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eLife Assessment

The study presents valuable findings of an optimized E. coli cell-free protein synthesis
(eCFPS) system that has been simplified by reducing the number of core components
from 35 to 7; furthermore, the findings communicate a simplified 'fast lysate' preparation
that eliminates the need for traditional runoff and dialysis steps. It is interesting that the
system's robustness is exhibited by its applicability to nanoluc, a protein that expresses
readily in many systems, to more challenging proteins like the functional self-assembling
vimentin and the active restriction endonuclease Bsal. Despite the study representing an
advancement towards simplifying protein expression workflows, the evidence supporting
some of the claims remains incomplete: performance or efficiency claims of the new
system needs to be supported by comparisons with typical cell free expression systems.
Despite this shortcoming, the paper remains of interest to scientists in cell and molecular
biology, microbiology, biotechnology and protein synthesis.

https://doi.org/10.7554/eLife.109495.2.sa4

Abstract

Cell-free protein synthesis (CFPS) systems are a powerful platform with immense potential in
fundamental research, biotechnology, and synthetic biology. Conventional prokaryotic CFPS
systems, particularly those derived from Escherichia coli (E. coli), often rely on complex reaction
buffers containing up to thirty-five components, limiting their widespread adoption and
systematic optimization. Here, we present an optimized E. coli cell-free protein synthesis (eCFPS)
system, which is significantly streamlined for high efficiency. Through systematic screening, we
successfully reduced the essential core reaction components from 35 to a core set of 7. The
thorough optimization of these seven key components ensured that protein expression levels were
not only maintained but even substantially improved. Furthermore, we developed a much simpler
procedure for preparing the bacterial cytosolic extracts, a “fast lysate” protocol that eliminates the
traditional time-consuming runoff and dialysis steps, thereby enhancing the overall accessibility
and robustness of eCFPS. This optimized and user-friendly eCFPS efficiently synthesizes
challenging proteins, including functional, self-assembling vimentin, and active restriction
endonuclease Bsal despite its strong cytotoxicity, and serves as a powerful tool that will facilitate
diverse applications in basic life science research and beyond.

Introduction

Cell-free protein synthesis (CFPS) offers a powerful and flexible platform for biological research
and biotechnological applications by reproducing the cellular protein synthesis process in an in
vitro environment.:2, Compared to traditional cell-based expression systems, CFPS possesses

several notable advantages, including rapid reaction kinetics, ease of operation, independence
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from cell culture, high tolerance to toxic proteins, and facile incorporation of non-canonical amino
acids>™2. These characteristics position CFPS for broad applications in protein engineering, high-
throughput screening, synthetic biology, and diagnostic reagent development®..

Prokaryotic CFPS systems, especially those based on E. coli lysates, have garnered significant
attention for their high protein synthesis yields and compatibility with genetic manipulations®='3.
They have played a pivotal role in early molecular biology research and continue to be relevant in
industrial protein production and biosensor development.-*~%. However, for a long time, most
prokaryotic CFPS protocols have relied on complex buffer systems containing a large number of
auxiliary components’/!%, A comprehensive analysis of existing literature reveals that the
composition of reaction buffers differs widely between protocols, both in the number of optional
components and in the concentrations of individual components (Table S1). These complex
systems, while effective, often lead to high costs, laborious preparation procedures, and potential
interactions among components, posing significant challenges for further optimization and
standardization, thereby limiting their widespread adoption in resource-constrained laboratories.
In recent years, the field of eukaryotic CFPS has seen remarkable progress in system optimization
and simplification!%:2%. Highly optimized human in vitro translation systems have demonstrated
that high-efficiency protein synthesis can be achieved with a minimal number of core
components!?. Recognizing the potential of such systematic optimization approaches, we
hypothesized that similar strategies could be equally applicable and beneficial for E. coli CFPS
systems by thoroughly analyzing the functions of existing components and integrating insights
from previous reports on prokaryotic protein synthesis mechanisms. This study aimed to develop
a highly simplified yet efficient E. coli cell-free protein synthesis system (eCFPS). We conducted a
systematic component reduction screening of traditional eCFPS systems, successfully streamlining
the core components from thirty-five to just seven. The subsequent meticulous optimization of
these seven key components not only maintained but even improved protein expression levels.
Through these dual efforts—simplifying the reaction mixture and developing a high-quality,
dialysis-free “fast lysate” preparation—we established a highly accessible and robust eCFPS
platform which will accelerate diverse applications in life science research.

Results

Streamlining eCFPS: removal of dispensable components

To develop a more streamlined and efficient eCFPS system, we performed a systematic screening
of auxiliary components commonly found in traditional prokaryotic CFPS protocols.”2.. Our
objective was to identify dispensable components while maintaining or enhancing protein
synthesis efficiency, thereby simplifying system preparation and reducing costs. Starting with a
comprehensive reaction mixture containing up to thirty-five components.’, we iteratively
evaluated the contribution of individual constituents through luciferase reporter assays.
Throughout this optimization, essential core components such as creatine phosphate (CrP),
creatine kinase (CrK), ATP, GTP, magnesium, and potassium were maintained in the base reaction
mixture>2!2, our systematic approach allowed us to precisely determine the impact of each
component on overall protein synthesis yield, leading to the identification of both dispensable and
critical factors.

Through this systematic screening, we first identified several components that could be entirely
removed from the reaction mixture without compromising protein synthesis efficiency (Figure

translation systems to maintain protein sulfhydryl groups in a reduced state and prevent
aggregation, was found to be unnecessary within our specific system, as its removal did not affect

the final protein expression levels (Figure 1A2). Similarly, cyclic adenosine 3',5-monophosphate
(cAMP), a regulator implicated in transcriptional regulation%=2%, was also found to be dispensable

for efficient protein synthesis (Figure 1B ). Furthermore, we systematically evaluated other

auxiliary components, includiﬂé.iﬂgmrﬂai‘e"gular crowder polyethylene glycol 8000 (PEG8000), used

to enhance macromolecular crowdingZ>~2%; ammonium ions (NH, "), typically included as an
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osmolyte and for its role in maintaining protein stability and solubility in eCFPS reactions?’=3;
and folinic acid, which serves as a crucial cofactor for nucleotide synthesiss.’.%i Our results
consistently showed that removing these components had a negligible impact on overall protein
synthesis performance (Figure 1C-E(%). These findings collectively demonstrate that a substantial

portion of the auxiliary components in traditional eCFPS protocols can be eliminated, paving the
way for a more streamlined and cost-effective system.

An evaluation of various concentrations of amino acids and tRNA was conducted, as these
components are fundamental building blocks for protein synthesis>+=2. Previous studies on eCFPS
have highlighted the rapid degradation of certain amino acids, such as arginine, cysteine, and
tryptophan, necessitating their replenishment for prolonged synthesis%.?.’.??.g.. Our results showed
that while these components are critical for achieving high yields, protein synthesis still occurs in
are not strictly essential for the reaction to proceed, likely due to residual amounts within the cell
lysate (Figure 1F-G (2). Furthermore, we evaluated the role of nucleoside triphosphates (NTPs) in
our system, which are essential for coupled transcription-translation. Interestingly, we found that
protein synthesis could proceed without the addition of CTP or UTP (Figure 1H-IZ and Figure S1).
While adding either ATP or GTP alone resulted in a very weak reaction, the presence of both ATP
and GTP together recovered the reaction to approximately 40% of the complete NTPs mix (Figure
S1B-C). This highlights the critical role for ATPase-dependent chaperones (e.g., DnaK) and GTPase-

dependent elongation factors (e.g., EF-Tu and EF-G)2, which are crucial for proper protein folding

during synthesis’.

Ultimately, this comprehensive screening allowed us to successfully reduce the core reaction

Optimization of essential eCFPS components

While a core set of seven components was found to be sufficient for protein synthesis, we
conducted further fine-tuning to maximize the system’s performance. First, we optimized the

@). Our findings reveal that the final
protein expression level is highly dependent on the concentrations of both magnesium (Mg?*) and
potassium ions (K*), which are fundamental for the structural integrity and catalytic activity of
ribosomes, and various enzymatic reactions critical to eCFPS*-%2. Through a detailed matrix-based
optimization, we first identified the optimal concentrations of Mg?* and K" to achieve maximum
protein expression (Figure 2A(2). Similarly, we conducted a separate screen to optimize the

A comprehensive evaluation of the core energy components was also performed. We specifically
focused on co-optimizing the concentrations of ATP and GTP, which serve as both energy sources
the energy regeneration system, primarily composed of CrP and CrK, is vital for maintaining
sustained ATP levels%4/. We found that CrP is crucial, with no reaction occurring in its absence
(Figure S2A). Initial experiments showed that while CrK addition significantly boosted translation
efficiency early on, reactions without exogenous CrK could achieve a protein expression level
approximately four times higher at later time points (2 hours or more), suggesting the presence of
an endogenous CrK-like enzyme in the lysate (Figure S2B). A co-optimization screen for CrP and
CrK concentrations was also performed, and our results showed that optimizing the
concentrations of these components is critical for achieving and sustaining high protein
expression (Figure 2D@). Furthermore, we optimized the pH and concentration of the HEPES

ideal concentration, leading to a synergistic effect that significantly boosted the system’s overall
performance.
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Figure 1. Optimization of eCFPS components.

Protein expression levels from the eCFPS system were measured using an Nanoluciferase (NLuc) reporter DNA. Green area in
the graphs indicate the common concentration range used in published protocols for eCFPS. Error bars represent the

standard error (SE) of at least three independent reactions. (A-E) Protein expression levels of the eCFPS system

supplemented with different concentrations of DTT (A), cCAMP (B), PEG8000 (C), NH," (D), and folinic acid (E). (F-I) Protein
expression levels of eCFPS with various concentrations of tRNA (F), amino acids (G), CTP (H) and UTP (I). (J) A summary of the
supplement components before and after optimization.
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Figure 2. Optimization of essential components for eCFPS system.

(A) Protein expression levels of the eCFPS system measured at varying concentrations of KGlu and MgGlus. (B) Protein
expression levels of the eCFPS system measured at varying concentrations of MgGlu, and PEG8000. (C) Protein expression
levels of the eCFPS system measured at varying concentrations of ATP and GTP. (D) Protein expression levels of the eCFPS
system measured at varying concentrations of CrK and CrP. (E) Protein expression levels of the eCFPS system measured at
varying pH and buffer concentrations. Data from all panels present mean + SE, n = 3.
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Performance characterization of the optimized eCFPS

To thoroughly evaluate the performance of our optimized eCFPS, we conducted a series of
experiments. We first investigated the kinetics of protein synthesis measuring the expression over
time at different temperatures (25°C, 30°C, and 37°C). Our results demonstrate that the system
exhibits robust protein synthesis across this range, with the highest expression rates observed at
the physiological temperature of 37°C (Fig ?). Next, we assessed the system’s sensitivity to
DNA concentration, finding that it could e ly utilize a wide range of reporter DNA templates
to produce quantifiable protein products, which were validated by both luminescence assays and
western blot analysis (Figure 3B(3). Furthermore, we investigated the impact of varying cell lysate

volume ratios, comparing our initial system with the newly optimized eCFPS. Our findings indicate
that the optimized system maintains superior protein expression even at different lysate-to-buffer

To distinguish whether the increased protein expression in the optimized system was due to
enhanced transcription or translation, we conducted assays using both DNA and pre-transcribed
mRNA templates. The results (Figure S4) indicate that while the translation efficiency in the
streamlined system showed a slight decrease compared to the initial system, the significant
improvement in transcription efficiency resulted in a higher overall protein yield when using DNA
templates. This demonstrates that the net performance gain of the optimized eCFPS is primarily
driven by enhanced transcription, which more than compensates for the reduction in
translational output.

Comparative analysis of energy regeneration systems and
expression of challenging proteins

To validate the efficacy of our optimized eCFPS, we benchmarked its performance against two
widely used systems: the classical Phosphoenolpyruvate (PEP)-based energy system, a common
alternative for ATP regeneration >/, and an initial CrP/CrK-based system (Figure 4(2). We utilized
NLuc, representing a broadly applicable protein, and super-folder green fluorescent protein
(sfGFP), with codons optimized for E. coli as reporter proteins and monitored their expression

over time (Figure 4A-B (2, Figure S3A). Our results show that the optimized eCFPS consistently

confirmed by western blot analysis, which provided clear visual evidence of the superior protein
yield from our optimized system (Figure 4C-D (%, Figure S3B-C). Finally, we validated the function
of our system through antibiotic-mediated inhibition assays. Our results demonstrate that protein
expression in the optimized eCFPS can be effectively inhibited by standard antibiotics, confirming

its robust and native-like translation machinery (Figure S3D).

To further validate the system’s capability in synthesizing challenging, functional proteins, we
focused on the restriction endonuclease Bsal (Figure 4E-F (3). Restriction endonucleases like Bsal
are notoriously difficult to express in vivo due to their specific DNA-cleaving activity, which is
highly cytotoxic to the host E. coli cells. Traditional recombinant expression requires the
compulsory co-expression of a corresponding methylase to protect the host genome, adding
significant complexity to the system”>%?. Leveraging the inherent cell-free advantage of
circumventing cytotoxicity, we first demonstrated the system’s utility by synthesizing the
restriction endonuclease Bsal>>, confirming its specific enzymatic activity via a DNA cleavage

assay, which underscores the system’s ability to produce complex, functional enzymes (Figure 4E-

digests 1 pg of substrate DNA in 20 pL at 37°C in 1 h), we calculated the enzyme activity of our
eCFPS-produced Bsal to be in the range of 2x10% ~ 2x10% U/mg (Figure 4F%). The efficient

production of this active enzyme demonstrates the power of our simplified system for producing
complex, cytotoxic proteins.
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Figure 3. Characterization of the optimized eCFPS system.

(A) Kinetics of protein synthesis at 25°C, 30°C and 37°C over a 60-minute period. Data present mean + SE, n = 3. (B) Protein
expression levels of the eCFPS system measured at varying DNA concentrations for a reporter encoding a FLAG-tagged NLuc.
The protein product was quantified via a luminescence assay and confirmed by western blotting. Data present mean + SE, n =
3. (€C) Comparison of protein yield. The ‘initial’ system denotes the traditional 35-component reaction mixture prior to
optimization, serving as a baseline control for benchmarking the streamlined system. Data present mean + SE, n = 4.
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Figure 4. Benchmarking the optimized eCFPS system with different DNA templates.

(A) NLuc protein expression kinetics over time, comparing the PEP-based, initial CrP/CrK-based, and optimized CrP/CrK-based
energy regeneration systems. Data present mean * SE, n = 4. (B) sfGFP protein expression kinetics over time from the three
energy regeneration systems. Data present mean + SE, n = 3. (C-D) Western blot validation of protein expression for NLuc (C)
and sfGFP (D) from the different eCFPS system shown in (A-B). Protein products were detected using an anti-FLAG antibody.
The asterisk (*) indicates a non-specific band. (E) Western blot detection of His-FLAG-Bsal expressed by the optimized eCFPS
system using an anti-FLAG antibody. (F) Agarose gel electrophoresis confirming the functional activity of eCFPS-synthesized
Bsal via cleavage of a substrate plasmid. A 10-fold serial dilution of Bsal was with 1x representing 0.05 mg/mL. NC (negative
control) indicates no plasmid in the eCFPS reaction. S, L, and O indicate the respective position of the supercoiled, linear, and
open circular forms of the plasmid. (G) Western blot analysis of vimentin expressed by the optimized eCFPS system using an
anti-vimentin antibody. (H) Negative-stain electron microscopy image showing that vimentin expressed via eCFPS can
successfully self-assemble into filaments in vitro.
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Vimentin is a type III intermediate filament protein that forms part of the cytoskeleton.ﬁl. Itis
known to be difficult to express and handle due to its high propensity for aggregation. Our eCFPS

confirmed by negative-stain electron microscopy, confirming the system’s robust performance
even for difficult-to-express, aggregation-prone proteins (Figure 4E-H(®).

A simplified method for bacterial lysate preparation and quality
control

In addition to optimizing the reaction buffer, we sought to simplify the entire eCFPS procedure by
developing an easy-to-use method for preparing the bacterial cell lysate. During lysate making,
traditional methods, which often rely on time-consuming runoff and dialysis procedures? -, were
replaced with a high-pressure homogenizer for efficient cell disruption, eliminating the need for

additional dialysis. Compared to traditional biochemical methods such as ultrasonication,

exogenous addition, simplifying preparation and reducing costs while maintaining high
translation efficiency (Figure 5A (4). We validated this new “fast lysate” preparation by rigorous
quality control. We tested lysates prepared from cells harvested at various optical densities at 600
nm (ODgqg). While the density did not significantly impact protein expression levels, a harvest
particularly the integrity of its translational machinery, was further confirmed by sucrose gradient
centrifugation (Figure S4A) and negative-staining transmission electron microscopy (TEM) images

(Figure S4B) showing well-resolved 70S ribosomes.

To further simplify the protocol, we evaluated the necessity of the traditional runoff and dialysis
steps®. (Figure 5A(2). Our results from sucrose gradient analysis and TEM imaging confirmed that
ribosomes remained intact, and the eCFPS expression signal was significantly higher without them
(Figure 5C-D (4, Figure S4B). These findings confirm that both the runoff and dialysis steps are
dispensable for our system, allowing for a significantly simplified and faster preparation.
Additionally, our reliance on endogenously expressed T7 RNA polymerase yields a significantly

higher expression signal, outperforming previously reported eCFPS systems by up to four-fold

Our optimized lysate preparation method yielded highly active and stable extracts. It is capable of
sustaining protein synthesis for up to 120 minutes (Figure S4C) and maintains protein synthesis
efficiency even after multiple freeze-thaw cycles, making it highly suitable for routine laboratory
use (Figure 5SE@).

Discussion

In this study, we successfully developed a highly streamlined and efficient eCFPS system. By
systematically eliminating dispensable components from traditional protocols, we reduced the
complexity of the reaction mixture from thirty-five to a core set of just seven components. This
simplification represents a significant advancement over conventional systems by not only
drastically lowering the cost and effort of preparing the reaction buffer, but also by minimizing
potential inhibitory interactions between numerous auxiliary components, thereby making the
system more accessible for a wider range of researchers and laboratories.

The thorough optimization of the seven core components was a critical step in achieving high
protein expression levels. Our detailed screening of key factors like salts, energy components, and
buffer conditions revealed that precise concentrations are essential for optimal performance. The
synergistic effect of these optimized components was evident, particularly the energy source and
regeneration system, which is based on CrK coupled with CrP>/. A notable finding from our
optimization was the ability of our system to function effectively without certain components
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Figure 5. Preparation of eCFPS from cultured E. coli Cells.

(A) Flowchart of the eCFPS preparation procedures. (B) Comparison of reaction efficiency in eCFPS using lysate with bacteria
cells harvested at different optical density. Data present mean + SE, n = 3. (C) Sucrose gradient sedimentation analysis of
different lysates used for eCFPS, revealing the presence of ribosome monomers. (D) Comparison of protein expression levels
in eCFPS system using lysates prepared by runoff, dialysis, and rapid endogenous T7 RNA polymerase induction. Data present
mean + SE, n = 4. (E) Comparison of reaction efficiency in eCFPS using lysates after different numbers of freeze-thaw cycles.
Data present mean + SE, n = 3.
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traditionally considered essential. For example, the removal of DTT did not negatively impact
protein expression, suggesting that our lysate preparation procedure may maintain sufficient
reducing conditions or that the high expression levels are sufficiently rapid that protein
aggregation is not a major issue. Similarly, the system’s robust performance without exogenous
Arg, Cys, Trp, or CTP/UTP highlights a remarkable metabolic self-sufficiency. By omitting
traditional runoff and dialysis steps, our ‘fast lysate’ retains active endogenous enzymes capable of
synthesizing specific amino acids from residual precursors, such as deriving Cys and Trp from Ser,
and generating Asn and GIn from Asp and Glu>2. Furthermore, endogenous nucleotide metabolic
enzymes, powered by the CrP/CrK regeneration system, effectively convert residual pools into
functional CTP and UTP to support coupled transcription and translation. We also observed that
the protein synthesis signal was significantly higher without traditional runoff and dialysis steps,
strongly suggesting that these steps may inadvertently remove endogenous components essential
for efficient protein synthesis. The high activity of this “fast lysate,” which retains essential
endogenous components, is the key factor enabling the dramatic simplification of the reaction
buffer. This led to a significant improvement in protein synthesis yield compared to both classical
and initial systems.

The benchmarking experiments clearly demonstrated that our optimized eCFPS system provides
higher protein expression levels compared to these traditional systems while offering faster
kinetics, which is a key advantage for high-throughput applications. The successful production of
active Bsal restriction enzyme, a cytosolic toxic and difficult-to-express protein, and the functional
assembly of vimentin, a difficult-to-handle intermediate filament protein2., further validate the
superior robustness and translational quality of our optimized system beyond simple reporters
like Nluc. Comparative assays using DNA and mRNA templates (Figure S3) revealed that the
performance gain of the optimized eCFPS is primarily driven by significantly enhanced
transcription, which effectively compensates for a modest decrease in translational efficiency
compared to the initial system. This trade-off results in a higher net protein yield in standard DNA-
driven reactions.

Our simplified lysate preparation method, the novel “fast lysate” protocol which eliminates the
time-consuming runoff and dialysis steps, further distinguishes this work. We demonstrate that a
highly active lysate can be prepared rapidly using a high-pressure homogenizer, which enhances
the overall accessibility and robustness of our eCFPS system. The ability to use the lysate directly
after a single centrifugation step, coupled with the reliance on endogenous T7 RNA polymerase,
makes our protocol one of the most straightforward and rapid for producing high-quality eCFPS
lysates. This streamlined preparation procedure is a significant step toward making CFPS a more
routine and scalable tool for diverse applications.

Despite the high efficiency and robustness of our optimized eCFPS system, certain limitations must
be acknowledged. First, as a prokaryotic system derived from E. coli, it lacks the complex
eukaryotic chaperone systems (e.g., Hsp70/Hsp90 families) and post-translational modification
(PTM) machinery required for many human proteins.’. Consequently, proteins requiring specific
glycosylation, phosphorylation, or complex disulfide bond patterns may exhibit incomplete
folding or reduced biological activityl(.).. While we demonstrated that DTT is dispensable for the
functional expression of vimentin and Bsal, specialized cysteine-rich proteins may still require
exogenous reducing agents to prevent aggregation. Furthermore, while the ‘fast lysate’ protocol
significantly lowers the barrier to entry, the expression of certain membrane proteins will likely
still require the systematic screening of detergents or synthetic lipids to ensure proper integration

and stability.

In conclusion, our optimized and streamlined eCFPS system represents a significant advancement
in the field of prokaryotic cell-free protein synthesis. By drastically reducing the number of
reaction components and simplifying the lysate preparation procedure, we have created a highly
efficient, cost-effective, and user-friendly platform. This system is poised to accelerate
fundamental research and facilitate high-throughput protein engineering, compound screening,
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and diagnostic development. Future work will focus on further characterizing the endogenous
factors in the lysate that enable the high efficiency of our system and exploring its use in novel
synthetic biology applications.

Methods

Plasmid construction

All plasmids and primers used in this study are detailed in Table S2. The NLuc and sfGFP reporter
genes, each fused with a FLAG-tag, were cloned into a T7-driven expression vector. The sfGFP gene
was optimized for E. coli codon usage to ensure efficient translation. The vector backbone was
constructed using standard molecular biology techniques.

The Bsal linear DNA templates was constructed from three DNA fragments amplified by PCR. To
enhance template stability and mitigate nuclease degradation within the CFPS system,
approximately 300 bp sequences were incorporated upstream and downstream of the Bsal coding
sequence. The fragments encoding the T7 promoter/upstream sequence (Fragment 1) and the T7
terminator/downstream sequence (Fragment 2) were amplified from the pJL1 plasmid. Separately,
the gene fragment for the restriction endonuclease Bsal was amplified from the pUC_Bsal plasmid
(Fragment 3). These three fragments were subsequently fused using overlap PCR to generate the
final linear template, which was confirmed to lack the recognition sequence for the target Bsal
enzyme.

E. coli cell culture and lysate preparation

E. coli S30 cell lysate for CFPS was prepared using a simplified protocol adapted from a previously
reported method?. Briefly, E. coli BL21(DE3) was cultured in LB medium at 37°C with shaking.
Once the ODgq reached 0.8, endogenous T7 RNA polymerase expression was induced with 1 mM
IPTG. The culture was then grown for an additional 2 hours before being harvested (when the
ODgq reached 2-3). The cells were collected by centrifugation at 4000 g for 10 minutes at 4°C. The
cell pellet was washed with 5 volumes of cold S30 buffer (10 mM HEPES-KOH pH 7.5, 14 mM
Mg(OAc),, 60 mM KOACc) and then resuspended in S30 buffer at a ratio of 1 mL per gram of wet cell
paste. Cell lysis was performed using a high-pressure homogenizer at 800 bar for two passes. The
lysate was then clarified by centrifugation at 20,000 g for 10 minutes at 4°C, and the resulting
supernatant, designated as the “fast lysate”, was collected without subsequent runoff or dialysis
steps. This omission ensures maximal retention of endogenous components, contributing directly
to the observed system efficiency. Lysate quality control was assessed by (i) sucrose density
gradient analysis and negative-staining TEM to confirm the integrity of 70S ribosomes, and (ii)
functional testing by monitoring the synthesis and activity of the challenging restriction enzyme,
Bsal and vimentin. Finally, the fast lysate was aliquoted and flash-frozen in liquid nitrogen before
being stored at -80°C until use.

A step-by-step protocol is provided in the supplementary protocol.

eCFPS reactions for luciferase reporter assay

The optimized eCFPS reaction was performed in a 10 yL total volume containing the components
listed in Table S3 and Table S4. Plasmid of NLuc reporter gene was used as the template.

CFPS expression, protein purification and analysis

Protein expression levels were quantified using NLuc and sfGFP reporter systems. NLuc activity
was measured with the Nano-Glo luciferase assay system (Promega). Reaction mixtures were
diluted as specified in the source data to prevent signal saturation and then analyzed on a
microplate luminometer (BERTHOLD, Centro XS2 1B 960) to obtain the luminescence units as
described previously-.22. Relative Luciferase Units (RLU) were determined by normalizing the
raw luminescence intensity of each experimental group to that of a designated control group
(typically the ‘initial’ 35-component system). This normalization was performed by dividing the
absolute signal of the sample by the mean signal of the control, allowing for consistency across
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different experimental batches and measurement sessions. SEGFP fluorescence was used to
quantify protein synthesis following the methods reported.ﬁﬁ.. Briefly, 5 uL of the reaction mixture
was added to 195 pL of fluorescence assay buffer (20mM HEPES-KOH pH7.5, 100mM NaCl, 5mM
magnesium glutamate). Fluorescence was measured on a Cell Imaging Multimode Reader (BioTek,
Cytation 5) with an excitation wavelength of 485 nm and an emission wavelength of 528 nm.

Western blotting analysis was performed to confirm protein synthesis of the eCFPS reactions.
Synthesized proteins were detected using a primary anti-FLAG (Sigma, Cat#: M185-3L).
Chemiluminescence was detected using a Gel Imaging System (Tanon).

Preparation of a sfGFP standard curve

To establish a standard curve for the absolute quantification of sfGFP yield, E. coli BL21(DE3)
transformed with the pJL1-sfGFP plasmid was inoculated into 5 mL of LB medium containing
kanamycin and cultured overnight. Cells were harvested by centrifugation (10,000 g, 5 min),
resuspended in lysis buffer (50 mM Tris-HCI pH 7.5, 300 mM NacCl), and disrupted using a high-
pressure homogenizer at 800 bar for two passes. The clarified supernatant (10,000 g, 20 min) was
purified via His-tag affinity chromatography, using 30 mM and 300 mM imidazole for washing and
elution, respectively, with purity confirmed by SDS-PAGE.

The purified sfGFP was quantified via an Enhanced BCA Protein Assay Kit (Beyotime) and serially
diluted in 50 mM HEPES buffer (pH 7.5) to concentrations ranging from 0.042 to 0.68 mg/mL.
Fluorescence was measured using a Cytation 5 Multi-Mode Microplate Reader (BioTek) at an
excitation of 485 nm and emission of 528 nm in flat-bottom 96-well half-area black plates. Each
dilution was tested in triplicate to generate a standard curve for converting fluorescence intensity
into absolute protein concentration (mg/mL).

Expression and purification of vimentin and Bsal

The gene for human vimentin (GenBank NP_003371.2) was sub-cloned into the pET507a vector for
expression. Bsal (4 mL reaction) and vimentin (1 mL reaction) proteins were synthesized using a
CFPS system. The core reaction mixture for both proteins consisted of 16 mM magnesium
glutamate, 250 mM potassium glutamate, 1.2 mM ATP, 2.4 mM GTP, 80 mM CrP, 125 pg/ml CrK, 13.3
ng/ul or 7.2 ng/ul DNA template, and 50% cell extract.

For Bsal purification, the 4 mL reaction mixture was centrifuged at 20,000 g, and the supernatant
was incubated with 600 pl of Ni beads for 1 h at 4°C. The beads were washed five times with 2 mL
of wash buffer (40 mM HEPES-KOH pH 7.5, 50 mM imidazole, 500 mM NaCl). Elution was
performed with 2 mL of elution buffer (40 mM HEPES-KOH pH 7.5, 500 mM imidazole, 500 mM
NaCl). The eluted Bsal was desalted using a column (desalting buffer: 40 mM HEPES-KOH pH 7.5,
500 mM NaCl, 1 mM DTT), concentrated to 1 mg/ml, and stored at -80°C in the presence of 10%
glycerol. Bsal enzymatic activity was validated in a 20 yL reaction containing 2 uL of 10x
rCutsmart (NEB), 2 pg of a substrate plasmid, and Bsal enzyme diluted in a 10-fold gradient. The
reaction was incubated at 37°C for 1 h and visualized via agarose gel electrophoresis.

Vimentin synthesis was carried out in a 5 mL nuclease-free tube with static incubation at 37°C for
13 h. The Bsal synthesis was performed in a 10 mL nuclease-free tube at 30°C with shaking at 150
rpm for 13 h.

Vimentin filament assembly

Vimentin, expressed via CFPS, was refolded and prepared for assembly through a multi-step
gradient dialysis protocol. The protein was dialyzed at room temperature in a buffer (5 mM
Tris-HCl pH 8.5, 1 mM EDTA, 0.1 mM EGTA, 5 mM B-ME) sequentially containing 6 M, 4 M, and 2 M
urea, with each step lasting 30 min. Subsequent overnight dialysis was performed at 4°C in the
same buffer lacking urea. The protein was finally dialyzed for 1 h at room temperature into 5 mM
Tris pH 8.5, 5 mM B-ME, ensuring the protein was in its tetramer configuration, after which the
sample was concentrated. To initiate filament assembly, 20 ul of the concentrated protein solution
was quickly mixed with 20 pl of assembly buffer (5 mM Tris pH 8.5, 170 mM NaCl, 100 mM KCL, 5
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mM MgCl,) in a 200 pl PCR tube. The assembly reaction was incubated for 1 h in a PCR
thermocycler preheated to 25°C before being immediately transferred to ice. Filament formation
was subsequently verified by negative-stain transmission electron microscopy.

Negative-staining transmission electron microscopy (TEM)

Samples from vimentin assembly, the TEM samples were prepared by negative staining. A glow-
discharged, carbon-coated copper grid was first rinsed with 3 L of protein buffer (5 mM Tris pH
8.5, 5 mM B-ME). Then, 3 pL of the assembled sample solution was incubated on the grid for 20s.
The sample was fixed using 3 pL of 0.8% glutaraldehyde solution for 20s. Finally, the grid was
stained twice with 3 pl of uranyl acetate solution, with each staining step lasting 90 s. Samples
were observed using a Talos F200C transmission electron microscope at a nominal magnification
of 92,000.

Samples from the SDG were prepared for TEM. Fresh, glow-discharged carbon-coated grids were
immersed in 3 yL of the corresponding sample for 2 minutes. Excess solvent was removed, and the
grids were stained with uranyl acetate for 1 minute and air dried.

Sucrose density gradient (SDG) analysis

A volume of 170-180 uL of lysate was loaded onto a 10%-40% (w/w) SDG. The gradient buffer
contained 10 mM HEPES-KOH (pH 7.5), 14 mM Mg(OAc),, 60 mM KOAc. The gradient was prepared
using a simple diffusion method (Biocomp) and centrifugation at 38,000 rpm for 2.5 hours at 4°C in
a Beckman SW41Ti rotor. Following centrifugation, the gradient was fractionated using a density
gradient fractionation system (Biocomp), with continuous monitoring of the absorbance at 260
nm.

Data availability

All data generated or analyzed during this study are included in the manuscript and the
supplementary information. Specifically, source data files have been provided for all figures, and
the optimized reaction components and concentrations are detailed in the main text and
Supplementary Tables. All plasmids and linear DNA templates used are described in the Methods
section.
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Peer reviews
Reviewer #1 (Public review):

Summary:

The authors presented a simplified E. coli cell-free protein synthesis (eCFPS) system reduces
core reaction components from 35 to 7, improving protein expression levels. They also
presented a "fast lysate" protocol that simplifies extract preparation, enhancing accessibility
and robustness for diverse applications.

Strengths:
The authors present a valuable new protocol for eCFPS, which simplifies its application.
Weaknesses:

The authors provide data for optimization but offer insufficient explanation of the
fundamental mechanisms underlying the phenomenon.

Comments on revisions:

The authors have adequately addressed the concerns raised by the reviewers. However, the
data added by the authors on this revision raised new concerns.

On page 17, lines 358-363, and Figure 3G, the authors compared the nLuc production of
mRNA-based and DNA-based reactions using initial and optimized lysates.

The authors concluded that the optimized system showed significant enhanced transcription,
which compensated for the decrease in translational efficiency. If this interpretation is
correct, the low yield of the initial system is simply due to the insufficient level of effective T7
RNA polymerase in the initial lysate. Supplementing the initial lysate with sufficient T7 RNA
polymerase could potentially make it outperform the optimized system, and the optimized
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system is not so much superior to the initial system in the protein production performance.
This could be easily verified by quantifying mRNA using the real-time PCR method in both the
initial and optimized systems.

https://doi.org/10.7554/eLife.109495.2.sa3

Reviewer #2 (Public review):

Summary:

The authors have made a convincing argument that the current system of in vitro translation
using E. coli extracts can be significantly optimized to work with much lesser components,
while maintaining activity. They have showcased their improved activity using not only
physical but also functional readouts.

Strengths:

The experiments are designed in a very logical and easy to understand manner, which makes
it easier not only to follow the paper, but also reproduce the results. Functional assays with
the synthesized proteins are a good way to demonstrate functionality and applicability of the
system.

Weaknesses:
The production of the lysate requires special instrumentation, limiting accessibility.
Comments on revisions:

Thank you, authors, for addressing the minor concerns outlined in my comments. I have no
further recommendations.

https://doi.org/10.7554/eLife.109495.2.sa2

Reviewer #3 (Public review):
Summary:

The authors aimed to overcome the challenges associated with complex, conventional
prokaryotic cell-free protein synthesis (CFPS) systems, which require up to thirty-five
components, by developing a streamlined and efficient E. coli CFPS platform to encourage
broader adoption. The main objective was to reduce the number of reaction components
from thirty-five to seven, while also developing an accessible 'fast lysate' preparation protocol
that eliminates time-consuming runoff and dialysis steps. The authors also sought to
demonstrate the robustness and translational quality of this streamlined system by efficiently
synthesising challenging functional proteins, including the cytotoxic restriction endonuclease
Bsal and the self-assembling intermediate filament protein vimentin.

Strengths:

This study presents several key strengths of the optimised E. coli cell-free protein synthesis
system in terms of its design, performance and accessibility.

- The reaction mixture has been dramatically simplified, with the number of essential core
components successfully reduced from up to thirty-five in conventional systems to just seven.

- The "fast lysate" protocol is a significant advance in terms of procedure.
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- The system's ability to synthesise challenging, functional proteins is evidence of its
robustness.

Weaknesses:
(1) Title: "A simplified and highly efficient cell-free protein synthesis system for prokaryotes".

- This title is misleading since one would expect a simplified and highly efficient cell-free
protein synthesis system to yield similar protein levels compared to current cell-free protein
synthesis systems. What this study shows is that the composition of cell-free protein synthesis
systems can be simplified while maintaining a certain level of protein synthesis. Here,
optimisation does not involve maintaining protein synthesis yield while simplifying the cell-
free protein synthesis system; rather, it involves developing a simplified cell-free protein
synthesis system. As mentioned in my comments below, this study lacks a comparison of
protein levels with a typical cell-free protein synthesis system.

- What do the authors mean by "highly efficient"? Highly efficient compared to what
experimental conditions? If one is interested by the yield of protein synthesis, is this
simplified system highly efficient compared to current systems?

(2) Figure 1, 3-5:
- What do relative luciferase units represent? How are these units calculated?

- In this system, the level of expression depends mainly on the level of NLuc transcripts and
the efficiency of NLuc translation. How did the authors ensure that the chemical composition
of the different eCFPS buffers only affected protein translation and not transcript levels? In
other words, are luciferase units solely an indicator of protein synthesis efficiency, or do they
also depend on transcription efficiency, which could vary depending on the experimental
conditions?

- How long were the eCFPS reactions allowed to proceed before performing the luciferase
activity measurement? Depending on the reaction time, the absence or presence of certain
compounds may or may not impact NLuc expression. For example, it can be assumed that
tRNA does not significantly affect NLuc levels over a short period of time, and that
endogenous tRNA in the lysate is present at sufficient concentrations. However, over a longer
period of time, the addition of tRNA could essential to achieve optimal NLuc levels.

- The authors show that tRNA and amino acids are not strictly essential for the expression of
NLuc, likely due to residual amounts within the cell lysate. However, are the protein levels
achieved without added amino acids and tRNA sufficient for biochemical assays that require
a certain amount of protein? It is important to note that the focus here is on optimising the
simplicity of the buffer rather than the level of protein expression. In fact, the simplicity of
the buffer is prioritised over the amount of protein produced. This should be made clear.

- How would the NLuc level compare if all the components were optimised individually and
present in an optimised buffer, compared to a buffer optimised for simplicity as described by
the authors?

(3) Line 71, Streamlining eCFPS: removal of dispensable components. This title is misleading
because it creates the false impression that proteins can be produced in vitro without the
addition of certain compounds. While this is true, the level of protein produced may not be
sufficient for subsequent biochemical analyses. This should be made clear.
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(4) Figure 2: In the legend, change "(A) Protein expression levels of the eCFPS system
measured at varying concentrations of KGlu and MgGlu2" to "(A) Protein expression levels of
the eCFPS system using an Nanoluciferase (NLuc) reporter DNA measured at varying
concentrations of KGlu and MgGlu2".

(5) Lanes 302-303: "The thorough optimization of the seven core components was a critical
step in achieving high protein expression levels". What are "high expression levels"?
Compared to what?

Comments on revisions:

The authors have adequately addressed the issues I had raised in my initial review.
https://doi.org/10.7554/eLife.109495.2.sa1

Author response:
The following is the authors’ response to the original reviews.
elife Assessment

The study presents valuable findings of an optimized E. coli cell-free protein synthesis
(eCFPS) system that has been simplified by reducing the number of core components
from 35 to 7; furthermore, the findings communicate a simplified 'fast lysate'
preparation that eliminates the need for traditional runoff and dialysis steps. This study
is an advance towards simplifying protein expression workflows, and the evidence
provided is solid, starting with nanoluc, a protein that expresses readily in many systems,
to applications to more challenging proteins like the functional self-assembling vimentin
and the active restriction endonuclease Bsal. Data on the underlying mechanisms and
efficiency of the presented system in terms of protein yield relative to other known cell-
free systems would greatly enhance the findings' significance and the strength of the
evidence. The paper remains of interest to scientists in microbiology, biotechnology and
protein synthesis.

We thank the editors for the positive assessment of our optimized E. coli cellfree protein
synthesis (eCFPS) system and the "fast lysate" preparation.

As suggested, we have significantly strengthened the evidence by adding:

(1) Mechanism data: We have integrated a detailed analysis of the endogenous metabolic
pathways (amino acids and nucleotides) into the Discussion section, supported by literature
(Prinz et al. 1997; Yokoyama et al. 2010; Kigawa et al. 1999).

(2) Efficiency comparisons: We have added quantitative comparisons of absolute protein
yields between our simplified 7-component system and the conventional 35-component
system (now in Figure S3 E-F), demonstrating that our system matches or exceeds traditional
titers.

Public Reviews:
Reviewer #1 (Public review):

The authors only provided the data for optimization, leaving the underlying mechanism
that explains the phenomena unexplained.

We appreciate this feedback. To address the mechanism of how protein synthesis persists
without exogenous additives, we have expanded the Discussion to explain how the "fast
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lysate" retains active endogenous enzymes. By omitting runoff and dialysis, our system
preserves the metabolic capacity to synthesize amino acids (e.g., Cys and Trp from Ser) and
nucleotides from residual precursors, as supported by the literature (Prinz et al. 1997;
Yokoyama et al. 2010; Kigawa et al. 1999).

Reviewer #2 (Public review):

The production of the lysate requires special instrumentation, limiting accessibility. While
the strengths of the study are well-emphasized, the limitations are not mentioned.

We thank the reviewer for this point. While a high-pressure homogenizer is common in many
molecular biology labs, we acknowledge it may be a barrier for some. We have now included
a dedicated Limitations paragraph in the Discussion addressing accessibility and the inherent
challenges of prokaryotic systems in producing complex human proteins requiring post-
translational modifications.

Reviewer #3 (Public review):

(1) Clarification on "highly efficient” and the lack of comparison with typical high-yield
systems.

We have clarified "highly efficient" as a holistic balance of high yield, robustness, and
simplified preparation. Crucially, we added absolute yield data (sfGFP standard curve) to
Figure S3E-F demonstrating that our 7-component system performs comparably to or better
than traditional high-yield protocols.

(2) How did the authors ensure chemical composition only affected translation and not
transcription?

This is a key distinction. We performed new experiments using pretranscribed mRNA
templates (Figure S3G) to isolate translational effects. While translation efficiency slightly
decreased in the simplified buffer, the overall protein yield increased significantly due to a
dramatic boost in transcription efficiency, confirming the system's net performance gain.

Recommendations for the authors:
Reviewer #1 (Recommendations for the authors):
There are specific concerns that need to be addressed:

(1) On page 4, lines 103-109, the authors speculate that protein synthesis persists even in
the absence of amino acids like arginine, cysteine, and tryptophan. They suggest that this
is likely due to residual amounts of these amino acids present in the cell lysate.
Yokoyama et al. demonstrated that these amino acids are generated from other amino
acids by endogenous amino acid metabolic enzymes in the cell lysate (J. Biomol. NMR 48,
193, (2010), doi: 10.1007/510858-010-9455-3.). Cysteine and tryptophan can be derived
from serine. In this context, asparagine and glutamine can be disregarded because they
are synthesized from aspartate and glutamate, respectively. A more indepth analysis is
required to interpret the results accurately.

We thank the reviewer for this insightful comment and for pointing us toward the relevant
literature. We agree that the persistence of protein synthesis in the absence of exogenous
amino acids like Arg, Cys, and Trp is driven by the robust metabolic capacity of our "fast
lysate.”

Unlike conventional protocols, our "fast lysate" procedure deliberately omits runoff and
dialysis steps, ensuring the maximal retention of active endogenous metabolic enzymes and
residual small-molecule pools. As demonstrated by Yokoyama et al. (2010), E. coli cell extracts
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retain functional enzymes capable of synthesizing acid-sensitive amino acids from
precursors or more stable amino acids. We have integrated a detailed mechanistic analysis of
these endogenous metabolic pathways into the Discussion section and have cited Yokoyama
et al. (2010) to support this interpretation.

(2) On page 4, lines 111-115, the authors demonstrated that protein synthesis could
occur even in the absence of CTP or UTP, provided ATP and GTP are present. This
phenomenon can also be attributed to the analogous complementary actions of
metabolic pathways.

We agree with the reviewer's assessment. The ability of the optimized eCFPS to function
without exogenous CTP/UTP relies on the same principle of endogenous metabolic conversion
mentioned above. The omission of dialysis ensures that the lysate retains not only residual
nucleotide pools but also the full suite of nucleotide metabolic enzymes. Powered by our
optimized energy regeneration system, these enzymes maintain sufficient levels of CTP and
UTP to support transcription and translation. This explanation has been added to the
Discussion section to clarify the robustness of our system.

(3) On Figure 3A, protein synthesis kinetics are presented in a stair plot instead of the
commonly used scatterplot. Is there a specific reason for choosing the stair plot?

We chose the stair plot representation to more clearly visualize the cumulative process of
protein synthesis and its stabilization over discrete time intervals. Given that sampling
occurred every 10 minutes, a stair plot effectively highlights the "plateau” phases and the
incremental nature of accumulation, which can sometimes be obscured by dense scatter
plots.

(4) On Figure 3C. 1t is unclear which system is referred to as the "initial" system in Figure
3C. Which data point on Figures 3A and 3B corresponds to this "initial" system?

We apologize for the lack of clarity. In Figure 3C, "initial" refers to the traditional 35-
component system prior to our streamlining process. Figures 3A and 3B characterize the
performance of the final optimized system alone. To resolve this ambiguity, we have updated
the legend for Figure 3 to explicitly define the "initial" system as the pre-optimization control.

(5) In Figure 5D, previously reported eCFPS and the system using "fast lysate" were
compared. The only difference between the two systems seems to be the type of lysate
used, according to the Supplementary table. Optimal concentrations for the components
are the same for both lysates, or is there still room for optimization for "fast lysate"?

The "fast lysate" primarily differs from conventional lysates in its preparation speed and the
retention of endogenous cofactors/enzymes. While the optimal salt and energy
concentrations remained consistent across both lysates in our tests, the "fast lysate" provides
a higher baseline signal due to the endogenous T7 RNA polymerase and metabolic factors. We
believe this demonstrates the robustness of the optimized reaction buffer across varying
lysate preparation qualities.

(6) The study suggests that the removal of DTT didn't negatively affect protein expression.
However, based on my experience, certain proteins, especially those with cysteine
residues on their surface, tend to aggregate without DTT. Did the authors attempt to
express such proteins, or did they draw this conclusion based on the limited number of
proteins tested?

This is a valid concern. We based our conclusion on the functional expression of Bsal and
vimentin—two proteins that are inherently prone to aggregation and misfolding. Their
successful synthesis suggests that the intrinsic reducing capacity of the lysate (e.g.,
glutathione and thioredoxin systems) is sufficient for many targets (Prinz et al. 1997).
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However, we acknowledge that specialized cysteine-rich proteins may still require exogenous
DTT. We have addressed this in the Discussion.

Reviewer #2 (Recommendations for the authors):

(1) Line 77-78 "we iteratively evaluated the contribution of individual constituents
through luciferase reporter assays" - where is all the data? Please use an appropriate
figure citation. Figure 1 cherry picks some components, but I think all data should be
included.

We have structured the data presentation to show dispensable components in Figure 1
(where removal does not inhibit reaction) and essential components in Figure 2 (where 0-
concentration results in zero activity). This ensures a logical flow of the "streamlining”
narrative. All raw data for these screenings have been included in the Source Data files.

| (2) Line 127 typo "concentrations".

We thank the reviewer for pointing out this error. The typo "concentrations" has been
corrected.

(3) Figure 2: "protein expression levels" measured how?/what is the unit of the vertical
bar on the right? I'm assuming that this experiment was conducted for discrete
concentrations and thus generated discrete data points. However, the graph makes it
seem as if this is continuous data. Kindly change the type of graphing to indicate that
this is discrete data, showing each data point.

We appreciate the reviewer's suggestion. Protein expression levels were measured using the
Nanoluciferase (NLuc) reporter gene assay. We utilized heatmaps/contour plots because our
data are bivariate, representing the simultaneous optimization of two concentrations (e.g.,
Mg2+ and K" in Figure 2A). For such matrix-based screenings, heatmaps are significantly
more effective than scatter plots at conveying synergistic trends and identifying optimal
reaction landscapes. Notably, this visualization approach for discrete biochemical
optimization data was successfully employed by Ban lab in their recent study on translation
system optimization (Bothe and Ban 2024). The vertical color bar on the right represents the
relative expression ratio, normalized to the maximum yield. Although we have provided a
scatter plot of this discrete data for reference (see Author response image 1), we believe it
appears visually cluttered due to the high density of data points, making it difficult to discern
overarching trends. Heatmaps, by contrast, offer a much clearer representation of the
optimal reaction landscape. To maintain transparency, the discrete concentration points
tested are clearly reflected by the axis ticks, and all raw discrete data are available in the
Source Data files.

% # w . |
= L] L] - |
= N N * "
. . . -
4 . . . .
L) ol [

Lang, Zhang et al., 2025 eLife 14:RP109495. https://doi.org/10.7554/eLife.109495.2 24 of 27


https://doi.org/10.7554/eLife.109495.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/biochemistry-chemical-biology

°e o Biochemistry and Chemical Biology
v eLife

Author response image 1.

(4) Also, for all figures: the way the units are presented (DTT/mM) is confusing to me; it
could just be something like [DTT] (mM).

We have revised all figures and tables to follow the standard format (e.g., [Component] (unit))
as suggested.

‘ (5) Do the sucrose gradient sedimentation data have replicates? If so, please indicate
statistics.

The sucrose gradient data provided (Figure 5C) is intended as qualitative evidence that the
"fast lysate” method preserves intact 70S ribosomes across different preparation batches. This
experiment has been performed independently multiple times with consistent results,
demonstrating the high reproducibility of our preparation method. While we did not perform
a quantitative comparative analysis of ribosome concentration, the consistency of the peaks
confirms the integrity of the translational machinery.

| (6) Line 457: fix the red line.

We thank the reviewer for pointing this out. The formatting issue has been resolved in the
revised manuscript.

| (7) Please mention the limitations of this study in the discussion.

We thank the reviewer for this suggestion. We have added a paragraph to the Discussion
addressing the limitations of prokaryotic systems regarding complex eukaryotic post-
translational modifications and chaperone requirements.

(8) Please include all uncropped gels in the source data, alongside the raw data, as you
have already done.

As requested, we have provided all original, uncropped gel images in the Source Data files,
alongside the raw data, to ensure full transparency and compliance with the journal's data
sharing policies.

Reviewer #3 (Recommendations for the authors):

(1) The study lacks a comparison of protein levels with a typical cell-free protein synthesis
system.

We have performed new quantitative experiments (now included in Figure S3 E-F) to
measure absolute protein yields. Our optimized system achieves yields comparable to, or
exceeding, several widely recognized highyield protocols while utilizing significantly fewer
components. We have also clarified in the text that "highly efficient" refers to the synergistic
balance of high yield, low cost, and simplified preparation time.

| (2) What do the authors mean by "highly efficient”, often used in the manuscript?

We thank the reviewer for the opportunity to clarify our terminology. We have performed
new quantitative experiments (now included in Figure S3) to measure absolute protein
yields, demonstrating that our optimized system achieves yields comparable to, or exceeding,
several widely recognized highyield protocols while utilizing significantly fewer components.

In the context of this manuscript, we use the term "highly efficient" as a holistic descriptor
that encapsulates three key dimensions of the system:
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(1) Performance Superiority: Achieving higher expression levels and faster kinetics compared
to conventional 35-component systems.

(2) Functional Robustness: The ability to efficiently synthesize challenging targets, such as
cytotoxic proteins (Bsal) and aggregation-prone proteins (vimentin), which often fail in
simplified system:s.

(3) Practical Utility: A drastic reduction in preparation time and cost through the "fast lysate"
protocol and the removal of 28 auxiliary components, thereby lowering the barrier to
adoption.

This definition aligns with the study's core objective: developing a system where efficiency is
measured not only by final yield but by the synergy between high performance and extreme
ease of use.

(3) In this article, the term 'optimisation' is used as a synonym for 'simplification’. In
biochemistry, optimisation commonly refers to an increase in yield, or the same yield
achieved more easily or at a lower cost. In this case, however, we have no idea how this
new system compares to a conventional expression system in terms of yield.

We thank the reviewer for this conceptual clarification. We agree that in biochemistry,
"optimization" typically implies an improvement in yield or cost-effectiveness. In our study,
we use the term to describe the process of achieving a superior balance between system
simplicity and protein production. To address the reviewer's concern regarding the lack of a
direct yield comparison, we have added new data in Figure S3. This figure provides a sideby-
side comparison of protein yields between our simplified 7-component system and the
conventional 35-component system. The results demonstrate that our system not only
matches the performance of the traditional setup but frequently exceeds it in terms of final
protein titer, while significantly reducing the reagent cost and preparation complexity. Thus,
the simplification achieved in this work represents a true biochemical optimization of the
cell-free synthesis process.

(4) The levels of transcripts of the proteins studied were not determined in any of the
experiments performed. Therefore, it is unknown whether the effects of different
experimental conditions on NLuc, GFP or other protein expression are due to an effect on
transcription, translation, or both.

This is an excellent point. We performed a new set of experiments using mRNA templates
instead of DNA to isolate the effects on translation (Figure S3G). Our results indicate that
while the system's overall boost in NLuc expression is partially attributable to enhanced
transcription efficiency, the translation machinery remains highly robust. We have updated
the Results and Discussion to reflect this distinction.
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