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ABSTRACT: Cell-free synthetic biology incorporates purified components and/or crude cell extracts to carry out metabolic and
genetic programs. While protein synthesis has historically been the primary focus, more metabolism researchers are now turning
toward cell-free systems either to prototype pathways for cellular implementation or to design new-to-nature reaction networks that
incorporate environmentally relevant substrates or new energy sources. The ability to design, build, and test enzyme combinations in
vitro has accelerated efforts to understand metabolic bottlenecks and engineer high-yielding pathways. However, only a small fraction
of metabolic possibilities has been explored in cell-free systems, and extracts from model organisms remain the most common
starting points. Expanding the scope of cell-free metabolism to include extracts from new organisms, alternative metabolic pathways,
and non-natural chemistries will enhance our ability to understand and engineer bio-based chemical conversions.
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which can rapidly probe biochemical reactions at this particular Figure 1. Overview of the interactions between natural and

cell state.”* Both purified and crude cell-free systems have
demonstrated utility for prototyping enzyme variants and
enzyme ratios under different conditions.””” Cell extracts, in
particular, have become a powerful and accessible proving
ground as synthetic biologists strive to engineer biological
systems for predictable and sustainable biochemical con-
versions.”® Significant optimization of Escherichia coli cell
extracts has resulted in different protein and metabolite
synthesis schemes that are fueled primarily by glycolysis and
produce high yields (~8 g/L protein, ~1 M metabolites).”"’
At the same time, increasing development of other cell-free
biosynthesis platforms, including nonmodel organisms or
purified cell-free systems, has enabled the engineering of
“non-standard” metabolism'' and realization of de novo
metabolic pathways.'> Together, the many types of cell-free
systems accelerate synthetic biology with reduced design-build-
test cycle times and higher-throughput exploration of bio-
logical and chemical diversity."”"* This article highlights the
utility of cell-free systems in studying and engineering
microbial metabolism as well as the ability to move beyond
natural biochemistry for sustainable and eflicient chemical
synthesis in vitro (Figure 1)."* Selected examples include the
accelerated characterization of nonmodel and/or genetically
less accessible organisms, the ability to engineer biochemical
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synthetic metabolism. Proteins and pathways designed in silico can
be implemented in cell-free systems for direct applications in
metabolic conversions or used to test large sets of constructs prior
to optimization in vivo.

processes for one-carbon (C1) substrate conversions outside of
autotrophs, and the integration of biological systems with
sustainable energy sources (e.g, hydrogen, light, electricity,
formate dehydrogenase).

B CELL-FREE PROTOTYPING FACILITATES THE
STUDY AND ENGINEERING OF METABOLISM

Recent efforts have exploited the reduced complexity of cell
extracts to understand biological functions in a cell-like
environment. Now cell extracts facilitate rapid assessment of

metabolic pathways and genetic parts in near-native contexts.'
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In addition to the widely used and commercialized E. coli and
PURE cell-free systems,”' cell extracts from dozens of
microbes have been adopted for genetic part character-
ization,”'”'® and some examples extend cell-free metabolism
beyond E. coli pathways.'"'” One noteworthy example is the
development of a cell-free gene expression platform from a
Mycoplasma-derived minimal organism,20 which could help to
illuminate principles for minimizing the metabolic and genetic
components in living systems.”' The in vitro exploration of
additional nonmodel organisms will provide an important
avenue for understanding their unique physiology and
metabolism for applications in extreme environments,
including space exploration.”””* Independent of an extract-
based or defined system, one aspect central to the success of
cell-free prototyping approaches is to ensure that the cell-free
metabolic networks under study closely resemble a relevant in
vivo state. This makes it important to increase stability of
components such as nucleic acids, proteins, and metabolites of
interest.¥*>~!® Therefore, researchers must consider the best
context for a given cell-free application and whether to develop
new cell-free systems for unique functions or expand the
capabilities of existing platforms. For example, post-transla-
tional modifications such as glycosylation can occur in
eukaryotic extracts with native glycosylation machinery”* or
be engineered into E. coli extracts.” Similarly, extremophilic
enzymes may be screened in crude extracts from their native
host organism or tested in cell-free systems with modified
physical parameters (temperature, salinity, pH).***’

A powerful attribute of well-optimized cell-free systems is
that the characterization of genetic parts and metabolic
pathways in vitro can predict cellular performance in vivo
with significantly reduced timeframes. Recently, resource
competition and growth burden in vivo could be predicted
from cell extract experiments with high correlations (R*
~0.75), although this correlation decreased when beta-
carotene synthesis was included.”® Some metabolic compar-
isons are even transferrable between species, which is best
exemplified by biosynthetic pathway prototyping for Clostri-
dium autoethanogenum using cell extracts from E. coli. In one
study, the rapid design-build-test cycles of cell-free E. coli
extracts was leveraged to reduce the time and effort to engineer
C. autoethanogenum, a slow-growing anaerobic bacterium with
a limited suite of genetic tools. This included homologue and
promoter strength prediction in vivo from >200 unique
biosynthesis pathways in vitro, leading to increased cellular
titers of butanol and 3-hydroxybutyrate.” Building on this
success, E. coli extracts were used in a second study to screen
potential competing enzymes for acetone biosynthesis in C.
autoethanogenum, reducing the set of knockout candidates from
13 targets to 3 in a matter of weeks to accelerate production
strain development.®

These examples show that metabolic prototyping for
fermentation in an anaerobic, autotrophic, Gram-positive
organism (C. autoethanogenum) worked surprisingly well in
an aerobic, heterotrophic, and Gram-negative cell-free E. coli
system. One hypothesis for this correlation between disparate
metabolic contexts is that the focus was set on optimizing an
anabolic pathway, which rendered differences in catabolism
less significant. In general, cell-free pathway prototyping may
yield better results when the extract comes from the same
organism, for instance when pathways contain oxygen-sensitive
enzymes (e.g., butanol prototyping used aerobic Ter enzymes
in vitro and anaerobic Bcd-EtfAB complex in vivo),” when the

317

catabolic state plays a more prominent role, or when
downstream metabolism impacts a target pathway. For
example, cell-free prototyping of reverse beta-oxidation
enzymes for the synthesis of C4- or C6- acids and alcohols
in E. coli extract resulted in a significantly higher correlation
with E. coli fermentations than C. autoethanogenum fermenta-
tions (r= 0.92 vs 0.46). This may result from the longer
pathway having additional metabolic branch points and
competitive reactions that differ between the two species.
Despite the lower correlations observed in the latter case, the
ability to screen over 400 unique enzyme combinations
enabled the identification of high-performance enzymes to
improve product titers in both species with less in vivo
engineering.”” Thus, the high-throughput capacity of cell-free
screening is able to compensate for relatively low correlations.

B CELL-FREE METABOLISM CURRENTLY UTILIZES A
SMALL SUBSET OF NATURAL PATHWAYS

The growing repertoire of cell-free systems has increased our
ability to study and characterize aspects of both conventional
and nonmodel organisms, overcoming limitations such as slow
growth with biochemical exploration in vitro. However, the
majority of cell-free systems incorporate a limited set of ATP-
generating reactions despite the diversity of catabolic pathways
present in nature. ATP generation in vitro most commonly
occurs through substrate-level phosphorylation of glycolyic
intermediates (eg., glucose, phosphoenolpyruvate, 3-phospho-
glycerate) or sacrificial substrates (e.g, creatine phosphate),
although a recent formulation included ribose and starch as
accessory substrates.”’’ Extract-based systems may also
incorporate oxidative phosphorylation from inverted mem-
brane vesicles that form during cell lysis.”’ ~** ATP generation
through oxidative phosphorylation can be driven through the
tricarboxylic acid cycle fueled from upstream glycolytic
intermediates’® as well as downstream metabolites like
glutamate®® and succinate.” These energy regeneration
strategies were also used to power cell-free expression systems
from autotrophs despite the presence of the Calvin-Benson-
Bassham cycle or the Wood-Ljungdahl pathway.'**® Activating
endogenous carbon fixation pathways in cell extracts would
enable pathway prototyping for the valorization of CI1
substrates with the potential for greater correlations in
prototyping campaigns for autotrophic production strains.
Molecules including carbon mono- and dioxide, formate,
methanol, and methane all present exciting opportunities for in
vitro transformations using natural and/or synthetic pathways,
as discussed below.

Emulating in vivo approaches such as heterologous
expression and coculture systems with the increased flexibility
found in vitro could facilitate broader utilization of sustainable
C1 substrates by overcoming the slow grow rates observed in
engineered strains.”” Formate consumption via the reductive
glycine pathway”® and methanol consumption via the ribulose
monophosphate pathway’”** permit E. coli to grow with
doubling times of ~8 h. Meanwhile, heterologous expression of
the Calvin cycle enables E. coli to double in 18 h under 10%
CO,"" Higher growth rates with ambient CO, are possible
with the expression of carboxysomes for carbon concentration,
but the significant metabolic burden of expressing enzymes and
microcompartments results in greater heterogeneity across
colonies (12—25 h doubling times).*” Generating cell extracts
from these strains for cell-free metabolism and gene expression
could potentially combine the benefits of C1 metabolism with
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Figure 2. Key examples of cell-free metabolism in the literature and openings to explore. Many studies have demonstrated central metabolism
in vitro with glycolytic intermediates as the predominant substrates. Intermediates such as pyruvate, acetyl-CoA, and glycolate have been converted
into diverse products, including terpenes and polyketides. Great potential lies in exploring additional pathways to utilize abundant carbon sources
(particularly lignin, C1 gases, and plastics) in combination with sustainable energy sources to further expand the chemical product space.
Abbreviations: NOG (nonoxidative glycolysis), FDH (formate dehydrogenase).

previously established protocols for E. coli cell-free systems for
accelerated hypothesis testing. Co-culture systems point to
another strategy for combining the metabolic capabilities of
different species. Growing cyanobacteria in a single flask with
heterotrophs enabled synthesis of proteins or metabolites in
various production strains fed by sugar synthesized from CO,,
and growth competition or inhibition can be limited by tuning
culture conditions.” Similarly, an engineered endosymbiont
combining the photoautotrophy of Synechococcus elongatus with
the genetic tools of S. cerevisiae was capable of doubling in ~10
h.** These strategies enable the combination of unique
metabolic pathways in a single cell, but biochemical
compromises and metabolic burden can hinder growth rates
and overall productivity. Such limitations could be avoided in
vitro by simply mixing cell extracts from disparate organisms,
such as cyanobacteria and E. coli. While extract mixing has yet
to be demonstrated for C1 metabolism, hybrid cell-free
systems containing extracts from 2 organisms were successful
in gene expression'® and in metabolite synthesis.*”*® These
examples pave the way for more complex in vitro combinations
of metabolic pathways from multiple organisms.

Other abundant and sustainable substrates worth exploring
with cell-free metabolism include fats/oils,*” lignin,48 plastic
waste,” and organofluorine compounds (PFAS)*° for
applications in bioremediation and in situ resource utilization.
The biochemical product space in vitro can also be expanded,
particularly in the context of cell extracts (Figure 2). Acids,
alcohols, and terpenes derived from acetyl-CoA or pyruvate
remain the most common products,”' although recent
examples include derivatives of the tricarboxylic acid cycle
and amino acid metabolism.”*~>* Promising outputs for future
cell-free chemical conversions include structural biopoly-
mers,”” natural or synthetic nucleotides,”® and therapeutically
relevant glycans.”” Incorporating nonmodel organisms, pro-
teins from bioprospecting or metagenomics, and synthetic
metabolism approaches will accelerate the diversification of
both substrates and products in cell-free metabolism.
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B SYNTHETIC METABOLISM ENABLES NOVEL
BIOCHEMICAL PATHWAYS AND ENERGETICS IN
VITRO

Metabolism research can be imagined on a 2-dimensional

spectrum with variable complexity and a range of natural or
synthetic origins (Figure 3). In addition to combining natural

extract
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2 cellt-free
v systems
& =" o
K A
= pathway >
£ designed
8 cycle
5 B purified
de novo
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>
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Figure 3. Landscape of biological parts and systems. Individual
components and multicomponent systems may be fully natural or
synthetic. Cell-free systems comprising cell extracts (top-down) or
purified components (bottom-up) sit between these ends of the
spectrum.

pathways through heterologous expression or extract mixing,
implementing de novo designed enzymes and pathways can
expand the abilities of biological systems. These designed
components or cascades are typically demonstrated in purified
cell-free systems but could work together with cell extracts and
eventually cellular metabolism. Enzyme design coupled with
engineering and selection schemes increasingly enable high-
efficiency and new-to-nature chemical reactions, including
retro-aldolases tuned from beta-barrel structures®® and artificial
metalloenzymes catalyzing hetero-Diels—Alder reactions,”
hydroamination, or hydroarylation,”" which paves the way
toward de novo Cl-converting enzymes in the future. Several
new Cl-converting enzymes have already been created through
the repurposing of active sites.” " Combinations of these
(re)designed enzymes and other enzymes into new Cl-
converting routes have yielded pathways with increased
efficiency compared to pathways that evolved under natural
selection. For example, non-natural formate converting path-
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ways conceived and optimized in vitro have been shown to
operate orthogonally to native metabolism®* and incorporate
formate into biomass with higher yields than wildtype strains.®®
Other examples are new-to- nature carbon fixation pathways
that leverage atmospheric Cco,° Irnplementlng such synthetic
carbon fixation cycles in cell-free systems has enabled dlrect
CoO, converswn to central metabolites, such as glycolate®” and
malate,’® with rates rivaling naturally evolved processes like the
Calvin cycle. These intermediates can also be upgraded to
complex chemical products, such as the cell-free conversion of
CO, into a polyketide using a network of over 50 enzymes
fine-tuned to minimize the loss of cofactors and intermedi-
ates.'” However, despite high efficiency and flexibility, the
longevity of synthetic metabolic pathways currently remains
limited in vitro.

Cell-free systems also simplify the 1mplementat10n of
bioinspired and non-natural energy regeneration.”” Although
simple enzymatic production of ATP via dephosphorylation of
phosphoenolpyruvate or creatine phosphate remains most
common, new approaches run orthogonally to natural
metabolism. This includes noncanonical cofactors, such as
nicotinamide mononucleotide (NMN), which has provided
reducing equivalents for purified and extract-based enzymatic
reactions without disrupting or competing with natural NAD-
dependent reactions.”’ Alternatively, synthetic metabolism can
mimic chloroplasts for light-powered ATP regeneration.
Simple examples of chloroplast-like structures in vitro include
vesicles with ghotosystem II and ATPase powering actin
polymerization’” or vesicles with bacteriorhodopsin and
ATPase powering cell-free protein synthesis.”” A more
complex synthetic chloroplast combined thylakoid membranes
with the CETCH cycle in microfluidic droplets for light-
dependent regeneration of ATP and NADPH to power the
cofactor-intensive CO, fixation pathway.”” While solar energy
is a powerful renewable resource harnessed by biological
systems for millennia through photosynthesis,”*”> engineered
approaches converting electrical energy into biological energy
hold great potential to indirectly integrate any renewable
energy source into biochemical processes.”””” For example,
electroenzymatic reduction of NADP" mediated by a viologen-
based hydrogel coupled to an electrode provided sufficient
cofactor to enable CO, reduction by crotonyl-CoA carbox-
ylase/reductase.”® Electricity-powered ATP generation was
also optimized with a synthetic enzymatic cascade to produce
~400 uM ATP in 2 h, enough to drive transcription and
translation in vitro.”” The ability to use alternative energy
sources and energy carriers in cell-free systems (e.g.,
noncanonical nucleotides, aromatic chemicals, nonnative
ferredoxins) expands biosynthetic possibilities beyond cellular
constraints into a vast opportunity space between biological
and chemical methods. Transitioning these approaches from
purified systems into cell extracts could also provide pivotal
information for cellular implementation and/or lower cost in
vitro systems as efficiency and scale continue to increase.”

B MACHINE LEARNING WILL INCREASE THE YIELD
AND ROBUSTNESS OF CELL-FREE METABOLISM

Many of the improvements in cell-free gene expression and
metabolism have come from stepwise optimization of reaction
components and their concentrations to achieve higher
yields.”** The increased prevalence of machine learning,
design-of-experiments, and model-based predictions will
accelerate the improvement of cell-free metabolism, partic-
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ularly as in vitro experiments can rapidly generate the large sets
of training data required for useful algorithms. Leveraging
machine learning approaches will be essential for activating
more diverse metabolic pathways and prolonging their activity
in vitro, rather than relying on existing genome-scale models or
fluxes derived from cells. Although cell extracts are able to
mimic cellular functionality, there are inherent differences that
limit direct comparisons between in vitro and in vivo
metabolism.” Differences include reduced regulatory layers
(e.g., reduced genetic feedback loops and protein degradation),
greater biochemical flexibility (e.g., tolerance of noncellular pH
ranges and metabolite concentrations), increased toxicity
thresholds, and the limited capability of cell-free systems to
adapt, replicate, or maintain a state out of the thermodynamic
equilibrium.’ This means cell-free metabolism is often shorter-
lived than in vivo, with ATP generation sustalnlng protein
synthesis for at most 24 h in batch reactions.” However, some
metabolic pathways in extracts and purified enzyme systems
have demonstrated higher volumetric productivities than cells
and reactions lasting multiple days.”®' The longevity of
biochemical reactions in cell-free systems may be increased
by supplementing hypothesized limiting components (e.g,
intermediates and cofactors)69 %% or by recapitulating the self-
sustaining abilities of cells.™
Beyond these functional differences, cell-free systems are
compositionally distinct from living cells because the contents
of cell extracts are altered from a raw lysate (containing
everything from a 11v1ng cell) through centrifugation,
incubation, and dialysis.”> The strategies of bottom-up
construction and top-down derivation both result in complex
parameter sets with interacting inputs and outputs that greatly
benefit from computational approaches, which have signifi-
cantly improved cell-free gene expression and can be extended
to metabolism. For example, active learning approaches led to
a 30-fold increase in gene expression in an E. coli cell extract,®
a 3-fold increase in expression from the minimal cell-derived
extract,”’ and rapid design of improved promoters for
cyanobacteria.”” Similarly, Bayesian modelmg accelerated the
optimization of B. megaterium extracts’® and design-of-
experiments improved Pichia cell-free expression up to S-
fold.*” Computational approaches also proved useful in
optimizing bottom-up reconstituted cell-free systems. The
composition of a synthetic cell-free carbon fixation cycle
(CETCH, comprising 17 enzymes) was fine-tuned with
multiple rounds of experiments requiring only a few days of
experimental effort, resulting in 10 fold greater productivity
and a 6-fold increase in efficiency.” Similar machine learning
and design-of-experiments approaches will be pivotal to
improving newer cell-free systems that are less robust than
PURE and E. coli extract. The diversity of approaches and
systems summarized here merely scratches the surface of how
machine learning can improve the performance of cell-free
systems and move these systems beyond the natural limitations
of cells. Future developments in the biochemical capabilities of
cell-free systems and their outputs will benefit greatly from
computational modeling and self-driving laboratories to test
vast combinations of parameter sets and characterize in vitro
biochemical networks more deeply.”’~"*

B CONCLUSION

Cell-free systems are powerful tools to study and engineer
metabolism, both by mimicking natural pathways and by
facilitating new opportunities for chemical transformations.
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Continued investment in cell-free synthetic biology will
accelerate the study of unconventional microbes and the
optimization of production strains, inform artificial cell design
from the bottom-up and top-down, and enable new methods of
combining metabolic features from disparate organisms. High-
throughput, multivariate optimizations including machine
learning approaches will be essential for achieving prolonged
metabolic activity with more diverse pathways and reaction
conditions. Together, these strategies will deepen our under-
standing of the living world and advance biological solutions
for sustainable chemical conversion.

B AUTHOR INFORMATION

Corresponding Author
Blake J. Rasor — Department of Biochemistry and Synthetic
Metabolism, Max Planck Institute for Terrestrial
Microbiology, 35043 Marburg, Germany; © orcid.org/
0000-0001-6662-341X; Email: bjrasor@ncsu.edu

Author
Tobias J. Erb — Department of Biochemistry and Synthetic
Metabolism, Max Planck Institute for Terrestrial
Microbiology, 35043 Marburg, Germany; Center for
Synthetic Microbiology (SYNMIKRO), 35043 Marburg,
Germany; © orcid.org/0000-0003-3685-0894

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssynbio.4c00729

Author Contributions
B.J.R. — original draft, review, and editing. T.J.E. — review and
editing. Both authors declare no competing financial interests.

Funding
Open access funded by Max Planck Society.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Max Planck Society and an
EMBO Postdoctoral Fellowship (ALTF 337-2023).

B REFERENCES

(1) Garenne, D.; Haines, M. C.; Romantseva, E. F.; Freemont, P.;
Strychalski, E. A.; Noireaux, V. Cell-Free Gene Expression. Nat. Rev.
Methods Primers 2021, 1 (1), 1—18.

(2) Bowie, J. U.; Sherkhanov, S.; Korman, T. P.; Valliere, M. A,;
Opgenorth, P. H,; Liu, H. Synthetic Biochemistry: The Bio-Inspired
Cell-Free Approach to Commodity Chemical Production. Trends
Biotechnol. 2020, 38 (7), 766—778.

(3) Wagner, L.; Jules, M.; Borkowski, O. What Remains from Living
Cells in Bacterial Lysate-Based Cell-Free Systems. Computational and
Structural Biotechnology Journal 2023, 21, 3173—3182.

(4) Cole, S. D.; Miklos, A. E.; Chiao, A. C.; Sun, Z. Z.; Lux, M. W.
Methodologies for Preparation of Prokaryotic Extracts for Cell-Free
Expression Systems. Synthetic and Systems Biotechnology 2020, S (4),
252-267.

(5) Pandi, A; Diehl, C.; Yazdizadeh Kharrazi, A.; Scholz, S. A,;
Bobkova, E.; Faure, L.; Nattermann, M,; Adam, D.; Chapin, N,;
Foroughijabbari, Y.; Moritz, C.; Paczia, N.; Cortina, N. S.; Faulon, J.-
L.; Erb, T. J. A Versatile Active Learning Workflow for Optimization
of Genetic and Metabolic Networks. Nat. Commun. 2022, 13 (1),
3876.

(6) Sherkhanov, S.; Korman, T. P.; Chan, S.; Faham, S.; Liu, H;
Sawaya, M. R; Hsu, W.-T,; Vikram, E.; Cheng, T.; Bowie, J. U.

320

Isobutanol Production Freed from Biological Limits Using Synthetic
Biochemistry. Nat. Commun. 2020, 11 (1), 4292.

(7) Karim, A. S;; Dudley, Q. M.; Juminaga, A.; Yuan, Y.; Crowe, S.
A.; Heggestad, J. T.; Garg, S.; Abdalla, T.; Grubbe, W. S.; Rasor, B. J.;
Coar, D. N,; Torculas, M.; Krein, M.; Liew, F. E.; Quattlebaum, A.;
Jensen, R. O,; Stuart, J. A.; Simpson, S. D.; Kopke, M.; Jewett, M. C.
In Vitro Prototyping and Rapid Optimization of Biosynthetic
Enzymes for Cell Design. Nat. Chem. Biol. 2020, 16 (8), 912—919.

(8) Liew, F. E,; Nogle, R;; Abdalla, T.; Rasor, B. J.; Canter, C;
Jensen, R. O.; Wang, L.; Strutz, J.; Chirania, P.; De Tissera, S,;
Mueller, A. P,; Ruan, Z.; Gao, A; Tran, L,; Engle, N. L,; Bromley, J.
C.; Daniell, J.; Conrado, R.; Tschaplinski, T. J.; Giannone, R. J;
Hettich, R. L.; Karim, A. S.; Simpson, S. D.; Brown, S. D.; Leang, C,;
Jewett, M. C.; Kopke, M. Carbon-Negative Production of Acetone
and Isopropanol by Gas Fermentation at Industrial Pilot Scale. Nat.
Biotechnol. 2022, 40 (3), 335—344.

(9) Garenne, D.; Thompson, S.; Brisson, A.; Khakimzhan, A
Noireaux, V. The All-E. coliTXTL Toolbox 3.0: New Capabilities of a
Cell-Free Synthetic Biology Platform. Synthetic Biology 2021, 6 (1),
No. ysab017.

(10) Kay, J. E.; Jewett, M. C. Lysate of Engineered Escherichia Coli
Supports High-Level Conversion of Glucose to 2,3-Butanediol.
Metabolic Engineering 2015, 32, 133—142.

(11) Moore, S. J; Lai, H-E.; Chee, S.-M.; Toh, M.; Coode, S.;
Chengan, K,; Capel, P.; Corre, C.; de los Santos, E. L.; Freemont, P.
S. A Streptomyces Venezuelae Cell-Free Toolkit for Synthetic
Biology. ACS Synth. Biol. 2021, 10 (2), 402—411.

(12) Diehl, C; Gerlinger, P. D.; Paczia, N.; Erb, T. J. Synthetic
Anaplerotic Modules for the Direct Synthesis of Complex Molecules
from CO2. Nat. Chem. Biol. 2023, 19 (2), 168—175.

(13) Smith, P.; Dopp, J.; Reuel, N.; Oza, J. Handbook of Molecular
Biotechnology; CRC Press, 2024.

(14) Swartz, J. R. Expanding Biological Applications Using Cell-Free
Metabolic Engineering: An Overview. Metabolic Engineering 2018, S0,
156—172.

(15) Silverman, A. D.; Karim, A. S.; Jewett, M. C. Cell-Free Gene
Expression: An Expanded Repertoire of Applications. Nat. Rev. Genet
2020, 21 (3), 151-170.

(16) Cui, Y.; Chen, X;; Wang, Z; Lu, Y. Cell-Free PURE System:
Evolution and Achievements. BioDesign Research 2022, 2022,
No. 9847014.

(17) Gregorio, N. E.; Levine, M. Z,; Oza, J. P. A User’s Guide to
Cell-Free Protein Synthesis. Methods and Protocols 2019, 2 (1), 24.

(18) Yim, S. S.; Johns, N. L; Park, J.; Gomes, A. L.; McBee, R. M.;
Richardson, M.; Ronda, C.; Chen, S. P.; Garenne, D.; Noireaux, V;
Wang, H. H. Multiplex Transcriptional Characterizations across
Diverse Bacterial Species Using Cell-free Systems. Molecular Systems
Biology 2019, 15 (8), No. e8875.

(19) Kriiger, A.; Mueller, A. P.; Rybnicky, G. A;; Engle, N. L.; Yang,
Z. K.; Tschaplinski, T. J.; Simpson, S. D.; Kopke, M.; Jewett, M. C.
Development of a Clostridia-Based Cell-Free System for Prototyping
Genetic Parts and Metabolic Pathways. Metabolic Engineering 2020,
62, 95—105.

(20) Sakai, A.; Jonker, A. J.; Nelissen, F. H. T.; Kalb, E. M.; van
Sluijs, B.; Heus, H. A.; Adamala, K. P.; Glass, J. I; Huck, W. T. S.
Cell-Free Expression System Derived from a Near-Minimal Synthetic
Bacterium. ACS Synth. Biol. 2023, 12 (6), 1616—1623.

(21) Moger-Reischer, R. Z.; Glass, J. I; Wise, K. S; Sun, L;
Bittencourt, D. M. C.; Lehmkuhl, B. K; Schoolmaster, D. R.; Lynch,
M,; Lennon, J. T. Evolution of a Minimal Cell. Nature 2023, 620
(7972), 122—127.

(22) Santomartino, R.; Averesch, N. J. H.; Bhuiyan, M.; Cockell, C.
S.; Colangelo, J.; Gumulya, Y.; Lehner, B.; Lopez-Ayala, I.; McMahon,
S.; Mohanty, A.; Santa Maria, S. R.; Urbaniak, C.; Volger, R.; Yang, J.;
Zea, L. Toward Sustainable Space Exploration: A Roadmap for
Harnessing the Power of Microorganisms. Nat. Commun. 2023, 14
(1), 1391.

(23) Caro-Astorga, J.; Meyerowitz, J. T.; Stork, D. A.; Nattermann,
U,; Piszkiewicz, S.; Vimercati, L.; Schwendner, P.; Hocher, A,

https://doi.org/10.1021/acssynbio.4c00729
ACS Synth. Biol. 2025, 14, 316—322


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Blake+J.+Rasor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6662-341X
https://orcid.org/0000-0001-6662-341X
mailto:bjrasor@ncsu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+J.+Erb"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3685-0894
https://pubs.acs.org/doi/10.1021/acssynbio.4c00729?ref=pdf
https://doi.org/10.1038/s43586-021-00046-x
https://doi.org/10.1016/j.tibtech.2019.12.024
https://doi.org/10.1016/j.tibtech.2019.12.024
https://doi.org/10.1016/j.csbj.2023.05.025
https://doi.org/10.1016/j.csbj.2023.05.025
https://doi.org/10.1016/j.synbio.2020.07.006
https://doi.org/10.1016/j.synbio.2020.07.006
https://doi.org/10.1038/s41467-022-31245-z
https://doi.org/10.1038/s41467-022-31245-z
https://doi.org/10.1038/s41467-020-18124-1
https://doi.org/10.1038/s41467-020-18124-1
https://doi.org/10.1038/s41589-020-0559-0
https://doi.org/10.1038/s41589-020-0559-0
https://doi.org/10.1038/s41587-021-01195-w
https://doi.org/10.1038/s41587-021-01195-w
https://doi.org/10.1093/synbio/ysab017
https://doi.org/10.1093/synbio/ysab017
https://doi.org/10.1016/j.ymben.2015.09.015
https://doi.org/10.1016/j.ymben.2015.09.015
https://doi.org/10.1021/acssynbio.0c00581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.0c00581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41589-022-01179-0
https://doi.org/10.1038/s41589-022-01179-0
https://doi.org/10.1038/s41589-022-01179-0
https://doi.org/10.1016/j.ymben.2018.09.011
https://doi.org/10.1016/j.ymben.2018.09.011
https://doi.org/10.1038/s41576-019-0186-3
https://doi.org/10.1038/s41576-019-0186-3
https://doi.org/10.34133/2022/9847014
https://doi.org/10.34133/2022/9847014
https://doi.org/10.3390/mps2010024
https://doi.org/10.3390/mps2010024
https://doi.org/10.15252/msb.20198875
https://doi.org/10.15252/msb.20198875
https://doi.org/10.1016/j.ymben.2020.06.004
https://doi.org/10.1016/j.ymben.2020.06.004
https://doi.org/10.1021/acssynbio.3c00114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.3c00114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-023-06288-x
https://doi.org/10.1038/s41467-023-37070-2
https://doi.org/10.1038/s41467-023-37070-2
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.4c00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology

pubs.acs.org/synthbio

Cockell, C.; DeBenedictis, E. Polyextremophile Engineering: A
Review of Organisms That Push the Limits of Life. Front. Microbiol.
2024, 15, DOL: 10.3389/fmicb.2024.1341701. _

(24) Zemella, A; Thoring, L.; Hoffmeister, C.; Samalikovd, M.,;
Ehren, P.; Wiistenhagen, D. A.; Kubick, S. Cell-Free Protein Synthesis
as a Novel Tool for Directed Glycoengineering of Active
Erythropoietin. Sci. Rep 2018, 8 (1), 8514.

(25) Thames, A. H; Moons, S. J.; Wong, D. A; Boltje, T. J;
Bochner, B. S.; Jewett, M. C. GlycoCAP: A Cell-Free, Bacterial
Glycosylation Platform for Building Clickable Azido-Sialoglycopro-
teins. ACS Synth. Biol. 2023, 12 (4), 1264—1274.

(26) Salas-Bruggink, D. L J.; Martin, J. S.-S.; Leiva, G.; Blamey, J. M.
Extremozymes: Challenges and Opportunities on the Road to Novel
Enzymes Production. Process Biochemistry 2024, 143, 323—336.

(27) Karim, A. S.; Rasor, B. J.; Jewett, M. C. Enhancing Control of
Cell-Free Metabolism through pH Modulation. Synthetic Biology
2020, 5 (1), No. ysz027.

(28) Borkowski, O.; Bricio, C.; Murgiano, M.; Rothschild-
Mancinelli, B.; Stan, G.-B.; Ellis, T. Cell-Free Prediction of Protein
Expression Costs for Growing Cells. Nat. Commun. 2018, 9 (1), 1457.

(29) Végeli, B; Schulz, L.; Garg, S.; Tarasava, K,; Clomburg, J. M.;
Lee, S. H; Gonnot, A,; Moully, E. H,; Kimmel, B. R;; Tran, L,;
Zeleznik, H.; Brown, S. D.; Simpson, S. D.; Mrksich, M.; Karim, A. S,;
Gonzalez, R.; Kopke, M.; Jewett, M. C. Cell-Free Prototyping Enables
Implementation of Optimized Reverse f-Oxidation Pathways in
Heterotrophic and Autotrophic Bacteria. Nat. Commun. 2022, 13 (1),
3058.

(30) Dopp, B. J. L; Tamiev, D. D,; Reuel, N. F. Cell-Free
Supplement Mixtures: Elucidating the History and Biochemical
Utility of Additives Used to Support in Vitro Protein Synthesis in E.
Coli Extract. Biotechnology Advances 2019, 37 (1), 246—258.

(31) Jewett, M. C.; Calhoun, K. A.; Voloshin, A.; Wuu, J. J.; Swartz,
J. R. An Integrated Cell-free Metabolic Platform for Protein
Production and Synthetic Biology. Molecular Systems Biology 2008,
4 (1), 220.

(32) Vilkhovoy, M.; Horvath, N.; Shih, C.-H.; Wayman, ]. A,;
Calhoun, K; Swartz, J.; Varner, J. D. Sequence Specific Modeling of
E. Coli Cell-Free Protein Synthesis. ACS Synth. Biol. 2018, 7 (8),
1844—1857.

(33) Hershewe, J. M,; Warfel, K. F; Iyer, S. M,; Peruzzi, J. A;
Sullivan, C. J.; Roth, E. W.; DeLisa, M. P.; Kamat, N. P.; Jewett, M. C.
Improving Cell-Free Glycoprotein Synthesis by Characterizing and
Enriching Native Membrane Vesicles. Nat. Commun. 2021, 12 (1),
2363.

(34) Cai, Q; Hanson, J. A; Steiner, A. R.; Tran, C.; Masikat, M. R.;
Chen, R; Zawada, J. F.; Sato, A. K;; Hallam, T. J.; Yin, G. A Simplified
and Robust Protocol for Immunoglobulin Expression in Scherichia
Coli Cell-Free Protein Synthesis Systems. Biotechnol. Prog. 2015, 31
(3), 823—831.

(35) Pedersen, A.; Hellberg, K.; Enberg, J.; Karlsson, B. G. Rational
Improvement of Cell-Free Protein Synthesis. New Biotechnology 2011,
28 (3), 218—224.

(36) Choi, Y.-N.; Shin, Y. R;; Park, J. M; Lee, J. W. Cell-Free
Transcription-Coupled CRISPR/Casl2a Assay for Prototyping
Cyanobacterial Promoters. ACS Synth. Biol. 2021, 10 (6), 1300—
1307.

(37) Claassens, N. J.; Sousa, D. Z.; dos Santos, V. A. P. M.; de Vos,
W. M, van der Oost, J. Harnessing the Power of Microbial
Autotrophy. Nat. Rev. Microbiol 2016, 14 (11), 692—706.

(38) Kim, S.; Lindner, S. N.; Aslan, S.; Yishai, O.; Wenk, S.; Schann,
K.; Bar-Even, A. Growth of E. Coli on Formate and Methanol via the
Reductive Glycine Pathway. Nat. Chem. Biol. 2020, 16 (S), 538—54S.

(39) Chen, F. Y.-H; Jung, H.-W,; Tsuei, C.-Y,; Liao, J. C.
Converting Escherichia Coli to a Synthetic Methylotroph Growing
Solely on Methanol. Cell 2020, 182 (4), 933—946.e14.

(40) Keller, P.; Reiter, M. A.; Kiefer, P.; Gassler, T.; Hemmerle, L.;
Christen, P.; Noor, E.; Vorholt, J. A. Generation of an Escherichia
Coli Strain Growing on Methanol via the Ribulose Monophosphate
Cycle. Nat. Commun. 2022, 13 (1), 5243.

321

(41) Gleizer, S.; Ben-Nissan, R;; Bar-On, Y. M.; Antonovsky, N,;
Noor, E.; Zohar, Y.; Jona, G.; Krieger, E.; Shamshoum, M.; Bar-Even,
A.; Milo, R. Conversion of Escherichia Coli to Generate All Biomass
Carbon from CO2. Cell 2019, 179 (6), 1255—1263.e12.

(42) Flamholz, A. L; Dugan, E.; Blikstad, C.; Gleizer, S.; Ben-Nissan,
R,; Amram, S.; Antonovsky, N.; Ravishankar, S.; Noor, E.; Bar-Even,
A.; Milo, R; Savage, D. F. Functional Reconstitution of a Bacterial
CO2 Concentrating Mechanism in Escherichia Coli. eLife 2020, 9,
No. e59882.

(43) Hays, S. G.; Yan, L. L. W,; Silver, P. A;; Ducat, D. C. Synthetic
Photosynthetic Consortia Define Interactions Leading to Robustness
and Photoproduction. . Biol. Eng. 2017, 11 (1), 4.

(44) Cournoyer, J. E; Altman, S. D.; Gao, Y.; Wallace, C. L.; Zhang,
D.; Lo, G.-H.; Haskin, N. T,; Mehta, A. P. Engineering Artificial
Photosynthetic Life-Forms through Endosymbiosis. Nat. Commun.
2022, 13 (1), 2254.

(45) Yi, T.; Lim, H. J.; Lee, S. J.; Lee, K-H.; Kim, D.-M. Synthesis of
(RR)-2,3-Butanediol from Starch in a Hybrid Cell-Free Reaction
System. Journal of Industrial and Engineering Chemistry 2018, 67, 231—
23S.

(46) Zhang, R.;; Amjad, A.; Zhang, L.; Zhou, W.; Yang, Y.; He, Q;
Xie, J; Gao, B. Synthesis of Myrcene Using a Hybrid Cell-Free
Reaction System. Biochemical Engineering Journal 2024, 208,
No. 109361.

(47) Sharma, K.; Shah, G.; Singh, H.; Bhatt, U.; Singhal, K.; Soni, V.
Advancements in Natural Remediation Management Techniques for
Oil Spills: Challenges, Innovations, and Future Directions. Environ-
mental Pollution and Management 2024, 1, 128—146.

(48) Liu, Z.-H,; Le, R. K; Kosa, M; Yang, B.; Yuan, J.; Ragauskas, A.
J. Identifying and Creating Pathways to Improve Biological Lignin
Valorization. Renewable and Sustainable Energy Reviews 2019, 108,
349-362.

(49) Bergeson, A. R; Silvera, A. J; Alper, H. S. Bottlenecks in
Biobased Approaches to Plastic Degradation. Nat. Commun. 2024, 15
(1), 4715.

(50) Zhang, Z.; Sarkar, D.; Biswas, J. K.; Datta, R. Biodegradation of
Per- and Polyfluoroalkyl Substances (PFAS): A Review. Bioresour.
Technol. 2022, 344, No. 126223.

(51) Rasor, B. J.; Végeli, B.; Jewett, M. C.; Karim, A. S. Cell-Free
Protein Synthesis for High-Throughput Biosynthetic PathwayBiosyn-
thetic Pathways Prototyping. In Cell-Free Gene Expression: Methods
and Protocols; Karim, A. S., Jewett, M. C., Eds.; Springer US: New
York, NY, 2022; pp 199—-215. DOI: 10.1007/978-1-0716-1998-
8 12.

(52) Yi, X; Rasor, B. J.; Boadi, N.; Louie, K.; Northen, T. R.; Karim,
A. S,; Jewett, M. C,; Alper, H. S. Establishing a Versatile Toolkit of
Flux Enhanced Strains and Cell Extracts for Pathway Prototyping.
Metabolic Engineering 2023, 80, 241—253.

(53) Garcia, D. C.; Davies, J. P.; Rhea, K.; Lee, M.; Lux, M. W. Cell-
Free Optimized Production of Protoporphyrin IX. bioRxiv 2024,
2023.12.28.573540.

(54) Palmero, B. J.; Gamero, E.; Mangan, N. M.; Tullman-Ercek, D.
Encapsulation of Select Violacein Pathway Enzymes in the 1,2-
Propanediol Utilization Bacterial Microcompartment to Divert
Pathway Flux. bioRxiv 2024, 2024.11.15.623819.

(55) Kelwick, R. J. R; Webb, A. J; Freemont, P. S. Biological
Materials: The Next Frontier for Cell-Free Synthetic Biology. Front.
Bioeng. Biotechnol. 2020, 8, DOI: 10.3389/fbioe.2020.00399.

(56) Pichon, M.; Hollenstein, M. Controlled Enzymatic Synthesis of
Oligonucleotides. Commun. Chem. 2024, 7 (1), 1—11.

(57) Jaroentomeechai, T.; Taw, M. N.; Li, M.; Aquino, A.; Agashe,
N.; Chung, S.; Jewett, M. C,; DeLisa, M. P. Cell-Free Synthetic
Glycobiology: Designing and Engineering Glycomolecules Outside of
Living Cells. Front. Chem. 2020, 8, DOI: 10.3389/fchem.2020.00645.

(58) Kipnis, Y.; Chaib, A. O.; Vorobieva, A. A; Cai, G.; Reggiano,
G.; Basanta, B.; Kumar, E.; Mittl, P. R. E.; Hilvert, D.; Baker, D.
Design and Optimization of Enzymatic Activity in a de Novo f-Barrel
Scaffold. Protein Sci. 2022, 31 (11), No. e4405.

https://doi.org/10.1021/acssynbio.4c00729
ACS Synth. Biol. 2025, 14, 316—322


https://doi.org/10.3389/fmicb.2024.1341701
https://doi.org/10.3389/fmicb.2024.1341701
https://doi.org/10.3389/fmicb.2024.1341701?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-018-26936-x
https://doi.org/10.1038/s41598-018-26936-x
https://doi.org/10.1038/s41598-018-26936-x
https://doi.org/10.1021/acssynbio.3c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.3c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.3c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.procbio.2024.04.035
https://doi.org/10.1016/j.procbio.2024.04.035
https://doi.org/10.1093/synbio/ysz027
https://doi.org/10.1093/synbio/ysz027
https://doi.org/10.1038/s41467-018-03970-x
https://doi.org/10.1038/s41467-018-03970-x
https://doi.org/10.1038/s41467-022-30571-6
https://doi.org/10.1038/s41467-022-30571-6
https://doi.org/10.1038/s41467-022-30571-6
https://doi.org/10.1016/j.biotechadv.2018.12.006
https://doi.org/10.1016/j.biotechadv.2018.12.006
https://doi.org/10.1016/j.biotechadv.2018.12.006
https://doi.org/10.1038/msb.2008.57
https://doi.org/10.1038/msb.2008.57
https://doi.org/10.1021/acssynbio.7b00465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.7b00465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-22329-3
https://doi.org/10.1038/s41467-021-22329-3
https://doi.org/10.1002/btpr.2082
https://doi.org/10.1002/btpr.2082
https://doi.org/10.1002/btpr.2082
https://doi.org/10.1016/j.nbt.2010.06.015
https://doi.org/10.1016/j.nbt.2010.06.015
https://doi.org/10.1021/acssynbio.1c00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.1c00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.1c00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrmicro.2016.130
https://doi.org/10.1038/nrmicro.2016.130
https://doi.org/10.1038/s41589-020-0473-5
https://doi.org/10.1038/s41589-020-0473-5
https://doi.org/10.1016/j.cell.2020.07.010
https://doi.org/10.1016/j.cell.2020.07.010
https://doi.org/10.1038/s41467-022-32744-9
https://doi.org/10.1038/s41467-022-32744-9
https://doi.org/10.1038/s41467-022-32744-9
https://doi.org/10.1016/j.cell.2019.11.009
https://doi.org/10.1016/j.cell.2019.11.009
https://doi.org/10.7554/eLife.59882
https://doi.org/10.7554/eLife.59882
https://doi.org/10.1186/s13036-017-0048-5
https://doi.org/10.1186/s13036-017-0048-5
https://doi.org/10.1186/s13036-017-0048-5
https://doi.org/10.1038/s41467-022-29961-7
https://doi.org/10.1038/s41467-022-29961-7
https://doi.org/10.1016/j.jiec.2018.06.033
https://doi.org/10.1016/j.jiec.2018.06.033
https://doi.org/10.1016/j.jiec.2018.06.033
https://doi.org/10.1016/j.bej.2024.109361
https://doi.org/10.1016/j.bej.2024.109361
https://doi.org/10.1016/j.epm.2024.08.003
https://doi.org/10.1016/j.epm.2024.08.003
https://doi.org/10.1016/j.rser.2019.02.009
https://doi.org/10.1016/j.rser.2019.02.009
https://doi.org/10.1038/s41467-024-49146-8
https://doi.org/10.1038/s41467-024-49146-8
https://doi.org/10.1016/j.biortech.2021.126223
https://doi.org/10.1016/j.biortech.2021.126223
https://doi.org/10.1007/978-1-0716-1998-8_12
https://doi.org/10.1007/978-1-0716-1998-8_12
https://doi.org/10.1007/978-1-0716-1998-8_12
https://doi.org/10.1007/978-1-0716-1998-8_12?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-1-0716-1998-8_12?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ymben.2023.10.008
https://doi.org/10.1016/j.ymben.2023.10.008
https://doi.org/10.1101/2023.12.28.573540
https://doi.org/10.1101/2023.12.28.573540
https://doi.org/10.1101/2024.11.15.623819
https://doi.org/10.1101/2024.11.15.623819
https://doi.org/10.1101/2024.11.15.623819
https://doi.org/10.3389/fbioe.2020.00399
https://doi.org/10.3389/fbioe.2020.00399
https://doi.org/10.3389/fbioe.2020.00399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42004-024-01216-0
https://doi.org/10.1038/s42004-024-01216-0
https://doi.org/10.3389/fchem.2020.00645
https://doi.org/10.3389/fchem.2020.00645
https://doi.org/10.3389/fchem.2020.00645
https://doi.org/10.3389/fchem.2020.00645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pro.4405
https://doi.org/10.1002/pro.4405
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.4c00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Synthetic Biology

pubs.acs.org/synthbio

(59) Basler, S.; Studer, S.; Zou, Y,; Mori, T.; Ota, Y.; Camus, A.;
Bunzel, H. A.; Helgeson, R. C.; Houk, K. N,; Jiménez-Osés, G.;
Hilvert, D. Efficient Lewis Acid Catalysis of an Abiological Reaction in
a de Novo Protein Scaffold. Nat. Chem. 2021, 13 (3), 231-235.

(60) Vornholt, T.; Christoffel, F.; Pellizzoni, M. M.; Panke, S.; Ward,
T. R; Jeschek, M. Systematic Engineering of Artificial Metal-
loenzymes for New-to-Nature Reactions. Science Advances 2021, 7
(4), No. eabe4208.

(61) Siegel, J. B.; Smith, A. L.; Poust, S.; Wargacki, A. J.; Bar-Even,
A.; Louw, C.; Shen, B. W,; Eiben, C. B,; Tran, H. M,; Noor, E,;
Gallaher, J. L,; Bale, J; Yoshikuni, Y.; Gelb, M. H,; Keasling, J. D.;
Stoddard, B. L.; Lidstrom, M. E.; Baker, D. Computational Protein
Design Enables a Novel One-Carbon Assimilation Pathway. Proc.
Natl. Acad. Sci. U. S. A. 2015, 112 (12), 3704—3709.

(62) Nattermann, M.; Wenk, S.; Pfister, P.; He, H.; Lee, S. H,;
Szymanski, W.; Guntermann, N.; Zhu, F.; Nickel, L; Wallner, C,;
Zarzycki, J.; Paczia, N.; Gaiflert, N.; Francio, G. Leitner, W,;
Gonzalez, R.; Erb, T. J. Engineering a New-to-Nature Cascade for
Phosphate-Dependent Formate to Formaldehyde Conversion in Vitro
and in Vivo. Nat. Commun. 2023, 14 (1), 2682.

(63) Oehlmann, N. N.; Schmidt, F. V.; Herzog, M.; Goldman, A. L;
Rebelein, J. G. The Iron Nitrogenase Reduces Carbon Dioxide to
Formate and Methane under Physiological Conditions: A Route to
Feedstock Chemicals. Science Advances 2024, 10 (33), No. eado7729.

(64) Chou, A; Lee, S. H.; Zhy, F.; Clomburg, ]. M.; Gonzalez, R. An
Orthogonal Metabolic Framework for One-Carbon Utilization. Nat.
Metab 2021, 3 (10), 1385—1399.

(65) Dronsella, B.; Orsi, E.; Benito-Vaquerizo, S.; Glatter, T.; Bar-
Even, A; Erb, T. J; Claassens, N. J. Engineered Synthetic One-
Carbon Fixation Exceeds Yield of the Calvin Cycle. bioRxiv 2022,
2022.10.19.512895S.

(66) Bar-Even, A. Daring Metabolic Designs for Enhanced Plant
Carbon Fixation. Plant Science 2018, 273, 71—83.

(67) McLean, R.; Schwander, T.; Diehl, C.; Cortina, N. S.; Paczia,
N.; Zarzycki, J.; Erb, T. J. Exploring Alternative Pathways for the in
Vitro Establishment of the HOPAC Cycle for Synthetic CO2
Fixation. Science Advances 2023, 9 (24), No. eadh4299.

(68) Luo, S.; Lin, P. P.; Nieh, L.-Y.; Liao, G.-B.; Tang, P.-W.; Chen,
C.; Liao, J. C. A Cell-Free Self-Replenishing CO2-Fixing System. Nat.
Catal 2022, 5 (2), 154—162.

(69) Zou, Y.; Bailey, C. B. Cofactor Recycling Strategies for
Secondary Metabolite Production in Cell-Free Protein Expression
Systems. Biophys Rev. 2024, 16, 591.

(70) Black, W. B.; Li, H. Cell-Free Noncanonical Redox
CofactorNoncanonical Redox Cofactors Systems. In Cell-Free Gene
Expression: Methods and Protocols; Karim, A. S., Jewett, M. C., Eds,;
Springer US: New York, NY, 2022; pp 185—198. DOI: 10.1007/978-
1-0716-1998-8 11.

(71) Lee, K. Y.; Park, S.-J.; Lee, K. A.; Kim, S.-H.; Kim, H.; Meroz,
Y.; Mahadevan, L,; Jung, K-H,; Ahn, T. K; Parker, K. K; Shin, K.
Photosynthetic Artificial Organelles Sustain and Control ATP-
Dependent Reactions in a Protocellular System. Nat. Biotechnol.
2018, 36 (6), 530—535.

(72) Berhanu, S.; Ueda, T.; Kuruma, Y. Artificial Photosynthetic Cell
Producing Energy for Protein Synthesis. Nat. Commun. 2019, 10 (1),
1328.

(73) Miller, T. E.; Beneyton, T.; Schwander, T.; Diehl, C.; Girault,
M.; McLean, R.; Chotel, T.; Claus, P.; Cortina, N. S.; Baret, J.-C.; Erb,
T. J. Light-Powered CO2 Fixation in a Chloroplast Mimic with
Natural and Synthetic Parts. Science 2020, 368 (6491), 649—654.

(74) Martin, W. F.; Bryant, D. A; Beatty, J. T. A Physiological
Perspective on the Origin and Evolution of Photosynthesis. FEMS
Microbiology Reviews 2018, 42 (2), 205—231.

(75) Nowicka, B.; Kruk, J. Powered by Light: Phototrophy and
Photosynthesis in Prokaryotes and Its Evolution. Microbiological
Research 2016, 186—187, 99—118.

(76) Claassens, N. J.; Cotton, C. A. R; Kopljar, D.; Bar-Even, A.
Making Quantitative Sense of Electromicrobial Production. Nat. Catal
2019, 2 (5), 437—447.

322

(77) Rabaey, K; Rozendal, R. A. Microbial Electrosynthesis —
Revisiting the Electrical Route for Microbial Production. Nat. Rev.
Microbiol 2010, 8 (10), 706—716.

(78) Castaneda-Losada, L.; Adam, D.; Paczia, N.; Buesen, D,
Steffler, F.; Sieber, V.; Erb, T. J.; Richter, M.; Plumeré, N.
Bioelectrocatalytic Cofactor Regeneration Coupled to CO2 Fixation
in a Redox-Active Hydrogel for Stereoselective C—C Bond
Formation. Angew. Chem., Int. Ed. 2021, 60 (38), 21056—21061.

(79) Luo, S.; Adam, D.; Giaveri, S.; Barthel, S.; Cestellos-Blanco, S.;
Hege, D.; Paczia, N.; Castafieda-Losada, L.; Klose, M.; Arndt, F.;
Heider, J.; Erb, T. J. ATP Production from Electricity with a New-to-
Nature Electrobiological Module. Joule 2023, 7 (8), 1745—1758.

(80) Melinek, B. J.; Tuck, J.; Probert, P.; Branton, H.; Bracewell, D.
G. Designing of an Extract Production Protocol for Industrial
Application of Cell-Free Protein Synthesis Technology: Building from
a Current Best Practice to a Quality by Design Approach. Engineering
Biology 2023, 7 (1—4), 1-17.

(81) Rasor, B. J; Yi, X; Brown, H; Alper, H. S.; Jewett, M. C. An
Integrated in Vivo/in Vitro Framework to Enhance Cell-Free
Biosynthesis with Metabolically Rewired Yeast Extracts. Nat.
Commun. 2021, 12 (1), 5139.

(82) Sutiono, S.; Zachos, 1; Paschalidis, L.; Pick, A.; Burger, J;
Sieber, V. Biocatalytic Production of 1,2,4-Butanetriol beyond a Titer
of 100 g/L: Boosting by Intermediates. ACS Sustainable Chem. Eng.
2023, 11 (17), 6592—6599.

(83) Lavickova, B.; Laohakunakorn, N.; Maerkl, S. J. A Partially Self-
Regenerating Synthetic Cell. Nat. Commun. 2020, 11 (1), 6340.

(84) Hwang, S.-W.; Kim, M,; Liu, A. P. Towards Synthetic Cells
with Self-Producing Energy. ChemPlusChem. 2024, No. e¢202400138.

(85) Rasor, B. J; Chirania, P.; Rybnicky, G. A,; Giannone, R. J;
Engle, N. L.; Tschaplinski, T. J.; Karim, A. S.; Hettich, R. L.; Jewett,
M. C. Mechanistic Insights into Cell-Free Gene Expression through
an Integrated -Omics Analysis of Extract Processing Methods. ACS
Synth. Biol. 2023, 12 (2), 405—418.

(86) Borkowski, O.; Koch, M.; Zettor, A.; Pandi, A.; Batista, A. C.;
Soudier, P.; Faulon, J.-L. Large Scale Active-Learning-Guided
Exploration for in Vitro Protein Production Optimization. Nat.
Commun. 2020, 11 (1), 1872.

(87) Seo, E.; Choi, Y.-N.; Shin, Y. R;; Kim, D.; Lee, J. W. Design of
Synthetic Promoters for Cyanobacteria with Generative Deep-
Learning Model. Nucleic Acids Res. 2023, 51 (13), 7071—7082.

(88) Moore, S. J.; MacDonald, J. T.; Wienecke, S.; Ishwarbhai, A.;
Tsipa, A,; Aw, R.; Kylilis, N.; Bell, D. J.; McClymont, D. W.; Jensen,
K.; Polizzi, K. M.; Biedendieck, R.; Freemont, P. S. Rapid Acquisition
and Model-Based Analysis of Cell-Free Transcription—Translation
Reactions from Nonmodel Bacteria. Proc. Natl. Acad. Sci. U. S. A.
2018, 115 (19), E4340—E4349.

(89) Spice, A. J.; Aw, R.; Bracewell, D. G.; Polizzi, K. M. Improving
the Reaction Mix of a Pichia Pastoris Cell-Free System Using a Design
of Experiments Approach to Minimise Experimental Effort. Synthetic
and Systems Biotechnology 2020, S (3), 137—144.

(90) Rapp, J. T.; Bremer, B. J; Romero, P. A. Self-Driving
Laboratories to Autonomously Navigate the Protein Fitness Land-
scape. Nat. Chem. Eng. 2024, 1 (1), 97—107.

(91) Martin, H. G.; Radivojevic, T.; Zucker, J; Bouchard, K;
Sustarich, J.; Peisert, S.; Arnold, D.; Hillson, N.; Babnigg, G.; Marti, J.
M.,; Mungall, C. J.; Beckham, G. T.; Waldburger, L.; Carothers, J;
Sundaram, S.; Agarwal, D.; Simmons, B. A.; Backman, T.; Banerjee,
D.; Tanjore, D.; Ramakrishnan, L.; Singh, A. Perspectives for Self-
Driving Labs in Synthetic Biology. Curr. Opin. Biotechnol. 2023, 79,
No. 102881.

(92) Yurchenko, A.; Ozkul, G.; van Riel, N. A. W.; van Hest, J. C.
M,; de Greef, T. F. A. Mechanism-Based and Data-Driven Modeling
in Cell-Free Synthetic Biology. Chem. Commun. 2024, 60 (51), 6466—
6475.

https://doi.org/10.1021/acssynbio.4c00729
ACS Synth. Biol. 2025, 14, 316—322


https://doi.org/10.1038/s41557-020-00628-4
https://doi.org/10.1038/s41557-020-00628-4
https://doi.org/10.1126/sciadv.abe4208
https://doi.org/10.1126/sciadv.abe4208
https://doi.org/10.1073/pnas.1500545112
https://doi.org/10.1073/pnas.1500545112
https://doi.org/10.1038/s41467-023-38072-w
https://doi.org/10.1038/s41467-023-38072-w
https://doi.org/10.1038/s41467-023-38072-w
https://doi.org/10.1126/sciadv.ado7729
https://doi.org/10.1126/sciadv.ado7729
https://doi.org/10.1126/sciadv.ado7729
https://doi.org/10.1038/s42255-021-00453-0
https://doi.org/10.1038/s42255-021-00453-0
https://doi.org/10.1101/2022.10.19.512895
https://doi.org/10.1101/2022.10.19.512895
https://doi.org/10.1016/j.plantsci.2017.12.007
https://doi.org/10.1016/j.plantsci.2017.12.007
https://doi.org/10.1126/sciadv.adh4299
https://doi.org/10.1126/sciadv.adh4299
https://doi.org/10.1126/sciadv.adh4299
https://doi.org/10.1038/s41929-022-00746-x
https://doi.org/10.1007/s12551-024-01234-1
https://doi.org/10.1007/s12551-024-01234-1
https://doi.org/10.1007/s12551-024-01234-1
https://doi.org/10.1007/978-1-0716-1998-8_11
https://doi.org/10.1007/978-1-0716-1998-8_11
https://doi.org/10.1007/978-1-0716-1998-8_11?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-1-0716-1998-8_11?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nbt.4140
https://doi.org/10.1038/nbt.4140
https://doi.org/10.1038/s41467-019-09147-4
https://doi.org/10.1038/s41467-019-09147-4
https://doi.org/10.1126/science.aaz6802
https://doi.org/10.1126/science.aaz6802
https://doi.org/10.1093/femsre/fux056
https://doi.org/10.1093/femsre/fux056
https://doi.org/10.1016/j.micres.2016.04.001
https://doi.org/10.1016/j.micres.2016.04.001
https://doi.org/10.1038/s41929-019-0272-0
https://doi.org/10.1038/nrmicro2422
https://doi.org/10.1038/nrmicro2422
https://doi.org/10.1002/anie.202103634
https://doi.org/10.1002/anie.202103634
https://doi.org/10.1002/anie.202103634
https://doi.org/10.1016/j.joule.2023.07.012
https://doi.org/10.1016/j.joule.2023.07.012
https://doi.org/10.1049/enb2.12029
https://doi.org/10.1049/enb2.12029
https://doi.org/10.1049/enb2.12029
https://doi.org/10.1038/s41467-021-25233-y
https://doi.org/10.1038/s41467-021-25233-y
https://doi.org/10.1038/s41467-021-25233-y
https://doi.org/10.1021/acssuschemeng.2c07418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.2c07418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-20180-6
https://doi.org/10.1038/s41467-020-20180-6
https://doi.org/10.1002/cplu.202400138
https://doi.org/10.1002/cplu.202400138
https://doi.org/10.1021/acssynbio.2c00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssynbio.2c00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-15798-5
https://doi.org/10.1038/s41467-020-15798-5
https://doi.org/10.1093/nar/gkad451
https://doi.org/10.1093/nar/gkad451
https://doi.org/10.1093/nar/gkad451
https://doi.org/10.1073/pnas.1715806115
https://doi.org/10.1073/pnas.1715806115
https://doi.org/10.1073/pnas.1715806115
https://doi.org/10.1016/j.synbio.2020.06.003
https://doi.org/10.1016/j.synbio.2020.06.003
https://doi.org/10.1016/j.synbio.2020.06.003
https://doi.org/10.1038/s44286-023-00002-4
https://doi.org/10.1038/s44286-023-00002-4
https://doi.org/10.1038/s44286-023-00002-4
https://doi.org/10.1016/j.copbio.2022.102881
https://doi.org/10.1016/j.copbio.2022.102881
https://doi.org/10.1039/D4CC01289E
https://doi.org/10.1039/D4CC01289E
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.4c00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

