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A B S T R A C T   

Gas fermentation by autotrophic bacteria, such as clostridia, offers a sustainable path to numerous bioproducts 
from a range of local, highly abundant, waste and low-cost feedstocks, such as industrial flue gases or syngas 
generated from biomass or municipal waste. Unfortunately, designing and engineering clostridia remains 
laborious and slow. The ability to prototype individual genetic part function, gene expression patterns, and 
biosynthetic pathway performance in vitro before implementing designs in cells could help address these bot
tlenecks by speeding up design. Unfortunately, a high-yielding cell-free gene expression (CFE) system from 
clostridia has yet to be developed. Here, we report the development and optimization of a high-yielding (236 ±
24 μg/mL) batch CFE platform from the industrially relevant anaerobe, Clostridium autoethanogenum. A key 
feature of the platform is that both circular and linear DNA templates can be applied directly to the CFE reaction 
to program protein synthesis. We demonstrate the ability to prototype gene expression, and quantitatively map 
aerobic cell-free metabolism in lysates from this system. We anticipate that the C. autoethanogenum CFE platform 
will not only expand the protein synthesis toolkit for synthetic biology, but also serve as a platform in expediting 
the screening and prototyping of gene regulatory elements in non-model, industrially relevant microbes.   

1. Introduction 

Microbes can be engineered to manufacture biofuels and high-value 
compounds such as chemicals, materials, and therapeutics (Keasling, 
2012; Nielsen and Keasling, 2016). This biomanufacturing capability 
promises to help address rapid population growth, an increase in energy 
demand, and waste generation (Nielsen et al., 2014). However, even the 
most advanced design-build-test cycles for optimizing a given com
pound’s biosynthetic pathway in model organisms such as Escherichia 
coli and yeast are still on the order of weeks to months. In addition, 
process-based challenges associated with these organisms remain (e.g., 
limited substrate range, reduced yields through CO2 losses, and 

susceptibility to contamination, among others) (Keasling, 2012; Nielsen 
and Keasling, 2016). These challenges have prevented a more rapid 
commercialization of new bioproduct manufacturing processes, with 
only a handful successfully commercialized to date apart from ethanol 
fermentation (Meadows et al., 2016; Nakamura and Whited, 2003; 
Nielsen et al., 2014; Yim et al., 2011). As such, most industrial bio
processes (e.g., synthesis of amino acids (Leuchtenberger et al., 2005), 
acetone-butanol-ethanol (ABE) (Jiang et al., 2015; Jones, 2005), organic 
acids (Ghaffar et al., 2014; Rodriguez et al., 2014; Wee et al., 2006)) rely 
on other “non-model” organisms. 

Clostridia are one such group of organisms, which are industrially 
proven and have exceptional substrate and metabolite diversity, as well 
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as tolerance to metabolic end-products and contaminants (Tracy et al., 
2012). Industrial, large-scale fermentations with clostridia have been 
carried out for over 100 years with the ABE fermentation being the 
second largest industrial fermentation process only behind ethanol 
fermentation (Jones, 2005). In addition to ABE clostridia (solvento
genic), there are also clostridia species that are able to degrade ligno
cellulosic biomass (cellulolytic) and species that are capable of 
autotrophic growth on C1 substrates, such as carbon monoxide (CO) and 
CO2 (acetogenic) (Tracy et al., 2012). Gas fermentation with acetogenic 
clostridia offers an attractive route for conversion of syngas that can be 
generated from any biomass resource (e.g., agricultural waste or un
sorted and non-recyclable municipal solid waste) and industrial waste 
resources (e.g., off-gases from steel mills, processing plants or refineries) 
to fuels and chemicals Köpke and Simpson, 2020. However, the current 
state-of-the-art strain engineering for clostridia remains a 
low-throughput, labor-intensive endeavor. Specific challenges include 
organism-specific genetic constraints (Daniell et al., 2015; Joseph et al., 
2018; Liew et al., 2017, 2016; Nagaraju et al., 2016), the requirement of 
an anaerobic environment, and, in case of acetogens, handling of gases. 
As a result, developments in clostridia biotechnology and basic knowl
edge of clostridia biology have lagged behind achievements in aerobic 
prokaryotic and eukaryotic biology. New robust tools are needed to 
study clostridia and speed up the designing, building, and testing of 
biological processes in these organisms. 

Extract-based cell-free systems are emerging as powerful platforms 
for synthetic biology applications such as metabolic engineering (Bujara 
et al., 2011; Carlson et al., 2012; Dudley et al., 2020, 2019; Grubbe et al., 
2020; Hodgman and Jewett, 2012; Karim et al., 2020; Karim and Jewett, 
2016; Kelwick et al., 2018; Kightlinger et al., 2019; Morgado et al., 
2018; Silverman et al., 2019a). Assembling metabolic pathways in the 
cell-free environment has been done traditionally by assembling puri
fied enzymes and substrates, enabling identification of key rate-limiting 
information, gaining insights into fundamental biochemistry and 
improving in vivo engineering approaches for increasing the titer of 
targeted products (Karim et al., 2020; Liu et al., 2017; Yu et al., 2011; 
Zhu et al., 2014). 

However, the development of cell-free gene expression (CFE) sys
tems has transformed the way pathways can be built and tested (Sil
verman et al., 2019a). These systems consist of crude cell extracts, 
energy substrates, co-factors and genetic instructions in the form of 
DNA, and facilitate the activation, manipulation and usage of cellular 
processes in a test tube. While cell-free systems have historically been 
used to study fundamental biology (e.g., the genetic code) (Nirenberg 
and Matthaei, 1961), recent development of cell-free protein synthesis 
capabilities (Caschera and Noireaux, 2014; Des Soye et al., 2019; Jewett 
et al., 2008; Jewett and Swartz, 2004) has expanded the application 
space to include prototyping of genetic parts (Chappell et al., 2013; 
Moore et al., 2018; Siegal-Gaskins et al., 2014; Takahashi et al., 2015a; 
Takahashi et al., 2015b; Yim et al., 2019) and studying whole metabolic 
pathways (Bujara et al., 2011; Dudley et al., 2019; Karim et al., 2020; 
Karim and Jewett, 2016; Kelwick et al., 2018). As compared to in vivo 
approaches, cell-free systems have several key advantages: First, these 
systems lack a cell wall, and thereby allow active monitoring, rapid 
sampling and direct manipulation. Second, because genetic instructions 
can be simply added to CFE reactions in form of plasmid DNA or linear 
PCR products, they circumvent laborious cloning and transformation 
steps, and can thereby facilitate testing of genetic designs within a few 
hours instead of several days or weeks. Third, this approach does not 
rely on time-consuming enzyme purification procedures but rapidly 
builds and tests metabolic pathways directly in cell extracts by synthe
sizing required enzymes in vitro (Karim et al., 2018; Karim and Jewett, 
2016; Liu et al., 2019). Given these advantages, cell-free systems have 
emerged as an important approach for accelerating biological design, 
especially with the advent of new extract based systems from non-model 
organisms: Bacillus (Moore et al., 2018), Streptomyces (Li et al., 2018, 
2017), Vibrio (Des Soye et al., 2018; Failmezger et al., 2018; Wiegand 

et al., 2018), and Pseudomonas (Wang et al., 2018) among others. 
However, no clostridia cell-free system exists that produces protein 
yields sufficient for prototyping genetic parts and metabolic pathways. 

Here, we present the first, to our knowledge, easy-to-use, robust and 
high-yielding clostridia CFE platform derived from an industrially 
relevant strain, Clostridium autoethanogenum (C. autoethanogenum), 
which promises to facilitate metabolic engineering applications. Spe
cifically, the goal was to enable cell-free protein synthesis yields of more 
than 100 μg/ml by optimizing process parameters. To achieve this goal, 
we first streamline and optimize the extract preparation and processing 
procedure. Second, we carry out a systematic optimization of CFE re
action conditions to tune the physicochemical environment for stimu
lating highly active combined transcription and translation from linear 
DNA templates. We observed a ~100,000-fold increase in protein syn
thesis yields relative to the original unoptimized case, resulting in a final 
titer of approximately 240 μg/mL in 3-h batch reaction. This yield could 
be further improved in a semi-continuous reaction to more than 300 μg/ 
mL. Finally, with the clostridia CFE system at hand, we demonstrate the 
capability of our system for clostridia-specific prototyping: clostridia 
genetic parts by expressing luciferase from constructs under the control 
of endogenous promoters and 5′UTRs derived from clostridia metabolic 
enzymes or by utilizing different gene coding sequences, as well as ac
tivity of clostridia metabolic pathways in the extracts (Fig. 1). We 
anticipate that this platform, the first high-yielding CFE system from an 
obligate anaerobe, will speed-up metabolic engineering efforts for bio
process development in clostridia. 

2. Results 

Developing a system capable of CFE from a new organism requires 
optimization at several levels. The choice of organism, fermentation 
conditions, extract preparation and processing, and cell-free reaction 
conditions each play an important role. In this work, we aimed to 
develop a high-yielding CFE system using an industrially relevant clos
tridia strain as our source organism, C. autoethanogenum. Based on 
extensive optimization that has gone into establishing anaerobic 
fermentation conditions for this organism (Heijstra et al., 2017; Valge
pea et al., 2017), we chose to fix microbial growth and harvest condi
tions. Below, we describe our efforts to (i) establish the clostridia-based 
CFE system, (ii) identify beneficial extract processing steps, and (iii) 
optimize reaction conditions to enable prototyping of clostridia-based 
genetic parts and metabolism in the cell-free environment. 

2.1. CFE using C. autoethanogenum extracts requires high Mg(Glu)2 
concentrations 

We started development of C. autoethanogenum-based cell-free sys
tems by exploring the CFE capability when prepared under aerobic 
conditions and using extract preparation and gene expression conditions 
of the high-yielding BL21-based E. coli system (Kwon and Jewett, 2015). 
In brief, we resuspended C. autoethanogenum cells in buffer containing 
acetate salts, lysed them by sonication using 640 J total sonication input 
energy per mL cell suspension, and centrifuged them at 12,000×g to 
clarify the lysate (Fig. 2A, left panel). The resulting extract was used for 
CFE at 30 ◦C driven by the PANOx-SP energy regeneration system 
(Jewett and Swartz, 2004) and containing 8 mM Mg(Glu)2, 33 mM 
phosphoenolpyruvate (PEP), 2 mM of all cognate amino acids, 0.33 mM 
reduced nicotinamide adenine dinucleotide (NAD+) and 0.27 mM co
enzyme A (CoA) (Fig. 2A, middle). We chose firefly luciferase as reporter 
protein, as it has been demonstrated in clostridia (Feustel et al., 2004) 
and its expression can be detected via a highly sensitive bioluminescence 
assay. For this, we cloned a clostridia-codon-adapted variant of the 
firefly luciferase gene into our CFE expression vector pJL1 under control 
of the T7 promoter, added the construct to the CFE reaction, and fol
lowed luciferase expression in CFE by luminescence for almost 3 h. We 
observed little to no luminescence above a no plasmid control (Fig. 2A, 
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Fig. 1. Development of a simple, robust and high-yielding clostridia cell-free gene expression (CFE) platform. Schematic illustration of the development 
strategy. First, starting from cell pellets collected from clostridia cultures, we initially optimized extract preparation and processing by testing different sonication, 
runoff and dialysis conditions. Second, we adjusted concentrations of key components in the CFE reaction to further maximize protein production. Third, this 
optimized CFE system was used to prototype clostridia genetic parts and assess aerobic cell-free metabolism. 

Fig. 2. C. autoethanogenum-derived CFE requires different conditions than E. coli-derived CFE. (A) Using E. coli conditions for extract preparation/processing 
and CFE reactions, luciferase expression was determined in C. autoethanogenum extracts. (A, left and middle panel) Simplified schematic of extract preparation and 
processing steps and key components of CFE reactions, respectively. (A, right panel) Luciferase expression in C. autoethanogenum extracts during CFE at 8 mM Mg 
(Glu)2. (B) Maximum luciferase expression during CFE at different Mg(Glu)2 concentrations. Yellow bar indicates optimized condition. C. autoethanogenum cell pellets 
were resuspended in S30 buffer, lysed by sonication at 640 J, clarified by centrifugation at 12,000×g, and used for CFE containing the key components at indicated 
concentrations in (A). Luciferase expression was determined by bioluminescence. PEP: phosphoenolpyruvate; AAs: amino acids; NAD+: reduced nicotinamide 
adenine dinucleotide; CoA: coenzyme A. Data are presented as mean ± s.d. of at least three independent reactions. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Optimization of C. autoethanogenum extract preparation and processing. (A) Schematic diagram of the extract preparation workflow. (B–D) Relative 
maximum luciferase luminescence in vitro from C. autoethanogenum extracts during 4.25 h CFE prepared using (B) indicated sonication input energies, (C) 350 J 
sonication input energy and indicated runoff times, and (D) 350 J sonication input energy without and with dialysis. Light grey and yellow bars indicate previously 
and newly optimized condition, respectively. Luciferase expression was determined by bioluminescence and plotted as relative values compared to the maximal 
luciferase expression of the previously used condition. Data are presented as mean ± s.d. of three independent reactions. . (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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right panel). 
Given the poor protein synthesis yields, we next performed a mag

nesium optimization as it has been shown to be one of the most critical 
factors impacting CFE productivity (Borkowski et al., 2020; Des Soye 
et al., 2018; Hodgman and Jewett, 2013; Jewett and Swartz, 2004; 
Kwon and Jewett, 2015; Li et al., 2017; Martin et al., 2017; Wang et al., 
2018). We set up CFE reactions over a range of Mg(Glu)2 concentrations 
between 8 mM and 36 mM. Magnesium glutamate concentrations of 
≥20 mM markedly increased luciferase expression by more than five 
orders of magnitude (Fig. 2B) with the optimum at 32 mM Mg(Glu)2. 
This result was surprising because the optimum for E. coli extracts tends 
to be in the range of 8 mM–12 mM Mg(Glu)2 (Jewett and Swartz, 2004; 
Kwon and Jewett, 2015). While we do not understand the requirement 
for high magnesium concentrations for protein synthesis, we subse
quently carried out a series of optimization experiments to explore a 
range of both process and reaction conditions to improve cell-free 
performance. 

2.2. Adjusting extract preparation and processing of C. autoethanogenum 
increases CFE yields 

The quality of prepared crude cell extract, which is largely deter
mined by how the cells are lysed and processed (i.e., run-off reactions, 
dialysis), has a significant effect on CFE (Carlson et al., 2012; Gregorio 
et al., 2019; Hodgman and Jewett, 2013; Kim et al., 1996; Kwon and 
Jewett, 2015; Silverman et al., 2019b). We therefore explored key pa
rameters of both (Fig. 3A), starting with lysis conditions responsible for 
cell wall rupture. Using sonication as our lysis method due to its simple, 
reproducible, and inexpensive nature (Kwon and Jewett, 2015), we 
lysed 1 mL of resuspended C. autoethanogenum cells at different soni
cation input energies ranging from 250 J to 910 J at 50% amplitude for 
10 s on and 10 s off (Fig. 3B). We clarified the lysates by centrifugation 
and tested the extract’s capability for CFE. Compared to the initially 
used 640 J, higher input energies reduced CFE yields, while lower en
ergies were beneficial. We found the optimum to be 350 J, which 
increased luciferase expression by ~30%. 

Two common post-lysis processing steps, runoff and dialysis, can 
improve the quality of extracts for CFE. The runoff involves incubating 
the extract at a defined temperature (e.g., 37 ◦C), which can increase the 
extract’s protein synthesis productivity (Kwon and Jewett, 2015). The 
extra time at a physiological temperature is hypothesized to allow ri
bosomes to “run off” native mRNAs, which might then be degraded by 
endogenous RNases while the ribosomes are freed-up for synthesis of 
recombinant proteins (Jermutus et al., 1998; Nirenberg and Matthaei, 
1961). To test the effect of a runoff step, we incubated the clarified ly
sates after sonication at 37 ◦C for a short (45 min) and a long (80 min) 
time, clarified them a second time by centrifugation at 12,000×g and 
compared their protein synthesis activity. We found that the runoff 
markedly decreased luciferase expression (Fig. 3C). A runoff for 45 min 
almost halved luciferase amounts as compared to no runoff, while longer 
incubation time (80 min) reduced yields to a third. 

In contrast to runoff, dialysis changes the extract’s composition by 
allowing exchange of small molecules between a dialysis buffer and the 
extract. This step can be beneficial by removing small molecule in
hibitors to increase CFE yields (Gregorio et al., 2019; Silverman et al., 
2019b). To test the impact of dialysis, we dialyzed the clarified lysates 
after sonication three times for 45 min each in S30 buffer at 4 ◦C and 
compared luciferase expression at several Mg(Glu)2 concentrations. We 
found that dialysis did not significantly affect overall extract produc
tivity but instead decreased the Mg(Glu)2 optimum from 32 mM to 24 
mM (Fig. 3D). Based on these results, we next set out to optimize CFE 
reaction conditions with an extract preparation and processing protocol 
that now includes dialysis. 

2.3. Adapting CFE reaction conditions further improved C. 
autoethanogenum extract-based CFE 

As a means to further increase CFE yields, we next optimized several 
well-known cell-free reaction parameters including the energy regen
eration system, the amino acid concentration, co-factor concentration, 
the extract concentration and oxygen availability, the DNA template, 
and reaction temperature (Fig. 4A). 

First, we investigated CFE reaction temperature. To test this effect, 
we carried out CFE at 16 ◦C, 23 ◦C, 30 ◦C, and 37 ◦C (Suppl. Fig. S1). We 
found that 16 ◦C and 23 ◦C decreased luciferase expression to 48 ± 2% 
and 71 ± 4%, respectively, relative to 30 ◦C. While CFE of luciferase at 
30 ◦C and 37 ◦C increased similarly during the first 30 min, luciferase 
luminescence gradually decreased at 37 ◦C to 9 ± 1% the amount pro
duced at 30 ◦C at 5.75 h. Hence, we concluded that 30 ◦C is the tem
perature optimum for C. autoethanogenum-based CFE of luciferase, 
recognizing that temperature optimum may vary depending on the 
protein expressed. 

Next, we explored secondary energy regeneration systems in 
C. autoethanogenum extracts. Protein synthesis is the most energy- 
dependent process of exponentially growing bacterial cells, requiring 
ATP to be regenerated during transcription and translation. The primary 
source of ATP in the state-of-the-art E. coli-based PANOx-SP energy 
regeneration system (Jewett and Swartz, 2004) is phosphoenolpyruvate 
(PEP) conversion to pyruvate by pyruvate kinase (PyK). While this re
action occurs in C. autoethanogenum, the Wood-Ljungdahl pathway 
along with acetyl-phosphate kinase (AcK) reaction is more active in 
generating ATP for protein synthesis (Brown et al., 2014; Kracke et al., 
2016; Liew et al., 2017). Due to the difference in metabolism of E. coli 
and C. autoethanogenum, we tested energy regeneration systems based 
on PEP, acetyl-phosphate (AcP), and formate, a key Wood-Ljungdahl 
pathway metabolite. In order to mitigate potential down-regulation or 
oxidative damage of the substrate’s-metabolizing enzymes in the extract 
due to aerobic extract preparation, we also tested supplementing 0.67 
mg/mL of purified recombinant PyK with PEP and AcK with AcP and 
with formate. We found that almost no luciferase was expressed in the 
presence of substrates other than PEP (Fig. 4B). We further investigated 
a range of PEP concentrations (from 0 to 50 mM) in the “PEP + PyK” 
energy regeneration system (Suppl. Fig. S2A). Interestingly, compared 
to PEP alone, PEP plus pyruvate kinase (PyK) reduced CFE productivity 
by about 20%. This inhibitory effect might be caused by the PyK storage 
buffer or as a result of by-products arising from the accelerated con
version of PEP to pyruvate. In addition, we see that 45 mM PEP maxi
mized protein synthesis yields both with and without added PyK (Suppl. 
Fig. S2A; Fig. 4C). The maximum luciferase yield was achieved for 45 
mM PEP without PyK. This was selected as the secondary energy 
regeneration system moving forward. 

Following the optimization of the extract secondary energy source, 
we evaluated amino acid (AA) and co-factor concentrations. In E. coli 
extracts, supplementation of 2 mM AAs ensures adequate availability for 
protein synthesis and background metabolism (Martin et al., 2018). To 
optimize the AA concentration for C. autoethanogenum-based CFE, we 
assessed protein expression in the presence of different supplemented 
AA concentrations (from 0 to 5 mM) (Fig. 4D). Concentrations higher 
than 2 mM gradually decreased the CFE yields, while reducing AAs to 1 
mM slightly increased luciferase expression. In addition, we found that a 
second supplementation of AAs after 1 h of CFE had no significant effect 
on CFE yields (Suppl. Fig. S3). Furthermore, NAD+ and CoA both have 
important roles in redox balancing and metabolism and are added to 
CFE reactions to ensure that the extract’s metabolic activity drives ATP 
production for protein synthesis. In contrast to E. coli, 
C. autoethanogenum uses NADP(H) for many catabolic reactions and 
pyruvate oxidation to acetyl-CoA is independent of NAD(H) but relies on 
oxygen labile ferredoxin (Meinecke et al., 1989; Mock et al., 2015). In 
addition to these differences, aerobic C. autoethanogenum-based CFE 
may affect the redox state and the ratio of co-factors may shift. We 

A. Krüger et al.                                                                                                                                                                                                                                  



Metabolic Engineering 62 (2020) 95–105

99

therefore sought to examine the impact of co-factor composition on 
C. autoethanogenum extract-based CFE. We determined luciferase 
expression in CFE in the presence or absence of added NADP(H) or NAD 
(H) and with or without added CoA (Fig. 4E). Interestingly, we found 
that excluding both CoA and NAD(P)(H) from the reagent mix improved 
luciferase expression by a third. These results together informed our 
selection of 1 mM AA and our decision to remove the supplementation of 
co-factors, which also reduces cost, going forward. 

Having established concentrations for the CFE reaction buffer, we 
next tested the other two components of CFE: the extract and the DNA 
template. Increasing the extract amount has been observed to benefit 
other extract-based CFE systems (Li et al., 2018). We therefore tested 
varying volume amounts from 13 to 47% by volume of 
C. autoethanogenum extracts on CFE, corresponding to ~9.6–34.8 ng 
extract protein/μl CFE reaction. However, we did not observe any 
improvement in protein synthesis beyond our base case of 33% volume 
of extract per volume of reaction (Suppl. Fig. S4A). We next tested 
whether increasing the plasmid DNA concentration from our initial 6 nM 
plasmid DNA would improve CFE in C. autoethanogenum extracts as was 
helpful in other CFE systems (Li et al., 2017). We tested 0–30 nM of 
plasmid DNA and found that concentrations ≥15 nM increased lucif
erase expression by about 10–15% (Suppl. Fig. S5B). We then tested 
whether linear DNA templates can be used in C. autoethanogenum 
extract-based CFE. Using linear templates made by PCR avoids laborious 
cloning steps and can speed-up preparation time, but the template can 
be susceptible to exonucleases in cellular extracts, which we know have 
high activity in live clostridia (Nakotte et al., 1998). To test their suit
ability in C. autoethanogenum extract-based CFE, we amplified the 
luciferase gene including its regulatory elements and additional ~250 

bp on the 5′- and 3′-ends from the plasmid template via PCR using 
standard oligonucleotide primers and with oligonucleotide primers 
containing phosphorothioate (PS) bonds (Suppl. Table S1) for increased 
linear template stability. Comparing CFE from reactions containing 
equal molarities of DNA template, we found that linear PCR products are 
indeed suitable templates in C. autoethanogenum extract-based CFE 
(Suppl. Fig. S5A). Using PCR products made by standard primers 
decreased CFE yields by only about 10%. Surprisingly, however, linear 
templates containing PS bonds at the 5′ and 3′ end reduced CFE yields to 
50%. We also determined the optimal concentration of PCR products 
made by standard primers, and found it to be 33.3 nM, yielding lucif
erase expression comparable with the ones gained by using plasmid 
templates (Suppl. Fig. S5C). This result is important because it enables a 
high-throughput platform where one can go from DNA sequence to 
protein in under 2 h. 

We then explored the impact of surface area to volume ratio on the 
CFE reaction by changing the reaction vessel. Decreasing this ratio de
creases oxygen availability and lowers the effective oxygen concentra
tion in the reaction and thereby its availability for metabolism, which is 
harmful for E. coli extract-based CFE (Voloshin and Swartz, 2005). We 
tested this effect on C. autoethanogenum-based CFE by performing 15–90 
μL reactions in 1.5 mL reaction tubes and compared their luciferase 
expression to 40 μL reactions used previously. Increasing the surface 
area to volume ratio from our standard reaction did not show significant 
differences (Suppl. Fig. S4B). 

Finally, we tested whether running reactions in a semi-continuous 
fashion, which offers substrate replenishment and byproduct (e.g., 
inorganic phosphate) removal could further increase expression yields 
in C. autoethanogenum-based CFE. To test this question, we performed 

Fig. 4. Optimization of CFE reaction conditions for C. autoethanogenum extracts. (A) Schematic diagram of a CFE reaction depicting the concentrations of key 
CFE components which were step-wise adjusted for C. autoethanogenum extracts-based CFE. (B–H) Relative maximum luciferase luminescence in vitro from 
C. autoethanogenum extracts during CFE at different reagent concentrations: (B) energy regeneration system, (C) PEP concentration, (D) amino acid concentration, (E) 
nicotinamide dinucleotide and coenzyme A cofactor composition, (F) plasmid DNA template concentration. Light grey and yellow bars indicate previously and newly 
optimized condition, respectively. Maximal luciferase expressions were determined by bioluminescence and plotted as relative values compared to the previously 
used condition (B–E) or converted to protein yields using a luciferase standard curve (F). AA: amino acid, AcP: acetyl-phosphate, AcK: acetyl-phosphate kinase, PEP: 
phosphoenolpyruvate, PyK: pyruvate kinase. Data are presented as mean ± s.d. of at least three independent reactions. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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CFE reactions in two compartments (complete reaction in one; reaction 
buffer without extract in the other) separated by a semi-permeable 
membrane (3.5 kDa cutoff). Small molecules can freely diffuse be
tween both compartments, while metabolic enzymes and the translation 
machinery remain in the reaction compartment. We observed 37 ± 14% 
more active luciferase in semi-continuous reactions than in batch re
actions (Fig. 4F). Using all optimized conditions (CFE reagent concen
tration, extract volume, DNA template concentration) (Suppl. Table S2), 
we made 236 ± 24 μg/ml of luciferase in batch mode and 323 ± 64 μg/ 
ml in semi-continuous reaction mode (Suppl. Fig. S6). 

2.4. C. autoethanogenum extract-based CFE facilitates prototyping 

Upon demonstration of robust and high-yielding protein expression 
from our C. autoethanogenum combined transcription and translation 
system, we then set out to demonstrate the potential for synthetic 
biology applications. In the first example, we explored the possibility for 
rapidly assessing and validating genetic part performance by preparing 
DNA templates without time-consuming cloning work. As a proof of 
concept demonstration for such screening capabilities, we wanted to 
explore (i) codon adaptation effects, (ii) the use of endogenous RNA 
polymerases, and (ii) expression of biosynthetic enzymes (Fig. 5A). This 
is important because it addresses a key need for the development of a 
cell-free approach for engineering efforts in clostridia (Joseph et al., 
2018). 

First, we compared luciferase expression using luciferase gene se
quences codon-adapted for two different Clostridium species, 
C. acetobutylicum (Cac), C. autoethanogenum (Cae), and E. coli (Eco), 
which has a significantly different global GC content 
(C. autoethanogenum has a GC content of 31.1% and E. coli has a GC 
content of 50.8%) (Brown et al., 2014). We found that compared to 
luciferase expression from the C. autoethanogenum-adapted sequence 
20% less luciferase was expressed from a C. acetobutylicum-adapted one 
and ~75% less from the sequence adapted for E. coli (Fig. 5B, right 
panel). These results correlate with the predicted translation rate 
determined by the Salis RBS calculator (Salis et al., 2009) and with the 
GC content of the gene sequences (Suppl. Fig. S7). Taken together, our 
data provide a proof-of-principle that the C. autoethanogenum-based CFE 
systems could be used for genetic part prototyping. Second, we inves
tigated the activity of endogenous RNA polymerases by swapping the T7 
promoter and the 5’ UTR of our expression vector with three different 
clostridia native promoter regions (PPta-Ack, PPFOR, and PWL) that have 
been used for gene expression in the past (Liew et al., 2016), and 
compared their CFE yields. We detected luciferase expression in the 
range of 2–7.5 μg/mL from endogenous promoters (Fig. 5B, left panel). 
As expected, the native promoter-based expression was low, ~5% of the 
T7 promoter-based expression in C. autoethanogenum extracts. Third, we 
wanted to test full-length synthesis of recombinant proteins other than 
luciferase. Thus, we expressed three recombinant enzymes with 
different protein lengths in C. autoethanogenum-based CFE. All three 
enzymes were expressed in full-length, determined using an autoradio
gram following incorporation of radioactive 14C-leucine (Fig. 5C). In 
sum, our results here join an emerging wave of reports that highlight 
how CFE screening platforms can be used to assess if genetic designs 
function as expected and can express proteins in full-length. 

Crude lysates are becoming an increasingly popular alternative to 
build biosynthetic pathways and assess their performance because they 
inherently provide the context of native-like metabolic networks from 
cytoplasmic enzymes in the lysate that remain active (Dudley et al., 
2020, 2019; Karim et al., 2019; Karim and Jewett, 2016; Kay and Jewett, 
2020). We wondered the extent to which clostridia metabolism was 
functioning. Therefore, we set out to quantify active metabolic pathways 
in C. autoethanogenum extracts under aerobic conditions. To do so, we 
determined the metabolome over the course of 3-h CFE reactions with 
and without PEP and with and without DNA template for protein syn
thesis via GC-MS. We identified 44 metabolites (Supplementary 

dataset). The addition of DNA template for CFE caused only minor ef
fects on the metabolite profiles, which has been seen previously in E. coli 
cell-free systems (Karim et al., 2018), leading us to pool together the 
sample sets identical in PEP treatment and CFE reaction time. We split 
the detected metabolites into specific anabolic and catabolic reactions 
based on generalized carbon flux in C. autoethanogenum extracts during 
CFE (Fig. 5D). For most identified metabolites, we detected concentra
tion changes during the cell-free reaction, indicating metabolic activity 
of their corresponding biosynthesis and degradation pathways 
(Fig. 5E–H). We observed large-scale effects when comparing metabo
lites from reactions with and without PEP. For instance, PEP addition 
immediately increased the concentrations of glycolysis/gluconeogenesis 
intermediates 3-phosphoglyceric acid (3 PG), 2-phosphoglyceric acid, 
and glucose 6-phosphate (Glc6P) (Fig. 5E). Additionally, several organic 
acids were up-regulated, including metabolites involved in tricarboxylic 
acid (TCA) cycle and carbon fixation into biomass, such as α-keto-glu
taric acid, succinic acid, glycolic acid and malonic acid (Fig. 5F). Me
tabolites that were depleted in CFE reactions containing PEP included 
the purine and pyrimidine pathway intermediates inosine, xanthine and 
uracil (Fig. 5G) and the amino acid methionine (Fig. 5H). In summary, 
we observed metabolites of glycolysis/gluconeogenesis and associated 
pathways, including nucleotide synthesis, incomplete TCA cycle, carbon 
fixation, amino acid and glycerolipid pathway. We did not observe 
carbon flux towards acetyl-coA and associated pathways. This obser
vation indicates that the enzyme converting pyruvate to acetyl-CoA, 
pyruvate:ferredoxin oxidoreductase (PFOR), is inactive in aerobic 
C. autoethanogenum extracts as described for other clostridia (Meinecke 
et al., 1989). Together, our results suggest that the developed 
C. autoethanogenum cell-free system could indeed be used to test libraries 
of genetic parts and study metabolic pathways. However, the develop
ment of an anaerobic system will be needed to explore all metabolic 
pathways. 

3. Discussion 

In this work, we describe the development of a robust, high-yielding, 
and easy to use CFE system derived from the non-model and anaerobic 
bacterium C. autoethanogenum. To do so, we optimized the extract lysis 
preparation procedure, streamlined the extract processing steps, and 
optimized cell-free reaction conditions. We found C. autoethanogenum- 
derived CFE requires different conditions than E. coli-derived CFE. 
Surprisingly, C. autoethanogenum CFE requires unusually high magne
sium concentrations. Our final system was able to produce more than 
230 μg/mL of luciferase within a 3-h batch reaction, making it one of the 
more productive cell-free systems developed to date. Indeed, this batch 
CFE yield is higher than that of most other systems derived from model 
and non-model organisms such as rabbit reticulocytes (Anastasina et al., 
2014), Archaea (Endoh et al., 2008, 2007, 2006), yeast (Gan and Jewett, 
2014; Hodgman and Jewett, 2013), insects (Ezure et al., 2010), Bacillus 
subtilis (Kelwick et al., 2016), Bacillus megaterium (Moore et al., 2018) 
and Streptomyces (Li et al., 2018, 2017) (Suppl. Fig. S8). Performing 
semi-continuous reactions, we increased yields to more than 320 μg/mL 
within 4 h. So far, only CFE systems derived from CHO cell (Martin et al., 
2017), Vibrio natriegens (Des Soye et al., 2018), wheat germ (Harbers, 
2014) and E. coli (Caschera and Noireaux, 2014; Des Soye et al., 2019) 
have been demonstrated to be more productive. We anticipate that our 
optimization workflow can pave the way for development of CFE sys
tems for clostridia species including solventogenic or cellulolytic clos
tridia but also medical relevant clostridia. Further optimizing CFE 
reaction conditions could help prolong the CFE reaction duration and 
thereby further increase protein yields. 

In addition to showing high yielding CFE, we demonstrated that the 
C. autoethanogenum-based CFE system is compatible with PCR amplicons 
as expression templates with minimal purification required. We also 
showed our system’s capability as a gene regulatory screening platform 
by monitoring gene expression from a library of different codon 
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Fig. 5. C. autoethanogenum CFE facilitates prototyping applications towards clostridia metabolic engineering. (A) Schematic illustration of tested prototyping 
applications using C. autoethanogenum CFE. (B) left panel: luciferase expression from plasmid DNA templates containing native C. autoethanogenum promoters and a 
C. autoethanogenum adapted coding sequence. Right panel: luciferase expression from PCR product templates containing coding sequences adapted for two different 
Clostridium species, C. acetobutylicum (Cac) and C. autoethanogenum (Cae), and an aerobic bacterium, E. coli (Eco). CFE was performed using the optimized conditions. 
Maximal luciferase expressions were determined by bioluminescence and either plotted as luciferase yields determined by using a luciferase standard curve (left 
panel), or as relative values compared to the C. autoethanogenum adapted coding sequence (right panel). Data are presented as mean ± s.d. of at least three inde
pendent reactions. (C) Autoradiography of full-length expression of recombinant native metabolic enzymes in C. autoethanogenum CFE. CFE reactions were performed 
using the optimized conditions and radioactive 14C-Leucine (10 μM) supplemented in addition to all 20 standard amino acids. Following CFE, 4 μl CFE reaction were 
used for SDS-PAGE. The gels were dried and exposed for 14 days on a Storage Phosphor Screen. This image was digitally compared to the stained image that included 
a protein standard ladder to determine the length of synthesized proteins. w and s: whole and soluble fraction, respectively. (D) Schematic illustration of the 
generalized carbon flux in C. autoethanogenum extracts during CFE reactions. (E, F, G, H) Metabolite concentration changes during CFE with or without 45 mM PEP as 
indicated in yellow or grey, respectively determined by GC-MS. Data are presented as mean ± s.d. of four independent reactions. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 
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optimized sequences. While codon-optimized Clostridium-derived gene 
sequences could be expressed in other, more mature cell-free platforms 
like those derived from E. coli, we anticipate that prototyping enzyme 
expression using the clostridia gene expression and protein folding 
machinery will provide unique advantages. Additionally, our system 
allows prototyping of native promoters that need to be recognized by the 
endogenous transcription machinery. The most commonly used pro
moters for clostridia metabolic engineering originate from a few strains 
and are often not transferrable to non-native hosts. Being able to char
acterize promoter parts and to test adjustments rapidly and in high- 
throughput may have a significant impact on clostridia metabolic en
gineering. Taken together, having the opportunity to prototype which 
combinations of individual genetic parts (i.e., promoters, codon- 
optimized gene sequences, etc.) gain desired expression levels of en
zymes in the cellular context, but in vitro before implementing in vivo, 
may greatly speed up metabolic engineering design cycles. 

A key enabling feature of the presented platform is that the CFE 
system is active enough to produce proteins for building biosynthetic 
pathways and assessing their performance in the context of functional 
native pathways of cellular metabolism. Substrates of cellular meta
bolism can thus be used as starting points for prototyping oxygen- 
insensitive metabolic pathways. However, redox differences do exist 
between the aerobic C. autoethanogenum CFE platform and the in vivo 
environment, and several nodes of native metabolism are inactive under 
aerobic conditions (e.g., ferredoxin-dependent or oxygen-sensitive re
actions). These need to be considered when designing metabolic path
ways for prototyping using the presented platform. Since CFE allows for 
feeding of redox equivalents, potential workarounds could be designed. 
Future development of an anaerobic system will further improve 
mimicking the cellular environment of clostridia and increase the 
number of pathways that can be prototyped using clostridia cell-free 
extracts. 

Looking forward, we believe the CFE platform will serve as a useful 
“toolbox” for clostridia metabolic engineering and help accelerate strain 
engineering efforts. By integrating automatic liquid handling systems, 
data-driven AI approaches should expedite screening and prototyping 
efforts in clostridia for a variety of synthetic biology applications. 

4. Materials & methods 

Strains and plasmid constructs. Clostridium autoethanogenum DSM 
19630, a derivate of type strain DSM10061 was used in this study 
(Heijstra et al., 2016). The gene sequences and oligonucleotides used in 
this study are listed in the Supplemental Materials and Table S1, 
respectively. 

Codon-adapted luciferase genes for CFE were synthesized by IDT, 
cloned into the pJL1 plasmid using Gibson assembly and confirmed by 
Sanger sequencing by ACGT, Inc. Kanamycin (50 μg/mL) was used to 
maintain pJL1-based plasmids. C. autoethanogenum endogenous pro
moters of phosphotransacetylase-actetate kinase operon (pPta-Ack; 
CAETHG_RS16490), pyruvate:formate oxidoreductase (pPFOR; 
CAETHG_RS14890) and Wood-Ljungdahl cluster (pWL; 
CAETHG_RS07860) were amplified from a plasmid where the respective 
sequences have been amplified from the genome and cloned into a 
pMTL82250 vector reporter plasmid (Nagaraju et al., 2016) and cloned 
in place of the T7 promoter region in the pJL1-LucCae construct using 
Gibson assembly and confirmed by Sanger sequencing by ACGT, Inc. 

Cell culture and harvest. Fermentations with C. autoethanogenum 
were carried out in 10-L bioreactors with a working volume of 6 L at 37 
◦C and CO-containing gas (50% CO, 10% H2, 20% CO2, 20% N2) as sole 
energy and carbon source at a bacterial growth rate near 1 day− 1 as 
described earlier (Wang et al., 2013). Prior to harvest of the cells, the pH 
of the culture was adjusted to pH 6 with K2CO3. Five liters of culture 
were collected on ice. The culture was divided between 1-L centrifuge 
bottles and cells pelleted at 5000×g for 10 min. The supernatant was 
decanted, and residual liquid removed. The pellets were resuspended in 

~300 mL of 50 mM K2PO4, pH 7.5. Resuspensions were transferred to 
50-mL-Falcon-tubes and cells pelleted at 5000×g for 15 min. Superna
tants were discarded and the pellets immediately frozen on liquid N2 and 
stored at − 80 ◦C. 

Extract preparation. Cell pellets were thawed and suspended in 
0.33 mL of S30 buffer (10 mM Tris(CH3COO) (pH 8.2), 14 mM Mg 
(CH3COO)2, 10 mM K(CH3COO), 4 mM DTT) per gram of wet cell mass. 
The cell suspension was transferred as 1 mL aliquots into 1.5 mL 
microtubes. Using a Q125 Sonicator (Qsonica, Newtown, CT, USA) with 
3.175 mm diameter probe at a 20 kHz frequency and 50% amplitude, 
cells were lysed for several cycles of 10s ON/10s OFF until final input 
energy was reached. Samples were kept in an ice-water bath during 
sonication to minimize potential heat denaturation arising from soni
cation. For each 1 mL cell suspension aliquot, the input energy was ~70 
J/sonication cycle. Subsequently, lysates were centrifuged at 12,000×g 
at 4 ◦C for 10 min, supernatants collected, flash-frozen in liquid nitro
gen, and stored at − 80 ◦C until use. For run-off reactions, the superna
tant of the first clarifying spin was transferred to a new tube, incubated 
at 37 ◦C for 45 min or 80 min, cleared by centrifugation at 12,000×g at 4 
C̊ for 10 min, supernatants collected, flash-frozen in liquid nitrogen, and 
stored at − 80 ◦C until use. Dialysis was performed using Slide-A-Lyzer™ 
Dialysis Cassettes with a 3.5 kDa cut-off (Thermo Scientific, Rockford, 
IL, USA). Extracts were dialyzed three times with 150 mL S30 buffer per 
mL extract for 45 min at 4 ◦C, and subsequently cleared by centrifuga
tion at 12,000×g at 4 ◦C for 10 min. Supernatants were collected, flash 
frozen in liquid nitrogen, and stored at − 80 ◦C until use. 

CFE reaction. A modified PANOx-SP system was utilized for CFE 
reactions. Briefly, if not stated otherwise, in a 1.5 mL microtube 40–60 
μL CFE reactions were prepared by mixing the following components: 
1.2 mM ATP; 0.85 mM each of GTP, UTP, and CTP; 34 μg/mL folinic 
acid; 170 μg/mL of E. coli tRNA mixture; 16 μg/mL T7 RNA polymerase; 
2 mM for each of the 20 standard amino acids; 0.33 mM nicotinamide 
adenine dinucleotide (NAD); 0.27 mM coenzyme-A (CoA); 1.5 mM 
spermidine; 1 mM putrescine; 4 mM sodium oxalate; 8 mM magnesium 
glutamate; 10 mM ammonium glutamate; 130 mM potassium gluta
mate; 57 mM HEPES (pH 7.2); 33 mM phosphoenolpyruvate (PEP), and 
33% (v/v) of cell extract. Unless noted otherwise, synthesis of specific 
products was initiated by adding 6 nM of pJL1 template plasmid 
encoding the gene of interest to each reaction, and each CFE reaction 
was incubated at 30 ◦C. Because individual reagent concentrations were 
optimized throughout the study, their determined optimal values were 
used for all reactions from that point onward. E. coli total tRNA mixture 
(from strain MRE600) and PEP was purchased from Roche Applied 
Science (Indianapolis, IN, USA); ATP, GTP, CTP, UTP, 20 amino acids 
and other materials were purchased from Sigma (St. Louis, MO, USA) 
without further purification. T7RNAP was purified in house as described 
previously (Swartz et al., 2004). 

Quantification of active luciferase. Luciferase expression in CFE 
was determined using the ONE-Glo Luciferase Assay System (Promega, 
Madison, WI, USA), a Synergy 2 plate reader (BioTek, Winooski, VT, 
USA), and 96-well half area white plates (Costar 3694; Corning, Corn
ing, NY). The assay was performed using 4 μl CFE reaction mixed with 
30 μl of luciferase assay buffer. Luminescence was detected every 3 min 
over a 30 min period using a BioTek Synergy 2 plate reader (Winooski, 
VT, USA). The maximum amount of relative light units (RLUs) was 
recorded for each reaction. RLUs were then converted into μg/mL 
amounts using a linear standard curve determined using radioactively 
labelled luciferase. For this, CFE reactions were performed with radio
active 14C-Leucine (10 μM) supplemented in addition to all 20 standard 
amino acids. Radioactively labelled protein samples were then precipi
tated using trichloroacetic acid (TCA) and their radioactive counts 
measured by liquid scintillation using a MicroBeta2 (PerkinElmer, 
Waltham, MA) to quantify soluble and total luciferase yields as previ
ously reported (Jewett et al., 2008; Jewett and Swartz, 2004). 

Semi-continuous CFE reaction. 90 μL CFE semi-continuous re
actions were performed using 3.5 kDa MWCO 96-well plate dialysis 
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cassettes (Thermo Scientific, Rockford, IL, USA) in 2 mL microcentrifuge 
tubes with 1.4 mL dialysis buffer solution. Reactions were incubated in 
an Eppendorf Thermomixer C at 30 ◦C and 600 rpm and compared to a 
60 μL batch reaction performed under the same conditions. 

Gas chromatography-mass spectrometry (GC-MS). Clostridia CFE 
reaction samples were analyzed by GC-MS. In brief, samples stored at 
− 80 ◦C prior to analysis were thawed and centrifuged at 12,000 rpm at 
4 ◦C for 15 min. An aliquot of 5 μl was transferred to a vial containing 10 
μl of sorbitol (1 mg/ml aqueous solution) used as internal standard and 
then dried under a stream of N2. Dried samples were dissolved in 250 μl 
of silylation-grade acetonitrile followed by addition of 250 μl of N- 
methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) with 1% trime
thylchlorosilane (TMCS) (Thermo Scientific, Bellefonte, PA) and heated 
for 1 h at 70 ◦C to generate trimethylsilyl derivatives. After 2 days, 1 μl 
aliquots were injected into an Agilent Technologies 7890A GC coupled 
to a 5975C inert XL MS fitted with an RTX-5MS (5% diphenyl/95% 
dimethyl polysiloxane) 30 m × 250 μm × 0.25 μm film thickness 
capillary column with a 5 m Integra-Guard column. Gas flow was 1.0 ml 
per minute and the injection port was configured for spitless injection. 
The initial oven temperature was 50 ◦C with a 2-min hold followed by a 
temperature ramp of 20 ◦C per minute to 325 ◦C and held for another 
11.5 min. The MS was operated in standard electron impact (70 eV) 
ionization mode. The injection port, MS transfer line, MS source, and MS 
quad temperatures were 250 ◦C, 300 ◦C, 230 ◦C, and 150 ◦C respec
tively. A large user-created database and the commercially available 
Wiley Registry 10th Edition combined with the NIST 14 mass spectral 
database were used to identify metabolites of interest. Peaks were 
quantified by using extracted-ion chromatograms (EIC) rather than total 
ion current chromatograms, utilizing a key selected ion characteristic 
m/z fragment, to minimize co-eluting metabolites. The EIC was scaled 
back to TIC using predetermined scaling factors and quantification was 
based on area integration and normalized to the quantity of internal 
standard recovered, the volume of sample processed, the derivatization 
volume and injection volume. 

Autoradiography. Autoradiography was used to determine the 
quality of synthesized metabolic enzymes synthesized in 
C. autoethanogenum CFE. CFE reactions were performed with radioactive 
14C-Leucine (10 μM) supplemented in addition to all 20 standard amino 
acids. Following 3.5 h incubation, 4 μl CFE reaction was loaded onto a 
NuPAGE 4–12% Bis–Tris Gel (Life Technologies, Carlsbad, CA, USA) 
following the manufacturer’s instructions. The NuPAGE gels were 
stained with InstantBlue (Expedeon, Cambridgeshire, UK). The gels 
were dried and exposed for 14 days on a Storage Phosphor Screen (GE 
Healthcare Biosciences, Chicago, IL, USA) and imaged with a Typhoon 
FLA 7000 (GE Healthcare Biosciences). This image was digitally 
compared to the stained image that included a protein standard ladder 
to determine the length of synthesized proteins. 
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