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Abstract Cell-free expression is a technology used to synthesize
minimal biological cells from natural molecular components. We
have developed a versatile and powerful all-E. co/i cell-free
transcription—translation system energized by a robust metabolism,
with the far objective of constructing a synthetic cell capable of
self-reproduction. Inorganic phosphate (iP), a byproduct of protein
synthesis, is recycled through polysugar catabolism to regenerate
ATP (adenosine triphosphate) and thus supports long-lived and
highly efficient protein synthesis in vitro. This cell-free TX-TL
system is encapsulated into cell-sized unilamellar liposomes to
express synthetic DNA programs. In this work, we study the
compartmentalization of cell-free TX-TL reactions, one of the
aspects of minimal cell module integration. We analyze the signals
of various liposome populations by fluorescence microscopy for
one and for two reporter genes, and for an inducible genetic circuit.
We show that small nutrient molecules and proteins are encapsulated
uniformly in the liposomes with small fluctuations. However,
cell-free expression displays large fluctuations in signals among

the same population, which are due to heterogeneous encapsulation
of the DNA template. Consequently, the correlations of gene
expression with the compartment dimension are difficult to predict
accurately. Larger vesicles can have either low or high protein yields.

I Introduction

Biochemical systems with increasing complexity are now constructed outside living organisms using
reductive bottom-up approaches [2, 18, 26, 27]. One experimental path to constructing minimal cells
from scratch, arguably one of the most challenging cell-free projects, is to integrate and link three
modules: self-organization (container), metabolism, and information [5, 35]. The integration of cel-
lular parts into cell-sized liposomes aims at generating an out-of-equilibrium system that, ultimately,
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will be capable of self-maintenance and self-reproduction [23]. Cell-free transcription—translation
(TX-TL) systems, from E. ¢o/i in particular, are becoming prominent platforms to assemble minimal
cells using this approach [23]. The system is composed of a cytoplasmic extract that provides the
TX-TL molecular machinery to execute DNA programs, and of a custom-made reaction solution to
energize TX-TL, highly demanding in chemical energy [4, 7, 30]. The important feature of cell-free
expression systems is their barrier-free environment. This allows precise concentration settings of
the biochemical components involved in complex biological networks, either gene circuits or met-
abolic pathways [5, 13, 30]. Compartmentalization and compartment dynamics are necessaty to cre-
ate a genotype—phenotype linkage and guarantee evolvability of synthetic minimal cells [8, 39].
Evolution of an artificial cell goes beyond the concept of compartmentalized directed evolution
[16]. A minimal cell is a complex system, constructed in laboratory through a hierarchical assembly
of parts and modules that, at the end, has to show autonomy and open-ended evolution [5, 28].

The synthetic DNA program (genes and regulation) expressed inside liposomes will ultimately
control most of the minimal cell functionalities. For instance, it will direct the synthesis of mem-
brane proteins for nutrient exchange between the inner and outer solutions and the synthesis of
phospholipids for volume expansion [5, 17, 21, 24]. Ribosome synthesis will be also encoded in
synthetic DNA [14], as well as division directed by cytoskeletal proteins [20]. However, a DNA
program is not enough. Biochemical and biophysical properties are also essential to achieve these
complex functions, in particular self-assembly. Molecular crowding, for instance, is an essential
condition to achieve and accelerate self-organization processes, from simple protein oligomeriza-
tion to supramolecular assemblies of active cytoskeletal structures [41, 34]. Results for each of the
minimal cell modules have been described, but integration into a functional unit has not been
achieved [5].

One of the bottlenecks in such projects is the vast space of biochemical parameters. In the lab-
oratory, the design of a minimal cell relies on the optimization of the interactions of many biochem-
ical variables, some of which are coupled nonlineatly. To tackle this combinatorial problem we
envision that high-throughput screening performed by liquid-handling robots will accelerate the
navigation through the parameter space to provide necessary optimization at all the levels (cell-free
TX-TL efficiency, gene circuits, metabolism scheme, etc.). The robotic workstations will be driven
by predictive algorithms, which are based on statistical modeling of the fitness landscape [9, 11, 33].
Evolutionary robotics and virtual experiments [1] may help to define an optimal configuration of the
robot hardware, which will be adapted for the synthesis of a minimal cell in laboratory 10, 12, 32].

Another bottleneck of minimal cell synthesis is the encapsulation of complex cell-free TX-TL
reactions into liposomes. While many methods are available to prepare phospholipid vesicles, the
reproducible formation of unilamellar liposomes at high concentrations of macromolecules and salts
(physiological conditions) is a nontrivial problem [40].

In this article, we present an all-E. co/i cell-free TX-TL energized by a powerful metabolic path-
way based on the catabolism of di- and polysaccharides (maltose and maltodextrin) for the regen-
eration of ATP and recycling of inorganic phosphate [7], an inhibitory byproduct of protein
synthesis. We present quantitative fluorescence measurements of the encapsulation of discrete mo-
lecular components (nucleosides, proteins, and DNA). We characterize protein synthesis of one re-
porter gene, of two teporter genes on two different plasmids, and of an inducible gene circuit. We
show that the large fluctuations observed in signals are due to the encapsulation of large macromol-
ecules (DNA), which is heterogeneous at low concentrations.

2 Materials and Methods

2.1 Cell-free Extract Preparation and In Vitro Protein Synthesis

The preparation and composition of the all-E. co/i cell-free extract has been reported in our previous
works [7, 37]. Cell-free reactions were performed as previously described, with either 12—-15 mM
maltose or 35 mM maltodextrin [7].
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2.2 Plasmids

The plasmids used in this study are as follows: pBEST-OR2-OR1-Pr-UTR1-deGFP-T500, which
was described previously [31], was used for cloning of the CFP and mCherry genes to create
pBEST-OR2-OR1-Pr-UTR1-deCFP-T500 and pBEST-OR2-OR1-Pr-UTR1-mCherry-T500. The
melibiose operon—including the melibiose repressor and its promoter (both denoted melR) and
the regulatory parts upstream, melA-melB (Pmel)—was cloned into pPBEST-OR2-OR1-Pr-UTR1-
deGFP-T500 so as to remove the regulatory part OR2-OR1-Pr and make the plasmid pBEST-melR-
Pmel-deGFP-T500 inducible with melibiose. All the plasmids were amplified, purified, and quantified
as previously described [31].

2.3 Liposome Preparation

Liposomes were prepared using the emulsion transfer method [24, 15]. Solid POPC (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids Inc., USA) was dissolved at 10 mg/mL in
liquid paraffin (Wako Chemicals, Inc., USA) and transfetred into 1.5-ml tubes for dilution at 2 mg/mL.
Afterward, lipids in paraffin were kept at 50°C for 50 min and stored in the dark for an hour
before liposome generation. POPC in paraffin was transferred in a glass vial, and 2 uL. of inner
solution (cell-free reaction) was added: 33% (v/v) S30 E. co/i cellular extract, 60 mM K-glutamate,
5 mM Mg-glutamate, 1X 3-PGA buffer 7, 37], pBEST-OR2-OR1-Pr-UTR1-deGFP-T500 [31] at
different concentrations depending on the experiment, 12 mM maltose or 35 mM maltodextrin, 2%
PEG-8000 (v/v). Shaking the vial with a vortex at maximum speed for 5 s produced a watet-in-oil
emulsion. Then, 200 pL of that emulsion were transferred onto 20 pL of the outer feeding solution
(1.5-ml tube), which contained the same components as the cell-free reactions except extract (re-
placed by S30B buffer), DNA (replaced by water), and BSA (replaced by water). The difference in
osmotic pressure was balanced by addition of an excess of PEG-8000 in the feeding solution, 6%
(v/v). The tube was centrifuged at 1500g for 10 min. After centrifugation the oil phase was removed
and the liposome suspension was collected for microscope analysis. BSA-TRITC (Sigma-Aldrich),
FITC-UTP (Invitrogen, USA) and DNA labeling kit (Mirus Bio LLC, USA) were used for liposome
fluorescence. All of the other chemicals were purchased from Sigma-Aldrich (St. Louis, USA).

2.4 Microscope Image Analysis

After liposome generation, 10 pL. was dispensed on a microscope slide closed with a frame seal
(Fisher Scientific, USA). Beads for the calibration line were purchased from Spherotech, Inc.,
USA. The sealed microscope slides were incubated overnight at 29°C to catry out protein synthesis
inside liposomes. Characterization of compartmentalized gene expression or molecular component
encapsulation was performed with an inverted microscope IX81 (Olympus) equipped with a camera
and proper sets of filters. A 40X air objective was used for observation. Image analysis was con-
ducted with Olympus MetaMorph software. Fluorescence analysis was conducted using (1) CFP-
2432A-OMTF; filter Ex, 438/24 nm, Em: 483/32 nm, DM, 458; (2) GFP-3035D-OMF; filter
Ex: 473/31 nm, Em: 520/35, nm DM: 495; and (3) TRITC filter ST, Ex: 525/4 nm, Em: 585/
40 nm, DM: 555.

3 Results and Discussion

We first present results about improved in vitro protein synthesis obtained with our custom-made
all-E. coli cell-free expression system [7]. In the second subsection the cell-free system is encapsu-
lated into unilamellar liposomes. We characterize the encapsulation of various molecules making the
cell-free reactions as a function of liposome size.

3.1 Enhanced Protein Synthesis with Glycolysis Intermediates
About 2 mg/mL of active reportet protein is synthesized in a batch mode teaction using an E. co/z
promoter specific to sigma factor 70 (primary sigma factor), with 3 mM amino acids. It corresponds
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Figure |. Cell-free protein synthesis in batch mode (12-pL reactions, 12 h at 29°C). (A) Cell-free synthesis of deGFP as a
function of plasmid concentration (pBEST-OR2-ORI-Pr-UTR|-deGFP-T500) and amount of the molecular crowding
agent (PEG-8000). (B) Optimization of transcriptional activation cascade (0.2 nM pBEST-OR2-ORI-Pr-UTRI-
Sigma28-T500 and 5 nM pBEST-OR2-ORI-Ptar-UTR|-deGFP-T500) with magnesium glutamate.

to about 2.5 mg/ml of total protein synthesized (about 80% active). Settings of the vatious chemi-
cals (about 15-20 without including the 20 amino acids) is done by hand to optimize expression.
The concentration of deGFP, a modified version of eGFP described previously [31], is quantified
against a calibration line built with known concentrations of a commercial green fluorescence protein
[7]. The optimization consists of changing the plasmid concentration with different amount of mo-
lecular crowding agent (polyethylene glycol 8000, Figure 1A). PEG-8000 is added to the cell-free
reaction to emulate the internal crowded cellular environment and thus accelerate molecular inter-
action kinetics. PEG-8000 is important to increase protein yields, and showed a concentration op-
timum between 1 and 2% (v/v). The largest achieved yield of active reporter protein is 80 uM
deGFP (ie., 2.0 mg/mL), and is obtained with a plasmid concentration between 10 and 15 nM.
This result represents an improvement of 220% over the yield reported previously [30]. This in-
crease was made possible by using a novel metabolic scheme that efficiently recycles iP through
maltose or maltodextrin catabolism for sustained ATP production during in vitro protein synthesis
[7]. This work contributes to the development of a robust metabolism module for minimal cells [6].
Our custom-made cell-free expression system recapitulates the entire sigma factor transcription
scheme of E. co/i. The six other E. co/i sigma factors (sigma 19, 24, 28, 32, 38, 54) can be expressed
to cascade on their respective promoters. Results for the sigma 28 cascade (pBEST-OR2-OR1-Ps-
UTR1-UTR1-sigma28-T500 and pBEST-Ptar-UTR1-deGFP-T500) show also an increase of protein
synthesis compared to our previous system [30] (Figure 1B). Magnesium is one of the most sensitive
biochemicals for 7z vitro protein synthesis. About 30 UM of active deGFP is produced through
the sigma 28 cascade with 1.5 mM of each of the 20 amino acids at a magnesium concentration
of 4-5 mM.

3.2 Characterization of Component Encapsulation and Gene Expression in
Liposome Populations

The encapsulation of cell-free reactions into phospholipids vesicles is a key step in the construction
of minimal cells. Because cell-free TX-TL mixtures are extremely complex (high protein, salt, and
nutrient concentrations) the production of unilamellar liposomes is highly dependent on the overall
chemical composition and methodology used. After encapsulation, concentrations of the various
components making a cell-free reaction are different from those in the initial mixture prepared in
the test tube, as already observed for small liposomes [19]. In this work, we measured, after encap-
sulation, the concentration of three classes of molecules added to a cell-free reaction prepared
with our all-E. co/i TX-TL system: small ones (nutrients, using FITC-UTP = 0.5 nm, 1 kDa),
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Figure 2. Image analysis of fluorescent polystyrene beads of different radius. Fluorescence intensity was measured through
the GFP channel on an inverted microscope. Inset: fitting of the data points to a polynomial function.

medium-size ones (proteins, using BSA-TRITC = 5 nm, 60 kDa), and large ones (plasmid DNA 4
kbp labeled with TRITC = 250 nm as an ideal coil of Kuhn length 100 nm, 2500 kDa). We used
fluorescence microscopy to measure the signal of population of spherical liposomes of diameter
comprised between 2 and 20 um.

First, uniformly labeled fluorescent polystyrene beads of different diameters were used to build a
standard curve as benchmark, characteristic of our optics (inverted microscope, 40X air objective
with numerical aperture 0.6). The intensity versus bead size was fitted with a quadratic function
(Figure 2) that reflects the geomettry of the illuminated section of the spherical object (roughly a
disk, and a depth of field of 1 um).

The encapsulation of the nucleoside triphosphate UTP labeled with fluorescein was measured as
a probe for small nutrients below nanometer size (Figure 3A). To avoid signal saturation, the en-
trapment inside unilamellar vesicles was studied in the micromolar range (1, 5, and 10 uM). As ex-
pected, the encapsulation depends on the liposome diameter and dye concentration (Figure 3B). At
large diameter, the ratio of the fit of 5 uM UTP fluorescein to that of 1 uM is 6, and the ratio of the
fit of 10 uM UTP fluorescein to that of 1 uM is 8. The entrapment of small nutrients corresponds
fairly well to the concentration found in large test tube volumes and is fairly uniform, with good least
squares. We performed the same experiment with the plasmid DNA template (Figure 3C). The
plasmid was labeled covalently with TRITC (thodamine), and then added to a cell-free reaction
in the nanomolar range before encapsulation. We used the same procedure and method of analysis
(Figure 3D). At concentrations of 1 and 5 nM plasmid, encapsulation slightly increased with the
radius of the liposomes. At a concentration of 20 nM plasmid, however, the signal distribution
can be fitted with a parabolic function with good least squares. This experiment shows how the
process of encapsulation of large molecules changes nonlinearly, at low concentration, with respect
to the concentration in test tubes.

Next, we studied the expression of the reporter protein deGFP inside phospholipids vesicles,
using 5 nM plasmid (Figure 4A). The protein BSA labeled with TRITC (BSA-TRITC, 1.5 pM final
concentration) was also added to the cell-free reaction to study the encapsulation of proteins. The
leak of fluorescence from one channel to the other was negligible. The gene expression was nor-
malized and compared with the encapsulation of fluorescence BSA-TRITC protein. While the en-
capsulation of the protein can be fitted with a quadratic function with excellent least squares, the
results for gene expression are much more scattered (Figure 4B). The encapsulation of large mol-
ecules (DNA template and possibly ribosomes) seems to be the origin of such heterogeneity of gene
expression. The DNA template seems to be of greater importance for the fluctuations, because of its
low concentration (1-50 nM) compared to that of ribosomes (1-2 uM). For a liposome of 5-um
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Figure 3. Microscope image analysis of unilamellar liposome populations. (A) Schematic of unilamellar liposomes with
labeled UTP and polynomial fits. (B) Encapsulation of FITC-UTP at different concentrations (FITC-UTP was diluted in a
cell-free reaction with no DNA). (C) Schematic of unilamellar liposomes with labeled DNA plasmid and polynomial fit.
(D) Encapsulation of fluorescently labeled (TRITC) plasmid pBEST-OR2-ORI-Ptar-UTR1-deGFP-T500 at different
concentrations (the plasmid was diluted in a cell-free reaction). Fluorescence intensity measured through TRITC
channel. Data points are fitted with a quadratic function.

radius, the number of plasmids (5 nM) is on the order of 1600 (and at least 200 times more for
ribosomes). Still, it is surprising to see such fluctuations at relatively large liposome sizes. Large
fluctuations after encapsulation have been observed also for smaller liposomes [25, 36]. Gene ex-
pression was studied for three different plasmid concentrations (Figure 4C). Gene expression at
1 nM is low. At 5 nM plasmid gene expression is scattered, with large vesicles showing either low
or high fluorescence (Figure 4D). However, with 25 nM plasmid, gene expression is more homo-
geneous. Gene expression inside liposomes was also studied for the two reporter proteins CFP and
mCherry, cloned in two different plasmids encapsulated at the same time at 5 nM each (Figure 5A).
Results were normalized to the vesicle showing the largest signal. As expected, gene expression is scat-
tered for both colors (with a slight parabolic trend), and no correlation between the two signals could
be made at the single liposome level (Figure 5B).

Finally, we constructed the melibiose regulatory system from E. /i into a single plasmid. This
system is similar to the arabinose regulatory system. The melibiose repressor melR is expressed con-
stitutively from its promoter. In the absence of melibiose in the medium, melR represses the tran-
scription of the melA-B operon through a regulatory part that includes multiple operators. In the
presence of melibiose, melR activates the transcription of melA-B. We clone deGFP under the
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Figure 4. Microscope image analysis of unilamellar liposome populations. (A) Schematic of unilamellar liposomes expressing
deGFP with labeled BSA and polynomial fit. (B) Co-encapsulation of BSA-TRITC at 0. mg/mL and plasmid pBEST-OR2-
ORI-Pr-UTR1-deGFP-T500 (5 nM). Fluorescence intensity measured through TRITC and GFP channels after 12 h
incubation at 29°C. The liposome radius reported was measured using the signal from FITC channel, and for
comparison, data were normalized to the larger vesicle with higher intensity. Data points were fitted with a quadratic
function. (C) Schematic of unilamellar liposomes expressing deGFP from different DNA concentration and polynomial fit.
(D) Compartmentalized protein synthesis with different concentration of plasmid pBEST-OR2-OR|-Ptar-UTR | -deGFP-
T500 after 12 h of incubation at 29°C. Fluorescence intensity measured through GFP channel. Data points are fitted
with a quadratic function.

melibiose promoter operator. The genetic construct (10 nM) was encapsulated into vesicles
(Figure 5C). Melibiose was added in three different ways: outside only, inside and outside, and nei-
ther inside nor outside. Without melibiose, the signal was at background level for any liposome
radius (Figure 5D). Interestingly, no net difference was observed when melibiose was added either
outside only or on both sides (in the feeding and in the liposomes). This indicates that melibiose
could freely pass the phospholipid bilayer without any specific membrane channel. In both cases,
however, expression was scattered with a slight parabolic trend.

4 Conclusions and Perspectives
In this work we made preliminary studies of the encapsulation into cell-sized liposomes of the
most powerful all-E. /i cell-free TX-TL system so far reported. This cell-free toolbox is fueled

with a novel metabolic scheme based on a carbon source for the regeneration of chemical energy
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Figure 5. Microscope image analysis of unilamellar liposome populations. (A) Schematic of unilamellar liposomes expressing
CFP and mCherry from DNA templates. (B) Co-encapsulation of 5 nM pBEST-OR2-OR | -Pr-UTRI-CFP-T500, 5 nM pBEST-
OR2-OR|I-Pr-UTRI-mCherry-T500, and compartmentalized protein synthesis. Fluorescence intensity measured through
CFP and TRITC channel after 12 h of incubation at 29°C. The liposome radius reported was measured using the signal
from the FITC channel, and for comparison, data were normalized to the larger vesicle with higher intensity. (C)
Schematic of unilamellar liposomes encapsulating melibiose gene circuit and expressing deGFP. (D) Compartmentalized
protein synthesis of the melibiose gene circuit (pBEST-melR-Pmel-deGFP-T500, 10 nM) with and without melibiose
(10 mM), partitioned between inner and outer liposome solutions. Fluorescence intensity measured through GFP
channel after 12 h of incubation at 29°C.

(ATP, GTP) and for the recycling of inorganic phosphate, a strong inhibitory byproduct of TX-TL
reaction [6, 7].

Di- and polysaccharides (maltose and maltodextrin) can be used to activate glycolysis and pro-
duce ATP in turns, available for protein synthesis. Endogenous enzymes, which are already present in
the cellular extract, are exploited to activate the central metabolism and sustain molecular machines’
activity. Nucleoside triphosphates (ATP and GTP) are regenerated using catalysis also present in
E. coli-based crude extract [3, 38]. Gene circuits are executed in a cell-free environment, using only
the endogenous housekeeping transcription machinery composed of the core RNA polymerase and
sigma factor 70, present in the cytoplasmic extract. This platform is used to construct biochemical
systems from DNA programs with the minimal cell as ultimate goal.

Large fluctuations in gene expression are observed at the level of a single gene among the same
population of liposomes. However, a more systematic study and chemical optimization will be nec-
essary to determine reproducibility, as well as any source of variability in the molecular components’
encapsulation. In particular, centrifugation and transfer of the emulsion into the feeding solution
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could be an important process influencing that entrapment. Our preliminary studies suggest that the
heterogeneity of the encapsulation of the DNA template is responsible for such variations. Such
fluctuations have been already reported and also modeled in liposomes [29, 22]. With our method,
we show that increasing the concentration of plasmid can significantly reduce these variations on
gene expression inside liposomes.
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