids
c1(r)ca(r) < —u/A and the local area fractios(r) van-  vanishes in the){ region since the molecular shape does
ishes. ForA/u < R?, Qf vanishes as the neck size not fit the large negative Gaussian curvature. If the radii
a > /A/u. As shown in Ref. [4], the first four terms in of the two buds are different from each other, the distri-
Eq. (3) describe a budded state with a stable neck when thmution of minor component lipids will be enriched on the
Lagrange multipliersr, p, u are chosen to be appropriate smaller bud due to the shape transformation. This effect
values. This neck is not stable for two-component lipidshould be distinguished from the domain-induced budding
vesicles due to the fifth term in Eqg. (3) which contributesprocess in Ref. [10].
a term proportional te-1/4>. This term tends to destabi-  For a two-vesicle state, the free energy is given by

|
4 22
®O[Oy] =8mk; + 4770"(R12 + R%) ey ﬂp(Rf + RS) + 27 k[(2 = coR1)* + (2 — coR2)?] — 27 e (sz + R{z),

(5)

and the composition profile is given by

and the area fraction of minor component lipids is o
1

-1/ A
o) = T(R_lz + ,LL), i=1,2, (6) 2a
where R; and R, are the radii of the two vesicles. The 3
firsttermin Eq. (5) is the renormalized integrated Gaussian
curvature energy. Fok and u both negative, the two- (@)
vesicle state has a reduced Gaussian rigiefyand fission
might occur for negative values af;. Q,

To investigate the feasibility of a fission transition, we
compare the free energy of the two-vesicle state to that two-vesicle
of the budded state in which two buds are connected state
by a narrow neck. Here, for simplicity, the approximate
solutions to the variational problem in Eq. (1) is judi- ®)
ciously chosen by parametrizing in the proximity of
two spherical vesicles of radiug; andR,. For smallA,  FIG. 1. Geometry of lipid vesicles in a budded state (a) and
the equilibrium radius can be one Bt = [20’ + 1) = in a two-vesicle state (b). Axial symmetry of lipid vesicles

J@o + 17 —8p1/2p for gi | & d about a horizontal axis is assumed. In the budded state, two
Q2o ) p 1/2p for given values ofr, p, andu.  ong caps are spherical and the inner region has a neck of size

Moreover, we adopt a trial shag@, in which the two 4 which connects those two buds. In genefil,and R, could
end caps are spherical but the inner regions are describéd different.

o

budded state
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by expect that the neck size of the budded state decreases and
fission can occur spontaneously at the molecular level.
. r 11 y
sin® = z + a<— - R_>’ i=12, (7) The phase boundary between the budded state and the
i r i

two-vesicle state is shown in Fig. 4 far= —5 and—10.
which is chosen to fit the caps at the equators and to meétere, we choose the following values for the other pa-
at the center in a neck of radius This shape is shown in rametersik = kg =1, co =1, p = 1.1, ¢’ = 1, and
Fig. 1(a). The local lipid composition profile is shown in Ry = R, = R+. In Fig. 4, below the phase boundary
Fig. 2 by taking\ = —10, u = —10% ¢ = 10°,andR =  curves, a budded state is the equilibrium phase and a bud-
R+ (these values are consistent with = 1 and thermal ding transition occurs continuously by changing tempera-
energy comparable witk = 1). The local area fraction ture, osmotic pressure, or lipid composition. Inthese cases
of the minor component lipids decreases dramatically neathe narrow neck is stabilized by the dehydration force
the neck region, and phase separation occurs when neck by the steric interaction. Above the phase boundary,
sizea < \/A/pu. the two-vesicle state is the equilibrium phase and a fis-
In Fig. 3, we show the free energy difference be-sion transition can occur. The phase boundary is approxi-
tween the budded state and the two-vesicle stAtt &  mately given bykg = kg — Au/t < 0. In other words,
P[Q] — P[Q,]). For A® > 0, the two-vesicle state the condition for fission to occur for two-component lipid
is favored over the budded state and fission can occuvesicles is that the renormalized Gaussian rigidity is nega-
Here, we takex = kg =1, ¢co = 1, p = 1.1, ¢/ = 1, tive, and the proposed coupling between local lipid compo-
t =10°,A = —10,andR; = R, = R,. Asthe necksize sition and local Gaussian curvature can provide a driving
decreases, the free energy of the budded state decreasece to destabilize the narrow neck of a budded vesicle
which indicates the narrow neck is not stable. Increasingvhich is stable in one-component lipid vesicles. This re-
the percentage of minor component lipids, or equivalenthysult applies to temperatures higher than the chain melting
decreasingu, tends to stabilize the two-vesicle state overtemperature of constituent lipids since our model assumes
the budded state. Other effects that are not included in ouluid lipid bilayer. In addition, we have assumed that, in
model, such as dehydration force and steric interactiorg flat bilayer, a homogeneous fluid mixture is thermody-
will increase the free energy of the budded state. Sinceamically stable—i.es > 0. We note that near the criti-
a continuous model breaks down when the neck size isal temperature for phase separations 0, the effects
comparable to molecular size, we then take a cut off atlescribed above are enhanced. On the other hand, at
the lower bounde = a/R = 0.01 by considering vesicle higher temperatures, the effect of the coupling term de-
size aboutl um and bilayer thickness about 10 nm. creases ak/r, and fission is disfavored. For simplicity, we
For A® > 0 at e = 0.01, such as those curves of =  have ignored the coupling term between local lipid com-
—20000 in Fig. 3, the two-vesicle state has a lower freeposition and local mean curvaturé (c; + c¢2)]in Eq. (2).
energy than the budded state. Under these conditions, wecluding this term will not change our results significantly
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FIG. 2. The area fraction of the minor component lipids in theFIG. 3. Free energy differencé (¢) between a budded state
inner region, as described by Eq. (7). Inset is an enlargemenrind a two-vesicle state fon = —5000, —10000, —20 000,

of the neck region. The value @f(z) decreases dramatically —30000. The other parameters are = kg = 1, ¢y = 1,

near the neck region. Herg is the axis of symmetry, and p =1.1,¢' =1,r =10°,A = —10,andR, = R, = R;. As

z = 0 at the center of the neck [as shown in Fig. 1(a)]. Forthe neck sized = Re¢) decreases, the free energy of the budded
the neck sizer > \/A/u, ¢(z) is nonzero on the whole surface state decreases which indicates an unstable neck in our model.
of lipid vesicles. For a smaller neck siz¢(z) vanishes in the Here we choose the lower bound cutoffeat= 0.01 for vesicle

neck region. size aboutl wm and bilayer thickness about 10 nm.
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3et0s —————————F————— In summary, we have shown that the coupling of local
X lipid composition to Gaussian curvature can destabilize the
narrow neck in a budded state of lipid vesicles. Depending
on the molecular shape factors of minor component lipids,
this coupling can reduce (or increase) the Gaussian rigidity
and fission (or fusion) can be enhanced.
We thank C.F. Schmidt and J. Li for stimulating
interactions. This work supported in part by NSF Grant
No. DMR92-57544.
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