Activation of energy metabolism through growth media reformulation
enables a 24-hour workflow for cell-free expression
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ABSTRACT: Cell-free protein synthesis (CFPS) platforms have undergone numerous workflow
improvements to enable diverse applications in research, biomanufacturing, and education. The
Escherichia coli cell extract-based platform has been broadly adopted due to its affordability and versatility.
The upstream processing of cells to generate crude cell lysate remains time-intensive and technically
nuanced, representing one of the largest sources of cost associated with the biotechnology. To overcome
these limitations, we have improved the processes by developing a long-lasting autoinduction media
formulation for CFPS that obviates human intervention between inoculation and harvest. The cell-free
autoinduction (CFAI) media supports the production of robust cell extracts from high cell density cultures
nearing stationary phase of growth. As a result, the total mass of cells and the resulting extract volume
obtained increases by 400% while maintaining robust reaction yields of reporter protein, sfGFP (>1
mg/ml). Notably, the CFAI workflow allows users to go from cells on a streak plate to completing CFPS
reactions within 24 hours. The CFAl workflow uniquely enabled us to elucidate the metabolic limits in CFPS
associated with cells grown to stationary phase in the traditional 2x YTPG media. Metabolomics analysis
demonstrates that CFAl-based extracts overcome these limits due to improved energy metabolism and
redox balance. Advances reported here shed new light on the metabolism associated with highly-active
CFPS reactions, and inform future efforts to tune the metabolism in CFPS systems. Additionally, we
anticipate that the improvements in the time and cost-efficiency of CFPS will increase the simplicity and
reproducibility, reducing the barriers for new researchers interested in implementing CFPS.




Cell-free protein synthesis (CFPS) platforms have provided a robust, flexible, and accessible strategy
to express high titers of proteins for the scientific community.! The open nature of the platform enables
researchers to monitor protein expression in real time, to alter reaction conditions, and to produce
traditionally intractable proteins on-demand. CFPS systems have undergone numerous and significant
developments over the last 50 years, resulting in long-lived reactions with improved yields at lower
costs.? The Escherichia coli-based CFPS platform in particular has gained traction over the last 30 years
and has surpassed the Wheat Germ and Rabbit Reticulocyte platforms in cumulative publications.! The
broad adoption of the E. coli-based crude extracts for CFPS is in part a function of consistent effort by
the scientific community to enhance robustness of the platform, streamline the workflow of generating
and utilizing cell extracts, and expand the utility and accessibility for new users. From its inception in the
1950s when Nirenberg and Matthaei first used CFPS to decipher the genetic code, there have been
numerous advances in both energy systems and laboratory workflows to make CFPS a viable protein
expression platform for applications ranging from discovery through manufacturing.3 Energy systems
have been consistently tuned to allow for high protein titers while regenerating substrates to allow for
longer lasting reactions with reduced costs.* Workflows for cell growth, lysis, and extract prep have also
undergone optimizations. Examples include, but are not limited to: growth within baffled flasks>8, the
advancement of sonication-based lysis>®® or bead beating®?®, the utilization of tabletop centrifuges to
separate transcriptional and translational machinery from cell lysate®>®, and the ability to perform extract
preparation at the 100 L-scale.'® Most of these advances improved the downstream processing, from cell
lysis to CFPS reaction conditions, leading to long-lived, high-yielding reactions that are also capable of
producing traditionally intractable proteins. The primary improvement to upstream processing over the
last 15 years has been the increasing use of baffled shake flasks for cell growth instead of fermenters;
otherwise, the process of growing and harvesting cells appears to have remained unchanged.>*!

The upstream processing involved in generating E. coli-based crude extracts represents a laborious
and technically nuanced process that can contribute to variability within CFPS reactions between
laboratories and users alike.!>13 In fact, the development of best practices for cell lysate preparation is
one of six key recommendations emerging from the National Institutes of Standards and Technology
workshop on cell-free.’® This recommendation is an outcome of the working group’s assessment that cell
extract preparation remains non-standardized, expensive, and irreproducible. In order to overcome
these limitations, we sought to shorten and simplify the workflow and lower the barrier-to-entry for
implementing CFPS by limiting the researcher oversight required in the extract preparation process. This
goal was identified based on the observations that the researcher is often the primary source of both
variability in extract preparation, as well as the cost.

Here we define upstream processing as the steps involved in the cell growth and harvesting, starting
from the originating cell colonies through cell lysis for crude extract preparation. The impetus for
improving this workflow is two-fold: A) to reduce the number of technical steps as well as the time and
labor associated with upstream processing and B) to improve reproducibility of CFPS from batch-to-
batch, user-to-user, and across institutions.>®%%1113 The existing upstream workflow represents the most
time-consuming aspect of cell-free protein synthesis, requiring up to 2 days of researcher labor to
generate cell extract.>? This workflow entails 1) growing a seed culture overnight from an existing,
viable streak plate made from a glycerol stock; 2) inoculate large volume growths with OD600
monitoring for induction of T7 RNAP and harvest at precise phases of growth; 3) perform multiple
bacterial pellet washing resuspensions prior to storage of cell pellets for later lysis.>”*! Downstream
processing steps of cell lysis and CFPS reactions can be done immediately following harvest, but often
follows on a third day of labor that may occur much later in time.



Toward our goal, we have developed a cell-free autoinduction (CFAI) media formulation
(Supplemental Table 1) for E. coli BL21Star™(DE3) that enables researchers to obviate the most nuanced
and burdensome steps of the existing upstream processing workflow. The outcome is the simplification
of a 3-day workflow down to a 24-hour workflow (Figure 1) that can be implemented in a ‘set-it and
forget-it’ manner. Notably, CFAI supports cell growth to high cell densities without sacrificing cell extract
productivity. The result is a >400% increase in cell mass obtained and a corresponding >400% increase in
total extract volume obtained. Our new approach is simple, reproducible, and decreases the time and
labor required, while also increasing the quantity of robust cell extract obtained. Together, the
advantages will further reduce the barrier to broad adoption of the CFPS platform.

The capacity to generate robust cell extracts from stationary phase cultures is a key advance toward
supporting the 24-hour workflow. Prior work has suggested that harvesting cells at early-to-mid log
phase of growth is ideal as both the quantity and quality of translation machinery is increased to support
cells that are actively doubling.>'4-%7 Given that the CFAI extracts from stationary phase did not show any
functional limits in protein synthesis, we hypothesized that conditions of cell growth and harvest affect
the metabolism in cell-free systems. We therefore pursued metabolomics analysis to understand the
basis for achieving highly active cell extracts mediated by the CFAl method. We report novel insights into
the metabolic features associated with both inactive and active cell extracts generated from cells
harvested at both mid-log and stationary phases of growth. This work provides an improved workflow



for generating robust extracts, and the development of this workflow has shed light into the metabolism
of cell-free systems that can be leveraged more broadly.

Results
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Figure 1. Schematic and timeline the CFAI workflow.

Upstream Processing

In efforts to reduce the time and labor associated with obtaining cells for extract preparations, we
first assessed whether three wash cycles of the bacterial pellet were necessary prior to lysis of the cells.
We determined that performing one wash instead of three is not detrimental to the resulting cell
extracts’ capacity to express the reporter protein sfGFP (Supplemental Figure 1).>8 From this point
onward, each cell pellet underwent only one wash regardless of media type. Additionally, we did not
perform a runoff reaction as it is not necessary for the BL21Star™(DE3) strain.>

Next, an autoinduction strategy was employed to obviate the need to induce cells with IPTG, the
lactose analog. An autoinduction media recipe adopted from FW. Studier®® is similar to 2x YTPG in
guantities of yeast extract, tryptone, and phosphate salts, but differs significantly in carbon sources,
significantly reducing the amount of glucose in favor of added lactose and glycerol (Supplemental Table
1). Replacement of glucose with lactose and glycerol as carbon sources was of concern given that
glucose (G) supplementation in 2x YTP was first developed to limit the expression of alkaline and hexose
phosphatases that would normally result in a buildup of inorganic phosphates, metabolites detrimental
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to the CFPS reaction as well as to activate central metabolism for energy recycling within the CFPS
reactions.*'° To our surprise, replacing 2x YTPG with autoinduction media did not negatively affect the
extract’s capacity to perform in vitro transcription and translation when cells were harvested at an ODggo
of 2.5 (Figure 2). Autoinduction obviates the need to monitor ODgoo for T7 RNAP induction, when
combined with performing 1 wash instead of 3 washes during harvest, we observed noteworthy
improvements to the overall workflow (Supplemental Figure 1). However, growth in autoinduction media
remains dependent on harvesting cells within a precise window of cell growth- during the early to mid-
log phase at which point cells are undergoing rapid doubling and ribosomes and associated translational
proteins are thought to be in high abundance.>'>"7 A downside to this approach is that it tethers the
researcher to monitoring cell densities for the duration of the growth, increasing the labor and variability
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Figure 2. CFAl media recipe enables robust extract when harvested at an ODggo of 10. All values are based upon
triplicate measurements from three independent growths, three independent extract preparations, and three
independent CFPS reactions across all media types. Error bars represent one standard deviation of the average
of three independent reactions for each condition performed in triplicate. Bolded ingredients represent
modifications from the 2x YTPG media formulation.

associated with obtaining cells for CFPS.22 We sought to re-evaluate the previous observations that
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established the optimal ODgoo for harvesting cells.>” Toward this end, cells were grown to high densities,
ODeoo of 10, in both 2x YTPG and autoinduction media. Our observations confirmed previous findings
that extracts generated from cells harvested at the stationary phase of growth in either 2x YTPG or
autoinduction media show a depressed capacity for protein production compared to extracts generated
from cells harvested at an ODggo Of 2.5 (Figure 2).

Table 1. Cell pellet mass and extract volume generated from corresponding media types grown in
triplicate. Values were averaged across triplicate growths.

2x YTPG Al CFAl
ODeoo 2.5 10 2.5 10 2.5 10
pH at Harvest 7.0 54 7.0 6.3 7.1 6.7
Cell Pellet (g) 4.21 14.22 4.79 17.4 4.13 13.9
Extract Volume (mL) 4.29 17.16 5.13 20.52 4.41 17.64

We then sought to identify whether the necessity to harvest cells at mid-log phase of growth is a
result of functional limitations other than translation machinery. We observed that depressed CFPS yields
from high cell density cultures correlate with more acidic culture conditions at harvest (Table 1). To test
the role of pH destabilization, we increased the buffering capacity of the Al media by two-fold.
Additionally, we hypothesized that the extended growth times may exhaust the lactose carbon source
available in the Al media, resulting in depressed expression of T7 RNAP and/or altered metabolism of the
cells, becoming incompatible with the PANOXSP energy system in our CFPS reactions. To address these
concerns, we also increased the lactose concentration by two-fold within the Al media (Supplemental
Table 1). Cells grown in the modified Al media formulation were first cultured to an ODggo of 2.5 in order
to establish whether the added buffering capacity and lactose can support cell growth for obtaining robust
extracts. Indeed, extract resulting from the modified Al media reproducible yielded >1 mg/mL of reporter
protein sfGFP (Figure. 2). Cells were then grown to an ODggo of 10 in the modified Al media, washed once,
and processed for extract preparation. The extract resulting from cells grown to high densities also
resulted in highly active cell extracts capable of producing >1 mg/mL of reporter protein sfGFP (Figure 2).
We considered the possibility that the improved buffering capacity alone may be responsible for the
benefits observed with CFAI media. Doubling the buffering capacity of 2x YTPG to match that of CFAI
improved yields of extracts from ODggo 10 harvests from 605 + 41 ug/ml to 744 + 69 pg/ml, but remained
insufficient to rescue the full productivity of the 2x YTPG extract prepared from ODggo 2.5 harvests (1192
+ 80 pg/ml). These findings demonstrated that our cell-free autoinduction (CFAI) media formulation
overcomes and expands the limits of the traditional cell growth workflow.

In order to maximize the potential of CFAl media, we further evaluated the optimal concentration of
each component of the media formulation. Toward this end, we tuned the carbon source
concentrations, and timings of carbon source supplementation. Increased concentrations of glycerol
were added to the sugar recipe but provided no boost to the overall cell density or extract productivity
(Supplemental Figure 2). To test the hypothesis that metabolic shifts as cells approach stationary phase
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play a role in limiting extract productivity, we also tested growth conditions in which glycerol was spiked
into high density cultures 1 hour prior to harvest in efforts to reactivate metabolism. These interventions
also did not improve overall cell density or extract productivity compared to CFAI media. Efforts to tune
the CFAI media formulation confirmed that the optimal conditions require minimal human intervention
in the workflow. We chose to maintain the concentration of glucose in Al media in order to provide the
adequate threshold of energy in the media to begin expressing the enzymes needed to uptake and begin
metabolizing lactose.!®20

To identify whether the full potential of CFAI was limited in other resources, yeast extract and
tryptone were also augmented based on the SuperBroth media recipe that is marketed for high density
cultivation of E. coli cells.?* The resulting Super-CFAI media displayed similar ODgoo values and extract
productivity levels as the CFAlI media. These findings suggest that the added cost of reagents for the
Super-CFAI media are not justified and that the CFAI media formulation is optimal (Supplemental Figure
3).

The capacity to obtain highly productive cell extracts from high density cell cultures using CFAl media
liberates the researcher from the time and labor associated with existing workflows for cell growth. To
expand on this capacity, we sought to reduce or remove human intervention from all cell growth steps
involved in the upstream processing. Specifically, the traditional workflow requires the researcher to 1)
inoculate “over-night” seed cultures from a single colony grown on a recent, viable streak plate, 2)
inoculate larger volumes of media with the seed culture, and 3) monitor growth of cells that will
ultimately generate cell extract capable of robust in vitro transcription and translation. Given the slow
nature of cell propagation, this process consumes 2 days. We therefore tested a modified inoculation
workflow in which multiple colonies (Supplemental Figure 4) of BL21Star™(DE3) from a viable streak
plate were inoculated directly into 1 L of CFAI media, incubated for 15 hours overnight, and harvested
the subsequent morning. This experiment was conducted at both 30°C and 37°C, and the resulting ODgoo
values were 8.0 and 10.0 respectively, generating cell pellets of 15 g and 18 g respectively. Cells were
washed once during harvest and lysed via sonication for extract preparation. Extracts from both
overnight growths were robust, yielding >1 mg/mL of sfGFP, with the 30°C growth producing a ~10%
higher titer than the 37°C growth. If viable streak plates and CFAI media are available, this new workflow
enables researchers to inoculate a liquid culture at 5 p.m., harvest at 8 a.m., generate extracts by 10
a.m., setup CFPS reactions by noon, and quantify by 3-4 p.m. In other words, this new CFAI-based
workflow enables researchers to go from cell colonies on a streak plate to conducting and analyzing CFPS
within 24 hours. Notably, this workflow requires less than 6 hours of a researcher’s active effort.

CFAl-based high density cell growth provides advantages beyond improved workflows. The quantity
of cells obtained from high density growths are ~4 times greater, and the corresponding extract volumes
obtained are also ~4 times larger (Table 1). As a function of the simplicity, the CFAI-based workflow is
also highly reproducible. To evaluate this, we grew three independent cultures of each condition,
performed three independent extract preparations of each growth, tested each extract in triplicate CFPS
reactions, and subsequently quantified productivity of each reaction in triplicate. The standard deviation
resulting from these independent replicates is under 10% (Figure 2) underscoring the reproducibility of
the approach. Having shared the CFAI workflow through biorxiv.org in the August of 2019, we have
received positive feedback from researchers within the broader cell-free community about the utility
and reproducibility of this workflow as described. Lastly, while the cost of 2x YTPG and CFAI media
components are similar, the removal of the need for IPTG, combined with reduced researcher time and
the overall increase in extract volume produced, makes this new approach significantly more cost-
effective.



Metabolomics analyses

Development of the CFAI workflow uniquely enabled us to evaluate the metabolic basis for poor-
quality extracts as well as highly-productive extracts in a growth phase dependent manner.
Metabolomics analysis was performed on cell extracts generated from cells harvested at ODgg 2.5 and
ODeoo 10 grown in the traditional media 2x YTPG, as well as Al and CFAI media. In addition to the analysis
of cell extracts, metabolomics analysis was also performed once CFPS reactions were completed (post-
reaction) using extracts from varying growth ODs and growth media formulations. While the
metabolome of the cell extracts is insightful, the metabolome of the post-reaction samples provided
valuable insights into the active metabolism that is present in cell extracts, and we demonstrate that this
is growth medium dependent.

Through a combination of various growth media, differing harvest ODsoo, and extract vs. post reaction
samples, 12 unique conditions for metabolomics analysis are represented in this study. A total
of 88 metabolites were detected in both the extract and post-reaction samples (Supplemental
Metabolomics Data). Principal Component Analysis (PCA) of the extract samples discriminated the CFAI
ODgoo 10 and Al ODggo 10 groups along component 1 from all other groups. 2x YTPG ODggo 10 extracts
showed separation along component 2 (Figure 3). PCA of the post-reaction samples discriminated all
ODgoo 10 samples from ODgoo 2.5 samples along component 3 (Figure 3). For the post-reaction samples,
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Figure 3. PCA analysis to visualize group discrimination in a 2-dimensional scores plot showed a separation
of sample groups. Each point represents an individual replicate and color of point denotes the
experimental condition. The extract samples (A) projected from their group centroid along components 1
and 2 showed a separation between the Al ODggo- 10 and CFAI ODgoo = 10 experimental groups along
component 1 while the reaction samples (B) projected from their group centroid along components 1 and
3 showed a separation between the ODgoo = 2.5 and ODgoo = 10 experimental groups along component 3.
Separation existed between CFAI ODgoo = 10 and the other ODggo = 10 groups along component 1.

there was separation between CFAI ODggo 10 and the other ODgoo 10 groups along component 1 (Figure
3). PCA of extract and post-reaction samples demonstrate that the metabolome resulting from cells
grown in CFAI to ODggo 10 is distinct from all other samples (Figure 3).



For the cell extracts, univariate analysis identified 60 metabolites that were significantly different
between groups (p<0.05), including 58 that passed false discovery rate (FDR) (FDR<0.05) (Supplemental
Metabolomics Data). A particular focus of this experiment was to differentiate the metabolomic profile
of CFAI ODggo 10 versus other ODggo 10 extracts from cells grown in 2x YTPG and Al media, harvested at
ODggo of 2.5 or 10. Among the cell extract samples, alpha-hydroxybutyrate concentration was
significantly higher in the CFAI ODgoo 10 group than the other groups (Supplemental Metabolomics Data).
Increased production of alpha-hydroxybutyrate has been linked to the presence of a high NADH +
H*/NAD* ratio and glutathione anabolism.?® Tryptophan and several of the intermediates in
the tryptophan conversion to niacin pathway were altered as well (Figure 4). Tryptophan concentrations
were higher in CFAl and Al ODggo 10 extracts than 2x YTPG ODgo 10 (Figure 4). Kynurenic acid and
xanthurenic acid concentrations were higher in CFAI ODggo 10 versus 2x YTPG ODggo 10 and showed a
trend elevation versus Al ODggo 10 (p=0.1) (Figure 4). Concentrations of niacinamide and quinolinic acid,
NAD precursor and/or breakdown products, in CFAl ODggo 10 extracts were higher than Al harvested at
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label corresponds to samples collected and analyzed post-CFPS reactions.

ODegoo 10 (P=0.05) (Figure 4).2*>, Concentrations of the pentose phosphate pathway

metabolites SUM_ribose-5-phosphate/ribulose-5-phosphate in CFAI and Al ODggo 10 extracts were
higher than 2x YTPG ODeoo 10 (Figure 4). Overall, the cell extract metabolomes for Al ODgoo 10 and CFAI
ODego 10 were similar to each other, with the exception of quinolinic acid and nicotinamide levels, but
notably distinct from 2x YTPG ODggo 10 (Supplemental Metabolomics Data). While these observations
are consistent with the similarity in the Al and CFAlI media formulations, their metabolomes do not
clearly explain why CFAI ODggo 10 extracts are more productive than Al OD 10 extracts.

In addition to evaluating cell extracts, we also performed metabolomics analysis on the post-reaction
milieu. Amongst the post-reaction samples, univariate analysis identified 38 metabolites that were
significantly different between groups (p<0.05), including 31 that passed FDR (FDR<0.05) (Supplemental
Metabolomics Data). Focusing on the difference between CFAI ODggo 10 versus the other ODggo 10
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groups, CFAI ODgoo 10 post-reaction samples had lower concentrations of 2-hydroxyglutarate compared
to the other conditions, perhaps reflecting a relatively lower NADH + H*/NAD" ratio and a non-acidic pH
(Supplemental Metabolomics Data).?® Tryptophan conversion to niacin pathway metabolites were
altered including higher quinolinic acid levels in CFAI ODgoo 10 post-reaction versus the other groups
(Supplemental Metabolomics Data). CFAI ODgqoo 10 also contained lower niacinamide concentrations than
Al ODggo 10 (Supplemental Metabolomics Data). Pentose phosphate pathway metabolites’ SUM_ribose-
5-phosphate/ribulose-5-phosphate were in greater abundance in CFAI ODgoo 10 than in Al ODgoo 10 post-
reaction (Figure 5). Lastly, lactate levels were lower in CFAI ODggo 10 post-reaction than Al ODggo 10
(Figure 5). These data highlight the metabolites uniquely associated with highly active extracts from high
OD 0o 10 harvests. These data suggest that the active metabolism within the extract may be equally
important as the metabolic profile of the extract itself.

An additional focal point of this experiment was the differentiation of the metabolomic profile of 2x
YTPG ODggo 2.5 versus 2x YTPG ODgoo 10 in order to identify a metabolic basis for poor-quality extracts
from cells grown to high ODs. In the cell extract samples, univariate analysis identified 20
metabolites that were significantly different between groups (p<0.05), including one that passed
FDR (FDR<0.05) (Supplemental Metabolomics Data). 2x YTPG ODego 10 extracts had lower concentrations
of reduced glutathione and higher concentrations of oxidized glutathione than 2x YTPG ODegq 2.5 (Figure
4). 2x YTPG ODeggo 10 extracts also had decreased levels of alpha-hydroxybutyrate and higher niacinamide
levels. In the post-reaction samples, univariate analysis identified 9 metabolites that were significantly
different between groups (p<0.05), with none passing FDR (FDR<0.05) (Supplemental Metabolomics
Data). Of particular note, 2-hydroxyglutarate and citrate levels were in the lower 2x YTPG ODggo 10 versus
2x YTPG ODgno 2.5 (Supplemental Metabolomics Data). As previously mentioned, reduced 2-
hydroxyglutarate may reflect a change in NADH + H+/NAD+ ratio and acidity while citrate is a vital
component of the Krebs cycle and is used for NADPH regeneration.?’

Focusing on differences between CFAl and Al ODgoo 10 versus their respective ODgoo 2.5 extracts,
each had higher levels of xanthurenic acid, tryptophan, glucuronate, and carnitine in their ODggo 10
extracts and lower levels of creatine, alpha-glycerophosphate, and sorbitol (Supplemental Metabolomics
Data). The Al media type had higher levels of 2-hydroxyglutarate and SUM fumarate+malate in its ODgoo
10 extracts but CFAl were not different between its ODgoo 2.5 and ODgoo 10 extracts (Supplemental
Metabolomics Data). CFAI had higher levels of niacinamide and SUM ribose-5-phosphate+ribulose-5-
phosphate in its ODggo 10 extracts but the Al media type was not different between its ODggo 2.5 and
ODeoo 10 extracts (Supplemental Metabolomics Data). Interestingly, in these extracts, alpha-
hydroxybutyrate were differentially altered, with CFAI ODgoo 10 having higher and Al lower levels
(Supplemental Metabolomics Data). In terms of reaction sample differences between CFAIl and Al ODggo
10 versus their respective ODgoo 2.5 extracts, each had lower levels of alpha-glycerophosphate in their
ODeoo 10 extracts (Supplemental Metabolomics Data). CFAI had lower 2-hydroxyglutarate and higher
niacinamide and quinolinic acid levels in its ODgoo 10 reactions but Al were not different between its
ODs0o 2.5 and ODgoo 10 reaction samples (Supplemental Metabolomics Data). Al had higher levels of
carnitine and SUM fumarate+malate in its ODggo 10 reactions but Al were not different between its ODggo
2.5 and ODgoo 10 reaction samples (Supplemental Metabolomics Data). Reaction sample lactate levels
were differentially altered, with Al ODggo 10 having higher and CFAI lower levels (Supplemental
Metabolomics Data).

Discussion

The results presented here demonstrate the development of an improved upstream workflow for
performing E. coli crude lysate-based cell-free protein synthesis. The development of the CFAI media
formulation uniquely enabled us to gain insights to the energy metabolism associated with highly-
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productive and poorly-performing cell extracts as well as extracts from cells harvested at mid-log to
stationary phases of growth.

The CFAIl workflow provides four key advantages over past CFPS workflows by 1) decreasing the
overall time from a three day process to just under 24 hours, 2) decreasing the labor and oversight
required from the researcher, 3) increasing the extract obtained by >400%, and 4) creating a long-lasting
autoinduction media formula that obviates the need for IPTG induction and allows for next day
harvesting. Directly inoculating a 1 L volume of media with a loopful of colonies obviates the seed
culture and reduces the workflow by an entire day’s time. Although standard microbiology growth
procedures often rely on a single colony to limit genetic variability, our concerns were minimized since
our streak plates were generated from an isogenic glycerol stock. Additionally, many biotechnology
endeavors utilize the inoculation of multiple colonies into liquid cultures to support their biotechnology
applications.?®2° Importantly, the cell extracts produced from our growths have been shown to have
reproducible robustness from batch-to-batch, reducing immediate concerns associated with the genetic
variability arising from multiple colonies. For these reasons, we maintain that inoculating with multiple
colonies from a fresh plate (in good condition with viable cells and stored at 4°C) of BL21Star™(DE3) that
is generated from an isogenic glycerol stock is suitable for CFPS applications. Next, the rationale for using
a seed culture is to expedite cell growth in large volumes; the seed culture allowed researchers to begin
growth of a 1 L culture at an ODggo of 0.1 - 0.3 in order to reach ODggo Of 2.5 in a timely manner. The
capacity to obtain robust extracts from high density cell cultures that have autoinduced T7 RNAP
expression obviates the need to monitor cell densities for induction of T7 RNAP between ODggo of 0.6 -
0.8 or for harvest at mid-log phase and therefore, eliminating the need for seed cultures.>58%%1

Following cell harvest, the time needed to wash the bacterial pellet is reduced to a third by using
one washing step instead of three which displayed no drop in overall productivity of the cell extract
(Supplemental Figure 1). Given that cell pellets are increasingly difficult to resuspend after each wash,
the practical time and labor savings are likely greater than 3-fold. Moreover, the CFAI media still allows
for a typical ODgoo 2.5 harvest if large quantities of extract are not necessary, and it achieves this cell
density at a faster growth rate than standard 2x YTPG media (Supplemental Figure 5). As a result, a
researcher can inoculate a loopful of colonies in the morning and harvest at ODgg 2.5 seven hours later
prior to going home for the day. In addition to the aforementioned advantages, researchers looking to
maintain their current workflows may find CFAI superior to 2x YTPG for improved growth rates as
another source of time reduction (Supplemental Figure 5). Lastly, our data showed that CFAIl-based
extracts are not limited by T7 RNAP and do not benefit from supplementation of purified enzyme which
suggests that there is sufficient induction of the lac operon throughout the growth period (Supplemental
Figure 6).

Metabolomics results indicated changes in energy metabolism related to niacin and its associated
metabolites in CFAI ODggo 10 extract and post-reaction samples. In particular, the tryptophan conversion
to NAD* and NAPD* pathway had several altered metabolites that were higher in both the CFAI ODgy 10
and Al ODeggo 10 samples versus all other groups. However, we were particularly interested in
metabolome changes observed uniquely in CFAI ODggo 10 in order to identify the basis for highly
productive extracts obtained from stationary phase growths. Its elevated alpha-hydroxybutyrate levels in
extract samples may suggest a high NADH + H+/NAD+ ratio. Interestingly, post-reaction samples’ lower
levels of 2-hydroxyglutarate and lactate suggest the NADH + H+/NAD+ ratio and acidity were decreased
which may support maintenance of cell extract quality.2?” This potential change in conditions may
reflect the active metabolism in the reaction. Also differentiating the CFAI ODgoo 10 metabolome were
alterations in the pentose phosphate pathway. While SUM_ribose-5-phosphate/ribulose-5-phosphate
levels were different than all but Al ODggo 10 in extract samples, CFAlI ODggo 10 was distinguished in

12



higher levels even in post-reaction samples. Therefore, a continued activation of the pentose phosphate
pathway may also support the sustained effectiveness of CFAI ODgoo 10 for producing robust cell extracts.
In addition to its production of pentose sugars, this pathway produces NADPH, a reducing agent for
antioxidants such as glutathione.?>2¢

The 2x YTPG ODgqo 2.5 metabolome, corresponding to highly-productive cell extracts, was different
from the 2x YTPG ODsoo 10 metabolome, corresponding to poorly-performing cell extracts. Most notably,
the 2x YTPG ODgoo 10 extracts had lower concentrations of reduced glutathione and higher
concentrations of oxidized glutathione. In summary, when placing these metabolomics results in a CFPS
context, NAD-derived reducing equivalents may fuel oxidative phosphorylation for the production of ATP
in vitro.** Produced during the upstream cellular catabolic processes, these reducing equivalents allow
oxidative phosphorylation to proceed within inverted membrane vesicles present in the E. coli extracts.
Sustained elevation of pentose phosphate metabolites in the reaction samples were unique to CFAI.
With the increased presence of pentose phosphate and tryptophan conversion to niacin pathway
metabolites in our robust extracts and the role that these pathways play in reducing equivalent turnover,
out data suggests a relationship between these pathways and robust cell-free protein synthesis
reactions. Additionally, our observations of changes in redox balance in highly-productive extracts is
consistent with previous efforts to improve CFPS yields through genome engineering of E. coli strains.*®

Metabolomics data support prior observations that the metabolism within CFPS systems is
malleable3? and that cell growth conditions can affect the metabolic pathways that are active cell
extracts. It is plausible that supplementation of specific metabolite formulations informed by these data
may further augment CFPS reactions, such efforts will likely have to be undertaken in conjunction with
the modulation of the respective metabolic enzymes and pathways. Therefore, additional efforts will be
needed to determine whether overexpression or augmentation of these metabolic pathways, in concert
with metabolite supplementation could further improve CFPS yields.

In all, these efforts have resulted in the development of a new upstream workflow for the
preparation of E. coli cell extracts in addition to new insights in the relationship between cell-free
metabolism and cell-free protein synthesis. The CFAI media-based workflow provides researchers and
educators33 with an economical and reproducible strategy to generate large volumes of robust cell
extracts capable of producing over 1 mg/mL of reporter protein. Notably, a researcher stocked with CFAI
media and a streak plate can go from cells to CFPS within 24 hours in a ‘set it and forget it’ manner. We
hope this innovation will transform the workflow for existing CFPS researchers and reduce the barrier to
entry for new users.

Methods

Materials. All materials used in this manuscript have been previously described® with the exception of D-
lactose (Alfa Aesar), glycerol (Sigma), and MILLEX-HV 0.22 um Filter Unit (MILLIPORE, Carrigtwohil, Co.
Cork, Ireland).

Cell Growth. All growths derived from E. coli BL21Star™(DE3) cells (generously provided by the Jewett
Laboratory) are acquired from a glycerol stock and streaked onto a fresh LB agar plate and stored at 4°C.
Streak plates in good condition with viable cells were used for inoculation.

2x YTPG Media Growth. A solution of 750 mL 2x YTP was prepared by dissolving 5.0 g sodium chloride,
16.0 g of tryptone, 10.0 g of yeast extract, 7.0 g of potassium phosphate dibasic, and 3.0 g of potassium
phosphate monobasic into Nanopure™ water. The solution was adjusted to a pH of 7.2 using 5 M KOH.
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250 mL glucose solution was created by combining 250 mL of Nanopure™ water with 18 g of D-glucose.
The 2x YTP was transferred to a 2.5 L Tunair™ baffled flask and the glucose solution was transferred to an
autoclavable glass bottle. Both solutions were autoclaved for 30 minutes at 121°C. A single colony of E.
coli BL21Star™(DE3) was inoculated into a seed culture of 50 mL of sterile LB and grown overnight at
37°C and 200 rpm. The following day, a 2.5 L Tunair™ baffled flask containing 1 L of 2x YTPG was
inoculated from the seed culture to reach an ODggo of 0.1. The culture was incubated at 37°C while
shaking at 200 rpm until ODggo reached 0.6. The 1 L media was then induced with a final concentration of
1 mM of Isopropyl B-D-1-thiogalactopyranoside (IPTG). The culture was then harvested at an ODgg of
2.5.

Al Media Growth. The autoinduction media was prepared by adopting the recipe developed by Studier,
F. W..28 In brief, 5.0 g of sodium chloride, 20.0 g of tryptone, 5.0 g of yeast extract, 7.0 g of potassium
phosphate dibasic, and 3.0 g of potassium phosphate monobasic were dissolved into 960 mL of
Nanopure™ water. The pH was then adjusted to 7.2 using 5.0 M KOH and autoclaved in the Tunair™
baffled flask for 30 minutes at 121°C. A separate 40 mL of sugar solution was prepared by dissolving 6.0
mL of 100% glycerol, 2.0 g of D-lactose, and 0.5 g of D-glucose into 34.0 mL of Nanopure™ water. This
sugar solution was sterilized using syringe filter sterilization. Following the same procedure for a seed
culture, a single colony of E. coli BL21Star™(DE3) was inoculated into 50 mL of LB in a 125-mL
Erlenmeyer flask and grown overnight at 37°C and 200 rpm. The next day, a 2.5 L Tunair™ baffled flask
containing 1 L of Al media combined with its sugar solution was inoculated from the seed overnight
culture to reach a starting ODggo 0f 0.1. The culture was harvested at an ODgo Of 2.5.

CFAl Media Growth. CFAlI media was prepared by dissolving 5.0 g of sodium chloride, 20.0 g of tryptone,
5.0 g of yeast extract, 14.0 g of potassium phosphate dibasic, and 6.0 g of potassium phosphate,
monobasic into 960 mL of Nanopure™ water. Subsequently, the pH was adjusted to 7.2 using 5.0 M KOH
and autoclaved for 30 minutes at 121°C. A separate sugar solution was prepared by dissolving 6.0 mL of
glycerol, 4.0 g of D-lactose, and 0.5 g of D-glucose into 34.0 mL of Nanopure™ water. The sugar solution
was filter-sterilized. The two solutions were mixed to complete the CFAIl recipe prior to inoculation.
When indicated, glycerol concentrations were titrated (Supplemental Figure 3). The same seed culture
inoculation procedure as above was followed for a 2.5 ODggo harvest. For high density cultures with no
human intervention, a loopful (Supplemental Figure 1) of the previously streaked E. coli BL21Star™(DE3)
was directly inoculated into 1 L of CFAI media contained in a 2.5 L Tunair™ baffled flask and incubated at
30°C while shaking at 200 rpm. The culture was grown overnight (approximately 15 hours) to an
approximate ODggo of 10. In some cases, specified amounts of supplemental glycerol were spiked into
the culture after overnight growth, an hour prior to harvest.

Super CFAI Media Growth. Super-CFAI media consisted of 5.0 g of sodium chloride, 32.0 g of tryptone,
20.0 g of yeast extract, 14.0 g of potassium phosphate dibasic, and 6.0 g of potassium phosphate,
monobasic into 960 mL of Nanopure™ water. After the pH was adjusted to 7.2 using 5.0 M KOH, the
solution was transferred and autoclaved in a 2.5 L Tunair™ baffled flask and autoclaved for 30 minutes at
121°C. A separate sugar solution was prepared by dissolving 6.0 mL of glycerol, 4.0 g of D-lactose, and
0.5 g of D-glucose into 34.0 mL of Nanopure™ water. The sugar solution was syringe filter sterilized.
These solutions were combined and inoculated with a loopful of colonies and grown overnight at 30°C
shaking at 200 rpm.
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Cell Harvest. The 1 L media was transferred into a cold 1 L centrifuge bottle (Beckman Coulter,
Indianapolis, IN), then centrifuged at 5000 x g and 10°C for 10 minutes (Avanti®) J-E Centrifuge,
Beckman Coulter, Indianapolis, IN). After decanting the supernatant, the remaining pellet was
transferred to a cold, tared, 50 mL Falcon tube using a sterile spatula (SmartSpatula®, LevGo, Inc.,
Berkeley, CA) while kept on ice. Then, cells were washed once with 40-50 mL of cold S30 buffer (14 mM
Mg(OAc),, 10 mM Tris(OAc), 60 mM KOAc, 2 mM dithiothreitol) by resuspension via vortexing with rest
periods on ice. In some specified cases, three washes were performed. The resuspension was
centrifuged at 5000 x g and 10°C for 10 minutes. After disposing the supernatant, the pellet was
weighed, then flash frozen via liquid nitrogen and kept at -80°C until extract preparation. When extracts
were prepared during the same day as the harvest, each pellet was flash frozen prior to lysis.

Extract Preparation. The frozen cell pellet was combined with 1 mL of S30 buffer per 1 gram of cell pellet
and thawed on ice. Once thawed, the cell pellet was resuspended via vortexing with rest periods on ice
until no visible clumps of cells were observed. Then, 1.4 mL of the solution was transferred into 1.5mL
Eppendorf tubes. A Q125 Sonicator (Qsonica, Newtown, CT) with a 3.175 mm probe was used at a
frequency of 20 kHz and 50% amplitude with three forty-five seconds on/fifty-nine seconds off cycles to
perform cell lysis. Immediately after, 4.5 uL of 1 M DTT was added to the lysate and inverted several
times. The lysate was then centrifuged using a Microfuge 22R Tabletop Centrifuge (Beckman Coulter,
Indianapolis, IN) at 18,000 x g and 4°C for 10 minutes. Following centrifugation, the supernatant was
pipetted into a new 1.5 mL Eppendorf tube, flash frozen in liquid nitrogen, and kept in a -80°C freezer
until use.

Cell-free Protein Synthesis. Cell-free protein synthesis was performed in 15 pl reactions in 1.5 mL
Eppendorf tubes in triplicate unless otherwise noted. The standard condition of the reaction included 16
ng/uL of pJL1-sfGFP plasmid, 2.1 uL of Solution A (1.2 mM ATP, 0.850 mM GTP, 0.850 mM UTP, 0.850 mM
CTP, 31.50 pg/mL folinic acid, 170.60 pug/mL tRNA, 0.40 mM nicotinamide adenine dinucleotide (NAD),
0.27 mM coenzyme A (CoA), 4.00 mM oxalic acid, 1.00 mM putrescine, 1.50 mM spermidine, and 57.33
mM HEPES buffer), 2.2 pL of Solution B (10 mM Mg(Glu)z, 10 mM NH4(Glu), 130 mM K(Glu), 2 mM each
of the 20 amino acids, and 0.03 M phosphoenolpyruvate (PEP)), 5.0 uL of cell extract, and a varying
volume of molecular-grade water to fill the reaction volume to 15 pL ®. Supplemental reactions included
the exogenous addition of 100 pug/mL T7 RNAP (generously provided by the Jewett Laboratory). The cell-
free protein synthesis reaction was carried out at 37°C for a minimum of four hours.

Quantification of Reporter Protein. Fluorescence intensity of superfolder GFP (sfGFP) was measured in
triplicate per reaction with excitation and emission wavelengths of 485 and 528 nm respectively using a
half area 96-well black polystyrene plate (Corning Incorporated, Corning, NY) containing 48 pL of 0.05 M
HEPES solution (pH 7.2) and 2 uL of the cell-free protein synthesis reaction product. Fluorescence
measurements were conducted using a Cytation 5 imaging reader (BioTek, Winwooski, VT). The
fluorescence was then converted to concentration of sfGFP (ug/mL) based upon a standard curve as
previously described.®

Metabolomics Analysis

Sample Preparation. Targeted metabolomics assays for primary metabolomics and aminomics were
performed on both E. coli extract and CFPS reaction products using protein precipitation extraction with
liquid chromatography tandem quadrupole mass spectrometry using modified previously published
methods.3 Briefly, 25 pL of extract was added to microfuge tubes before being spiked with 20 uL
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isotopically-labeled surrogates followed by 750 uL chilled methanol. Samples were then vortexed 1 min
prior to being centrifuged at 12,000 rpm for 10 min. The supernatant was transferred to 1.5 mL HPLC
amber glass vials, dried by centrifugal vacuum evaporation, and reconstituted in 3:1
methanol:acetonitrile containing 100 nM of 1 cyclohexyl ureido, 3 dodecanoic acid (Sigma Aldrich). The
reconstituted solution was vortexed 1 min and filtered at 0.1 um by centrifugation at 9,500 rpm for 3
min through PVDF Durapore membranes (Millipore, Billerica, MA).

Mass Spectrometry. All UPLC-MS analyses were conducted on a Waters Acquity I-Class UPLC (Waters,
Milford, MA) coupled with an APl 4000 QTrap (Sciex, Framingham, MA) using multiple reaction
monitoring quantified with AB Sciex MultiQuant version 3.0. For the primary metabolomics assay,
metabolites were separated using a 150 X 2.0mm Luna NH2 column (Phenomenex, Torrance, CA) and
detected by negative ion mode electrospray ionization.3*3* For the aminomics assay, metabolites were
separated using a 150 X 2.1mm Atlantis HILIC column (Waters) and detected by positive ion mode
electrospray ionization.343¢

Statistical Analyses. Univariate statistical analyses were performed using one-way analysis of variance
(ANOVA) on log transformed values. Tukey HSD posthoc tests were used to determine pairwise group
differences. The significance levels (i.e. p-values) were assessed for multiple hypothesis testing according
to Benjamini and Hochberg?® at a false discovery rate (FDR) of 0.05. Interpretation of results is based on
compounds with statistically significant raw p-values. All univariate analysis was performed using JMP
Pro 14.0.0 (SAS Institute Inc.). Due to the low sample size resulting in a high propensity for overfitting
when performing partial least squares-discriminant analysis (PLS-DA), we used the unsupervised method
principal component analysis (PCA) for multivariate modeling using Metaboanalyst 3.0.38

ASSOCIATED CONTENT

Supplemental content includes a supplemental table describing media formulations, figures
corresponding to cell growth curves under various growth media, CFPS reaction yields resulting from
various modifications to the upstream processing steps, as well as metabolomics data.
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