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Executing gene circuits by cell-free transcription−translation into
cell-sized compartments, such as liposomes, is one of the major
bottom-up approaches to building minimal cells. The dynamic syn-
thesis and proper self-assembly of macromolecular structures in-
side liposomes, the cytoskeleton in particular, stands as a central
limitation to the development of cell analogs genetically pro-
grammed. In this work, we express the Escherichia coli gene mreB
inside vesicles with bilayers made of lipid-polyethylene glycol
(PEG). We demonstrate that two-dimensional molecular crowding,
emulated by the PEG molecules at the lipid bilayer, is enough to
promote the polymerization of the protein MreB at the inner
membrane into a sturdy cytoskeleton capable of transforming
spherical liposomes into elongated shapes, such as rod-like com-
partments. We quantitatively describe this mechanismwith respect to
the size of liposomes, lipid composition of the membrane, crowding
at the membrane, and strength of MreB synthesis. So far unexplored,
molecular crowding at the surface of synthetic cells emerges as
an additional development with potential broad applications.
The symmetry breaking observed could be an important step toward
compartment self-reproduction.

cell-free transcription−translation | MreB cytoskeleton | synthetic cell |
molecular crowding | symmetry breaking

The construction of synthetic cells by molecular assembly is
growing as a major multidisciplinary research area (1, 2). On

the one hand, making cell analogs carries promises as a means
for delivering basic information about unicellular life (3). On the
other hand, building synthetic cells from molecules offers a
convenient and rather safe environment for carrying out bio-
engineering at the scale of living cells (4). The primary motiva-
tion and the ultimate goal of the bottom-up assembly of synthetic
cells are the creation of microscopic compartments capable of
self-reproduction based on a genetic program. One of the ob-
jectives toward this ambitious goal is to develop a quantitative
understanding of the cooperative links between the parts that are
used, or, in other words, how the integrated parts interact to
deliver more than their individual sum. The major experimental
challenge toward making synthetic cells from molecular com-
ponents is captured by the well-known quote from Virchow (5),
“onnis cellula e cellula,” living cells arise from other living cells.
Synthetic cells have to be assembled from scratch, which requires
the integration of many molecular components characterized by
a broad variety of biochemical properties.
Cell-free transcription−translation (TXTL) has emerged as a

convenient technology for the synthesis of cell analogs because it
reproduces the process of gene expression outside of living or-
ganisms. Encapsulated into liposomes, for instance, TXTL can
be used to program cell-sized vesicles in isolation with specific
gene sets. This approach incorporates the three molecular
blocks, information−metabolism−compartment (3, 4), necessary
to look far toward making synthetic cells programmed for so-
phisticated biological functions, including self-reproduction. Many
experimental efforts are currently performed to boot up cell

analogs, besides gene circuits only, using TXTL in liposomes (6–9).
Among the numerous challenges encountered in this research area,
the development of biological functions at the lipid membrane
remains difficult.
In our previous studies of cell-sized biological reactors pro-

grammed with gene circuits, we were able to express reporter genes
for several days in lipid vesicles by synthesizing the α-hemolysin
channel to establish exchanges of building blocks (e.g., adenosine
5′-triphosphate [ATP], adenosine 5′-diphosphate, and amino acids)
through the membrane (9). Later, we showed that the actin-like
protein MreB assembles into filaments at the inner membrane of
liposomes (10), but no mechanical deformations were observed.
The spherical symmetry of the vesicles could not be broken by the
assembly of MreB filaments. Similarly, when the FtsZ protein was
synthesized in liposomes, it failed to assemble into contractile rings
(11), despite evidence of such a pattern in an experimental setting
using purified proteins (12). The difficulty of achieving the syn-
thesis and self-assembly of a cytoskeleton at the inner membrane of
liposomes and obtaining the proper phenotype remains a true
limitation to the development of genetically programmed synthetic
cells. Here we set out to understand how a cytoskeleton, dynami-
cally synthesized inside phospholipid vesicles, can give rise to
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relevant morphologies. We focused on MreB based on our pre-
vious work (10).
The MreB protein is a bacterial analog of actin found in

eukaryotic cells (13). MreB polymerizes at the inner membrane
of living cells into a cortex-like cytoskeleton responsible for the
rod-like shape of bacteria. When the mreB gene is knocked out,
the default shape taken by bacterial cells is a sphere (14, 15).
MreB interacts with the transmembrane protein RodZ to co-
ordinate the synthesis of the cell wall and thus determine the
shape of bacteria (16–18). The whole enzymatic Rod complex
rotates to maintain robust morphogenesis (19–21). The Escher-
ichia coliMreB protein is 37 kDa and has a critical concentration
of polymerization, measured in vitro, on the order of 1.5 μM
(22), similar to MreB proteins from other bacteria (23). The
number of MreB proteins per cell has been estimated to be
around 8,000 (15), which corresponds to about 5 to 10 μM
(taking that 1 molecule per μm3 is about 1 nM), or 0.2 to 0.4 mg/mL.
In vitro, it has been demonstrated that MreB alone, when
added externally to a vesicle solution, interacts with the phos-
pholipid bilayer, and polymerizes into filament bundles that
mechanically distort the membranes (24). These observations,
together with our prior work (10), motivated us to explore, in a
synthetic cell setting, what could drive the assembly of MreB into
a cytoskeleton capable of shaping liposomes into rod-like com-
partments resembling E. coli cells. The synthetic cell system
consists of a TXTL reaction encapsulated in cell-sized liposomes,
ranging from 1 to 50 μm in diameter. Genes are cloned sepa-
rately into plasmids under silent promoters that are turned on
through a transcriptional activation cascade. In this manner, the

strength of expression can be adjusted precisely by choosing the
concentration of each gene added to a TXTL reaction. The types
of phospholipids can also be changed relatively easily. Such an
experimental setting is highly convenient for isolating a specific
mechanism. The TXTL system used in this work is strong enough
(>50 μM) to synthesize MreB far above its critical concentration
of polymerization (1.5 μM) and its concentration measured
in vivo (<10 μM).
A major difference between cell membranes and liposomes is

the 2-dimensional (2D) molecular crowding. The membrane of
synthetic cells is typically deprived of proteins, as opposed to
natural membranes hosting hundreds of different proteins, either
into or attached to the bilayer. While the effect of bulk molecular
crowding on protein self-assembly is well established (25–27), 2D
crowding at the membrane has been mostly ignored in synthetic
cells so far. This prompts us to emulate this biophysical property
at the surface of TXTL-based minimal cells and quantify its ef-
fect on the polymerization of MreB, which is known to interact
with the surface of lipid bilayers (24). Surprisingly, we show that
molecular crowding at the bilayer, emulated by lipid-polyethylene
glycols (PEGs), is sufficient to drive the assembly of MreB into a
cytoskeleton capable of deforming spherical liposomes into elon-
gated shapes, such as rods (Fig. 1). The physical process by which
the vesicle’s spherical symmetry is broken is induced by the
presence of PEG polymers that act as molecular crowders at-
tached to the bilayer. We measure that the smaller the radius the
larger the ratio of long axis over small axis. Deformations are
observed for liposomes of radius smaller than 10 μm. We show
that changing lipid head types, as opposed to the PEG moiety, has

Fig. 1. Image reconstruction from z scan in fluorescence microscopy. (A) Cell-free expression of mreB inside synthetic cells with a membrane composed of
100% PC. (B) Cell-free expression of mreB inside synthetic cells with a membrane composed of 99.33% PC and 0.66% PE-PEG5000. The cell-free reactions
encapsulated inside the synthetic cells were programmed with the plasmids P70a-S28 (0.5 nM), P28a-mreB (2 nM), and P28a-egfp-mreB (0.2 nM). The
fluorescence images of several liposomes (taken after 12 h of incubation) showMreB filament accumulating at the membrane in both cases. Deformations are
observed when a lipid−PEG is used, as opposed to the case with no PEG at the membrane. These images were obtained from z-stack images reconstructed by
the software MetaMorph. The scale bar is the same for all the images.
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no effect on the process. Our study demonstrates that the self-
assembly of MreB into a mechanically dynamic cytoskeleton is
driven by molecular crowding in two dimensions, independent of
the complexity of the interactions of MreB with other proteins. We
anticipate that achieving symmetry breaking could lead to the de-
velopment of other functions such as division by FtsZ fission ring.

Results and Discussion
TXTL and Minimal Cell Systems. The TXTL system employed in this
work, known under the name of myTXTL, has been extensively
described in several recent publications (28, 29). The lysate that
provides the transcription and translation components does not
contain any living cells (SI Appendix, Fig. S1). It is convenient to
clone the genes of interest under a silent promoter, such as
T7p14 or P28a (29), and synthetize the respective RNA poly-
merase or transcriptional factor for expression in TXTL (SI Ap-
pendix, Fig. S2). We used the S28 transcription cascade based on
the endogenous E. coli transcription components. The strength of
expression using this circuit is large enough to synthesize MreB at
concentrations greater than the concentration of MreB in E. coli,
estimated to be around 5 to 10 μM (15) (SI Appendix, Fig. S3).
The TXTL system recapitulates physiological conditions and
contains all of the nutrients necessary for MreB stability and po-
lymerization, magnesium (∼10 mM) and ATP (∼2 mM) in par-
ticular. None of the proteins expressed in this work are present in
the lysate, as evidenced recently by mass spectrometry analysis of
this cell-free system (30). All of the performed reactions contained
the same ingredients, except for the plasmids that were changed
based on the proteins synthesized.
The minimal cell system was prepared by encapsulating TXTL

reactions into cell-sized liposomes, based on the emulsion
transfer method (9, 31), following a procedure reported thor-
oughly by our group recently (32). The difference in osmolarity
between the TXTL reactions encapsulated inside the liposomes
and the external solution was measured to be between 25 and 75
mOsm, a magnitude that we found adequate for our study. At
larger osmotic pressure, it is known that liposomes burst or that
micrometer-sized pores spontaneously form in the membrane
(33), a configuration that we wanted to avoid so as to keep the
reaction components inside the vesicles. Furthermore, with such
an imbalance of osmolarity, the liposomes under tension have a
spherical shape, with a membrane that does not fluctuate when
observed under the microscope. To measure liposome de-
formation, we decided to characterize the ratio L/S. This ratio is
calculated by measuring the long axis (L) and the short axis (S)
of each liposomes after 12 h of incubation. The L/S ratio is de-
termined with respect to the spherical nondeformed liposomes
just after they are prepared. By definition, L/S is equal to one for
a spherical object. The liposomes were binned as a function of
their radius, by 2-μm increments (SI Appendix, Fig. S4). In such a
manner, the statistics are converted into histograms that give a
much better overview of deformations for each 2-μm segment.
Besides, the segment 0 to 2 μm, for which the deformations are
the largest, is relevant to the size of E. coli.

Lipid Membrane Composition and Molecular Crowding.We chose PC
(egg phosphatidylcholine) as the default phospholipid, given that
liposome production is the greatest with this lipid and with re-
spect to the method employed in this work (32). Making hun-
dreds of vesicles per preparation is practical in a context of
deformation measurement. To emulate crowding at the mem-
brane, PE-PEG (phosphatidylethanolamine−polyethylene gly-
col) was added to PC at different molar concentrations. PEG is
the molecular crowder of choice, due to its low nonspecific inter-
actions with biomolecules and its high compatibility with biological
solutions. Besides this, PE-PEG is the only type of commercially
available lipid−polymer molecule that we found, and at different
PEG sizes in the ideal range. To begin our study, we looked for a

PEG size comparable to the MreB monomer size and filament
diameter, determined to be 5.1 and 3.9 nm, respectively (13). The
persistence length of PEG, on the order of 3.8 Å (34, 35), is com-
parable to the monomer length (made of three single covalent
bonds). Considering an ideal chain polymer conformation, a PEG
of molar mass of 5,000 g/mol containing 114 monomers has a root
mean square end-to-end distance of 5.7 nm (effective segment
length: 7.6 Å; number of effective segments: 57) (SI Appendix, Table
S1), an ideal size to mimic crowding at the membrane. The surface
area of a phospholipid is on the order of 40 to 50 Å2. Thus, a PEG
polymer of molar mass 5,000 g/mol covers about 65 to 80 phos-
pholipids. Consequently, we estimated that, at a molar concentra-
tion of PE-PEG5000 greater than a few percent (∼1 to 2%), the
polymer covers the whole membrane, potentially limiting the in-
teraction of MreB with the lipid bilayer. This estimation is valid
when the PE-PEG5000 molecules are only found in the membrane
and the PEG8000 remains in solution. This assumption is supported
by our control experiments, as we shall see later. The TXTL reac-
tions contain PEG8000 in solution to increase cell-free expression at
a concentration of 2 mM, which corresponds to an optimum. The
presence of PEG8000, a standard component in TXTL, was kept
fixed in all of the reactions, except for a control experiment, so as to
not bias our observations with the lipid−PEG at the membrane.

MreB Polymerization Is Enhanced in the Presence of 2D Molecular
Crowding. Our first experiment consisted of expressing either
degfp ormreB inside liposomes made of 100% PC or a mixture of
99.33% PC and 0.66% PE-PEG5000. Strikingly, after just a few
hours, a large fraction of the liposome population appeared as
rod-like shapes when MreB was synthesized in the presence of
PE-PEG5000 in the membrane (Fig. 2). A net accumulation of
fluorescently labeled MreB was observed at the membrane. No
deformations were noticed when egfp was expressed or when
MreB was synthesized in the absence of PE-PEG5000, despite a
net interaction with the membrane. The statistics of the ratio L/S
revealed that the smaller the liposome the larger the L/S ratio.
About 75% of the liposomes of radii between 0 and 2 μm had an
L/S larger than two. This result is relevant to the size of E. coli
(1 × 3 μm) and its L/S ratio, which is around 2.5 to 3 in most of
the growing conditions (36). Deformations were negligible for
liposomes of radius greater than 10 μm. This result is consistent
with the persistence length of the MreB filament, estimated to be
similar to actin on the order of 15 μm (37). For the same lipid
composition (99.33% PC and 0.66% PE-PEG5000), we de-
termined how the statistics of deformations change when the
concentration of mreB plasmids is varied (SI Appendix, Fig. S5).
The concentration of P70a-S28 was fixed to 0.5 nM because it
corresponds to an optimum for this transcription cascade (29).
No major differences in the statistics of liposome deformation
were found at a plasmid concentration larger than 1 nM (1 nM
P28a-mreB + 0.1 nM P28a-egfp-mreB). The transition from un-
deformed to deformed liposomes occurs when the plasmid
concentration is set between 0.5 and 1 nM. Our quantitative
measurements of protein synthesis (SI Appendix, Fig. S3) roughly
agree with the estimation of the endogenous concentration of
MreB in E. coli (5 to 10 μM). In a TXTL reaction, a concen-
tration of about 10 μM MreB is attained for plasmid concen-
tration between 0.2 and 0.5 nM (SI Appendix, Fig. S5). Protein
synthesis is linear up to 1 nM plasmid, and saturates slowly to-
ward a maximum of 50 μM between 1 and 5 nM plasmid.
No major differences in the statistics of the L/S ratio were

found when the experiment was performed with a different ex-
tract preparation (SI Appendix, Fig. S6). To determine whether
the liposome deformations could be due to a stronger gene ex-
pression in the presence of PEG at the membrane, we compared
the level of deGFP synthesis through the S28 cascade inside li-
posomes made of PC only or of PC and PE-PEG5000. Our
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measurements show that deGFP synthesis is similar in both cases
(SI Appendix, Fig. S7).
To clarify whether the soluble PEG8000 added to TXTL

reactions at a concentration of 2 mM participates in the
mechanism of liposome deformation as a molecular crowder,
we performed an experiment without PEG8000, with a lipid
composition of 99.33% PC and 0.66% PE-PEG5000. Our sta-
tistics of liposome deformation show that there is no difference,
whether PEG8000 is present or not in the TXTL reaction (SI
Appendix, Fig. S8). Protein synthesis in the liposomes without
PEG8000 is as strong as in the presence of PEG8000 (SI Ap-
pendix, Fig. S9). With a critical micelle concentration of about
1 μM (38), the lipid−PEG is at negligible concentration in the
solution, far below the PEG8000 concentration. These experi-
ments indicate that only the PEG5000 located at the membrane
is responsible for boosting the polymerization of MreB into
filaments and bundles. A consequence of this result is the
unique optimal concentration of PE-PEG5000 at the mem-
brane, estimated to be around 0.5 to 1% molar.

Liposome Deformations by MreB Depend on the Size of the Crowding
Polymer. It is well established that molecular crowding results in
an excluded volume that enhances the thermodynamic activity of
proteins in phase solutions (25, 27). Although less studied in two
dimensions, similar effects of excluded volume produced by
molecular crowding have been discussed or evidenced on the
activity of proteins on lipid membranes (39–41). One of the
major consequences of excluded volume in three or two di-
mensions is to affect macromolecular interactions. In particular,
in crowded media, the self-assembly of proteins that self-
associate is enhanced, as demonstrated for cytoskeleton pro-
teins in phase solutions (26, 42). This mechanism relies on an
increase of entropy in crowding molecules when reactants asso-
ciate (SI Appendix, Fig. S10). Although not exclusive, it is our
main assumption in this work: The PEG polymer at the mem-
brane results in 2D excluded volume that promotes and en-
hances self-assembly of MreB at the membrane. Polymerization
occurs predominantly at the membrane because MreB interacts
with lipids via its N terminus end (24).

Fig. 2. Statistics of liposome deformation (ratio L/S) as a function of the presence of PE-PEG5000 in the membrane. The bilayers of the synthetic cells are either
composed of 100% PC or of 99.33% PC + 0.66% PE-PEG5000 (% indicates molarity %). No deformation is observed when degfp is expressed with or without
PE-PEG5000 in the membrane (0.5 nM P70a-S28, 5 nM P28a-degfp). When mreB is expressed (0.5 nM P70a-S28, 5 nM P28a-mreB, 0.5 nM P28a-egfp-mreB),
negligible deformations are observed in the absence of PE-PEG5000 at the membrane. In the presence of PE-PEG5000, strong deformations are observed. The
liposome radii are the radii measured before deformation when liposomes are all spherical. Fluorescence images were acquired after 12 h of incubation.
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The magnitude of the effect produced by molecular crowding
depends on the volume fraction (or surface fraction) and on the size
of crowders (43). We first varied the concentration of PE-PEG5000
added to the PC membrane in a synthetic cell programmed to ex-
pressmreB (Fig. 3A). Two expected trends were observed (Fig. 3B):
1) The fraction of deformed liposomes increases as the concen-
tration of PE-PEG5000 is increased, and 2) the effect of molecular
crowding vanishes as the concentration of PE-PEG5000 exceeds a
few percent, likely because the PEG polymers cover the whole bi-
layer surface area, limiting the interaction of MreB with the
membrane. Experimentally, we measured a net decrease of the
number of deformed liposomes starting at about 2% PE-PEG5000.
It is in agreement with our estimation of full membrane coverage
for a PEG5000 polymer (estimated to be between 1% and 2%),
taking as a first approximation an ideal polymer chain for which the
characteristics are well known in the case of PEG (effective segment
length) (SI Appendix, Table S1). We performed the same experi-
ments for PE-PEG of PEGmolar masses 350, 550, and 1,000 g/mol.
We determined that the number of deformed liposomes was the
greatest for molar concentrations of 7% (PEG350), 6% (PEG550),
2.3% (PEG1000), and 0.66% (PEG5000). We focused our analysis
on liposomes of radii between 0 and 2 μm and plotted the fraction
of liposomes in that size that have an L/S larger than two with
respect to the root-mean-square end-to-end distance of the PEG
polymer (Fig. 3C). We observe a sharp transition for a PEG molar
mass of 550 g/mol, which corresponds to a root-mean-square end-
to-end distance of 1 nm. A PE-PEG350 has little effect on MreB
self-assembly at any concentration in the membrane, while the
number of liposomes with large deformations starts being signifi-
cant for a PE-PEG550. No major differences were noticed for PE-
PEG1000 and PE-PEG5000.

MreB Structures and Morphology of Liposomes. Our experiments
support, although not exclusively, the hypothesis that two phys-
ical mechanisms are responsible for liposome deformation. The
excluded volume produced by 2D molecular crowding enhances
the polymerization of MreB at the inner membrane. The mechanical

deformation of the liposomes is due to the polymerization of
MreB into bundles of filaments with persistence length on the
order of 10 to 20 μm (37). This mechanical stiffness is consistent
with the fact that 1) deformations are only observed for lipo-
somes of radii small than 10 μm, and, 2) on average, the most
deformed liposomes are the smallest.
The two most abundant morphologies observed were ovals

and rectangles, and combinations of both independent of the
original size of the liposomes (Fig. 4). The z-stack reconstruction
of several liposomes shows a net accumulation of the MreB fil-
aments at the inner membrane of the liposomes (Fig. 1). The
formation of such MreB filament bundles has been observed
in vitro using purified MreB (24). In the oval liposomes, the
filament bundles are wrapped around the inner membrane (Fig.
1). In the rectangular liposomes, it appears that independent
filament bundles stretch the membrane into parallelepipedal
shapes, creating endpoints. In the absence of 2D crowding, we
observed the formation of MreB spots located at the membrane
and the formation of a few filaments in some cases (Fig. 1).
The macromolecular structures formed by MreB at the inner

membrane of E. coli have been debated, in particular, due to the
presence of the fluorescent reporter. It has been suggested that
the helical patterns observed in E. coli cells are artifacts pro-
duced by YFP when it is fused to MreB (44). To confirm that the
liposome deformations observed in our work are not the product
of nonspecific interactions of the reporter protein with the
membrane, we expressed mreB only together with degfp in min-
imal cells. The deGFP served as a fluorescent marker of the
synthetic cell protoplasm. In such settings, the liposomes are as
deformed as the ones when egfp-mreB is expressed (SI Appendix,
Fig. S11). No interaction of the reporter deGFP was observed
with the membrane.
The proteins MreC, MreD, and RodZ are known to form a

complex with MreB at the membrane of E. coli for cell wall
synthesis (45). We expressed mreB concurrently with mreC,
mreD, and rodZ. Except for a reduction of the fraction of de-
formed liposomes, no other effect was noticed when these

Fig. 3. Statistics of liposome deformation (ratio L/S) as a function of the concentration of PE-PEG in the membrane (added to pure PC; % indicates molarity)
and size of the PEG polymer attached to PE (350, 550, 1,000, 5,000 g/mol). (A) Schematic of the synthetic cell system. The PE-PEGs of different sizes were used
separately. (B) Statistics of liposome deformation as a function of PE-PEG5000 added to PC for four concentrations: 0.13%, 0.66%, 1.33%, and 2.66%. The
same experiment was done for PEG350, PEG550, and PEG1000 to make the plot in C. (C) Percentage of liposomes of radius comprised between 0 and 2 μm
that have an L/S larger than either 2, 3, 4, or 5 as a function of the PEG polymer physical size (350: 0.72 nm; 550: 1 nm; 1,000: 2.6 nm; 5000: 5.7 nm). The
optimum PE-PEG concentrations (for which the greatest number of liposomes were deformed) were the following (% indicates molarity): 7% (350), 6% (550),
2.3% (1,000), and 0.66% (5,000).
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three proteins were expressed with mreB (SI Appendix, Fig.
S12). In the context of a single membrane minimal cell, it is
somewhat expected to not see any significant effect of those
proteins.
An additional control experiment consisted of measuring the

effect of 2D molecular crowding when membrane proteins tag-
ged with eGFP are synthesized. We chose the membrane chan-
nels α-hemolysin and MscL because their activity in TXTL
synthetic cells has been demonstrated in prior works (9, 29, 46).
No deformation was noticed when these proteins are expressed
in PC liposomes with PE-PEG lipids added to the membrane (SI
Appendix, Fig. S13). In the presence of lipid−PEG at the mem-
brane, we observed the formation of fluorescent aggregates when
either MreB or membrane channels are synthesized (Figs. 1 and
5 and SI Appendix, Fig. S13). We assume that the formation of
these aggregates is due to the strength of protein synthesis,
which, in addition, is not regulated. Consequently, gene expres-
sion goes on for hours, and proteins are overexpressed, resulting
in the formation of aggregates either attached to the membrane
or in the cytoplasm.

Liposome Deformations Are Independent of the Lipid Composition.
The protein MreB interacts with the lipid membrane via its
N-terminal end (24). We hypothesized that the lipid composition
could alter MreB self-assembly at the membrane. It is known
that the activity of membrane proteins or protein interacting with
the membrane can depend, to some degree, on the lipid compo-
sition (47), either on the lipid flavor or on the lipid charge, for
instance. We tested the effect of molecular crowding at the
membrane when the lipid composition of the liposome is changed.
We focused our study on the most abundant phospholipids found
in the E. coli membrane, composed approximately of 60 to 70%
PE (zwitterionic), 15% PG (phosphatidylglycerol, one negative
charge), and 10% CA (cardiolipin, two negative charge), keeping
PC (zwitterionic) as our default lipid. While liposomes composed
of 15% PG and 10% CA were produced, we could not make li-
posomes with more than 30% PE. We fixed PE-PEG5000 at
0.66%, an optimum to generate deformations with this lipid PEG.
Except for slight deformations observed for 10% CA, no effects
were noticed in the absence of PE-PEG5000 (SI Appendix, Fig.
S14) when PG and PE where present in the membrane. When PE-
PEG5000 was present in the membrane, no difference was found,

Fig. 4. Sample fluorescence images of liposomes for different L/S ratios. The images were all shot with a 40× objective.

A B

Fig. 5. Kinetics of deformation for three liposomes. (A) Images for three liposomes for which the L/S is (Top to Bottom) 3, 2, and 1.5. (B) Plot showing the
ratio L/S over time for the three liposomes shown in A.
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except for a decrease of the deformations in some cases. We
concluded that, in the case of MreB, the lipid composition of the
membrane has minor effects on the molecular crowding mecha-
nism and self-assembly process.

Deformations Occur in the First 5 h. In the last step of our study, we
determined the kinetics of liposome deformation, fixing the
settings in the optimum regime of observed deformations: 0.66%
PE-PEG5000, 99.33% PC, plasmids P70a-S28 (0.5 nM), P28a-
mreB (5 nM), and P28a-egfp-mreB (0.5 nM). The shape of more
than 90% of the liposomes does not change after 5 h of in-
cubation. The major change in the liposome morphology is found
between 2 and 3 h, independent of the magnitude of the L/S ratio
(Fig. 5). All of the liposomes were characterized first by a net
accumulation of MreB on the membrane before being deformed.

Conclusions
Building synthetic cells from scratch, using the natural biological
molecules, is a highly convenient environment for deconstructing
and understanding mechanisms often entangled in living cells, or
simply hard to approach in vivo. In this work, we provided the
demonstration that 2D molecular crowding at the lipid mem-
brane can literally change the self-assembly of a cytoskeleton
protein, using a genetically programmed synthetic cell system
that allowed us to isolate a particular biological function. This
result is unexpected at several levels. First, the self-assembly of
MreB alone enables shaping liposomes into the proper pheno-
type in the presence of 2D crowding. Second, our results strongly
suggest that, despite the complexity of its interactions with other
proteins in living cells, MreB’s self-assembly into a sturdy cyto-
skeleton is driven by the presence of a macromolecular back-
ground confined on a surface rather than being enzymatically
guided. We expect 2D molecular crowding to be essential for
other processes located at the membrane, especially the ones
involved in cytoskeleton assembly. We anticipate that this result
will contribute to the development of other active functions in
synthetic cells engineered either for applications or for tackling
basic questions. In particular, creating symmetry breaking based
on a genetic program should facilitate moving toward more
elaborate functions such as the self-reproduction of synthetic
liposomes, the major goal of minimal cell engineering.

Materials and Methods
Materials. DNA was purchased from Integrated DNA Technologies. Lipids
were purchased from Avanti Polar Lipids Inc. Unless otherwise mentioned, all
of the other reagents were purchased from Sigma Aldrich.

DNA Constructs. The plasmids P70a-S28 and P28a-degfp have been described
previously (29). P28a-mreB and P28a-egfp-mreB were obtained by cloning
mreB and egfp-mreB into the P28a backbone. The fusion egfp-mreB was
used in TXTL synthetic cells previously, under the name yfp-mreB in ref. 10.
The genes mreC, mreD, rodZ, mscL, and alpha-hemolysin were amplified by
PCR and cloned under a P28a promoter. All of the constructs have been
sequenced. The sequences are reported in SI Appendix, Table S2. Both degfp
(as single reporter) and egfp (used in the fusion proteins) were used. The
gene degfp was used rather than egfp as single reporter gene because it is
our reference reporter gene, used in many of our articles related to the cell-

free system used in this work. The reporter protein deGFP was described
earlier (28, 29). It is a slightly truncated version of eGFP, with the same
fluorescent properties as eGFP. The plasmid P70a-degfp was described in ref.
29. Some of these constructions are available at Arbor Biosciences (Toolbox
2.0 Plasmid Collection). The other plasmids are available on demand.

TXTL Reactions. The myTXTL kit (Arbor Biosciences) was used. TXTL reactions
are composed of an E. coli lysate, an amino acid mixture, an energy buffer,
and the desired DNA templates. The preparation of the lysate has been
described in prior work (48). The lysate represents roughly one-third of the
total reaction volume and contains the endogenous machinery required for
both transcription and translation. The amino acid mixture is an equimolar
blend of the 20 standard amino acids (49), with each amino acid concen-
tration at a final reaction of 4 mM. The concentration of the plasmid P28a-
egfp-mreB was systematically set to 10% of the concentration of P28a-mreB
(e.g., 2 nM P28a-mreB, 0.2 nM P28a-egfp-mreB).

Batch Mode Expression. Fluorescence from batch mode TXTL reactions was
measured using the reporter protein deGFP (25.4 kDa, 1 mg/mL = 39.4 μM).
Fluorescence was measured at 3-min intervals using monochromators (Ex/Em
488/525 nm) on Biotek Synergy H1 plate readers in Nunc polypropylene
96-well, V-bottom plates. Endpoint reactions were measured after 12 h of
incubation. To measure protein concentration, a linear calibration curve of
fluorescence intensity versus eGFP concentration was generated using pu-
rified recombinant eGFP obtained from Cell Biolabs, Inc. or purified in the
laboratory (29). All reactions were incubated at 29 °C in either a bench-top
incubator, for endpoint measurements, or the plate readers, for kinetic
measurements.

Liposome Preparation. The protocol to prepare the TXTL-loaded liposomes,
based on the emulsion method, has been described, in detail, by our group in
a recent publication (32). Briefly, the phospholipids were dissolved in chlo-
roform at a concentration of around 20 mg/mL. The lipids were added to
mineral oil at a concentration of 2 mg/mL and incubated for 1 h at 80 °C to
evaporate the chloroform. Five microliters of TXTL reaction was added to
500 μL of mineral oil lipid mix, followed by gentle vortex for a few seconds
to create an emulsion. Then, 200 μL of emulsion was placed on top of 50 μL
of feeding solution, and this solution was centrifuged for 1 min at 5,000 × g.
The liposome solution was recovered and placed on a microscope cover
glass, sealed, and allowed to incubate at 29 °C. The osmolarity of TXTL re-
actions and of the external solution was estimated using an osmometer
Advanced Instrument 3320. All of the lipid mixtures are given in percent
molar. For instance, 98% PC + 2% PE-PEG means that, out of 100 phos-
pholipids, 98 are PC and 2 are PE-PEG.

Imaging. Fluorescence images of liposomes were taken on an inverted mi-
croscope Olympus IX-81 connected to an Andor iXon3 CCD camera. Images
analysis and L/S ratio measurements were carried out using MetaMorph.
Except for some control experiments (∼50 liposomes measured in the control
experiments for which all of the liposomes were spherical), 200 to 300 li-
posomes were analyzed per case. All of the error bars indicate the SD of
three independent repeats. An independent repeat consisted of preparing a
synthetic cell solution from scratch, using new aliquots of materials.

Data Statement. The datasets generated during and/or analyzed during this
study are available from the public data repository for the University of
Minnesota (DRUM) (50).
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