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Abstract

Cell-Free Protein Synthesis (CFPS) is a platform biotechnology that enables a breadth
of applications. However, field applications remain limited due to the poor shelf-stability
of aqueous cell extracts required for CFPS. Lyophilization of E. coli extracts improves
shelf-life but remains insufficient for extended storage at room temperature. To address
this limitation, we mapped the chemical space of ten low-cost additives with four distinct
mechanisms of action in a combinatorial manner to identify formulations capable of
stabilizing lyophilized cell extract. We report three key findings: 1) unique additive
formulations that maintain full productivity of cell extracts stored at 4°C and 23°C; 2)
additive formulations that enhance extract productivity by nearly 2-fold; 3) a machine
learning algorithm that provides predictive capacity for the stabilizing effects of additive
formulations that were not tested experimentally. These findings provide a simple and
low-cost advance toward making CFPS field-ready and cost-competitive for
biomanufacturing.

Keywords: Cell-free protein synthesis, In vitro transcription/translation, Lyophilization,
Synthetic biology, Machine learning

Cell-Free Protein Synthesis (CFPS) is a biotechnology platform that has supported
applications in research and industrial settings for protein expression, drug development,
and genetic code expansion among several others.! Emerging field applications of CFPS
primarily leverage E. coli crude lysates for in vitro transcription and translation to provide
point-of-care diagnostics, enhance therapeutics production, and make synthetic biology
education feasible.2-'3 The cell extract remains the most sensitive component of CFPS,
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requiring careful storage and handling because of its complex mixture of vital RNA and
protein-based cellular machinery including ribosomes, auxiliary translation machinery,
and central metabolism.'*'7 Aqueous extract is known to degrade quickly under non-
ideal conditions, such as room temperature storage.'® This stability issue engenders a
cold chain and presents the primary bottleneck for implementation of CFPS field
applications.

A key advancement toward long-term cell extract stability was lyophilization.'® This
approach is robust and has been shown to support CFPS field applications such as paper-
based diagnostics devices, biosensors, on-demand synthesis of industrially and clinically
relevant molecules, and classroom applications for synthetic biology education.2815-21
Additionally, the use of lyophilization has been previously shown to mitigate the risk for
biocontamination by cell extracts, improving safety for field applications.?®> However, the
enhancement to cell extract stability is observed to be limited, as the productivity of
lyophilized cell extracts stored at room temperature diminishes notably within the first 14
days.'626 This suggests that while lyophilization is an important aspect of achieving
extract stability, it remains insufficient on its own.

Successes in the stabilization of various other biological materials used in medicine
for diagnostics and therapeutics suggest that the gap in cell extract stabilization could be
filled through continued discovery of additive formulations. Numerous lyoprotectants and
thermoprotectants have been used to stabilize purified proteins but have not been
thoroughly evaluated for their capacity to stabilize complex mixtures. As such, these
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Figure 1. Workflow for traditional cell-free extract production and reaction setup (grey)
compared to our modified workflow for improved stability and productivity to support
field applications (green). In the modified workflow, additives are combined with cell
extract, lyophilized, and stored in airtight bags with desiccant until use.



advances cannot be directly applied to CFPS extracts. An attempt at extract stabilization
has also been made by introducing antiplasticized glasses to the extract prior to
lyophilization to help retain extract productivity during lyophilization and subsequent
storage.?® While this represents another noteworthy advance, only 60-70% of productivity
is retained after two weeks of storage at 25 °C for E. coli extracts containing the optimal
lyoprotectant formulation. To date, a variety of additives, including sugars, trimethylamine
osmolytes, and molecular crowding agents have been used to augment the protein titer
of CFPS reactions, but few have been thoroughly evaluated for their ability to stabilize
CFPS extract for storage.?” Furthermore, the field lacks the capacity to predict the
performance of various additives toward stabilization of biological materials, necessitating
efforts to thoroughly screen putative stabilizers in CFPS extract.

Here we evaluate the impact of ten additives, with four distinct mechanisms of
enhancing the shelf-life of lyophilized cell extracts. In addition to establishing the full
titration ranges of each additive, we also report the combinatorial effects emerging from
binary and ternary co-titrations of different classes of additives on cell-extract stability.
These efforts have allowed us to map the additives landscape associated with
stabilization of E. coli cell extract at -80 °C, 4 °C, and 23 °C (room temperature). We report
non-obvious combinatorial formulations of additives that maintain at least 97.7 + 1.7% of
extract productivity, as indicated by their ability to produce the reporter superfolder green
fluorescent protein (sfGFP), at all three temperature conditions after two weeks of
storage. Unexpectedly, we have also discovered additive formulations that enhance
productivity up to 195.4 + 5.6% for extracts stored at colder temperatures (<4 °C). Lastly,
we report a machine learning algorithm emerging from this data that provides predictive
capacity for the effects of these additives on extract stabilization at -80 °C, 4 °C, and 23
°C. Together, the advances reported here unite disparate past investigations of additive
supplementation in CFPS and provide the ability to predict stabilization from additive
combinations that have yet to be experimentally tested. This brings CFPS a step closer
to becoming a field-ready biotechnology, representing a transition from a primarily
laboratory-based platform to a widely accessible one (Fig. 1).

Results

In order to evaluate the effects of the selected ten additives on E. coli cell extract
stability, all experiments were conducted by supplementing aqueous extracts with
additives prior to lyophilization. Lyophilized extracts were then stored for two weeks at -
80 °C, 4 °C, or 23 °C (room temperature) (Fig. S1) alongside aqueous and lyophilized
controls with no additives. For all comparisons, the aqueous extract stored at -80 °C for
two weeks is referred to as the “benchmark” and all protein yields are reported as a
percentage of this internal control to control for batch-to-batch and user-to-user variation
in experimentation. This condition is considered the benchmark because it maintains full
extract stability for at least a year and is broadly accepted by the research community.28



Thus, it sets the standard for evaluating extract treatments herein. The stabilizing effects
of lyophilization, single additives, or combinations of additives were evaluated based on
the extract’s capacity to conduct transcription and translation and generate the reporter
protein sfGFP after two weeks of storage. Enhancements to productivity of reporter
protein (values over 100% of the benchmark) are distinguished from enhancements to
extract stability (values greater than the lyophilized control, but no greater than 100%).
While additives are supplemented prior to lyophilization and storage, all concentrations
of additives indicate the final concentration in the complete 30 uL CFPS reaction for
practical considerations. The mole quantities of each additive supplemented prior to
lyophilization are also provided (Table S1). Consistent with recent characterizations of
interlaboratory variability in CFPS, we observed ~20% variation in sfGFP yield for the
aqueous control stored at -80 °C from user-to-user and from batch-to-batch of reagents,
and much lower variation within independent controlled experiments (Table S2).2°

Lyophilization

Throughout all trials, our results were consistent with previous observations that
lyophilization alone can improve cell extract stability. When stored at 4 °C for two weeks,
lyophilized extracts retained an average of 79 £ 16% productivity versus the 56.7 + 8.9%
of productivity retained by extracts stored in the aqueous phase. At 23 °C, lyophilized
extract retained an average of 35.3 + 7.3% of the benchmark, while aqueous extract
stored at 23 °C was rendered nonfunctional (Fig. 2).* Also consistent with previous
reports, lyophilization itself did not have a detrimental effect on extract stability, as
evidenced by comparable productivity of aqueous and lyophilized controls stored at -80
°C without additives (Fig. 2; Table S2). Importantly, these data provide additional
evidence that lyophilization alone remains insufficient to stabilize the full productivity of
the cell extracts. As such, additives were identified as beneficial if they improved extract
productivity beyond lyophilization alone, with the goal of identifying additives that
stabilized the full productivity of extracts when stored at 23 °C.

Single Additive Screening

All ten additives were first screened individually to determine their capacity to stabilize
the cell extract on their own, and to determine the top performing additives from each
mechanistic category. All data for the single additive screening can be found in Table S3
and Note S2.

Sugars

During lyophilization and subsequent rehydration of cell extracts, sugars are
hypothesized to act as lyoprotectants and protein stabilizers by immobilizing proteins in
an amorphous glassy matrix, forming hydrogen bond interactions with proteins, and
causing preferential hydration of proteins.3*3* Amongst the sugars available for



stabilizing proteins, nonreducing sugars are favored for protein stabilization due to their
ability to interact with proteins without reacting.®® In other instances, sugars have been
proposed to function as crowding agents, thereby increasing the effective concentration
of other substances in the reaction and better mimicking the intracellular environment.35:36
Moreover, it is possible that some sugars, like maltose, may have a metabolic benefit to
the CFPS reaction, allowing for the use of alternative metabolic pathways in order to
increase productivity of the cell extract.3” Some sugar supplementation has previously
been shown to benefit cell extract stability, however, past work also suggests that sugar
choice is non-obvious for most systems and can depend on numerous variables including
the unique molecular makeup of the protein or mixture to be stabilized, the sugar to
product ratio, the drying technique chosen, and the storage conditions in question,
necessitating screening efforts specific to E. coli-based CFPS.38:39 In order to characterize
the utility of sugars in stabilizing E. coli cell extracts, we selected 5 sugar additives,
trehalose, maltose, lactose, raffinose, and sucrose, representing both reducing and non-
reducing sugars, and screened them in a defined concentration range from 0 to 150 mM
in 30 mM increments.

Of the five sugars, trehalose proved to be the most effective stabilizer. Trehalose has
been successfully utilized as a stabilizing agent in a variety of contexts, including
stabilization of RNA samples, purified proteins, as well as Vibrio natriegens and E. coli
extract.3%42 This is in part because of its high glass transition temperature in comparison
to other sugars, an important mechanistic property of sugar-based stabilization of
proteins.*? Trehalose was previously shown to stabilize air-dried E. coli cell extract at 37
°C, although concentrations under 200 mM in the final reaction were not evaluated.®®
Here, extracts containing 30 mM trehalose stored at 23 °C retained 88 + 10% of
productivity compared to the benchmark, and extracts stored at 4 °C with 30 mM
trehalose performed at 107.2 + 4.8% of the benchmark productivity (Fig 2a). This
represents a notable enhancement beyond lyophilization alone, which retained 47.0 +
2.6% and 78.7 £ 6.5% of benchmark productivity when stored at 23 °C or 4 °C,
respectively. Unexpectedly, 30 mM trehalose was also able to boost protein yields in
extract stored at -80 °C to 124.2 £ 9.2% of the benchmark (Fig. 2a).

The supplementation of maltose at 30 mM also significantly stabilized the extract for
storage at 23 °C and 4 °C and was able to moderately enhance overall productivity at -
80 °C (Fig. 2b). Comparatively, lactose, raffinose, and sucrose stabilized cell extract but
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Figure 2. Single additive titrations of ten additives in lyophilized cell extract stored at
-80 °C, 4 °C and 23 °C (room temperature) for two weeks. sfGFP reporter protein
production was used to quantify reaction productivity. Negative (Neg.) conditions
correspond to no added DNA or additives. Aqueous (Aqg.) and lyophilized (Lyo.)
controls do not contain additives. Concentrations of additives indicate the final
concentration in the 30 uL CFPS reaction. All conditions were performed in
quadruplicate and a Grubbs' test was used to identify outliers. Error bars represent
the standard deviation of a minimum of 3 reactions.



did not demonstrate the capacity to enhance productivity (Fig. 2c-e). Furthermore, none
of these sugars were able to maintain the full productivity of the cell extract after storage
at 4 °C, whereas maltose and trehalose were (Fig. 2a-e). Lactose and maltose performed
similarly at 23 °C, maintaining around 70% of productivity, while raffinose and sucrose
maintained only about 60% productivity (Fig. 2b-e). The capacity of trehalose to support
88 £ 10% of productivity retention at 23 °C storage proved to be superior to the other four
sugars tested (Fig 2a).

Comparative screening of these sugars resulted in notable trends in concentration
dependent stabilization of cell extracts. For trehalose, maltose, and lactose, a 30 mM final
concentration in the reaction proved to be the most effective at all temperatures, while
raffinose and sucrose exhibited benefits over larger concentration ranges. (Fig. 2a-e).
Trehalose, maltose, and lactose also shared similar trends over the chosen titration
range, with rapid and significant reductions in productivity as concentration was increased
(Fig. 2a-c). These observations are consistent with previous work in which high
concentrations of sugars were observed to have an inhibitory effect on protein synthesis,
which was proposed to be a result of inorganic acid production rapidly lowering the pH of
the reaction.®6:37:3943 Trends for sucrose varied most drastically with temperature, and
higher temperature storage favored higher concentrations of sucrose (Fig. 2e). Raffinose
was the only trisaccharide tested and its stabilizing effects were notably concentration
independent compared to other sugars tested (Fig. 2d). Interestingly, our data do not
support the premise that non-reducing sugars (sucrose, raffinose, and trehalose) should
be preferred over reducing sugars (lactose and maltose), as trehalose and maltose
provided the most significant stability and productivity improvements, with lactose close
behind (Table 1).

Sugars remain prime candidates as extract stabilizers and productivity enhancers.
These results provide insights into sugar choice and effective concentration ranges useful
for storage conditions that support both field and laboratory applications of CFPS. Overall,
30 mM trehalose emerged as the prime candidate for improved stability and productivity
across all temperatures in this category. The machine learning algorithm generated from
these data also provides predictive capacity for the stabilizing effects of these sugars at
concentrations in between the 30 mM concentration increments evaluated here.

Trimethylamine Osmolytes

Trimethylamine osmolytes are naturally-occurring stabilizing molecules present in a
variety of organisms that protect essential proteins against denaturation-inducing
environmental stressors without disrupting enzyme activity.*44° Given that trimethylamine
osmolytes are in contact with a multitude of biomolecules within the cell, they should
theoretically stabilize a variety of proteins at one time.** This suggests that trimethylamine
osmolytes may be beneficial for stabilization of complex enzymatic mixtures, such as cell
extract, where the goal is to stabilize a broad range of proteins simultaneously.



Trimethylamine osmolytes have been proposed to function through increasing
preferential hydration of proteins by increasing surface tension and the cohesive force of
water, due to their strong polarity.*8 Mechanistically, it has been suggested that
trimethylamine osmolytes order water molecules, which entropically drives proteins to fold
more tightly.4”48 This can cause tighter binding of ligands, but also may make proteins
too rigid to correctly function. Trimethylamine osmolytes can typically be present in large
concentrations without affecting protein structure or interactions and are generally
unreactive.*®%° However, they have been shown to inhibit protein expression in CFPS at
concentrations above 1 M.%0 In order to characterize the utility of trimethylamine
osmolytes in stabilizing E. coli cell extracts, trimethylglycine, carnitine, and trimethylamine
N-oxide (TMAOQO) were chosen for analysis.

Reactions containing a final concentration of 300 mM trimethylglycine, a betaine,
maintained 46.73 £ 0.76% productivity after 23 °C storage and 104.5 + 3.9% productivity
after 4 °C storage compared to the benchmark. Lyophilized controls only retained 35.9 +
2.2% and 86.9 + 7.8% of productivity at the respective temperatures, indicating that
trimethylglycine provided some benefits to stability (Fig. 2f). However, at -80 °C storage,
125 to 333 mM trimethylglycine demonstrated a significant productivity boost, slightly
above that of trehalose, to a maximum of 131 + 11% of the benchmark (Fig. 2f).
Trimethylglycine has previously exhibited the capacity to increase gene expression in the
PURE (Protein synthesis Using Recombinant Elements) system, with greater benefits at
lower temperatures for fluorescent proteins, which is consistent with our data at -80 °C.%°

Unlike trimethylglycine, carnitine had no significant effect on stability at 4 °C storage.
However, carnitine provided modest improvements to stability at 23 °C, and substantial
increases in productivity at -80 °C storage, similar to trimethylglycine (Fig. 2g). The data
trends for both trimethylglycine and carnitine suggest that lower concentrations may

Table 1. Summary of the Effects of Additives on Cell-free Extract Stability and
Productivity After Two Weeks of Storage.

Additive %TL"JZ' Pr:::lg::::isvtity ML # ?a'::;: | Pr:::lg::::isvtity ML* ?QF:;E: | Pr:Lg::::isvtity ML*
Trehalose 30mM | 1242£9.2%|128%| 30mM | 107.2+4.8% |93% | 30 mM 88+ 10% |87%
Maltose 30mM | 110.1£52%|114%| 30 mM 108+ 16% |92%| 30mM | 72.3:6.1% |65%
Lactose 30mM | 102.8+4.4%|105% | 30mM | 93.1+3.1% |89%| 30mM | 72.9+7.4% |67%
Raffinose 3090mM | 90%13% | 98% | 30-60mM | 83.481% |92%| 30-90 mM | 62.6+2.7% |63%
Sucrose 30-90mM | 98%14% [113%| 90mM | 81.0£3.1% |92%| 90-120mM | 63.3+4.6% |68%
Trimethylglycine | 125-333mM | 131+ 11% |111%| 250-300 mM | 104.5 £ 3.9% | 83% | 250-300 mM | 46.73 £ 0.76% | 35%
Carnitine 75250 mM | 135%12% |101%| 75-320mM | 89.2+24% |63%| 250mM | 543%3.9% |38%
TMAO* — — — — — — — — —
PEG 8000 05%wi | 109.0+1.0% | 90% | 0.1-0.5% wiv | 57.4+4.2% |70%| 0.1%wi | 20.9+28% |40%
Polysorbate 20 |0.05-0.1% viv| 78.8 £5.5% | 90% | 0.05-0.1% viv | 59.76 + 0.88% | 70% | 0.05% viv | 29.1%3.8% |40%

*TMAO is observed to be detrimental to lyophilized cell extract, no optimal conditions found.
#ML: Predicted productivity of lyophilized extract stored for two weeks with the specified additive




function to increase productivity at -80 °C while higher concentrations provide stabilizing
effects for improved shelf-life at 4 °C and 23 °C.

Unexpectedly, TMAO was inhibitory to extract productivity at all temperature
conditions, with higher concentrations having increasingly detrimental effects (Fig. 2h).
Lyophilized extracts containing TMAO were also difficult to resuspend, and a noticeable
precipitate formed in the tubes during the CFPS reactions. Previous work with TMAO
exhibited enhancements to translational activity but not transcriptional activity, though this
was observed using a diluted PURE system, which is likely to behave differently in some
ways than a crude lysate-based system.5° Past work has indicated that TMAO may act
through a different mechanism from trimethylglycine, by interacting directly with proteins,
rather than ordering water.5' TMAO is also used to counteract urea inhibition in some
organisms.*® The detrimental effect of TMAO in E. coli crude lysate CFPS may be
attributed to the fact that in the absence of urea, high TMAO concentrations can lead to
excessive stabilization, causing rigidity to the point of non-functionality.*® Given that
TMAO supplementation did not improve productivity or stability of the crude cell extract,
we excluded it from combinatorial screening and from the machine learning algorithm.

Miscellaneous Additives

Lastly, we screened large organic molecules, Polyethylene Glycol (PEG) 8000 and
Polysorbate 20 (Tween 20), that have previously been utilized to stabilize protein-based
products.3'52 As proteins are about twenty-fold more dilute in CFPS reactions than in E.
coli cells, PEG is proposed to mimic macromolecular crowding in CFPS reactions, and
can also help to stabilize messenger RNA.535* Molecular crowding can significantly
increase transcription rates in wheat germ CFPS systems, but can inhibit translation.%*
Unlike sugars, PEG does not stabilize proteins through hydrogen bonding and its
mechanism of stabilization may vary based on protein type.>® Notably, PEG is observed
to function as a cryoprotectant, but not as a lyoprotectant.3! We observed that increasing
concentrations of PEG were detrimental to productivity when lyophilized cell extract was
stored at 23 °C (Fig. 2i). At 4 °C storage, PEG did not significantly benefit or harm protein
output within the titration range of 0.1 to 0.5% w/v, and it showed a minimal improvement
to productivity at 0.5% w/v after -80 °C storage (Fig. 2i). Overall, PEG did not appear to
substantially improve extract stability or productivity which could be due to competing
effects on transcription and translation.

Polysorbates compete with proteins for adsorption at the air-water interface and can
bind to hydrophobic regions of proteins to help prevent aggregation, especially in
solutions with high concentrations of protein, such as pure protein biologics.5>%¢ This
mechanism of stabilization could prove beneficial as protein concentration increases
exponentially during lyophilization of extract. However, the influence of polysorbates on
specific proteins is unpredictable, as they have been shown to both stabilize and
destabilize proteins.5? Storage and handling of polysorbates are also sensitive as



autoxidation at higher temperatures can contribute to destabilization of proteins.57-%8
Additionally, the optimal concentration of polysorbates is highly dependent on the type of
stress that the protein undergoes.®” Our data did not indicate a benefit to productivity or
stability for any concentration of polysorbate at any temperature condition (Fig. 2j). In fact,
all reactions showed a slight but general decrease in productivity with increased
polysorbate. Most notably, polysorbate decreased reaction yields by at least 24% after -
80 °C storage, indicating that it may have a baseline inhibitory effect on protein synthesis
or that autoxidation had occurred to some extent (Fig. 2j).

Binary Co-titrations

Following the single additive titrations, we co-titrated trehalose and trimethylglycine
with the goal of identifying combinatorial effects on stabilization and productivity that could
not be achieved using one additive alone (Fig. 3). Stabilization of purified protein solutions
during freezing and lyophilization has previously been enhanced by the addition of
multiple stabilizing agents that work via complementary mechanisms.3! Trehalose and
trimethylglycine were selected because trehalose out-performed all other sugars and
trimethylglycine provided a substantial benefit to stability at 4 °C in comparison to
carnitine (Table 1). PEG and polysorbate were not chosen for this analysis as they both
had minimal to negative effects on extract productivity. We also refrained from titrating
the top two performing additives from a single class, such as trehalose:maltose or
trimethylglycine:carnitine, in order to test the hypothesis that combinatorial effects may
emerge as a function of combining distinct mechanisms of action. For the
trehalose:trimethylglycine co-titration, concentration ranges of 20 to 100 mM trehalose
and 66 to 330 mM trimethylglycine in the final reaction were selected. All data can be
found in Table S4 and Note S2.

A combination of 66 mM trimethylglycine:60 mM trehalose maintained 78.1 + 5.1% of
benchmark productivity, a substantial increase compared to 29.0 + 2.1% sustained by the
lyophilized control stored at 23 °C for two weeks (Fig. 3c). However, this was not an
improvement over stabilization by trehalose itself, which at 30 mM maintained 88 + 10%
productivity. For 4 °C storage, two maxima were observed at 132 mM trimethylglycine:60
mM trehalose and 330 mM trimethylglycine:20 mM trehalose, respectively maintaining
99.6 + 6.3% and 102 £ 11% productivity compared to the benchmark (Fig. 3b). In
comparison, the lyophilized extract stored at 4 °C performed at 60.4 + 3.2% of the
benchmark. Given that 30 mM trehalose alone maintained 107.2 + 4.8% productivity
compared to benchmark, there was no added benefit to combining trimethylglycine and
trehalose for 4 °C storage. The binary co-titration stored at -80 °C displayed the most
significant productivity boost: hotspots were again observed at 132 mM
trimethylglycine:60 mM trehalose and 330 mM trimethylglycine:20 mM trehalose,
respectively maintaining 163.5 + 7.6% and 172 + 22% productivity compared to the
benchmark (Fig. 3a) This was a notable increase compared to the 124.2 + 9.2% boost
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from 30 mM trehalose alone. These data suggest that the combinatorial effects of
trehalose:trimethylglycine contribute to the to the enhancement of productivity of
lyophilized cell extracts rather than stability during storage at warmer temperatures.
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Binary co-titrations enabled the visualization of shifts in productivity “hotspot” as a function
of storage temperature (Fig. 3). We observed two shifts as temperature increased: one
towards lower concentrations of trimethylglycine with a constant concentration of 60 mM
trehalose and one towards lower concentrations of trimethylglycine at 20 mM trehalose.

In sum, the trehalose:trimethylglycine additive combination led to a significant
productivity enhancement for -80 °C storage, but was insufficient to produce noteworthy
stabilization in higher temperature conditions when compared to trehalose on its own.
These findings necessitated continued investigation into additive combinations to identify
a mixture of reagents to better stabilize cell extract at field-relevant temperatures.

Ternary Co-titrations

Since stabilization of the cell extract at higher temperatures is desirable for flexibility
in field applications and therefore the key objective of this effort, combinations of three
additives were surveyed in order to identify additional benefits to storage stability at 4 °C
and 23 °C. Following the same reasoning as the binary co-titration, it was hypothesized
that a synergistic effect could be achieved with the combined mechanisms of stabilization
provided by three different additives. To augment the benefits observed with trehalose
and trimethylglycine, PEG was chosen as the third additive. PEG was selected over
polysorbate as it was able to maintain extract productivity at -80 °C storage whereas
polysorbate displayed a decrease in extract productivity, suggesting that it might inhibit
or interfere with the CFPS reaction itself (Fig. 2i and j).

The trehalose:trimethylglycine:PEG ternary co-titrations were conducted within the
concentration ranges established in the single and binary titrations. All data are- reported
in Table S5 and Note S2. Significant enhancement to productivity was observed for each
of the temperature conditions. At 23 °C storage, 97.7 + 1.7% productivity was maintained
at the optimal formulation of 20 mM trehalose:0.4% w/v PEG:0 mM trimethylglycine
compared to just 36.7 + 1.3% in the lyophilized control stored at 23 °C (Fig. 4c). This
capacity to maintain extract productivity at 23 °C for two weeks is unprecedented to our
knowledge. Additional gains in productivity were observed in the ternary co-titrations at
colder storage temperatures. Maxima of 164 + 13% for 4 °C storage at 20 mM
trehalose:0.4% w/v PEG:0 mM trimethylglycine, 195.4 £ 5.6% for -80 °C storage at 20
mM trehalose:0.2% w/v PEG:132 mM trimethylglycine, and 195 + 17% for -80 °C storage
at 20 mM trehalose:0.3% w/v PEG:66 mM trimethylglycine were observed (Figs. 4a and
b). The ternary formulations proved superior to the binary and single additive formulations
in enhancing E. coli cell extract stability and productivity at all temperatures. As observed
with the binary co-titrations, ternary co-titration hotspots shifted significantly under
different storage temperatures. Here, the shift was towards higher concentrations of
trehalose and lower concentrations of trimethylglycine as temperature increased, while
there was no clear dependence on PEG (Fig. 4). This generally matched the trends seen
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in the binary co-titration hotspot migration, but still remained a non-obvious dependence
overall.

Lastly, in order to support higher throughput screening efforts, all reactions discussed
were performed in PCR tubes. In line with other work done with CFPS, we observed that
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reaction vessel size impacts reaction yields; PCR tubes suffer from poor surface area-to-
volume ratios, which depress reporter protein titers.5%6? However, we also demonstrated
enhancements to productivity and stability when larger vessels were used, demonstrating
that the benefits of the ternary formulations are vessel-independent and provide flexibility
for CFPS applications (Fig. S2).

The evaluation of additives in Figures 2-4 was performed on cell extract alone. Energy
reagents and substrates contained within our pre-mix solutions A and B and the DNA
template were added to lyophilized cell extract to initiate the reaction after the two week
storage period. Since many components of the solution A and B mixtures, such as free
amino acids, can function as osmolytes, this approach allowed us to reduce such
confounding effects. Additionally, this approach provides a modular system to enable a
wide variety of CFPS applications. In order to demonstrate that the use of additives can
reduce dependency on the cold-chain while maintaining modularity of the system, the
CFPS reagents (solutions A, B, and DNA) were combined and lyophilized independently
from cell extract containing the best observed additive combination of 20 mM
trehalose:0.4% w/v PEG:0 mM trimethylglycine. After storage for 2 weeks at room
temperature, the CFPS reagents were rehydrated and added to the supplemented
lyophilized cell extract to initiate the reaction. This setup maintained 83.6 + 8.4%
productivity compared to 100 + 16% productivity observed with the modular system (Fig.
S4). Additionally, many applications of cell-free systems would benefit from a one-pot
system in which cell extract, substrates, energy reagents, and DNA template are
combined prior to lyophilization to enable a ‘just add water’ reaction at the point-of-use.
Therefore, we also evaluated the capacity of the optimal additives formulation to stabilize
a one-pot CFPS system for storage at room temperature for two weeks. We observed a
productivity of 92.2 + 8.9% when all additives, energy reagents and substrates, and
extract were lyophilized together (Fig. S4). Our results demonstrate that the optimal
formulations identified through this work support both modular and one-pot lyophilized
systems by retaining nearly full activity of the extract during storage at room temperature
for two weeks.

Machine Learning

The need to perform case-to-case optimization of additives for the stabilization of
biological materials is necessary because of the lack of predictive capacity for additive
performance. Our efforts to map the landscape of cell extract stabilizing additives for
CFPS applications has also enabled the opportunity to develop a predictive capacity
using machine learning approaches. The resulting algorithm would allow the cell-free
systems community to predict the effects of an additive or additive formulation on E. coli
cell extract stability or productivity when stored at a specified temperature. Toward this
goal, we developed four Machine Learning (ML) algorithms: Linear Regression (LR), K-
Nearest Neighbor (KNN), Neural Net (NNET) and Gradient Boosting Machines (GBM).
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Figure 5. Loss function and overall fit calculated for four machine learning
algorithms. The loss is a) calculated using Mean Absolute Error (MAE), b) Root Mean
Squared Error (RMSE) and c) the overall fit is measured using R2. The four
algorithms are GBM (Gradient Boosted Model), KNN (K-Nearest Neighbor), NNET
(Neural Net) and LR (Linear Regression). The box and whiskers plots represent the
minimum value, the 25th percentile, the median, the 75th percentile, and the
maximum value.

The algorithms were developed using 70% of our data as the training set, and the
remaining 30% of data to validate the four algorithms. The loss function was calculated
using Mean Absolute Error (MAE) and Root Mean Squared Error (RMSE) for the four
algorithms (Fig. 5a and b), where lower loss indicates a better algorithm. We calculated
the loss with a five-fold cross validation using the resamples function of the caret package
in R. Upon inspection, the GBM algorithm emerged as the top performer while the linear
regression benchmark performed the worst in terms of both MAE and RMSE. The outright
ranking between KNN and NNET was not possible, but the NNET algorithm appeared to
have less variance (Fig. 5a and b). Additionally, the higher error bars around the KNN
algorithm may suggest over-fitting relative to other algorithms, which raised the concern
that prediction using KNN may be less reliable.

In order to further evaluate and rank the predictive capacity of the four algorithms, we
evaluated the overall fit using the R?, where a higher value indicates a more predictive
algorithm (Fig. 5c). Again, the GBM algorithm demonstrated the best predictive capacity.
The GBM algorithm managed to achieve an R? range of 89% to 93% using the five-fold
cross-validation approach. Notably, these R? values are close to the theoretical optimum
for our dataset established using the average of the experimental replicates. However,
the loss calculated using RMSE for GBM was higher than the theoretically smallest value.
The R model containing the four algorithms and associated functions are given in the
supporting information (Note S1; Supplementary Method 1; Supplementary Equation 1-
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4). Based on these analyses, we report the GBM algorithm which enables users to predict
the productivity of lyophilized E. coli extract as a function of additive identity,
concentration, and storage temperature for their applications of cell-free systems.

Discussion

Here we sought to identify low-cost molecules as additives to enhance the stability
of E. coli-based cell extracts in order to enable field applications of CFPS. The challenge
of stabilizing biological materials at ambient temperatures for extended periods of time
has been pursued by many, with much success in the fields of industrial and therapeutic
proteins. However, the chemical space for putative stabilizers of cell extracts is large, has
not been thoroughly mapped, and predictive capacity for stabilization remains non-
existent. In order to overcome these, we mapped the additives landscape comprised of
10 additives, falling into four distinct mechanisms of action, individually and in
combination.

Of the 10 single additives, sugars emerged as the optimal candidates for extract
stabilization, with trehalose outperforming all others. The tested sugars are postulated to
work through robust vitrification mechanisms and hydrogen bonding, with potential uses
as supplemental energy sources and molecular crowding agents. We observed that the
stabilizing effects of different sugars vary, highlighting the lack of predictive capacity for
selecting a stabilizing sugar, and underscoring the gaps in our understanding of the
molecular basis for biomolecular stabilization. The combinatorial effects of three additives
from different classes enhanced the shelf-life of the extract to a greater extent than any
one single additive. Remarkably, we have identified a formulation of additives capable of
retaining nearly full extract productivity after two weeks of storage at 23 °C compared the
benchmark condition of storage at -80 °C (Fig. 4c). This formulation is also capable of
maintaining the full productivity of lyophilized extract already containing solutions A, B,
and DNA, such that the reaction can be initiated upon addition of water (Fig. S4).
Unexpectedly, we observed that in addition to supporting extract stability, unique
formulations of additives can nearly double extract productivity when stored at -80 °C
(Fig. 4a). These efforts have also elucidated relationships between an additive’s optimal
concentration and extract storage temperature. Specifically, higher concentrations of
trehalose and lower concentrations of trimethylglycine are favored at higher
temperatures, while the target range of PEG concentrations broadens at higher
temperatures in conjunction with companion additives. The data described in this work
have also supported the development of a machine learning algorithm that enables the
field to predict and rapidly validate additive formulations that may be suitable for their
specific biomanufacturing and field applications of CFPS.

Importantly, the affordability of CFPS remains largely unaltered, increasing the cost
per 30 L reaction by approximately $0.0006. Notably, additives provide a cost benefit to
CFPS in cases where yield is increased, for example, the addition of trehalose,
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trimethylglycine, and PEG 8000 to extract stored at -80 °C cuts the cost per ug of protein
by nearly half. This advance provides an important advance toward making CFPS a cost
competitive biomanufacturing platform.

The discoveries made here set the stage for additional in-depth and extensive
investigations of additive combinations for CFPS enabled by robotics. While ternary co-
titrations are helpful, they are limited in their ability to fully screen combinations of three
additives due to the intrinsic nature of the plot’s design. As such, it may prove useful to
screen unrepresented combinations or to more closely screen areas corresponding to
ternary co-titration hotspots for fine-tuned optimization, which can be assisted through
predictions from the machine learning algorithm reported herein. Assessment of longer
storage times may further illuminate the ruggedness of the cell extract in the presence of
stabilizers, and how the hotspots for optimal formulations may migrate with time instead
of temperature. Formulations of additives reported herein may also improve yields and
stability in other types of cell-free extracts, such as CHO, rabbit reticulocyte, insect, Vibrio,
and yeast. We anticipate that formulations will need to be tuned to optimize the function
of non-model proteins expressed in CFPS. Overall, the formulation of additives identified
in this work show an unprecedented ability to maintain or improve productivity of E. coli-
based crude cell extracts when used in combination with Iyophilization, representing a
key step making the CFPS a tractable and practical platform for biomanufacturing and
field applications.

Methods

Extract Preparation

An overnight culture of BL21* DE3, started from a single colony on a plate, was
inoculated into a 2L baffled flask containing 1L of 2x YPTG (5 g NaCl, 16 g Tryptone, 10
g Yeast extract, 7 g KH2PO4, 3 g KHPO4, pH 7.2/750 mL solution, 18 g Glucose/250 mL
solution) to an optical density of 0.1. Growth at 37 °C and 200 rpm was monitored until
an optical density of 0.6, whereupon T7 RNA Polymerase (T7 RNAP) expression was
induced by addition of IPTG to a final concentration of 1mM. Once an optical density of 3
was reached, cells were harvested by centrifugation in 1 L bottles at 4 °C, 5,000 xg, for
10 min. Harvested cells were resuspended in 30 mL of S30 buffer (10 mM Tris OAc, pH
8.2, 14 mM Mg(OAc)2, 60 mM KOAc, 2 mM DTT) by vortexing, then spun down at 4 °C,
5,000 xg, for 10 min. This buffer exchange was carried out two additional times. Cell
pellets were flash frozen and stored at -80 °C or used immediately for extract preparation.
Cell pellets were resuspended in 1 mL of S30 buffer per 1 g of cells. 1.4 mL of
resuspended cells were aliquoted to a 1.5 mL microfuge tube. The resuspension was
sonicated using a Qsonica Q125 Sonicator with a 3.175 mm probe, with the cell
resuspension surrounded by an ice water bath. Three pulses of 45 s on and 59 s off, at
50% amplitude were carried out. Immediately after sonication, 4.5 yL of DTT was spiked
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into the lysate and the tube was inverted several times to mix. Lysate was centrifuged at
4 °C and 18,000 xg for 10 min. The clear supernatant was pipetted off into a 1.5 mL
microfuge tube, which was incubated at 37 °C and 250 rpm for 60 min. After the run-off,
the tube was centrifuged at 4 °C and 10,000 xg for 10 min. The resulting supernatant is
the cell extract. Extract was supplemented with T7 RNAP to a final concentration of 15.7
pMg/mL. The mixture was flash frozen and stored at -80 °C until further use. Detailed
protocols for growth, extract preparation, and reaction setup have been previously
described.®"

DNA Purification

pJL1 sfGFP was purified from DH5a cells using an Invitrogen PureLink™ HiPure
Plasmid Maxiprep Kit. The final DNA was eluted using warm molecular biology grade
water instead of the provided TE buffer, for compatibility with CFPS reactions. A working
concentration of 260 ng/uL was used, and the DNA was stored at -20 °C.

Additive Solution Preparation

All additives were dissolved in molecular biology grade water. Sugar solutions were
made at a 5.55x final concentration, and all remaining additive solutions were made at a
15x final concentration. All referenced concentrations of additives refer to the final
concentration of that additive in the 30 uL CFPS reaction.

Lyophilization

Pre-reaction mixtures were prepared by combining 10.8 uL of T7RNAP supplemented
extract and the necessary additive solution(s) (5.4 pL of sugar solutions, 2 uL of other
additives) in 200 yL PCR tubes on ice. Each condition tested was performed in
quadruplicate. Tubes were briefly centrifuged and gently vortexed to ensure the reagents
were well mixed and in a single bead at the bottom of the tube. Tubes were flash frozen
with liquid nitrogen on PCR plates. Immediately after, the PCR plates were placed into
lyophilization jars and connected to a Labconco 4.5 L Console Freeze Drier System for
two hours. Following lyophilization, tubes were partially closed and the PCR plates were
placed into sealed, freezer-grade plastic bags containing blue silica gel desiccant beads
and stored at the appropriate storage condition (-80 °C, 4 °C, or 23 °C (room
temperature)) for two weeks. Room temperature measured via thermostat fluctuated
between 21 °C and 25 °C over the storage period, with an average temperature of 23.08
°C (Fig. S1).

CFPS Reactions

Each condition was performed in quadruplicate. In-house pre-mixes containing the
necessary energy system and cofactors were used. The final CFPS reaction contained
the following concentrations of each reagent: 33.3% v/v cell extract (unsupplemented),
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5.7 ug/mL T7 RNAP, 16 ng/uL pJL1 sfGFP DNA plasmid, 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 pg/mL tRNA,
0.40 mM Nicotinamide Adenine Dinucleotide (NAD), 0.27 mM Coenzyme A (CoA), 4.00
mM Oxalic Acid, 1.00mM Putrescine, 1.50 mM Spermidine, and 57.33 mM HEPES
buffer), Solution B (10 mM Mg(Glu)z2, 10 mM NHa4(Glu), 130 mM K(Glu), 2 mM each of the
20 amino acids, and 0.03 M Phosphoenolpyruvate (PEP)), the corresponding
concentration of additive(s), and water to a final volume of 30 pL. This reaction volume
was selected as a function of unsupplemented 10 pL extract volume used for reproducible
lyophilization in PCR tubes. All indicated additive concentrations refer to the final
concentration in the complete CFPS reaction, and conversions to the moles of additive in
dried extract can be found in Table S1. For lyophilized extracts, the dried pellet was first
rehydrated with molecular biology grade water. 80% of the original volume of extract, plus
the volume of additives was used for rehydration. All reactions were briefly centrifuged
and gently vortexed to ensure the reaction was well-mixed and in a single bead at the
bottom of the tube. Reactions were incubated overnight (18 to 24 hrs) at 37 °C, and
quantification was completed the next day.

Quantification and Data Analysis

Quantification of protein production took place in half-volume black, opaque bottomed
96-well plate. In each well, 2 uL of CFPS reaction solution was added to 48 yL of 0.05 M
HEPES, pH 8. Each individual reaction was quantified in triplicate, giving 12 readings per
tested condition. Fluorescence intensity was read with an excitation wavelength of 485
nm and emission wavelength of 510 nm on a Cytation™ 5. A previously established
standard curve was used to determine [sfGFP] from the fluorescence measurements (Fig.
S3). The [sfGFP] values obtained were averaged for each reaction, resulting in 4 values
for each tested condition. Outliers for each condition were identified and removed using
a Grubbs’ Test for both minimum and maximum values and a 90% confidence interval.
Each condition sustained a minimum of N=3 samples and a maximum of N=4 samples.
The remaining values were averaged and the standard deviation was determined.

SigmaPlot Binary Co-titration Plotting

Averaged values were plotted in SigmaPlot to obtain heatmaps for binary co-titrations.
This was done by selecting Contour plot>Filled Contour Plot>XYZ Triplet and assigning
X and Y values to additive titration ranges and Z values to corresponding protein yield.
The colormap was defined using the same color values from the Matlab plots. Continuous
legend bars were created by running the data through the Matlab ternary plotting script.

Matlab Ternary Co-titration Plotting
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Heatmap plots for ternary co-titrations were created using a ternary plot program
from MATLAB file exchange and the default “jet” colormap.
(https://www.mathworks.com/matlabcentral/fileexchange/7210-ternary-plots)

Machine Learning

Given the concentration of the ten additives x = {x;,x,::,x10}, We intended to
understand the yield y at some temperature T. In machine learning (ML) jargon, elements
of the vector x are called predictors or features. The goal of the ML algorithm is to predict
y conditional on x. Mathematically, suppose that the true yield is

y = B(T) % eh(x;T)+e

In general, it is easier to predict a scale-independent outcome variable. The function B(T)
allows us to achieve scale-independence — it shows the benchmark yield at a certain
temperature. That is, the function B(T) is the average lyophilized yield without any
additives. The equation says that the yield with additives depends on the benchmark
adjusted for two terms. The first term represented by h(x; T) shows the effect of additives
at respective temperatures. The second term € shows the experimental error, which
encapsulates inconsistencies such as differences in humidity and room temperature, and

user-to-user variance. To summarize, we use ML to predict the relative yield ry = ln$

where
ry=h(x;T)+ €
The ML algorithm tries to estimate h(x; T).

In general, we wanted to compute a “good” prediction of the relative yield ry given
additive concentrations x. Usually “good” means minimizing some loss function. To
compare across the four ML algorithms, we calculated the loss using the Root Mean
Squared Error (RMSE). For exposition clarity, we also report the Mean Absolute Error
(MAE) and R?for the four algorithms as well.

To minimize over-fitting, we followed the best practices. Specifically, the standard
consisted of two steps. First, we randomly split the data set in two parts: the training data
set and the validation data set. The training data set consists of 70% of the total data and
each of the four algorithms are “trained” using it. The validation data set is used to
calculate the loss from an out-of-sample forecast. Second, the KNN, NNET and GBM
algorithms depend on exogenous parameters. We tune the parameters using five-fold
cross-validation which can be summarized by the following procedure:

1. Divide the data into five roughly equal subsets (folds) and label them by s
=1,2,--,5. Start with subset s = 1.

Pick a value for the tuning parameter.

For each algorithm, fit the model using the k — 1 subsets other than subset s.
Predict for subset s and measure the associated loss.

Stop if s = k, otherwise increment s by 1 and go to step 2.

Al A

20



In the setup, common sense also dictates some parameters. For example, in the KNN
algorithm, one needs to pick the minimum number of neighbors. In the setup, since each
control had a maximum of four replicates, we set the minimum neighbors to four.
Relatedly, in the GBM algorithm, one chooses maximum interaction depth which controls
for interactions between predictors. In the setup, we consider temperature and up to three
additives, indicating an interaction depth of four.

Overview of the Algorithms
As explained above, the goal of the four algorithms is to predict the best h(x; T). Here

we give a brief overview of the four algorithms which were predominantly implemented

using the caret package in R.

1. Linear Regression (LR): Mathematically, we restrain the function h(x;T) to be linear
in its arguments:

h(x;T) =aog(T) + x4 X By + x3 X By + -+ X10 X P10
This algorithm is clearly constrained as it does not consider the non-linearity. For
example, this algorithm cannot predict the fact that higher sugar concentrations are
detrimental to the yield. Nonetheless, the linearity assumption serves as a good
benchmark.

2. K-Nearest Neighbor (KNN): The k-nearest neighbor technique is a non-parametric
pattern recognition technique that uses the average of the k closest observations in
the training set to provide an estimate. Then as expected, small values for k can lead
to over-fitting whereas high values of k can under fit. We choose k to equal to 4 as we
had 4 replicates, even though we found lower values of k to be optimal from a cross-
validation analysis.

3. Neural Network (NNet): This technique is used to estimate or approximate functions
that can depend on a large number of inputs and are generally unknown. In this sense,
neural network is well suited for our setup. NNET models are designed to mimic
human brain which comprises interconnected synaptic neurons capable of learning
and storing information about their environment. Mathematically, a neuron model
comprises three elements: the connecting links characterized by their strength, a
linear combiner which combines the weighted input signals and an activation function
for limiting the amplitude range of the neuron’s output to some finite value. Network
types, topologies, and training techniques vary considerably, but a rudimentary
explanation of the critical aspects of backpropagation neural networks is contained in
Burks et al. (2000) and Rumelhart and McClelland (1986).6263

4. Gradient Boosting Machines (GBM): The generalized boosted regression model
algorithm depends on two different algorithms; regression trees and gradient boosting.
Regression trees are simple models that fit yield to predictors by partitioning the
feature space using a series of partition rules, e.g. binary split, to identify regions in
the data having the most consistent responses to predictors. A constant is then fitted
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to each region (e.g. mean response for observations in a particular region, in a
regression problem). Gradient boosting, on the other hand, combines the regression
tree output to produce a more powerful and improved predictive performance.
Therefore, the final model would be a combination of several individual regression
trees fitted in a forward stage-wise manner.

Abbreviations
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