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ABSTRACT: Gene expression is a fundamental aspect in the construction of a minimal
synthetic cell, and the use of chromosomes will be crucial for the integration and regulation of
complex modules. Expression from chromosomes in vitro transcription and translation (IVTT)
systems presents limitations, as their large size and low concentration make them far less suitable
for standard IVTT reactions. Here, we addressed these challenges by optimizing lysate-based
IVTT systems at low template concentrations. We then applied an active learning tool to adapt
IVTT to chromosomes as template DNA. Further insights into the dynamic data set led us to
adjust the previous protocol for chromosome isolation and revealed unforeseen trends pointing
at limiting transcription kinetics in our system. The resulting IVTT conditions allowed a high
template DNA efficiency for the chromosomes. In conclusion, our system shows a protein-to-
chromosome ratio that moves closer to in vivo biology and represents an advancement toward
chromosome-based synthetic cells.

■ INTRODUCTION
Recent advancements in the quest for the minimal synthetic
cell have been substantial, especially in critical areas such as
physicochemical homeostasis,1−4 DNA replication,5−7 mem-
brane growth,8,9 and membrane scission.5,10−12 The emerging
synthetic cell will ultimately harness its own gene expression
machinery to regulate these complex features. In vitro
transcription-translation (in vitro transcription and translation
(IVTT)) is a well-established technology for the synthesis of
proteins from plasmids and linear DNA encoding for a small
number of genes.13−19 Previous reports on phage genomes and
large plasmids have shown that it is possible to express in the
order of tens to a few hundred genes using DNA templates
longer than 100 kbp.6,20 Whereas these examples are excitingly
close to a formerly postulated minimal genome (113 kbp with
151 genes21), top-down experimental work on Mycoplasma
established that the current minimal synthetic genome requires
at least 493 genes.22,23 From a bottom-up perspective, it is
conceivable that the construction of synthetic cells requires
similarly sized genomes, and these will need to be expressed in
vitro. Presently, we do not know if there are limits to the size of
template DNA that can be used in IVTT and whether IVTT
will function efficiently from entire chromosomes that can be a
thousand times larger than typically used plasmids.24 Previous
work has shown that gene expression from bacterial
chromosomal DNA is possible, although expression levels of
single genes were exceedingly low compared to the ones
achieved with short templates.25,26 Such low expression levels
would prevent chromosome-based synthetic cells from
expressing observable phenotypes and, in the long run, from

sustaining a replicating system. Since current IVTT has been
developed on abundant and short DNA templates, we
hypothesize that there is room for optimization for gene
expression from chromosomal DNA.27−29

Here, we aim to find optimized conditions for IVTT from
chromosomal DNA, using both rational analysis and active
learning tools.28 Our results show that high concentrations of
cell lysate and template DNA are not necessary to reach high
gene expression. Finally, we developed an IVTT system for
chromosomal DNA with expression levels comparable to those
obtained with plasmids. Our findings overcome the bottlenecks
of working with picomolar DNA concentrations in lysate-based
systems and expand the applications of IVTT to megabase-pair
chromosomes.

■ RESULTS AND DISCUSSION
Diluted Cell-Free Extracts Increase Protein Synthesis

and mRNA Levels at Low Template Concentrations. In
our study, an Escherichia coli cell lysate is used to carry out
IVTT reactions from a construct expressing deGFP under a T7
promoter. The orthogonal promoter allows the independent
tuning of transcription and translation by the external addition
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of T7 RNA polymerase (T7RNAP). The construct is first
expressed from plasmids and then from the chromosome of a
modified E. coli strain that carries it as a chromosomal
integration.

Isolated chromosomes in solution have a higher viscosity
than that of plasmids. High viscosity and molecular weight
limit the yield of the isolation protocol to picomolar
concentrations (around 150 pM). Initial attempts of in vitro
transcription from chromosomal DNA showed a clear increase
in mRNA levels (Figure S1), but the same template
(approximately 50 pM final DNA concentration) did not
produce a measurable expression in standard IVTT reactions
(not shown).

To optimize the gene expression yields, we first used plasmid
DNA as an initial model. We hypothesized that because of the
very low gene copy number present when using chromosomal
DNA, transcription would become a limiting factor due to
competing degradation reactions in the cell lysate. Therefore,
we used picomolar concentrations of plasmid DNA to mimic
the gene concentration from chromosomes and tested different
dilutions of lysate in IVTT. Interestingly, the expression of
deGFP reached a maximum when only 1.4−1.9 mg/mL of
lysate (∼15−20% of the concentration used in the standard
protocol) was used (Figure 1a). The reaction reached a plateau
after 10 h (Figure S2). When mRNA levels were measured
over time, a clear correlation between higher concentrations of

lysate and lower levels of mRNA was seen (Figure 1b),
indicating that the lysate affects total mRNA levels by either
increasing their degradation rate or reducing resource
competition through metabolic side reactions. The large
difference between samples with 20, 40, and 80% lysate does
not seem to support a linear model for mRNA kinetics.
Limiting degradation rates, cooperativity, or resource com-
petition with mRNA synthesis could play a role in the
nonlinear effect. Further experiments at higher dilutions of
lysate confirmed that mRNA levels kept increasing when the
lysate concentration was reduced, reaching a further 20-fold
increase when lysate was completely omitted (Figure S3).

Finally, the condition with 20% lysate was used to express
the deGFP gene under a T7 promoter from chromosomal
DNA. The increase in fluorescence over the first 4 h could be
attributed to deGFP expression, as selectively blocking either
transcription or translation resulted in near complete
suppression of fluorescence increase (Figure 1c).
Active Learning Tool Refines Reaction Buffer for IVTT

from Chromosomes. Having established gene expression
from low concentrations of chromosomal DNA in diluted cell
lysate, we surmise that the very different physical presentation
of a gene inside the chromosomes,24,30,31 as compared to a
plasmid or linear DNA fragment, leads to suboptimal gene
expression. Reoptimizing IVTT is challenging, as there are
many components (including lysate, K+, Mg2+, and poly-

Figure 1. Diluted cell-free extracts increase protein synthesis and mRNA levels at low template concentrations. (a) Relative deGFP expression in
IVTT reactions with 50 pM plasmid DNA using different concentrations of lysate. The data points are taken from 2 different experiments, both
normalized by the expression levels of the shared condition with 1.9 mg/mL lysate (see Supporting Information). (b) Relative deGFP mRNA
quantification with qRT-PCR in IVTT reactions from 50 pM plasmid DNA and different concentrations of lysate. Standard IVTT: 9.47 mg/mL
lysate. (c) Schematic drawing with the rationale behind the new optimal lysate concentration adopted in IVTT from chromosomal DNA and the
deGFP time course from IVTT reactions using 50 pM chromosomes and 1.9 mg/mL lysate with negative controls. T7: T7 RNA polymerase; RIF:
rifampicin; KSG: kasugamycin; +T7: full IVTT; −T7: no transcription; +T7 + KSG: no translation; +T7 + RIF: antibiotic control. Created with
BioRender.com.
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Figure 2. Active learning tool refines the reaction buffer for IVTT from chromosomes. (a) Schematic workflow of the active learning tool adapted
from Pandi et al. (2022).28 Previous experiments (n ∼ 30) were used as an initial training data set. At every round, new conditions were suggested,
tested, and included in the dynamic data set for further training. The exploration factor decreased over the rounds. chrDNA: chromosomal DNA.
Created with BioRender.com (b) Boxplot with the yields of the conditions tested at each round. The yield is defined as the log10 of the ratio
between each new condition and the initial reference condition (see Materials and Methods). The best-performing condition is highlighted in the
red circle and analyzed in the following panel. (c) Comparisons between the initial IVTT condition and the best-performing one. Yellow:
parameters that were modified before the start of the active learning process (in the case of the lysate, the active learning maintained the same
value); red: parameters that were decreased at the end of the active learning; and green: parameters that were increased at the end of the active
learning.
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(ethylene glycol)) that interact with each other. Instead of
varying concentrations of individual parameters, recently
developed machine learning tools allow for a more effective
probing of a high-dimensional parameter space. In particular,
active learning algorithms can be trained on preexisting or

dynamic data sets and predict the combined effects of multiple
parameters on a user-defined function. This strategy speeds up
an otherwise cumbersome and ultimately inferior analysis of
parameters that have interconnected effects. We used the
active learning tool METIS28 to refine the IVTT conditions for

Figure 3. Data-guided adjustment of the chromosome isolation protocol enhances protein synthesis at micromolar levels. (a, b) Results for Each
Metabolite function of METIS for magnesium glutamate and potassium glutamate, respectively, after 10 rounds of experiments. The data points
represent each tested concentration (x-axis, [mM]) and the achieved yield in gene expression. The gray areas were added manually to highlight the
patterns. (c) NonLinear Interactions (function of METIS) between the tested components in the IVTT reaction. (d) Schematic illustration of the
chromosome isolation protocol (see Materials and Methods). The dash line separates the omitted dialysis step, which exchanges TAE buffer with
S30B buffer, introducing additional magnesium and potassium glutamate. Created with BioRender.com (e) deGFP levels of IVTT from undialyzed
chromosomes with increasing concentrations of S30B buffer or, for the last sample, the same amount in magnesium glutamate only. Different pH
values (6.5, 7.5, and 8.5) did not affect the reaction significantly (not shown). We cannot exclude the role of the Tris buffer in the inhibitory effect
of S30B, as that increases the ionic strength (see Results and Discussion). (f) deGFP time course of IVTT from undialyzed chromosomes, where
the same amount of magnesium glutamate was supplemented alone (Mg glut) or as S30B. (g) Relative deGFP levels of IVTT from undialyzed
chromosomes at different concentrations of magnesium glutamate. (h) Relative deGFP levels of IVTT from undialyzed chromosomes at different
concentrations of magnesium using either glutamate or acetate as the counterion. All values were normalized by the protein levels under the
conditions of 9 mM Mg-glutamate.
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chromosomes by simultaneously varying the concentrations of
the following main components: chromosomal DNA, T7 RNA
polymerase, lysate, magnesium glutamate, potassium gluta-
mate, PEG8000, and maltose. A preassembled feeding buffer
(FB) containing NTPs, amino acids, cofactors, and other small
molecules was kept constant (see Materials and Methods). The
active learning was run for 10 rounds with 11 new conditions
each and a decreasing exploration factor, thus yielding more
focused combinations by the end of the process after some less
biased initial rounds (Figure 2a). The active learning approach
yielded an 8.6-fold increase in gene expression, and the best-
performing condition was analyzed (Figure 2b).

Briefly, at the end of the 10 rounds, the suggested
concentrations for PEG8000, T7RNAP, and magnesium
glutamate were higher than the reference values, whereas the
ones for chromosomes and potassium glutamate were lower
(Figure 2c).

Interestingly, the suggested concentration for cell lysate had
not changed from the optimal value that was found using
plasmid DNA, suggesting that the optimal lysate concentration
is not affected by the size of the template DNA. Moreover,
METIS suggested that the T7 RNA polymerase concentration
should be increased, indicating that a lack of mRNA was
limiting gene expression. Counterintuitively, the algorithm
allowed the chromosomal DNA concentration to decrease,
indicating that the low template concentration might not be
the most limiting parameter in our system. Finally, potassium
glutamate was completely omitted from the suggested reaction
buffer, even though it was not expected to have inhibitory
effects on the IVTT reaction (and hence, there would be no
need for elimination).
Data-Guided Adjustment of the Chromosome Iso-

lation Protocol Enhances Protein Synthesis at Micro-
molar Levels. Magnesium and potassium are fundamental
cations in IVTT as they stabilize active sites and macro-
molecular structures.32−38 The complete absence of additional
potassium glutamate under the best-performing condition
prompted us to look deeper in the active learning model. We
analyzed the yields of all the tested conditions as a function of
the concentration of magnesium and potassium glutamate. The
distribution for magnesium glutamate shows a sharp peak at
the final concentration of 8.3 mM (Figure 3a). On the other
hand, the pattern for potassium glutamate has its maximum at
0 mM, but the trend suggests a peak at negative values (Figure

3b). To the best of our knowledge, this is a rare example of an
IVTT system that would give high expression yields in the
absence of potassium glutamate. We then looked into the
interactions between components, and we noticed that
magnesium glutamate and potassium glutamate had the
strongest interaction (Figure 3c). With this observation, we
hypothesized two scenarios. First, glutamate could have an
inhibitory effect on the system. Glutamate is known to have a
role in the metabolism of IVTT reactions, and since it is the
counterion of both magnesium and potassium, the two salts
could cooperate in the inhibitory effect. However, the active
model reduced only potassium glutamate because the IVTT
system is much more sensitive to variations in magnesium
concentration. In the second scenario, magnesium and
potassium glutamate could interact in the model via their co-
occurrence in the S30B buffer. The S30B buffer contains 14
mM magnesium glutamate and 150 mM potassium glutamate
(pH 8 with Tris) and is used for dialyzing the cell lysate and
the chromosomes. In the diluted lysate conditions, chromo-
somes are the main secondary source of potassium glutamate.
This could also explain why the active learning model allowed
the chromosomal DNA concentration to decrease. In the
chromosome isolation protocol, the dialysis exchanges TAE
buffer with S30B, removing the enzyme agarase and the
agarose subunits after the digestion of the agarose plug (Figure
3d). Therefore, we decided to omit the dialysis in the S30B
buffer from the chromosome isolation protocol. First, TAE,
agarase, and digested agarose were confirmed not to interfere
with IVTT (not shown). Then, the dialysis step was omitted,
and undialyzed chromosomes were used in IVTT using either
S30B or pure magnesium glutamate to restore the optimal
magnesium concentration. Strikingly, gene expression reached
more than 1.5 μM (above 40 mg/L) in the first 10 h when
S30B was replaced by magnesium glutamate only (Figure 3e,f).
We ruled out unspecific fluorescence from other sources (i.e.,
cell lysate and gene expression from endogenous promoters)
by detecting a single native fluorescent band in PAGE under
partially denaturing conditions (Figure S4). We further
confirmed the expected size of deGFP (∼27 kDa) in a fully
denaturing PAGE, labeling the IVTT reaction with a
fluorescent tRNALys (FluoroTect GreenLys) (Figure S5a,b).
Next, different concentrations of magnesium glutamate were
tested, and a sharp pattern with a peak around 10 mM could be
seen, underlining the high sensitivity of the system to

Figure 4. High template efficiency of chromosomes in IVTT. (a) deGFP time course of standard IVTT from 5 nM plasmids and new IVTT
reaction from 50 pM chromosomes. (b) Comparison of template efficiencies between IVTT reactions from chromosomes and plasmids from panel
a. Full calculations are available in the Supporting Information. Chr: chromosome (c) Time course of mRNA (measured with qRT-PCR) and
deGFP levels (fluorescence measurement) in IVTT from chromosomal DNA.
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magnesium glutamate (Figure 3g). A similar pattern was
observed when magnesium glutamate was replaced with
magnesium acetate (Figure 3h). This excludes a critical role
for glutamate in the inhibitory effect predicted by the active
learning model. The results point out a narrower parameter
space for IVTT from chromosomes compared with standard
IVTT reactions. We speculate that the selection for lower
concentrations of potassium glutamate is a shift of the reaction
buffer toward more favorable conditions for T7 RNA
polymerase activity and the synthesis of mRNAs. Noticeably,
established protocols for in vitro transcription reactions based
on T7 RNA polymerase use buffers that avoid potassium (and
other monovalent cations) since high ionic strength reduces
the polymerase affinity for its DNA template.39,40 In standard
IVTT reactions, potassium is included as it is fundamental for
different processes, including ribosome stability,34 but its
deleterious effect on transcription is marginal in systems doped
with high concentrations of template DNA. In our situation,
instead, the reaction conditions suggested by active learning
seem to reduce potassium in order to improve transcription in
a system with a low template DNA concentration. Recent work
reported a similar behavior when in vitro systems were
optimized for different reactions, showing that translation was
favored by higher potassium concentrations compared to
transcription from T7 RNA polymerase.41

High Template Efficiency of Chromosomes in IVTT.
Above, we established robust expression from low concen-
trations of chromosomal DNA under conditions that
substantially differ from those typically used in plasmid-based
IVTT systems. How do these systems compare in terms of
efficiency? To obtain some kind of comparison, we determined
the number of proteins produced per copy of gene between
different IVTT systems as a measure of template efficiency
(Figure 4a,b). Assuming a negligible degradation rate for
deGFP, chromosomes can express in the order of ∼50 protein/
(gene*min) for a final yield of ∼30,000 protein/gene. These
values are orders of magnitude higher than the corresponding
ones in standard IVTT from plasmids, where ∼7 proteins/
(gene*min) are produced for a final yield of ∼400 protein/
gene (Figure 4b).

Finally, in vivo studies have shown protein synthesis rates of
∼1 protein per mRNA molecule per second in a bacterial
cell.42 While it is challenging to measure this in our cell-free
system, we can estimate protein synthesis rates for both the
chromosomal and plasmid IVTT systems. As with plasmid
DNA (Figure 1b), the mRNA levels in IVTT from
chromosomes reached a steady state in the first hour of the
reaction, ranging around 1.5 nM (Figure 4c). After the second
hour, deGFP levels started to increase at an approximate rate
of 75 nM/h, yielding a ratio of approximately 0.014 proteins/
mRNA*s. These rates are comparable to protein synthesis
rates obtained for plasmid DNA ∼ 0.006−0.033 protein/
(mRNA*s).14,43 We observed similar trends in mRNA levels,
but not in protein levels when the reaction was carried out at
25 and 37 °C (Figure S6). Please note that we use only the
initial time window when mRNA levels are at a steady state to
compare our systems; protein synthesis was sustained for much
longer, considering the final deGFP concentration after 24 h.

■ CONCLUSIONS
IVTT is a well-established and heavily optimized method for
cell-free protein synthesis from plasmid DNA, but it has rarely
been used to express proteins from chromosomal DNA. Future

work on synthetic cells requires significantly improved protein
synthesis yields in IVTT systems. We found that diluting the
cell lysate promoted gene expression from low template
concentrations. In particular, diluted lysate allows for higher
mRNA levels without suppressing the translation activity. This
is in contrast with current IVTT protocols that tend to work at
a high concentration of both DNA template and lysate. Using
an active learning workflow, we confirmed the beneficial effects
of diluted cell lysate at low template concentrations and
highlighted a potential inhibitory effect of potassium
glutamate. With this information, we readapted the protocol
for chromosome isolation in order to minimize potassium
glutamate in our system, and we reached micromolar protein
synthesis levels, pointing at a template efficiency orders of
magnitude higher than what is typically achieved in standard
IVTT from plasmids. It is important to note that our results
are based on the expression of a gene under a T7 promoter,
and therefore, we would expect different optimal conditions for
gene expression that are dependent on the activity of the
endogenous RNA polymerase from E. coli. In conclusion, we
have shown how an active learning method is not only a black
box route to improve yields but can also provide detailed
insights into the complex biochemistry of cell-free expression
systems. Our results prove that high gene expression can be
achieved at lower concentrations of template DNA and cell
lysate. This narrows the gap between the amount of proteins
required to carry out gene expression and the amount that is
synthesized de novo, an aspect that will be crucial for building a
sustainable replicating system in vitro.44 However, it is evident
that there is much room for improvement of the protein
synthesis efficiency in cell-free systems. An intuitive way to
achieve this would be to avoid synthesizing excess mRNA, but
our experiments show that transcription is already limiting in
our system, and hence, this cannot be the solution. Therefore,
improvement must be sought in the more efficient translation
of mRNA (possibly by avoiding mRNA degradation or other
routes that lead to mRNA not being translated, such as the
formation of folded mRNA structures). In conclusion, the new
IVTT regime and its underlying mechanisms define the
principles of gene expression from chromosomal DNA and will
prove valuable for the future development of synthetic cells.

■ MATERIALS AND METHODS
Strains and Plasmids. E. coli BL21 (DE3) STAR

(pRARE) was used for cell lysate production (see the
following section). For plasmid amplification, E. coli XL-1
Blue with pRSET5d T7-deGFP-T7t His tag AmpR (pMY9) was
used, and the plasmids were purified using QIAprep Spin
Miniprep Kit (QIAGEN), following the instructions from the
manufacturer. Plasmid concentration was measured with a
Nanodrop. For the isolated chromosomes, E. coli strain
eGFP16 was obtained with the editing procedure based on
the two-plasmid system from Jiang et al.45 Briefly, pCas was
transformed into chemically competent E. coli BL21(DE3).
The strain was cultured in the presence of 10 mM L-arabinose
to induce λ Red expression and grown to an OD600 of 0.5.
Cells were made electrocompetent by repeated washings in ice-
cold Milli-Q water. Next, pTF (100 ng) and donor DNA (400
ng) were coelectroporated into the competent E. coli
BL21(DE3) pCas cells. Transformed cells were plated and
grown at 30 °C overnight. Successful insertion was checked by
genomic colony PCR against the new insert and IPTG
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induction with a fluorescent readout under an SD microscope
and plate reader.
Cell Lysate Preparation. E. coli BL21 (DE3) STAR with

pRARE plasmid for the expression of rare tRNAs was used for
lysate production following the previously described protocol
based on cell press lysis.16,46 Briefly, E. coli was grown in liquid
LB medium with 34 μg/mL chloramphenicol (Chl) at 37 °C
overnight and scaled up in an intermediate culture in 2xYT
(potassium phosphate buffer, pH 7) + Chl until an OD600 of
1.7−1.8 was reached. Then, the culture was scaled up in 2xYT,
omitting Chl, and incubated until an OD600 of 1.7−1.8 was
reached. Cells were pelleted and washed in S30A buffer (14
mM magnesium glutamate, 60 mM potassium glutamate, and
50 mM Tris−HCl, pH 8.2). The cell pellet was resuspended in
S30A (0.9x pellet weight) and passed through the cell press 3
times for cell lysis. The extract was cleared by centrifugation at
12,000× g for 10 min at 4 °C, and the supernatant was
aliquoted in microcentrifuge tubes and incubated at 37 °C and
220 rpm for 80 min with caps open to facilitate endogenous
mRNA and DNA degradation. The extract was cleared by
centrifugation as described above, and the supernatant was
dialyzed in S30B buffer (14 mM magnesium glutamate, 150
mM potassium glutamate, 50 mM Tris−HCl, pH 8.2) using 10
kD MWCO cassettes. The dialyzed extract was cleared by
centrifugation (as above), homogenized by inversion,
aliquoted, flash frozen, and stored at −80 °C for further use.
Protein concentration was measured with Pierce BCA Protein
Assay Kits (ThermoScientific).
Chromosome Isolation. The chromosome isolation

protocol was adapted from different works.25,47−51 E. coli
eGFP16 was grown in 25 mL of liquid LB medium until an
OD600 of 1.2−1.5, and cells were pelleted. Pellets were
recovered with 200 μL of TAE buffer (40 mM Tris-Acetate, 1
mM EDTA, pH 7) and stored in microcentrifuge tubes at −80
°C for further use. A 2% low-melting-point (LMP) agarose
solution in TAE buffer was prepared, molten at 70 °C, and
cooled to 50 °C. Thawed cell pellets were equilibrated at 50
°C, and equal volumes of resuspended E. coli pellet and 2%
LMP agarose were mixed and cast into several 90−100 μL flat
agarose plugs (1.5 mm thick) in a custom-made mold. The
plugs were solidified at 4 °C. For the rupture of the cell wall,
the plugs were incubated for 2 h at room temperature in
lysozyme buffer (10 mM Tris pH 8, 10 mM EDTA, 100 mM
NaCl, 0.4 mg/mL lysozyme from chicken egg white from
Sigma-Aldrich) with mild inversion. For the cell lysis, the plugs
were washed in TAE and incubated overnight at 50 °C in
proteinase K buffer (100 mM EDTA pH 8, 0.2% w/v sodium
deoxycholate, 1% w/v sodium lauroylsarcosine, and >600 U/
mL Proteinase K from Fisher Scientific, corresponding to 40
μL per 1 mL of buffer) with mild shaking. Next, plugs were
washed in TAE and loaded in a custom agarose gel (1%
agarose in 0.5× TAE with a single full-width well) on a Pippin
Pulse (Sage Science) device for Pulse Field Gel Electrophoresis
(PFGE) to get rid of DNA fragments. The PFGE was run for
24 h with the following parameters: voltage = 65 (V), forward
time at start = 300 ms (A), reverse time at start = 100 ms (B),
increment to A = 255 ms (C), increment to B = 100 ms (D),
increment to C = 0 ms (E), increment to D = 0 ms (F),
number of steps per cycle = 250 (G). The plugs were stored in
TAE for further use. Next, the plugs were molten at 70 °C, and
the solution was cooled down to 42 °C. The agarose was
digested, adding 1 U β-agarase I (New England Biolabs) per
100 μL of plugs. To remove TAE, agarose subunits, and β-

agarase I, the isolated chromosome solution was dialyzed in
S30B buffer (14 mM magnesium glutamate, 150 mM
potassium glutamate, 50 mM Tris−HCl, pH 8.2) using a
Spectra/Por 300kD MWCO dialysis tubing. Isolated chromo-
somes in solution could be stored for up to 1 week at 4 °C.
IVTT Reactions. IVTT reactions were carried out at 30 °C

under the following conditions: 9.8 mg/mL lysate, 1 U/μL T7
RNA polymerase, 0.05−5 nM plasmid DNA, 8 mM
magnesium glutamate, 60−100 mM potassium glutamate, 10
mM maltose, 2% v/v PEG8000 and a preassembled FB
providing 50 mM HEPES (pH 8), 33 mM 3-PGA, 1.56 mM
ATP, 1.56 mM GTP, 0.94 mM UTP, 0.94 mM CTP, 1.5 mM
of each amino acid, 1 mM spermidine, 1 mM dithiothreitol, 0.2
mg/mL tRNAs, 260 μM CoA, 340 μM NAD, 780 μM cAMP,
and 70 μM folinic acid. Intermediate changes of the protocol
for gene expression from isolated chromosomes are described
in the Results and Discussion. The final condition for IVTT
from isolated chromosomes is the following: 1.9 mg/mL lysate,
1.7 U/μL T7RNAP, 37−50 pM chromosomal DNA
(corresponding to 3 μL, in TAE buffer), 10 mM magnesium
glutamate, 0 mM potassium glutamate, 8.3 mM maltose, 2.5%
v/v PEG8000, and the preassembled FB. For IVTT from
isolated chromosomes, particular care was taken when
handling genomic material. In particular, pipet tips were cut
to reduce shear damage, and the IVTT mix was preassembled
and thoroughly mixed before the addition to isolated
chromosomes.
Fluorescence Measurement. Fluorescence measure-

ments were carried out on 12 μL IVTT reactions under
controlled temperature using a 384-well plate with a flat
bottom in a Tecan Infinite M200 Plate Reader or a Tecan
Spark Plate Reader with shaking and readings every 5 min. The
respective calibration curves were obtained with a purified
deGFP of a known concentration. For the fluorescent
measurements, all IVTT conditions were tested in duplicates,
with the exception of Figures 4c and S6 (n = 1).
qRT-PCR. For mRNA quantification, 1 μL of IVTT reaction

was diluted 1:10 in a 10% RNasecure (ThermoFisher) solution
in Milli-Q water and incubated for 10 min at 60 °C to
inactivate the RNases from the lysate. The chromosomal DNA
was removed with a TURBO DNA-free Kit (ThermoFisher),
following the instructions from the manufacturer. The samples
were used as templates for the qRT-PCR reaction with the
CAPITAL 1-Step qRT-PCR Green Master Mix (BiotechRab-
bit) and the primers FW and RV. The reaction was carried out
with qTOWER3G (AnalitikJena).
METIS Active Learning Algorithm. The active learning

tool was run by readapting the code for optimizing IVTT
systems from the original paper (Pandi et al., 2022).28 METIS
Optimization Notebook was run with the following parame-
ters: number of combinations per round = 11, minimum drop
size = 0.2 (μL), final reaction volume = 24 (μL), fixed parts:
FB (20% v/v), days = 10, exploration factor = [1.41, 1.41, 1.41,
1, 1, 1, 1, 0.5, 0.5, 0.5]. The input metabolites used were
PEG8000, Lysate, Maltose, T7RNAP, Mg-Glut, K-Glut, and
gDNA (chromosomes). A reference sample (Figure 2c,
“initial”) was included for every round. All the conditions
were assembled by hand-pipetting. To minimize the technical
errors, the empty reaction volume (Milli-Q water) was used by
diluting the stock solutions and increasing the pipetting
volumes. For the same purpose, a common reaction mix
(excluding chromosomal DNA) was prepared and split before
adding individual specific components. The reactions were run
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in duplicates, and following the original paper, the yield
function was defined as the log10 ratio between the
fluorescence value of each tested condition and the reference
at the plateau (>10 h in our case). Background initial
fluorescence was not subtracted to avoid working with values
close to 0 and mitigate the effect of random noise in the log
scale (especially for inactive conditions) that could have biased
the learning process. The active learning algorithm was
launched with a preexisting data set of around 30 tested
conditions (Results_0) from previous experiments. The
functions Results as BoxPlot, Results For Each Metabolite and
NonLinear Interactions were run after the 10 learning cycles.
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