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vesicles. With a limited number of divi-
sion factors compared to eukaryotes, the 
Escherichia coli divisome has been at the 
center of numerous efforts attempting to 
split liposomes.[5–12] In vivo, a contractile 
ring composed of FtsZ, FtsA, and ZipA is 
formed at midcell.[13,14] FtsZ is a bacterial 
homologue of tubulin[15–17] that polymer-
izes into self-interacting filaments when 
bound to GTP.[18–21] FtsZ lacks a mem-
brane targeting domain, and it is anchored 
to the cytoplasmic bilayer by FtsA and 
ZipA.

In vitro reconstruction of FtsZ poly-
mers,[15,22] FtsA and ZipA[23] in model 
membranes has contributed to elucidate 
the self-organization and dynamics of the 
E. coli division proteins. In 2008, Osawa 
and colleagues suggested that Z-rings 
could generate constriction forces within 
tubular liposomes in the absence of motor 
proteins.[5] In this work, FtsZ-mts (a chi-

meric FtsZ with a membrane targeting sequence fused to 
the C terminus) caused membrane invagination, though full 
constriction was not achieved.[5] The authors proposed that the 
conformational change of FtsZ from straight to curved fila-
ments acts as the driving force. In a follow-up study, the same 
group claimed that the Z-ring stimulates membrane constric-
tion in giant liposomes to the point of septation.[7] The use of 
FtsA*, a gain-of-function mutant of FtsA,[24] was required to 
achieve complete scission, as such division events were not 
observed with FtsZ-mts. Szwedziak and colleagues showed that 
purified FtsZ and FtsA from Thermotoga maritima form con-
tinuous filament rings encircling the membrane on the inside 
of small unilamellar vesicles, generating constriction sites but 
evidences of membrane abscission were not presented.[9] The 
authors proposed a scenario, where the sliding and shortening 
of overlapping FtsZ filaments constitute the main force gen-
erator.[9] Interestingly, Ramirez Diaz and colleagues reported 
that FtsZ filaments do not have a single curvature,[25] and 
that their intrinsic helical structure drives liposome deforma-
tion via torsional stress, a mechanism that is reliant on GTP 
hydrolysis.[12] With the aim to recapitulate a functional Z-ring 
from gene-encoded proteins in liposomes, our group has dem-
onstrated that ring-like cytoskeletal structures led to membrane 
constriction into narrow necks connecting budding vesicles,[11] 
a phenotype that differs from that observed in previous studies 
by the more pronounced pinching of the liposome membrane. 
Although no division events could unambiguously be detected, 
our experimental design was not directed toward addressing 

Mimicking bacterial cell division in well-defined cell-free systems has the 
potential to elucidate the minimal set of proteins required for cytoskeletal 
formation, membrane constriction, and final abscission. Membrane-anchored 
FtsZ polymers are often regarded as a sufficient system to realize this chain 
of events. By using purified FtsZ and its membrane-binding protein FtsA 
or the gain-of-function mutant FtsA* expressed in PURE (Protein synthesis 
Using Reconstituted Elements) from a DNA template, it is shown in this 
study that cytoskeletal structures are formed, and yield constricted liposomes 
exhibiting various morphologies. However, the resulting buds remain 
attached to the parental liposome by a narrow membrane neck. No divi-
sion events can be monitored even after long-time tracking by fluorescence 
microscopy, nor when the osmolarity of the external solution is increased. 
The results provide evidence that reconstituted FtsA-FtsZ proto-rings coating 
the membrane necks are too stable to enable abscission. The prospect of 
combining a DNA-encoded FtsZ system with assisting mechanisms to 
achieve synthetic cell division is discussed.

Research Article
﻿

E. Godino, C. Danelon
Department of Bionanoscience
Kavli Institute of Nanoscience
Delft University of Technology
Delft 2629HZ, The Netherlands
E-mail: c.j.a.danelon@tudelft.nl

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adbi.202200172.

1. Introduction

Synthetic cell research has become a rapidly growing field in 
synthetic biology and is rooted to the concept of “minimal cell” 
coined by Luisi and co-workers.[1–4] The ultimate goal is to create 
an entire living cell from the ground up using a minimal set of 
biological and chemical building blocks. The reconstitution of 
DNA-encoded protein systems offers a route toward autocatal-
ysis of the network’s constituents and, eventually, autonomous 
replication of the evolutionary compartment.

A starting point to establish compartmental division, a hall-
mark of cellular life, in cell-free systems, is to identify the main 
components and processes involved in bacterial cytokinesis 
and to reconstitute them in vitro, most relevantly inside lipid 

© 2023 The Authors. Advanced Biology published by Wiley-VCH GmbH. 
This is an open access article under the terms of the Creative Commons 
Attribution License, which permits use, distribution and reproduction in 
any medium, provided the original work is properly cited.
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this specific question. Hence, the capability of membrane-
tethered FtsZ to split liposomes remains open to discussion, 
both as a fundamental aspect in bacterial cytokinesis and as an 
implementation strategy for synthetic cell division.

Herein, we explore this question by coupling the assembly 
of Z-ring to cell-free protein synthesis with PURE system[26,27] 
inside liposomes. Specifically, we ask: Is the combination of 
FtsA and FtsZ sufficient to drive liposome division? Is FtsA* 
required for full septation? Can osmolarity differential across 
the liposome bilayer encourage fission of the FtsZ-constricted 
membrane neck? Time-lapse fluorescence imaging and quanti-
tative analysis reveal distinct features between FtsA- and FtsA*-
induced membrane constriction sites and bud morphologies. 
Yet, no evidences for septation or membrane neck splitting 
were found, suggesting that Z-ring stability is the bottleneck for 
division. We finally discuss experimental approaches to enable 
Z-ring-constricted liposomes to undergoing actual division.

2. Results

2.1. Quantitative Analysis of FtsA-FtsZ-Mediated Liposome 
Constriction Sites

We performed reconstitution experiments of gene-encoded 
FtsA-FtsZ cytoskeletal structures in liposomes (Figure 1a). 
Compared to our previous work,[11] we optimized the protocol 
to increase the occurrence of liposomes exhibiting constriction 
sites and budding vesicles, allowing us to perform statistical 
analysis of the different morphological features (Experimental 
Section). Recruitment of the fluorescently labeled FtsZ-
Alexa647 (FtsZ-A647) to the liposome membrane was detect-
able within 1.5 h of expression, while shape deformations in 
the form of protrusions or membrane necks connecting bud-
ding vesicles to the parental liposome were only observed 
after 2–3 h (Figure  1b,c and Figure S1a, Supporting Informa-
tion). About 45% of liposomes display membrane deformation 
(including in the form of short protrusions) and ≈18% of total 
liposomes exhibit neck formation. These values are likely under-
estimated since membranous structures may be located outside 
the imaging plane. Importantly, membrane remodeling events 
can clearly be attributed to FtsZ clusters as such structures do 
not appear when FtsA is not expressed (Figure S1b, Supporting 
Information). The FtsZ-coated membrane necks generally 
span over a few micrometers, forming a tubular structure with 
an apparent length of 1.5 ± 0.8  µm (over 50 constriction sites 
analyzed across three biological replicates) (Figure 1d). No cor-
relation was found between the size of the parental liposome 
and the length of the neck (Figure  1d). The tethered budding 
vesicles have an apparent (and most likely underestimated) 
diameter of 2.2 ± 0.8 µm (over 50 buds analyzed across three 
biological replicates) (Figure 1e). Interestingly, some liposomes 
exhibit a dumbbell-shape geometry consisting of two almost 
equally sized liposomes connected by a membrane neck. More-
over, we observed that multiple necks with blebs can develop 
from a single mother liposome (Figure 1f,g), representing about 
44% of the total number of constricted liposomes. Up to four 
necks with tethered vesicles may originate from one liposome, 
and buds can either be arranged one after another in a pearling 

like manner or connected via a branching point (Figure  1g). 
We repeated the assay several times with our standard lipid 
composition and with only DOPG-DOPC lipids, with different 
batches of lipids, DNA templates, PURE system, and purified 
FtsZ-A647. All results were consistent across the tested condi-
tions, demonstrating the robustness of our protocol to gener-
ating constricted liposomes by genetic control of Z-ring protein 
assembly.

2.2. Timelapse Imaging of Constricted Liposomes Did Not 
Reveal Division Events

We then set out to examine how constricted liposomes form 
and develop using time-lapse confocal microscopy. In par-
ticular, liposomes were tracked over time to determine whether 
division events might occur by closure of the membrane 
neck in the form of a septum or detachment of the buds. 
Over 50 liposomes with varying numbers of necks and blebs 
were imaged every 10 s for a duration of a few minutes up to 
40 min (Figure 2a). The exact duration depended on how fast 
the liposomal structures were moving and our ability to main-
tain them in focus. None of the imaged liposomes underwent 
visible division. Despite clear dynamics, the membrane necks 
are stable and the buds permanently attached regardless of the 
liposomal phenotypes. This result indicates that, in the studied 
conditions, FtsA-FtsZ is capable of constricting liposomes 
into narrow membrane necks but is not sufficient to complete 
abscission. We cannot exclude that small blebs (<1 µm in diam-
eter) may have been expelled from the parental liposome from 
out-of-focus planes. Recording such fast events would tech-
nically be challenging. We found that some of the FtsA-FtsZ 
clusters were dynamic and could slide along the membrane 
necks. Moreover, we observed in a few liposomes that oppo-
site membrane sites were pinching, presumably because of the 
condensation of FtsZ polymers (Figure 2b and Figure S1c, Sup-
porting Information).

2.3. Inward Membrane Invaginations Produced  
by Extraliposomal Assembly of FtsA-FtsZ Polymers

To better visualize the membrane remodeling events and, 
possibly, catch the release of budding vesicles, we produced 
FtsA-anchored FtsZ filaments from the outside of liposomes 
(Figure 3a). After 1 h, we observed that FtsZ was recruited on 
the outside of the liposomes and was drilling concave deforma-
tions into the membrane (Figure S2, Supporting Information). 
As the expression of FtsA continued, multiple inward tubular 
membranous structures partly or entirely coated with FtsZ 
were detected (Figure  3b–d). These membrane invaginations 
spanned several micrometers, could display terminating buds 
and developed irrespective of the liposome size (Figure 3b–d). 
Some of the budding vesicles can be several micrometers in 
diameter (Figure 3c) and, in large liposomes (diameter typically 
>5 µm), densely packed invaginated membrane structures with 
multiple necks, branching points and buds can accumulate 
(Figure  3d). The fact that FtsA-FtsZ clusters at a constric-
tion site can split, resulting in multiple necks connected with 
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Figure 1.  Quantitative analysis of the liposome phenotypes induced by gene-encoded FtsA-FtsZ contractile rings. a) Schematic illustration of the lipo-
some reconstitution assay. The ftsA gene was cell-free expressed within phospholipid vesicles in the presence of 3 × 10−6 m purified FtsZ-A647. IVTT, 
in vitro transcription-translation. b) Confocal fluorescence image showing liposomes with constricted membrane sites colocalizing with expressed 
FtsA-FtsZ clusters. Asterisks indicate FtsA-FtsZ-coated membrane necks connecting budding vesicles. c) Confocal fluorescence images of individual 
liposomes exhibiting representative phenotypes. The membrane neck can be shorter (left) or longer (right) than 1 µm. d) The length of the membrane 
necks was analyzed. Images of the parental liposomes (n = 50) were acquired near the equatorial plane to calculate the apparent diameter. No correla-
tion was observed between the liposome size and neck extension. The mean value and standard deviation are appended in magenta. e) The diameter 
of the buds and of the parental liposomes (n = 50) were measured near their equatorial plane. In (d) and (e) the mean value and standard deviation 
are appended in magenta. f) Analysis of the number of necks/buds produced per liposome (n = 50). The number of necks ranges from 1 to 4, with 44% 
of the parental liposomes featuring more than one. Considering the fast motion of these lipidic structures, it is possible that these values are slightly 
underestimated. g) Confocal fluorescence images showing the dominant morphologies of liposomes exhibiting buds with multiple necks: unconnected 
protrusions terminated with a budding vesicle (top), liposome pearling corresponding to connected buds by a membrane neck (middle), and multiple 
buds connected through a branching point (bottom). The membrane dye is displayed in green and FtsZ-A647 in magenta. The composite image is the 
overlay of the two channels. Scale bars are 5 µm.
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blebbing vesicles,[11] may explain this phenomenon. We care-
fully inspected the numerous inner vesicles over time and by 
scanning different imaging planes to assess whether they were 
tethered to the parental liposome or free-floating in the lumen. 
We gathered that none of the inward membrane protrusions 
matured into division events, confirming the observations 
made from internally produced FtsA-FtsZ filaments (Figure 1).

2.4. Osmotic Deflation Causes Drastic Membrane Remodeling 
and Z-Ring Disassembly

Osmotically deflated liposomes are particularly prone to 
membrane remodeling in the presence of division players.[28] 
Our present findings suggest that the stability of constricted 
Z-rings precludes membrane neck splitting and may constitute 

Adv. Biology 2023, 2200172

5 10 15 20 25 30 35 40
0

5

10

15

Observation time (min)

Li
po

so
m

e 
co

un
t

Figure 2.  Temporal analysis of constricted liposomes. a) The graph reports the number of liposomes with FtsZ-colocalizing membrane necks and blebs 
that were imaged every 10 s over a certain time span, from a few minutes to 40 min. None of the studied liposomes underwent division during the 
observation period. b) Time sequence images showing the appearance of a constriction site (indicated with an asterisk in the second and last frames) 
in the course of time. The corresponding FtsZ-A647 fluorescent signal is not visible due to photobleaching during the first 8 min of imaging. The time 
lapse between consecutive images is appended. The membrane dye is colored in green and FtsZ-A647 in magenta. The displayed composite image is 
the overlay of the two channels. Scale bars are 5 µm.

Figure 3.  Characterization of membrane shape transformations induced by FtsA-FtsZ filaments generated at the exterior of liposomes. a) Schematic 
illustration of the inside-out liposome reconstitution assays, where the ftsA gene and 3 × 10−6 m purified FtsZ-A647 were supplemented in the outer 
liposome solution. b–d) Confocal fluorescence images of liposomes exhibiting inward tubulations entirely coated with FtsZ, a large budding vesicle, 
and numerous invaginated membrane structures pinched off by visible FtsZ clusters, respectively. The membrane dye is colored in green and FtsZ-A647 
is in magenta. The composite image is the overlay of the two channels. Scale bars are 5 µm.

 27010198, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adbi.202200172 by T

u D
elft, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advanced-bio.com

2200172  (5 of 12) © 2023 The Authors. Advanced Biology published by Wiley-VCH GmbH

the bottleneck for dividing liposomes, not Z-ring formation 
nor constriction into narrow membrane tubes. We reasoned 
that membrane remodeling induced by an intense hypotonic 
shock (higher osmolarity outside than inside liposomes) may 
affect Z-ring stability, thus decreasing the energy barrier for 
the opposing bilayers to come closer and fuse. Alternatively, 
sudden membrane destabilization accompanied with a local 
increase of the spontaneous curvature at the neck region might 
be sufficient to trigger bilayer fusion events.

When adding 100 × 10−3 m sucrose to the outer solution of 
pre-constricted liposomes, a few of them showed an excess 
number of FtsZ-coated membrane necks and buds (Figure S3a, 
Supporting Information), while most liposomes underwent 

drastic membrane remodeling accompanied by Z-ring disas-
sembly and relaxed back into a spherical shape (Figure 4a–c). 
Liposomes that have assumed a rounded shape as a result of 
sucrose-induced membrane remodeling can develop con-
stricting necks over time (Figure 4c). It appears that membrane 
wobbling compromises the stability of FtsA-FtsZ structures, but 
instead of relaxing through neck splitting and release of the 
buds, large-scale fluctuations reshape liposomes into spheres, 
a process that must be associated to solvent or solute perme-
ability across the membrane. When a greater concentration of 
sucrose (200 × 10−3 m) was applied to the external solution, the 
overall sample quality dropped and the remaining liposomes 
showed agglutinations of numerous membrane protrusions 

Adv. Biology 2023, 2200172

Figure 4.  Fate of Z-ring-mediated constriction sites in osmotically deflated liposomes. a) Schematic illustration of liposome shape transformation and 
Z-ring disassembly (colored in magenta) upon external addition of sucrose. b) Time series images of three constricted liposomes (first row) exposed 
to an external differential of 100 × 10−3 m sucrose. Upon osmotic shock, membrane neck destabilization is followed by extensive remodeling during 
which liposomes incorporate the excess membrane and resume into a spherical shape. c) As in (b) but here the liposome assumed a rounded shape 
and later developed constricting necks again (last frame). The images are overlays of the membrane dye signal (green) and the FtsZ-A647 signal 
(magenta). Scale bars are 5 µm.
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and small vesicles (Figure S3b, Supporting Information). 
Together, sucrose-induced osmotic deflation of liposomes does 
not encourage division of FtsA-FtsZ-constricted liposomes.

2.5. Substituting FtsA with FtsA* Leads to Formation of Longer 
Membrane Protrusions Terminated by Smaller Buds

We then asked if the high stability of the protein rings and 
membrane necks was specific to the E. coli wild-type FtsA or 
if the gain-of-function mutant FtsA* (R286W)[24] could enable 
complete septation and division, as invoked in Osawa et  al.[7] 
FtsA* has a reduced propensity to form oligomers which 
increases the packing density of FtsZ polymers compared 
to FtsA.[29,30] Therefore, we cell-free expressed FtsA* inside 

liposomes and reconstituted FtsA*-FtsZ cytoskeletal structures 
following the same protocol as described above (Figure 5a). 
Membrane recruitment of FtsZ in the form of patches was vis-
ible within 1.5 h of expression of FtsA* and major liposome-
remodeling events were observed after 2 h (Figure  5b–d). In 
contrast to the type of structures formed with FtsA, the majority 
of the liposomes exhibited long and narrow outward membrane 
protrusions that were completely coated with FtsZ (Figure 5b). 
This result is in agreement with previous observations that 
FtsA* improves lateral interactions between FtsZ filaments 
and stabilizes FtsZ ring rearrangement.[29,30] Tubular protru-
sions had an apparent length of 3.2 ± 1.5 µm (n = 50 membrane 
tubes analyzed across three biological replicates, Figure  5c), 
which is about twofold longer than with the wild-type FtsA. No 
clear correlation was observed between the parental liposome 

Adv. Biology 2023, 2200172

Figure 5.  Cytoskeletal structures and membrane remodeling using the FtsA* mutant. a) Schematic illustration of the FtsA*-FtsZ-liposome assay. The 
ftsA* gene was expressed within phospholipid vesicles in the presence of 3 × 10−6 m purified FtsZ-A647, as previously described with the wild-type gene. 
b) Confocal fluorescence images of liposomes exhibiting long and narrow outward membrane protrusions entirely coated with FtsZ. c) The length of 
these membrane extensions was quantified as described in Figure 1 (n = 50 liposomes analyzed). The appended magenta lines are the mean value 
and standard deviation. d) Confocal fluorescence images showing that long tubulated membranes can bifurcate into two or three branches. e) The 
extremity of the neck can bear a cluster of small vesicles. f) The apparent bud size was analyzed as described in Figure 1. The appended magenta lines 
represent the mean value and standard deviation. The membrane dye is colored in green and FtsZ-A647 is in magenta. The composite image is the 
overlay of the two channels. Scale bars are 5 µm.
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size and the length of the membrane necks. The terminal 
part of the membrane tubes can bifurcate into two or three 
branches (Figure 5d). In some cases, small vesicles with a size 
of 1.1 ± 0.6 µm (mean ± standard deviation, n = 40 buds ana-
lyzed across three biological replicates) were attached, typically 
in a grape-like shape (Figure 5e,f). No events of budding vesicle 
detachment were observed. However, it should be noted that 
time-lapse imaging of the same buds was challenging due to 
their fast dynamics, large distance from the mother liposome, 
and small sizes. Other membrane remodeling morphologies, 
such as patches, small outward deformations, and short pro-
trusions were also observed but their occurrence was low. The 
canonical phenotype observed with FtsA, i.e., large (diameter 
>1  µm) vesicles tethered to the parental liposome through a 
membrane neck, was rarely detected with FtsA* (Figure S4b, 
Supporting Information).

The concentration of expressed FtsA and FtsA* was esti-
mated by cotranslational labeling and polyacrylamide gel anal-
ysis (Figure S4a, Supporting Information), indicating that both 
proteins are produced at similar amounts. Therefore, the differ-
ences in FtsZ rearrangement, and extended membrane necks 
and protrusions with FtsA* can unambiguously be ascribed to 
differences in protein properties.

Our results suggest that an FtsA*-based Z-ring is not a good 
candidate for synthetic cell division. The small size of the bud-
ding vesicles creates an extreme asymmetry, which compro-
mises the balanced partitioning of the molecular contents and, 
thus, the viability of some synthetic cell daughters.

3. Discussion

Building upon our finding that the bacterial cell division pro-
teins FtsA and FtsZ constrict gene-expressing liposomes,[11] 
we herein improved the methodology to collect a large data set 
using time-lapse fluorescence imaging under varying experi-
mental conditions, which allowed us to identify various phe-
notypes and extract morphological parameters: membrane 
neck dimension, number and size of budding vesicles, and a 
lower bound for the lifetime of the constriction sites. Expres-
sion and membrane interaction of FtsA-FtsZ filaments from 
the outside of liposomes helped us reconstruct the sequence of 
events yielding neck formation and vesicle budding (Figure 3b): 
First, concave membrane depressions were formed, followed 
by deep invagination, which resulted in the extrusion of mem-
brane tubules. The inward deformations are comparable to 
those observed when purified FtsZ-YFP-mts was added to 
the outside of liposomes.[6] FtsZ protofilaments generating 
a bending force on the membrane was suggested as a step 
leading to concave depressions.[5] According to a more recent 
study, the inward membrane protrusions would be caused 
by a corkscrew-like FtsZ helix with multiple curvature direc-
tions.[25] A follow-up study revealed that membrane tubulation 
is induced by torsional stress initiated by an intrinsic twist 
along the FtsZ filament, a process that is stimulated by GTPase 
activity.[12] Interestingly, we also noticed a less common defor-
mation mechanism in which the membrane is pinched off, 
resulting in narrow neck formation (Figure 2b). This observa-
tion is more consistent with another proposed model in which 

FtsZ filaments wrapped around the liposome membrane slide, 
pulling the opposing membrane regions together.[9]

Although different types of mechanisms may cause 
liposomes to constrict, probably depending on the exact mole-
cular composition and mechanical state of the membrane, tor-
sional stress followed by tubular membrane extrusion seems 
the most prevalent scenario. Further quantitative biophysical 
studies are needed to determine the forces required to accom-
plish the scission of the membrane necks and the implication 
of FtsZ filament treadmilling. It should be noted that transi-
tioning from a spherical liposome to a constricted vesicle with 
bud formation is possible only if an excess of membrane area 
(surface-to-volume ratio increases) is generated. Solvent perme-
ability across the bilayer may lead to the volume reduction that 
is necessary to accommodate liposome shape transformation. 
This mechanism is plausible when considering that a fraction 
of liposomes is permeable to an ≈790 Da molecule.[31]

Combining with data obtained using the gain-of-function 
mutant FtsA*, our results indicate that expressed FtsA*/FtsA 
and FtsZ robustly form ring-like structures within liposomes, 
which leads to pronounced membrane deformation in the form 
of necks of various dimensions and budding vesicles. How-
ever, this two-protein system fails to trigger division events for 
all constriction sites that were tracked up to 40 min. The ques-
tion arises whether division events could be possible under dif-
ferent FtsZ/FtsA protein concentrations or phospholipid com-
positions. Although we tested a limited number of bulk initial 
conditions, a broad range of absolute and relative amounts of 
encapsulated FtsZ and FtsA can be investigated around their 
physiological values within one liposome sample. Differences 
in protein concentrations are due to variations in the encap-
sulation efficiency of macromolecules in liposomes and to the 
heterogeneity in gene expression levels.[31] The range of FtsA 
and FtsZ concentrations should have been sufficient to explore 
various states of filament length and dynamics given the large 
population of vesicles. With our previous study,[11] we tested 
two lipid compositions, both containing dioleoyl phospho-
lipids and reflecting the surface charge density of the E. coli 
inner membrane. Similar lipid compositions have extensively 
been used by other groups investigating FtsZ or other bacte-
rial membrane associated processes in vitro, showing activity 
of the reconstituted protein systems. E. coli polar lipid extracts 
would offer a more realistic hydrocarbon chain variety in terms 
of length, (un)saturation and propanylation, but the yield of 
gene expressing vesicles is not as high as with our standard 
lipid mixtures. Together, our data suggest that an FtsA-FtsZ-
based minimal mechanism is unlikely to drive synthetic cell 
division on its own. The reported example of septum closure 
to the point of division appears today to have been a rare event 
that does not reflect a robust mechanism.[7]

FtsZ has traditionally been viewed as the primary source of 
constrictive force in vivo.[32] However, there have been accu-
mulated doubts over the past few years regarding the role of 
FtsZ in the final stage of cell division. Our failure to obtain full 
septation in vitro by FtsZ-FtsA is consistent with these obser-
vations of the Z-ring in vivo. In support of the idea that FtsZ 
is not the driving force behind division, it was found that the 
pace of septum closure in E. coli cytokinesis is resistant to sev-
eral Z-ring disturbances,[33] including changes in FtsZ GTPase 
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activity, Z-ring density, and time of ring assembly. Furthermore, 
Söderström and Daley observed that FtsZ leaves the E. coli divi-
sion site at a constriction width comprised between 0.2 and 
0.3  µm, well before the closure of the inner membrane, indi-
cating that it is not engaged in the late stage of division.[34,35] 
Thus, the final stage of septation in vivo is achieved by mecha-
nisms not involving FtsZ, possibly peptidoglycan biosynthesis 
pushing the inner membrane[33] and/or excess membrane 
synthesis.[36,37]

Importantly, GUVs have been instrumental to investigate 
bacterial division proteins and many other membrane pro-
cesses. However, while they mimic some of the features of cel-
lular membranes, they admittedly lack a number of physiolog-
ical characteristics, such as the molecular diversity (both lipids 
and proteins), mechanical properties, size and spontaneous 
curvature that most likely play an important role in proto-ring 
organization. Therefore, conclusions drawn from GUV-based 
assays provide new hypotheses that need to be validated by in 
vivo experiments.

Combining the latest in vivo observations and the present 
results, the prospect of achieving robust liposome fission with 
the mere bacterial division proteins FtsA and FtsZ is rapidly 
fading. Although genetically controlled synthesis of FtsA and 
FtsZ can reliably re-shape liposomes into a morphology fea-
turing an increase in both the surface-to-volume ratio and 
membrane curvature, it becomes evident that assisting mech-
anisms, either programmed in a synthetic genome or relying 
on external factors (or a combination thereof) will be neces-
sary for final abscission. We hereafter propose several possible 
strategies:

1)	 Compartmentalized gene-based synthesis and self-organ-
ization of division proteins enables function optimization 
through in vitro evolution strategies (Figure 6a). Activity 
improvement may arise from fine-tuning the absolute and 
relative amounts of the encoded proteins, or optimization of 
their properties. Rounds of genetic diversification, along with 
selection of liposomes displaying a desirable phenotype, such 
as dumbbell-shaped constricted liposomes with a fissionable 
membrane neck, would enrich the population of liposomes 
equipped with an improved division apparatus. Balancing 
the effective concentration of proteins is essential for in vivo 
cell division. Small differences in the amounts of key cell 
division players can have a significant impact on cell prolifer-
ation.[38,39] Throughout the cell cycle, a complex collection of 
regulatory elements, comprising growth rate-mediated sign-
aling, antisense RNAs, and effector proteins, guarantees that 
adequate amounts of division proteins are produced at a spe-
cific time.[40] Therefore, control over gene expression levels 
in liposomes may increase the rate of functionally assembled 
Z-rings. This could be achieved by modulating the strength 
of transcription and translation of the individual genes, for 
instance, through mutagenesis of regulatory DNA sequences 
(Figure  6a), or by adjusting the PURE composition and 
expression conditions (Figure  6b). Moreover, evolutionary 
engineering of FtsZ and FtsA may accelerate the discovery of 
new mutants that enable liposome splitting.

2)	 Engineering temporal control over gene expression might 
also be necessary for timing the self-organization events 

underlying division (Figure 6c). In vivo example of temporal 
control at the genetic level is the observation that transcrip-
tional activity of ftsZ rises during the cell cycle, with an 
increase in FtsZ production correlating with the appearance 
of the Z-ring.[41–43]

3)	 Z-ring-constricted liposomes provide a scaffold to integrate 
additional factors that may aid in completing division.[44] 
Such elements include FtsN, Zap-family proteins, as well 
as MinC and ClpXP for disassembling FtsZ filaments 
(Figure 6d).

4)	 Division necessitates an increase in the area-to-volume 
ratio,[45] something that an elongated shape would favor. 
Elongation is often the initial stage towards binary fission, 
followed by membrane invagination. Reconstituting an 
entire elongation complex as found in E. coli is probably not 
the way to go.[46–48] Alternatively, cell-free expression of bac-
terial microtubules has been found to elongate liposomes,[49] 
and could be integrated to the FtsA-FtsZ system (Figure 6e).

5)	 Non-protein-based approaches should be explored to over-
come the energy barrier associated to fission. The dramatic 
membrane remodeling induced by adding 100  × 10−3 m 
sucrose in the external environment widened up the necks 
instead of encouraging septum formation and division 
(Figure 3b). It should be noted that at such concentrations, 
sucrose can bind to the membrane,[50] increasing the mean 
surface area per lipid, hence the vesicle surface-to-volume 
ratio. The increased thermal fluctuations of the expanded 
membrane might create forces in the opposite direction 
than those exerted by FtsZ. The use of different osmolytes, 
such as monovalent ions, divalent cations, and monosaccha-
rides known to have a low affinity to membranes,[50] as well 
as the use of enzymatic method to gradually change osmo-
larity[51] should be investigated (Figure  6f). As discussed 
above in the context of peptidoglycan/membrane synthesis-
coupled division in bacteria, phospholipid biosynthesis 
within liposomes[52,53] or excess membrane from external 
supply of lipids may promote formation of a septum at the 
constriction sites (Figure  6g). This approach would ben-
efit from using composite membranes with varying lipid 
shapes and chain lengths that are prone to alter liposome 
morphology and membrane tension[54–57] (Figure  6h). Fur-
thermore, the two leaflets of the liposome membrane could 
be asymmetrically modified to increase the line tension and 
spontaneous curvature (Figure  6i). This could be achieved 
using the photosensitizer Chlorin e6, which causes local 
lipid peroxidation upon illumination over a time scale of 
minutes.[58]

6)	 Finally, mechanical perturbations, such as gentle shear 
forces or sonication, may also elicit division events at the 
membrane neck of constricted liposomes (Figure 6j), a sce-
nario that may have been important in the development of 
early life before full genetic control.[59]

The combined action of genetically encoded division pro-
teins and external stimuli (e.g., temperature cycling, osmolyte 
or lipid addition, mechanical perturbations) will result in a 
semi-autonomous mode of division. Integration of the missing 
functions into the DNA program will eventually increase the 
level of autonomy.[60]

Adv. Biology 2023, 2200172
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Figure 6.  Possible strategies for assisting FtsA-FtsZ in dividing liposomes. a) Control over the abundance of expressed proteins can be achieved by 
designing a DNA library of regulatory elements (e.g., promoters, ribosome binding site, transcription terminator). Single variants from the DNA pool 
and PURE system are co-encapsulated within liposomes. Upon gene expression, the few liposomes exhibiting a desirable phenotype are selected and 
the DNA content extracted to start a new round of the directed evolution cycle. Such an evolutionary approach can also be used to engineer mutants 
of FtsA or/and FtsZ empowered with the ability to divide liposomes. b) Optimization of protein synthesis by varying the molecular composition (e.g., 
concentration of genes, PURE components, chaperones) and the incubation conditions (e.g., temperature and time). c) Introducing temporal control 
over gene expression for timing the sequence of molecular events involved in division. An example of gene network designed for delayed expression 
is depicted. d) Addition of other factors implicated in E. coli cytokinesis (FtsN and Zap proteins). e) Elongation of liposomes by cell-free expression of 
bacterial microtubules or through external stimuli, such as electric fields and thermal expansion. f) Increase of the liposome area-to-volume ratio by 
external addition of osmolytes. g) Membrane expansion via the incorporation of lipids that are either internally produced by gene-encoded enzymes or 
directly supplied in the external environment. h) Composite membranes with different lipid shapes and chain lengths can affect liposome membrane 
tension and spontaneous curvature. i) Expansion differential between the two bilayer leaflets, for instance via asymmetric binding of an external mole
cule, can promote division through an increase of the line tension and spontaneous curvature. j) Mechanical perturbations (e.g., gentle shear forces 
or sonication) of pre-constricted liposomes may disrupt the membrane neck.
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4. Experimental Section
DNA Constructs: The ftsA construct (starting with a T7 promoter 

and ending with the T7 terminator) was sequence-optimized for codon 
usage, GC content and 5′ mRNA secondary structures, and was inserted 
in a pUC57 plasmid (GeneScript). E. coli TOP10 competent cells were 
transformed with the plasmid by heat shock. Plasmid purification was 
performed using the PureYield Plasmid Miniprep System (column 
method, Promega). Concentration and purity of the isolated DNA 
were checked using a ND-1000 UV-Vis Spectrophotometer (Nanodrop 
Technologies).

The ftsA* (FtsA_R286W) template was constructed by site-directed 
mutagenesis PCR using the ftsA-containing plasmid as a template with 
primers 1279 ChD and 1280 ChD (Table S1, Supporting Information). The 
PCR product was checked on a 1% agarose gel stained with SYBR safe, 
imaged with a ChemiDoc Imaging System (BioRad Laboratories), and 
purified with the Wizard SV Gel kit (Promega). The purified DNA was 
incubated with DpnI (New England BioLabs) to remove residual plasmid 
and the linear DNA was purified again with Wizard SV Gel kit. DNA 
concentration and purity were measured with a Nanodrop. E. coli DH5α 
competent cells were transformed by heat shock. Cells were centrifuged, 
resuspended in 50 µL of fresh prechilled liquid lysogeny broth (LB) 
medium and incubated for 1 h at 37 °C and 250 rpm. The cultures were 
plated on solid LB medium with ampicillin and grown overnight at 
37 °C. Plasmid purification was performed using the PureYield Plasmid 
Miniprep System. Plasmid concentration and purity were checked on a 
Nanodrop. DNA sequence was confirmed by Sanger sequencing.

Linear templates for PURE system reactions were prepared by PCR 
using the ftsA- or ftsA*-containing plasmid as template with primers 
709 ChD and 757 ChD (Table S1, Supporting Information). Amplification 
products were checked on a 1% agarose gel and purified using the 
Wizard SV Gel kit. DNA concentration and purity were measured with a 
Nanodrop. The sequences of the two linearized constructs can be found 
in the Supporting Information.

Purified Protein: Labeled purified FtsZ was prepared as previously 
described[61] and was stored in 50 × 10−3 m Tris, 500 × 10−3 m KCl,  
5 × 10−3 m MgCl2, and 5% glycerol at pH 7.

Lipids: 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl- 
sn-glycero-3phosphoglycerol (DOPG), and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000 (DSPE- 
PEG-biotin), were from Avanti Polar Lipids. Texas Red 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine (DHPE-TexasRed) was from 
Invitrogen. All lipids were purchased dissolved in chloroform.

Production of Lipid-Coated Beads: Glass beads were coated with a 
lipid film according to a published protocol.[11] Briefly, 5 mg of lipids in 
chloroform consisting of DOPC (75 mol%), DOPG (25 mol%), DSPE-
PEG-biotin (1 mass%), and DHPE-TexasRed (0.5 mass%) was poured in 
a round-bottom glass flask. Methanol containing 100 × 10−3 m rhamnose 
(Sigma Aldrich) was added at a chloroform-to-methanol volume ratio of 
2.5:1. Glass beads with a diameter of 212–300 µm (acid washed, Sigma 
Aldrich) and a total mass of 1.5  g were added to the lipid-rhamnose 
solution, the chloroform was removed by rotary evaporation at 200 mbar 
for 2 h at room temperature, followed by overnight desiccation. The lipid-
coated beads were aliquoted in Eppendorf tubes and kept under argon 
at −20 °C. The lipid composition used here does not include cardiolipin 
and DOPE in contrast to a previous study.[11] This new composition led 
to a higher percentage of liposomes with the phenotypes of interest.

Preparation of the Imaging Chambers: Three microscopy glass slides 
were glued together with NOA 61 glue (Norland Products) and drilled 
over to produce 2.5 mm diameter holes. To create the bottom of the 
chamber, a 150-µm thick coverslip (Menzel-Gläser) was bonded to 
one side with NOA glue. Chambers were washed in a bath sonicator 
(Sonorex Digitec, Bandelin) by sequential steps of 10 min each using 
the following solutions: chloroform and methanol (volume 1:1), 2% 
Hellmanex, 1  m KOH, 100% ethanol, and MilliQ water. Before an 
experiment, the surface of the imaging chamber was functionalized 
with Neutravidin for liposome immobilization, as previously 
described.[11]

Cell-Free Gene Expression and Liposome Formation: PUREfrex2.0 
(GeneFrontier Corporation, Japan) was utilized in 20-µL reaction volumes 
following the instructions provided by the supplier. The linear DNA 
template was used at a final concentration of 5 × 10−9 m. The solution 
was supplemented with 1 µL DnaK Mix (GeneFrontier Corporation), 
SUPERase•In RNase Inhibitor (0.75 U µL−1 final, Invitrogen),  
2  × 10−3 m GTP, 2 × 10−3 m ATP, 3 × 10−6 m FtsZ-A647 and mixed with 
about 20 mg of lipid-coated beads. RNase inhibitor was supplemented 
as a modification of the previous protocol and was shown to increase 
the number of liposomes with FtsA-FtsZ structures. For experiments 
where gene expression occurred outside liposomes, a PUREfrex2.0 
solution was assembled as described above, except that DNA and FtsZ-
A647 were omitted. Liposomes were formed by spontaneous swelling 
of the lipid film for 45  min while tumbling at 4  °C in a cold room, 
protected from light. This was a protocol adjustment to optimize time 
management and overall sample quality. Four freeze–thaw cycles were 
then applied by dipping the sample into liquid nitrogen and thawing on 
ice. About 7 µL of the liposome solution was carefully pipetted (with a 
cut tip) into the imaging chamber and supplemented with RQ1 DNase 
(0.07 U µL−1) to inhibit gene expression outside liposomes. For the assays 
where FtsA was produced outside liposomes, the ftsA gene and FtsZ-
A647 were supplied in the external solution and addition of DNase was 
omitted. The chamber was sealed by sticking a 20 × 20 mm coverslip with 
a double-sided adhesive silicone sheet and mounted on the microscope 
stage. Expression was performed directly on the confocal microscope at 
37 °C for 3–6 h. In the experiments with osmolarity differential, 100 or 
200  × 10−3 m sucrose were carefully pipetted in the imaging chamber 
after 3 h of gene expression. First, a solution of sucrose (2  m stock 
concentration) was prepared in an equivalent osmolarity buffer as PURE 
system (about 800 mOsmol L−1). Either 0.35 or 0.7  µL of the sucrose 
solution was pipetted in the liposome imaging chamber (final volume of 
about 7 µL) to reach a final concentration of 100 or 200 × 10−3 m sucrose, 
respectively.

Labeling of Synthesized Proteins and Gel Analysis: PUREfrex2.0 reaction 
mixture was supplemented with 0.5 µL of GreenLys reagent (FluoroTect 
GreenLys, Promega). Gene expression was carried out in a test tube 
for 3 h at 37 °C. Proteins were denatured in 2× SDS loading buffer with  
10 × 10−3 m dithiotreitol (DTT) for 10 min at 90 °C. Samples were loaded 
on a 18% SDS-PAGE gel. Cell-free expressed fluorescently labeled proteins 
were visualized using a fluorescence gel imager (Typhoon, Amersham 
Biosciences) with a 488 nm laser and a 520 nm band-pass emission filter.

Confocal Microscopy and Image Analysis: Liposomes were imaged 
using a Nikon A1R Laser scanning confocal microscope equipped 
with an SR Apo TIRF 100 oil immersion objective. The membrane dye 
(Texas Red) and FtsZ-A647 were imaged using the 561 and 640 nm laser 
lines, respectively, with appropriate emission filters. The NIS (Nikon) 
program was used for image acquisition with identical settings for all 
experiments. While acquiring the images, samples were kept at 37 °C 
in a temperature-controlled stage. Fiji[62] was used for calculating the 
apparent length of the membrane necks and the liposome diameters.

Statistical Analysis: All the experiments discussed in this report were 
replicated, and identical findings were obtained. Microscopy images are 
representative of the analyzed samples across at least three independent 
biological replicates. Data are presented as mean ± standard deviation 
and the sample size is indicated in the figure legends.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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