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Reaction-diffusion systems encapsulated within giant unilamellar vesicles (GUVs) can lead to shape
oscillations of these vesicles as recently observed for the bacterial Min protein system. This system
contains two Min proteins, MinD and MinE, which periodically attach to and detach from the GUV
membranes, with the detachment being driven by ATP hydrolysis. Here, we address these shape
oscillations within the theoretical framework of curvature elasticity and show that they can be
understood in terms of a spontaneous curvature that changes periodically with time. We focus on the
simplest case provided by a attachment—detachment kinetics that is laterally uniform along the
membrane. During each oscillation cycle, the vesicle shape is transformed from a symmetric dumbbell
with two subcompartments of equal size to an asymmetric dumbbell with two subcompartments of
different size, followed by the reverse, symmetry-restoring transformation. This sequence of shapes is
first analyzed within the spontaneous curvature model which is then extended to the area-difference-
elasticity model by decomposing the spontaneous curvature into a local and nonlocal component. For
both symmetric and asymmetric dumbbells, the two subcompartments are connected by a narrow
membrane neck with a circular waistline. The radius of this waistline undergoes periodic oscillations, the
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time dependence of which can be reasonably well fitted by a single Fourier mode with an average time
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1 Introduction

Both biological and biomimetic membranes such as lipid
bilayers in their fluid state are highly flexible and can attain a
striking variety of different morphologies. Particularly useful
model systems for this polymorphism are giant unilamellar
vesicles (GUVs) which are formed by single lipid bilayers.'”
So far, most studies of GUVs have focussed on their equilibrium
shapes or on their morphological response to external pertur-
bations such as hydrodynamic flows and external electric fields.
The shape transformations of cellular membranes, on the other
hand, are often driven by molecular processes coupled to
nucleotide hydrolysis. One example is provided by the endocytosis
of nanoparticles by the outer plasma membrane which requires
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membrane fission, often achieved by GTP-hydrolyzing proteins
such as dynamin.* Another example is the Min protein system
which hydrolyzes ATP to position the bacterial cell division
machinery in Escherichia coli.”

In a recent experimental study, the Min protein system
was encapsulated within GUVs which were then observed to
undergo cyclic shape oscillations.® The protein system contained
two Min proteins, MinD and MinE, which periodically attach
to and detach from the inner leaflet of the GUV membranes.
MinD attaches to lipid membranes when bound to ATP.”®
MinE binds to membrane-bound MinD-ATP and the resulting
MinD-ATP-MinE complex stimulates ATP hydrolysis by MinD,
causing both proteins to unbind again from the membrane.

Here, we address these shape oscillations within the theore-
tical framework of curvature elasticity as recently reviewed in
ref. 9. We first focus on the spontaneous curvature model*®™*
and show that the vesicle shape oscillations can be understood
in terms of a preferred or spontaneous membrane curvature
that changes periodically in time. The spontaneous curvature
provides a quantitative measure for the molecular asymmetry
between the two leaflets of the lipid bilayers. For the GUV
membranes considered here, only the inner leaflets are exposed
to the Min proteins and the resulting bilayer asymmetry will
depend on the coverage of the inner leaflet by these proteins.
Because this coverage changes with time, so does the resulting

Soft Matter, 2021,17, 319-330 | 319


http://orcid.org/0000-0002-5866-1472
http://orcid.org/0000-0001-7123-8364
http://orcid.org/0000-0002-6106-4847
http://orcid.org/0000-0001-8417-8567
http://crossmark.crossref.org/dialog/?doi=10.1039/d0sm00790k&domain=pdf&date_stamp=2020-09-10
http://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sm00790k
https://rsc.66557.net/en/journals/journal/SM
https://rsc.66557.net/en/journals/journal/SM?issueid=SM017002

Open Access Article. Published on 07 September 2020. Downloaded on 7/31/2025 11:44:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

bilayer asymmetry and the associated spontaneous curvature.
In addition, we generalize the spontaneous curvature model
and consider the area-difference-elasticity (ADE) model*™ to
take into account that the lipid bilayers studied in ref. 6 were
composed of two phospholipids that are not expected to
undergo frequent flip-flops between the two bilayer leaflets.

In the absence of flip-flops, the number of lipids is con-
served separately in each leaflet of the bilayer membrane,
which implies that the area difference between the two leaflets
has a preferred value. In the ADE model, this constraint is
taken into account by a nonlocal term that is added to the
membrane’s local bending energy, which has the same form as
in the spontaneous curvature model. Therefore, in the present
paper, we will view the area-difference-elasticity model as a
generalization of the spontaneous curvature model.”'> Alter-
natively, one may start from the bilayer coupling model,®
which considers the area difference between the two bilayers
as another geometric control parameter in addition to
membrane area and vesicle volume, and regard the ADE model
as a generalized bilayer coupling model."”

As far as the recent experiments® are concerned, we focus on
the simplest case in which the cyclic changes of the membrane
fluorescence were observed to be laterally uniform, corres-
ponding to a laterally uniform attachment-detachment kinetics
of the Min proteins. Furthermore, our detailed analysis of the
observed shape oscillations as described here reveals that the
GUVs conserve both vesicle volume and membrane area during
these oscillations. As a consequence, the vesicle shapes are
calculated for constant volume-to-area ratio and a laterally
uniform spontaneous curvature that changes periodically in
time. Furthermore, for each time point, we determine the
(meta)stable GUV shape(s) corresponding to the instantaneous
value of the spontaneous curvature.

These GUV shapes exhibit two subcompartments which are
connected by narrow membrane necks as displayed in Fig. 1
and 2. These membrane necks are a direct consequence of
curvature elasticity”'>'®'® and have been experimentally
observed for a variety of lipid compositions.>**' More recently,
it was shown that these necks are essential for the formation of
multispherical vesicle shapes®* and for the controlled division
of GUVs into two daughter vesicles.>® In vivo, membrane necks
are also formed by cellular membranes, e.g., during endo- and
exocytosis.**

A priori, our theoretical approach can be justified by the
observed separation of time scales between the time period of
the Min oscillations, which is about one minute,>**® and the
time it takes a giant vesicle to relax to a new stable state, which
takes only a few seconds.’””?® Because of this time scale
separation, one should be able to describe the observed non-
equilibrium shape transformations by a sequence of stable
shapes corresponding to the instantaneous value of the spon-
taneous curvature. Such a description is indeed possible as
shown here.

During each complete oscillation cycle, the vesicle shape is
transformed from an up-down symmetric dumbbell with two
subcompartments of equal size to an asymmetric dumbbell
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(b)

(d) Sym dumbbell (e) Sym dumbbell (f) Asym dumbbell
Rpe = 1.17 pm Rpe =0.78 um Rpe =0.12 pm

Fig. 1 Symmetry-breaking transformation during one shape oscillation:
comparison of experimentally observed vesicle shapes in (a—c) with
theoretically calculated shapes in (d—f). The neck radius R attains its
largest value of 1.17 um in (@ and d) and its smallest value of 0.12 pm in
(c and f). The up-down symmetry of the symmetric dumbbells (blue shape
contours) in (a and d) and (b and e) is broken for the asymmetric dumbbell
(red shape contour) in (c and f). The three images in panels a—c were
obtained by differential interference contrast microscopy® and represent
three subsequent frames of the time-lapse Movie 1 (ESI{). The dashed
vertical lines in panels d—f represent axes of rotational symmetry.

(b) (©
(f) Sym dunl1bbe||

(d) Asym dumbbell
Rpe =0.12 ym Rpe = 0.95 um

(@)

(e) Asym dumbbell
Rpe =0.52 ym

Fig. 2 Symmetry-restoring transformation during one shape oscillation:
comparison of experimentally observed vesicle shapes in (a—c) with
theoretically calculated shapes in (d—f). The neck radius R, attains its
smallest value of 0.12 ym in (a and d) and its largest value of 0.95 pm in
(c and f). The up-down symmetry is broken for the red shapes in (a and d)
and (b and e) but restored for the blue shape in (c and f). The asymmetric
shape in (a and d) is the same shape as in Fig. 1c and f but flipped upside-
down. The three images in panels a—c represent three subsequent frames
of the time-lapse Movie 1 (ESIT).

with two subcompartments of different size, see Fig. 1, followed
by the reverse, symmetry-restoring transformation, see Fig. 2.
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Fig. 3 Morphology diagram of prolates and dumbbells for positive spon-

taneous curvature m with 0.7 < m < 2.8 and volume-to-area ratio

v > 0.6. The horizontal line with v = 1 corresponds to a single sphere.
Along the solid line Ly,4, the vesicles form limit shapes consisting of two
different spheres connected by a closed membrane neck. The location of
this line is given by the algebraic expression in egn (8). Along the solid line
Lo« with v = 1/4/2 = 0.707 and /7 > /2, the vesicles consist of two equally
sized spheres connected by a closed neck. The parameter region between
the two lines Ly, and L« defines the yellow stability regime for (1 + 1)-
spheres, in which the vesicle shape depends only on v but is independent
of m. The black dotted line DP*®" separates up-down symmetric from
asymmetric dumbbells with open necks. The latter line is obtained using
cubic splines to connect numerical and analytical solutions. The solid blue
and red circles correspond to shapes with v = 0.768 as displayed in Fig. 4a,

the solid red and blue squares to shapes with v = 1/4/2 as in Fig. 4b. The
solid blue and red diamonds with v = 0.670 represent the selected shapes
in Fig. 1 and 2 with the parameter values as in Table 2. The symmetric (blue)
and asymmetric (red) diamonds belong to two different energy branches,
see Fig. 6 and 7 further below.

In these two figures, the symmetric and asymmetric dumbbells
are displayed in blue and red color, respectively. This color code
will be used throughout the paper. These two types of dumb-
bells belong to two different branches of the GUV’s bending
energy. In the spontaneous curvature model, the symmetric
branch is stable whereas the asymmetric one is metastable.
In the area-difference-elasticity model, both branches represent
stable shapes.

The narrow membrane necks in Fig. 1 and 2 have a waistline
that defines the neck radius R... This neck radius changes
during each shape oscillation as shown in the two figures.
In the spontaneous curvature model, the neck radius exhibits a
different dependence on the spontaneous curvature m for the
symmetric and asymmetric branches of dumbbells: along the
symmetric branch, the neck radius decreases with increasing m
whereas it increases along the asymmetric dumbbell. In the
area-difference-elasticity model, the neck radius decreases
with increasing local spontaneous curvature, both along the
symmetric and along the asymmetric branch.

Our article is organized as follows. In the next section, we
briefly describe our experimental system, consisting of Min
proteins encapsulated in GUVs, as experimentally studied
in ref. 6. The following section contains a reminder about the
theory of curvature elasticity. We will first use the spontaneous
curvature model, for which the GUV shapes are solely determined
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by two dimensionless shape parameters, the volume-to-area ratio
v and the rescaled spontaneous curvature /7. We then analyze the
experimentally observed shapes as shown in Fig. 1a-c and 2a-c
and conclude that these shapes have constant volume-to-area
ratio which we will take to be v = 0.670. For this v-value, we study
the possible vesicle shapes as we vary the spontaneous curvature
m and find both symmetric and asymmetric dumbbells for a
certain range of m-values. In Section 4.6, we extend the sponta-
neous curvature model to the area-difference-elasticity model by
decomposing the spontaneous curvature m into a local and a
nonlocal component.

2 Min proteins enclosed by GUVs

The aqueous buffer enclosed by the GUVs contained two Min
proteins, MinD and MinE, as well as ATP. The corresponding
solution concentrations were 1.5 uM MinD, 1.4 uM eGFP-
MinD, 3 pM MinE, and 5 mM ATP.® Thus, about half of the
MinD proteins were fluorescently labeled and the overall
MinD concentration was roughly equal to the MinE concen-
tration. The lipid bilayer of the GUVs was composed of
zwitterionic DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)
and anionic DOPG (1,2-dioleoyl-sn-glycero-3-phosphoglycerol) in a
ratio of 4:1.

MinD can bind ATP and then attaches onto lipid
membranes.” MinE binds to membrane-bound MinD-ATP and
the resulting MinD-ATP-MinE complex stimulates ATP hydrolysis
by MinD, causing both proteins to desorb again from the
membrane. In the presence of a sufficient amount of ATP, this
MinDE system undergoes many cycles of membrane attachment
and detachment. For osmotically deflated vesicles, this periodic
molecular process leads to shape oscillations of the vesicles
which can be directly observed in the optical microscope.®
Different types of shape oscillations have been detected; the
two most frequent types of oscillations were denoted by ‘periodic
dumbbell splitting’ and ‘periodic budding’ in ref. 6.

Here, we will focus on the dumbbell case as displayed in
Fig. 1 and 2. In this case, the fluorescence of the GFP-labeled
MinD adjacent to the inner leaflet of the GUV membrane was
observed to be laterally uniform. Therefore, membrane segments
with a lateral extension of about 300 nm can be considered to
have a laterally uniform molecular composition which implies
that they have uniform elastic properties as well. Furthermore, it
is well understood that the shape of uniform GUV membranes
strongly depends on the preferred or spontaneous curvature of
these membranes.’

3 Spontaneous curvature model

The GUV membranes have a lateral dimension of many pm
and a molecular thickness of only 4 to 5 nm. Based on this
separation of length scales, we ignore the molecular structure
of these membranes and describe them as smoothly curved
surfaces. Any such surface can be characterized locally by
its two principal curvatures, C; and C,, which define the

Soft Matter, 2021,17, 319-330 | 321


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sm00790k

Open Access Article. Published on 07 September 2020. Downloaded on 7/31/2025 11:44:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

1 .
mean curvature M = E(Cl + C,) and the Gaussian curvature

G = C,C,.
The spontaneous curvature model®'°*? is then defined by
the membrane’s bending energy as given by

Epe — 2KJ.dA(M —m), (1)

which depends on the bending rigidity x and on the area
integral over the squared deviation of the (local) mean curva-
ture M of the membrane from its preferred or spontaneous
curvature m. In general, the spontaneous curvature model also
involves another curvature term as provided by the area integral
over the Gaussian curvature G = C;C,. However, for the shape
transformations considered here, the vesicles do not change
their topology which implies that the area integral over the
Gaussian curvature has a shape-independent value and can be
ignored.

In order to actually compute the shape of a GUV, we need to
take two additional constraints into account as provided by
the membrane area A and the vesicle volume V.*'"'* These
constraints are included via two Lagrange multipliers, the
mechanical membrane tension X and the difference AP =
Py, — Py between the pressures P;, and P, within the interior
and exterior aqueous solutions. The stable membrane shapes,
corresponding to minimal bending energy, are then obtained
by minimizing the shape energy

F=—APV + ZA + Ep, (2)
with the bending energy E,. as given by eqn (1).

3.1 Two independent shape parameters

The shape energy in eqn (2) depends on two curvature-elastic
parameters, the bending rigidity x and the spontaneous curva-
ture m, as well as on two geometric parameters, the membrane
area A and the vesicle volume V. It is convenient to take the
bending rigidity x as the basic energy scale and to consider the
area-derived vesicle size

Ry = \/A/(4m) 3)

as the basic length scale. Using this length scale, we are left
with two dimensionless shape parameters, the volume-to-area
ratio (or ‘reduced’ volume)

V V
L T s @

and the rescaled spontaneous curvature

M = MRye. (5)

In the following, we will discuss the stable vesicle shapes in
the context of two-dimensional morphology diagrams that

i Strictly speaking, the expression in eqn (1) is the bending energy functional that
is defined for an arbitrary vesicle shape and should be distinguished from the
bending energy as obtained for a certain stable shape. For notational simplicity,
we will ignore this distinction here.
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depend on the two independent shape parameters v and .
By definition, the volume parameter v satisfies

0 <v <1 withv=1 for a single sphere. (6)

Furthermore, we will focus on vesicle shapes as in Fig. 1 and 2
which imply that the spontaneous curvature /m > 0.

It is important to note that the stable GUV shapes depend on
the two shape parameters v and m but are not uniquely
determined by these two parameters alone. Indeed, for given
values of v and m, the vesicle can usually attain several
(meta)stable shapes that form distinct branches of the bending
energy.'” The number of distinct branches becomes particularly
large when one considers multispherical shapes consisting of a
variable number of small and large spheres.”*

3.2 Computational methods for stable vesicle shapes

The stable shapes of the GUVs are provided by the local minima
of the bending energy for given membrane area and vesicle
volume. In order to actually calculate these stable shapes,
i.e., to actually minimize the shape energy in eqn (2), two
computational methods have been particularly useful. First,
axisymmetric membrane shapes, which are completely deter-
mined by their 1-dimensional shape contours, can be obtained
by solving a set of ordinary differential equations.">"® Second,
one may consider multispherical shapes consisting of a vari-
able number of large and small spheres connected by closed
membrane necks.”?*> Within the morphology diagrams, the
axisymmetric shapes with smooth shape contours and the
multispherical shapes are separated by boundary lines of limit
shapes. As we approach such a line from one side, we obtain
smoothly curved shapes with narrow membrane necks that
become eventually closed at the boundary line. As we approach
the latter line from the multispherical side, we observe multi-
spherical shapes that depend only on v but not on . Thus, for
constant v, the latter approach is characterized by a certain
fixed multispherical shape.

The closure of a narrow membrane neck as obtained from a
smoothly curved shape is somewhat counterintuitive. When
viewed on molecular scales, the membrane neck has the shape
of an hourglass. The corresponding waistline consists of saddle
points, characterized by two principal curvatures, the negative
contour curvature C 1 < 0 perpendicular to the waistline and
the positive principal curvature C, ;1 = 1/Rne > 0 parallel to the
waistline. When the neck closes, the neck radius goes to zero
and the principal curvature C,,, diverges. However, the mean
curvature

1
My = §(C17w1 + Cow)

remains finite along the waistline and satisfies the asymptotic
equality®

in the limit of small R,., with the curvature M. of the closed
neck determined by the mean curvatures M, and M, of the two

This journal is © The Royal Society of Chemistry 2021
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membrane segments, a and b, adjacent to the neck. Thus, in
the limit of small neck radii, the singular contribution from the
second principal curvature C,,; = 1/R,. > 0 is cancelled by
another singular contribution arising from the contour curva-
ture C; . This cancellation leads to a finite value of the mean
curvature M,, that can be used to estimate the spontaneous
curvature m as demonstrated in ref. 22. For (1 + 1)-spheres
consisting of one large sphere with radius R; and one
small sphere with radius R, the neck radius M, is equal to
(1/R; + 1/R;)/2. The dimensionless neck closure condition 77, =
M,.R,. = m then implies a unique relationship between m and
the volume-to-area ratio v, see eqn (8) further below.

The simplest multispherical shape is provided by (1 + 1)-
spheres consisting of two spheres connected by a closed
membrane neck. The corresponding stability regime for this
morphology is displayed in Fig. 3 as the yellow subregion. This
regime is bounded by two lines of limit shapes denoted by L., and
L,~. Approaching the line L;., from outside the stability regime, the
closure of the membrane neck leads to asymmetric dumbbells
consisting of a large and a small sphere with two different radii.
Approaching the line L,« from outside the stability regime, the
closure of the membrane neck leads to symmetric dumbbells
consisting of two equally sized spheres. The process of neck
closure is illustrated in Fig. 4 for asymmetric dumbbells with

v = 0.768 and for symmetric dumbbells with v = 1/v/2 = 0.707.
The line Ly, is described by the functional relationship*?

o1 1 1
V:VH_](WZ):*W#*(I*W) l+m fOI‘ (8)
> V2.
The line L,. is located at’
1
y=v,=—==0.707 and m>m. =vV2=1414. (9
v > )
" . ‘
(b) z : :

Fig. 4 Examples for dumbbell shapes with open and closed necks:
(@) Dumbbells with v = 0.768, corresponding to the three solid circles in
Fig. 3. From left to right, these shapes have the rescaled spontaneous
curvatures m = 1.2, 1.3 and >1.56, where the rightmost shape corresponds to
the limit shape Ly, with v = 0.768; (b) Dumbbells with v = v, = 1/\/§ =0.707
corresponding to the three solid squares in Fig. 3. From left to right, these
shapes have the spontaneous curvature m = 1167, 1352, and

m>m, =2 =1414.
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The two boundary lines meet in a corner point with m = m, =

v2 and v = v, = 1/+/2. At this corner point of the morphology
diagram, the dumbbell shape consists of two equally sized
spheres with radius Ry./v2 and vanishing bending energy. In
the following, the limit shapes along the two boundary lines
will provide useful reference shapes.

In Fig. 3, we also included the dotted line DP*®" at which the
vesicle undergoes a discontinuous transition from up-down
symmetric to up-down asymmetric dumbbells with open
necks.'? Along the transition line DP**", the two types of dumb-
bells have the same bending energy.

The partial morphology diagram displayed in Fig. 3 contains
additional stability regimes for multispheres consisting of N;
large spheres and Ny small spheres with N; + Ny > 3. Such
(N + Ng)-spheres have been observed for cholesterol-containing
membranes which were exposed to asymmetric sugar
solutions.?” The general theoretical method to determine these
multispheres has been developed in ref. 9 and has been used
to determine their stability regimes within the spontaneous
curvature model.*

Lines of multispherical limit shapes with up to N; + Ny = 3
shapes were also obtained in the bilayer coupling model***%"”
and within the area-difference-elasticity model.”® A graphical
method to determine the shapes in the area-difference-
elasticity model from those in the bilayer coupling model has
also been described."”

However, in what follows, we will not consider (N; + Ng)-
spheres with N; + Ny > 3 because the experimentally observed
vesicle shapes with v = 0.670 as displayed in Fig. 1 and 2 involve
only two subcompartments connected by a narrow membrane
neck, in close analogy to the (1 + 1)-spheres, which are formed
for somewhat larger v-values with v > 1/v/2 = 0.707, i.e., at and
above the line L,- displayed in Fig. 3 and described by eqn (9).

4 Analysis of experimental
observations
4.1 Theoretical analysis of GUV shapes

Our theoretical analysis is based on the time-lapse Movie 1
(ESIT) which consists of 200 snapshots or frames, each of which
displays a different image of the same GUV as obtained by
differential interference contrast microscopy. This GUV repre-
sents one out of four individual GUVs for which the same mode
of shape oscillations has been reported.® The time-lapse
Movie 1 (ESIf) was taken with the predefined time interval
At = 7.61 s between successive frames and displays the whole
series of 200 frames within 20 s, corresponding to about 1500 s
or 25 min real time. Apart from a few frames at the beginning
and at the end, the movie consists of 26 complete shape
oscillations with an average time period of 55.9 s as described
in more detail further below.

All individual snapshots of Movie 1 (ESIt) are consistent
with the view that the observed shapes represent essentially
axisymmetric shapes that are tilted with respect to the focal
plane and are deformed by relative displacements of the two
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subcompartments with respect to the closed membrane neck,
which acts as a flexible hinge. The two shape sequences in
Fig. 1a-c and 2a-c have been selected because they can be well
approximated by axisymmetric shapes without additional
deformations arising from relative displacements around the
hinge-like membrane neck.

During the observed shape changes, both the membrane
area and the volume of the GUVs were essentially conserved.
These properties were explicitly demonstrated for the six snap-
shots in Fig. la-c and 2a-c by fitting splines to the shape
contours of these images, assuming rotational symmetry of the
shapes, and then measuring the membrane area A4 and
the vesicle volume V as well as the neck radius Rn..>”*' The
numerical estimates for these geometric quantities are given in
Table 1 which also displays the resulting volume-to-area ratio v
=0.670 £ 0.01. The latter value implies that the vesicle has been
significantly deflated, compared to a spherical shape with v =1,
by the osmotic pressure arising from the hypertonic conditions
in the exterior aqueous solution.®

The theoretical shapes in Fig. 1d-f and 2d-f were then
calculated using the volume-to-area ratio v = 0.670 and several
values of the rescaled spontaneous curvature m as given in
Table 2 and displayed in the morphology diagram of Fig. 3.
Furthermore, to obtain the dimensionful quantities from the

dimensionless ones, we used the vesicle size Ry, = \/A/(4n) =
5.57 um as obtained from the area A = 390 um” of the image in
Fig. 1a, see first row in Table 1.

4.2 Two branches of stable dumbbells

All dumbbells computed for the symmetry-breaking transfor-
mation in Fig. 1d-f and for the symmetry-restoring transforma-
tion in Fig. 2d-f have the same volume-to-area ratio v = 0.670
but differ in their /m-values, see Table 2. Both types of shape
transformations involve up-down symmetric as well as asym-
metric dumbbells. The symmetric dumbbells are formed for a
wide range of r-values as illustrated in Fig. 5. For these
dumbbells, the neck radius monotonically decreases as we
increase the spontaneous curvature .

In contrast, the asymmetric dumbbells with an open neck as
in Fig. 1f and 2d, e are only found for a relatively small range
of m-values. Indeed, when we start from a certain asym-
metric dumbbell and increase the spontaneous curvature, the

Table 1 Membrane area A, vesicle volume V, dimensionless volume-to-
area ratio v defined in egn (4), and neck radius R, as estimated from the
optical images in Fig. la—c and 2a—c via fitting with splines. In the third and
fourth row, the upper bound for R, corresponds to the optical resolution
of differential interference contrast microscopy. The error of the spline
fitting was estimated with +2 pixel which corresponds to £132 nm

A [pm?] V [pm?] v Ry [pm]
Fig. 1a 390 £+ 30 490 + 60 0.68 £ 0.01 1.1 +£0.2
Fig. 1b 380 £ 30 470 £ 60 0.68 + 0.01 0.8 £0.2
Fig. 1c 380 + 30 460 £ 50 0.66 + 0.02 <0.3
Fig. 2a 380 £+ 30 470 + 53 0.67 £ 0.01 <0.3
Fig. 2b 380 + 30 463 £ 52 0.68 + 0.01 0.6 = 0.2
Fig. 2c 380 + 30 483 £ 55 0.68 + 0.01 0.9 £ 0.2
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Table 2 Dimensionless shape parameters v and m that were used to
compute the dumbbell shapes in Fig. 1d—f and 2d-f, see also Fig. 6. The
third column contains the rescaled neck radius Rne = Rpe/Rye Of the
computed shapes. The spontaneous curvature m = m/R,. and the neck
radius Rne = RneRve in the fourth and fifth column were computed using
the vesicle size R,. = \/A4/(4n) = 5.57 pm as obtained from the membrane
area A = 390 um? for the image in Fig. 1a

) m Rue m [um™"] Rpe [pm]
Fig. 1d 0.670 1.18 0.21 0.21 1.17
Flg le 0.670 1.63 0.14 0.29 0.78
Fig. 1f 0.670 1.89 0.021 0.34 0.12
Flg 2d 0.670 1.89 0.021 0.34 0.12
Flg 2e 0.670 1.93 0.094 0.35 0.52
Fig. 2f 0.670 1.40 0.17 0.25 0.95
1.18 1.40 1.63 1.89 1.94 2:27

Fig. 5 Symmetric dumbbell shapes (blue) for constant volume-to-area
ratio v = 0.670 and rescaled spontaneous curvature m as given by the
numerals below the shapes. The first three shapes correspond to the blue
diamonds in Fig. 3. This sequence of shapes illustrates the closure of the
membrane neck along the symmetric branch as we increase the value of
the spontaneous curvature m from 1.18 to 2.27.

resulting dumbbells become more and more symmetric until
we reach the bifurcation point B,,, which is provided by a
symmetric dumbbell with an open neck and has spontaneous
curvature (B,p). At the latter -value, the asymmetric branch
merges with the symmetric one and the asymmetric branch
ceases to exist for m > m(Bgp).

On the other hand, when we decrease the spontaneous
curvature, the neck radius of the asymmetric dumbbell
becomes smaller and smaller until we reach the limit shape
Lps with a closed neck for spontaneous curvature 7(Lps). The
closed neck of this limit shape connects a spherical with a
prolate subcompartment. Therefore, the branch of stable asym-
metric dumbbells with an open neck is limited to those values
of the spontaneous curvature that satisfy

ALps) < M < M(Bop). (10)
For v = 0.670, the value of /(L) is estimated to be 1.84 + 0.04
and the value of 7(B,y,) is somewhat larger than 1.933. For all
m-values within the interval as given by eqn (10), the vesicle
can also form a symmetric dumbbell. Therefore, asymmetric
dumbbells always coexist with symmetric ones. Examples for
this coexistence of symmetric and asymmetric dumbbells are
provided in Fig. 6. Inspection of this figure reveals that, in
contrast to the symmetric dumbbells, the neck radius of the
asymmetric dumbbells increases with increasing spontaneous
curvature. At the bifurcation point B,, with 7(B,p) ~ 1.933, the
neck radius has the value R, = 0.11.

This journal is © The Royal Society of Chemistry 2021
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SO O

1.89 1.92 L93 1.933 1.94

Fig. 6 Up-down symmetric (blue) and asymmetric (red) dumbbells for
v = 0.670 and five values of the rescaled spontaneous curvature m as
indicated by the numerals below the shapes. The asymmetric dumbbells
with m = 1.89 and 1.93 correspond to the red diamonds in Fig. 3. The two
types of shapes coexist between m = 1.89 and m = 1.933. For m = 1.94,
only the symmetric shape is found which implies that the asymmetric
branch merges with the symmetric one at a critical value of the sponta-
neous curvature slightly above m = 1.933. Comparison of the asymmetric
and symmetric shapes reveals that the asymmetric shapes approach the
symmetric ones in a continuous manner as we increase the spontaneous
curvature towards its critical value. This conclusion is further corroborated
by the corresponding energy branches in Fig. 7. Note that the neck radius
of the asymmetric (red) dumbbells increases with increasing m, in
contrast to the behavior of the symmetric (blue) dumbbells. For more
details on the dependence of the dumbbell shapes on the spontaneous
curvature, see Movie 2 (ESIT).

It follows from the dumbbell shapes in Fig. 6 that the
spontaneous curvature (B,p), at which the asymmetric branch
merges with the symmetric one, is somewhat larger than
m = 1.933. Furthermore, the asymmetric dumbbell with
m = 1.89 must be quite close to the limit shape L,; because
the membrane neck of the latter dumbbell is almost closed and
the smaller subcompartment has already an essentially sphe-
rical shape. To estimate the spontaneous curvature (L) for
the prolate-sphere limit shape, we compute the mean curvature
M0 at the north pole of the asymmetric dumbbells and the
mean curvature Mg, at the south pole of these dumbbells.
As we approach the limit shape Ly, the rescaled mean curva-
tures Mypol = MppolRve and Mgpo1 = MgpoiRye should satisfy the
asymptotic equality

anol + Mspol ~ 2m(Lyps), (11)
as follows from the closure condition for membrane necks in
eqn (7) and from the observation that both the spherical and
the prolate subcompartments of L, are up-down symmetric.
The neck closure condition as given by eqn (11) provides
one estimate for the spontaneous curvature m(Lps) of the
prolate-sphere limit shape. A second estimate is provided by
extrapolating the asymmetric branch in Fig. 8 to R, = 0, see red
star in Fig. 8a.
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Fig. 7 Rescaled bending energy Epe = Epe/(87K) as a function of rescaled
spontaneous curvature m for volume-to-area ratio v = 0.670. The
Epe-values are displayed in blue for the symmetric dumbbells and in red
for the asymmetric ones. The inset shows the energy difference AEpe
between the metastable asymmetric and the stable symmetric branch, as
defined in egn (12). The asymmetric branch (red) has a slightly larger
bending energy than the symmetric branch (blue). Therefore, the asym-
metric branch represents a branch of metastable shapes. The two
branches merge with a common tangent at a critical m-value slightly
above m = 1.933, see Fig. 6. The symmetric branch exhibits a pronounced
minimum at m = 1.373 which reflects the vicinity of the corner point with
v=1/v2 and m = /2, at which the bending energy vanishes, see the
morphology diagram in Fig. 3.

4.3 Two branches of the bending energy

The symmetric and asymmetric dumbbells as displayed in
Fig. 6 belong to two different branches of the bending energy
Epe as shown in Fig. 7. As described in the previous subsection,
these two branches coexist for the 7#-interval with 7m(Lps) <
m < 1h(Bop) with m(Lps) ~ 1.84 and merge continuously into a
single symmetric branch when the spontaneous curvature
reaches the bifurcation value m = m(B,,) with 1.933 <
M(Bop) < 1.94, where the numerical values apply to v = 0.670.
The continuous bifurcation at spontaneous curvature 7(By,) is
confirmed by the functional form of the bending energy, see
inset in Fig. 7. The latter inset displays the rescaled bending
energy difference
AEye = (B3 — ERe)/(8m) (12)

between the bending energy Ef¢ of the asymmetric branch and
the bending energy E, of the symmetric branch. Because this
energy difference is always positive, the asymmetric branch
represents a branch of metastable shapes. Furthermore, inspec-
tion of this inset reveals that the two energy branches merge
with a common tangent for a critical m-value close to 1.94. The
latter behavior agrees with the shape evolution in Fig. 6, which
directly demonstrates that the up-down asymmetric shapes
become more and more symmetric as we approach the bifurca-
tion value 7(B,p,) of the spontaneous curvature.

In the spontaneous curvature model, the bending energy
difference AEy. displayed in the inset of Fig. 7 is always
positive, i.e., the asymmetric branch has an increased bending
energy compared to the symmetric one. Further below, we will
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Fig. 8 Rescaled radius Rne = Rne/Rve Of membrane neck as a function of
spontaneous curvature m for v = 0.670: (a) computed variation of the neck
radius along the symmetric (blue) and asymmetric (red) dumbbell branches.
The corresponding shapes are displayed in Fig. 6 and Movie 2 (ESIT). As we
increase the spontaneous curvature m, the neck radius decreases along the
symmetric but increases along the asymmetric branch. The red star indicates
the estimate m ~ 1.84 for the spontaneous curvature of the prolate-sphere
limit shape Lps with Rae = 0; (b) evolution of neck radius and spontaneous
curvature for the three shapes in Fig. 1 that describe the symmetry-breaking
transformation; and (c) evolution of neck radius and spontaneous curvature
for the three shapes in Fig. 2 that describe the symmetry-restoring trans-
formation. The error bars of the neck radius correspond to the uncertainty of
the neck radius as obtained by approximating the experimental shape
contours in Fig. la-c and 2a-c with splines, truncated at the bifurcation
point and the threshold of the optical resolution. The error bars of the
spontaneous curvature correspond to the resulting uncertainty of the spon-
taneous curvature given the non-linear shape of the curve. The horizontal
dotted lines represent the optical resolution limit of 300 nm.

consider the area-difference-elasticity model and study the
bending energies as a function of the local spontaneous
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curvature myo.. In the latter case, the branch of asymmetric
shapes has a lower bending energy and, thus, becomes the
stable state of minimal bending energy.

4.4 Closing and opening of membrane necks

For each dumbbell shape, the two subcompartments are
connected by a membrane neck with a circular waistline. The
radius of this waistline defines the neck radius R, see Fig. 1
and 2, which changes during the shape oscillations. Thus, in
addition to the global up-down symmetry of the dumbbells,
these shapes can also be distinguished by their neck radius R,,.
which represents a local property.

In Fig. 8a, we display the rescaled neck radius

Rne Rne — Rne (13)

Rve \/ A/(4TC)
as a function of the spontaneous curvature m = mRy., along the
symmetric (blue) and asymmetric (red) branch of dumbbells.
In addition to the two branches of the neck radius as a function
of spontaneous curvature, the two panels b and c of Fig. 8
contain the numerical values of R,. and m for the three
dumbbell shapes in Fig. 1 and 2. The latter plots show once
more that, in the spontaneous curvature model, the neck radius
decreases and increases monotonically along the symmetric
and asymmetric branches, respectively, as we increase the
spontaneous curvature of the GUV membrane. These plots also
show how the uncertainties in the neck radius lead to different
uncertainties in the spontaneous curvature, depending on
the value of the radius as well as the branch to which the
shape belongs. The steeper the curve of the neck radius is, the
more accurate can the spontaneous curvature be estimated.
Additionally the branch bifurcation point and the optical
limit are natural boundaries at which the error bars can be
truncated.

4.5 Time dependence of active shape oscillations

The time-lapse Movie 1 (ESIt) consists of 200 individual snap-
shots or frames which were taken with the predefined time
interval At = 7.61 s between successive frames. We number the
frames by the index i from i = 1 to { = 200 and label each frame
as ‘open’ if it displays an open neck and as ‘closed’ if the neck
appears to be closed on the optical image. In this way, we map
the sequence of 200 vesicle images onto a sequence of open and
closed states. Both types of states are persistent and form short
subseries of successive open states that alternate with short
subseries of successive closed states.

We identify neck closure events to be provided by those
frames that display a closed neck and are directly preceded by a
frame with an open neck. Furthermore, a complete shape
oscillation is defined by the sequence of Ai frames between
two successive closure events. Such a sequence consists of a
subseries of three to four successive images with closed necks,
followed by a subseries of three to four successive images with
open necks. Movie 1 (ESIT) displays 191 frames between the
first and the last closure event, which form 26 complete shape
oscillations. Thus, the average number of frames, (Ai), per complete
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shape oscillation is equal to 191/26 = 7.35 frames and the average
time period for one complete oscillation is given by (Ai)At =
7.35 X 7.61 s = 55.9 s, which is similar to the cycle time observed
for Min oscillations in other compartments.**>¢

Most of the 26 complete shape oscillations consist of 7 or 8
successive images or frames. The 7-frame oscillations are
observed 15 times, the 8-frame oscillations 10 times. In addi-
tion, we observe one complete oscillation with only 6 successive
frames. Thus, including these statistical fluctuations, we obtain
the estimate

Ai=(Ai) +1=735+1

for the number of frames of each individual shape oscillation
which shows that these oscillations are quite regular and
almost clock-like. The deviations from a perfect clock corre-
spond to a variation by about 14 percent which reflect the
stochastic attachment-detachment kinetics of the Min
proteins.””® Furthermore, when these molecular oscillations
drive the shape transformations of the GUVs, small differences
in the initial shapes tend to become amplified during the shape
evolution and to generate relative displacements of the two
subcompartments around the membrane neck. To obtain a
quantitative description of the experimentally observed shapes
in terms of axisymmetric shapes, we selected the images i =1, 2,
and 3 for the symmetry-breaking transformation in Fig. 1 and
the images i = 68, 69, and 70 for the symmetry-restoring
transformation in Fig. 2.

The theoretical shapes in Fig. 1 and 2 were obtained for the
parameter values in Table 2. The resulting time-dependence of
the spontaneous curvature 7 is shown in Fig. 9 where we plot
versus the frame index i which corresponds to the time

t=@G—1)At=(G—1) x 7.61s (14)

after the initial image 7 = 1. For each spontaneous curvature
m = m(i) in Fig. 9, the GUV shape has a certain neck radius Ry, =
Rye(7) as plotted in Fig. 8b and c. When we combine these two
relationships, we obtain the time dependence of the neck
radius Rye = Rpe(f) as shown in Fig. 10.

Because of the relatively large error bars for the data in
Fig. 10, depicting the time-dependence of the neck radius Ry,
it is difficult to fit these data in a quantitative manner. The
presumably simplest fit is provided by a single Fourier mode of
the form

Rye = a + beos[2n(i — 1)/7], (15)

where we identify the frame indices i = 68,...,71 in Fig. 10 with
the indices i = 5,. . .,8 as well as the frame indices i =8 and i =1,
thereby taking the oscillation period to be Ai = 7. Using the
method of least squares provided by the Julia package
LsqFit.jl,** we then obtain the parameter values a = 0.10 + 0.02
and b = 0.09 £ 0.03 as used in Fig. 10.

4.6 Modifications arising from area-difference-elasticity

In the previous sections, we described the curvature elasticity of
the vesicle membrane by the spontaneous curvature model as
given by eqn (1). From the theoretical point of view, this model
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The blue data points correspond to up-down symmetric dumbbell shapes,
the red data points to asymmetric ones. The symmetry-breaking trans-
formation in Fig. 1 corresponds to i = 1, 2, and 3, the symmetry-restoring
transformation in Fig. 2 to i = 68, 69, and 70. The image i = 4 displays a
slightly distorted version of i = 3 and is thus taken to have the same
m-value as i = 3. The image i = 71 displays a symmetric dumbbell with an
increased neck radius compared to i = 70. This increased radius implies the
spontaneous curvature m = 1.32. The combined sequence of all eight
images represents one complete shape oscillation with an average time
period of 55.9 s. The error bars are obtained as in Fig. 8.
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Fig. 10 Rescaled neck radius R, versus frame index i corresponding to
time t = (i — 1) x 7.61 s. Direct inspection of the frame with index i = 71
leads to the neck radius R, = 0.189 for this image. The combined
sequence of all eight images represents one complete shape oscillation
which takes, on average, 55.9 s. The color code of the data points is the
same as in Fig. 9. The trigonometric curve (dashed black line) through the
data provides the best fit to a single Fourier mode as parametrized by
egn (15). The error bars are obtained as in Fig. 8.

directly applies to lipid bilayers with at least one lipid compo-
nent that undergoes frequent flip-flops between the two bilayer
leaflets, as recently confirmed experimentally for lipid bilayers
with cholesterol.?**® The vesicle membranes studied in ref. 6,
on the other hand, contained the two phospholipids DOPC and
DOPG as well as a very small mole fraction of labeled DOPE,
all of which are not expected to undergo frequent flip-flops on
the experimentally relevant time scales. In the latter situation,
we need to generalize the spontaneous curvature model to
the area-difference-elasticity model,"*™*® which can, however,
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be mapped back onto the spontaneous curvature model by
decomposing the spontaneous curvature into a local and a
nonlocal contribution.”"®

In the absence of flip-flops, each leaflet has a fixed number
of lipids which generates an additional constraint on the area
difference between the two leaflets. This area difference is
proportional to the integrated (or total) mean curvature

Iv
Rye

IM = JdAM or iM = (16)
where the vesicle size Ry. = \/A4/(4n) in eqn (3) has been used
to define the dimensionless curvature I .§

When we include the constraint on the area difference and,
thus, the integrated mean curvature, we arrive at the area-
difference-elasticity (ADE) model with the energy™>"°

Espe = Epe’ + Dapg (17)
consisting of the local bending energy
Ebe’ = ZKJdA(M — mloc)2 (18)
and the nonlocal ADE term
DapE = ZE%UM — Ivo)*. (19)

The local bending energy E,. has the same form as the
spontaneous curvature model in eqn (1) with the spontaneous
curvature m replaced by the local spontaneous curvature mo..
The nonlocal ADE term D,pg is proportional to (i) the second
bending rigidity x,§ and to (ii) the squared deviation of the
integrated mean curvature Iy from its reference value I ,.
Thus, the nonlocal ADE term D,pg involves two additional
parameters, the second bending rigidity x, and the reference
value Iy of the integrated mean curvature.

The second bending rigidity x4 is, in general, difficult to
determine but is typically comparable to x.'* In order to
eliminate one parameter, we will focus on the case with x,
equal to . The reference value Iy, on the other hand, can be
estimated from the integrated mean curvatures of the six
shapes displayed in Fig. 1 and 2. The resulting numerical
values of the dimensionless quantity Iy; = Iyy/R,. are displayed
in Table 3. The best estimate for the reference value Iy = x is
now obtained by minimizing the root-mean-square deviation

6
RMSD = " (Iy,; — x)°

i=1

(20)

with respect to x where the index i runs over the six shapes in
Fig. 1 and 2. As a result, we obtain the best estimate

(21)

NI

- o 1<
Tno=Mo _IS~p 1763
w1351

§ The dimensionless integrated mean curvature Iy is related to the dimension-
less area difference Aa as discussed in ref. 12, 16 and 17 by Iyy = 4nAa.

€ In ref. 17, the prefactor n in eqn (19) is combined with the second bending
rigidity x4 to define the nonlocal bending energy «, = mx 4.
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Table 3 Integrated mean curvature Iy = Im/Rye for the six shapes in Fig. 1
and 2 as well as the deviation Aly = Tmo — Im from the reference value
7M,o = 17.63, the nonlocal spontaneous curvature my,o as obtained from
eqn (23) with k4/k = 1, the spontaneous curvature m as in Table 2, and the
local spontaneous curvature Mo = M — Mpe. The nonlocal spontaneous
curvature myc is positive and negative for symmetric and asymmetric
shapes, respectively. Apart from Fig. 1d, the local spontaneous curvature
Mo differs from m only by a few percent

Iv ATM Mnlo m Mioc
Fig. 1d, sym 17.01 +0.62 +0.16 1.18 1.02
Fig. 1e, sym 17.47 +0.16 +0.04 1.63 1.59
Fig. 1f, asy 18.14 —0.51 —0.13 1.89 2.02
Fig. 2d, asy 18.14 —0.51 —0.13 1.89 2.02
Fig. 2e, asy 17.72 —0.09 —0.02 1.93 1.95
Fig. 2f, sym 17.28 +0.35 +0.09 1.40 1.31

for the dimensionless integrated mean curvature. This curva-
ture value is close to the one of a symmetric dumbbell or (1 + 1)-
sphere, corresponding to the limit shape L,« in Fig. 3, for which
In = 8n/V2 =17.77.

The stationary shapes of the area-difference-elasticity model
are also stationary shapes of the spontaneous curvature

model**™ provided we use the identification®"’
M= Mee + Mplo OF M = Myoe + Mo (22)
with the nonlocal spontaneous curvature
Kalmo — Im _ KA, + -
Mplo = T————— O Myplo =—Imo — IMm)- 23
nlo K A nlo 4K( M,0 M) ( )

The local spontaneous curvature 7, can then be computed via
Mioe = M — Myo.|| The numerical values for the local and
nonlocal spontaneous curvature obtained in this manner for
the shapes in Fig. 1 and 2 are provided in Table 3.

The rescaled ADE energy is now given by

- E R _
Eapg = SADE = Eve + DapE (24)
K
with the rescaled local bending energy
_ By 1 _
Ebe = STCK = 4RvC2JdA(M — I’n]oc) (25)
and the rescaled nonlocal ADE term
= DapE I x4, — 2
D = =——(Imo—1Im)". 26
ADE 8mic 167 k ( M0 M) (26)

The ADE model depends on four dimensionless parameters:
the volume-to-area ratio v, the local spontaneous curvature /7,
the reference value Iy, of the integrated mean curvature, and
the rigidity ratio x,/x. For the fixed parameter values v = 0.670,
I = 17.63, and k/k = 1, we are left with only one dimension-
less parameter, the local spontaneous curvature ... Within
the ADE model, this latter parameter depends on the amount of
Min proteins bound to the inner leaflet of GUV membrane. The
time-dependent oscillation of the local spontaneous curvature
Tyoc is displayed in Fig. S2 (ESIT). Comparison with the time

| All barred curvatures are dimensionless and obtained from the unbarred ones
by multiplication with the basic length scale Rye.
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dependence of 7 in Fig. 9 shows that, in contrast to 7, the local
curvature . decreases monotonically during the symmetry
restoring transformation between frame 68 and 70.

The dependence of the ADE energies on . is displayed in
Fig. 11. Note that the ADE energy of the asymmetric branch is
now below the energy of the symmetric one and that the energy
difference

AEADE = Ei%’E - E/S&)E (27)

between the asymmetric and the symmetric branch is now
negative, see Fig. 11d. The energy values displayed in this
figure have been computed for x4/k = 1 but the same ordering
of the energy levels applies to i 4/k = 2 as well, see Fig. S3 (ESIT).
For phospholipid membranes without flip-flops, the bending
rigidity ratio is expected to lie within the range 1 < x/x < 2.
Therefore, the asymmetric energy branch is likely to be located
below the symmetric one for realistic values of k 4/k.

5 Discussion

In this study, we analyzed the recently observed shape oscilla-
tions of giant vesicles in a quantitative manner, using the
framework of curvature elasticity. In the latter framework, the
simplest model is provided by the spontaneous curvature
model in which the shape of a uniform vesicle membrane
depends on two dimensionless parameters, the volume-to-
area ratio v, see eqn (4), and the rescaled spontaneous curva-
ture m = mR.. A detailed theoretical analysis of Movie 1 (ESIY)
showed that the shape oscillations conserve both the vesicle
volume and the membrane area which implies a constant value
of v (Table 2). Our analysis also revealed that the observed
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Fig. 11 Integrated mean curvature and different energy contributions in
the ADE model as functions of the local spontaneous curvature m for
rigidity ratio x4/k = 1. The symmetric and asymmetric branches are
displayed as blue and red lines, respectively: (a) Integrated mean curvature
I as in egn (16); (b) Nonlocal area-difference-elasticity term Dapg as in
eqn (26); (c) local bending energy E,.’ as in egn (25); and (d) ADE energy
Eape Which is equal to the sum of the local and nonlocal terms in panels b
and c. In contrast to the spontaneous curvature model, see Fig. 7, the
energy of the asymmetric branch is now below the energy of the symmetric
one. All quantities were computed for volume-to-area ratio v = 0.670 and
reference value Iy = 17.63 of the integrated mean curvature.
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shape oscillations can be understood in terms of a time-
dependent spontaneous curvature, which varies in a cyclic,
almost periodic manner.

Surprisingly, these shape oscillations were found to involve
two energy branches of the vesicle membrane, corresponding to
up-down symmetric and up-down asymmetric dumbbells, see
Fig. 6 and 7. The latter two figures imply that the two branches
merge in a continuous manner. During each complete shape
oscillation, the vesicle morphology undergoes a symmetry-
breaking transformation (Fig. 1) at which an up-down sym-
metric dumbbell with two subcompartments of equal size
transforms into an up-down asymmetric dumbbell with two
subcompartments of different sizes, followed by the reverse,
symmetry-restoring transformation (Fig. 2). In the spontaneous
curvature model, the bending energy of the asymmetric branch
exceeds the bending energy of the symmetric one (Fig. 7).

The phospholipids studied in ref. 6 are unlikely to undergo
frequent flip-flops between the two leaflets of the bilayer
membranes. To take this absence of flip-flops into account,
we extended the spontaneous curvature model to the area-
difference-elasticity (ADE) model by decomposing the sponta-
neous curvature /7 into a local and a nonlocal component, see
eqn (22) and (23). In the ADE model, the attachment-detachment
kinetics of the Min proteins leads to variations of the local
spontaneous curvature /.. as given in Table 3 for the observed
shapes in Fig. 1 and 2. Furthermore, the branch of asymmetric
dumbbells is now located below the branch of symmetric ones,
both for x4/k = 1 (Fig. 11) and for x,/x = 2 (Fig. S3, ESIY).
Therefore, both the symmetric and the asymmetric dumbbells
that have been observed experimentally (Fig. 1 and 2) are likely to
represent stable shapes of minimal bending energy.

The branch of asymmetric dumbbell shapes observed here
involves a prolate-sphere limit shape L, consisting of a prolate
and a spherical subcompartment which are connected by a
closed membrane neck. In the present study, we studied the
volume-to-area ratio v = 0.670 for which we obtained the
estimate 7(Ly,s) ~ 1.84 for the spontaneous curvature at which
this limit shape L is formed. Such prolate-sphere limit shapes
are expected to be stable within a whole region of the morpho-
logy diagram as defined by the two shape parameters v and 7,
in close analogy to the stability regime for the two-sphere
vesicles in Fig. 3. For the prolate-sphere limit shapes, the
corresponding stability regime remains to be determined and
will add another layer to the morphological complexity of
vesicle shapes.

One unexpected outcome of our analysis is that the coupling
of membrane curvature to active processes can reveal new
branches of vesicle shapes that have not been observed before.
In the present study, such shapes are provided by asymmetric
dumbbells with volume-to-area ratio v < 1/v/2 = 0.707. Thus, it
should be rather interesting to extend our study, both experi-
mentally and theoretically, to different values of v and to see
whether or not the Min-induced shape oscillations typically
involve distinct branches of (meta)stable shapes.

Finally, in the present study, the two subcompartments of
the GUVs were always connected by a narrow membrane neck.
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From the theoretical point of view, a sufficiently large sponta-
neous curvature can cleave such a neck by curvature-induced
constriction forces,” as recently demonstrated for GUVs that
were exposed to His-tagged proteins.?® Therefore, an interesting
and challenging objective for future studies is to cleave these necks
by combining the Min proteins studied here with other curvature-
generating molecules.
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