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Abstract

The new generation of cell-free gene expression systems enables the prototyping and engineering of biological systems in vitro over a
remarkable scope of applications and physical scales. As the utilization of DNA-directed in vitro protein synthesis expands in scope,
developing more powerful cell-free transcription–translation (TXTL) platforms remains a major goal to either execute larger DNA pro-
grams or improve cell-free biomanufacturing capabilities. In this work, we report the capabilities of the all-E. coli TXTL toolbox 3.0,
a multipurpose cell-free expression system specifically developed for synthetic biology. In non-fed batch-mode reactions, the syn-
thesis of the fluorescent reporter protein eGFP (enhanced green fluorescent protein) reaches 4mg/ml. In synthetic cells, consisting of
liposomes loaded with a TXTL reaction, eGFP is produced at concentrations of >8mg/ml when the chemical building blocks feeding
the reaction diffuse through membrane channels to facilitate exchanges with the outer solution. The bacteriophage T7, encoded by a
genome of 40 kb and ∼60 genes, is produced at a concentration of 1013 PFU/ml (plaque forming unit/ml). This TXTL system extends
the current cell-free expression capabilities by offering unique strength and properties, for testing regulatory elements and circuits,
biomanufacturing biologics or building synthetic cells.

Key words: cell-free transcription–translation; gene circuits; bacteriophages; synthetic cell

1. Introduction
The emerging enthusiasm for cell-free gene expression as a
multipurpose bioengineering technology arises from several
major improvements made in the last two decades. These
advances have been predominantly made for cell-free expression
systems from Escherichia coli, the most common model organ-
ism (1–5). First, cell-free transcription–translation (TXTL: cell-free
transcription–translation) systems have become powerful enough
to enable executing genetic programs composed of several genes
relevant to natural living systems (6, 7) and integrating new tech-
nologies like CRISPR (clustered regularly interspaced short palin-
dromic repeats) (8–11). The current TXTL technology is character-
ized by a fast experimental turnover and high-throughput settings
(12), which facilitates the rapid prototyping of regulatory elements
and gene networks (13–22). Besides gene circuits, the strength of
the current TXTL platforms is leveraged to develop new bioman-
ufacturing methods that offer the unique speed of delivery and
portability (23–27). Second, the preparation of TXTL systems, from
E. coli especially, has been streamlined and reported in detail (28–
30), which considerably improved the affordability and accessibil-
ity to these systems. Third, TXTL carries by nature a high degree of
safety, making it ideal for applications outside laboratories, such
as education (11, 31). Altogether, cell-free gene expression has
been shaped into a versatile and user-friendly tool covering an
ever-growing scope of applications (6, 7, 32–34). Although TXTL

systems from a broad variety of organisms are being developed
(35), the cell-free gene expression based on E. coli lysate remains
the major test bed due to its strength and the knowledge of this
system.

Among the different E. coli platforms developed, the all-E. coli

TXTL system, now commercially available under the name

myTXTL, was devised to incorporate a broad transcription reper-
toire that comprises the seven E. coli sigma factors in addition

to the routinely used T7 and T3 bacteriophage ribonucleic acid

(RNA) polymerases and promoters (36, 37). In its second version

(38), a new adenosine triphosphate (ATP) regeneration was used

to raise protein synthesis up to 2.3mg/ml in batch mode (39). By

means of its extensive transcription capabilities and its strength,
this TXTL system has been employed in many different physical

settings for synthetic biology purposes or to address fundamen-
tal questions (Figure 1). This system has proven effective for

prototyping short deoxyribonucleic acid (DNA) (13–17) and gene
circuits (18–20, 40, 41), biomanufacturing (38, 42–46) and building
synthetic cells (38, 47–54). It is also a convenient platform to inter-
rogate biological systems at a basic level, including reconstituting
dynamical systems (19), emulating pattern formation (20, 40),
showing decision-making based on a few molecules in regulatory
networks (55) and revealing the importance ofmolecular crowding
in two dimensions for the self-assembly of cytoskeletal proteins
(49, 50).
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Figure 1. Overview of the all-E. coli TXTL system and its applications.
References are given as examples of the toolbox usage.

In this article, we present the major capabilities of the
new version of the all-E. coli TXTL toolbox, focusing on pro-
tein synthesis through the transcription repertoire, the synthe-
sis of the phage T7 used as a reference for the processing of
large DNA programs and protein synthesis in synthetic cell sys-
tems. Other characteristics of this toolbox have been reported
in version 2.0 (38) such as messenger RNA and protein degra-
dation and are not discussed in this work. When appropri-
ate, we highlight the main differences between the three ver-
sions of the system, toolbox 1.0 published in 2012 (36), tool-
box 2.0 published in 2016 (38) and toolbox 3.0 reported in this
article.

2. Materials and methods
2.1 TXTL system and batch-mode reactions
The preparation of the cell-free expression system used in this
work has been described thoroughly in several articles (28, 36,
38, 56). The toolbox 2.0 (38) is commercialized under the name
myTXTL (Arbor Biosciences). Compared to the toolbox 2.0 (38),
two major modifications were made. First, the cells (E. coli strain
BL21 Rosetta2, Millipore Sigma) were grown at 40◦C instead of
37◦C during lysate preparation. Second, cell-free reactions were
supplemented with 60mM maltodextrin (Sigma Aldrich 419672)
and 30mM d-ribose (Sigma Aldrich R-7500) instead of just mal-
todextrin. Supplementary Table S1 summarizes the references
that describe, in detail, the preparation of this system and the
differences between the toolboxes versions. Cell-free reactions
were carried out in a volume of 2–20µl at 29–30◦C. The reac-
tions were either assembled by hand (10–20µl) or dispensed on
96-well plates using a Beckman Labcyte Echo liquid dispenser
(2–5µl). Quantitative measurements were carried out with the
reporter protein deGFP (d-enhanced green fluorescent protein)
(25.4 kDa, 1mg/ml=39.37µM). deGFP is a variant of the reporter
eGFP (enhanced green fluorescent protein) that is more translat-
able in cell-free systems. The excitation and emission spectra, as
well as fluorescence properties of deGFP and eGFP, are identical, as
reported before (36). The fluorescence of deGFP produced in batch-
mode reaction was measured on an H1m plate reader (Biotek
Instruments, 96-well plate). Endpoint measurements were carried
out after 15–20h of incubation. Pure recombinant eGFP with a His
tag (from either Cell Biolabs Inc. or Biovision) was used for quan-
tification (linear calibration of the plate reader and microscope as

described before (38)). Error bars are the standard deviations from
at least three replicates.

2.2 DNA part lists and plasmid preparation
The DNA parts used in this work are available at Arbor Bio-
sciences and are reported in Supplementary Table S2 (plasmids)
and Supplementary Table S3 (linear). GenBank files of the plas-
mids used in this work are available as supplementary mate-
rial. Unless specified, the plasmids contain the highly efficient
untranslated region named UTR1 (36). The plasmids were ampli-
fied using standard mini or midi prep kits and further cleaned up
with a polymerase chain reaction (PCR) purification kit and eluted
in autoclaved water. The concentration of the DNA stock solu-
tions was quantified on a NanoDrop spectrophotometer. Linear
DNA templates were amplified by standard PCR from the respec-
tive plasmids, cleaned up using a PCR purification kit and eluted in
autoclaved water. P70a-gamSwas obtained from Twist Biosciences
and amplified by PCR.

2.3 TXTL synthesis of phages
The T7 genomic DNA was purchased from Boca Scientific. The
chi6 short DNA (Integrated DNA Technologies) was added at a
concentration of 3µM to prevent the degradation of the linear
T7 DNA (57). dNTPs (deoxynucleotide triphosphates) (Invitrogen)
were added to a concentration of 0.1mM each to enable genome
replication, as described before (44). The PEG8000 (Sigma Aldrich)
concentration was increased from 2% (2.5mM) to 3.5% (4.3mM) to
emulate molecular crowding (43). Bacteriophages were counted
by the standard plaque-forming assay using the E. coli strain B
for T7. Cells were grown in Luria–Bertani (LB) broth at 37◦C. The
plates were prepared as follows: each sample was added to a solu-
tion composed of 5ml of 0.6% liquid LB-agar (45◦C) and 50µl of
cell culture, poured on a 1.1% solid LB-agar plate. Plates were
incubated at 37◦C, and plaques were counted after 6h.

2.4 TXTL-based synthetic cells
The cell-free reactions were encapsulated into large unilamel-
lar phospholipid vesicles by the water-in-oil emulsion transfer
method (48). Briefly, phospholipids (Avanti Polar Lipids, PC 840051,
PE-PEG5000 880200) were dissolved in mineral oil (Sigma-Aldrich
M5904) at a total concentration of 2mg/ml (molar proportion:
99.33% PC and 0.66% PE-PEG5000). A few microliters of cell-free
reaction was added to 0.5ml of the phospholipid solution. This
solution was vortexed for 5–10 s to create an emulsion. About
100–250µl of the emulsion was placed on top of 20µl of the feed-
ing solution. The vesicles are formed by the centrifugation of the
biphasic solution for 20 s at 4000 rpm. The phospholipid vesi-
cles were observed with a CCD (charge-coupled device) camera
mounted on an inverted microscope (Olympus IX-81) equipped
with the proper set of fluorescence filters. The feeding solu-
tion contained the same components as the reaction except for
the DNA and lysate that were replaced by water. Pure alpha-
hemolysin (AH) was purchased from Sigma Aldrich.

2.5 Materials and resources availability
statement
The list of plasmids used in this work (available at Arbor Bio-
sciences) is summarized in Supplementary Table S2. The protocols
for the Cell-Free Expression (CFE) system are available in the ref-
erences provided and in Supplementary Table S1. Other materials
are available on reasonable request.
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Table 1. Endpoint measurements of the reporter protein deGFP concentration for each of the transcription (TX) factors and RNA
polymerases of the all-E. coli TXTL toolboxes (TBs) 1.0 (36), 2.0 (38) and 3.0 (this work)

TX factors plasmid Reporter plasmid TB 1.0 deGFP µM (mg/ml) TB 2.0 deGFP µM (mg/ml) TB 3.0 (this work) deGFP µM (mg/ml)

Plasmids
σ70 P70a-degfp 25 (0.63) 81 (2.05) 130 (3.3)
P70a-σ19 P19a-degfp 7 (0.18) 35 (0.89) 54 (1.27)
P70a-σ24 P24a-degfp 11 (0.28) 70 (1.78) 95 (2.41)
P70a-σ28 P28a-degfp 21 (0.53) 77 (1.95) 122 (3.1)
P70a-σ32 P32a-degfp 19 (0.48) 89 (2.26) 100 (2.54)
P70a-σ38 P38a-degfp 13 (0.33) 75 (1.90) 96 (2.43)
P70a-σ54/ntrC P54a-degfp 5 (0.13) 27 (0.68) 58 (1.47)
P70a-T3rnap T3p14-degfp 27 (0.69) 74 (1.88) 129 (3.27)
P70a-T7rnap T7p14-degfp 29 (0.74) 87 (2.20) 160 (4.05)

PCR
σ70 P70a-degfp NA 50 (1.27) 70 (1.77)
P70a-T7rnap T7p14-degfp NA 36 (0.91) 117 (2.97)

The values shown in this table are the average maximum protein synthesis yields for each transcription. Variability in cell-free protein synthesis for each
transcription is shown in the error bars of each histogram plot (Supplementary figures). The transcription factor σ70 and the core RNA polymerase are present in
the lysate. The other TX factors and bacteriophages RNA polymerases (first column) are expressed from plasmids or PCR products, through the promoter P70a. The
reporter gene degfp is expressed through two-stage transcriptional activation cascades via the respective promoters (second column; 1mg/ml deGFP=39.4µM).

3. Results and discussion
3.1 Overall picture of the all-E. coli TXTL system
To build a versatile toolbox that does not rely only on the T7
promoter and polymerase, our original goal was to develop an
all-E. coli TXTL system that integrates a broad transcription reper-
toire so as to execute circuits composed of different regulatory
elements. The primary transcription is achieved by the house-
keeping sigma factor σ70 and the core RNA polymerase, both
provided by the lysate, which also brings all the necessary compo-
nents for translation. Transcription by the six other sigma factors
and the two bacteriophage RNA polymerases T3 and T7 are per-
formed via transcriptional activation cascades. The second goal
was to achieve a protein synthesis level large enough to enable
the expression of large genetic programs and biomanufacturing
of biologics. To this end, the toolbox incorporates a chemical ATP
regeneration based on a phosphate donor and a carbohydrate
to exploit the glycolytic pathway of the lysate (38, 39). Several
other functionalities were developed: (i) protein degradation via
the ClpXP proteases (38), (ii) tunable messenger RNA degrada-
tion via the interferase MazF (58), (iii) protection of linear DNA
templates such as PCR products via the GamS protein (28) and
the chi6 short linear dsDNA (57). These functionalities, valid for
the new version of the system reported here, have been already
described thoroughly. Lysates are prepared on a regular basis and
tested for leftovers of living E. coli cells by plating the equivalent
of 100–200µl of cell-free reaction on LB-agar petri dishes with-
out antibiotics. As reported several times before, no colonies are
observed when this control is done (Supplementary Figure S1),
making it a true cell-free expression system.

Compared to the toolbox 2.0 (38), the toolbox 3.0 reported in
this article incorporates two changes that enable protein synthe-
sis >3mg/ml. First, during the lysate preparation, the cells are
grown at 40◦C instead of 37◦C. It was demonstrated previously
that increasing the temperature of E. coli cultures can improve
cell-free protein synthesis yields (59). The second modification
applies to the reaction. Rather than just adding maltodextrin as
a carbohydrate source to exploit glycolysis in the lysate (39), a
mixture of maltodextrin (60mM) and d-ribose (30mM) is added to
the reaction. We assume that maltodextrin and d-ribose improve
ATP regeneration, but their role would need to be clarified by a
study outside the scope of this work. It is the combination of

these two changes (temperature and carbohydrate mixture) that
enables cell-free protein synthesis to reach up to 4mg/ml.

3.2 Protein synthesis yields and time course
Wemeasured protein synthesis in batch mode for the seven E. coli
transcription factors, the two bacteriophage RNA polymerases T3
and T7, and linear PCR products for both σ70 and T7, and we
compared the results to the two previous versions of the tool-
box (Table 1). Except for σ70 already present in the lysate, the
synthesis of the reporter protein deGFP was achieved through a
transcriptional activation cascade and specific promoters for each
transcription factor or RNA polymerase. Each transcription fac-
tor or RNA polymerase was expressed through the strong E. coli
promoter P70a and the untranslated region UTR1 (36), which orig-
inates from the bacteriophage T7 (60). The performance of all the
sigma factors and bacteriophage RNA polymerases was largely
greater than for the toolboxes 1.0 and 2.0 (Table 1). For toolbox
3.0, the maximum protein synthesis concentration was observed
for the T7 cascade and topped 4mg/ml. The effects of varying
maltodextrin and d-ribose show the synergy produced by the two
carbohydrates (Supplementary Figure S2). The effect of the tem-
perature of cell growth cultures during the lysate preparation was
measured in the case of the T7 cascade to show that a tempera-
ture of 40◦C also contributes to the increased performance of the
toolbox 3.0 (Supplementary Figure S3).

The concentration of plasmids was varied for each transcrip-
tion factor to find the optimal settings (Supplementary Figures
S4–S12). When linear PCR-amplified DNA templates were used,
protein synthesis reached 1.77 and 2.97mg/ml for σ70 and T7,
respectively (Table 1). To achieve such a level of protein synthe-
sis with linear DNA, both chi6 (3µM) and P70a-gamS (linear, 1nM)
were added to the reaction. The protein GamS is dynamically syn-
thesized to inhibit linear DNA degradation (61), concurrently with
the expression of the reporter gene. These results were obtained
using a liquid dispenser for reactions of volume 2µl incubated
on a 96-well plate, sterile disposable plastic wares and freshly
prepared solutions. When prepared by hand, the protein synthe-
sis yield of the reactions is usually lower and can reach, in the
case of the T7 cascade, 3–3.5mg/ml (Supplementary Figure S13).
The variability of cell-free protein synthesis yields across differ-
ent batches of TXTL systems was small (Supplementary Figure
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Figure 2. Time course of deGFP synthesis via the T7 transcriptional
activation cascade. (A) Schematic of the experiment achieved in batch
mode using either plasmids or linear DNA. (B) Graph showing the time
course of deGFP synthesis in the conditions of the toolbox 2.0 (TB 2.0)
(38) and toolbox 3.0 (TB 3.0, this work). The variability envelop is shown
for each curve. Plasmids: 0.2nM P70a-T7rnap, 4 nM T7p14-degfp. Linear
DNA: 1nM P70a-gamS, 0.2 nM P70a-T7rnap, 4 nM T7p14-degfp.

S13). The differences in protein synthesis via the T7 transcrip-
tional activation cascade for the three toolboxes appear clearly
on sodium dodecyl sulfate polyacrylamide gel electrophoresis
(Supplementary Figure S14).

We measured similar increased productions of the reporter
proteins deCFP and mCherry through the T7 transcriptional acti-
vation cascade (Supplementary Figure S15), thus showing that our
observations are not specific and limited to deGFP. With a batch-
mode protein synthesis of 3–4mg/ml and a time course of almost
1 day, semi-continuous TXTL reactions, based on dialysis, become
less relevant to implement for several reasons. Semi-continuous
TXTL reactions are not cost-effective, not easy to handle and
generally less reproducible than non-fed batch-mode reactions.
Instead, semi-continuous TXTL was carried out in synthetic cells
as discussed thereafter.

We measured the time course of protein synthesis through the
T7 cascade for plasmids and linear DNA and compared it to the
toolbox 2.0 settings (Figure 2). Two major differences appeared in
the time course between the two versions of the system. For the
toolbox 3.0, protein accumulation is characterized by a greater
synthesis rate and a longer synthesis time, which explain the
larger yield at the end of incubation. These results show that the
toolbox 3.0 is a long-lived TXTL system that can express genes for
periods of time up to 20h instead of 12–15h for the toolbox 2.0.
This was observed for both plasmids and linear DNA templates
(Figure 2).

3.3 TXTL of the bacteriophage T7
We demonstrated previously that several E. coli bacteriophages
can be synthesized from their genomes in both the toolboxes 1.0
and 2.0 (38, 44). To quantify phage synthesis in the toolbox 3.0
settings, we tested the synthesis of phage T7 as it also achieves
genome replication, using the plaque assay as described before
(44). We use the T7 genome as a benchmark to challenge the capa-
bilities of the all-E. coli TXTL system for processing large gene sets
and recapitulating self-assembly. The 40-kb genome of T7 encodes
for∼60 genes, including its ownDNA replication genes. DNA repli-
cation is achieved by adding dNTPs to the cell-free reaction, as
shown before (44). In the toolbox 3.0, we measured a concentra-
tion of 1013 PFU/ml (plaque forming unit/ml) (Figure 3A–C), which
is on the order of 10 000 and 100 times larger than in the toolboxes
1.0 (≈109 PFU/ml) and 2.0 (≈1011 PFU/ml), respectively.

Figure 3. Cell-free expression and synthesis of the phage T7. (A)
Schematic of the experiment. The cell-free reaction also contained
3µM of chi6 short DNA to prevent degradation of the linear T7 genome
and 0.1mM of each of the dNTPs for genome replication. (B) Image of
plaques. Top half: results from a TXTL reaction synthesizing the
phage T7. Bottom half: negative control showing a lawn of E. coli cells.
(C) Plot of the measured PFU/ml for the three versions of the toolbox.

3.4 TXTL synthetic cells
TXTL is the most common approach to build, from the ground
up, genetically programmed synthetic cells, minimal cells in
particular (62–74). Minimal cells consist of a TXTL reaction encap-
sulated in a cell-sized compartment, such as a liposome made
of a phospholipid bilayer. Plasmids or linear DNA are added to
the reaction so as to construct biological functions by express-
ing specific gene sets inside liposomes. (Figure 4A). This approach
to synthetic cells has proven effective to emulate several natural
mechanisms found in living cells (71, 75–80). To determine how
large protein synthesis can be in synthetic cells in the toolbox
3.0 conditions, we expressed the gene degfp via the T7 cascade
with and without the membrane channel AH (Figure 4B). AH
forms channels of 1.4nm diameter into the phospholipid bilayer,
which corresponds to a molecular mass cutoff of ∼3–5 kDa (81).
Thus, AH enables feeding the compartmentalized cell-free reac-
tion with the necessary small nutrients, such as ATP and amino
acids, by diffusion through the membrane. To quantify the fluo-
rescence of deGFP, we made a calibration (Supplementary Figure
S16) as described previously (38). Because it is difficult to get above
100µM with pure eGFP, the calibration was carried out between
10 and 100µM and found to be linear in this range. Given that
the synthesis of the reporter in the liposomes was >100µM, we
used a neutral density filter to verify that above 100µM the fluo-
rescence intensity for eGFP concentrations >100µM is still linearly
proportional to the calibration (Supplementary Figure S17). This
approach allowed us to keep the same illumination intensity. We
measured the average concentration of deGFP for populations
of 50–100 liposomes with diameters ranging from 1 to 20µm.
When AH was not added to the reaction and the external solu-
tion, we measured an average concentration of ∼180–190µM
(≈4.7mg/ml), which is slightly larger than our measurements in
batch-mode test-tube reactions (Figure 4C). When AH was added
to the encapsulated cell-free reaction and the external feeding
solution at a concentration of 0.1µM, we measured an average
concentration of 330µM (≈8.4mg/ml) (Figure 4C). The difference
in protein synthesis with and without AH was more pronounced

Synthetic Biology, 2021, Vol. 6, No. 1Synthetic Biology, 2021, Vol. 6, No. 1
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Figure 4. Cell-free expression and synthesis of deGFP in synthetic cells. (A) Schematic of the experiment (plasmids: P70a-T7rnap fixed at 0.2nM,
T7p14-degfp fixed at 4nM). (B) Fluorescence images of the liposomes, with and without AH, taken after 20h of incubation with a 40× objective. (C)
Fluorescence intensity (F.I.) as a function of the square of the radius for two populations of liposomes, one without AH (−AH) and one with AH (+AH,
0.1µM added to the inner and outer solutions). Linear fits: F.I. = −2.29 × 106 +77 452 r2 (−AH, R=0.96968) and F.I. = −6.42 × 105 +1.379 × 105 r2 (+AH,
R=0.97959). (D) Time course of deGFP synthesis in synthetic cells, without and with AH added to the solution.

for small liposomes. The variability in the fluorescence intensity
for any given population was also slightly smaller when AH was
used. We found that a concentration of 0.1µM AH was optimal.
The time course of protein synthesis in the liposomes shows that
AH enables a greater synthesis rate in the first hours of expression
(Figure 4C).

4. Conclusion
Although major advances have been made in the optimization of
cell-free gene expression systems, the exploration of their capabil-
ities is far from complete andwill be central to the development of
new synthetic biology applications. In this work, we showed that
an E. coli-based TXTL system is capable of producing a reporter
protein at a concentration of 4mg/ml in non-fed batch-mode
reactions, a concentration not observed before in prokaryotic
TXTL. In a semi-continuous synthetic cell setting, the synthesis
of deGFP attains >8mg/ml. No strain engineering was required to
get such synthesis yields. The strength of the toolbox 3.0 should
facilitate expressing large DNA programs encoding for biosyn-
thesis pathways or for biological functions to build synthetic
cells.

Supplementary data
Supplementary data are available at SYNBIO online.
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