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Abstract With the recent dawn of synthetic biology, the
old idea of man-made artificial life has gained renewed
interest. In the context of a bottom-up approach, this entails
the de novo construction of synthetic cells that can
autonomously sustain themselves and proliferate. Repro-
duction of a synthetic cell involves the synthesis of its inner
content, replication of its information module, and growth
and division of its shell. Theoretical and experimental
analysis of natural cells shows that, whereas the core
synthesis machinery of the information module is highly
conserved, a wide range of solutions have been realized in
order to accomplish division. It is therefore to be expected
that there are multiple ways to engineer division of syn-
thetic cells. Here we survey the field and review potential
routes that can be explored to accomplish the division of
bottom-up designed synthetic cells. We cover a range of
complexities from simple abiotic mechanisms involving
splitting of lipid-membrane-encapsulated vesicles due to
physical or chemical principles, to potential division
mechanisms of synthetic cells that are based on prokaryotic
division machineries.

Keywords Synthetic cells - Cell division - Minimal cells -
Vesicle splitting

Traditionally, this quote is attributed to Rudolph Virchow
(1821-1902), one of the founders of the cell theory that made his
seminal contribution mainly during the fourth decade of 19th
centenary. However, in fact Virshow adopted this epigram from
Raspail (1825) and only popularized it (Wright and Poulsom 2012).
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“Omnis cellula e cellula”, Frangois-Vincent Raspail (1825).

Introduction

The advent of synthetic biology signals an increasing
emphasis on the engineering of biology. One of the main
goals of the field is to create biological systems that will
serve as a ‘chassis’ for the engineering of higher-level
functionalities (Drubin et al. 2007; Purnick and Weiss
2009; Porcar et al. 2011). The attempt to construct a man-
made cell is arguably the most challenging goal of syn-
thetic biology. In efforts to achieve this, one can distin-
guish three main approaches that are mutually connected at
the level of mechanistic understanding. In the top-down
approach, existing biological cells are analyzed, manipu-
lated and minimized in order to identify the smallest nec-
essary number of genes that can sustain life (Hutchison
et al. 1999; Koonin 2000; Glass et al. 2006; Forster and
Church 2006). Within the framework of the origin-of-life
one attempts to build model protocells, i.e., possible
models for the ancestors of natural cells, from materials
that may have existed during the prebiotic era (Schrum
et al. 2010; Dzieciol and Mann 2012; Murtas 2013).
Finally, bottom-up synthetic biologists start from basic
components to add and assemble these one by one
according to established engineering principles, with an
end goal to build a de novo functional cell (Luisi et al.
2006; Schwille 2011).

In essence, all attempts to construct man-made cells
are connected to the definition of life (Rasmussen et al.
2004). Although the question of what life is lies beyond
the scope of this review, it is intriguing to note that
according to the accepted cellular theory, every cell must

@ Springer



250

Y. Caspi, C. Dekker

form from a pre-existing one (Turner 1890; Mazzarello
1999; Noireaux et al. 2011). Thus, a prerequisite for any
minimal or synthetic cell is that it will be able to repro-
duce itself, that is, to grow, split and distribute its content
and its shell among its progenies. This relates to the
notion that encapsulation (and thus also splitting of the
cells) is needed for any differentiation of self and non-
self, which forms the bases for subsequent evolution.
Therefore, splitting the shell of synthetic cells, which is
the main focus of this review, is as essential for cellular
life as the accepted necessity of replication of the genetic
material (Szostak et al. 2001).

Though this review concentrates on the bottom-up
approach for synthetic cell division, it is of interest to first
ask what lessons regarding cell division can be learned
from the top-down approach. Although different top-down
studies identified somewhat different sets of essential
genes, a conservative estimate suggests that the minimal
set consists of about 200 genes that are involved in func-
tions such as DNA replication, transcription, translation
and basic metabolism. For building robust artificial cells, it
is essential to go beyond the level of merely continued
sustainance and analyze the operation of different func-
tional modules that provide the mechanism for their shell
growth and division. Surprisingly, however, inspection of
the minimal-genome lists shows that only few genes (or
even none) were associated with cell division, suggesting a
neglect of this essential process (Forster and Church 2006;
Moya et al. 2009; Henry et al. 2010; Jewett and Forster
2010). Assuming that one would like to build synthetic
cells, it is thus essential to ask how will they be able to
grow their shells and divide.

In fact, this point becomes even more pronounced by
noticing that the vast majority of existing organisms devote
numerous genes to this task. For example, in yeast and
higher eukaryotes at least 130 genes are involved in the
process of cytokinesis (Pollard 2010; Balasubramanian
et al. 2012), while in Escherichia coli (E. coli) and other
rod-shaped bacteria, the division machinery is composed of
more than 20 different proteins, with another 10 proteins
participating in the regulation of the process (Kirkpatrick
and Viollier 2011; Egan and Vollmer 2013), see also a list
of divisome proteins in the reference list (Division-Pro-
teins). Two reasons may contribute to the discrepancy
between the large number of genes that are known to
participate in cell division and their general absence from
the minimal genome lists. First, the vast majority of pro-
karyotes are encapsulated by a stiff cell wall (Typas et al.
2012; Albers and Meyer 2011), and many of these genes
are involved in the processes of cell-wall synthesis and
degradation. However, for minimal cells or first-generation
synthetic cells, these functions might be superfluous, as
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cells may still survive with partly defective cell walls, or
without a cell wall at all. Second, in spite of the high
conservation of many division proteins, and in contrast to
some other core cellular machineries like translation or
transcription, the division system exhibits a high level of
redundancy and plasticity. For example, a comparison the
genomes of three different Mollicutes bacteria species,
known for their reduced genomes, has identified only two
cell-division proteins that are common to all three species
(Fisunov et al. 2011). Hence, multiple realizations can
probably be found to address the question of how to divide
simple synthetic cells.

Here, we review different mechanisms that may be used
for synthetic cell division. In doing so, we adopt a bottom-
up perspective and we cover a range of complexities from
simple abiotic mechanisms of vesicles division to those
that are based on current prokaryote machineries. The
structure of this review is as follows: First, we discuss
physical mechanisms that can lead to vesicle splitting.
Next, we present mechanisms for vesicle splitting that
depend on the chemical synthesis of the shell material.
Subsequently, we describe simple protein machineries that
can induce cell or vesicle separation. Finally, we dwell
upon the question of the localization of the division
machinery within a cell/vesicle.

In contrast to top-down-defined minimal cells that, by
definition, contain only the minimal set of natural proteins
and nucleotides that sustain life, bottom-up-defined syn-
thetic cells can be realized from a variety of materials.
Thus, they can contain elements from existing cells but
also non-natural components, and concurrently, they can be
more complex or less complex than top-down minimal
cells. However, since the most direct way to envision
synthetic cells is through materials and machineries that at
least resemble those of modern cells, we concentrate on the
division of unilamellar vesicles of amphipathic molecules,
particularly on lipid vesicles (liposomes). As an important
remark, we note that, synthetic cells and model protocells
are not the same, though they share common themes.
Similar to the distinction between the top-down minimal
cell and the bottom-up synthetic cell approaches, the main
difference between the origin-of-life approach and the
bottom-up synthetic biology one is that the first is solely
based on the use of possible pure prebiotic chemicals,
while in the later approach both highly evolved proteins,
simple pure chemicals and/or other highly evolved cellular
components can be used side-by-side in order to achieve
the final aim (Stano and Luisi 2013). Thus, although some
division mechanisms that contribute to the proliferation of
model protocells can inspire the field of synthetic cells, and
vice versa, the proliferation of synthetic cell can involve
many other factors.
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Division processes based on physical mechanisms
Physically induced shape transformation of vesicles

All cells are enveloped by a phospholipid membrane that
can take different closed forms. In spite of the fact that
cellular shapes mostly depend on a stiff exoskeleton (cell-
wall) or a macromolecular cytoskeleton, it is interesting to
ask what physical parameters determine the shape of a bare
lipid vesicle. Similarly, though intracellular transport of
vesicles in eukaryote cells is usually regulated by protein
machineries, physical processes alone can already drive
fission or fusion of lipid membranes. Since, as mentioned
above, we think of synthetic cells as artificial cells that are
enveloped by a lipid membrane, physical processes that
induce shape changes of vesicles or promote their fission
can form the basis for physical division of synthetic cells
(Svetina 2009). Here, we discuss such physical processes.

Originating from the important development by Helfrich
(1973) of the bending energy functional, theoretical and
experimental work has shown that the shape of a liposome
with a homogeneous composition is determined by the
minimum of its elastic energy (Seifert et al. 1991). This
energy is constrained by the volume (V), area (A), area-dif-
ference between the two leaflets of the lipid double layer
(4Ayp), and the spontaneous curvature of the lipids (Cp) (see
Box 1). Without growth of the shell of a vesicle, the surface
area is fixed and the volume is determined by the osmotic
pressure difference between the inside and the outside of the
liposome. However, 44 or Cy are adjustable parameters that
can drive shape transformation of the vesicle. Such a trans-
formation of the shape of a vesicle under the control of the
adjustable parameters is called a shape trajectory. Of par-
ticular interest in the context of this paper, is the fact that the
adjustable parameters can drive the transformation a vesicle
into two (or more) spheres that are connected by a very
narrow neck(s). It is clear that such a shape transformation
brings the division of synthetic cells at arm’s length.

An interesting experimental demonstration of such a
shape trajectory is shown in Fig. la (Kis and Sackmann
1991) where a spherical vesicle is transformed into a pear
and subsequently into two vesicles that are still connected
by a narrow neck. In this experiment, shape transformation
was realized by an increase in temperature, which caused a
larger thermal expansion of the vesicle surface relative to
its volume. It should be noted that the shape trajectory of a
vesicle depends on its pre-transformed state, especially if
the vesicle is flaccid or turgid.

Using shape trajectories for inducing the division of
synthetic cells is an appealing concept, but it is not suffi-
cient. The reason, as seen in Fig. 1a, is that the two vesicles
stayed connected and some other mechanism should drive

the destabilization of the resulting neck and thus the final
separation into daughter cells. One possible mechanism for
this abscission involves the phase of the lipids in the
membrane. Bilayer-forming lipids can be obtained in sev-
eral distinct phases that are classified according to the
hydrocarbon chain order and the lateral mobility of the
lipids. It is common to define the main phase transition
temperature between the liquid-disordered phase (L), in
which the hydrocarbon chains are randomly oriented and
the lipids are highly mobile, to the ordered-gel phase (Lg),
in which the order parameter of the hydrocarbon chains is
high and their mobility is low (Meer et al. 2008). For
example, heating of bovine brain sphingomyelins (SM)
vesicles across the transition temperature resulted in the
formation of large excess area and the pinching off of small
vesicles from the mother one (Dobereiner et al. 1993).
Similarly, when 1,2-dipalmitoyl-sn-glycero-3-phosphocho
line:1,2-dimyristoyl-sn-glycero-3-phosphocholine (DPPC:
DPMC) vesicles were heated above the transition temper-
ature, inwards or outwards buds were formed, without
control on the bud direction. These buds were pinched off
of the mother vesicles by subsequent cooling below the
transition temperature (Leirer et al. 2009). By contrast, for
DPPC vesicles with a low fraction of 1,2-dilauroyl-sn-
glycero-3-phosphoethanolamine (DLPE), a heating-cooling
cycle across the transition temperature induced only outer-
bud formation and abscission (Sakuma and Imai 2011). For
high DLPE fractions, a similar temperature cycle resulted
in the formation of inward buds that were ejaculated by
"birthing’ out of the mother vesicle due to inner pressure
buildup that resulted in the formation of transient pores in
the mother vesicle membrane (see Fig. 1b). The tempera-
ture cycle could be repeated up to five times to create more
and more daughter vesicles with the same lipid composi-
tion as that of the mother one.

Another route for neck abscission is by the use of lipids in
the liquid-ordered (L,) phase, where the mobility of the lipids
is still high although the hydrocarbon chains are tightly
packed. If the membrane is composed out of L, as well as L,
lipids, regions of high lipid order can coexist with regions of
low lipid order. The boundary between these domain regions
is accompanied by a line tension, and its minimization can
drive shape transformations and neck abscission. For
example, changing the A /V ratio by heating (or by increasing
the osmotic pressure) of egg-SM:1,2-dioleoyl-sn-glycero-3-
phosphocholine:cholesterol  (egg-SM:DOPC:cholesterol)
vesicles resulted in the fission of the vesicles at the domain
boundaries (see Fig. 2a) (Baumgart et al. 2003). Indeed, the
calculated lateral tension was large enough to guillotine the
resulted neck. A somewhat different behavior was observed
when vesicles of DOPC:DPPC:cholesterol encapsulated a
polyethyleneglycol:dextran aqueous two-phase system
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Box 1 Vesicle-shape phase diagram

(a) Aa a Phase diagram of the strict-bilayer-coupling model showing different classes of
Prolate shapes. Areas in white were not explored. Note that a sphere is the point 4a = 1
14 / and v = 1. b Different stable shapes along the shape-trajectory from a prolate to

y two spheres connected by a narrow neck through the pears class for the line

12 y v = 0.8. The value of Aa for each shape is stated below it. ¢ Different stable

/ Etlipsoids shapes along the shape-trajectory from a prolate to a sphere inside a sphere shape

. — O through the stomatocyte class for the line v = 0.8. The value of Aa for each shape
is stated below it. All panels were modified with permissions from reference

Oblate Seifert et al. (1991) © (1991) American Physical Society. Panel a was compiled

0.8 by the aid of reference Svetina (2009).
Deformation of a 2-D surface embedded in a 3-D space can involve either stretching
0.6 or bending of the surface. These reversible deformation modes cost elastic energy.

Since the exposure of the hydrophobic moieties of the molecules in an
0.4 amphiphatic membrane to the aqueous environments costs a relatively large
amount of energy, the main deformation mode of membranes is bending, that is,
changes in the curvature of the membrane. Differential-geometry considerations
0.2 show that, for a general surface, one can define two principles curvatures, C; and
C, that are associated with the two perpendicular tangents to the surface. Two
0 measures for the curvature of a shape can be constructed from C; and C,, the
0 0.2 0.4 06 s o1 mean curvature (Cy 4 C;) and the Gaussian curvature /C; C;. Form these two
(b) measures, one can calculate the bending energy of a piece of surface (0A) as

%(CI +Cy — C0)2(5A + 16C1C20A, where Cj is the local spontaneous curvature
6 and x and kg are the mean and Gaussian bending moduli, respectively. The total
elastic energy in this case is the integral of these two terms over the whole surface
11273 1.20 127 1.341 of the vesicle. It was shown, however, that these two terms alone cannot account
for the behavior of lipid membranes. The reason is that a lipid bilayer membrane is
(c) composed of two leaflets, so that when it bends, one layer is stretched and the
@ @ @ QD C:) other one is compressed. Hence, an additional term is added to the elastic energy
0.62 0.7 08 09 1.0309 that describes the coupling between the two layers. One thus arrives at the so-
called, area-difference-elasticity model, where the elastic energy (G) equals
G =5§(Ci + Co — Co)’dA + kG § C1CadA + 555 (AA — AAg), (1)
where 4A > h f (C1 + Cy)dA is the area difference between the two leaflets for a given shape, A is the width of the membrane, 44, = b(N, — N;)
the area difference that is associated with the number of molecules in the outer (N,) and inner (V;) leaflets and the preferred area per molecule
due to the hydrophobic packing (b), and x, the non-local bending modulus. Since the integral of the Gaussian curvature is topology invariant
and changes only when fusion or fission events add or removes holes in a vesicle, it is usually omitted from the calculation. By defining
R = \/A/4n, it is customary to work in reduced dimensionless variables co = CoR, v = V/$7R?, da = AA/8nhR and Aay = AA/8nhR. The
ratio k., /k determines the relative contribution of the local and non-local bending terms. For the case x, >> K, one can omit the last term of the
elastic energy, and impose instead another hard constrain 4a = Aay. This limit is called the strict-bilayer-coupling model. The other limit
where «, < K is called the spontaneous-curvature model, and in that case the elastic energy is simply taken to be 5 ¢$(C) + C, — C0)2dA.
Interestingly, this limit is identical to the original model that was introduced by Canham Helfrich and Evans for the understanding of the shape
of red blood cells and which led to the development of the full area-difference-elasticity model (Canham 1970; Helfrich 1973; Evans 1974).
The result of these models is a phase diagram in the 4a — v (or ¢y — v) space with a gallery of shapes like spheres, prolates, oblates, pears,

cigars and stomatocytes, as can be seen in the figure. For a continuous change in the values of v, 4a (or ¢y), the shape of the vesicle changes
along a shape-trajectory in the phase diagram

(ATPS) (Andes-Koback and Keating 2011). At low tem-
perature, dextran and polyethyleneglycol (PEG) phase sep-
arate within the vesicle lumen. In parallel, the lipids phase
separate to L, and L, phases within the membrane. Due to the
incorporation of head-group PEGylated lipids into the L,
phase, the L, lipid phase preferentially wet the PEG-rich
aqueous phase. Thus, the dextran was found to be mainly
encapsulated by L, membrane while the PEG was encapsu-
lated by the Ly phase membrane. Addition of sucrose to
induce an osmotic pressure resulted in a transformation to a
pear shape and subsequently fission at the L, domain
boundary. Interestingly, when a mismatch existed between
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the domain areas and the amount of membrane needed to
encapsulate each polymeric aqueous phase, fission occurred
at a location that maximized the separation between the two
ATPS phases, leaving excess L or L, membrane in one of the
daughter vesicles. Thus, in this approach, the driving force
for abscission resulted from the interplay between the
encapsulated material and the membrane rather than from
forces that acted within the membrane planes alone (see
Fig. 2b).

As noted before, varying the area difference A4A,
between the two leaflets can trigger shape transforma-
tions. Indeed, tubulation, budding and pearling have been
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Fig. 1 Shape trajectories for vesicles that are physically manipulated.
a A DPMC vesicle is heated from 27.2 °C (i) to 40.9 °C (v). A further
increase of the temperature by 0.1°C transferred the shape of the
vesicle from a pear to the limiting shape of two spheres that stay
connected by a narrow neck (without abscission of the neck). Area
increased from 2,570 to 2,820 pmz, while volume changed only
slightly from 12,200 to 12,000 um>. Note that before the heating
cycle the vesicle was stiff and did not have any excess surface area.
Scale bar 10 pm. b Time series of the birthing of an inner vesicle
through the membrane of a mother vesicle. A DLPE:DPPC 3:7
vesicle was cooled down from 42 °C (i) to 35 °C (iii—v). The cooling
process created an inner pressure that caused an inner bud (that had

observed by inducing flipping of lipids from the inner to
the outer leaflet (Mui et al. 1995), by adding dextran
coupled to hydrophobic anchors to the outside of a

formed previously due to a heating process) to be ejaculated from the
lumen of the mother vesicle. Scale bar 5 pm. ¢ Fission of a
DPPC:cholesterol vesicle due to the incorporation of lyso-PC.
Budding and fission were induced by the local injection of a solution
of 1 um palmitoyl-lyso-PC. Time after injection are 0, 17, 18, 40, and
240 s for (i)—(v), respectively. Scale bar 10 pm. a Modified with
permissions from reference Kéds and Sackmann (1991) © (1991)
Elsevier Limited. b Modified with permissions from reference
Sakuma and Imai (2011) © (2011) American Physical Society. ¢
Modified with permission from reference Tanaka et al. (2004) ©
(2004) American Chemical Society

multilamellar membranes (Tsafrir et al. 2003), or by
adsorption of fatty acids from an oleic acid suspension
(Peterlin et al. 2009; Budin et al. 2012). Coupling of this
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Fig. 2 Fission of buds in liposomes with liquid-disordered phase
membranes. a Fission of a bud at the liquid-ordered/liquid-disordered
separation line upon heating from 30°C (i) to 35°C (ii). Vesicle
composition 0.615:0.135:0.25 SM:DOPC:cholesterol. L, phase was
imaged in blue by incorporating small amount of a Dil dye, L, phase
was imaged in red by incorporating a small amount of N-lissamine
rhodamine dipalmitoylphosphoethanolamine. Scale bar 5 pm. b
Fission of vesicle due to an encapsulation of an ATPS system.
0.35:0.35:0.3 POPC:DPPC:cholesterol vesicle encapsulating a

shape-transformation mechanism with destabilization of
the shape neck(s) at the L, phase can trigger vesicle
separation. For example, upon locally adding phospholi-
pase A,, (an enzyme that catalyzes the ester bond
hydrolysis of glycerophospholipids to lyso-phospholipids
and a fatty acids) to SM:cholesterol:phosphocholine (PC)
vesicles induced budding followed by abscission at the
domain boundary (Staneva et al. 2004). Likewise, local
addition of lyso-PC, as well as of other single long chain
detergents, below the minimal micelle concentration to
DPPC:cholesterol or SM:cholesterol vesicles resulted in
budding and subsequent separation to daughter vesicles
(see Fig. 1c) (Tanaka et al. 2004; Staneva et al. 2005;
Inaoka and Yamazaki 2007). In both cases, these phe-
nomena were explained based on budding induced by
material incorporation to the outer leaflet (Lyso-PC or
phospholipase A,), followed by the creation of membrane
defects (due to the high order of the L, lipids), and
finally, defect-induced attraction of the two opposite
bilayers that resulting in abscission. Thus, local targeting
of L, lipids to the division site of synthetic cells may
promote their separation.

A variation on the L, — L, fission theme was observed
when long (about 10 pm) and narrow (about 100 nm) tubes
were pulled from DOPC:SM:Cholesterol vesicles using
kinesin biomolecular motors (Roux et al. 2005). In this
case, the tubes were highly enriched in the L, DOPC lipids
due to a lipid sorting mechanism between the highly curved
tubes and the less curved vesicles. Such lipid sorting is
caused since the L, phase is more rigid than the L, one.
Thus, under the constant tension that is created by the
pulling molecular motors, the elastic energy can by
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PEG:dextran ATPS. Osmotic pressure increases form left to right.
Blue indicates lectin SBA Alexa 647 (dextran phase); red indicates L,
domain lipid (DOPE-rhodamine); and green indicates L, domain
through streptavidin-Alexa488 (bound to the lipid DSPE-PEG-2K-
biotin). Scale bar 10 microns. a Modified with permissions from
reference Baumgart et al. (2003) © (2003) Nature Publishing Group.
b Modified with permission from reference Andes-Koback and
Keating (2011) © (2011) American Chemical Society. (Color figure
online)

minimized by enriching the highly curved tubes with the
less rigid lipid phase. However, also in this case, tubes
abscission only occurred at L, — L, domain boundaries that
were created after light-induced oxidation of the choles-
terol resulted in the domain segregation. Note that theo-
retical considerations suggested another mechanism for
membrane splitting that involves sorting of lipids with a
different Gaussian bending modulus within a lipid mixture
if the minor-component lipid prefer to stay at regions with
a large positive Gaussian curvature (Chen et al. 1997).

Finally, yet another interesting mechanism to induce
shape transformation and splitting of vesicles is by induc-
ing tension in the membrane. In that case, the total energy
of the vesicles consists of its elastic energy plus the term
f odA, where ¢ is the surface tension. Indeed, when optical
tweezers induced tension in long tube-like vesicles, a pe-
arling instability was observed (Bar-Ziv and Moses 1994).
Such pearling instability is a type of Rayleigh instability
where long tubes are transferred to a string of spheres (that
remain connected by narrow necks), in order to reduce the
surface area under a constant volume. Similarly, when
optical tweezers induced tension in giant unilamellar ves-
icles, it suppressed their thermal fluctuations and over-
pressurized them. Upon turning the optical tweezers off,
the release of the pressure resulted in ’birthing’ of inner
vesicles (Bar-Ziv et al. 1995). A similar pearling phe-
nomenon was observed with long tubes of oleate vesicles
after light-induced oxidation of thiols (Zhu et al. 2012). It
was suggested that the oxidation increased the surface
tension of the membrane thus triggering the separation of
the small pearls. However, the exact physical mechanism
remained somewhat unclear in this case.
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Vesicle growth and fission by incorporation of external
mater

Obviously, proliferation of synthetic cells requires both
growth and division. It is therefore interesting to ask what are
the possible routes to couple these two processes. Since an
excellent review about the subject was recently published
(Stano and Luisi 2010), we will dwell upon this only briefly.
In this section, we review growth-division processes that are
induced by external addition of amphiphatic molecules.

In principle, lipid vesicles or synthetic cells can grow by
incorporating lipids from the environment. However, under
most relevant experimental conditions, the use of such pro-
cess is prevented due to the large hydrophobic energy that is
associated with (1) creating membrane defects that are large
enough to accommodate the incorporation of new lipids, and
(2) the relatively low critical aggregation concentration of
lipids in aqueous solution. This situation is radically changed
with fatty acids. Unlike lipids, fatty acids have only one
hydrophobic tail and a relatively small hydrophilic head
group. In comparison to lipids, fatty acids therefore have a
much higher critical aggregation concentration and a much
higher probability of exchange between any amphiphatic
aggregate and the aqueous solution. In particular, the average
residence time of the typical fatty acids in the membranes is
of the order of milliseconds to seconds, depending on the
fatty acid chain length. As a result of this fast dynamics, the
probability for the incorporation of fatty acids into a vesicle
membrane from the environment is relatively high, which
can be used for growth of the vesicle shell.

The growth of oleic acid/oleate vesicles as well as of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
vesicles by fatty acids incorporation was demonstrated
when oleate micelles were added to the solution with pre-
formed vesicles (Blochliger et al. 1998; Lonchin et al.
1999). Addition of oleate micelles from a solution with a
high pH to a solution with a lower pH resulted in growth of
oleic acid/oleate vesicles with a broad size distribution. By
contrast, the existence of pre-formed vesicles caused a bias
of the new vesicle-size distribution towards the size of the
pre-existing ones, and also induced vesicles division as was
inferred from electron microscopy and light-scattering
measurements (see Fig. 3a) (Berclaz et al. 2001; Stano
et al. 2006). This ability of pre-formed vesicle to influence
the growth of oleate micelle was termed the *matrix effect’.
It can be envisioned that similar mechanisms might be
harnessed for inducing growth and division of synthetic
cells. However, since for bottom-up synthetic cells field,
lipids are highly preferred over fatty acids as they create a
much better barrier for the translocation of small molecules
across the membrane, such a mechanism probably would
have to be supported by a way to catalyze the conversion of
the absorbed fatty acids to lipids.

Interestingly, the addition of oleic acid micelles to pre-
formed multilamellar spherical oleate vesicles resulted in
vesicle tubulation into long thread-like shapes due to a
relatively fast growth of the vesicle surface area combined
with an osmotically restricted growth of its volume (see
Fig. 3b) (Zhu and Szostak 2009). Subsequent gentle
shearing caused separation of these thread-like tubules to
many small spherical vesicles with little content lost. The
resulting small vesicles could further grow by the incor-
poration of additional oleate micelles, and subsequently
tubulate again, thus showing cycles of growth and division.

As noted above, growth of liposomes by incorporation
of small lipid aggregates or free lipids is highly unfavor-
able. Other mechanisms can, however, be applied in order
to achieve liposome growth by lipid incorporation. One
example is vesicle fusion that can be triggered by various
factors such as multivalent cations (Tanaka and Yamazaki
2004) or small peptides (Nomura et al. 2004). In particular,
electroporation-induced fusion was used in order to study
growth-division process of liposomes (Terasawa et al.
2012). Alignment of POPC:POPG:cholesterol vesicles
[POPG = 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-
rac-glycerol)] in an alternating electric field following by
electroporation using a high DC electric pulse resulted in
fusion of multiple vesicles into larger multilamellar
spherical vesicle. When PEGs was encapsulated inside the
vesicles prior to the electroporation, the fused vesicles had
various shapes including horseshoes, tori and elongated
tubes. After a period of relaxation, these elongated vesicles
developed buds, and finally, the buds separated from the
mother vesicles. The driving force for this shape transfor-
mation was a decrease in the translational entropy of the
PEG polymers due to encapsulation. Since the center of
mass of a polymer cannot be located closer to a wall than
its hydrodynamic radius, a depletion zone is created next to
membranes that limits the polymers translational entropy.
The volume of this depletion zone is proportional to the
size of the polymer as well as to the A/V ratio of the
vesicle. Minimization of the free energy of the combined
polymers and vesicle system requires minimization of the
volume of the depletion zone. Since the size of the
depletion zone can be minimized by changes in the A/V
ratio, the vesicles tend to elongate. A further decrease in
the system free energy can be achieved by forming buds
that are connected through narrow necks, which provide
the thermodynamic force for the observed shape transfor-
mation. Apparently, the inner osmotic pressure of the PEGs
was in this case large enough to cause neck rupture as well.

The coupling between vesicle growth and division can
also be studied from a theoretical point of view using a
combination of (i) an equation that describes the relation
between the rate of change of the vesicle volume and the
flow of solutes and water molecules into the growing
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Fig. 3 Division due to membrane growth of liposomes and cells. a
Freeze-fracture electron microscopy images of twin-vesicles that
appear to have a septum between them, formed from the addition of
oleate micelles to pre-formed oleic acid/oleate vesicles. Scale bar
200 nm. b Coupled growth and division cycle of a multilamellar
oleate vesicle, induced by the incorporation of oleate micelles
followed by division of the resulted tubes into small spherical vesicles
by gentle hydrodynamic forces. Scale bar 20 pm. ¢ Division of L-
form AFtsZ B. subtilis cells by an extrusion-resolution mechanism.
The cell marked with an arrow at 320 minutes start to form
protrusions after 430 min which resolved into a string of six cells. The
cell marked with an asterisk did not divide. Scale bar 500 nm. d
Phase-contrast (upper row) and fluorescence microscopy (lower row)
of different phases of the L-form L. monocytogenes growth and

vesicles, (ii) an exponential growth law for the membrane
surface with doubling time 7y, and (iii) shape trajectories
of the vesicles in their shape phase diagram. Assuming a
zero solute concentration and only water molecules pene-
trating through the membrane, dV/dr was taken to be
AH,AP, where H, is the hydraulic permeability of the
water molecules and AP the pressure difference between
the inside and the outside of the vesicle (Bozi¢ and Svetina
2004). Using the spontaneous-curvature model for the
vesicle bending energy, it was, thus, found that the con-
dition n = T;H,xCj>1.85 must be fulfilled in order to
achieve the condition that the shape of a spherical vesicle
will move through the phase diagram in such a way that it
ends up as two spheres connected by a narrow neck.
Incorporation of solute flow similarly showed that vesicle
self-reproduction occurs only for certain combinations of
the hydraulic and solute membrane permeability values and
external solute concentration (Bozi¢ and Svetina 2007).
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multiplication. Intra-cellular bodies are formed within the mother cell.
After they grow, the mother cell ruptures. Upon release, most of the
intra-cellular bodies gain metabolic activity. Metabolic function was
followed by synthesis and/or subsequent maturation of intracellular
GFP (green). Time is in hours after incubation on soft agar. a
Modified with permission of IOP Publishing, from reference Stano
et al. (2006) © (2006) IOP Publishing. doi:10.1088/0953-8984/18/33/
S37. All rights reserved. b Modified with permission from Zhu and
Szostak (2009) Copyright (2009) American Chemical Society. ¢
Modified with permission from reference Leaver et al. (2009) ©
(2009) Nature Publishing Group. d Modified with permission from
reference Dell’Era et al. (2009) © (2009) John Wiley and Sons, Inc.
(Color figure online)

Thus, this approach shows that only a limited set of con-
ditions can support growth-induced shape transformation
that end up as two vesicles connected by a narrow neck,
which can subsequently divide.

An extension of this approach was introduced by
incorporating into the equation for dV/dt two terms that
are derived from the theory of linear non-equilibrium
thermodynamics (Morris et al. 2010; Morris and McKane
2011): One term describing the lateral tension in the
membrane and a second term describing the contribution of
the bending energy to the change in the free energy of the
system. Using this approach, the stability of spherical
vesicles to perturbations during their growth was studied. It
was found that spherical vesicles are unstable for prolate
shape perturbations if their radius is smaller than a critical
radius, r. , and are unstable for oblate shape perturbations
if their radius is larger than r.. Here the critical radius

re = 211& with H, a constant that describes the contribution


http://dx.doi.org/10.1088/0953-8984/18/33/S37
http://dx.doi.org/10.1088/0953-8984/18/33/S37

Divided we stand: splitting synthetic cells for their proliferation

257

Fig. 4 FtsZ in the cytokinesis of cells and liposomes. a Localization
of the Z-ring during the cell cycle of E. coli. i Phase-contrast image of
three cells. ii Overlay of a phase-contrast image and a conventional
fluorescence microscopy image of FtsZ—GFP. iii Overlay of a phase-
contrast image and a conventional fluorescence microscopy image of
FtsZ-GFP after 15 min. Note that initially one FtsZ ring appears in
the lower cell, while two new rings appears in the two daughter cells
after the mother cell has divided. b Time lapse recording of the
formation of a septum between two liposomes containing equimolar
FtsZ-YFP and a mutant FtsA* proteins, together with GTP and ATP.
Time represents seconds after the start of the recording. Black
background images are epi-fluorescence images while gray back-
ground images are DIC ones. ¢ Four high-resolution images of the Z-
ring in E. coli cells (PALM images of FtsZ-Emos2). Note the
inhomogeneity of the fluorescence intensity, indicating that the Z-ring
is not a perfect continuous filament. Scale bar 500 nm. Initially, an
FtsZ arc is seen localized at a constriction site. After several spatial
reorganization steps, the system seems to end up in an intra-vesicular
septum. Scale bar 10 pm. a Modified with permission from reference
Sun and Margolin (1998) © (1998) American Society of Microbi-
ology. b Modified with permission from reference Osawa and
Erickson (2013) © (2013) National Academy of Sciences, USA.
¢ Modified from reference Fu et al. (2010) under the Creative
Commons Attribution (CC BY) license http://creativecommons.org/
licenses/by/3.0/. (Color figure online)

of the lateral tension to the flow of water molecules through
the membrane.

Division driven by active chemical synthesis
of materials

One of the hallmarks of biological systems is metabolic
activity, that is, the catalytic synthesis of the constituting
molecules of the cell. Growth of natural cells importantly
includes the synthesis of cell-envelope material. Since

active membrane synthesis can change physical parameters
such as A/V, 4A or Cy, it can drive shape transformation
of synthetic cells and also destabilize narrow membrane
necks. The ability to control this process can potentially
couple growth and division cycles and provide a repro-
duction mechanism for synthetic cells that is more robust
than merely passive adsorption of shell material.

In one of the first attempts to follow this approach, oleic
anhydride droplets were placed next to oleic acid vesicles
(Wick et al. 1995). Under these conditions, the oleic acid
vesicles catalyzed the hydrolysis of oleic anhydride to oleic
acid and oleate molecules. Subsequent absorption of these
molecules into the vesicle shells caused their growth. Note
that this example does not yet feature a machinery to syn-
thesize membrane molecules from within the vesicle, but
importantly, it involves active catalysis, which goes beyond
mere passive vesicle growth. Interestingly, for multilamellar
oleic acid vesicles, the self-catalyzed growth caused the
formation of inclusion vesicles, probably due to separation of
the outer and inner lamellae. These inclusions were subse-
quently expelled outwards through the membrane of the
mother vesicle, leading to a ‘birthing process’ to form
daughter vesicles. A similar birthing process was observed
when an artificial amphiphile ()) bearing an imine group
assembled into vesicles with a small amount of cholesterol as
a stabilizer (Takakura et al. 2003). Encapsulation of mole-
cules of the two V-precursors with catalyst molecules inside
V-made vesicles resulted in the inner production of mem-
brane molecules that self-assembled to form daughter vesi-
cles. When these inner vesicles were large enough, they were
expelled out of the mother vesicles.

Budding and separation due to auto-catalyzed mem-
brane synthesis was also documented. In a variation of the
previous approach, vesicles made of a different synthetic
cationic amphiphile together with amphiphilic acidic cat-
alyst and POPC:POPG led to vesicles that could incorpo-
rate a bolaamphiphilic precursor of the cationic amphiphile
from solution (Kurihara et al. 2011). In principle, this
precursor can convert into the amphiphile by the activity of
the catalyst on the membrane, with the caveat of a high
probability for the precursor to dissolve back into the
aqueous solution. When short DNA oligos were encapsu-
lated inside the vesicles and were amplified by PCR,
budding and pinching off of the buds was observed after
the addition of the amphiphilic precursor. The authors
suggested that interactions between the negatively charged
DNA and the cationic amphiphiles disrupted the lamellar-
ity of the membrane, causing entrapment of the bolaam-
phiphile precursor in the membrane. This, in turn, caused
budding and abscission of the neck after the conversion of
the bolaamphiphile precursor to the cationic amphiphile.

Of course, a straightforward route for accomplishing a
growth-division mechanism of vesicles or synthetic cells is
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to use reconstituted systems of proteins that can catalyze
lipid formation from within. Initial attempts in this direc-
tion have indeed been made, but with a limited success so
far (Schmidli et al. 1991; Kuruma et al. 2009; Murtas
2010).

Stepping out of the abiotic-vesicles world into the
biological world, two examples were recently documented
for division mechanisms that operate through the internal
synthesis of excess membrane material. Both reports
involved L-form bacteria, bacterial cells that have lost
their cell wall. In the first example, a stable Bacillus
subtilis L-form was produced by transcription inhibition
of an operon that encodes several genes for cell-wall
precursor synthesis and selection with a cell-wall targeted
antibiotic (Leaver et al. 2009). The resulting L-form strain
was viable and was able to proliferate independent of the
regular cell-division machinery. Time-lapse microscopy
observations showed the formation of blunt protrusions
that dynamically emerged out of the membrane and
retracted back. After some time, a stable protrusion
emerged, elongated, and resolved into one or several
small membrane-encapsulated cell bodies (see Fig. 3c). In
other cases, many small buds emerged out of the mem-
brane surface, some of which also erupted from the sur-
face. Recently, a possible genetic mechanism behind this
behavior was identified (Mercier et al. 2013). Upregula-
tion of the fatty-acid-synthase-type-II enzyme system
sufficed in order to produce a similar behavior in a
transient L-form B. subtilis strain, where the cell-wall
synthesis was under an inducible promoter. It was sug-
gested that the overproduction of membrane material
caused an imbalanced A/V ratio that resulted in the
release of the excess surface area in the form of protru-
sions or buds. Furthermore, it was shown that in bran-
ched-chain-fatty-acid-synthesis-deficient L-form cells,
formation of membrane protrusion can still occur, but
fission cannot (Mercier et al. 2012). Since branched-chain
lipids have a much lower transition temperature and are
usually found in the L, phase, this observation stresses the
importance of membrane fluidity for membrane-synthesis-
dependent reproduction. It should be noted that, unlike the
previous examples of membrane budding and tubulation,
the cells were very flaccid in this case.

In the second example, a stable L-form Listeria mono-
cytogenes strain was obtained that produced cell-wall
precursors but nevertheless lacked a mature cell wall,
likely due to the some mutation in the cell-wall synthesis
pathway (Dell’Era et al. 2009). Surprisingly, large intra-
cellular vesicles emerged, which grew next to sites of
disrupted unilamellarity and phospholipid accumulation on
the mother cell membrane (Briers et al. 2012a). These
intracellular vesicles contained part of the mother cell
cytoplasm as well as DNA. Since large L. monocytogenes
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L-form cells contain multiple chromosomes, some of them
could partition into the intracellular vesicles. Following the
growth of several intracellular vesicles, the mother cell
ruptured and the daughter vesicles were released (see Fig.
3d). Importantly, though many intracellular vesicles were
metabolically silent and lacked the membrane potential
necessary for ATP generation, they did over time, upon
release from the mother cell, acquire the absent membrane
potential and became metabolically active. Thus, it was
corroborated that these vesicles are a viable reproductive
units of this strain.

Interestingly, other L-form members of the genuses
Listeria and Entrococcus show similar phenotypes and
multiplication modes. In light of the fact that many
L-form bacteria reproduce by “budding-like” mechanisms
(Gilpin and Nagy 1976; Martin 2010), membrane syn-
thesis may be a good reproduction strategy for simple
synthetic cells. Indeed, multiple authors have suggested
that this mechanism represents an ancient reproduction
mode that might have been active during the prebiotic
times, dating back to the origin of life (Leaver et al. 2009;
Chen 2009; Briers et al. 2012b; Koonin and Mulkidjanian
2013).

Division processes based on common biological
mechanisms

The vast majority of natural cells use intricate protein
machineries for their division. Hence, division of synthetic
cells can probably be developed by use of minimal forms
of these machineries, especially those from a prokaryotic
origin. In this section, we survey some of these.

FtsZ-ring-based division

The bacterial division machinery (divisome) of E. coli is
composed of about twenty proteins that are recruited to the
division site, synthesize the cell wall material of the new
poles and exert force to invaginate the membrane (Aars-
man et al. 2005; Kirkpatrick and Viollier 2011; Egan and
Vollmer 2013). A key component in this process is a
protein called FtsZ (filamentous temperature sensitive
protein Z). FtsZ is a highly conserved GTPase that in most
bacteria and euryarchaea forms the core of the divisome,
recruiting downstream division proteins to the division site
(de Boer et al. 1992). From conventional fluorescence and
transmission electron microscopy data, it has been found
that, prior to cytokinesis, FtsZ forms a ring at the future
division site that is called the Z-ring. In Gram-negative
bacteria, the size of this ring shrinks in concert with the
septum growth and invagination (see Fig. 4a) (Bi and
Lutkenhaus 1991; Sun and Margolin 1998; Anderson et al.
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2004). The fact that in some cell-wall-less bacteria, such as
members of the mycoplasma genus, most of the down-
stream proteins are missing led to the hypothesis that FtsZ
by itself can be both the scaffold and force-generating unit
of the divisome (Erickson 1997). If this indeed is the case,
FtsZ is an ideal machine to promote binary fission of cell-
wall-less synthetic cells.

Several lines of evidence support this hypothesis. First,
FtsZ is a structural homolog of tubulin with which it forms
a distinct family of GTPases (Nogales et al. 1998). Like
tubulin, FtsZ can polymerize to protofilaments in a GTP-
dependent manner (Mukherjee and Lutkenhaus 1994), and
like tubulin it forms different types of polymeric conden-
sates under different polymerization conditions (Popp et al.
2009; Gonzalez et al. 2003). However, in contrast to
tubulin, FtsZ filaments show no sign of cooperative depo-
lymerization, i.e. a dynamical instability (Mateos-Gil et al.
2012). In particular, the curvature of the protofilaments
seems to be associated with the nucleotide state (Erickson
2009). In the absence of GTP hydrolysis, the protofilaments

(a

Fig. 5 Binary fission of cells driven by ESCRT/Cdv or mechanical
forces. a Three-dimensional reconstruction of ESCRT-III treated
giant unilaminar vesicles (GUV). i Membrane staining of the intra-
vesicular bodies that were formed after reconstitution of the eukaryote
ESCRT-III complex on the outside of a GUV. ii Z-stack confocal
image of the same GUV showing that the intra-vesicular bodies were
filled with the extra-vesicular content as a result of ESCRT-III-
induced inward budding. Scale bar 5 pm. b In situ immunofluores-
cence localization of CdvA (red middle column) and CdvB (green
right column) during the constriction of four S. acidocaldarius cells.
Note that both CdvA and CdvB are localized between the two
segregated chromosomes (blue stained with DAPI). Left column
phase-contrast illumination. ¢ Stages in the division of AFtsZ M.

are slightly curved with an average angle of about 2.5°
between subunits, an angle that corresponds to a ring with a
diameter of approximately 200 nm. However, when all
monomers are bound to GDP and in the presence of a
cationic lipid bilayer or polycationic-dextran, the protofil-
aments form highly curved rings with an average angle of
22° between the subunits and typical diameter of about
24 nm (Lu et al. 2000). These facts may support the Z-ring-
centric hypothesis that the constriction force is generated
by a GTP-hydrolysis-induced conformational change.
Structurally, FtsZ is composed of two domains that are
connected by an a-helix (Lowe and Amos 1998). It is
natural to assume that the conformational change occurs by
a rotation of the two domains around this o-helix. How-
ever, no indication for a conformational change, either
around this o-helix, or elsewhere in the monomer, was
detected when examining different crystal structures of
FtsZ monomers that binds either GTP, GDP or non-hy-
drolyzable analogs of GTP (Oliva et al. 2007). This poses a
puzzle for the Z-ring force-generating hypothesis. One

" HE

genitalium. Newborn cells possess a single terminal organelle.
Division starts when the terminal organelle duplicates, leading to
second organelle at the other cell pole. Cytoskeleton filaments then
elongate the cell, and create a constricted tube at the cell middle.
After the formation of a chain of filaments, some cells are torn off the
chain and can start a new reproduction cycle. Scale bar 500 nm. a
Modified with permission from reference Wollert et al. (2009) ©
(2009) Nature Publishing Group. b Modified with permission from
reference Samson et al. (2008) © (2008) National Academy of
Sciences, USA. ¢ Modified with permission from reference Lluch-
Senar et al. (2010) © (2010) John Wiley and Sons, Inc. (Color figure
online)

@ Springer



260

Y. Caspi, C. Dekker

possible solution is that the conformational change is a
characteristic of the polymer rather than of separate
monomers, i.e., that it occurs by changing the polymeri-
zation angle between neighboring monomers. Indeed,
recently molecular dynamics simulation suggested a hinge-
like mechanism with an angle difference of 22.5 ° between
the states of two monomers in the GTP- and GDP-bound
forms (Hsin et al. 2012).

By itself, FtsZ is a cytoplasmic protein, and it must be
anchored to the membrane by an auxiliary protein. In E. coli,
two such proteins were identified, viz., FtsA and ZipA, which
both interact with the C-terminal end of FtsZ. FtsA is an
abundant protein in many bacteria that is related to actin and
can bind ATP, while ZipA is found mainly in the y-proto-
bacteria class (Adams and Errington 2009; de Boer 2010). A
second and prominent support for the FtsZ force-generating
hypothesis comes from research where the C-terminal of
FtsZ was replaced with a YFP-MTS moiety (YFP—yellow
fluorescence protein; MTS—a membrane targeting
sequence from the MinD protein) (Osawa et al. 2008). When
the FtsZ-YFP-MTS chimera was incubated, together with
GTP, on the outside of tubular multilamellar liposomes, it
penetrated into the vesicles lumen and formed dynamic rings
on the inner surface of the liposomes. Coalescence of the
dynamic rings resulted in broad rings that had a tendency to
get localized on visible inward indentations of the mem-
branes, indicating possible forces that were applied by the
FtsZ. When the FtsZ-YFP-MTS was incubated onto
spherical multilamelar liposomes, it tubulated the liposomes
by inducing the growth of protrusion with a diameter of
approximately 200 nm (Osawa et al. 2009). Similarly, the
FtsZ-YFP-MTS chimera formed concave depressions on
unilamellar liposomes. However, when the MTS was trans-
ferred to the N-terminal of FtsZ rather than its C-terminal, the
chimeric protein MTS-FtsZ-YFP created convex protru-
sions, thus suggesting that the membrane deformation
depends on the direction of the filaments anchoring relative
to the membrane. Moreover, without GTP, MTS-FtsZ-YFP
created fixed-size rings that wrapped around the outside of
tubular multilamellar liposomes, and tended to avoid the
more bulgy parts of the liposomes (Osawa and Erickson
2011). These results were interpreted as suggesting a pref-
erential curvature of the FtsZ protofilaments that enables it to
exert forces on membranes.

Additional support for the FtsZ force-generating picture
was demonstrated by reconstituting the Z-ring together with
its native auxiliary proteins inside vesicles. When FtsZ-YFP
was incubated inside synthetic liposomes together with
FtsA*, GTP and ATP, a progressive formation of an inter-
luman septum was observed in a small fraction of the vesicles
(1.3 %) (see Fig. 5b) (Osawa and Erickson 2013). It was
suggested that in these group of vesicles, the activity of the
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anchored FtsZ protofilaments was the driving force for the
septum formation. However, it should be noted that the septa
that were formed did not constrict, and that the vesicles did not

separate into two daughter vesicles. Here, FtsA* is a hyper-
morphic mutant of FtsA that is known to depolymerize FtsZ
protofilamets in vitro in an ATP-dependent manner and which
can support E. coli growth in vivo in the absence of ZipA
(Geissler et al. 2003; Beuria et al. 2009). Similarly, when FtsZ
was incubated with His-tagged truncated ZipA that could bind
Ni-modified lipids in vesicles, shrinkage and sometimes
rupturing of the vesicles was observed (Cabré et al. 2013).
These two results strongly suggest that FtsZ can exert force on
membranes, cause their deformation and probably may
function as a binary-fission machine. Interestingly, when FtsZ
was incubated with GTP and FtsA inside vesicles that were
formed from E. coli inner-membrane and thus also contained
some amount of ZipA, FtsA was dislodged from the mem-
brane by FtsZ, suggesting that the type of anchoring has an
important influence on the ability of the protofilaments to
deform the membrane (Jiménez et al. 2011).

A different view regarding the ability of FtsZ to exert
forces on membranes emerged from in vitro study of the
polymerization of FtsZ-YFP-MTS on curved surfaces. In
that case it was shown that the FtsZ protofilamets do not
only bend but also twist, and that if a twist is taken into
account, the calculated force that a protofilament can apply
on a membrane due to its preferred curvature is quite low
(about 0.06 pN) (Arumugam et al. 2011). At this point in
time, the question whether the curvature of the protofila-
ments by themselves can drive the deformation of mem-
branes thus still remains under debate.

Advance microscopy imaging studies showed that the
Z-ring is not formed by one single continuous FtsZ fila-
ment that encircles the cell periphery, as well as that it has
a somewhat different structures in different bacteria, thus
questioning the curvature-induced-force-generation pic-
ture. For example, cryoelectron tomography of FtsZ in
Caulobacter crescentus detected only sparsely uncon-
nected short (100 nm) protofilaments near the division site
(Li et al. 2007). 3D structured-illumination fluorescence
microscopy of B. subtilis and Staphylococous aureus
showed that the Z-ring is not homogeneous but has a
structure of several high density regions that are connected
by low density regions (Strauss et al. 2012). Photo-acti-
vated-localization fluorescence microscopy (PALM) in
E. coli similarly indicated that the Z-ring is not a single
homogenous structure, as well as that the protofilaments
assemble into a wide bundle-like structure (see Fig. 5c) (Fu
et al. 2010). Finally, polarized fluorescence microscopy
showed that, in E. coli but not in C. crescentus, a sub-
stantial number of the FtsZ protofilaments are oriented on
the membrane parallel to the long axis of the cell rather
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than, as expected, perpendicular to it (Si et al. 2013). All
these observations stress the importance of lateral interac-
tions between the FtsZ protofilaments for the Z-ring
organization. In vivo, these lateral interactions are medi-
ated by multiple positive regulators (Huang et al. 2013).
Furthermore, in vitro the protofilaments are typically only
about 100 nm long, while in vivo the Z-ring is a highly
dynamic structure that constantly exchanges material with
the cytoplasmic pool (Anderson et al. 2004). Taking all
these facts into account, the emerging picture of the Z-ring
is that of many short protofilaments, which interact with
the membrane and with each other, rather than of a com-
plete continuous ring that simply shrinks during the divi-
sion process. In order to cope with the question of how
such a set of short protofilaments that only weakly interact
laterally can drive cell division, a new class of models was
suggested. In these models, the driving force for constric-
tion results from protofilaments condensation (Horger et al.
2008; Lan et al. 2009; Sun and Jiang 2011), though the
applicability of these models is still under debate (Erickson
2009). Yet, even if binary fission of bacterial cells by the
divisome is much more complicated and is not yet fully
understood, the fact that FtsZ (assisted by FtsA, ZipA, or
some other membrane-attachment method) can deform
membranes makes it a highly attractive machine for binary
fission of synthetic cells.

One important concern regarding the use of FtsZ to drive
binary fission of synthetic cells is the question of the
abscission. Even if FtsZ can exert a force that is large
enough to constrict membranes, it is at this point unclear if it
can promote the abscission that is needed to separate the
mother cell into two daughter cells. Assuming that the
highest curvature structure that these FtsZ protofilaments
can form is the 24 nm ring that was observed under certain
in vitro conditions, and recalling that the Z-ring has to be
attached to the membrane by axillary proteins one can
estimate that the total diameter of the membrane that is
coupled to the Z-ring will be about 55 nm in the most
condensed state (Erickson et al. 2010). This means that,
even in its most condensed state, the separation between the
two membranes on both sides of the Z-ring is too large to
promote a spontaneous destabilization of the neck. Hence,
as was discussed above, another mechanism should be used
to promote the abscission of the neck. Though in vivo this
process may be related to cell-wall synthesis, it is not yet
clear what simple mechanism can induce the neck destabi-
lization in a Z-ring-based division of synthetic cells.

ESCRT/Cdv-based division
In contrast to the Z-ring, the archaeal Cdv system, which is

homologous to the eukaryotic Endosomal Sorting Complex
Required for Transport (ESCRT), may be a good candidate

for both forcing membrane deformation and fission.
Organisms belonging to the archaeal crenarcheal phylum
usually lack an FtsZ homolog but instead, they possess a
homologous system to the ESCRT one. In eukaryote, the
ESCRT system plays a key role in producing inward-
forming buds from the endosome membrane that mature to
form the multivesicular bodies [see Samson and Bell
(Samson and Bell 2009) and references therein]. The core
budding machine consists of the ESCRT-III complex that
is responsible for the membrane deformation and which
forms a contractile ring on the bud neck. The complex is
supported by Vps4 that is needed for the ESCRT-III
complex disassembly and recycling. In addition to its role
in vesicle trafficking, the ESCRT system also participates
in the membrane abscission during cytokinesis (Morita
et al. 2007). In vitro, a reconstitution assay of the ESRCT-
IIT complex together with giant unilamellar vesicles
(GUVs) has shown that the complex can form buds from
the GUVs membrane as well as that it can pinch them off
(see Fig. 5a) (Wollert et al. 2009).

Archaea feature an ESCRT-like system which appears
to be simpler. The archaeal species Sulfolobus acido-
caldarius possess an operon-like locus with three genes
CdvABC. CdvB and CdvC are homologs of the ESCRT-III
complex and Vsp4, respectively. Intriguingly, the tran-
scription and protein levels of CdvB are regulated in a cell-
cycle-dependent manner and they peak at the cell-division
phase (Samson et al. 2008). Moreover, CdvB forms a ring-
like structure at midcell and CdvC is recruited to the same
location after chromosome segregation (see Fig. 5b)
(Lindas et al. 2008). CdvB interacts with CdvC, and
overexpression of a catalytically inactive CdvC mutant
inhibits cell division. CdvA does not have a close
eukaryotic homolog. CdvA mRNA level shows a peak
prior to the CdvB mRNA peak and, like CdvC, CdvA
proteins interacts with CdvB to co-form a ring-like struc-
ture at mid-cell that decreases in length as the cell division
progresses (Samson et al. 2011). In vitro assays showed
that C-terminus-deleted CdvB forms filamentous polymers,
CdvC assembles as a homopolymer structure and CdvA
forms polymers in association with DNA (Moriscot et al.
2011). CdvA can also wrap around liposomes and, upon
recruiting CdvB, deform the liposomes to a network of
small tubes (Samson et al. 2011; Dobro et al. 2013).

These evidences suggest that the Crenarcheal Cdv sys-
tem is a good candidate to be used as a protein-based
machinery for division of synthetic cells, likely even better
than FtsZ. This conclusion is further supported by the
observation that cell division seems to be executed by the
Cdv system rather than by the FtsZ one in Thaumarchaeon
nitrosopumilus, a member of the Thaumarcheota phylum of
archaea that possesses both FtsZ and Cdv (Pelve et al.
2011). One can ask whether the ESCRT system might not
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be preferred over Cdv. The Cdv system appears to have
two advantages over the ECRST one: First, it appears to be
composed of less proteins, and second, it is directly
involved is binary cell fission rather than in budding.
However, at this point, there is a direct evidence only for
the ESCRT system that it can by itself cause separation of
one vesicle from another.

Alternative division mechanisms based on cytoskeleton
proteins

Another interesting, though very different, possibility to
divide synthetic cells is by the use of force-generating
proteins that tear the cell into two by pushing on the
membrane to the opposite sides of the cell. Actin or tubulin
systems lend themselves naturally for this purpose since
in vivo they participate in structures like the filopodia, the
lamellipodia and the mitotic spindle. Indeed, in vitro
reconstitution systems that are based on actin or tubulin
structures are well established (Bausch and Kroy 2006; Liu
and Fletcher 2009). For example, assembly of either actin
or tubulin inside vesicles resulted in their deformation and
the growth of protrusions (Fygenson et al. 1997; Miyata
et al. 1999). More recently, protein cortices made up of
actin and its associated proteins were reconstituted inside
vesicles (Liu and Fletcher 2006; Merkle et al. 2008; Pon-
tani et al. 2009; Tsai et al. 2011; Lopez-Montero et al.
2012). These cortices increase the mechanical stability of
vesicles. However, the ability to implement these types of
in vitro reconstituted systems in order to achieve cytoki-
nesis seems to be still far away. Recalling, in addition, the
large number of actin and tubulin associated protein that
are tailored in vivo for different tasks, we anticipate that it
may be hard to engineer a division system based on actin or
tubulin associated protein networks, while striving to base
synthetic cells on a simple minimal system.

In contrast to the common eukaryotic cytoskeleton, the
cytoskeleton system of reduced-genome mycoplasma bac-
teria may provide a good substitute. Recently, it was shown
that a AFtsZ Mycoplasma genitalium can still divide
through a binary fission mechanism (Lluch-Senar et al.
2010). When FtsZ was deleted, M. genitalium cells prop-
agated by utilizing their gliding apparatus and cytoskeleton
polymers (see Fig. 5c). Under native conditions, Myco-
plasma attaches to surfaces through a terminal organelle
that is located at one of its ends, and they use polymeri-
zation of their cytoskeleton in order to subsequently move.
When FtsZ was deleted, the M. genitalium cells produced
two terminal organelles at opposite ends of the cell. After
attachment of these to the surface, the action of the gliding
machinery resulted in a force that tore cells into two sibling
cells. In fact, this reproduction mode is very similar to that
of Mycoplasma mobile, a close relative of M. genitalium,
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which naturally lacks FtsZ (Rosengarten and Kirchhoff
1989). Though the molecular mechanism of AFtsZ M.
genitalium division is not clear, the fact that M. genitalium
is already used in top-down approaches as a starting point
for minimal cells, suggests that this form of reproduction
will receive more attention in future research on synthetic
cell division.

Controlling the position of the division site

Above we reviewed some basic mechanisms that may
serve to proliferate synthetic cells by division. It is
important to realize that, in order to achieve a viable and
robust methodology for synthetic cell division, much more
is needed beyond merely demonstrating fission of vesicles.
When a cell reproduces, its content is divided between its
daughter cells. Obviously, if this process is not tightly
regulated, some of the progenies can lack one or more of
the essential components and die. This process, which is
termed as death by dilution, is a serious threat to the vitality
of any synthetic cell line. This calls for the need to include
well-controlled synthesis of components as well as to
incorporate spatial and temporal mechanisms for control-
ling the site for cell division in synthetic cells. Here we
briefly discuss the three most characterized division-site-
regulation mechanisms in bacteria with the hope that they
can inspire the engineering principles of synthetic cells.
Though these examples all work by antagonizing the
assembly of the FtsZ ring, they suggest some general
engineering principles for division-site selection.

The best studied division regulation mechanism in
bacteria is the Min system. Its name is derived from the
mini-cells, a phenotype where division leads to small cells
that miss the basic chromatin, which is observed in the
absence of Min proteins. In E. coli, the Min system is
composed of three proteins, MinCDE. MinC is an antag-
onist of FtsZ ring-assembly (Hu et al. 1999). It has two
domains (Cordell et al. 2001), a C-terminus domain that
prevents the lateral interaction between FtsZ protofilaments
and thus the maturation of the FtsZ ring, and an N-terminus
domain that weakens the binding between FtsZ monomers
(Dajkovic et al. 2008). By itself, MinC is a cytoplasmic
protein, but it is targeted to the membrane by MinD, an
ATPase from the ParA/MinD protein family with a mem-
brane-targeting domain at its C-terminus. MinD binds to
the membrane as a dimer only in its ATP-bound form (Hu
and Lutkenhaus 1999; Lackner et al. 2003). In the absence
of MinE, the MinCD complex is distributed homoge-
neously over the membrane and the FtsZ ring formation is
blocked all along the cell. MinE, which is the topological
regulator of the Min system, binds MinD on a binding site
overlapping to that for MinC (Wu et al. 2011) and thus can
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displace MinC from the MinD-covered surface back to the
cytoplasm. Moreover, MinE stimulates the rather marginal
ATPase activity of MinD and releases it from the mem-
brane (Hu and Lutkenhaus 2001).

The outcome of this reaction-diffusion network of
interactions is a remarkable dynamical pattern for the
spatiotemporal organization of the Min protein, where the
Min proteins display pole-to-pole oscillations (Raskin and
de Boer 1999). One oscillation cycle starts when MinCD
forms a cup at one of the cell poles, and a MinE ring forms
at the end of the cup close to the mid-cell (Hale et al.
2001). The MinE ring causes the release of the MinD
proteins and the associated shrinking of the cup. In the
cytoplasm, MinD proteins exchange their ADP with ATP,
diffuse to the other pole and start forming a new cup there
that again extends to midcell. Assembly of a MinE ring at
the rim of the new cup causes the process to repeat itself,
resulting in an oscillatory motion with a period of about 1
minute. Interestingly, it was suggested that transient
interactions of MinE with the membrane following the
release of MinD are essential for formation of this pole-to-
pole oscillations (Hsieh et al. 2010; Park et al. 2011). Due
to this dynamical behavior, the time-averaged MinD con-
centration on the membrane (and hence also that of MinC)
is the highest next to the poles and the lowest around
midcell (Kanthang et al. 2011). Due to this concentration
profile of MinC, the FtsZ ring will be prevented to form
near the poles (i.e. avoiding the formation of useless mini-
cells) and tend to form somewhere near the middle of the
cell. Notably, in B. subtilis, MinE is absent. Instead, the
MinCD complex is targeted permanently (i.e. without
temporal oscillations) to the curved poles, as well as to the
highly curved area next to the newly formed septum, by the
auxiliary protein MinJ (Patrick and Kearns 2008; Bramk-
amp et al. 2008). MinJ in turn interacts with DivIVA, a
protein that was reported to sense negatively curved
membranes (Lenarcic et al. 2009; Eswaramoorthy et al.
2011). Thus, also in B. subtilis a gradient of MinC is cre-
ated with a minimum at midcell and the FtsZ formation is
blocked near the poles.

Importantly, the E. coli Min system was reconstituted in
an in vitro assay both on a planar supported lipid mem-
brane (SLB) (Loose et al. 2008, 2011; Schweizer et al.
2012) and recently in micro-cavities (see Fig. 6a) (Zieske
and Schwille 2013; Caspi et al. 2014, to be published). On
planar SLB, the reconstituted system forms running waves
with a very long wavelength of several tens of microns [as
well as other dynamical patterns (Ivanov and Mizuuchi
2010)], while in open micro-cavities it shows an oscillatory
behavior similar to the in vivo one, albeit with the long
in vitro wavelength (which is much longer than the in vivo
length scale). This suggests that the Min system may
function in a straightforward manner in synthetic cells.

Moreover, it may be possible to use the dynamical Min
system in synthetic cells with shapes different from the
rods, since, as was recently show in our lab, it possesses a
preferable length scale and is active in E. coli cells with
non-natural shapes (Wu et al. 2014 to be published).

Although the Min system seems to be a good candidate
for a division-site selection in synthetic cells, and although
transient interactions between MinD and the chromosome
were reported (Akerlund et al. 2002; Di Ventura et al.
2013), it lacks an important feature—coordination of
division-site selection with chromosome segregation. In
many bacteria, this is achieved by the Nucleoid Occlusion
(NO) mechanism, which assures that the FtsZ ring will not
form over unsegregated chromosomes (Mulder and
Woldringh 1989). In E. coli, NO is mediated by SImA, a
member of the TetR DNA-binding protein family (Bern-
hardt and De Boer 2005). SImA binds the chromosome in a
sequence-specific manner and its binding sites are distrib-
uted all along the chromosome, excluding the terminus
region (Ter) (Cho et al. 2011; Tonthat et al. 2011). These
binding sites serve as nucleation site for the polymerization
of SImA into filaments distributed among the chromosome.
Importantly, essential for its function, SImA can bind
simultaneously to DNA and to FtsZ, and, upon activation
by the chromosome binding, disassemble FtsZ polymers
and higher-order FtsZ polymeric structures (Tonthat et al.
2013). In B. subtilis, a similar mechanism is mediated by
an unrelated protein Noc, that possesses a ParB-like DNA
binding site (Wu and Errington 2004). Like SlmA, Noc
binds DNA and its binding sites are distributed mainly
away from the Ter site on the chromosome (Wu et al.
2009). However, since no direct interaction has been shown
between Noc and FtsZ, the exact mode of Z-ring inhibition
by Noc is still unclear. Yet, the fact that for both SImA and
Noc, the DNA binding sites are distributed away from the
Ter region suggests a coupling between the division site
selection and the timing of the start of the division exe-
cution, as the Ter region is the last to segregate. Thus, NO
appears to dictate both the location and the timing of the
FtsZ ring formation, where it ensures that the Z-ring forms
only in between the chromosomes and only after the rep-
lication propagated towards its end.

It was suggested that the two mechanisms together, i.e.
both Min and NO, are essential for a tight regulation of the
division site selection, though a study in E. coli with dis-
torted shapes suggested that the NO occlusion is the more
determinant one (see Fig. 6b) (Ménnik et al. 2012). The
combination of the Min and NO mechanisms show the
three basic requirements of a division-site selection
mechanism in synthetic cells; (1) it should inhibit the
action of the division machinery away from undesirable
locations, (2) it should direct it to desirable locations, and
(3) it should control the timing of division during the cell
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Fig. 6 Mechanisms for division apparatus localization. a i Assay for
the reconstitution of MinDE in microchambers (side view). Micro-
chambers are fabricated in PDMS, coated with a supported lipid
bilayer, and buffer with MinD, MinE and ATP is placed on top. ii
Top-view images of MinDE dynamic localization in one of the
microchambers of a. Time is in seconds; 10 % of the MinE proteins
are labeled with Alexa-488. Scale bar 10 pm. b Localization of the
nucleoid and FtsZ-GFP in rod shaped (i-iii left column) and
anomalously shaped E. coli cells (iv—vi right column). Nucleoid is

cycle. In fission yeast, a similar triple-purpose mechanism
exist where negative cues from the cell poles inhibit the
contractile ring assembly, while positive cues from the
nucleus influence the timing and position of the contractile
ring assembly at midcell (Pollard 2010). Interestingly, in C.
crescentus, a two-protein (MipZ and ParB) mechanism
combines the features of a dynamical Min system with the
principle of NO inhibition, and accomplishes these three
targets simultaneously (Thanbichler and Shapiro 2006).
MipZ is an ATPase and a member of the ParA/MinD
family. In its dimeric form, it can interact with FtsZ and
DNA to inhibit FtsZ ring assembly (Kiekebusch et al.
2012). After ATP hydrolysis, the dimer disassembles and is
released from the DNA. The ADP-to-ATP exchange rate of
MipZ is rather low, but it is much accelerated when MipZ
monomers interact with ParB, a DNA-binding protein that
binds the parS DNA site next to the origin of replication
(Ori). Since the Ori is attached to one of the cell poles in C.
crescentus, the net result is the formation of a MipZ dimer
gradient from one of the cell poles towards the other, and
this gradient pushes the FtsZ towards that end. When the
chromosome of C. crescentus replicates, one of the parS
sites migrates towards the other pole together with the Ori.
Thus, after chromosome replication, a bidirectional gradi-
ent of MipZ dimers forms, which has a valley between the
two poles. As result, the FtsZ ring will tend to assemble at
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(b)

(v)
)

labeled with the nucleoid-associated protein HupA conjugated to
RFP. Red dashed line represents the outline of the cells. i, iv
Chromosomes profile. ii, v FtsZ-GFP. iii, vi Overlay of the HupA-
RPF (orange) and the FtsZ-GFP (green) images. Scale bar in both
cases is 1 um. a Modified with permission from reference Zieske and
Schwille (2013) © (2013) John Wiley and Sons, Inc. b Modified with
permission from reference Ménnik et al. (2012) © (2012) National
Academy of Sciences, USA. (Color figure online)

that point, but only after replication is almost completed.
This again stresses the necessity of both spatial and tem-
poral cues for division-site selection, and show that their
most prominent function is to ensure that the genetic
material is distributed evenly between the next generation
of siblings. These principles can be used to guide the
engineering of division site selection in synthetic cells.

Outlook

In this review we discussed some possibilities for the
engineering of the division of synthetic cells that use lipid
membranes as their shell. Due to the necessity of repro-
duction for cellular life, these principles are highly
important for any successful future (even if still far away)
attempts to construct synthetic cells via a bottom-up
approach. However, they can also be applicable for top-
down approaches that try to push natural cells towards their
minimal state.

We emphasized the fact that the physical properties of
amphiphiles may promote a variety of robust deformation
mechanisms that are based on factors like shape transfor-
mations, absorption of shell molecules, synthesis of shell
molecules, and growth. However, these mechanisms must
be supplemented by mechanisms for the abscission of
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small necks in membranes that finally leads to the sepa-
ration of the newly born cells. We discussed factors like the
lipid composition or the forces that are impinged on the
membrane from simple protein machines that can provide
this necessary link. As a second step, processes that control
the division site placement and its temporal regulation
should also be incorporated in order to create viable and
robust synthetic cell lines.

As was shown, the range of possible mechanisms that
can promote the division of synthetic cells can be inspired
from both physical, chemical and biological principles. It is
interesting to note that in spite of the extensive work that
was done on shape transformation of vesicles and its pos-
sible relation to cell division, there are still factors that
were less considered such as the influence of the sponta-
neous curvature Cp on membrane neck abscission. In par-
ticular, studies on the function in cell division and vesicle
splitting of cardiolipin, a bacterial lipid with high Cj
(Mileykovskaya and Dowhan 2009) and an ability to form
non-lamellar lipid phases (Matsumoto et al. 2006), may be
beneficial for the engineering of fission of synthetic cells.
Likewise, proteins that curve the membrane (Zimmerberg
and Kozlov 2006) or assisting in the cutting off of buds
(Pucadyil and Schmid 2008; Daumke et al. 2014), even if
they are from a eukaryotic origin, may also be valuable for
engineering non-natural pathways for division of synthetic
cells. For example, it was recently demonstrated that
expression of caveolae in E. coli can promote the emer-
gence of buds from the inner membrane of the bacterium as
well as their pinching off from the membrane (Walser et al.
2012). We furthermore expect that advances in the
understanding of new bacteria and archaea cells that do not
reproduce using the FtsZ ring and the ESCRT mechanisms
(Angert 2005; Sonobe et al. 2010; Bernander and Ettema
2010), will expand our ability to engineer the division of
synthetic cells under different environmental conditions.

In addition, we would like to mention the possible
importance of cell-wall-like structures for the robustness of
synthetic cells. Recently, it was suggested that the invention
of the cell wall caused the massive radiation of prokaryotes
during the origin of life (Errington 2013). The cell wall
confers many advantages to living organisms and may
enable them to live in many different environmental niches
without the need for protective external conditions. Like-
wise, if the field of synthetic cells also wants to confer syn-
thetic cells with biotechnological value, their encapsulation
in cell-wall-like structures will be important to provide them
with any reasonable level of robustness. Synthetic cell walls
have so far hardly been explored. Evidently, the encapsula-
tion of synthetic cells in cell-wall-like structures will also
deepen our understanding regarding the relations between
cells and environmental processes. Thus, we estimate that
engineering mechanisms to grow and divide these cell-wall-

like structures will become one of the important future
challenges in the field of synthetic cells.

From prehistoric times until today, mankind has been
busy in creating and improving forms of life that it can
utilize through cross-breeding and directed evolution.
Today, many scientists and philosophers predict that we
stand on a doorsill of history where attempts to create man-
made synthetic life, and in particular synthetic cells, may
soon succeed and maturate. Whether this will represent a
revolutionary step forward or merely an evolutionary
development, such research will be of great interest to the
basic understanding of the fundamental concepts of life.
Indeed, such an understanding is bound to come from the
engineering of cellular elements. As Richard Feynman
famously said: *"What I cannot create, I do not understand.’
Possible solutions for synthetic-cell division, which we
have discussed here, will stand at the forefront of the
endeavors to construct synthetic cells. Indeed, we predict
that, the exciting coming years will display many founda-
tional and highly interesting results for ways to divide
synthetic cells, as well as ways to combine their division
with other essential synthetic modules, thus constituting the
essential steps in building a synthetic cell.
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