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Summary

The use of artificial lipid membranes, structured as
giant unilamellar vesicles (GUVs), provides the
opportunity to investigate membrane-associated bio-
logical processes under defined experimental condi-
tions. Due to their large size, they are uniquely
adapted to investigate the properties and organiza-
tion (in time and space) of macromolecular com-
plexes incorporated in the vesicle interior by imaging
and micro-spectroscopic techniques. Experimental
methods to produce giant vesicles and to encapsu-
late proteins inside them are here reviewed. Previous
experimental work to reconstitute elements of the
bacterial division machinery in these membrane-like
systems is summarized. Future challenges towards
reconstructing minimal divisome assemblies in giant
vesicles as cytomimetic containers are discussed.

Introduction

One of the current goals of research in biosciences is to
reconstruct in the test tube, with the minimal set of ele-
ments, macromolecular assemblies forming part of func-
tional cellular subsystems. This experimental challenge,
which will help to reduce the gap between our current
understanding of the relationship between molecular and
cellular studies, requires integration of biochemical, bio-
physical, genetic, imaging and technological expertise
(Liu and Fletcher, 2009; Martos et al., 2012a; Monterroso
et al., 2013; Schwille, 2013). This strategy complements
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other synthetic efforts aiming at (i) the achievement of
minimal cells, by eliminating certain genes and metabolic
pathways (Nandagopal and Elowitz, 2011) and (ii) the
engineering of new systems, or of biological functions,
that do not exist in nature (Endy, 2005). In this paper, we
will focus on the first of these synthetic approaches
emphasizing how it can be used to understand fundamen-
tal problems of biological assembly and self-organization,
namely how elements interact in a dynamic manner to
yield functional high-order entities forming part of the bac-
terial division machinery.

Cytokinesis is an essential process that in bacteria is
understood in sufficient detail as most of the division
elements, their functions, and a large part of their bio-
chemical activities are relatively well known (Adams and
Errington, 2009; Lutkenhaus etal, 2012; Egan and
Vollmer, 2013). In Escherichia coli, the cell division
protein FtsZ is anchored to the cytoplasmic membrane by
the action of the membrane protein ZipA and the
amphitropic protein FtsA, forming the initial molecular
assembly of the division machinery, the proto-ring. The
proto-ring drives cytokinesis at midcell, where FtsZ poly-
mers formed upon GTP binding arrange in a dynamic
Z-ring active in division (Vicente and Rico, 2006; Vicente
et al., 2006). Positioning of FtsZ at midcell is directed by
the Min proteins that oscillate from pole to pole, blocking
the polymerization of FtsZ at both cell poles, and by the
nucleoid occlusion that prevents FtsZ polymer formation
as long as the nucleoid is not segregated. The reader is
referred to recent comprehensive reviews on this topic for
further information (Erickson et al., 2010; Mingorance
et al., 2010; Lutkenhaus et al., 2012; Egan and Vollmer,
2013).

Most of the key macromolecular reactions in bacterial
division take place at membrane surfaces. For this
reason, a considerable effort is being done to reconstitute
and study the activity, assembly and interactions of essen-
tial division proteins (e.g. FtsZ) in model membranes
(reviewed in Martos et al., 2012a and Rivas et al., 2013).
Among them, giant unilamellar vesicles, because of
their large size well above the optical resolution limit
(from 10 to 100 um), are particularly well adapted to
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reconstruct minimal division assemblies as, in principle,
the organization of these dynamic assemblies, and their
modulation in time and space, can be monitored inside
them using high-resolution fluorescence microscopy and
single-molecule imaging techniques (Schwille and Diez,
2009; Martos etal, 2012a). Since the development
of the first reproducible procedure for giant vesicles pro-
duction (Reeves and Dowben, 1969), these methods
have been extensively used to study the biochemical and
biophysical mechanisms linked to the formation of lipid
membrane domains — including lipid rafts (reviewed in
Schwille and Diez, 2009), and of vesicle fusion and
scission — such as membrane tubulation and budding
(Baumbart et al., 2011; Terasawa et al., 2013). Moreover,
GUVs have been instrumental to study the influence of
protein motors and fibres on the mechanical properties of
lipid vesicles (Kale et al., 2010; Stachowiak et al., 2010;
2012) and have also been used as a cell-like container for
cell-free gene expression inside vesicles (Noireaux et al.,
2011; Stano and Luisi, 2013). For a more comprehensive
review on giant vesicles, the reader is referred to Walde
etal., 2010.

The purpose of the present paper is to provide a
summary of the experimental implementation in the pro-
duction of giant vesicles (with emphasis on methods well
adapted for the encapsulation of biological macromol-
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ecules inside the vesicles), to summarize results in previ-
ously published experimental studies of reconstitution of
bacterial division elements in giant vesicles and to present
future developments and challenges towards reconstruct-
ing minimal division assemblies in these cell-like contain-
ers. Below, we revised the main methods and outstanding
results in the field.

Methods based in lipid hydration

The first technique described to obtain micrometre-size
lipid unilamellar vesicles involves the swelling or hydra-
tion of a dry (or semi dry) film of lipid (amphiphilic)
molecules that, upon hydration, spontaneously self-
organizes to form a closed lipid compartment (Fig. 1A)
(Reeves and Dowben, 1969). The procedure is simple
and requires minimal sample manipulation, allowing the
use of a broad variety of buffer compositions, and prac-
tically all kinds of lipids, including native membranes. The
formation of multilamellar vesicles can be minimized by
using the appropriate amount of lipids and by controlling
both the uniformity of the deposited lipid layers and
the hydration conditions. However, the efficiency of
macromolecular entrapment is low, and the vesicles pro-
duced by this technique are very polydispersed in size
(Table 1).

Table 1. Summary of the selected methods for giant vesicles production.?

Expected
encapsulation

Method Yield® Size distribution level Comments Ref.
Natural swelling High Polydisperse Low e Simple (Reeves and Dowben,
» Suitable for lipid and native 1969; Dominak and
membranes Keating, 2008; Horger
et al., 2009; Tsai et al.,
2011)
Electroformation Moderate/  Polydisperse, more Low ¢ Simple equipment (Angelova and Dimitrov,
High controlled e Suitable for lipid and native 1986, 1992; Merkle et al.,
membranes 2008; Pott et al., 2008;
Montes et al., 2010;
Stachowiak et al., 2012)
Droplet transfer High Polydisperse, more High ¢ Simple (Pautot et al., 2003; Carrara
controlled * Possible presence of oil inside etal., 2012)
vesicles
cDICE High Monodispersity High ¢ Simple equipment (Abkarian et al., 2011)
Controllable size ¢ Possible presence of oil inside
vesicles
Microfluidic High Monodispersity High ¢ Simple equipment (Ota et al., 2009)
Controllable size ¢ High-throughput, highly
reproducible
¢ Very fast
Jetting High Large monodisperse  High ¢ Sophisticated equipment (Stachowiak et al., 2008; Li
vesicles ¢ High-throughput et al., 2009)
¢ Instable vesicles
e Very fast
Lipid-coated ice High Controlled High Simple equipment (Sugiura et al.,2008;

droplets hydration

monodispersity

Kuroiwa et al., 2012)

a. For a more comprehensive view on advantages and disadvantages of these methods the reader is referred to table 3 in Walde et al., 2010.
b. Yield referred as number of vesicles.
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A

Fig. 1. Schematic representations of the main
methods for the formation of giant vesicles.

A. Lipid hydration. Natural swelling and
electroformation methods are based in the
same principle: lipid layers deposited onto a
solid surface render spherical structures upon
hydration with the buffer solution.

B. Droplet transfer. Aqueous droplets
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containing the internal buffer are coated by
lipids in the lipid-stabilized oil phase. The
migration through the lipid-saturated phase
leads to the stabilization of vesicles that will
be recovered from the external buffer phase.
C. Continuous Droplet Interface Crossing
Encapsulation method (cDICE). Droplets are
produced when the encapsulated aqueous
solutions (EAS) are detached from the
capillary while both lipid-in-oil solution (LOS)
and EAS are subjected to a centrifugal force
in a Petri dish. Droplets enter the LOS phase
and lipids coat them. Driven by the centrifugal
force, lipid-coated droplets cross the
LOS-DAS interface giving bilayer-coated
vesicles.

2210} |ebnjujuan

Encapsulated aqueous
solution (EAS)
\ ! m

0\

|
|
(1

Lipids in oil phase |Dispersing aqueous
(LOS) solution (DAS)

_ﬁ

centrifugal force

The size homogeneity of the giant vesicles produced by
swelling can be improved if the hydration of the lipids is
done in the presence of a controlled electrical field, either
between two platinum wires or two metal-coated surface
glasses (usually using indium tin oxide, as the metal
component) (Angelova and Dimitrov, 1986; Angelova
etal, 1992). Although the vesicle yield is moderate
(Table 1), this is one of the most reliable protocols to
produce giant vesicles made from lipid mixtures, which
usually remain attached to the surface of support allowing
their observation during extended periods of time and the
manipulation of individual vesicles as well. The formation

of giant vesicles in slowly alternating fields is usually more
efficient when it is done in low-salt buffers, although recent
developments have described vesicle production under
physiological ionic conditions (Pott et al., 2008; Montes
et al., 2010). Electroformed vesicles have therefore been
widely used to investigate physicochemical properties of
lipid mixtures, including the formation of lipid domains
linked to phase separation processes (Schwille, 2011). In
addition, the analysis of lipid organization in vesicles made
from native membranes has been described (Montes
et al., 2010). Proteins incorporated in the outer face of
electroformed vesicles have been found to influence
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membrane properties including vesicle deformation by the
action of motor proteins (Liu et al., 2008) and membrane
curvature changes coupled to high-protein surface densi-
ties (Stachowiak et al., 2012). Interestingly, the properties
of encapsulated actin assemblies on electroformed giant
vesicles, made in part from native membranes, have been
described (Merkle etal., 2008). Recent technical and
methodological improvements have partially overcome
one of the main disadvantages of hydration-based
methods, namely the low yield of encapsulation of biologi-
cal macromolecules. Gentle hydration of an agarose
hydrogel film infiltrated with lipids (Horger et al., 2009; Tsai
etal., 2011) or co-encapsulation of solutions containing
high concentrations of unrelated macromolecules (acting
as crowders Zhou et al.,, 2008) (Dominak and Keating,
2008) have resulted in higher amounts of entrapped mac-
romolecules at the vesicle lumen.

Methods based on water/oil emulsions

To enhance the efficiency of encapsulation of macromol-
ecules, several protocols based in water-oil emulsion
have been developed. One of them (droplet transfer or
double emulsion method) involves the assembly of two
phospholipid monolayers (independently produced) to
form unilamellar vesicles (Pautot et al., 2003) (Fig. 1B).
When mixing the aqueous solutes and an oil phase con-
taining dispersed lipids, the later spontaneously reorgan-
ize to assemble the inner monolayer around the formed
aqueous microdroplets. For the formation of the outer lipid
monolayer, this emulsion is placed on top of a two-phase
system, consisting of a lipid-containing oil (upper phase)
and an aqueous solution (lower phase) where the interfa-
cial region is saturated by lipids. As the emulsion droplets
are heavier than the upper phase oil, they spontaneously
move through the interface (where a bilayer is formed)
towards the lower (aqueous) phase from where the vesi-
cles — with the trapped solutes inside — are recovered,
whereas the non-trapped solutes are absent in this final
solution (Fig. 1B). Droplet migration from the oil-lipid
phase can be accelerated by low centrifugal forces and/or
by using droplets containing sucrose in an equi-osmotic
glucose-containing lower phase (Carrara etal., 2012).
The size of the vesicles formed is heterogeneous as it
depends on the size of the droplets formed during the
emulsion step. These vesicles are well suited for bio-
chemically controlled reconstitution studies and for
bioreactor applications as proteins (and other macro-
molecular assemblies) can be entrapped with high effi-
ciency, and the vesicles are free of non-trapped macro-
molecules around them. A potential drawback of this
technique is that oil traces cannot be ruled out, requiring
specific control experiments to check that the properties
of entrapped macromolecules are not affected.

A variant of the double emulsion technique, based on a
continuous dripping of droplets off a capillary forcing their
passage through a lipid-oil/aqueous interface by a cen-
trifugal force, has been recently developed (Abkarian
et al., 2011). One of the main advantages of the continu-
ous droplet interface crossing encapsulation (cDICE)
method is that the produced vesicles are essentially
monodisperse as their size is controlled by the diameter of
the capillary tip (Fig. 1C). In this protocol, a dispersing
aqueous solution (DAS, the final outer buffer), and a lipid-
in-oil solution (LOS) are centrifuged on a Petri dish. The
aqueous solution (EAS), containing the macromolecules
to be incorporated, is injected into the LOS solution
through a capillary while the dish is rotating. The DAS and
LOS solutions are not miscible, leading to an interface
perpendicular to the centrifugal force, which favours the
formation of unilamellar vesicles when the droplets of
EAS are forced through the lipid interface. Since centrifu-
gal is the main driving force, the droplets with the encap-
sulated solution must have a higher density than the
dispersing solution, which in turn needs to have a higher
density than the lipid-in-oil solution. This protocol pro-
duces, in the order of minutes and in a single step, a
suspension of monodisperse vesicles whose size can be
controlled, with high-encapsulation efficiency.

Microfluidic approaches

Microfluidic-based methods are, in principle, uniquely
adapted to produce, in large scale, highly monodisperse
giant vesicles with a good yield of macromolecular incor-
poration in their interior (Stachowiak et al, 2008; Ota
et al., 2009; Matosevic, 2012). Microfluidic platforms allow
handling and controlling fluids in a micrometric scale,
which are characterized by a laminar flow that is ultimately
determined by microscopic physical properties (such as
speed, viscosity and capillary diameter) whose values
do not correspond to those measured at the macro-
scopic scale. The flow can be either continuous, from
microfluidics channels (continuous-flow microfluidics), or
discontinuous, using digitally controlled picoliter droplet
compartments (droplets in microfluidics). Both flow
systems have been already applied to produce giant vesi-
cles in devices fabricated by standard soft-lithographic
techniques, using mainly polydimethylsiloxane, polymers,
silicon or glass. For a more comprehensive review on the
application of microfluidics technologies to the production
of giant vesicles, the reader is referred to Matosevic
(2012). Here, the variants of this technology potentially
more adapted for biological reconstitution studies will be
briefly described.

The production of giant vesicles by flowing the solution
containing the macromolecules against a lipid bilayer pre-
viously formed at a T-junction device perpendicular to the

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 15, 3158—-3168
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Fig. 2. Microfluidic approaches for the generation of unilamellar vesicles.
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A. Main steps of the microfluidic formation of vesicles in a T-junction device (adapted from Ota et al., 2009). A cross flow at the microfluidic
T-junction drives the contact of monolayers to form a bilayer. The outward flow bends out the bilayer and the fission of the leading edge

generates vesicles.

B. Microfluidic jetting principle to obtain filled vesicles blowing the aqueous buffer and deforming a lipid bilayer. Reprinted with permission from

Richmond, et al., 2011.

continuous flow has been recently described (Fig. 2A)
(Ota etal., 2009). This method allows using sample
volumes lower than 5 ul, a volume significantly reduced
regarding previous microfluidics protocols, and a more
precise control of the droplet size by modulating the flow.
This method has been used to encapsulate a functional
cell-free gene expression system inside vesicles and to
investigate the membrane properties of the vesicles using
the pore-forming protein haemolysin.

The formation of giant vesicles by a jet-blowing
process, based on the operation of an inkjet printer, has
been described (Stachowiak et al., 2008; Li et al., 2009).
The jetting system is controlled by a piezoelectric device
that injects the solution containing the macromolecules
and deforms a lipid bilayer previously formed, producing
hundreds of monodisperse vesicles per minute with a very
high efficiency of macromolecule encapsulation (Fig. 2B).

The main drawbacks of this unique system relate with the
need of sophisticated instrumentation, the relatively high
lower limit of vesicle sizes formed (in the order of 50 um of
diameter Li et al., 2009) and the possible presence of oil
traces inside and at the membrane surface (Table 1).
The production of giant vesicles based on a water-in-
hexane emulsion formed in a microfluidic device, and
stabilized by surfactants, has been developed (Sugiura
etal.,, 2008; Matosevic, 2012). This technique (lipid-
coated ice droplet hydration) which produces vesicles of
controlled sizes (from 4 um and 20 um) consists in four
steps: emulsification, surfactant replacement, solvent
evaporation, and, finally, hydration. Droplets are frozen
and separated from the hexane solution by precipitation.
Surfactants are replaced with phospholipids, and the
droplets are hydrated to generate giant vesicles. Special
requirements should be taken into account to avoid

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 15, 3158-3168
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Fig. 3. FtsZ-mts polymerization in liposomes.

A. Liposomes were prepared from a mix (from 2% to 40%) of DOPG (1,2-Dioleoyl- sn -Glycero-3- [Phospho-rac-(1-glycerol)]) and egg PC
(phosphatidylcholine). Lipids were dissolved in methanol, mixed, dried and re-suspended at 10 mg/ml in water by vigorous vortexing. The
suspension was placed on a 4 cm diameter Teflon disc and dried under an air current. The films were hydrated with five volumes of buffer and
incubate for 2-3 h at 37°C. Liposomes were then further suspended by gentle agitation, forming a turbid layer above the Teflon. After FtsZ-mts
and GTP addition, FtsZ-mts protein, initially outside the liposomes, was spontaneously internalized into the liposomes and found assembling
into rings and helical structures inside them. The fluorescent FtsZ is shown in yellow, superimposed on the differential interference contrast

image of the liposome (Osawa et al., 2008).

B. The polymerization of this variant protein outside giant liposomes obtained with the method referred to above, originated membrane
deformations visualized as tubules recorded in time-lapse images. (Osawa et al., 2009). Bars represent 5 um. Reprinted with permission from

Osawa et al. 2008 and Osawa et al. 2009.

sample damage upon freezing. The method has recently
been used to measure the efficiency of solute entrapment
and the activity of certain enzymes inside the vesicles
(Kuroiwa et al., 2012).

Insights on reconstructed membranes

One major advantage of the reconstitution in these cell-
like membrane compartments is that both biochemical
and biophysical parameters can, in principle, be con-
trolled, allowing to study reactions between soluble and
membrane-bound elements under relatively well-defined
experimental conditions. These experimental approaches
are relevant to investigate the activities, association and
assembly properties of bacterial division elements, includ-
ing their modulation in time and space, as many of the
events involved in this essential process are membrane-
linked reactions.

Along these lines, an artificially membrane-attached
FtsZ variant, which can bind to the membrane in the

absence of the natural membrane anchors, the proteins
FtsA and ZipA, was externally added to multilamellar
liposomes formed using a modification of the hydration/
swelling protocol described above. These liposomes, after
squeezing, may convert into tubular liposomes. Under
these conditions, the membrane-bound FtsZ variant occa-
sionally internalized into the liposome, and it was found at
discrete regions producing a limited increase in the mem-
brane curvature, which the authors have correlated with
the formation of structures that mimic rings assimilated to
Z-rings (Osawa et al., 2008) (Fig. 3A). The polymerization
of FtsZ variant located at the outer face of liposomes
produced lipid tubules and membrane deformations
(Osawa etal, 2009; Osawa and Erickson, 2011)
(Fig. 3B). Electron microscopy has revealed that polymers
of the membrane-bound FtsZ variant are organized inside
lipid tubes as ribbon-like structures (Milam et al., 2012)
resembling the polymers formed by wild type FtsZ in the
presence of high concentrations of crowders (Gonzalez
et al., 2003).

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 15, 3158—-3168
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Fig. 4. Image analysis of sZipA-containing giant vesicle in the presence of GTP-FtsZ polymers.

A. Stack projection of cross-sectional confocal images of a sZipA-containing GUV in the presence of Alexa 488 labelled FtsZ and GTP.

B. Stack projection of cross-sectional confocal images of the same vesicle stained with the lipid dye DilC18. Giant vesicles were obtained by
electroformation from the polar extract of E. coli lipids in the presence of high salt concentration following the method described in Pott et al.
2008. Original data (Martos, A., unpublished results). Bar represents 10 pm.

The polymerization of the natural FtsZ protein in the
external face of ZipA-containing giant vesicles resulted in
membrane deformation (Fig. 4) (Martos etfal, 2012a),
similar to the one observed with the membrane-bound
FtsZ variants described above (Osawa et al., 2009). Wild
type FtsZ and soluble ZipA, lacking the transmembrane
region (sZipA), were fluorescently labelled after isolation
maintaining the interaction domains intact. Electroformed
lipid vesicles where sZipA was anchored in the outer face
via a functionalized lipid (DOGS-NTA-Ni, 1,2-dioleoyl-sn-
glycero-3-{[N-(5-amino-1-carboxypentyl)  iminodiacetic
acid]succinyl} nickel salt) were morphologically deformed
in the presence of FtsZ polymers. This strategy may allow
studying the effect of companion proteins (such as FtsA),
inhibitors and physiological ligands on the activities and
interactions of FtsZ.

The native form of FtsZ has been encapsulated
together with FtsA (Martos et al., 2012b) onto giant vesi-
cles made from whole inner membrane isolated from bac-
teria, which contains ZipA naturally incorporated, in the
presence of high concentrations of unrelated macromol-
ecules to reproduce natural crowding (Jiménez et al.,
2011). While FtsA is found adsorbed to the inner face of
the giant vesicles, either alone or in the presence of
non-polymerized FtsZ, the polymerization resulting from
co-encapsulation of FtsZ with GTP analogues results in

FtsA dislodgement and its association to the FtsZ poly-
mers in the lumen, indicating that the FtsA—-membrane
interaction can be counteracted by the association of FtsA
to assembled FtsZ (Jiménez et al.,, 2011) (Fig. 5). This
study showed that FtsA alone is not enough to anchor
FtsZ to the membrane indicating that a local increase of
ZipA concentration is necessary, in accordance with pre-
vious in vivo studies showing E. coli needs both proteins
to complete division [revised in (Vicente and Rico, 2006)].
This finding also suggested additional roles for FisA,
related to its amphitropic character, such as participation
in signalling events during proto-ring assembly or the
activation of late division events. Related to this, the
interaction between FtsA and the late-assembling FtsN
protein has been described (Vicente et al., 2006; Rico
et al., 2010). Recently, it has been described a membrane
dilation in lipid vesicles containing sZipA at both sides of
the membrane when FtsZ polymerization was triggered
by the release of caged GTP (Lopez-Montero etal.,
2013).

What next?

In this review, we have described recent technologies to
produce giant vesicles that are well adapted for the
encapsulation of proteins and molecular assemblies

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 15, 3158-3168



Synthetic biology, bacterial division, FtsZ, Escherichia coli

FtsA GDP

FtsA GTP

inside them. The application of these tools to study
bacterial division elements and their interactions has been
found to be feasible, as documented by several published
experimental studies and many others currently in pro-
gress. However, despite these advances, it is clear that
many experimental challenges need to be addressed
before the division machinery can actually be recon-
structed in the test tube, in the absence of cells (see also
Martos et al., 2012a and Rivas etal.,, 2013). Optimal
encapsulation of divisome elements in vesicles of proper
size, shape and composition using permeable mem-
branes and microfluidic technologies will be essential
(Abkarian et al., 2011; Richmond et al., 2011; Takiguchi
et al., 2011; Matosevic, 2012).

The constrictive force generator and constriction
mechanism have to be reproduced in the test tube,
which, among other things, would require refining the
reconstitution experiments already done with a minimal
set of division elements, to obtain very reproducible
results under well-controlled experimental conditions.
Membrane composition will also be relevant as it can
directly influence the function of the incorporated pro-
teins and the mechanical behaviour of the vesicles. This
matters as the high protein content of the bacterial inner
membrane provides different physical characteristics
when compared with lipid membranes imposing specific
mechanical constraints, which are likely to affect the per-
turbations associated to the force generated by FisZ

3165

Fig. 5. Image analysis of FtsZ and FtsA
inside Giant Unilamellar Inner Membrane
Vesicles (GUIMVs) formed in the presence of
0.5 mM caged GTP.

A. Single equatorial sections of a GUIMV
containing non-polymerized Alexa
488-labelled FtsZ.

B. Single equatorial sections of the same
vesicle containing Alexa 647-labelled FtsA.
C. Single equatorial sections of a GUIMV
containing polymerized Alexa 488-labeled
FtsZ.

D. Single equatorial sections of the same
vesicle containing Alexa 647-labelled FtsA.
Giant vesicles were obtained by
electroformation from native inner membranes
of E. coli in the presence of physiological salt
concentration following the method described
in Pott et al. 2008. Reprinted with permission
from Jiménez and colleagues (2011). Bar
represents 10 um.

assembly/disassembly reactions. Moreover, membrane
components redistributions during cell division should
create lipid domains and regions highly concentrated in
specific proteins that would favour the formation of
curved structures and collaborate with force-generating
protein machines, such as FtsZ, to constrict the bacterial
cell membrane (Mileykovskaya and Dowhan, 2005). For
these reasons, experimental studies using giant vesicles
formed from whole or hybrid cell membranes (Merkle
et al., 2008; Montes et al., 2010) will be instrumental to
obtain biologically relevant observations.

The elements of the proto-ring complex may not be
sufficient to obtain assemblies that perform activities that
can be easily correlated with cell function. The incorpora-
tion of companion proteins could be required. Moreover,
the action of site-selection systems (MinCDE complex
and/or nucleoid occlusion) should be included. The latter
relates with a crucial task: to control in time and space the
organization of FtsZ networks in the vesicles, to specifi-
cally localize the anchoring of the polymers and eventu-
ally divide these cell-like containers. Besides these
division-specific elements, non-specific factors, such as
excluded volume effects and phase-separation processes
(Hyman and Simons, 2012; Strulson et al., 2012), may
play an important role to achieve this challenging goal.
Along these lines, the incorporation of elements of the
outer membrane and/or peptidoglycan elements (Egan
and Vollmer, 2013) will be required to better reproduce the

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 15, 3158-3168
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mechanical processes linked to bacterial division in the
test tube.

Significant progress is expected by the application of
cell-free expression systems to produce, in a controlled
manner, division proteins inside giant vesicles, as recently
achieved with MreB protein, which controls the morphol-
ogy of rod-shaped bacteria (Maeda et al., 2012). These
studies connect with research on the formation of proto-
cells, in which these cell-like containers are excellent
systems in bottom-up approaches to study how proto-
cells divide as they can undergo shape-related changes
that may result in self-production. In fact, morphological
changes observed in giant vesicles are remarkably similar
to those observed in bacterial L-forms wall-less cells
(Briers et al., 2012; Errington, 2013; Mercier et al., 2013)
reminiscent of primordial living organisms, suggesting
some intriguing insights on the mechanisms of reproduc-
tion of primitive cells.

Finally, the work based on giant vesicle studies sum-
marized above will need to be complemented with parallel
studies using other cell-like containers, such as
microdroplets (Theberge etfal., 2010), droplet interface
bilayers (Bayley et al., 2008) and polymersomes (Martino
etal., 2012), together with powerful microfluidics tech-
nologies to reconstruct biologically relevant protein
assemblies in their interior.

In summary, studies of specific division macromolecular
complexes inside giant vesicles of well-defined composi-
tion will represent crucial steps towards reconstructing the
minimal machinery required for dividing a cell-like mem-
brane system. In addition these studies using minimal
systems will help to evaluate the significance of these
observations for cell function as they might be difficult to
follow — or even hidden — within the extreme complexity of
living cells. They must also be incorporated in molecular
and cellular analysis aiming to develop quantitative global
models of cellular processes. As the field of bottom-up
synthetic biology is still emerging, front-line technologies
such as the ones described here will serve to complete
our knowledge in what ultimately will be considered a
relevant aspect of integrative biology.
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Note added in proof

Procedures to incorporate FtsZ inside giant vesicles,
formed by reverse emulsion, with ZipA artificially incorpo-
rated at the inner membrane face have recently been
optimized (Cabré et al., 2013). These vesicles have been
made permeable allowing the control of FtsZ polymeriza-
tion inside them by externally added ligands that promote
assembly, such as GTP and Mg?*. Mechanical effects of
bacterial division have been reproduced in these perme-
able vesicles, which have also revealed in the cell. Inter-
action between FitsZ and ZipA affects both the
morphology and the physiology of the membrane. Mor-
phological changes observed in the vesicles and in the
cell are compatible with pulling forces being exerted
during constriction. In vitro, these forces may be modu-
lated by the relative abundance of ZipA and by the dynam-
ics of the FtsZ polymer. In vivo, an excess of ZipA results
in multilayered membrane inclusions within the cytoplasm
accompanied by the loss of the membrane function as a
permeability barrier.
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