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ABSTRACT: Cell-free systems derived from crude cell extracts have
developed into tools for gene expression, with applications in prototyping,
biosensing, and protein production. Key to the development of these systems
is optimization of cell extract preparation methods. However, the applied
nature of these optimizations often limits investigation into the complex
nature of the extracts themselves, which contain thousands of proteins and
reaction networks with hundreds of metabolites. Here, we sought to uncover
the black box of proteins and metabolites in Escherichia coli cell-free reactions
based on different extract preparation methods. We assess changes in
transcription and translation activity from σ70 promoters in extracts prepared
with acetate or glutamate buffer and the common post-lysis processing steps
of a runoff incubation and dialysis. We then utilize proteomic and metabolomic analyses to uncover potential mechanisms behind
these changes in gene expression, highlighting the impact of cold shock-like proteins and the role of buffer composition.
KEYWORDS: cell-free protein synthesis, in vitro, TX-TL, proteomics, metabolomics

■ INTRODUCTION
Cell-free systems composed of crude cell extracts in the
absence of cell viability, replication, and membrane barrier
constraints1−3 enable the study of biological processes,4−7

synthesis of therapeutics,8−12 biosensing and transcriptional
cascades,13−19 genetic part prototyping,20−24 and biochemical
production.25−31 Escherichia coli extracts serve as the most
common platform for cell-free systems with strains extensively
optimized for diverse applications incorporating cell-free gene
expression (CFE), such as A19 and BL21 for protein
synthesis,32,33 CLM24 for glycosylation,34 SHuffle for disulfide
bonded products,35 and C321.ΔA.759 for noncanonical amino
acid incorporation.36,37 In fact, methods for generating E. coli
extracts have shaped contemporary approaches following the
same general protocol regardless of the source species. Cells
are typically grown in rich media to a mid-exponential
phase38,39 or in defined media for high density growth40,41

and harvested in acetate or glutamate buffers.42,43 Biomass is
lysed through physical or chemical means, and the cell lysate is
centrifuged to remove cell debris and isolate important CFE
components including enzymes, translation machinery, and
membrane vesicles formed during lysis.33,39,44,45 Then, the
extract can be processed through incubation (referred to
historically as a runoff reaction) and/or dialysis.44

Post-lysis processing steps such as runoff incubation and
dialysis depend both on the strain and the desired application.
For example, runoff and dialysis tend to increase CFE from
viral promoters (e.g., T7 promoter) for K-strain derivatives,38

while these processing steps are necessary for robust expression
from endogenous E. coli promoters, such as σ70-based
promoters, in B-strain derivatives.46,47 The “runoff” step is an
incubation after lysis that is hypothesized to allow ribosomes to
finish translating endogenous mRNA until transcripts degrade,
and the subsequent dialysis removes accumulated metabo-
lites.44,46 Some strains require these processing steps for
sufficient gene expression, whereas other strains (even of the
same species) may lose in vitro activity after runoff and
dialysis.39,44 In most cases, extract processing and reaction
composition are optimized for end-point protein synthesis
yields or metabolic activity with minimal assessment of
systemic changes.33,38,48 Although washing and processing
steps may be altered for efficiency32 and some reaction
components may be substituted to reduce the overall cost of
CFE,49 most studies follow time-tested protocols to maximize
expression yields and intra-lab consistency.50 The focus on
gene expression yields has minimized the exploration of the
underlying biochemical changes in cell extracts that result from
variables during cell growth, washing/harvesting, lysis,
incubation, dialysis, and CFE reaction conditions.
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Elucidating the complex, multicomponent interactions in E.
coli cell extracts requires in-depth and untargeted analytical
methods, such as metabolomics and proteomics.51 To this end,
several studies have incorporated -omics analyses to catalogue
the contents of the E. coli extract,52,53 assess extract changes
due to culture medium formulation and cell stress,41,54−56 and
monitor CFE with greater resolution.53,57 While these efforts
have provided insights into the extract composition under
specific circumstances, the biochemical impacts of common
post-lysis processing steps (including centrifugation, runoff,
and dialysis) remain unresolved. The lack of a deeper
understanding stems in part from the analysis of runoff and
dialysis in tandem using gene expression as the measured
readout,46,54,58 although some streamlined protocols have
omitted dialysis to reduce extract preparation time.59,60

Understanding how each post-lysis processing step affects the
proteome, metabolome, and activity of cell extracts could
expand opportunities to optimize and tailor CFE systems for
specific applications.
In this work, we sought to characterize the behavior and

composition of E. coli extracts prepared by following different
post-lysis processing steps to better understand the bio-
chemical changes caused by extract processing. First, we
assessed the impact of buffer salts and processing steps
(separately and together) on transcription and translation
kinetics. Next, we used gas chromatography−mass spectrom-
etry (GC−MS) to determine the identity and relative
abundances of metabolites in each of the extract samples.
Simultaneously, we used liquid chromatography with tandem
mass spectrometry (LC−MS/MS) to determine the identity
and relative abundances of proteins in cell lysate before
centrifugation and in clarified extracts with no processing,
runoff, dialysis, or both additional steps. After observing that
the most significant impact of extract processing correlated
with changes in proteome composition, we identified key
proteins facilitating endogenous σ70-based expression by
assessing transcription and translation in processed extracts
after supplementation of the most significantly decreased
proteins. We anticipate that understanding the proteomic and
metabolomic changes that occur during each step of E. coli
extract preparation and processing will allow for enhanced

optimization of and insights into this platform’s growing
repertoire of applications.

■ RESULTS AND DISCUSSION
Post-Lysis Processing Increases CFE from σ70 Pro-

moters. First, we sought to assess the effects of post-lysis
processing on combined transcription and translation in E. coli
BL21 extracts. To achieve this, we produced extracts with no
further processing and extracts that were incubated for an 80
min runoff reaction at 37 °C, followed by dialysis for 3 h at 4
°C (Figure 1A). We prepared and processed these extracts
individually using acetate or glutamate buffer salts to
investigate whether there is a basis for the use of acetate
buffer for T7-based expression applications and the use of
glutamate buffer for endogenous polymerase-based expression
applications.37,48,61,62 To assess CFE systems with both
endogenous (typically used in genetic circuit applications)
and exogenous gene expression (typically used for protein
biosynthesis and enzyme prototyping), we compared the CFE
of super-folder green fluorescent protein (sfGFP) transcribed
from σ70 and T7 promoters and observed that post-lysis
processing increased σ70 promoter expression ∼3-fold in both
buffer conditions (Figure 1B). However, while T7 expression
in glutamate buffer remained comparable with or without post-
lysis processing, T7 expression in acetate buffer decreased after
processing (Figure 1B). These results are consistent with
previous studies.38,46 Notably, the kinetic traces of combined
transcription and translation differed between the two
promoters based on the post-lysis processing treatment.
While T7 expression produced sfGFP at approximately the
same rate in CFE reactions from extracts with and without
post-lysis processing, the rate of sfGFP production from the σ70
promoter was increased at least 3-fold after runoff and dialysis
(Figure S1).
We next investigated the impact of each post-lysis processing

step on transcription and translation driven by a σ70 promoter,
which is important for the implementation of complex genetic
programs incorporating bacterial transcription factors14 and
other genetic circuits.47 We first compared the kinetic profiles
of sfGFP expression from combined transcription and
translation under control of σ70 promoters. We titrated 1−20

Figure 1. Post-lysis processing has a significant effect on CFE. (A) Schematic of E. coli extract preparation, including no post-lysis processing, a
runoff incubation for 80 min at 37 °C (R), dialysis for 3 h at 4 °C (D), or runoff and dialysis in sequence (R + D). Differentially processed extracts
were combined with CFE reagents and expression templates for sfGFP with either σ70 or T7 promoters at 5 nM. (B) Comparing CFE reactions
using extracts with no post-lysis processing to those with runoff + dialysis reveals a significant increase in σ70 expression after processing, regardless
of the buffer salt used during extract preparation. T7 expression is not impacted by processing glutamate-based extracts, but T7 yields are decreased
by processing in acetate-based extracts. Data represent mean ± standard error of the mean of four biological replicates with four technical replicates
each.
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nM concentrations of σ70-sfGFP and observed changes in the
maximum apparent translation rate in each extract (Figure
2A). Maximum rates were determined by linear regression over
a sliding window of 20 minute intervals to identify the greatest
slope. From these data, we observed that runoff alone is
sufficient to maintain the maximum translation yield of sfGFP
with dialysis after runoff, providing a further increase in the
apparent translation rate (Figure S2). Comparing the
expression kinetic profiles of reactions with 10 nM DNA
highlights the impact of runoff alone in increasing σ70-sfGFP
production, while dialyzing the extracts increases the initial

expression rate (Figure 2B). We further assessed transcrip-
tional limitations by titrating a σ70-controlled malachite green
aptamer (MGA) RNA, which interacts with the malachite
green dye to produce a fluorescence signal (Figures 2C−E and
S3). The σ70-MGA plasmid was titrated from 1−20 nM in CFE
reactions to observe changes in the maximum transcription
rate in each extract (Figure 2D). The unprocessed extract
shows no transcriptional limitation up to 10 nM plasmid, with
an increased transcription rate only occurring with 20 nM
DNA. However, runoff incubation of extracts appears to
impose a transcriptional limitation, requiring higher DNA

Figure 2. Runoff incubation accounts for most of the observed increase in σ70 expression. Cell-free expression reactions were incubated at 30 °C
with plasmids in extracts with no processing (gray), with runoff (red), with dialysis (blue), and with both runoff and dialysis (purple). (A) Initial
transcription/translation rates were calculated from reactions with 1, 5, 10, and 20 nM σ70-sfGFP plasmid and showed increased expression rates in
extracts with runoff. (B) Kinetic measurements of sfGFP expression with 10 nM σ70-sfGFP plasmid illustrate a shift in transcription/translation
rates after dialysis with runoff, driving the majority of the increase in expression over unprocessed extracts. (C) Schematic of transcription-only
reactions with expression plasmids for MGA driven by a σ70 promoter. (D) Initial transcription rates were calculated from reactions with 1, 5, 10,
and 20 nM MGA plasmid and indicate greater transcriptional limitation after runoff and similar transcription rates after dialysis relative to the
unprocessed extract. (E) Kinetics of transcription with 10 nM DNA reveals greater MGA production after runoff alone. Kinetic curves for other
DNA concentrations are presented in Figures S2 snd S3. Data represent mean ± standard error of the mean of four biological replicates with four
technical replicates each.

Figure 3. Dialysis and wash buffer alter the extract metabolome, but the reaction composition shapes metabolism during CFE. (A) Heat map of
metabolites significantly more abundant in glutamate-washed extracts than those prepared with acetate buffer. N-acetyl-glutamic acid was only
detected in glutamate-based extracts. (B) Targeted metabolite measurements in CFE reactions containing extracts processed with runoff + dialysis
in acetate or glutamate buffer. Data represent mean ± standard deviation of four biological replicates with separate reactions measured at each time
point. (C) Changes in metabolite abundance are shown for differentially processed extracts relative to the unprocessed extract prepared with the
same buffer salt. N-[2-hydroxy-1,1-bis(hydroxymethyl)-ethyl]-carbamic acid (abbreviated HHE-carbamic acid) is a modified metabolite from the
culture media. Data indicate the log2 fold change of metabolite abundance in cell extracts prepared from four biological replicates. Information
about unknown metabolites is included in Table S1.
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concentrations to improve transcription rates. Despite this,
comparing the kinetic profiles of transcription with 10 nM
DNA indicates that extracts processed with runoff alone
display greater MGA fluorescence after 1 h (Figure 2E). This
suggests an increase in RNA stability after runoff (Figure S3).
Our data indicate that the primary limitation to σ70

expression pertains to translation and that runoff incubation
reduces this limitation. Although our previous study saw that
combined runoff and dialysis increased transcription from both
T7 and σ70 promoters, we did not observe this phenomenon
here.46 Key differences between our work and these prior
experiments are the chassis strain and lysis method employed.
Silverman et al. used the extract from Rosetta2 cells (carrying
the pRARE plasmid for tRNA expression) prepared by
sonication, while we used BL21 Star (DE3) (which has a
truncated version of RNase E) prepared by homogenization.
This could result in differential transcription kinetics, RNA
stability, or other factors related to our observation of MGA
expression, which emphasizes the importance of chassis strain
selection for the desired cell-free application.44,46 The RNase E
truncation product also decreases in abundance after runoff,

which may further reduce the activity of this enzyme (Data Set
S2). However, translational limitation during CFE from both
viral and endogenous promoters is supported by several studies
that incorporated ribosome profiling,63 LC−MS,55,64 and
quantitative modeling.65−67

Dialysis and Endogenous Metabolism Alter the
Extract Metabolome. The observed transcriptional and
translational changes across extracts with dialysis suggest that
small molecule metabolite and cofactor differences could
underpin the impact of this post-lysis processing step on
CFE.46 We first investigated metabolic differences via GC−MS
in extracts alone (not CFE reactions) produced using
glutamate and acetate buffers, expecting different profiles due
to E. coli’s ability to utilize both acetate and glutamate as
carbon sources via AckA/Pta and GhdA, respectively. We
found that in unprocessed extracts, the primary metabolic
differences are related to the glutamate metabolism, with
glutamate derivatives such as aspartic acid and succinic acid
over 20-fold more abundant in glutamate-based extracts than
in acetate-based extracts (Figure 3A). Targeted measurements
of central metabolites via high-performance liquid chromatog-

Figure 4. Post-lysis centrifugation and runoff significantly alter the extract proteome. (A) Principal component analysis of cell lysates prior to
centrifugation and differentially processed extracts indicates significant proteomic changes from the initial centrifugation (converting the lysate into
the extract) and runoff. (B) Heat map showing the log2(fold change) abundance changes in significant proteins in the processed extracts relative to
the unprocessed extracts for the respective salts. Average log2(fold change) of cell extracts prepared from four biological replicates is shown and
grouped by COG annotations. Coarse groupings of COG designations are transcription/translation (A, J, K, and O), cell maintenance (D, L, M, N
Q, T, U, and V), metabolism (C, E, F, G, H, I, and P), and unknown (-, S). (C) Upset plot showing the number of significantly depleted proteins in
each extract processed using runoff incubation, highlighting 46 proteins commonly depleted across all conditions with runoff.
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raphy (HPLC) show higher succinate and ethanol concen-
trations for glutamate-based extracts, likely from glutamate
entering the tricarboxylic acid cycle via α-ketoglutarate, while
lactic acid is not observed (Figure S4). These metabolites are
depleted after dialysis, although acetate concentrations remain
high as expected for extracts dialyzed into acetate buffers. In
addition, using extracts processed with runoff and dialysis in 8
h CFE reactions show few differences in metabolic profiles
over time whether glutamate or acetate salts are used in the
wash buffer (Figure 3B), suggesting that extract processing
plays a more significant role than buffer composition in the
observed shift in gene expression profiles.
We next measured metabolite abundances in each processed

extract and compared these measurements to the abundances
in the corresponding unprocessed extract prepared with the
same buffer (i.e., extracts were grouped based on the use of
acetate or glutamate buffers during preparation). Of the
metabolites that were detected by this method, 40 compounds
were present at significantly different concentrations after one
or more post-lysis processing steps (Figure 3C and Data Set
S1). Generally, amino acids (aside from 5-oxo-proline derived
from glutamate), citric and nicotinic acids, sorbitol-6-
phosphate, and polyamines are depleted by dialysis in both
buffer salt conditions (Figure 3C). Further, lysine, tryptophan,
ethanolamine, citric acid, sorbitol-6-phosphate, putrescine, and
N-acetyl-spermidine are depleted at least 2-fold after dialysis.
Additionally, most of the detected nucleobases are significantly
depleted only after the combination of runoff and dialysis.
Note that lactic acid was not observed by HPLC due to the
higher limit of detection relative to GC−MS (Figure S4).
Our targeted and untargeted metabolic analyses indicate that

CFE formulations more significantly impact metabolic flux
than extract processing due to the high concentrations of
exogenous salts (primarily glutamate), carbon/energy sources,
and other molecules.54 This is highlighted by the fact that
many of the metabolites that decrease in the extract during
post-lysis processing (including amino acids, nucleobases, and
polyamines) are added to CFE reactions in most formula-
tions.62 However, the presence of high concentrations of
acetate or glutamate anions in the wash buffer during cell
harvesting does impact the underlying metabolome of resulting
cell extracts and could alter the proteome and observed gene
expression activity through regulatory changes that occur prior
to cell lysis, particularly during the runoff incubation.62,68

Concentrations of CFE reagents and their byproducts must
also be considered and optimized for different applications.62

For example, including polyamines (such as putrescine) and
crowding reagents (such as polyethylene glycol and Ficoll) can
improve CFE through nucleic interactions and/or molecular
crowding effects, but these components can reduce protein
synthesis above an optimal concentration.54,66,69 In addition to
these insights, the metabolomics data enable inferences into
related compounds that could not be detected on this specific
analytic pipeline, such as some phosphorylated metabolites.
Initial Centrifugation and Runoff Lead to Shifts in the

Extract Proteome. Beyond metabolomics, we hypothesized
that post-lysis processing impacts the distribution of proteins
in extracts and in turn CFE activity. To test this hypothesis, we
used LC−MS/MS to analyze cell lysates and extracts using
differential processing. We quantified 1892 high-quality
proteins across all the samples, covering 45.5% of the E. coli
genome (Data Set S2). We found that cell lysates prior to
centrifugation cluster separately from all clarified extract

samples in the proteome space (Figure 4A). This separation
is influenced by both the composition (the number of
quantified proteins) (Figure S5) and abundance of specific
proteins (Figure S6), which we found to be significantly
different (e.g., expected depletion of membrane proteins) in
the cell lysates prior to centrifugation compared to the
resulting extracts after centrifugation. In addition, extracts
subjected to runoff cluster together and differ from extracts
with no post-lysis processing or with dialysis alone irrespective
of the buffer used (Figure 4A). Interestingly, more membrane
proteins were identified here in extracts from E. coli BL21 Star
(DE3) than in extracts from E. coli A19 or BL21Rosetta2
analyzed in previous cell-free proteomics studies,52,53 which
could be due to differences in the source strain, lysis,
centrifugation, and post-lysis processing conditions, or
employed mass spectrometric methods. A recent comparison
of lysis and centrifugation methods indicated that homoge-
nization (the lysis method employed here) results in a higher
concentration of membrane vesicles in extract than sonication,
and centrifugation at 12,000g rather than the traditional
30,000g increases vesicle concentration by up to 2-fold.45

Next, we characterized the impact of post-lysis processing on
the extract proteome by comparing the abundance of proteins
in each extract to the unprocessed extract prepared with the
same buffer salt categorized by the cluster of orthologous
groups (COG) (Figure 4B). Of the nearly 1900 quantified
proteins, 614 significantly changed in abundance (p-value <
0.05) in at least one processed extract relative to the
corresponding unprocessed extract. The most significant
changes in protein abundance occurred in processed extracts
with runoff incubation, suggesting that runoff is primarily
responsible for altering the proteome of extracts during post-
lysis processing. Beyond protein abundance, we also
investigated changes in protein modifications that could result
from the additional processing steps and time such as
oxidation. Although select proteins demonstrated enhanced
modification with one or more processing steps, the global
profiles of oxidation, methylation, and deamidation remained
similar across all extracts (Figure S7), which indicates that
changes in protein abundances were likely the primary
influencers of CFE activity.
The proteins changing significantly in abundance spanned

20 different COG categories with >50% belonging to
categories related to metabolism and genetic information
processing. We found that 64 significant changes in protein
abundance relate to transcription (COG K) and 85
significantly different proteins relate to translation (COG J).
However, 72 proteins with altered abundance have unknown
functions (COG S), highlighting the likelihood of complex
interactions and emergent properties as the extract proteome
changes with centrifugation and post-lysis processing. The
depletion of metabolically related proteins (COGs C, E, F, G,
H, I, and P) can provide additional insights. Reduced
concentrations of enzymes and regulatory proteins (combined
with the lack of genomic regulation in the cell extract) alter the
metabolic profile of the cell-free system and links observed
changes in the proteome and metabolome. For example,
succinate accumulation correlates with depletion of succinate
dehydrogenase (SDH) subunits. E. coli normally has ∼0.5 mM
succinate in the cytoplasm,70 but CFE reactions (which are
more dilute than cytoplasm) accumulate up to 40 mM
succinate over 8 h (Figure 3B). Multiple SDH subunits
(including cytochrome b556, SDH flavoprotein, the SDH
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iron−sulfur subunit, and the hydrophobic membrane anchor)
decrease ∼2-fold after the initial post-lysis centrifugation and
further decrease after runoff, which likely accounts for the
observed decrease in enzymatic activity (Data Set S2).
Connections between the proteome and metabolome of the
cell extract are also evident in the literature as both
biochemical profiles are impacted by the growth medium
and extract preparation methods41,54,56 and changes in enzyme
concentrations alter the metabolic activity and flux.67,71

Although the diversity of proteins with reduced abundance
after runoff highlights the complexity of analyzing cell-free
systems, we wanted to identify which proteins depleted during
post-lysis processing might be primary contributors to the
differences observed in CFE activities. To achieve this, we
found that >50% (382 out of 614 proteins) were significantly
altered in extracts processed with either runoff alone (R) or
when combined with dialysis (R + D) across both salt
conditions (Figure 4C). However, only 46 proteins exhibited
significant depletion in any extract subjected to runoff
incubation, suggesting a non-random loss of these proteins
due to runoff. The commonly depleted proteins spanned
different COG categories and encompassed a mix of both
cytoplasmic and membrane-related proteins (Table S2). These
proteins included ribonucleases (RnhB and Rne), cold-shock
proteins (CspD and CspE), subunit proteins from protein
complexes (AcrA,B; CysA,N; FtsH,Z; HflC,K; NuoB,C; etc.),
and multiple Y-proteins. To understand the potential func-

tional relatedness of these diverse proteins, further analysis
using protein interaction information from STRING revealed
that the 46 common proteins are highly interconnected and
have connections with 13 other proteins that were significantly
depleted in one or more extracts processed with runoff (Figure
S8 and Table S2). Interestingly, these additional proteins
belonged to similar functional groups such as nuclease-related
proteins (RnB and RrA), cold-shock proteins (CspA and
CspC), and so on, which although depleted were narrowly
missed by the applied significance cutoff (Table S2 and Data
Set S2). The substantial interconnectedness of these 59
proteins suggests that complex interactions are involved in the
observed shifts in extract activity and warranted further
investigation into their role in influencing CFE activity.
Supplementing Depleted Proteins Alters Gene

Expression. We wondered if the individual, putative effects
on gene expression of the panel of 59 significantly depleted
proteins are partially responsible for extract-specific differences
in σ70 activity. To test this, we expressed each protein with N-
terminal strep-tags via CFE using linear expression templates
or in cells when soluble expression in vitro was <3.5 μM
(Figure S9). Proteins were purified, desalted, and quantified
(Figure S10). Next, the candidate effector proteins with >3.5
μM soluble yield were supplemented into individual CFE
reactions at 20% of the final reaction volume and incubated at
30 °C for 8 h (Figure 5A). The rate of σ70-sfGFP expression
was measured and compared to that of control reactions

Figure 5. Supplementing depleted proteins back into CFE indicates positive and negative effectors. (A) Identified proteins were expressed by CFE
or in vivo, purified, and added into CFE reactions containing the extract processed with runoff + dialysis to observe differences in the rate of σ70-
sfGFP expression. (B) Expression rates for reactions with supplemented proteins indicate putative effector proteins (purple) that significantly
changed the expression rate (p < 0.05 compared to dialyzed elution buffer without the protein, indicated by a solid line ± a dashed line). (C)
Effector proteins were purified at larger volumes to assess concentration-dependent impacts on sfGFP expression rates. Cold-shock proteins E and
C were identified as positive effectors, while RraA, CspD, and RnhB were identified as negative effectors (p < 0.05, indicated in purple). Data
represent mean ± standard deviation of three technical replicates.
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containing desalted elution buffer without a purified protein
(Figure 5B). Kinetics and endpoint sfGFP expression for the
supplementation screen are provided in Figure S11 and Table
S4, respectively. Six proteins resulted in significantly increased
or decreased expression rates compared to control reactions (p
< 0.05, indicated in purple). These included cold-shock family
proteins (CspC, CspD, and CspE) that are known to interact
with nucleic acids,72 a chaperone (HslO), an RNase (RnhB),
and a modulator of RNase E activity (RraA). We further
investigated these proteins by titrating each individually up to
4 μM in CFE reactions and measuring the rate of σ70-sfGFP
expression over 8 h relative to dialyzed elution buffer without a
purified protein (Figure 5C), understanding that effector
proteins would likely have dose-responsive impacts. We found
that negative controls supplementing NanoLuc luciferase73 and
Ugd (a protein from the initial panel with no significant effect
on expression) into CFE reactions exhibited no significant
effect on the production of sfGFP. Importantly, each effector
candidate continued to show a significant impact on CFE
activity except HslO and RraA, which only enhanced CFE
activity at low concentrations (Figures 5C; S10, S12, and 13
and Table S5). Given that HslO (also known as Hsp33)
protects against oxidative stress74 and we observed no global
change in protein oxidation states (Figure S7), this protein
may not have a significant role under the CFE conditions
employed. CspC and CspE are highly expressed in cellular
environments75,76 and are among the most abundant proteins
in the extract prior to runoff (Table S3), so we supplemented
them up to 20 μM and found that they have significant positive
effects on CFE at higher concentrations. However, CspD,
RnhB, and RraA are significant negative effectors of CFE,
suggesting that their depletion from the extract during runoff
incubation contributes to the observed increase in σ70 gene
expression from processed E. coli extracts. Although we
identified both significant positive and negative protein
effectors of CFE that are depleted during runoff, the observed
net benefit of post-lysis processing suggests that depleting the
negative effectors and interacting proteins outweighs the
depletion of positive effectors, especially as the latter are
present at high levels. To assess these potential interactions,
the identified cold-shock family proteins were then supple-
mented in pairs to CFE reactions (Figure S14). The positive
effectors (CspA, CspC, and CspE) at 20 μM all compensated
for the negative impact of CspD at 5 μM. Additionally, CspC
paired with either CspA or CspE at 15 μM increases sfGFP
expression rates more than any of the positive effectors alone,
suggesting synergistic effects rather than redundant mecha-
nisms.
While complex, multicomponent interactions likely shape

the overall changes in extract activity observed using post-lysis
processing, the individual components highlighted in our
supplementation assay provide useful insights. All the negative
effectors identified here have documented interactions with
RNA, providing potential mechanisms behind their observed
impact on CFE rates. For example, in vivo, CspD is
upregulated during the stationary phase to slow DNA
replication, but it interacts with single-stranded RNA as well
as DNA77 and is regulated by Lon protease.78 The lack of Lon
protease in BL21 could make extracts from this strain more
sensitive to CspD concentration. Separately, the abundance of
cold-shock family proteins in this list of effector proteins is
noteworthy. CspA, CspC, and CspE were previously shown to
improve CFE yields with a particular impact at temperatures

below 30 °C, while CspD and other cold-shock family proteins
reduced the expression.79 However, the concentration of these
proteins is a key consideration. Multiple studies indicate an
optimum or a plateau for the positive impact of CspA and
CspE on CFE with a significant inhibitory effect at high
concentrations.79−81 With further optimization of effective
concentrations, the positive effectors CspC and CspE could be
targets for increasing CFE rates and/or yields through
overexpression or stabilization of these proteins in chassis
strains used for extract preparation, and removal of CspD from
the extract source strain could provide similar benefits. The
relatively low abundance reported in the literature for CspA
and C (with no detection of CspD or E) in a high-yielding
commercial CFE kit suggests the potential applicability of
these proteins across the cell-free synthetic biology commun-
ity.53 Additionally, balancing the nucleic acid interactions of
polyamines and cold-shock proteins along with their
concentration-dependent effects on CFE productivity could
increase the robustness of CFE formulations.54,79 We predict
that effector proteins identified here and in the previous
literature could have more significant impacts on the CFE of
alternative proteins or under nonstandard reaction conditions.
Supplementing chaperones enhances the solubility of aggrega-
tion-prone proteins,82 cold-shock family proteins more
significantly impact CFE yields at low temperatures,79 and
several effector proteins were identified through a beta-
lactamase expression screen in a different extract background.83

Future studies should consider these findings in the context of
reaction formulation and conditions to better understand the
specific CFE system employed and potentially increase protein
synthesis capacity.

■ CONCLUSIONS
Recent studies have partially characterized the contents and
behavior of E. coli extracts for transcription and translation, but
the focus has been either on providing an inventory of proteins
or metabolites or on optimizing gene expression.46,51−54,71 In
this work, we sought to assess the impact of extract processing
on both the complement of biomolecules present in the extract
and the potential for gene expression through the most
comprehensive analysis of the E. coli extract to date. A key
feature was connecting observed changes in the extract
proteome and metabolome to differences in CFE activity,
especially from σ70 promoters. After comparing expression
profiles, metabolites, and proteins across differentially
processed cell extracts, we observed that the most significant
increase in σ70 gene expression results from runoff incubation
and the associated proteome changes. Supplementing the most
significantly depleted proteins into CFE reactions altered
expression kinetics, highlighting cold-shock and RNase-related
proteins as notable effectors of cell-free protein synthesis.
While the E. coli extract remains a complex system with
significant differences between the well-known model organ-
isms and further differences between research groups using
variable methodologies,44 we believe that this analysis provides
significant insights into the behavior and composition of the
cell extract within the constraints of our analytical methods.
For example, our supplementation assays were limited by the
concentration and stability of purified proteins, which are
difficult to overcome in CFE reactions that have a defined
volume and can be impacted by changes in buffer pH, ionic
strength, and other factors.
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Looking forward, insights gained through this study may
provide the basis for further investigation into the roles of and
interactions between cold-shock family proteins, RNases, and
their regulators in CFE from σ70 promoters with potential
extensions to T7-driven expression. Furthermore, data-driven,
systems-level optimization and analysis of cell-free systems will
enable greater control and reproducibility of cell-free synthetic
biology applications.

■ MATERIALS AND METHODS
Strains, Plasmids, and Chemicals. Cell extracts were

prepared from BL21 Star (DE3) cells originally from Life
Technologies. Reporter plasmids included pJBL7004 (T7-
MGA, Addgene #136943), pJL1 (T7-sfGFP, Addgene
#69496), pJBL7007 (σ70-MGA, Addgene #136946), and
pJBL7010 (σ70-sfGFP, Addgene #136942). These plasmids
were isolated using the ZymoPURE II Plasmid Maxiprep kit
(Zymo Research), ethanol precipitated, and quantified via
NanoDrop (Thermo Scientific) prior to use in cell-free
reactions. Plasmid templates were normalized to molar
concentrations for consistency in reactions. Plasmids for the
supplementation experiment were produced by Twist Bio-
science in either pJL1 or pETBCS backbones84 with an added
CAT-Strep-linker tag85 and amplified with Q5 high-fidelity
polymerase (NEB) to generate linear expression templates.
Primers for linear template generation had the following
sequences: 5′-ctgagatacctacagcgtgagc-3′ (forward) and 5′-
cgtcactcatggtgatttctcacttg-3′ (reverse). Sequences for each
protein are provided in Table S6. All chemicals and reagents
were ordered from MilliporeSigma unless otherwise noted.
Cell Extract Preparation. This protocol is based on

established methods using acetate38 or glutamate46 buffers to
wash and resuspend cells prior to lysis. BL21 Star (DE3) cells
were isolated from a distinct colony on LB agar plates (10 g/L
tryptone, 5 g/L yeast extract, 5 g/L NaCl, and 15 g/L agar)
and grown overnight at 37 °C in 75 mL of 2xYTP media (16
g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl, 7 g/L
K2HPO4, and 3 g/L KH2PO4 adjusted to a pH of 7.2 with 5 N
KOH). Although 2xYTPG is commonly used for T7-driven
CFE, it has been shown that glucose in the culture media can
reduce σ70-driven CFE.46,54 Therefore, we omitted glucose
during cell growth to ensure that σ70 expression was not
inhibited in the cell-free reactions. The following day, 10 L of
sterilized 2xYTP with 0.5 mL of Antifoam 204 was inoculated
with the overnight culture to an initial OD600 of 0.06−0.08 in a
BIOSTAT Cplus bioreactor (Sartorius Stedim) set to 600 rpm
with airflow at 8 SLPM. Cells were grown at 37 °C to an
OD600 of 3.0−3.2 (∼3.5 h) prior to centrifugation for 8 min at
6000g in 1 L bottles at 4 °C. The resulting pellets were
separated into two 50 mL conical tubes each and washed with
20 mL of either S30-Acetate [10 mM Tris base adjusted to a
pH of 8.2 with acetic acid, 14 mM magnesium acetate, 60 mM
potassium acetate, and 2 mM dithiothreitol (DTT)] or S30-
Glutamate (50 mM Tris base, 14 mM magnesium glutamate,
60 mM potassium glutamate, and 2 mM DTT, adjusted to a
final pH of 7.7). After resuspension by vortex in 15 s intervals
to avoid overheating, the cell suspensions were centrifuged for
2 min at 20,000g and 4 °C. The wash, resuspension, and
centrifugation were repeated twice more for a total of three
washes with each pellet only exposed to either acetate or
glutamate buffer. The mass of each washed cell pellet was
determined, and then, the pellets were flash frozen in liquid
nitrogen prior to storage at −80 °C. Four biological replicates

were harvested from unique starting colonies, and the cell
pellets were processed into extract on four separate days.
After thawing on ice for 1 h, cell pellets were resuspended

with 1 mL of S30 (acetate or glutamate) per gram of biomass
by vortexing in 15 s intervals. Cells were lysed with a single
pass through an Avestin EmulsiFlex-B15 homogenizer set to
20,000−25,000 psi. Lysate aliquots were collected at this point
for analysis, and the remaining volume was transferred to 1.5
mL tubes for 10 min centrifugation at 12,000g and 4 °C. The
supernatant was recovered and further processed. Extracts
without additional processing were centrifuged again for 10
min at 12,000g and 4 °C to remove the residual insoluble
protein, and the resulting supernatant was flash frozen. Extracts
with runoff were incubated at 37 °C for 80 min prior to
centrifugation and flash freezing. Dialyzed extracts were
transferred to 10 kDa molecular weight cutoff Slide-A-Lyzer
cassettes (Thermo Scientific) and dialyzed for 3 h at 4 °C in a
200× volume of buffer−either S30-acetate or Dialysis-G (5
mM Tris base, 14 mM magnesium glutamate, 60 mM
potassium glutamate, and 1 mM DTT, with a pH of 8.2
without adjustment). Extracts processed following both steps
went through runoff, centrifugation, dialysis, and another
centrifugation prior to flash freezing the supernatant. Differ-
ences in buffer salt (acetate or glutamate) refer only to extract
preparation and processing; the same CFE recipe (using
glutamate salts) was used for all reactions.
Cell-Free Gene Expression. CFE reactions were formu-

lated based on the Panox-SP system33 with 1−20 nM DNA
template. These reactions contained 26.7% E. coli extract by
volume (∼12−15 mg/mL); 57 mM HEPES buffer; 8 mM
magnesium glutamate; 10 mM ammonium glutamate; 130 mM
potassium glutamate; 1.2 mM adenosine triphosphate; 0.85
mM each of guanosine, uridine, and cytidine triphosphates;
0.034 mg/mL folinic acid; 0.171 mg/mL transfer RNAs; 33.33
mM phosphoenolpyruvate; a 2 mM concentration of each
canonical amino acid; 0.40 mM nicotinamide adenine
dinucleotide; 0.27 mM coenzyme A; 1 mM putrescine; 1.5
mM spermidine; and 4 mM oxalic acid. In addition to these
reagents, purified T7 RNA polymerase (0.10 mg/mL) was
added for transcription from T7 promoters, and 100 μM
malachite green oxalate was added to observe MGA
expression. CFE reactions in quadruplicate were set up on
ice in clear-bottom 384-well plates at the 10 μL scale and
transferred to a Biotek Synergy H1 plate reader for kinetic
measurements of sfGFP (485/520 nm excitation/emission)
and MGA (615/650 nm excitation/emission) at 30 °C for 8−
20 h with measurements every 5 min sfGFP fluorescence is
reported as molecules of equivalent fluorochrome based on
standard curves of fluorescein isothiocyanate. Maximum
reactions rates were determined by generating a linear
regression of fluorescence over every 20 minute window for
a given CFE reaction and then obtaining the maximum slope.
Maximum rates for each replicate were averaged to achieve a
maximum rate for the given condition.
Metabolomics. Cell-free extract samples representing four

biological replicates each prepared in eight different conditions
were analyzed by GC−MS using previously described
methods.20 Briefly, samples stored at −80 °C prior to analysis
were thawed, and following centrifugation at 12,000 rpm at 4
°C for 15 min, an aliquot of 10 μL was transferred to a vial
containing 10 μL of sorbitol (1 mg/mL aqueous solution) as
an internal standard and then dried under a stream of N2.
Dried samples were dissolved in 250 μL of silylation-grade
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acetonitrile, followed by the addition of 250 μL of N-methyl-
N-(trimethylsilyl)trifluoroacetamide with 1% trimethylchlor-
osilane (Thermo Scientific, Bellefonte, PA) and heated for 1 h
at 70 °C to generate trimethylsilyl derivatives. After 2 days, 1
μL aliquots were injected into an Agilent Technologies 7890A
gas chromatograph coupled to a 5975C inert XL mass
spectrometer fitted with an RTX-5MS (5% diphenyl/95%
dimethyl polysiloxane) 30 m × 250 μm × 0.25 μm film
thickness capillary column with a 5 m Integra-Guard column.
Gas flow was 1.0 mL per minute, and the injection port was
configured for splitless injection. The initial oven temperature
was 50 °C with a 2 min hold, followed by a temperature ramp
of 20 °C per minute to 325 °C and hold for another 11.5 min.
The mass spectrometer was operated in the standard electron
impact (70 eV) ionization mode. The injection port, MS
transfer line, MS source, and MS quad temperatures were 250,
300, 230, and 150 °C, respectively. A large user-created
database and the commercially available Wiley Registry 10th
Edition combined with the NIST 14 mass spectral database
were used to identify metabolites of interest. Peaks were
quantified by using extracted-ion chromatograms rather than
total ion current chromatograms, utilizing a key selected ion
characteristic m/z fragment, to minimize co-eluting metabo-
lites. The extracted-ion chromatogram was scaled back to the
total ion chromatogram using predetermined scaling factors,
and quantification was based on area integration and
normalized to the quantity of the internal standard recovered,
the volume of the sample processed, the derivatization volume,
and the injection volume.
Targeted Metabolite Analysis. 10 μL reactions were run

in biological triplicate with 5 nM DNA to observe changes in
central metabolites over the course of CFE. Separate samples
were quenched at each time point with 10 μL of 10% (w/v)
trichloroacetic acid, and precipitated proteins were removed by
centrifugation for 10 min at 20,000g. The supernatant was
transferred to vials, and 5 μL was injected on an Agilent 1260
HPLC system. Metabolites were separated with 5 mM sulfuric
acid flowing at 0.6 mL/min on a Rezex ROA-Organic Acid H+
(8%) LC Column (Aminex) at 20 °C. Metabolite concen-
trations were determined using a refractive index detector or a
diode array detector at 210 nm based on the retention time of
standard solutions for each compound. Abundance values for
all metabolites are provided in Data Set S1, and information
for unknown metabolites is provided in Table S1.
Proteomics Sample Preparation. Samples (in biological

quadruplicates) spanning different processing steps (crude
lysate, no processing, after runoff, after dialysis, and after both
runoff and dialysis) for both acetate and glutamate salts were
frozen and stored at −80 °C until proteomic analysis. Samples
were thawed, diluted 1:1 with 4% SDS (sodium dodecyl
sulfate) in Tris−HCl (100 mM at a pH of 8.0), and adjusted to
10 mM DTT (DL-dithiothreitol), followed by heat treatment at
95 °C for 10 min to denature the proteins and reduce the
disulfide linkages. The crude protein amount was determined
using a NanoDrop OneC Microvolume UV−vis spectropho-
tometer (Thermo Scientific) by measuring the corrected
absorbance at 205 nm. Samples were then adjusted to 30 mM
IAA (iodoacetamide) and incubated for 20 min in darkness at
room temperature to alkylate/block cysteine residues. Crude
protein was then cleaned up using the protein aggregation
capture86 method prior to digestion. Briefly, 250 μg of
magnetic beads (1 μm SpeedBead magnetic carboxylate
modified particles; GE healthcare UK) were suspended in

the same amount of crude protein lysate, and aggregation of
proteins onto the beads was induced by the addition of
acetonitrile to a final concentration of 70%, followed by a 20
min incubation. The protein bead aggregate was then washed
with 1 mL of 100% acetonitrile followed by 1 mL of 70%
ethanol. Aggregated proteins were then digested with MS
grade trypsin protease (1:75 w/w; Pierce-Thermo Scientific)
in Tris−HCl (100 mM, pH 8.0) for 3 h at 37 °C and again
overnight at 37 °C. Tryptic peptides were then acidified with
formic acid (FA; LC/MS grade) to a final concentration of
0.5% and filtered through a 10 kDa MWCO centrifugal
concentrator (Vivaspin500 PES; Sartorius) to remove under-
digested proteins. The resulting peptides were again quantified
using a NanoDrop OneC.
Reversed-Phase Chromatography and Tandem Mass

Spectrometry. Two micrograms of peptides from each
sample was analyzed by reversed-phase 1D LC−MS/MS
using a Vanquish UHPLC system (Thermo Scientific) coupled
to an Orbitrap Q-Exactive Plus mass spectrometer (Thermo
Scientific), as previously described.87 Briefly, peptides were
trapped on an in-house developed single frit trapping column
(100 μm ID) packed with 6 cm of C18 resin (5 μm Kinetex;
Phenomenex) and separated by an organic gradient on an in-
house pulled nanospray emitter (75 μm ID) packed with 15
cm of C18 resin (1.7 μm Kinetex; Phenomenex). Sample
loading, trapping, and desalting were performed for 30 min in
solvent A (0.1% FA in 5% acetonitrile) at 2 μL/min. For
peptide elution and analytical separation, the flow rate was split
to achieve 300 nL/min. The gradient was as follows: 0−30%
solvent B (0.1% FA in 70% ACN) over 185 min, increase to
0% solvent B over 5 min, and hold for 15 min at 100% solvent
A. Each elution was followed by a column wash: 0 to 100%
solvent B over 15 min, hold at 100% solvent B for 5 min,
decrease to 0% solvent B over 5 min, and final equilibration
with 100% solvent A for 15 min before injection of the next
sample. The total analysis time was 275 min for each peptide
sample, with spectra collected during the first 240 min.
Eluting peptides were measured and sequenced using the

Orbitrap Q-Exactive Plus mass spectrometer (operated via
Xcalibur v4.2.47, Thermo Scientific) in the data-dependent
mode. Full-scan MS spectra were acquired in the range m/z
300−1500 at a resolution of 70,000 [full width at half-
maximum (fwhm)] with an AGC target value of 1 × 106. For
fragmentation, the 20 most intense precursor ions were
selected for MS/MS with an isolation window set to 1.8 m/z
and dynamic exclusion set to 30 s. HCD fragmentation was
performed at a normalized collision energy of 27% with an
AGC target value of 1 × 105 and a resolution of 17,500
(fwhm).
Proteomics Data Analysis. The resulting peptide

fragmentation spectra were searched against the E. coli
BL21(DE3) proteome (UniProt downloaded January 2021,
4156 entries) appended with sfGFP sequence and a common
protein contaminants database via a target decoy approach
using the MS Amanda algorithm (v2.0) integrated in Proteome
Discoverer software (version 2.3.0.523, Thermo Scientific).
Peptide spectrum matches (PSMs) were required to be at least
five amino acids long, fully tryptic with a maximum of two
missed cleavages, with a static modification of 57.0214 Da on
cysteine residues (carbamidomethylated) and a dynamic
modification of 15.9949 Da on methionine residues (oxidized).
PSMs and peptides were scored and filtered at a false discovery
rate (FDR) of 1% using the IMP-Elutator node in Proteome
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Discoverer. Peptides were quantified by chromatographic area
under the curve, and match between runs was enabled by
performing a grouped consensus step in Proteome Discoverer
on all the samples. Peptides were then mapped to their
respective proteins, and their areas were summed to estimate
protein-level abundances. Proteins were filtered to retain those
with a protein FDR of ≤1%, abundances were log2 trans-
formed, and distributions were LOESS normalized and median
centered in InfernoRDN.88 The proteome data set was further
filtered to retain those proteins that were quantified in at least
three samples, and missing values were imputed in Perseus
v1.6.14.089 to simulate the MS limit of detection. Significant
differences in protein abundances between the “no processing”
conditions and the “processed” samples were measured by
two-tailed Student’s t-tests at a Benjamini-Hochberg FDR
corrected p-value of ≤0.05. Hierarchical clustering of
significant proteins was performed in JMP Pro14 software
using the fast ward method. Annotations were downloaded
from UniProtKB and Kyoto Encyclopedia of Genes and
Genomes (KEGG). Protein interaction information was
downloaded from the STRING database. For identification
and quantification of modifications on peptides, PEAKS PTM
analysis was performed in PEAKS studio as described
previously.90,91 Plots were generated using R and Python
scripts and Cytoscape v3.8.2.
Protein Purification and Supplementation. Proteins

identified in Figure S10 were ordered in expression vectors
from Twist Bioscience with CAT-Strep-linker tags85 for affinity
purification. All proteins were initially expressed by CFE as
described above from linear expression templates with 14C-
leucine incorporation92 to quantify total and soluble yields of
each protein (Figure S9). For the initial screen (Figure 5A),
proteins with >3.5 μM soluble yield were produced in 250 μL
CFE reactions in 50 mL tubes, while proteins with less than 3.5
μM soluble yield were expressed in vivo by BL21(DE3) with a
pETBCS plasmid in 10 mL of Overnight Express instant TB
autoinduction media for 20 h. Cells were pelleted by
centrifugation (resulting in ∼0.2 g of wet biomass) and then
lysed by the addition of 1 mL BugBuster Master Mix. Insoluble
debris was removed from cell-free reactions and lysed cell
cultures by centrifugation at 10,000g, and the strep-tagged
protein was purified from each supernatant using 30 μL of
MagStrep “type3” XT beads 5% suspension (IBA). Eluted
proteins were processed using Zeba Micro Spin Desalting
Columns (ThermoFisher) with a 7 kDa molecular weight
cutoff to exchange the high-salt elution buffer with Dialysis-G
used in extract processing (without DTT) to increase
compatibility with CFE. Purified proteins were quantified by
the Bradford assay (BioRad) and analyzed by SDS-
polyacrylamide gel electrophoreses (PAGE) using NuPAGE
4−12% Bis-Tris Protein Gels (ThermoFisher) with MOPS
running buffer (Figure S10). All proteins that were soluble
after purification and aligned with the expected mass were
supplemented into CFE reactions at 20% of the final volume
(Figure 5A) using the extract prepared with glutamate buffer,
runoff, and dialysis to observe the impact of these proteins on
the expression of σ70-sfGFP relative to a negative control of
elution buffer processed alongside the proteins using a Zeba
desalting column.
Proteins shown in Figure 5A that significantly increased or

decreased the rate of σ70-sfGFP expression (p < 0.05 by 2-
tailed Student’s t-test) were selected for analysis of
concentration-dependent effects. Additionally, Ugd and Nano-

Luc luciferase were chosen as native and heterologous proteins
to serve as controls for the impact of increasing purified
protein concentration in CFE as Ugd resulted in no significant
difference in expression. In order to purify larger volumes, all
proteins were expressed in vivo from pETBCS plasmids in 50
mL of Overnight Express instant TB autoinduction medium
for 20 h. Cells were pelleted by centrifugation (resulting in
∼2.5 g wet biomass) and then lysed by the addition of 5 mL of
BugBuster Master Mix. Insoluble debris was removed from the
lysates by centrifugation at 10,000g, and the strep-tagged
protein was purified from each supernatant using 0.5 mL of
Strep-TactinXT 4Flow resin (IBA) on BioRad PolyPrep
chromatography columns. Due to the poor initial purification
of CspE, this protein was expressed in four 250 μL CFE
reactions and purified with 0.1 mL of resin to concentrate the
protein from these pooled reactions. Elution fractions were
pooled and dialyzed in Slide-A-Lyzer dialysis cassettes
(Thermo Scientific) with a 3.5 kDa molecular weight cutoff
into Dialysis-G without DTT. Purified proteins were quantified
by the Bradford assay and analyzed by SDS-PAGE (Figure
S13). Proteins were supplemented into CFE reactions at 0.05−
4 μM to assess the impact on σ70-sfGFP expression, using
Dialysis-G to dilute proteins such that all conditions contained
purified protein at 20% of the final reaction volume. Positive
effectors CspC and CspE were further supplemented up to 20
μM to observe a plateau in their ability to increase the rate of
σ70-sfGFP expression. Supplemented reactions were compared
to elution buffer that was dialyzed alongside the proteins into
Dialysis-G, and p-values were determined by a 2-tailed
Student’s t-test.
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