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ABSTRACT: We report on and provide a detailed character-
ization of the performance and properties of a recently developed,
all Escherichia coli, cell-free transcription and translation system.
Gene expression is entirely based on the endogenous translation
components and transcription machinery provided by an E. coli
cytoplasmic extract, thus expanding the repertoire of regulatory
parts to hundreds of elements. We use a powerful metabolism for
ATP regeneration to achieve more than 2 mg/mL of protein
synthesis in batch mode reactions, and more than 6 mg/mL in
semicontinuous mode. While the strength of cell-free expression is
increased by a factor of 3 on average, the output signal of simple
gene circuits and the synthesis of entire bacteriophages are
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increased by orders of magnitude compared to previous results. Messenger RNAs and protein degradation, respectively tuned
using E. coli MazF interferase and ClpXP AAA+ proteases, are characterized over a much wider range of rates than the first
version of the cell-free toolbox. This system is a highly versatile cell-free platform to construct complex biological systems

through the execution of DNA programs composed of synthetic and natural bacterial regulatory parts.
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C ell-free transcription—translation is becoming an effective
technology for in vitro synthetic biology and bioengineer-
ing. In recent years, DNA-dependent in vitro protein synthesis
has rapidly expanded its range of applications to research areas
such as biological network prototyping by accelerating the
build—design—test cycle,'~” artificial cell systems and biological
physics,”™'® nanotechnologies,'” ™" metabolic and chemical
engineering,zo_23 medicine,”* ™" and the production of func-
tional membrane proteins.”* " In vitro protein synthesis is
increasingly employed as a means to construct, understand and
interrogate complex biochemical systems, from molecular to
cell-sized scales.

The hybrid bacteriophage-Escherichia coli system, invented in
the 90s, is the most popular cell-free TX-TL platform.”
Commercially available, this system is useful as an alternative to
recombinant protein expression and for molecular applications
such as protein evolution,”** proteomics,” ™" and production
of therapeutics.”® Transcription is performed by a bacteriophage
RNA polymerase with its promoter, usually T7, due to its
simplicity, high specificity, and strength. The translation
machinery is provided by a cytoplasmic extract, often from E.
coli. In those systems, protein synthesis can reach more than 1
mg/mL. The PURE system, also based on T7, allows working in
a simpler environment than extract-based systems.”” While
hybrid T7 systems are useful for a vast array of applications, their
transcription consists of only a few elements—a serious
limitation in a thriving era of synthetic biology and gene circuit
engineering. Elementary gene circuits have been executed in
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bacteriophage cell-free systems,”” but those platforms are not
well suited for the construction of complex in vitro dynamical
systems programmed with DNA as working with so few
promoters is too limiting. The development of a synthetic T7
transcription toolbox could provide an alternative to this
limitation,* although it has to be tested in cell-free conditions.

In that perspective, the development of an all E. coli cell-free
TX-TL system that recapitulates the entire sigma factor
transcription scheme was a major improvement to the existing
in vitro protein synthesis technology."’ By expanding tran-
scription to hundreds of regulatory elements, from E. coli and
other bacteria, this platform has proven useful for numerous
applications, especially for testing synthetic and natural genetic
parts,” for prototyping gene circuits* and for constructing
minimal cell systems.® In this work, we build on the first all E.
coli platform™" to deliver the toolbox 2.0, a unique cell-free TX-
TL portal for the construction of complex biochemical systems
through the execution of DNA programs in vitro. We
characterize the performance of this improved cell-free platform
for elementary gene circuits, phage synthesis and bottom-up
minimal cells.

The regeneration of ATP in cell-free TX-TL systems is one of
the key components directly related to protein synthesis. The
process of protein translation is highly demanding in chemical
energy, with an equivalent of four ATP per amino acid added to
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the primary chain. The all E. coli system reported in this work
integrates a novel metabolism for ATP regeneration. This
metabolism, based on a phosphate donor and a carbon source, ™’
extends the kinetics of TX-TL by activating the glycolysis
pathway and by recycling inorganic phosphate, a reaction
byproduct that inhibits expression. Cell-free protein synthesis
yields are increased by a factor of 2 to 3 on average, depending
on the expressed E. coli sigma transcription factor. In batch
mode reaction, the production of a reporter protein can reach
more than 2 mg/mL (active fluorescent). Surprisingly, output
signals of simple gene circuits*' and the synthesis of coliphages'”
are increased by orders of magnitude. We describe in detail
methods to accelerate and quantify mRNA degradation with the
interferase MazF, as well as achieve high protein degradation
with the ClpXP proteases, over a much larger range of rates
compared to our previous approaches.”* Finally, we show that
the cell-free reactions can be encapsulated in cell-sized
liposomes for synthetic cell applications. Our results demon-
strate how essential the metabolism supporting in vitro protein
synthesis is to create a powerful, versatile, and easy to use all E.
coli cell-free TX-TL toolbox.*

Bl RESULTS AND DISCUSSION

Overview of the Platform. The goal of this work was first
to construct the most versatile and powerful all E. coli cell-free
TX-TL systems for in vitro synthetic biology. We worked on
four parts of the TX-TL reaction: transcription, translation,
mRNA degradation and protein degradation (Figure la). In
doing so, we aimed to deliver a quantitative and highly flexible
platform, with maximum modularity, capable of carrying out
complex dynamical behaviors and active self-assemblies through
the execution of synthetic or natural DNA programs.

An E. coli cytoplasmic extract, absent any remaining living E.
coli cells (Supplementary Figure S1), provides the TX-TL
molecular machineries. One of the unique features of this
platform is at the level of transcription. Unlike conventional
hybrid bacteriophage systems, transcription is solely based on
the endogenous core RNA polymerase with the primary sigma
factor 70 (650).* The major advantage is the extension of the
transcription repertoire to hundreds of regulatory parts from E.
coli and other bacteria. To achieve more than 2 mg/mL of
reporter protein synthesized in batch mode reactions through an
E. coli promoter specific to o5, a novel metabolism based on a
phosphate donor and a carbon source energizes translation. This
metabolism couples ATP regeneration and inorganic phosphate
recycling.” Concentrations of the cell-free TX-TL components
are estimated based on the dilution factor of the E. coli
cytoplasm (Supplementary Table S1).

To emulate dynamical systems coded by genetic circuits in
vitro, tuning the degradation rates of mRNAs and proteins is as
important as strong synthesis, especially in batch mode reactions
with fixed-volume. As previously demonstrated for this system,
mRNA and protein degradation is described by a first and a
zeroth order chemical kinetic, respectively.*® Using the E. coli
mRNA interferase MazF, " we can adjust transcript degradation
rates at will in a wide range of lifetimes (18 to 0 min for deGFP
mRNA). The degradation of proteins tagged with ClpXP
specific degrons can be accelerated up to 250 nM/min (based
on deGFP measurements).

In addition to deGFP, eight reporter proteins were expressed:
deCFP, deYFP, dmVenus, dTomato, TagRFP-T, mApple,
mRuby, mmCherry. The DNA sequence of some of those
reporters has been modified in N and/or C terminal to increase
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Figure 1. Overview of the all E. coli cell-free toolbox 2.0 characteristics
and scope of application. (a) The four parts of the protein synthesis
reactions (TX: transcription, TL: translation, X,,: mRNA degradation,
X,: protein degradation) were characterized and engineered so as to
provide a powerful system. (b) The toolbox 2.0 is a highly flexible, easy-
to-use cell-free platform for applications at molecular (network
prototyping), supra-molecular (self-assembly) and cell-sized scales
(minimal cell, microfluidics).

translation, according to our earlier findings with deGFP
(Supplementary Table S2). The maturation time of deGFP, a
more translatable, truncated version of eGFP,* was estimated to
be 16.2 min using a new fluorescence-based assay (Supple-
mentary Figure S2). deGFP has the shortest maturation time
among the nine reporter proteins tested, as observed from the
kinetics of expression (Supplementary Figure S3). In contrast,
the maturation of red reporter proteins is slow, in agreement
with other in vitro measurements.”” The excitation and emission
spectra of all the reporter proteins were determined
(Supplementary Figure S4 and SS), and their respective
fluorescence intensity was measured at their optimum
excitation/emission wavelengths (Supplementary Table S3).

The scope of toolbox 2.0 applications ranges from molecular
scales to minimal cell systems (Figure 1b). Applications in each
of those research areas have already been shown and are cited in
this article. Cell-free expression is compatible with various
setups: 1.5 mL tubes, well plates, semi- continuous systems,
microfluidics, and liposomes. In large volumes of 5—20 uL,
reactions are performed at 29—30 °C, an optimum temperature
for synthesis, in either 384 or V-bottom 96 well plates.

Cell-Free Synthesis: Strength and Repertoire. A specific
set of plasmids “pTXTL” has been devised for toolbox 2.0.
These plasmids are amplified through E. coli using standard
procedures. The design is highly modular so as to easily change
either promoter, UTR, gene or terminator (Supplementary
Figure S6). About one hundred ready-to-use plasmids are
available (Supplementary Table S4).
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Figure 2. Characterization of deGFP cell-free expression with an E. coli promoter specific to the housekeeping o. (a) Kinetics of expression. Plasmid
P;,-deGFP fixed at S nM and PCR at 20 nM. Negative control: addition of Rifampicin, an inhibitor of the E. coli RNA polymerase. Inset: schematic of
the circuit. Both circular plasmid and linear PCR product of the plasmid can be used. (b) Synthesis of active fluorescent deGFP versus plasmid
concentration. Response is linear up to 2—3 nM plasmid and saturates above S nM. (c) Synthesis of active fluorescent deGFP versus PCR product
concentration. In the presence of gamsS, response is linear up to 10 nM PCR and saturates above 20 nM. Protein synthesis is negligible when gamsS is

not added to the reaction.

Table 1. Batch Mode Cell-Free Expression for 14 Transcription Factors®

transcription factor ~ Mg-glutamate [mM]
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K-glutamate [mM]

deGEP [uM]
plasmid encoding the transcription factor [nM]  reporter plasmid [nM] (mg/mL)
Plasmids
N/A S 81 (2.05)
2 15 35 (0.89)
s 15 52 (1.32)
1 20 70 (1.78)
s 20 35 (1.40)
0.5 15 77 (1.95)
05 15 81 (2.05)
0.1 15 89 (2.26)
0.1 15 84 (2.13)
0.5 20 75 (1.90)
0.5 20 63 (1.60)
1/0.1 20 27 (0.68)
02 2 74 (1.88)
0.2 2 87 (2.35)
PCR
N/A 20 50.5 (1.28)
1 10 36 (0.91)

“Except for the endogenous 6, deGFP was synthesized through two-stage transcriptional activation cascades (Supplementary Figure S8a-i). The
optimum magnesium glutamate, potassium glutamate, and plasmid concentrations were determined (end-point measurements). 1 mg/mL deGFP =

39.4 uM, 1 mg/mL His-deGFP = 36.76 uM.

Transcription is based on the core RNA polymerase and the

primary sigma factor o, present in the cytoplasmic extract. All

of the circuitries start with oy, specific promoters. Cell-free

expression was first characterized with the plasmid P-,-deGFP

and a linear PCR product of this plasmid, with about 200—300
bases upstream and downstream of the coding parts. In the case
of using PCR products, the lambda gams$ protein is added to the
reaction (3—S uM) to block degradation of the linear DNA by
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Figure 3. Cell-free expression of deGFP in semicontinuous mode. (a) Schematic of the system. A 96 well plate with two compartments separated by a
dialysis membrane (MWCO 10 kDa) was used. The plate was rotated for mixing while incubated at 29 °C. (b) Synthesis of deGFP through P,,-
deGFP and the cascade P,,,-T7rnap — T7P,,-deGFP. After 24 h of incubation, more than S mg/mL (P,,,-deGFP) and 6 mg/mL (P,(,-T7rnap —

T7P,,-deGFP) were produced.

the recBCD complex, the major DNA exonuclease present in
the extract. The promoter P, previously described as Py,
originates from the lambda phage repressor Cro promoter with
the two operators sites OR, and OR; overlapping the —10 and
—35 sequences. This o5 E. coli promoter is the strongest so far
reported. Unless otherwise stated, plasmids contain the
untranslated region UTRI1 from bacteriophage T7,*° one of
the strongest bacterial untranslated regions, routinely used in
recombinant protein expression. In batch mode, cell-free
expression lasts about 8—10 h (Figure 2a), at the end of
which 2 and 1.3 mg/mL of active (fluorescent) reporter proteins
are produced with plasmid and linear DNA, respectively. Protein
production increases linearly within the first 4—5 h. Protein
synthesis as a function of DNA template is linear up to 2—3 nM
plasmid and up to 10 nM for PCR product (Figure 2b and 2c).
With no gam$S added to the reaction, protein synthesis is
negligible. The saturation observed above those concentrations
is due to a depletion of TX-TL machineries onto either DNA
(RNA polymerase) or messengers (ribosomes).” Cell-free
expression from batch to batch, using the same biochemical
settings (reaction composition is the same except for the four
different extracts), shows excellent reproducibility and con-
sistency (Supplementary Figure S7).

We then characterized a dozen transcriptional activation
cascades (Table 1, Supplementary Figures S8a-i) including: the
six other E. coli sigma factors, which reconstitutes the entire E.
coli sigma factors transcription scheme, and the two
bacteriophage RNA polymerases T7 and T3. Five degradable
versions were constructed: ¢,9-SSTA, ompA-03,, Oyg-SSIA, 03)-
sstA, ompA-03g, where ompA and ssrA are specific degrons of
the CIpXP complex. Optimum magnesium and potassium
settings fall into a rather small range of concentrations for the
entire set of transcription factors. In batch mode reactions, more
than 2 mg/mL of fluorescent reporter proteins are synthesized
in the case of 67y, Oyg-SSIA, 03, 03,-sstA, and T7, reaching 2.35
mg/mL of active fluorescent reporter protein for T7. Only o}y
and 0y, /NtrC have yields smaller than 1 mg/mL. At low
transcription factor plasmid concentration, expression with o,o-
SStA, OmpA-0y,, 0,5-SSIA, 03,-ssrA is lower due to degradation.
Only expression with 03, and o035 and their degradable
counterparts are similar at low plasmid concentration, which
indicates that o3,—ssrA and ompA-0;; are not significantly
degraded by ClpXP. Kinetics of deGFP expression are similar
for most of the transcription factors, with about 8—10 h of

protein accumulation, except for T7 and T3 which are shorter,
and o33 which is slightly longer. A marked leak is observed for
the promoter Py, only (Supplementary Figure S8e). Without
adding P,-03,, about 20 uM of deGFP is produced. It is known
that o3, is slightly expressed in E. coli at 37 °C.* To determine
whether the leak comes from o, through the Ps,, promoter or
from the presence of 03, in the extract, we cloned the anti o,
gene asiA”’ from the bacteriophage T4 under a T7 promoter. A
decrease of deGFP expression through the promoter P, is
observed when Asia is expressed (Supplementary Figure S9), as
opposed to the expression through the promoter Pj,,.
Consequently, o3, is the only sigma factor other than o,
present in the reaction.

The crosstalks between transcriptional activation units were
characterized at fixed plasmid concentrations in the linear
regime of protein synthesis (Supplementary Table SS). Our
observations are in agreement with previous measurements”’
and with the affinity of each sigma factor for the core RNA
polymerase.”’ Sigma factors 6,5 and 054 are the strongest and
weakest competitors, respectively.

The all E. coli cell-free toolbox 2.0 can be used either as a
separate-component system where the reaction is composed
manually from each component (cytoplasmic extract, energy
mixture, amino acid mixture, magnesium and potassium
glutamate, PEG, DNA and water), or as a prepackaged reaction
that just requires the addition of DNA and water. No difference
is observed between these two packaging formulations
(Supplementary Figure S10).

Semicontinuous Cell-Free TX-TL. To increase protein
synthesis yields and extend the reaction lifetime, a semi-
continuous system is created by feeding the reaction with
nutrients through a dialysis membrane of molecular mass cutoff
10 kDa. Such setups have already been demonstrated.***** To
show that toolbox 2.0 can be used in semicontinuous mode, we
used a commercial dialysis 96-well plate, with 20 uL cell-free
reaction on one side and 200 uL feeding solution on the other
side (Figure 3a). The feeding solution has an identical
composition to the reaction, except for the extract and plasmid,
which are replaced by the S30B buffer” and water, respectively.
We measured concentrations of 5.25 mg/mL (207 M) and
6.25 mg/mL (247 uM) of deGFP with plasmids P,,-deGFP
and T7P,,-deGFP, respectively, after 24 h of incubation (Figure
3b).
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Figure 4. Characterization of mRNA and protein degradation in toolbox 2.0. (a) Synthesis of deGFP through P,,,-deGFP as a function of the E. coli
MazF interferase concentration. Table: acceleration of mRNA degradation rate (1st order kinetics) with various concentration of MazF. (b)
Degradation of His-eGFP-sstA by the E. coli complex ClpXP. The pure protein (S 4M) was added to a cell-free reaction preincubated with P,,-clpXP
for 1 h. The linear kinetics is characteristic of a Oth order chemical reaction (constant rate). Table: acceleration of His-eGFP-ssrA as a function of P,,-

clpXP concentration.

Adjustable mRNA Degradation. While it is important to
have a strong TX-TL and a broad transcription repertoire, it is
also essential to implement strong, tunable degradation of the
synthesized messengers and proteins to emulate complex
dynamical behaviors through gene circuit programming,
especially in reactions with fixed volume. The E. coli MazF
interferase has already been shown to be a useful tool to
accelerate the degradation of transcripts."* MazF only cleaves
mRNA at the ACA sequence, without degrading ribosomes or
tRNA.>* We prepared a cytoplasmic extract containing the toxin
by overexpressing it and estimated its concentration at 2 uM
with the antitoxin MazE.** We applied a range of MazF to a cell-
free reaction containing S nM P,,,-deGFP (Figure 4a) and
observed, as expected, a decrease in deGFP synthesis. To
determine the deGFP mRNA mean lifetime at different MazF
concentrations, we developed a new assay based on tran-
scription arrest and modeled the subsequent increase in
fluorescence with a simple set of eqs (Supplementary Figure
S11). With no MazF added to the reaction, the deGFP
messenger mean lifetime is 17.45 min, compared to 9.8 min in E.
coli>® The mean lifetime, which can be easily estimated from
gene expression data (Supplementary Figure S12), was
determined for four concentrations of MazF, accelerating
degradation down to a mean lifetime of 2.65 min with 100
nM MazF (Figure 4a). We concluded that using MazF within
0—100 nM allows setting mRNA mean lifetime in a large and
convenient range from 17.45 to 2.65 min.

Control of Protein Degradation. The E. coli complex
ClpXP, a protease from the AAA+ family, is an ideal system to
achieve targeted protein degradation in cell-free reactions by
adding, either to the N-terminus or C-terminus, a specific
degron typically 10—12 amino acids long.56 In cell-free
systems,”® as well as in E. coli”” protein degradation by
ClpXP is a zeroth order reaction with constant rate. Previously
we showed that degradation of His-eGFP-ssrA using the
endogenous ClpXP found in the extract works, but the constant
rate, 5—15 nM/min, is too small to create an efficient protein
degradation in cell-free TX-TL reactions."* The maximum rate

of deGFP synthesis after 2 h of expression (linear accumulation)
is on the order of 150 nM/min (Supplementary Table S6). To
achieve powerful protein degradation by ClpXP, we cloned the
tandem clpP-clpX genes from E. coli under the P, promoter.
Then, we added pure His-eGFP-ssrA to a concentration of S yM
in cell-free reactions and determined its rate of degradation by
measuring the constant linear slopes, following three
approaches: (i) adding pre-expressed ClpXP to a reaction
(Supplementary Figure S13), (i) expressing ClpXP in a cell-free
reaction (Supplementary Figure S13) and (iii) preincubating for
1 h the expression of ClpXP (Figure 4b). The third method
delivers the largest rate of protein degradation, up to 250 nM/
min when 6 nM plasmid P,,-clpXP is used. At low plasmid
concentration (0 and 0.2 nM) a fast degradation is observed
during the first 15 min that switches quickly to a low constant
rate, indicating that the endogenous ClpXP machinery present
in the extract is rapidly saturated. With no preincubation, a
maximum rate of about 130 nM/min is obtained, while adding
pre-expressed ClpXP to a cell-free reaction is less efficient. We
concluded that expressing ClpXP in a cell-free reaction, with and
without preincubating, allows setting protein degradation at
sufficient rates with respect to the synthesis rate.

Examples of Circuits. The all E. coli toolbox 1.0 has already
been used by many other groups for applications in synthetic
biology and biological physics, at molecular, supra-molecular
and cell-sized scales. This unique cell-free system facilitates
prototyping of gene circuitries by accelerating the design-build-
cycle to just 1 day compared to a few days in vivo; it is a platform
to achieve complex self-assemblies and to construct synthetic
cells. The cell-free toolbox has proven useful for testing simple
genetic parts such as promoters,” riboregulators,” and small gene
A% 1 also enables self-assemblies in test tubes,'’
liposomes,” and supported phospholipid bilayers®® along with
the construction of oscillators and spatiotemporal patterns into
microfluidic devices.”” The system has been adapted to other E.

coli strains so as to synthesize proteins with non-natural amino
1. 22,60
acids.”™
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Figure S. Examples of synthetic regulatory and biosynthesis circuits executed in toolbox 2.0. (a) Schematic of a pulse circuit. The lambda repressor Cl
is expressed through the transcriptional activation cascade 6,4 to turn off transcription of the first stage (the promoter P, has two operators specific to
Cl). (b) Kinetics of expression in presence and absence of the reporter gene. Settings: P;0,-055 (0.1 nM), P,g,-Cl (1 nM), P70a-deGFP-ssrA (8 nM or 0
nM). (c) A S-gene transcriptional activation cascades composed of E. coli transcription factors. Up to 6 uM deGFP was produced. The specificity of the
circuit is tested by removing the second to last stage of the circuit (inset: range of P;,-S,5 plasmid). (d) A 6-gene transcriptional activation cascades
constructed form the S-gene cascade by adding a T7 stage at the end. Up to 20 M deGFP (0.5 mg/mL) was produced. The specificity of the circuit is
tested by removing the second to last stage of the circuit (inset: range of P,g,-T7rnap plasmid). (e) The violacein biosynthesis pathway from
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Figure S. continued

Chromobacterium violaceun, composed of five genes. Synthesis of deoxyviolacein (not shown in the schematic) is achieved by the four
enzymes vioABCE. (f) Photos of E. coli culture producing violacein (left), cell-free reaction with no plasmid (center, negative control),
cell-free reaction containing the plasmid with the vioABCDE operon (right), after 12 h of incubation. (g) Kinetics of violacein
production (after background subtraction) measured in a cell-free reaction by following the absorbance at 570 nm. The decrease of
signal after 6 h of incubation is due to the precipitation of violacein, which is poorly soluble in aqueous solutions.

a Phage characteristics Ref.
T7 PX174 MS2
Genome type linear dsDNA ssDNA (Group 1) ssRNA
Genome size (bp or b) 39937 5386 3569 | (70,71)
# genes 57 11 4 | (72,73)
# promoters 3 E.coli, 17 T7 5 NA | (71)
Life cycle 30 min (30°C) 40 min 60 min | (73)
Viral type lytic lytic lytic
Physical size 60 nm 32 nm 27 nm | (74-76)
Host E. coli Host B HF 4704 E. coli C-1
Cell-free synthesis
# Phage/ml| 3.3510" 1.910™ 4.23 10" | This work
# Phage/genome 2.2 0.6 0.047 | This work
Optimum [Genome] 0.25 nM 5nM 150 nM | This work
Genome replication Yes No undetermined | This work
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Figure 6. Cell-free synthesis of the bacteriophages T7, ®X174 and MS2. (a) Characteristics of the three phages and their cell-free synthesis. (b) From
left to right, electron microscopy images of T7, ®X174 and MS2 (scale bar: 60 nm). (c) Kinetics of phage T7 synthesis with and without INTPs added
to the reaction. In both cases, phage synthesis plateaus after 6 h. (d) Effect of molecular crowding on the synthesis of T7 and the expression from one

of its regulatory parts.

Here, we show several examples of synthetic circuits. First, we
created a pulse through a cascading negative feedback loop
circuit, similar to an incoherent feed-forward loop circuit motif®!
(Figure Sa). The lambda phage repressor Cl is expressed
through a sigma factor 6,4 transcriptional activation cascade to
turn off transcription of the first gene. The pulse is created by
adding the reporter gene deGFP-ssrA in the first stage. The
protein is first expressed, and then degraded once transcription
is turned off by the repressor (Figure Sb). We then constructed
two long transcriptional activation cascades, composed of 5§ and

6 genes, and compared the magnitude of the output signals to
similar circuits described previously”' (Figure Sc and 5d). These
two long cascades are assembled in a series-like circuit based on
the strength of the transcription factor and on the competition
between sigma factors for the core RNA polymerase: from the
weakest to the strongest and from the least competitive to the
most competitive. The objective was to get a strong and specific
output signal that is not due to transcriptional leaks of sigma
factors through nonspecific promoters. The AND gate 05,/NtrC
is placed at the beginning of the cascades, followed by o035 (a
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Figure 7. Cell-free expression with toolbox 2.0 inside cell-sized liposomes. (a) Schematic showing the 6-gene circuit inside a phospholipid vesicle. The
S-gene circuit was also expressed inside liposomes (See Figure Sd). Below: a series of photos showing deGFP fluorescence intensity (time in minutes,
scale bar: 10 ym). (b) Kinetics of expression of deGFP expressed through the S-gene and 6-gene circuit inside liposomes. S-gene: the OFF state is
minus the plasmid Psg,-055 (liposome of diameter 5.5 ym), the ON state was monitored for a liposome of diameter 7.3 ym. 6-gene: the OFF state is
minus the plasmid P,g,-T7rmap (liposome of diameter 6.6 ym), the ON state was monitored for a liposome of diameter 6.2 ym. Inset: end point
measurements of the 5-gene and 6-gene circuit measured for 20—30 liposomes. The kinetics were rescaled to the average values of the histogram
shown in the inset. (c) Schematic showing a cell-free reaction (plasmid P,,,-deGFP) inside a liposome. The toxin alpha-hemolysin (AH) was added to
the encapsulated reaction. Below: a series of photos showing deGFP fluorescence intensity (time in minutes, scale bar: 10 ym), when AH was added to
the reaction. (d) Kinetics of expression of deGFP (P,-deGFP) inside liposomes with (liposome of diameter 11.5 #m and without AH (liposome of
diameter 7.3 ym). Inset: statistics of deGFP fluorescence after 12 h of incubation with and without AH. The kinetics were rescaled to the average

values of the histogram showed in the inset. The negative control with no plasmid did not show any signal (not shown).

weak competitor), 0,5 (a strong competitor) and finally T7 in
the case of the 6-gene circuit. Each gene was cloned into a
separate plasmid so as to freely set the stoichiometry of each
part, which was adjusted stepwise for both circuits. We found
settings so that the leak is at background level when the second
to last stage is removed (Figure Sc and 5d). For the full circuits,
we observe output signals more than 2 orders of magnitude
larger than previous similar circuits.

In addition, we tested the ability of toolbox 2.0 to achieve the
biosynthesis of the metabolite violacein, whose pathway is from
Chromobacterium violaceum. Testing and prototyping metabolic
pathways is another promising application of cell-free systems.
We chose violacein because it has been synthesized in vitro from
pure proteins®* (expressed and purified from E. coli), it has a
characteristic color that can be easily measured by absorbance at
570 nm, the five genes are in a single operon (Figure Se), and
the precursor is simply the amino acid L-tryptophan present in
the reaction at 2 mM. We used the plasmid #40782 from
Addgene that contains the violacein bioszrnthesis pathway
operon with optimized expression level.”> Violacein (full

pathway) and deoxyviolacein (full pathway minus VioD) are
produced with the same characteristic purple color. The two
cofactors necessary for violacein and deoxyviolacein biosyn-
thesis, NADH (nicotinamide adenine dinucleotide, 100 M)
and FAD (flavin adenine dinucleotide, 5 M), were added to the
reaction. A net production of the metabolites is observed with a
characteristic purple color (Figure Sf). The time course of
production (absorbance at 570 nm) shows that the metabolites
are produced after 2 h of incubations with a maximum at 6 h
(Figure Sg). The absorbance spectra from E. coli cultures
producing violacein and deoxyviolacein and from cell-free
reactions were identical, with a characteristic peak between 570
and 580 nm (Supplementary Figure S14).

Cell-Free Synthesis of Phages. While toolbox 2.0 proves
to be a powerful system to prototype genetic parts and circuits,
the platform can also complete complex self-assembly processes.
We previously showed, with the cell-free toolbox 1.0, that
bacteriophages T7 (dsDNA) and ®X174 (ssDNA) can be
entirely resynthesized in vitro from their genome.'” With the
new system, we show that the synthesis of these two phages is
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increased by several orders of magnitude, and that the
bacteriophage MS2 (RNA) is also successfully synthesized in
vitro (Figure 6a, Supplementary Figure S15). The three phages
were visualized by electron microscopy to confirm their
presence and physical sizes (Figure 6b). For bacteriophage
T7—in the presence of dNTPs to stimulate DNA replication—
we observe an increased phage production by a factor of 100 as
about 2 phages per genome added to the reaction are produced,
compared to only 0.02 phages produced per genome in our first
work. With no addition of dNTPs to the reactions, 10—100X
less phages are produced under the same reaction conditions
(Figure 6¢). In the case of ®X174, we observe a maximum of 1.9
X 10'* phages per milliliter of reaction, compared to about 10°
previously reported."

The complete cell-free synthesis of phages from their genome
provides a unique means to interrogate the biochemistry and the
biophysics of this complex process. Here, as a simple insight, we
show the enormous effect of molecular crowding on the
synthesis of phage T7. We chose phage T7 because it is the most
recapitulated of the three phages: TX-TL and DNA replication
happen concurrently, with more phages produced than genomes
added to the reaction. Molecular crowding is known to promote
and accelerate the self-assembly of macro-molecular com-
plexes®*~®® and has been shown to affect simple biochemical
reactions such as the transcription rates in cell-free TX-TL.%
The cytoplasmic extract is diluted 25—30 times compared to the
E. coli cytoplasm: the cell-free reactions contain 9.5—10 mg/mL
of proteins, compared to 250—300 mg/mL (4—S mM) in E. coli.
To emulate molecular crowding, we used PEG8000, a typical
molecular crowder present in most cell-free TX-TL systems.
The reporter protein deGFP was cloned under the regulatory
part encoding for the major capsid protein 10A of phage T7
(promoter-UTR number 14). We then measured the number of
phages produced and the expression of deGFP as a function of
PEG8000 concentration. Remarkably, over the same PEG8000
concentration range, the expression of deGFP decreases 3-fold
while the synthesis of phages increases by a factor of 4000
(Figure 6d). We determined the kinetics of T7 phage synthesis
with and without dNTPs and observed that the major difference
appears in the first 2—3 h of incubation (Figure 6¢c), while no
phages are produced in the first hour. With DNA replication,
almost 100 000X more phages are produced after 3 h, and
between 10 and 100 times at plateau. A comprehensive
characterization of T7 phage synthesis is currently being
performed in our laboratory to determine the magnitude of
molecular crowding on the different parts of this process and
gene expression patterns during synthesis.

Minimal Cell System. Cell-free expression is one of the
most interesting technologies to construct minimal cells using a
bottom-up approach. The proof of concept of cell-free TX-TL
based synthetic cells has already been demonstrated.""'**® The
objective is to program phospholipid vesicles with synthetic or
natural gene circuits to construct complex biological functions,
such as membrane channels to control the in and out diffusion
of nutrients. Here, in addition to describing cell-free expression
inside cell-sized liposomes with a single reporter gene, we
characterized the performance of toolbox 2.0 using the S and 6-
gene circuits to demonstrate that relatively large circuits can be
executed in minimal cell systems. First, we calibrated deGFP
fluorescence intensity in liposome populations as a function of
size (Supplementary Figure S16). Then, we encapsulated both
the S and 6-gene circuits into liposomes (Figure 7a) and
measured the kinetics of expression (Figure 7b). The expression

of a single reporter gene in liposomes is known to show large
fluctuations due to a nonuniform encapsulation process, in
particular of the DNA template.'”” As expected, with 5 and 6-
gene circuits, we observe large fluctuations in signal among the
same population of liposomes. Yet, the negative controls for
both circuits (no 6,5 and no T7 rnap plasmids, respectively) are
at background level. The kinetics of expression in liposomes are
similar to the expression in batch mode reactions, with the signal
rising after 90 min. Expression of deGFP (P,o,-deGFP) and the
membrane channel AH-eGFP (T7P,,-AH-eGFP) inside cell-
sized liposomes is easily observed under the microscope
(Supplementary Figure S17).

To create long-lived expression inside the vesicles, we
permeabilized the membrane using the pore-forming toxin
alpha-hemolysin (AH) from Staphylococcus aureus®® that self-
assembles into membrane channels of molecular mass cutoff 3
kDa. This approach has already proven useful to create free
diffusion of small nutrients through the lipidic bilayer necessa
for TX-TL, and thus extend the kinetics of protein synthesis. s
Rather than using pure AH or coexpressing AH in the reaction,
we first expressed the toxin in a cell-free reaction (Supple-
mentary Figure S18). Then, we diluted this reaction 15-fold into
a reaction containing the plasmid P,y,-deGFP (Figure 7c) and
prepared liposomes. After 24 h of incubation, we measured a 2-
fold increase of deGFP expression when AH was used, reaching
3.2 mg/mL in liposomes (Figure 7d). It is not clear why this is
less than in batch semicontinuous cell-free reactions. The
amount of reporter protein expressed is much larger than in
previous, similar setups made with a T7-based cell-free system.®
The level of expression without the addition of AH in the
external solution was comparable to batch mode reactions in test
tubes (about 1.5—2 mg/mL of fluorescent deGFP). We
monitored the kinetics of deGFP expression with and without
AH and observed an extension of expression in the presence of
the toxin (Figure 7d). To complete the characterization of this
system, we monitored the leak of UTP-fluorescein from
liposomes, with and without adding AH in the external solutions
(Supplementary Figure S19). It takes a few hours to observe a
complete leak of S M of the fluorescent probe, while with no
addition of AH no leak is observed. Toolbox 2.0 allows two
major improvements for minimal cell systems: greater cell-free
protein synthesis in liposomes and execution of larger gene
circuits, both being an essential steps toward the construction of
synthetic cells capable of self-reproduction.

B CONCLUSION

The construction of complex biochemical systems in vitro,
programmed with genetic information, requires the develop-
ment of novel experimental platforms that offer broad
capabilities and enough flexibility so as to change and investigate
biochemical and biophysical parameters that are hardly or not
accessible in vivo. In this work, we presented a unique all E. coli
cell-free expression toolbox specifically optimized for synthetic
biology and biological physics. This platform is designed to be
generic at the level of transcription, and compatible with various
setups, from batch reactions to microfluidics to liposomes.
Our work demonstrates how essential energy regeneration is
to build a powerful long-lived expression system and to increase
the performance of gene circuits and larger systems, such as
phages. Surprisingly, expression from E. coli promoters can be as
strong as expression from bacteriophage promoters. This
toolbox comes with assays to measure maturation time of
fluorescent proteins, mRNA and protein degradation rates. In
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the linear regime of plasmid concentrations and expression
kinetics, TX-TL reactions are well modeled with simple
equation sets,”® another advantage of this system. Because of
its simple use and unique versatility, the all E. coli toolbox 2.0 is
also well adapted for education purposes. This platform could
also reveal useful to define biological metrics and standards.

B METHODS

Cell-Free Reaction. Transcription and translation are
performed by endogenous molecular components provided by
an E. coli cytoplasmic extract, without addition of exogenous
purified TX-TL enzymes. E. coli cells are grown in 2xYT
medium supplemented with phosphates.”” Lysis is performed
either by bead beating*”’® or with a cell-press, " followed by the
typical steps: centrifugation, recovery and preincubation of the
supernatant at 37 °C for 80 min, centrifugation, dialysis of
supernatant at 4 °C for 3 h, centrifugation, aliquoting the
supernatant, storage at —80 °C. The extract is stable for more
than a year at —80 °C. In addition to the extract, the reaction is
composed of an energy mixture’’ and amino acids.”' The
reaction buffer is composed of S0 mM Hepes pH 8, 1.5 mM
ATP and GTP, 0.9 mM CTP and UTP, 0.2 mg/mL tRNA, 0.26
mM coenzyme A, 0.33 mM NAD, 0.75 mM cAMP, 0.068 mM
folinic acid, 1 mM spermidine, 30 mM 3-PGA, 1 mM DTT, 2%
PEG8000, either 10—15 mM maltose or 20—40 mM
maltodextrin. A typical cell-free reaction is composed of 33%
(volume) E. coli crude extract. The other 66% of the reaction
volume are composed of the plasmids and the reaction buffer
containing the nutrients. The amino acid concentration was
adjusted between 1.5 mM and 3 mM of each of the 20 amino
acids. Mg-glutamate and K-glutamate concentrations were
adjusted according to the plasmids used (typically 60 mM K-
glutamate and 5 mM Mg-glutamate for P,y,-deGFP, 20 mM K-
glutamate and S mM Mg glutamate for the T7 cascade). The
toolbox 2.0 will be commercialized under the name “MYtxtl” by
the company MYcroarray (Michigan, USA). Cell-free reactions
are carried out in a volume of 5 uL to 20 uL at 29-30 °C.
Semicontinuous cell-free reactions were carried out using a 96-
well equilibrium dialyzer plate (Harvard Apparatus, MWCO 10
kDa), with 20 yL reaction on one side and 200 uL feeding
solution on the other side. The feeding solution has a similar
composition to the reaction, minus the extract and the plasmid.
The plate was incubated at 29—30 °C with constant rotation
(0.125 Hz), on a rotary axis.

DNA Part List and Plasmid Preparation. The DNA parts
used in this work are reported in Supplementary Table S7.
Unless specified, the plasmids contain the highly eflicient
untranslated region named UTRI. Plasmid names: P3g,-S,¢ or
Py4,-054 refers to the same plasmid with a promoter specific to
03 and the gene 0,.

Liposome Preparation and Observations. The encap-
sulation of cell-free reactions into large unilamellar phospholipid
vesicles is based on the water-in-oil emulsion transfer
method.®*”>”* Briefly, phospholipids (egg PC, Avanti Polar
Lipids) are dissolved in mineral oil (Sigma-Aldrich) at 2 mg/
mL. A few microliters of cell-free reaction are added to 0.5 mL of
the phospholipid solution. This solution is vortexed for a few
seconds to create an emulsion. 100—250 uL of the emulsion are
placed on top of 20 uL of feeding solution. The vesicles are
formed by centrifugation of the biphasic solution for 20 s at
4000 rpm. The phospholipid vesicles were observed with a CCD
camera mounted on an inverted microscope (Olympus IX-81)
equipped with the proper set of fluorescence filters.

Measurements of Batch Mode Cell-Free TX-TL Re-
actions. Quantitative measurements were carried out with
either the reporter protein deGFP (25.4 kDa, 1 mg/mL = 39.37
uM) or His-deGFP (27.2 kDa, 1 mg/mL = 36.76 uM). deGFP
is a variant of the reporter eGFP that is more translatable in cell-
free systems. The excitation and emission spectra as well as
fluorescence properties of deGFP and eGFP are identical, as
reported before.”' The fluorescence of deGFP produced in
batch mode cell-free reaction was measured on an Hlm plate
reader (Biotek Instruments, 384-well plate). End-point
measurements were carried out after 8—12 h of incubation.
Pure recombinant eGFP with His tags (from two sources: Cell
Biolabs Inc. and Biovision) was used for quantification (linear
calibration on plate reader). Error bars are the standard
deviations from multiple repeats. An example measurement is
shown in Supplementary Figure S20.

Protein Purification. The reporter protein His-eGFP-ssrA
(N-terminal His-tag and C-terminal sstA degron) and His-
GamS (6His tag in N-terminal) from lambda phage were
overexpressed in E. coli and purified on nickel beads using
standard procedures. His-eGFP-ssrA was quantified using pure
recombinant His-eGFP (Cell Biolabs Inc. or Biovision), His-
GamsS was quantified by Bradford assay.

Bacteriophage Titration and Imaging. Bacteriophages
were counted by the standard plaque forming assay using the
following strains: E. coli B for T7, E. coli HF4714 for ®X174
(Yale Genetic Stock Center), and E. coli 4401 for MS2 (Yale
Genetic Stock Center). Cells were grown in Luria—Bertani (LB)
broth at 37 °C. The plates were prepared as follow: each sample
was added to a solution composed of 5 mL of 0.6% liquid LB-
agar (45 °C) and 50 pL of cell culture, poured on a 1.1% solid
LB-agar plate. Plates were incubated at 37 °C and plaques
counted after 6 h. Transmission electron microscopy (TEM)
was performed with a FEI Tecna F30 (300 kV, negative staining,
carbon-coated TEM grid).

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
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Cytoplasmic extract control plates, determination of
deGFP maturation time, eight reporter proteins kinetics,
nine reporter proteins excitation and emission spectra,
photos of nine reporter proteins produced using Toolbox
2.0, example of two pTXTL plasmids, batch to batch cell-
free reaction reproducibility, two-stage transcriptional
activation cascade characterization, anti o, protein Asia
tests, prepackaged vs separate performance (Plasmid P,,-
deGFP), mRNA mean lifetime determination (MazF),
setting mRNA mean lifetime with MazF, eGFP-ssrA
degradation by clpXP (no preincubation, pre-expressed),
violacein absorbance spectrum from E. coli culture, images
of plaque assay, calibration of deGFP concentration in
liposomes, fluorescence image of liposomes (deGFP and
AH-eGFP), SDS-PAGE of alpha-hemolysin synthesis, AH
leak tests in liposomes, calibration and measurements
(Figures S1—S20). Component concentrations, cDNA
sequences of nine reporter proteins, Relative intensity of
nine reporter proteins, pTXTL plasmid list, Crosstalk
between transcriptional activation units, deGFP synthesis
rate (plasmid P,;,-deGFP) as a function of MazF, DNA
part list (Tables S1—S7). (PDF)
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Parameter In vivo Cell-free reaction Ratio in vivolcell-free Footnot
e

Protein concentration [mg/mil] 200-320 9-10 20-32 a, b
Transcription
Free core RNA polymerase per cell [nM] 1900 60-75 20-32 c
G0 [NM] 730 <35 20-32 d
G0 [NM] <1 <0.05 20-32 d
G4 [NM] <10 <0.5 20-32 d
Gas [NM] 385 <20 20-32 d
s, [nM] <10 <0.5 20-32 d
G35 [NM] <1 <0.05 20-32 d
Gsy [NM] 115 <6 20-32 d
NtrC [nM] 73 <4 20-32 e
Average mRNA elongation rate [nuc/s] 39-55 >5 <10 f
Global mMRNA mean lifetime [min] 9.8 16-17 1.65 g
Translation
Ribosome [nM] 46500 < 2300 20-30 h
Peptide chain elongation rate [AA/s] 18 >15 ~10 i
Doubling time [h] 0.5 50 (semi-continuous) | = 100 i

Table S1. Gene expression numbers in vivo and in vitro (Toolbox 2.0 estimates).

2 In vivo refers to E. coli and cell-free reaction to E. coli cell-free expression reaction. E. coli numbers have been calculated for a division time of 30

minutes at 37°C’. The protein concentration in E. coli was obtained from?“.

® Most of the cell-free reactions are optimum at an extract protein concentration of 10 mg/ml (determined by Bradford assay). Higher extract

concentrations have been also used that give similar protein production®.

° Free E. coli core RNA polymerase not bound to DNA was estimated in®. A same estimation is made from’ using Table 3 in part V chapter 96. In a
cell-free expression reaction, the concentration of core RNA polymerase was calculated from the protein dilution (20-30) and the amount of active

core RNA polymerase present in E. coli.

¢ Considering that all 04, are free during extract preparation. 0y in a cell-free extract was calculated from the protein dilution (20-30) and the
concentration in vivo’. The in vivo concentration of the other sigma factors were also obtained from” and diluted by 20 to get the concentrations in

cell-free reaction.




¢ The in vivo concentration of NtrC was obtained from®.

" In vivo, the average mRNA elongation rate with the E. coli RNA polymerase is 39-55 nuc/s’. The average mRNA elongation rate with the E. coli
RNA polymerase has not been estimated in a cell-free system. Our measurements in this work show that the first fluorescent deGFP proteins are
measured after 2.5 minutes of incubation (Supplementary Figure S2). The length of transcription for that gene is about 750 bases, we conclude
that transcription speed is at least 5 nuc/s. Some in vitro measurements have been performed, for example in®, the elongation rate with the E. coli
RNA polymerase was estimated: 10-30 nuc/s.

9 In vivo from™, in vitro from this work.

" The concentration of ribosomes in a cell-free extract was estimated by Underwood and colleagues™. This concentration can be also obtained
from the concentration of ribosomes in vivo' corrected from a dilution of 20-30, considering that the fraction of ribosomes lost during extract
preparation is negligible.

"In vivo, the average peptide elongation rate is 18 aals’. In vitro, the average peptide elongation rate is 1-2 aa/s™. In this work, the first fluorescent
deGFP proteins are measured after 2.5 minutes of incubation (Supplementary Figure S2). The length of translation for that gene is 226 aa, we
conclude that translation speed is greater than 1.5 aa/s.

I'The doubling time of a cell-free reaction refers to the time required to synthesize a protein amount equal to the amount of protein contained in the
extract at the beginning of the reaction (e.g. If the protein concentration of a cell-free reaction is 10 mg/ml at the beginning of cell-free expression,
the doubling time is the time required to synthesize 10 mg/ml of protein). Although no cell-free system has been shown to produce as much
protein as in the extract, some estimation about the doubling time can be made from the protein production and the rate of protein production in
semi-continuous mode® and this work.



eGFP

deGFP (eGFP modified in N and C-terminus)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTC
GAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGC
GAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGT
GCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGT
CCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGA
CGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGT
GAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTG
GGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGA
CAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAG
GACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGC
GACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCC
TGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGT
GACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAA

ATGGAGCTTTTCACTGGCGTTGTTCCCATCCTGGTCGAGCTGGACGGCGACG
TAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCT
ACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCC
CTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGC
TACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAG
GCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGAC
CCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCT
GAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACG
GCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCA
GCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCT
GCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCC
AACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGA
TCTAA

eCFP

deCFP (eCFP modified in N and C-terminus)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTC
GAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGC
GAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCG
TGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAG
TCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACG
ACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGG
TGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCT
GGGGCACAAGCTGGAGTACAACTACATCAGCCACAACGTCTATATCACCGCC
GACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCG
AGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCG
GCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCG
CCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTT
CGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGCTGTAC
AAGTAA

ATGGAGCTTTTCACTGGCGTTGTTCCCATCCTGGTCGAGCTGGACGGCGACG
TAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCT
ACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCC
CTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCAGCCGC
TACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAG
GCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGAC
CCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCT
GAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACATCAGCCACAACGTCTATATCACCGCCGACAAGCAGAAGAACG
GCATCAAGGCCAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCA
GCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCT
GCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCC
AACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGA
TCTAA

YFP

deYFP (eYFP modified in N and C-terminus)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTC
GAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGC
GAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCT
GCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAG
TCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACG
ACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGG
TGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCT
GGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCC
GACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCG
AGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCG
GCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCGC
CCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTC
GTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAA

ATGGAGCTTTTCACTGGCGTTGTTCCCATCCTGGTCGAGCTGGACGGCGACG
TAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCT
ACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCC
CTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCTGCAGTGCTTCGCCCGC
TACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAG
GCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGAC
CCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCT
GAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACG
GCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCA
GCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCT
GCTGCCCGACAACCACTACCTGAGCTACCAGTCCGCCCTGAGCAAAGACCCC
AACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGA
TCTAA

mVenus

dmVenus (mVenus modified in N and C-
terminus)

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTC
GAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGC
GAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGCTGATCTGCACCACCG
GCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGGGCTACGGCC
TGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAA
GTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGAC
GACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTG
GTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCC
TGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCACCGCC
GACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCG
AGGACGGCGGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCG
GCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCAA
GCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTC
GTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAA

ATGGAGCTTTTCACTGGCGTTGTTCCCATCCTGGTCGAGCTGGACGGCGACG
TAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCT
ACGGCAAGCTGACCCTGAAGCTGATCTGCACCACCGGCAAGCTGCCCGTGCC
CTGGCCCACCCTCGTGACCACCCTGGGCTACGGCCTGCAGTGCTTCGCCCGC
TACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAG
GCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGAC
CCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCT
GAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA
GTACAACTACAACAGCCACAACGTCTATATCACCGCCGACAAGCAGAAGAACG
GCATCAAGGCCAACTTCAAGATCCGCCACAACATCGAGGACGGCGGCGTGCA
GCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCT
GCTGCCCGACAACCACTACCTGAGCTACCAGTCCGCCCTGAGCAAAGACCCC
AACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGA
TCTAA

mCherry

mmCherry (mCherry modified in N-terminus)

ATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGC
GCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGA
GGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGA
AGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCA
GTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGAC
TACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTT
CGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGG
CGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGC
CCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGT
ACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGA
AGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAA
GCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACC
TCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCC
GCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAA

ATGGTGAGCAAGGGCGAAGAAGATAACATGGCCATCATCAAGGAGTTCATGC
GCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGA
GGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGA
AGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCA
GTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGAC
TACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTT
CGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGG
CGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACGGC
CCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGT
ACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGA
AGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAA
GCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACC
TCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCC
GCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAA




dTomato (not modified)

TagRFP-T (not modified)

ATGGTGAGCAAGGGCGAGGAGGTCATCAAAGAGTTCATGCGCTTCAAGGTG
CGCATGGAGGGCTCCATGAACGGCCACGAGTTCGAGATCGAGGGCGAGGG
CGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCA
AGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCAGTTCATGT
ACGGCTCCAAGGCGTACGTGAAGCACCCCGCCGACATCCCCGATTACAAGA
AGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGG
ACGGCGGTCTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCACG
CTGATCTACAAGGTGAAGATGCGCGGCACCAACTTCCCCCCCGACGGCCCC
GTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCACCGAGCGCCTGTAC
CCCCGCGACGGCGTGCTGAAGGGCGAGATCCACCAGGCCCTGAAGCTGAA
GGACGGCGGCCACTACCTGGTGGAGTTCAAGACCATCTACATGGCCAAGAA
GCCCGTGCAACTGCCCGGCTACTACTACGTGGACACCAAGCTGGACATCAC
CTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAGCGCTCCGAGGG
CCGCCACCACCTGTTCCTGTACGGCATGGACGAGCTGTACAAGTAA

ATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATGCACATGAAGCTGTAC
ATGGAGGGCACCGTGAACAACCACCACTTCAAGTGCACATCCGAGGGCGAAGG
CAAGCCCTACGAGGGCACCCAGACCATGAGAATCAAGGTGGTCGAGGGCGGC
CCTCTCCCCTTCGCCTTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAGA
ACCTTCATCAACCACACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCCT
GAGGGCTTCACATGGGAGAGAGTCACCACATACGAAGACGGGGGCGTGCTGA
CCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCCTCATCTACAACGTCAAG
ATCAGAGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTC
GGCTGGGAGGCCAACACCGAGATGCTGTACCCCGCTGACGGCGGCCTGGAAG
GCAGAACCGACATGGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAA
CTTCAAGACCACATACAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCCCGG
CGTCTACTATGTGGACCACAGACTGGAAAGAATCAAGGAGGCCGACAAAGAGA
CCTACGTCGAGCAGCACGAGGTGGCTGTGGCCAGATACTGCGACCTCCCTAGC
AAACTGGGGCACAAACTTAATGGCATGGACGAGCTGTACAAGTAA

mApple (not modified)

mRuby (not modified)

ATGGTGAGCAAGGGCGAGGAGAATAACATGGCCATCATCAAGGAGTTCATG
CGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATC
GAGGGCGAGGGCGAGGGCCGCCCCTACGAGGCCTTTCAGACCGCTAAGCT
GAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCC
TCAGTTCATGTACGGCTCCAAGGTCTACATTAAGCACCCAGCCGACATCCCC
GACTACTTCAAGCTGTCCTTCCCCGAGGGCTTCAGGTGGGAGCGCGTGATG
AACTTCGAGGACGGCGGCATTATTCACGTTAACCAGGACTCCTCCCTGCAG
GACGGCGTGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCC
GACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCGAGGA
GCGGATGTACCCCGAGGACGGCGCCCTGAAGAGCGAGATCAAGAAGAGGC
TGAAGCTGAAGGACGGCGGCCACTACGCCGCCGAGGTCAAGACCACCTAC
AAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACATCGTCGACATCAAG
TTGGACATCGTGTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAA
CGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTA
A

ATGAACAGCCTGATCAAAGAAAACATGCGGATGAAGGTGGTGCTGGAAGGCAG
CGTGAACGGCCACCAGTTCAAGTGCACCGGCGAGGGCGAGGGCAACCCCTAC
ATGGGCACCCAGACCATGCGGATCAAAGTGATCGAGGGCGGACCTCTGCCCTT
CGCCTTCGACATCCTGGCCACATCCTTCATGTACGGCAGCCGGACCTTCATCAA
GTACCCCAAGGGCATCCCCGATTTCTTCAAGCAGAGCTTCCCCGAGGGCTTCA
CCTGGGAGAGAGTGACCAGATACGAGGACGGCGGCGTGATCACCGTGATGCA
GGACACCAGCCTGGAAGATGGCTGCCTGGTGTACCATGCCCAGGTCAGGGGC
GTGAATTTTCCCAGCAACGGCGCCGTGATGCAGAAGAAAACCAAGGGCTGGGA
GCCCAACACCGAGATGATGTACCCCGCTGACGGCGGACTGAGAGGCTACACCC
ACATGGCCCTGAAGGTGGACGGCGGAGGGCACCTGAGCTGCAGCTTCGTGAC
CACCTACCGATCCAAGAAAACCGTGGGCAACATCAAGATGCCCGGCATCCACG
CCGTGGACCACCGGCTGGAAAGGCTGGAAGAGTCCGACAACGAGATGTTCGTG
GTGCAGCGGGAGCACGCCGTGGCCAAGTTCGCCGGCCTGGGCGGAGGGTAA

Table S2. DNA sequences of the nine reporter genes tested. deGFP, deCFP, deYFP, and
dmVenus have been modified in their N- and C-terminus based on previous observations’” to be
more translatable in cell-free systems. The most important modification is in N-terminus, where
a ribosome-like sequence has been removed. mmCherry was modified in N-terminus in a similar
manner to deGFP. dTomato, TagRFP-T, mApple and mRuby were not modified.




Protein Excitation (nm) Emission (nm) Relative Intensity
deCFP 440 480 22
deGFP 488 510 100
deYFP 514 532 93
dmVenus 516 533 78
dTomato 554 583 13
TagRFPT1 557 588 2
mApple 569 597 9
mRuby 558 601 9
mmCherry 587 616 4

Table S3. Excitation and emission wavelengths at peak of the nine reporter proteins synthesized
with Toolbox 2.0. The relative intensity is given with respect to deGFP, which is set to 100. The
relative intensities are specific to the wavelength settings as well as to the device that was used
(plate reader Biotek Hlm).



The following plasmids have been constructed from parts shown in Supplementary Table S7. Examples of construction are given in
Supplementary Table S4. Short names are given in the first column, the full name should read as: pTXTL-P70a-S19 (the
corresponding short name is: P70a-S19).

Nomenclature:

* P70a: promoter specific to E. coli sigma factor 70, 'a’ indicates the first in the list. The same notation is used for other promoters, for
example P28a is a promoter specific to the E. coli sigma factor 28, ‘a’ indicates the first in the list. All of the circuits shown in this
work were done with the ‘a’ series of promoters and with T7p14 for T7. The P70a-d series was constructed from the OR,-OR,-Pr
promoter by mutating the -35 and/or the -10 without altering the two operators.

» The E. coli strain KL740 can be found at the E. coli resources at Yale, CGSC.

* All of the plasmids listed are Ampicillin resistant.

* MGapt (and MGaptl): the malachite green aptamer”.

Relative strengths of some part series:

Promoters Relative strength
P70a 100
P70b 25
P70c 2
P70d 30
T7p7 48
T7p8 7
T7p11 3
T7p14 100
T7p16 24
UTRs Relative strength
UTR1 100
UTR3 25
UTR4 50
UTR5 10




Name UTR Expressed gene TX term. Ori. Size (bp) E. coli host
P70a-S19 UTR1 | fecl (sigma 19) T500 p15A 3306 KL740
P70a-S28 UTR1 rpoF (sigma 28) T500 p15A 3265 KL740
P70a-S24 UTR1 RpoE (sigma 24) T500 p15A 3349 KL740
P70a-S32 UTR1 RpoH (sigma 32) T500 p15A 3628 KL740
P70a-S38 UTR1 RpoS (sigma 38) T500 p15A 3525 KL740
P70a-S54 UTR1 RpoN (sigma 54) T500 p15A 4207 KL740
P70a-NtrC UTR1 NtrC T500 p15A 4183 KL740
P70a-deGFP UTR1 deGFP T500 ColE1 3202 KL740 or DH5alpha
P70a-deGFP-ssrA UTR1 deGFP-ssrA T500 ColE1 3235 KL740 or DHb5alpha
P70a-S19-ssrA UTR1 S19-ssrA T500 p15A 3080 KL740
P70a-OmpA-S24 UTR1 OmpA-S24 T500 p15A 3427 KL740
P70a-S28-YbaQ UTR1 S28-YbaQ T500 p15A 3295 KL740
P70a-S28-ssrA UTR1 S28-ssrA T500 p15A 3294 KL740
P70a-S32-ssrA UTR1 S32-ssrA T500 p15A 3670 KL740
P70a-OmpA-S38 UTR1 OmpA-S38 T500 p15A 3844 KL740
P70a-mmCherry UTR1 mmCherry T500 ColE1 3235 KL740 or DH5alpha
P70a-deCFP UTR1 deCFP T500 ColE1 3202 KL740 or DH5alpha
P70a-mCherry UTR1 mCherry T500 ColE1 3235 KL740 or DH5alpha
P70a-dmVenus UTR1 dmVenus 1500 ColE1 3202 KL740 or DHb5alpha
P70a-dTomato UTR1 dTomato T500 ColE1 3229 KL740 or DH5alpha
P70a-mRuby UTR1 mRuby T500 ColE1 3208 KL740 or DH5alpha
P70a-mApple UTR1 mApple T500 ColE1 3235 KL740 or DH5alpha
P70a-TagRFPT1 UTR1 | TagRFPT1 T500 ColE1 3259 KL740 or DH5alpha
P70a-deYFP UTR1 deYFP T500 ColE1 3202 KL740 or DH5alpha
P70a-Venus UTR1 Venus T500 ColE1 3241 KL740 or DH5alpha
P70a-cl-ssrA UTR1 cl-ssrA T500 ColE1 3515 KL740
P70a-ClpPX UTR1 ClpPX T500 p15A 4676 KL740
P70a-MGapt none MG aptamer T500 ColE1 2544 KL740
P70a-MGapt-deGFP | UTR1 deGFP T500 ColE1 3241 KL740




P70a-T7rnap UTR1 T7rnap T500 p15A 5425 KL740
P70a-T3rnap UTR1 | T3rnap T500 p15A 5428 KL740
P70a-U3-deGFP UTR3 | deGFP T500 ColE1 3202 KL740 or DH5alpha
P70a-U4-deGFP UTR4 | deGFP T500 ColE1 3202 KL740 or DH5alpha
P70a-U5-deGFP UTRS5 | deGFP T500 ColE1 3202 KL740 or DH5alpha
P70b-deGFP UTR1 deGFP T500 ColE1 3202 KL740 or DH5alpha
P70b-MGapt1 none MG aptamer 1500 ColE1 2544 KL740 or DH5alpha
P70b-MGapt-deGFP | UTR1 deGFP T500 ColE1 3241 KL740 or DH5alpha
P70b-U3-deGFP UTR3 | deGFP T500 ColE1 3202 KL740 or DH5alpha
P70b-U4-deGFP UTR5 | deGFP T500 ColE1 3202 KL740 or DH5alpha
P70c-deGFP UTR1 deGFP T500 ColE1 3202 KL740 or DH5alpha
P70c-MGapt1 none MG aptamer T500 ColE1 2544 KL740 or DH5alpha
P70c-MGapt-deGFP | UTR1 deGFP T500 ColE1 3241 KL740 or DH5alpha
P70c-U3-deGFP UTR3 | deGFP T500 ColE1 3202 KL740 or DH5alpha
P70c-U4-deGFP UTRS5 | deGFP T500 ColE1 3202 KL740 or DH5alpha
P70d-deGFP UTR1 deGFP T500 ColE1 3202 KL740 or DH5alpha
P28a-deGFP UTR1 deGFP T500 ColE1 3231 JM109
P28a-mApple UTR1 mApple T500 ColE1 3264 JM109
P28a-Luc UTR1 Luc T500 ColE1 4261 JM109
P28a-deCFP UTR1 deCFP T500 ColE1 3231 JM109
P28a-deYFP UTR1 deYFP T500 ColE1 3231 JM109
P28a-deGFP-ssrA UTR1 deGFP-ssrA T500 ColE1 3264 JM109
P28a-flgM UTR1 FigM none ColE1 2694 JM109
P28a-flgM-ssrA UTR1 FlgM-ssrA none ColE1 2730 JM109
P28a-S19-ssA UTR1 S19-ssrA none ColE1 3072 JM109
P28a-S19 UTR1 S19 none ColE1 3298 JM109
P28a-OmpA-S24 UTR1 OmpA-S24 none ColE1 3419 JM109
P28a-S24-ssrA UTR1 S24-ssrA none ColE1 3419 JM109




P28a-S38 UTR1 S38 none ColE1 3803 JM109
P28a-S54 UTR1 S54 T500 ColE1 4117 JM109
P28a-NtrC UTR1 NtrC T500 ColE1 4093 JM109
P28a-TetR UTR1 TetR T500 ColE1 3177 JM109
P28a-Cl-ssrA UTR1 cl-ssrA T500 ColE1 3332 JM109
P28a-MazF-ssrA UTR1 MazF-ssrA none ColE1 3143 JM109
P28a-MazE-ssrA UTR1 MazE-ssrA none ColE1 3057 JM109
P19a-deGFP UTR1 deGFP T500 ColE1 3255 JM109
P19a-deCFP UTR1 deCFP T500 ColE1 3255 JM109
P19a-deYFP UTR1 deYFP T500 ColE1 3255 JM109
P19a-S28-ssrA UTR1 S28-ssrA T500 p15A 3319 JM109
P19a-S28 UTR1 S28-ssrA T500 p15A 3290 JM109
P19a-OmpA-S24 UTR1 OmpA-S24 T500 ColE1 3361 JM109
P19a-S24 UTR1 S24 T500 ColE1 3283 JM109
P19a-S38 UTR1 S38 T500 p15A 3550 JM109
P19a-NtrC UTR1 NtrC T500 p15A 4208 JM109
P54a-deGFP UTR1 deGFP T500 ColE1 3418 JM109
P54a-S38 UTR1 S38 T500 p15A 3713 JM109
P54a-S28 UTR1 S28 T500 p15A 3453 JM109
P54a-S19 UTR1 S19 T500 p15A 3494 JM109
P54a-S24 UTR1 S24 T500 p15A 3537 JM109
P32a-deGFP UTR1 deGFP T500 ColE1 3240 JM109
P24a-deGFP UTR1 deGFP T500 ColE1 3228 JM109
P24a-OmpA-S38 UTR1 OmpA-S38 T500 ColE1 3751 JM109
P24a-S38 UTR1 S38 T500 ColE1 3432 JM109
P24a-S28 UTR1 S28 T500 ColE1 3172 JM109
P24a-S28-ssrA UTR1 S28-ssrA T500 ColE1 3201 JM109
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P38a-deGFP UTR1 deGFP T500 ColE1 3232 JM109
P38a-S19 UTR1 S19 T500 ColE1 3217 JM109
P38a-S19-ssrA UTR1 S19-ssrA T500 ColE1 2991 JM109
P38a-S28 UTR1 S28 T500 ColE1 3176 JM109
P38a-S28-ssrA UTR1 S28-ssrA T500 ColE1 3206 JM109
P38a-S54 UTR1 S54 T500 ColE1 4118 JM109
P38a-NtrC UTR1 NtrC T500 ColE1 4094 JM109
PLtet01-deGFP-ssrA | UTR1 deGFP-ssrA T500 p15A 3326 DH5aZ1
PLtet01-deGFP-YbaQ | UTR1 deGFP-YbaQ T500 p15A 3323 DH5aZ1
PLtet01-deGFP UTR1 deGFP T500 p15A 3293 DH5aZ1
T7P11-deGFP deGFP T7 ColE1 4077 JM109
T7P11-MGapt MG aptamer T7 ColE1 3423 JM109
T7P14-deGFP deGFP T7 ColE1 4137 JM109
T7P14-MGapt MG aptamer T7 ColE1 3427 JM109
T7P16-deGFP deGFP T7 ColE1 4124 JM109
T7P16-MGapt MG aptamer T7 ColE1 3424 JM109
T7P7-deGFP deGFP T7 ColE1 4118 JM109
T7P7-MGapt MG aptamer 17 ColE1 3425 JM109
T7P8-deGFP deGFP T7 ColE1 4110 JM109
T7P8-MGapt MG aptamer T7 ColE1 3424 JM109
pCa-deGFP deGFP T500 p15A 3303 JM109
pC-MGapt MG aptamer T500 ColE1 2513 JM109
T3P-deGFP deGFP T7 ColE1 4137 JM109
P28a-MreB UTR1 MreB T500 ColE1 3668 JM109
P28a-MreC UTR1 MreC T500 ColE1 3898 JM109
P28a-Venus-MreB UTR1 Venus-Mreb T500 ColE1 4389 JM109
P28a-venus-MreB-

18L UTR1 | Venus-MreB-18L T500 ColE1 4450 JM109
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P28a-AH UTR1 | aHemolysin none ColE1 3438 JM109
P28a-AH-eGFP UTR1 aHemolysin-eGFP none ColE1 4422 JM109
T7p14-AH UTR1 | aHemolysin T7 ColE1 4419 JM109
T7p14-AH-eGFP UTR1 | aHemolysin-eGFP T7 ColE1 5156 JM109

Table S4. List of plasmids designed for Toolbox 2.0. Plasmids are sorted by promoters.
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prom oterc [EXeer O O19 O34 O O3, O3 Os4/NtrC
P.o. 7.65 7.47 7.24 5.95 6.73 7.09 5.99
P 0.04 0.27 0.02 0.02 0.01 0.02 0.05
P 0.04 0.03 0.21 0.02 0.02 0.03 0.02
P2s. 0.01 0.02 0.01 5.69 0.02 0.01 0.02
P, 0.41 0.44 0.40 0.31 3.65 0.40 0.27
Pas. 0.02 0.04 0.05 0.01 0.02 0.40 0.01
Ps.a 0.02 0.02 0.02 0.01 0.00 0.01 0.15

Table S5. Crosstalk between transcriptional activation units measured in the linear regime of
plasmid concentration (0.1 nM of plasmid encoding the sigma factor and 1 nM reporter plasmid,
oy salt conditions, see Table 1). Values (deGFP [uM]) are from the end-point deGFP production
for seven E. coli sigma factors (non-degradable versions). Except for the endogenous o, present
in the reaction, the transcription factors were expressed as shown in the Figure S8a-g.
Expression through the promoter Py, is high in all of the cases because the endogenous 6, is
present in the extract.
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Promoter Description Source - references
Poa Lambda phage promoter OR,-OR;-Pr specific to E. coli 6y, GenBank: J02459.1, "2
P Promoter of the fec transporter genes (E. coli) specific to 0;, GenBank: U00096.2,
P Promoter of the htrA gene (E. coli) specific to 0, GenBank: U00096.2,
Pas. Promoter of the tar gene (E. coli) specific to 0z GenBank: U00096.2,
P2 Promoter of the groE gene (E. coli) specific to 0z, GenBank: U00096.2, "7
Pas. Promoter of the osmY gene (E. coli) specific to 0z GenBank: U00096.2,
Pssa Promoter of the gina gene (E. coli) specific to o5, GenBank: U00096.2,
T3P Promoter of bacteriophage T3 GenBank: NC_003298
T7Py, Promoter of bacteriophage T7 GenBank: NC_001604
araBAD Promoter specific to E. coli 0, and regulated by the araC gene 2

melAB Promoter specific to E. coli 6, and regulated by the melR gene i

PLcor Promoter specific to E. coli 67, and regulated by the tetR gene i

Untranslated region

Description

Source — references

UTR1

The untranslated region containing the T7 g10 leader sequence
for highly efficient translation initiation

GenBank: M35614.1, 2%

Transcription terminator

Description

Source - references

T500

Transcription terminator for E. coli RNA polymerase

24

T7

Transcription terminator for T7 RNA polymerase

GenBank: NC_001604

Riboregulator

Description

Source - references

Raj11, Raj 31

Synthetic riboregulator of translation

25

Genes Description Source — references
deGFP eGFP truncated and modified in N- and C- terminus 2
deCFP eCFP truncated and modified in N- and C- terminus 2
deYFP eYFP truncated and modified in N- and C- terminus This work
d Venus YFP A206K protein truncated and modified in N- and C- This work

mVenus .

terminus

mmCherry mCherry truncated and modified in N- and C- terminus This work
dTomato The fluorescent protein dTomato GenBank: AY678268.1
TagRFP-T The fluorescent protein TagRFP-T GenBank: EU582019.1
mApple The fluorescent protein mApple GenBank: DK336160.2
mRuby The fluorescent protein mRuby %
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019 fecl (E. coli 04,) GenBank: U00096.2

019-SSrA fecl tagged with ssrA 7

O rpoE (E. coli 6,) GenBank: U00096.2

OMpPA-0O,, rpoE tagged with ompA il

O rpoF (E. coli G) GenBank: U00096.2

O25-SSFA rpoF tagged with ssrA 7

O3 rpoH (E. coli o3,) GenBank: U00096.2

03,-SSFA rpoH tagged with ssrA 7

O3 rpoS (E. coli 0) GenBank: U00096.2

OompA-03s rpoS tagged with ompA 2z

Osq rpoN (E. coli 0s,) GenBank: U00096.2

clpXP E. coli clpXP tandem proteins (same operon) GenBank: J05534.1, L18867.1

ntrC Co-activator of o* promoters GenBank: U00096.2

mazF E. coli interferase MazF (chpA gene) GenBank: CDJ74047.1

T7 RNAP T7 bacteriophage RNA polymerase GenBank: FJ881694.1

T3 RNAP T3 bacteriophage RNA polymerase GenBank: X02981.1

araC Arabinose operon regulatory gene GenBank: AAC73175.1

asia T4 protein Asia, inhibitor of E. coli g GenBank: AAA32480.1

mSA Monomeric streptavidin 2

tetR Tet operon regulatory gene GenBank: BAG71042.1

aHemolysin Staphylococcus aureus pore forming protein aHemolysin GenBank: M90536.1
aHemolysin-eGFP Fusion of the pore forming encoding gene aHemolysin and eGFP | *

cl Lambda phage repressor protein Cl GenBank: CAB96428.1

SSrA SsrA peptide for degradation by AAA+ proteases o

Synthetic operon

Description

Source — references

vioABCDE Engineered vioABCDE operon (Chromobacterium violaceum) | Addgene: #40782
Genomes Description Source — references
T7 T7 phage complete dsDNA genome GenBank: NC 001604
DX174 ®X174 phage complete dsDNA genome GenBank: J02482.1, *
MS2 MS2 phage complete RNA genome GenBank: NC 001417.2

Table S7. DNA parts used in this work.
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Figure S1. Cytoplasmic extract control plates. All the LB-agar (no antibiotic) plates were
incubated at 37°C for 16 h. 30 ul of E. coli extract corresponds to seven reactions of 12 pl.
Top: 50 pl of E. coli cytoplasmic extract were plated on each of the three plates. About 50 E.
coli cells were added to the plate on the left, as a positive control. The two other plates show
no living E. coli in two different extracts prepared in February 2013. Bottom: 60ul of four
different E. coli cytoplasmic extracts were plated on each of the four plates. One extract was
prepared in 2014 and three in 2015. No E. coli colonies grew on either plate for those six
extracts.
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To determine the maturation of deGFP, we used an RNAse A based assay. We previously
showed that addition of RNAseA instantaneously stops TX-TL in the reaction’’. We modified
this assay to determine the maturation time more accurately compared to our previous approach.
We first determined that no deGFP is produced in the first 2 minutes of the reaction (no increase
of fluorescence was observed when RNAse A was added 2 minutes after the reaction start,
plasmid P7p,-deGFP was set to 5 nM in those experiments). Then, we monitored the time course
of fluorescence of the first burst of deGFP produced in cell-free reaction, between 2 minutes and
3 minutes by adding RNAseA after 3 minutes of incubation. We modeled this increase of
fluorescence with a first order chemical kinetics fit using Mathematica:

d|deGFP__ . .
w = k[deGFP,,, ], with solution: [deGFP,  |(t) = [deGFP, | + [deGFP,, ], (l - e'k‘)
t
[deGFP, ](t) | mature (fluorescent) deGFP as a function of time
[deGFPmat ]0 initial mature (fluorescent) deGFP, measured at transcription arrest (which
we call time point zero). For 2 minutes incubation, this value is zero.
[deGFPdark ]0 initial dark deGFP, corresponding to concentration of dark deGFP (not
matured) at transcription arrest. This value is fit by the software. (For 2
minutes incubation, this value is at the saturation level deGFPmat as t 2>
infinity)
K protein maturation rate. Inverse (maturation time) is 16.2 minutes.

The experiment was repeated twice, a value of 1/k; = 16.5 min and 1/k; = 15.9 min was
determined. The characteristic time of deGFP maturation was averaged to 16.2 = 0.42 min.

6

A a0

deGFP [nM]

o

r=0.993725

0 20 40 60 80

_ : 700 120
Time [min]

6

A~ a0

deGFP [nM]

2 1/k1 =16.5 min 2 1/k2 =159 min |
1t ——Trial 1 § 1 —o—Trial 2 .
——Fijt Trial1 —o—Fit Trial2

o

r=0.993358

20 40 60 80 100 120
Time [min]

Figure S2. Two trials were made to estimate deGFP maturation time based on the RNAseA

assay.
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Figure S3. Kinetics of expression of eight reporter proteins in batch mode reactions (for
deGFP see Figure 2 or Supplementary Figure S8a). All of the reporter proteins were
expressed through the promoter Py, (e.g. P7.-deCFP for deCFP), at a plasmid concentration of
5 nM. In agreement with literature”, red fluorescent proteins are slower to mature, which
explains the slow kinetics. The inset shows the first four hours of the kinetic measurement.
From left to right, the kinetics crossing the dashed line are: deCFP, deYFP, mmCherry,
dmVenus, mRuby, mApple, dTomato, TagRFPT]1.
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Figure S4. Top: excitation spectra of the nine reporter proteins expressed in Toolbox 2.0.
Bottom: emission spectra of the nine reporter proteins expressed in Toolbox 2.0.
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deCFP deGFP deYFP dmVenus dTomato TagRFPT1 mApple mRuby mmCherry

Figure S5. Photos of the nine reporter proteins produced in batch mode cell-free reaction.
Top: with ambient light. Bottom: with a UV excitation (260 nm).
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pTXTL-P70a-S28:
* pTXTL: plasmid series name

* P70a: promoter specific to sigma70, ‘a’ marks the first in the series

* S28: gene for the E. coli sigma factor 28

3260 Nhel (1)

P70a 3205..3259
3203 Bipl (1)

3171 Sphi (1)

3148 BspLU111 (1)
3148 Al (1)‘

3105 EcoRV (1)
\

2903 Drall (1)
2846 Zral (1) |

\ 1
\ |

2846 Aatll (1) |

2595 BseS! (1)
2595 ApaLl (1) |

2407 Rsal (1)
2406 Scal (1)
2406 Tatl (1)"

2295 Pvul (1)

AmpR 2517..1858
2148 Fspl (1)

2042 Bgll (1)
1923 Eam1105I (1)

1737 BstZ171 (1) |

\
1661 SgrAl (1)

pTXTL-P70a-528

3265 bp

28 BamHI (1)

125 Sbfl (1)

126 Pstl (1)

528 36..755

| 519 BsaBl (1)
750 Psil (1)
762 Sfol (1)
| | |752 Narl (1)
762 Kasl (1)
762 Bbel (1)
769 Xhol (1)
769 Aval (1)
776 Sall (1)
7500 782..811
812 NgoMIV (1)

/812 Nael (1)

1013 BstBl (1)

1148 AlwNI (1)

p15A ori 1752..844

| 1499 Sacll (1)
\
1542 Pfol (1)
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pTXTL-P28a-deGFP:

* pTXTL: plasmid series name

* P28a: promoter specific to sigma28, ‘a’ marks the first in the series
* deGFP: gene for the reporter protein deGFP

3226 Nhel (1)
P28a 3180..3225
3181 Hindlll (1)

3171 Banll (1) ‘

3168 Bipl (1)|

3136 Sphl (1)

3070 EcoRV (1)
|

2886 EcoRl (1) \

34 Styl (1)

|itNec:l (1)

|
2868 Drall (1) "
|

2811 zral (1) |

2811 Aatll (1) |

2695 Sspl (1)

2488 Xmnl (1)__

2371 Scal (1)

2260 Pvul (1)

AmpR 2482..1823~
2113 Fspl (1)

’f
2064 Vspl (1)
/

2007 Bgll (1)

1888 Eam 11051 (1)

Figure S6. Maps of two pTXTL plasmids.

pTXTL-P2Ba-deGFP

3231 bp

301 Pfol (1)
!

deGFP 36..713
/

/

714 Xhol (1)
|

|‘714 Aval (1)

T500 720..749

750 Sall (1)
|

|
1750 Hinell (1)
If

| 750 Acel (1)

811 PshAl (1)

868 Nael (1)
1\
","BBB NgoMIV (1)

874 Eco4711l (1)

1102 DrdlI (1)

A

\
|

1411 AWNI (1)

ColE1 origin 1725..1043
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Figure S7. deGFP expression performance of four different lysates using the plasmid P,,-
deGFP (5 nM) in batch mode. The four different lysates were prepared over a period of three

months.
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Figure S8a. Characterization of cell-free expression with an E. coli promoter specific to the
housekeeping ;. Top left: Schematic of the gene circuit. Both plasmid and PCR product of
the plasmid can be used as template. Top right: Kinetics of deGFP expression. Plasmid Py,-
deGFP was set at 5 nM, whereas the linear PCR product was used at 20 nM. Negative control:
addition of Rifampicin (50 uM), an inhibitor of the E. coli RNA polymerase. Bottom left:
Synthesis of active fluorescent deGFP vs plasmid concentration. Response is linear up to 2-3
nM plasmid and saturates above 5 nM. Bottom right: Synthesis of active fluorescent deGFP
vs PCR product concentration. Response is linear up to 10 nM PCR and saturates above 20
nM.
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Figure S8b. Two-stage transcriptional activation cascade using E. coli 6,,. Top: schematic of
the circuit (only closed circular plasmids were used). Bottom left: endpoint deGFP
fluorescence measurement of the circuit performance for 6, and 6,o-ssrA. The reporter plasmid
concentration was set to the optimum (Table 1). Bottom right: kinetics of the circuit with and
without the 6, plasmid.
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Figure S8c. Two-stage transcriptional activation cascade using E. coli 6,,. Top: schematic of
the circuit (only closed circular plasmids were used). Bottom left: endpoint deGFP
fluorescence measurement of the circuit performance for ¢, and OmpA-c,. The reporter
plasmid concentration was set to the optimum (Table 1). Bottom right: kinetics of the circuit
with and without the o,, plasmid.
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Figure S8d. Two-stage transcriptional activation cascade using E. coli 6. Top: schematic of
the circuit (only closed circular plasmids were used). Bottom left: endpoint deGFP
fluorescence measurement of the circuit performance for 6, and c-ssrA. The reporter plasmid
concentration was set to the optimum (Table 1). Bottom right: kinetics of the circuit with and
without the 6, plasmid.
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Figure S8e. Two-stage transcriptional activation cascade using E. coli 6;,. Top: schematic of
the circuit (only closed circular plasmids were used). Bottom left: endpoint deGFP
fluorescence measurement of the circuit performance for 6;, and 63,-ssrA. The reporter plasmid
concentration was set to the optimum (Table 1). Bottom right: kinetics of the circuit with and
without the o3, plasmid.
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Figure S8f. Two-stage transcriptional activation cascade using E. coli 6. Top: schematic of
the circuit (only closed circular plasmids were used). Bottom left: endpoint deGFP
fluorescence measurement of the circuit performance for c;; and OmpA-c;. The reporter
plasmid concentration was set to the optimum (Table 1). Bottom right: kinetics of the circuit
with and without the o5 plasmid.
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Figure S8g. Two-stage transcriptional activation cascade using E. coli c5, and NtrC. Top:
schematic of the circuit (only closed circular plasmids were used). Bottom left: endpoint
deGFP fluorescence measurement of the circuit performance for os-NtrC. The reporter
plasmid concentration was set to the optimum (Table 1). Bottom right: kinetics of the circuit
with and without the o5, and NtrC plasmid.
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Figure S8h. Two-stage transcriptional activation cascade using bacteriophage T7 RNA
polymerase. Top: schematic of the circuit (only closed circular plasmids were used). Bottom
left: endpoint deGFP fluorescence measurement of the circuit performance for T7 rnap. The
reporter plasmid concentration was set to the optimum (Table 1). Bottom right: kinetics of

the circuit with and without the T7 rnap plasmid.
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Figure S8i. Two-stage transcriptional activation cascade using bacteriophage T3 RNA
polymerase. Top: schematic of the circuit (only closed circular plasmids were used). Bottom
left: endpoint deGFP fluorescence measurement of the circuit performance for T3 rnap. The
reporter plasmid concentration was set to the optimum (Table 1). Bottom right: kinetics of

the circuit with and without the T3 rnap plasmid.
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Figure S9. Inhibition of o, by the protein AsiA. The bacteriophage T4 protein AsiA was
expressed through a T7 promoter using linear PCR (0.2 nM Py,,-T7rnap plasmid was added to
the reaction). The protein mSA (monomeric streptavidin, comparable in size to Asia) was used
as a control. Left: inhibition of o, is observed (P;.,-deGFP set to 0.25 nM). Right: no
inhibition is observed for o, (P,,-deGFP set to 1 nM).
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Figure S10. Performance of pre-packaged and separate cell-free reactions for two different
batches (using 5 nM P,,-deGFP). Pre-packaged: DNA and water are added to a reaction
containing all of the components pre-mixed (stored pre-mixed at -80°C). Separate: the reaction
is prepared from the separate components (extract, energy mixture, amino acid mixture,
potassium, magnesium, PEG). deGFP production is measured after 10-12 h of incubation.
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We estimated deGFP mRNA mean lifetimes with and without MazF in cell-free reactions by
modeling cell-free expression with the following set of equations, the fourth equation being the
solution of the first three:

d[m]
——==-b|m
o = olm]
d|deGFP
% = a[m]- k[deGFP,, ]
t
d| deGFP,
d[deGFP,, ] _ k[deGFP,,, ]
dt
k am -k -bt
[deGFP,, ](t) = [deGFP,,, ] +[deGFP,, ] (1 - &™)+ o -Ok) [b(l -e™ )+ k(e - 1)]
[deGFP, |(t) | mature (fluorescent) deGFP as a function of time
[deGFPmat ]0 initial mature (fluorescent) deGFP, measured at transcription arrest (which
we call time zero)
[deGFPdark ]0 initial dark deGFP, corresponding to concentration of dark deGFP at
transcription arrest. This value is fit by the computer.
k protein maturation rate. Inverse (maturation time) is 16.2 minutes.
b mRNA inactivation rate. This value is fit by the computer.
a protein synthesis/translation constant
m, initial mRNA at transcription arrest (product amy we measure using slope of
deGFP kinetics in linear regime)

We used the RNA polymerase inhibitor Rifampicin to stop transcription and measured the time
course of deGFP protein after transcription arrest, so we do not have an mRNA synthesis term in
the first equation. First, the concentration of Rifampicin necessary to stop transcription
completely was determined by adding Rifampicin at different concentrations at the beginning of
expression. With 50 uM Rifampicin, the deGFP fluorescent signal stayed at background level.
We added the RNAP inhibitor after 2 hours of incubation so that our reaction was in the regime
of linear protein synthesis. In this regime, the slope of the fluorescent signal is equal to the
parameter a[m], so we used the previously measured slope of the kinetic at the two hour point
(shown in the table below) for the term amy in the model equation.

MazF [nM] | nM/min in linear regime stdev (nM/min) Table S6. Rate of deGEP
0 146.7 3.6 synthesis after 2 hours of
25 81.2 5.3 . .

expression as a function of

50 44.5 0.9 .
75 237 o) MazF added to the reaction.
100 19.3 0.5
150 7.5 0.1

The reference time point t = 0 is set to transcription arrest (addition of Rifampicin). The inverse
of the parameter b, which was fit using Mathematica, is the mRNA mean lifetime. With no
addition of MazF to the reaction, and a deGFP maturation time of 16.2 minutes, we found that
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the deGFP mRNA inactivation rate b = 0.0573 min’, corresponding to a lifetime of 17.4 minutes.
Then, we measured the lifetime for various concentrations of the toxin MazF, added at the
beginning of the reaction. The fluorescent signal in time, for reactions containing MazF, after
adding Rifampicin are seen in the Supplementary Figure S11.
The E. coli interferase MazF can be used to decrease the mRNA lifetime in a cell-free reaction.
When MazF is added at the beginning of a reaction with 5 nM P,,-deGFP, the endpoint
expression is only a fraction of the saturation value with no MazF (Figure 4a). The
corresponding deGFP mRNA mean lifetimes are also shown in the table (Figure 4a).
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Figure S11. Kinetics of deGFP expression for five different concentrations of MazF added in
cell-free reactions, after addition of Rifampicin (added 2 hours after the beginning of the
reaction). The experimental curves were fit to determine the mRNA lifetime based on the
model. Results are reported in Figure 4a.
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Figure S12. Synthesis of deGFP vs mRNA mean lifetime as a function of the concentration of
MazF added to a cell-free reaction. Data are from Figure 4a. In first approximation, the amount
of MazF used is a cell-free reaction is directly related to the mRNA mean lifetime.

There is a good agreement between the amount of deGFP produced and the mean lifetime as a
function of the MazF concentration (Supplementary Figure S12). It is therefore relatively
straightforward to set the mean lifetime at a desired value, using deGFP as a reference.

Example of application: to decrease the mRNA mean lifetime from 17.5 minutes down to 6.5

minutes, 50 nM MazF have to be used. A volume of 2.25 ul MazF extract (2 uM MazF) is added
to a reaction of total volume 90 pl.
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clpXP deGFP degradation rate (nM/min) clpXP [nM] | deGFP degradation rate (nM/min)
[nM] 0nM 9.3

0nM 9.3 0.2 nM 13.7

0.2 nM 294 0.4 nM 16.6

0.4 nM 47.3 1nM 21.3

1nM 80.1 2 nM 32.7

2 nM 128.9 6 NnM 54.0

6 nM 128.4

Figure S13. Degradation of His-eGFP-ssrA (added as pure protein in cell-free reaction) by the
clpXP complex. Left: clpXP was co-expressed (Ps.-clpXP, concentrations given in the plot and
table) in the cell-free reaction without pre-incubation. Right: clpXP was first expressed (P.-
clpXP, 3 nM) in a cell-free reaction. Serial dilution of this reaction was made into a cell-free
reaction containing pure His-eGFP-ssrA (5 uM).

Example of application using the method shown in Supplementary Figure S13 Left
(expression of ClpXP with no pre-incubation): to accelerate the degradation of an ssrA-tagged
protein by a factor of about 9 (for deGFP: from 9.3 nM/min up to 80.1 nM/min), 1 nM of
plasmid P,,-clpXP have to be added to the cell-free reaction.
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Figure S14. Absorbance spectrum of violacein. Spectrum from an E. coli cell cultures and from
a cell-free reaction producing violacein. Both absorption maxima are at 575 nm. Only a slight

difference is observed above 650 nm.
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Figure S15. Photos of bacteriophage plaque forming assay. Top: phage T7 (left: negative
control). Middle: ®X174 (left: negative control). Bottom: MS2 (left: negative control). The
negative control consisted of performing the plaque assay from cell-free reactions (containing
phage genomes) incubated less than five minutes and doing no dilution to the reaction, as
opposed to the reactions that were incubated 8-12 h.
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deGFP was expressed overnight and quantified via fluorescence. It was encapsulated in
liposomes at concentrations of 2, 4, and 8 uM. Liposomes were photographed on an inverted
microscope with a GFP filter (473 nm excitation, 520 nm emission) at 100 ms exposure. Using
Metamorph imaging software, area versus integrated intensity curves were linearly fit and their
leading coefficients compared. Using these curves, deGFP concentration inside liposomes could
be measured given the area and intensity. Since actual experiments involved much higher
concentrations of deGFP and thus much greater intensities, the CCD camera was tested to verify
linear scaling behavior with varying exposure times. Liposomes encapsulating 8 uM deGFP
were photographed at 100, 33.3, and 10 ms. Again, area versus integrated intensity curves were
linearly fit and the leading coefficients compared. The scaling was observed to be linear.

— 1610 - - - -
S ——y = -1.7039e+5 + 18430x R=0.95736 —@—2 uM deGFP °
(0 14 107 —V = -5.0693e+5 + 37754x R=0.96482 —@-4 M deGFP ]
; ——y =-1.4355e+6 + 74325x R=0.9715 —e-8 uM deGFP
=1.210"F 1
=1
= 7
D 1107 i
c
= ol ]
@ 810
2

6 _
o 610
?

61 _
@ 410
5 | peegee
S 210°% 1
LL

% 50 100 5. 150 200

Area [um’]

Figure S16. Calibration of deGFP fluorescence in liposomes for three different concentrations.
Statistics of liposome populations (Figure 7) has been determined for sizes in the rectangular
labeled region.

41



Figure S17. Fluorescence images inside liposomes. Top: deGFP expressed through the
promoter Py, (scale bar: 15 pum). Bottom: AH-eGFP express through the transcriptional
activation cascade P;,-T7rnap > T7P.,-AH-eGFP (scale bar: 15 pm).
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Figure S18. SDS-PAGE (12%) analysis of alpha-hemolysin (AH, 33.4 kDa) synthesis. AH
was expressed through the cascade P,,-T7rnap = T7P,,-AH. The blank is the same reaction
with no plasmid.
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Figure S19. Leak of UTP-fluorescein from cell-sized liposomes through the pore-forming
protein alpha-hemolysin (AH). Error bars represent the standard deviation from six liposomes
Top: kinetics of the leak with and without AH. Bottom: fluorescence images of liposomes at
different times (minutes), with (8§ pm diameter) and without (6 um diameter) AH. Scale bars: 4
pm.
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Figure S20. Fluorescence calibration and measurements. Top: calibration of plate reader with
pure eGFP. Concentration of the His-eGFP protein stock was first re-estimated by absorption at
488 nm with an extinction coefficient of 55000 M'cm®'. The calibration was made in the
concentration range 0-4 uM by diluting the pure His-eGFP into a cell-free reaction. Middle:
example of fluorescence measurement from a cell-free reaction (5 nM plasmid P;,-His-deGFP,
deGFP with an histag in N-terminus, MW = 272 kDa, 1 mg/ml = 36.76 puM). Two
measurements (for two different dilutions of the reaction and background, 8x and 16x) of
background and reaction were averaged. The final average concentration of the protein is 74.72
+ 8.26 uM, which corresponds to 2.03 + 0.22 mg/ml. Bottom: example of data from a cell-free
reaction (0.2 nM P,,-T7mmap 2 nM plasmid T7P,-His-deGFP). Four measurements of
background and reaction were averaged (dilution 10x). The final average concentration of the
protein is 86.82 £ 6.96 uM, which corresponds to 2.35 + 0.19 mg/ml.
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