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ABSTRACT: Cell-free expression (CFE) systems are fundamental to reconstituting
metabolic pathways in vitro toward the construction of a synthetic cell. Although an
Escherichia coli-based CFE system is well-established, simpler model organisms are necessary
to understand the principles behind life-like behavior. Here, we report the successful creation
of a CFE system derived from JCVI-syn3A (Syn3A), the minimal synthetic bacterium.
Previously, high ribonuclease activity in Syn3A lysates impeded the establishment of functional
CFE systems. Now, we describe how an unusual cell lysis method (nitrogen decompression)
yielded Syn3A lysates with reduced ribonuclease activity that supported in vitro expression. To
improve the protein yields in the Syn3A CFE system, we optimized the Syn3A CFE reaction
mixture using an active machine learning tool. The optimized reaction mixture improved the
CFE 3.2-fold compared to the preoptimized condition. This is the first report of a functional
CFE system derived from a minimal synthetic bacterium, enabling further advances in bottom-
up synthetic biology.
KEYWORDS: cell-free expression system, Mycoplasma, JCVI-syn3A, active machine learning

■ INTRODUCTION
The bottom-up construction of a living cell is one of the
greatest challenges in modern science. For this purpose, the
cell-free expression (CFE) system, which enables the in vitro
expression of proteins from DNA templates, is the basic chassis
to build a synthetic cell. One way to achieve this goal is to fill
lipid vesicles with the CFE system derived from bacteria and
then install a minimal genome that would enliven the
assembled parts. This strategy depends on a suitable model
organism that can be reconstructed in vitro with the currently
available technology. Escherichia coli (4.6 Mb genome, 4,401
genes) has been widely used as a model organism for the CFE
system as it presents vast literature regarding its genetics,
structure, and metabolism.1 However, E. coli is still too
complex to be fully reconstructed in vitro. Mycoplasma bacteria
are an example of simpler prokaryotes bearing smaller genomes
(0.5−2.2 Mb). The J. Craig Venter Institute minimized the
genome of Mycoplasma mycoides (1.2 Mb, 985 genes)2 into a
near-minimal bacterial strain named JCVI-syn3A (0.5 Mb, 493
genes) (Syn3A),3,4 making it an attractive model for the
bottom-up construction of a synthetic cell.

Another important application of the Syn3A CFE system is
to study the minimal cellular metabolism, especially to
determine the function of unannotated essential genes present
in the Syn3A genome (90 out of 452 protein-coding genes).4,5

To date, the elucidation of gene function has relied on

metabolic modeling based on experimental information from
closely related organisms (e.g., Mycoplasma mycoides), trans-
poson experiments, and proteomic data.4,6 The Syn3A CFE
system can serve as a platform to test the function of a specific
gene by reconstructing its immediate metabolic network in
vitro. Therefore, Syn3A CFE can play an important role in
unravelling the function of specific proteins that cannot be
explored in vivo.

To enable the use of Syn3A for such applications in
synthetic biology, a Mycoplasma- or Syn3A-derived CFE
system seems probably the best CFE platform. Due to the
orthogonality between CFE systems derived from distantly
related organisms, the E. coli CFE system is incapable of
expressing Mycoplasma genomes. Such orthogonality is mainly
caused by differences in codon usage and translational
machinery (e.g., aminoacyl-tRNA synthetases).7 The expres-
sion of bacterial genomes in a heterologous CFE system is
rare.8 For Mycoplasma, only in vivo compatibility between
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closely related Mollicutes was observed for genome trans-
plantation into heterologous recipient cell.9,10

In previous attempts to derive a functional CFE system from
Mycoplasma bacteria, we found high ribonuclease (RNase)
activity in cell lysates, which impeded in vitro protein
expression.11 We speculated that RNase activity arose from
membrane-associated nucleases that were released into lysates
during cell disruption. This hypothesis was supported by (i)
the degradation of substrate RNA and ribosomes caused by
intact Mycoplasma cells and (ii) mRNA degradation assays. To
reduce the presence of such RNases in lysates, we sought cell
disruption methods that allowed a more efficient separation
between cytoplasm and membrane.

Here, we report for the first time the production of a
functional CFE system derived from Syn3A cells. This was
achieved by the production of lysates with considerably lower
RNase activity produced using the nitrogen decompression
method.12−14 Further, we utilized an active machine learning
tool to optimize the reaction mixture of the Syn3A CFE
system.15,16 This enabled us to explore a vast high-dimensional
space of reaction mix compositions with minimal experimental
work (207 reactions).

■ RESULTS AND DISCUSSION
Previously, we reported considerable degradation levels of
mRNA (mRNA) and rRNA (rRNA) in Mycoplasma lysate,
which impeded in vitro expression.11 In a first breakthrough, we
found functional ribosomes in a specific cell lysate derived
from Syn3A cells trypsinized before cell disruption (French
press) and centrifuged at high speeds (34,000−80,000g). Such
ribosomes (trypsin-Syn3A ribosomes) were able to express
green fluorescent protein (GFP) in a PURE (protein synthesis
using recombinant elements) CFE system17 (Figure 1a).
Despite the lower GFP expression level (9-fold) compared to
equimolar ribosome concentration in the PURE reaction, this
is (i) the first observation of in vitro translation by Syn3A
ribosomes and (ii) an indication that RNase activity could be
controlled by the lysate preparation method. The lower
expression of GFP by Syn3A ribosomes compared to PURE
ribosomes could be explained by the lower purity of Syn3A
ribosomes (no chromatographic isolation), possible partial
degradation (by remaining RNases), or the suboptimal
composition of the PURE feeding buffer (optimized for E.
coli).

Figure 1. Syn3A ribosome activity and nitrogen decompression method. (a) Expression of GFP protein in PURE CFE platform using the original
PURE ribosomes or Syn3A ribosomes. Error bars are standard deviation (n = 2). (b) Schematic illustration of the nitrogen decompression method
from cell incubation (left), incubation at high nitrogen gas pressure (middle), to cell disruption (right). (c) Foamy layer formed after centrifugation
was observed for every crude Syn3A cell lysate prepared (left). Air pockets can be observed under the brightfield microscope (right).

Figure 2. Building a functional Syn3A CFE system. (a) Total lipid analysis of foamy layer compared to other fractions of Syn3A and E. coli. Error
bars are standard deviation (n = 4). (b) Analysis of rRNA (rRNA) stability in N2-Syn3A lysate (left box) compared to rRNA from E. coli lysate
(middle box) and digitonin-derived Syn3A lysate (right box) after incubation at 37 °C for 1h. Right lane is a diluted replicate of the left lane for
each box. (c) Expression of mNG by a complete Syn3A CFE system (N2-Syn3A lysate and Syn3A ribosomes) controlled by exogenous T7 RNA
polymerase (gray line) or endogenous RNA polymerase (blue line). Error bars are standard deviation (n = 2). Results are representative of two
biological replicates.
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Inspired by these early results, we explored other lysis
methods aiming for rapid separation of cell membranes and
cytoplasm. We, therefore, tested the so-called nitrogen
decompression method, which has been used to isolate
membrane fractions from Mycoplasma hominis12 and to isolate
cytosolic compartments from eukaryotic cells.13,14 Syn3A cells
were incubated at a high nitrogen gas pressure inside a
nitrogen vessel (200 bar, 0 °C, 90 min.) to allow the
dissolution of nitrogen gas into cells (Figure 1b). Then, rapid
decompression led the dissolved nitrogen gas to expand,
provoking cell disruption. Surprisingly, after centrifugation of
the crude cell lysate at 25,000g, a foamy layer emerged from
the supernatant (Figure 1c) and was easily removed. Total
lipid analysis revealed a higher concentration of lipids in the
foam (10 wt %) compared to that in Syn3A whole cells (4 wt
%), Syn3A lysate prepared by nitrogen decompression (N2-
Syn3A lysate) (1.4 wt %), or Syn3A ribosome solution (4.4 wt
%) (Figure 2a). We also found rRNAs to be more stable in N2-
Syn3A lysate than in digitonin-derived Syn3A lysate (samples
incubated at 37 °C for 60 min) (Figure 2b). Encouraged by
the production of Syn3A lysates with lower content of
membranes and reduced RNase activity, we tested the CFE
functionality of N2-Syn3A lysates.

To our delight, N2-Syn3A lysate was capable of in vitro
expression of mNeonGreen protein (mNG)18 from a plasmid
DNA template up to 200−350 nM (5.3−9.3 μg/mL). In vitro
expression of mNG protein was observed when using either
the exogenously added RNA polymerase (T7 RNAP) (Figure
2c, gray) or the endogenous RNAP already present in N2-
Syn3A lysate (Figure 2c, yellow). The difference in expression
levels observed for the Syn3A CFE system containing the
exogenous T7 RNAP or endogenous RNAP was likely related
to higher transcriptional processivity by T7 RNAP. In both
cases, the CFE system required the addition of purified Syn3A
ribosomes (Table 1). This could be caused by the intrinsically
low density of native ribosomes in Syn3A cells.19 With the fully
functional Syn3A CFE system (capable of transcription and
translation), we focused on optimizing the CFE reaction
mixture to improve protein expression.

First, we tested the essentiality of three major components
(tRNAs, energy source molecules, and CaCl2). Then, a final
optimization phase focused on finding the highest protein
yielding CFE reaction mixture compositions (a total of 20
components). To assess the importance of tRNAs, we tested
the compatibility of tRNAs from (i) nonrelated organisms (E.
coli and S. cerevisiae) and a closely related organism
(Mycoplasma capricolum subsp. capri, Mcap) with the Syn3A
CFE system. The addition of tRNAs from E. coli or S. cerevisiae
tRNAs had a neutral effect in mNG expression (Figure 3a,
gray/yellow) while tRNAs from Mcap improved in vitro
expression (Figure 3a, blue). Next, we tested common energy
source molecules for CFE systems: 3-phosphoglyceric acid (3-
PGA), phosphoenolpyruvate (PEP), sucrose, maltose, glucose,
and glucose-6-phosphate (G6P).1,20 As expected, 3-PGA and
PEP performed better, and an equimolar combination of them
showed the best expression levels (Figure 3b). The last
component tested was CaCl2, which is a nonconventional
element for CFE systems but was previously found as an
inhibitor of Mcap nucleases.11,21 Indeed, our experiments
showed that 15−25 mM CaCl2 improved mNG expression
(Figure 3c). Therefore, CaCl2, 3-PGA, PEP, and Mcap tRNA
were included as permanent components of the Syn3A CFE
system (Table 1).

To find the best compositions for the Syn3A CFE reaction
mixture, we utilized an active machine learning method using
the XGBoost algorithm.22 This computational method has
been previously adapted to the study of E. coli-based CFE
systems and was renamed as METIS (machine learning-guided
experimental trials for improvement of systems).15,16 METIS
suggests experimentally testable compositions for the reaction
mix, and the results are then used as a training data set to
generate a new set of compositions to be tested in the
following iteration. Here, we sampled a 20-dimensional space
of components for the reaction mix (420 potential combina-
tions) across nine rounds of METIS iterations (15−20
different reaction mix compositions tested per iteration)
(Figure 4). At the start of the optimization cycle, conditions
are randomly sampled in a global search (exploration). As
more data is collected and the model gains predictive power,
the search becomes increasingly focused, eventually converging
to a local maximum (exploitation).16 This process works best
for systems that are not subject to large extrinsic perturbations,
and the model can map onto a robust, generalizable structure.
Because it is known that there is variance between and within
lysate batches,23 we performed a parallel analysis and found
that multilayer perceptron (MLP) models, on average, gained a
measure of predictive power after six iterations but noise was
still a factor (Figure S1a,b). To account for this, we opted for
streamlining the optimization, allowing the algorithm to alter
the hitherto five most sensitive variables.

In practice, we prepared CFE reaction mixtures from the
stock solution for each component. The first round of METIS
is usually performed without any input data or random data. In

Table 1. Composition of the Syn3A CFE System before and
after Optimization for Higher Protein Yielda

Component
Preoptimized
composition

Optimized
composition

Lysate Syn3A cell lysate 7.25 mg/mL 5.25 mg/mL
Ribosome Syn3A ribosome

solution
2 μM 2.25 μM

Feeding buffer
(FB)

HEPES pH 8.0 50 mM 45 mM

ATP/GTP/CTP/
UTP

2 mM 2 mM

Amino acid mix 1.5 mM 0.5 mM
M. capricolum
tRNA

0.2 mg/mL 0.1 mg/mL

PEG8000 2 wt % 1.5 wt %
T7 RNA
polymerase

150 U/μL 112.5 U/μL

Ribolock 2.4 U/μL 2 U/μL
CaCl2 15 mM 30 mM
Mg-glutamate 6 mM 20 mM
K-glutamate 100 mM 5 mM
NTP mix 2 mM 2 mM
3-PGA 30 mM 20 mM
PEP 30 mM 70 mM
CoA 0.26 mM 0.15 mM
NAD+ 0.33 mM 0.49 mM
cAMP 0.75 mM 2 mM
Folinic acid 0.07 mM 0.07 mM
Spermidine 0.1 mM 0.25 mM
DTT 0.1 mM 0.15 mM

DNA template Plasmid DNA 6 nM 6 nM
aThe values represent the final concentration of each component in
the CFE reaction mixture.
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our case, the first METIS round included the mNG yields
obtained for 20 CFE reaction mixtures containing either the
maximum or minimum concentration for a single component,
while maintaining the other components at the standard
concentration (Table 1, preoptimized composition). We also
included mNG yields for another 48 random CFE reaction
mixtures. Therefore, the first training data set comprised 68
different CFE reaction mixtures. From the second iteration, we

tested the CFE reaction compositions suggested by METIS.
Until the sixth iteration, we observed no significant improve-
ment in the yields of mNG production, which was probably
caused by the large number of variables employed (20
components) and the relatively low number of conditions
tested per round (15−20 distinct compositions). METIS
studies reported in the literature had up to 11 different
components in the CFE reaction mix and they tested 10−100
different conditions per iteration. Therefore, from the seventh
iteration, we fixed the concentration of 15 components that
presented no variation in the previous iterations. After an
additional 3 iterations, we achieved a 3.2-fold increase in mNG
protein yield (Figure 4a) compared to the yield obtained with
the preoptimized reaction mix (Table 1). The CFE reactions
for the METIS optimization used E. coli ribosomes due to the
limited availability of Syn3A ribosomes. Finally, we demon-
strated the robustness of the optimized reaction mix
composition with the complete Syn3A CFE system (Syn3A
lysate with Syn3A ribosomes) showing a similar increase in
expression yield (Figure 4b).

In summary, we have demonstrated that a functional Syn3A
CFE system can be prepared and protein production can be
measured. The cell disruption method used in this study is
unusual for preparing lysates from other prokaryotic organisms
due to the unique cellular structure of Syn3A and Mollicutes in
general (absent cell wall). Compared to traditional cell
disruption methods that employ shear forces, nitrogen
decompression promotes cell lysis from the inside out during
nitrogen gas expansion. The formation of gas from inside the
cells might have allowed the formation of the lipid-rich foam
layer observed after the centrifugation of the crude lysate. In
addition to membrane isolation by centrifugal forces, nitrogen
decompression allowed further removal of membrane frag-
ments through foaming. Better removal of membranes is
potentially the main reason for the reduced RNase activity
observed for N2-Syn3A lysates.

Compared to CFE systems derived from other organisms,
the Syn3A CFE platform yields the lowest concentrations of
protein.20,24 For instance, E. coli and Streptomyces venezuelae
CFE systems can produce up to 2500 μg/mL and 266 μg/mL
of protein, respectively. This means up to a 280-fold difference
in protein yield compared to that for the Syn3A CFE system
(350 nM, 9.3 μg/mL). Considering that the E. coli CFE system
has been developed for more than six decades,25,26 we

Figure 3. Optimization of feeding buffer components for the Syn3A CFE system. (a) Effect of tRNAs isolated from different organisms in the
Syn3A CFE system. Only tRNAs from Mcap show a significant enhancement of Syn3A CFE. (b) Performance of different energy source molecules:
3-PGA, PEP, sucrose, maltose, glucose, and G6P. (c) Effect of CaCl2 in the expression of mNG in the Syn3A CFE system. Error bars are relative
standard deviation (n = 2); *one-way ANOVA, p ≤ 0.05.

Figure 4. Optimization of the entire reaction mixture for the Syn3A
CFE system. (a) Boxplot of normalized protein yield progression per
METIS iteration. Each dot is an independent experiment containing a
distinct reaction mix composition suggested by METIS. Relative yield
is a ratio of (mNG signal for each new reaction mix)/(mNG signal for
the preoptimized reaction mix). (b) Expression of mNG using the
optimized CFE reaction mix in the complete Syn3A CFE system (N2-
Syn3A lysate and Syn3A ribosomes). Error bars are standard deviation
or relative standard deviation (n = 2).
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recognize that the Syn3A CFE system still needs further
optimization to improve CFE yields and robustness.

For example, we noticed a high variability in the
functionality of ribosomes isolated from Syn3A cells. The
ribosome batch that yielded the highest mNG production was
isolated from Syn3A cells that were trypsinized before cell
disruption (Figure 2b). Depending on the ribosome batch, the
mNG yield varied by 1 order of magnitude. Possibly, ribosome
isolates purified from N2-Syn3A cell lysates have a higher
concentration of membrane-associated nucleases than in the
lysate due to ultracentrifugation (173,000g). This hypothesis is
supported by the higher concentration of lipids (from
membrane fragments) in the ribosome isolates (Figure 2a).
For this study, the batch-to-batch variation problem was
circumvented by using a single and large batch of Syn3A lysate
and Syn3A ribosomes. For the METIS experiments, we
employed ribosomes isolated from E. coli, which presented
significantly lower variation between different batches. The
functionality of Syn3A ribosome isolates can be possibly
improved by (i) controlling the Syn3A cell harvesting time (at
mid log instead of stationary phase), (ii) improving the
removal of membrane-associated nucleases of Syn3A before
cell disruption, (iii) using Ni-NTA Sepharose for the isolation
of hexahistidine-tagged ribosomes to avoid the use of
ultracentrifugation, or (iv) employing ribosomes with modified
rRNAs for improved stability.

Although improvement in protein yields will certainly be the
focus of further studies, we also realize that other features are
important for the purpose of building a synthetic cell. For
example, the minimal synthetic cell will need to express several
genes instead of a single protein in high yields. Therefore,
efforts to improve the Syn3A system should also be directed
towards developing tools to control multiplex gene expression
(e.g., characterization of genetic regulators, synthetic ge-
nomics).

In conclusion, we have demonstrated the first functional
Mycoplasma-based CFE system. This is a major breakthrough
for the bottom-up construction of a minimal synthetic cell. By
using Syn3A, which contains only 493 genes, as a donor
organism, in contrast to commonly used E. coli (4,401 genes),
the level of complexity encountered in reconstructing the full
functionality of the living cell has decreased dramatically.

■ MATERIALS AND METHODS
Chemicals and Reagents. RiboLock RNase inhibitor

(EO0382) and dithiothreitol (DTT) (10386833) were
purchased from Thermo Fisher Scientific (USA). HEPES (2-
[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid)
(13957028) was purchased from VWR Chemicals (USA).
Adenosine 3′,5′-cyclic monophosphate (cAMP) (A9501),
calcium chloride dihydrate (CaCl2) (2382), coenzyme A
hydrate (coA) (C4282), L-glutamic acid, hemimagnesium salt
tetrahydrate (Mg-glut) (49605), β-nicotinamide adenine
dinucleotide 94% (NAD+) (n8881), poly(ethylene glycol)
Mw ∼ 8,000 (PEG8000) (202452), and spermidine (s0266)
were purchased from Sigma-Aldrich (USA). Adenosine 5′-
triphosphate, disodium salt trihydrate (ATP) (NU-1010),
guanosine 5′-triphosphate, disodium salt trihydrate (GTP)
(NU-1047), cytidine 5′-triphosphate, disodium salt trihydrate
(CTP) (NU-1047), uridine 5′-triphosphate, and trisodium salt
trihydrate (UTP) (NU-1013) were purchased from Jena
Bioscience (Germany). Folinic acid, calcium salt (sc-
252837A), and D-(−)-3-phosphoglyceric acid and disodium

salt (3-PGA) (sc-214793B) were purchased from Santa Cruz
Biotechnology (USA). Phosphoenolpyruvic acid, monopotas-
sium salt (PEP) (B20358), and L-glutamic acid, potassium salt
(K-glut) (A17232.0B) were purchased from Alfa Aesar (USA).
Chemicals or reagents for a particular protocol are mentioned
in the respective following sections.
Micro-organisms and Culturing Conditions. We used

the JCVI-syn3A strain (Syn3A, GenBank: CP016816.2) to
produce the cell lysate and to isolate ribosomes.4 Hayflick
medium:27 21 g/L of Mycoplasma broth base (CM0403B,
Oxoid, Thermo Fisher Scientific, USA), 5 g/L dextrose
(D9559, Sigma-Aldrich, USA), 15 g/L yeast extract
(16229771, Gibco, Thermo Fisher Scientific, USA), 20 vol %
of heat-inactivated horse serum (26050088, Gibco, Thermo
Fisher Scientific, USA), and 400,000 U/L of penicillin sodium
salt (P3032, Sigma-Aldrich, USA). Cells were cultured at 37
°C with mild agitation (120 rpm) until the stationary phase
(pH 6.5). The doubling time of Syn3A cells is about 2 h, and
the cell growth curve can be found in our previous study.4 The
pH indicator phenol red dye was omitted from the cultures to
avoid contamination of the final lysate. Syn3A cells were
harvested at the stationary growth phase (∼pH 6.5) for
enhanced biomass levels. The culture media was centrifuged
(10,000g, 15 min, 4 °C), and the cell pellets by were washed
with the HEPES buffer (75 mM, pH 8) or the S30A buffer (50
mM Tris pH 7.7, 14 mM Mg-glutamate, 60 mM K-glutamate,
pH 7.6).28 The washed pellets were used for lysate preparation
(frozen pellets yielded lysates with significantly lower
functionality in CFE reaction) and ribosome isolation. E. coli
was cultured as described by Sun et al.28 E. coli lysate was also
used for ribosome isolation. Mycoplasma capricolum subsp.
capricolum (GenBank: CP000123.1) cells were cultured
similarly to Syn3A except for agitation (125 rpm).
Plasmid DNA Templates. The plasmid DNA containing

the mneongreen gene controlled by pN25 promoter (pMflT-04-
mneongreen) was a gift from Prof. Seb́astien Rodrigue
(Addgene plasmid #201855). From the pMflT-o4-mneongreen
plasmid, the mneongreen gene was designed under the control
of the T7 promoter and cloned into the pUCIDT vector
(AmpR) (Integrated DNA Technologies, USA). The final
plasmid was sequence verified and transformed into E. coli
Top10 chemically competent cells (C404006, Invitrogen,
USA) for storage and amplification.
Syn3A Cell Lysate Preparation by Nitrogen Decom-

pression. This protocol was adapted from several literature
references.12−14,29 The cell pellets were washed twice with the
S30A buffer (50 mM Tris pH 8.2, 14 mM Mg-glutamate, 60
mM K-glutamate) and resuspended in the S30B buffer (5 mM
Tris pH 8.2, 14 mM Mg-glutamate, 60 mM K-glutamate) using
1 mL of S30B per gram of pellet. The cell suspension was
transferred to the nitrogen vessel (Series 4639/T304SS, Parr
Instrument Corporation, USA) and pressurized at 200 bar on
ice for 90 min. A magnetic stirring bar was used to keep the
cell suspension homogeneous during incubation. The high
pressure was released by slowly opening the lower outlet
channel, through which the crude lysate is drained into a
precooled 15 mL centrifuge tube. After centrifugation at
25,000g (12 min, 4 °C), the floating foamy layer (formed in
Syn3A) was removed with a spatula and the supernatant was
collected. The lysate was then aliquoted in fractions of 500 μL
and incubated at 30 °C (80 min, 350 rpm, open lid) to release
ribosomes from mRNAs (runoff incubation).30 A second
centrifugation step (25,000g, 12 min, 4 °C) followed the runoff
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incubation. The lysate was then dialyzed against the S30B
buffer supplemented with 1 mM DTT for 3 h at 4 °C using a
MWCO 3500 Da dialysis membrane (Spectra Por 7, Repligen
Corporation, USA). A final centrifugation step (25,000g, 12
min, 4 °C) was carried out before aliquoting, flash freezing,
and storing at −80 °C. The protein concentration of the final
lysate was around 21 mg/mL (batch specific).
Rough Ribosome Fraction Isolation. This protocol was

adapted from literature references.31,32 Ribosomes were
isolated from previously prepared cell lysates. To better
remove cellular debris, the cell lysate was centrifuged at
50,000g (15 min, 4 °C) before runoff incubation and at
34,000g (15 min, 4 °C) afterward. Usually, dialysis was skipped
for lysate preparations that were used for the isolation of
ribosomes. The lysate was then diluted into the S30B buffer
containing 1 mM DTT (1:2; lysate:S30B), loaded into
ultracentrifugation tubes, (10.8 mL tube, Ti-90 rotor, Beck-
man-Coulter, USA), and centrifuged at 173,500g for 3 h, 4 °C.
The supernatant was discarded, and the pellet was rinsed once
with the S30B buffer. The pellets were then resuspended in
S30B supplemented with 1 mM DTT (Sigma-Aldrich, USA),
aliquoted, and stored at −80 °C. For measuring ribosome
concentration, samples were 1000× diluted in deionized water,
and the absorbance was measured at 260 nm (A260,
Nanodrop, Thermo Fisher Scientific, USA). The A260 signal
was converted to ribosome concentration using a calibration
curve prepared with standard ribosomes from a commercial
CFE kit (PUREfrex2.0, GeneFrontier, Japan).
Isolation of Mcap tRNA. Bulk tRNA from Mycoplasma

capricolum subsp. capri was isolated according to the method
described by Avcilar-Kucukgoze et al.33 with minor alterations.
Mycoplasma capricolum subsp. capri cell pellets from 500 mL of
culture were washed once with Tris-Sucrose Buffer (0.5 M
sucrose, 10 mM Tris pH 6.5) and centrifuged at 10,000g for 20
min at 4 °C. The supernatant was discarded, and the cells were
resuspended in 18 mL of a nucleic acid extraction buffer (50
mM sodium acetate (NaOAc), and 10 mM magnesium acetate,
pH 5.0). Total nucleic acids were extracted by adding 17.2 mL
of acidic phenol pH 4.5 (VWR, USA) to the resuspended cells
and were shaken at 215 rpm for 30 min at 20 °C. The cell
emulsion was centrifuged at 5,000g for 15 min at 4 °C and the
aqueous phase was collected. The emulsion was extracted again
as above by adding 14 mL of nucleic acid extraction buffer to
the slurry and repeating both shaking and centrifugation steps.
Following a second centrifugation, the aqueous phase was
collected and pooled with the aqueous phase from the first
extraction. Total nucleic acids were precipitated from the
collected aqueous phases above by adding 1.5 mL of 5 M NaCl
and one volume of isopropyl alcohol followed by centrifuga-
tion at 14,500g at 20 °C for 15 min. Precipitated nucleic acids
were washed once with 70% ethanol and allowed to dry.
Ribosomal RNAs were precipitated from the total nucleic acid
fraction by resuspending the nucleic acid pellet in 15 mL of
cold 1 M NaCl followed by centrifugation at 9,500g for 20 min
at 4 °C. The remaining nucleic acids were precipitated from
the collected supernatant by adding 30 mL of ice-cold ethanol.
This solution was allowed to incubate for 30 min at −20 °C
before being centrifuged at 14,500g for 5 min at 20 °C. The
resulting pellet was washed once with 70% ethanol and allowed
to air-dry. The pellet was resuspended in 6 mL of 0.3 M
NaOAc pH 5.0 followed by the addition of 3.4 mL of isopropyl
alcohol. The solution was allowed to incubate for 10 min at 20
°C before it was centrifuged at 14,500g for 5 min at 20 °C. The

supernatant was collected, and 2.3 mL of isopropyl alcohol was
added. The solution was allowed to precipitate overnight at
−20 °C before centrifugation at 14,500g for 15 min at 4 °C.
The tRNA pellet was washed once with 70% ethanol and
allowed to air-dry before resuspension in 250 μL of RNase-free
H2O. The concentration of the tRNA solution was quantitated
by measuring A260 (Nanodrop, Thermo Fisher Scientific,
USA).
Cell-Free Expression Reaction. The reaction mixture also

contained Syn3A cell lysate and ribosomes (described above),
tRNAs isolated from Mycoplasma capricolum subsp. capri cells
(Mcap tRNA), and the plasmid DNA template (described
above). The CFE reaction was performed in 384-well plates
(black, flat-bottom, 781900, Greiner Bio-one, Austria) using 11
μL sample/well and incubated at 30 °C. Fluorescence was
measured using filters for excitation (485 nm) and emission
(520 nm) every 5 min for 24 h (Spark M10 Spark, Tecan,
Austria).
Active Machine Learning (METIS) Pipeline. The

original METIS and user guides are available online and
open-access at GitHub and can be used in the Google Colab
platform.16 In this study, the “METIS_optimization_Note-
book” program was used. Protein yields were shown as a ratio
between the mNG fluorescence signal for each new reaction
mix composition divided by the fluorescence signal of the
standard sample (containing the preoptimized reaction mix).
Each new reaction mix was measured in duplicates.
Data Analysis and Presentation. Data was analyzed on

Microsoft Excel, graphs were produced with Origin 8, and
illustrations were created in BioRender.
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