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Abstract

Industrial biotechnology aims to produce high-value products from renewable resources. This can be challenging because
model microorganisms—organisms that are easy to use like Escherichia coli—often lack the machinery required to utilize
desired feedstocks like lignocellulosic biomass or syngas. Non-model organisms, such as Clostridium, are industrially proven
and have desirable metabolic features but have several hurdles to mainstream use. Namely, these species grow more slowly
than conventional laboratory microbes, and genetic tools for engineering them are far less prevalent. To address these hur-
dles for accelerating cellular design, cell-free synthetic biology has matured as an approach for characterizing non-model
organisms and rapidly testing metabolic pathways in vitro. Unfortunately, cell-free systems can require specialized DNA
architectures with minimal regulation that are not compatible with cellular expression. In this work, we develop a modular
vector system that allows for T7 expression of desired enzymes for cell-free expression and direct Golden Gate assembly
into Clostridium expression vectors. Utilizing the Joint Genome Institute’s DNA Synthesis Community Science Program, we
designed and synthesized these plasmids and genes required for our projects allowing us to shuttle DNA easily between our
in vitro and in vivo experiments. We next validated that these vectors were sufficient for cell-free expression of functional
enzymes, performing on par with the previous state-of-the-art. Lastly, we demonstrated automated six-part DNA assem-
blies for Clostridium autoethanogenum expression with efficiencies ranging from 68% to 90%. We anticipate this system of
plasmids will enable a framework for facile testing of biosynthetic pathways in vitro and in vivo by shortening development
cycles.
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1. Introduction

Industrial biotechnology seeks to produce chemical products
from inexpensive and prevalent feedstocks, such as lignocellu-
losic biomass and syngas (1–3). While most synthetic biologists
work with easy to use model organisms like Escherichia coli and
Saccharomyces cerevisiae, these organisms can be limited by ac-
cessible feedstocks (e.g., they do not naturally possess meta-
bolic pathways to access the carbon in syngas), products, and
stable operating environments in which to work. Thus,
researchers try to harness non-model organisms of diverse gen-
era for commercial deployment that are more amenable to uti-
lizing these types of feedstocks and capable of unique
biochemical transformations (4). Clostridium represents one
such genus, which includes the gas-fermenting, acetogenic
Clostridium autoethanogenum (5–7). Unfortunately, these anaero-
bic organisms grow more slowly than model microbes, and ge-
netic tools for engineering them are still developing.

Advances in cell-free synthetic biology allow
for characterization of non-model organisms (8–10) and biosyn-
thetic pathways in vitro (11–14). Without needing to construct
new DNA elements for each pathway design, metabolic path-
ways can be built and assembled in vitro by using cell-free gene
expression (CFE) (15) (13, 16–20). This approach benefits from
the ability to test more enzyme variants and defined reaction
conditions as compared to conventional workflows, leading to
shorter engineering cycles to down-select beneficial pathways
for cellular biochemical production (21). Cell-free pathways can
be constructed by modular mixing of lysates enriched with
pathway enzymes (13), while cellular expression requires DNA
assembly of genes into operons. Additionally, the specialized
plasmids for Clostridium expression and those for CFE are not in-
herently compatible, for example, requiring different promoters
(cell-free expression typically relies on the orthogonal T7 sys-
tem) and additional elements such as a Gram-positive origin of
replication, specific antibiotic cassettes, and a low GC content
(22). This means Clostridium-optimized DNA for successful path-
way designs identified in vitro must be separately synthesized
and cloned prior to transformation in Clostridium, adding several
weeks of effort and considerable costs. Streamlining this pro-
cess would increase the ability to engineer non-model organ-
isms for metabolic engineering applications.

In this work, we present a modular plasmid system on the
basis of standard cell-free vector pJL1 (10, 19, 23, 24) and univer-
sal Clostridium shuttle vector system pMTL80000 (22) to rapidly
bridge cell-free prototyping efforts and strain engineering in C.
autoethanogenum and reduce the overall engineering cycle time.
Engineering compatible expression plasmids requires fine tun-
ing to minimize impacts on the genetic context of open reading
frames, particularly around the critically important ribosome
binding site (RBS) (13, 19). First, we designed several plasmid
architectures that resemble our top-performing cell-free expres-
sion vector, pJL1 (Addgene #69496), and would enable flexible
arrangement of genes and promoters (Golden Gate assembly
(25) compatibility) for expression in C. autoethanogenum. Next,
we validated that these new vectors are sufficient for CFE of
biosynthetic enzymes that are functionally active. Then, we
demonstrated DNA assembly efficiency ranging from 68% to
90% when assembling up to six parts for C. autoethanogenum ex-
pression. We finally showed automation of the whole workflow
on two different automation systems. This modular ‘cell-free to
Clostridium’ vector system along with high-throughput and au-
tomatable workflows will accelerate strain development efforts
for C. autoethanogenum or other Clostridium species. Principles

learned here, or perhaps the vectors themselves, could also
accelerate biological design in other organisms, by decreasing
delays in the transition between cell-free prototyping and cellu-
lar validation.

2. Materials and methods
2.1 Strains and plasmids

For generation of the ‘cell-free to Clostridium’ vector system and
cloning, E. coli strain TOP10 (Invitrogen) was used. First, the
counter-selectable marker ccdB (flanked with BsaI recognition
sites) was cloned into pMTL82251 and pMTL83151 (22) to gener-
ate the recipient Clostridium expression vectors (pCExpress). The
construction of vectors pD2 and pD4 involved TOPO (Invitrogen)
cloning of terminator and promoter parts (flanked with BsaI
recognition sites) amplified or synthesized by Joint Genome
Institute (JGI) into the plasmid, pCR-blunt (Invitrogen). The ‘cell-
free to Clostridium’ vectors were derived from pJL1 plasmid
(Addgene #69496), modified in the T7 promoter region to con-
tain a BsaI recognition site between the RBS and START codon
in three variations to generate pD1, pD3 and pD5. All recipient
and donor vectors were verified by DNA sequencing.

DNA codon-optimized genes for C. autoethanogenum were
generated using LanzaTech’s in-house codon optimization soft-
ware. Escherichia coli adapted sequences were generated using
codon optimization tools from Twist Biosciences (CA, USA).
Genes of interest were provided by JGI in the ‘cell-free to
Clostridium’ vectors pD1, pD3 and pD5. All vector DNA sequences
used in this study are listed in Supplementary Table S1, and all
DNA parts are listed in Supplementary Table S2. The 58 modular
vectors containing parts from Supplementary Table S2 are listed
in Supplementary Table S3. The biosynthetic genes used in cell-
free assays are listed in Supplementary Table S4, and those
used in GG assembly are listed in Supplementary Table S5.

2.2 Cell-free assays

All cell extracts for CFE were prepared with E. coli BL21 Star(DE3)
(NEB) (21). These cells were grown, harvested, lysed and pre-
pared using previously described methods (19, 26). CFE reac-
tions were performed to express each enzyme individually
using a modified PANOx-SP system at 15- or 30-ml volumes in 2-
ml Eppendorf tubes as described in previous publications (27,
28). Protein measurements were taken after 20 h. Active super-
folder green fluorescent protein (sfGFP) protein yields were
quantified by measuring fluorescence. To do this, 2 ll of the to-
tal CFE reaction was added in the middle of the flat bottom of
96-well half area black plates (Costar 3694; Corning
Incorporated, Corning, NY, USA). sfGFP was excited at 485 nm
while measuring emission at 528 nm with a 510 nm cutoff filter.
The fluorescence of sfGFP was converted to concentration (lg/
ml) according to a standard curve (29). All other proteins were
measured using CFE reactions with radioactive 14C-Leucine
(10mM) supplemented for incorporation during protein produc-
tion. We used trichloroacetic acid (TCA) to precipitate radioac-
tive protein samples. Radioactive counts from TCA-precipitated
samples were measured by liquid scintillation to then quantify
soluble and total yields of each protein produced as previously
reported (MicroBeta2; PerkinElmer) (27, 30).

The cell-free activity assays were run at 15-ml volumes in
1.5-ml Eppendorf tubes. All enzyme-enriched lysates (via CFE
reaction) were added at 0.4 mM concentration of enriched en-
zyme as determined by C14 measurements with the balance
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being ‘blank CFE’ reaction (no DNA added) up to 50% of the total
reaction volume. Small molecules were added to achieve final
concentrations of 120 mM glucose, 3 mM NADþ, 5 mM CoA,
100 mM BisTris pH 7, 8 mM magnesium acetate salts, 0.1 U/ml
catalase, in the reaction. Reactions were run for 20 h, quenched
with 5% trichloroacetic acid and measured via High-
Performance Liquid Chromatography as described previously
(13, 19).

2.3 Golden gate assembly using manual workflow

Two- to six-part DNA assemblies were performed using
GeneArt Type IIs (BsaI) assembly kit (Invitrogen, CA, USA).
Specifically, 75 ng of recipient vector was used. Other parts
(pD1, pD2, pD3, pD4 and pD5) were added in 1:1 molar ratio with
respect to the recipient vector along with the GeneArt Type IIs
enzyme mix. The reaction was then incubated in a thermocy-
cler (37�C for 1 min, 16�C for 1 min, cycled 30�, followed by cool-
ing at 4�C). Afterwards, the assembly mixture was transformed
into E. coli Top 10 chemically competent cells (ThermoFisher
Scientific, CA, USA), and plated onto LB agar containing appro-
priate antibiotics. Resulting colonies were screened via PCR for
presence of the parts cloned, followed by sequence confirma-
tion via Next-Generation Sequencing.

2.4 Golden gate assembly using automated workflow

Two automated assembly workflows were developed, either us-
ing the liquid handling robot Hamilton STARLet or the Labcyte
Echo 525 (31). The assembly reactions were carried out with the
final concentration for each individual DNA part was 2 nM (25).
The assembly reaction volume for Hamilton STARLet was 20 ml
prepared as follows: 2 ml of each DNA part (10 nM), 10 ml GeneArt
Type IIs Assembly Kit BsaI (Invitrogen A15917) and deionized
water to a total of 20 ml. When using the Labcyte Echo 525, the
reaction volume was downsized to a final volume of 2 ml. All
DNA samples were quantified by absorbance at 280 nm,
employing a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific). Reactions were incubated in an INHECO heat block
using the following parameters: 37�C for 2 h, 50�C for 5 min,
80�C for 10 min, then stored at �20�C until transformation.
Transformations were also performed using the INHECO blocks:
2 ml of each reaction mix was added to 20 ml of Invitrogen One
Shot Top10 chemically competent cells (C404003) and incubated
for 20 min at 4�C. Cells were then heat-shocked at 60�C for 45 s,
then recovered for 2 min at 4�C. Afterwards, 180 ml of Super
Optimal Broth (Invitrogen 15544034) with catabolite repression
(SOC) media was added to cell mixtures, and cells were recov-
ered at 37�C for 2 h. Finally, 7 ml of each transformation reaction
consisting of undiluted culture volume was plated on Lennox
Lysogeny Broth (LB) þ agar plates containing the appropriate
antibiotic and incubated overnight at 37�C. We randomly chose
two colonies to sequence throughout the assembled regions.
NGS sequencing confirmed that more than 90% of the clones
screened showed complete assemblies.

2.5 Data and materials availability

Data or unique materials presented in the manuscript may be
available from the authors upon reasonable request and
through a materials transfer agreement.

3. Results and discussion
3.1 Design of a modular ‘cell-free to Clostridium’ vector
system

Our goal was to develop a DNA vector system that would enable
easy exchange of DNA between cell-free plasmids and cellular
plasmids. This cell-free to Clostridium framework would mini-
mize repetitive DNA synthesis and subcloning and enable re-
use of DNA, allowing for facile and rapid testing of biosynthetic
pathways in vitro and in vivo. Traditional approaches required
optimization and synthesis of candidate genes for cell-free ex-
pression and cell-free testing followed by separate optimization
and synthesis of genes for Clostridium expression (Figure 1a,
red), taking significant time and slowing down research efforts.
The workflow presented here allows for a single round of codon
optimization and synthesis for Clostridium that can be used for
both cell-free testing and pathway assembly in Clostridium
(Figure 1a, blue), reducing the time and cost of research and de-
velopment in these complex organisms. Specifically, there is a
50% reduction in DNA synthesis time and cost as well as only
one round of cloning into cell-free/donor vectors prior to
in vivo vector assembly. To achieve this goal, CFE expression
plasmids were modified via addition of Golden Gate (GG) sites
so that these can be used directly for multiple DNA parts as-
sembly directly into Clostridium expression vectors (Figure 1b).
With such a system in place, genes could be ordered once
with Clostridium codon-adapted sequences in these plasmids,
prototyped in cell-free reactions using these plasmids, and
then the best performing gene variants could be assembled
from the same plasmids into in vivo expression plasmids via
one-step GG assembly.

As a starting point, we designed six total vectors. Three
vectors, pD1, pD3 and pD5, were constructed by adding
GG sites (BsaI recognition sites) within the T7 promoter region
of the pJL1 vector (Addgene #69496), a standard CFE expression
plasmid. These vectors were designed to serve as gene donor
vectors for assembly in a new recipient vector based on
pMTL80000 universal Clostridium expression vectors (22)
with the addition of two GG sites flanking a ccdB survival gene
along with Clostridium promoter and terminator flanking the
GG sites. We also constructed pD2 and pD4 to serve as
promoter-terminator donor vectors. This system of six vectors
(five donor vectors and one recipient vector) would allow for
in vitro expression of genes using pD1, pD3 and pD5, followed
by one-step assembly of up to six DNA parts (inserts supplied
by pD1, pD2, pD3, pD4 and pD5) directly into our Clostridium
expression vector. We note that different combinations of
these vectors can be used to assemble one-gene insertions
(Supplementary Figure S1A) or two-gene insertions
(Supplementary Figure S1B) when fewer genes are desired.
It is also possible to combine more than three genes in an
expression operon by using multicistronic donor vectors
(Supplementary Figure S1C).

Utilizing JGI’s gene synthesis program, the GG system was
expanded to create recipient and donor vectors with varying
promoters, such as Pfdx (17), Ppta (18), Ppfor (19) and Pwl (18).
Additionally, GG sites were varied in recipient vectors to allow
assembly of anywhere between two to six parts with varying
promoters, resulting in a total of 58 modular vectors
(Supplementary Figure S1D and Table S3). The variety of assem-
bly options using different DNA parts (Supplementary Table S2)
increases the versatility of this vector system.
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3.2 Evaluation of the vector system for CFE

The highest-yielding cell-free systems take advantage of T7 RNA
polymerization and are substantially affected by changes in plas-
mid architecture (32, 33). For example, our previous work using
the pJL1 vector that leverages T7 RNA polymerase to make
mRNA achieved protein yields of �2.7 g/l sfGFP (34). In order to
adapt our robust pJL1 vector for GG compatibility, we chose to
test the insertion of three BsaI site designs in pJL1 (Figure 2a;
Supplementary Table S2). Specifically, GG sites with sequences
TCAT, AATG or CTTA were introduced between the RBS and start
codon, which increased the spacer length between these two ele-
ments by one to three nucleotides. This created three distinct do-
nor vectors each with three possible BsaI cut sites. We evaluated
each of these nine designs in a CFE reaction based on the
PANOx-SP system to produce sfGFP to first assess the impact of
GG sites on protein expression. After 20 h, cell-free reactions pro-
duced comparable or slightly greater concentrations of sfGFP
than the unaltered pJL1 plasmid (Figure 2b). For the donor vec-
tors to be compatible, we had to choose the same variant for
each of the three vectors. Thus, we chose variant 2 as the
highest-performing set. Variant 2 GG vectors were validated fur-
ther with expression of the enzymes phosphotransbutyrylase
(Ptb) and butyrate kinase (Buk) from butyric acid metabolism in

Clostridium acetobutylicum ATCC 824 (Figure 2c). This experiment
highlights the importance of genetic context for expression of
different proteins, yielding variable amounts of protein for Ptb
and Buk despite nearly identical expression of sfGFP.

We next evaluated whether C. autoethanogenum-optimized
genes would be sufficiently expressed in our established cell-
free assays. To test this, we constructed a panel of 16
Clostridium-optimized biosynthesis genes (Supplementary Table
S4) related to acid/alcohol fermentation from a variety of organ-
isms in pD1, pD3 and pD5. Several of these genes were used in a
previous study for the production of butanol from acetyl-CoA,
while the rest were identified through sequence similarity to
these genes. After a 20-h CFE reaction, we observed a range of
expression all significantly lower (10-fold) than what we saw for
E. coli-codon-optimized sfGFP, Ptb or Buk (Figure 2d). However,
expressing full-length enzymes at concentrations >1 mM pro-
vides at least 0.1 mM enzyme after dilution upon pathway as-
sembly in vitro which we have found to be sufficient for
prototyping (13). Thus, we proceeded to test whether C. autoe-
thanogenum-optimized sequences were sufficient for prototyp-
ing biosynthetic pathways. First, we ran the 16 enzymes on a
protein gel via SDS-PAGE followed by 14C autoradiography to
confirm that indeed those enzymes that expressed, expressed
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Figure 1. A framework for a modular ‘cell-free to Clostridium’ vector system that enables seamless assembly of cell-free vectors into a Clostridium expression vector. (a)

A schematic representation of how information between in vitro and in vivo needs is used to design DNA sequences, JGI facilities can construct DNA designs and DNA

materials can be used in both in vitro and in vivo experiments. Approximate times are noted for cell-free testing, in vivo construct assembly and DNA synthesis (for new

and old workflows). Costs associated to DNA synthesis are calculated with assumptions of 0.1 USD/bp and 1–3 kb genes. (b) The architecture of the modular vector sys-

tem is shown. Cell-free vectors are made compatible for assemblies by adding unique overhang (ov) sites generated from BsaI digests.
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at full length (Supplementary Figure S3A). Decreasing the reac-
tion temperature to slow down protein translation and folding
and altering the DNA template sequence (e.g. RBS, coding se-
quence) can be pursued when important homologs are not
expressed in soluble form. Then, we used these enzymes to
construct biosynthetic pathways to produce butanoic acid to
test the activity of these enzymes. This pathway runs from glu-
cose to acetyl-CoA using native metabolism present in E. coli
crude lysates followed by four enzymatic steps to produce buta-
noic acid. Mixing 12 combinations of the enzymes from Figure
2d with glucose and cofactors, each combination produced
>7 mM butanoic acid (Supplementary Figure S3B). These
enzymes can be studied further using more detailed activity
assays via purification and defined substrates. For enzymes
that are not expressed well, separately expressing the E. coli-co-
don-optimized versions can improve enzyme expression
(Supplementary Figure S2 and Table S4). Although the soluble
protein yields are generally lower using C. autoethanogenum (31%
GC content) codon-optimized sequences in E. coli-based (50% GC
content) cell extract, our data suggest that C. autoethanogenum-
optimized enzyme sequences are active in E. coli crude lysates.
With GG-compatible vectors at hand, we next sought construct
in vivo expression plasmids.

3.3 Six-part DNA assembly from CFE vectors into
Clostridium expression plasmid

Once the pD vectors were successfully validated in CFE, these
modified vectors were then used for testing the efficiency of

multiple-part assembly directly into a Clostridium expression
vector with a variety of biosynthetic genes. Specifically, we car-
ried out a six-part GG assembly that contained: (i) a recipient
vector based on pMTL8315 backbone containing a promoter (P1)
and terminator (T3) flanking the two GG sites (pCExpress), (ii)
pD2 and pD4, both containing terminator and promoter combi-
nations (i.e. T1-P2 and T2-P3) and (iii) pD1, pD3 and pD5 con-
taining gene 1, gene 2 and gene 3 (Figure 3a; Supplementary
Table S1). The assembly mixture was transformed into our E.

coli cloning strain and six colonies were picked and genotyped
by PCR which indicated 90–100% of the picked colonies had
plasmids with all six parts correctly assembled (Figure 3b).
These were confirmed via sequencing. The six-part assembly
was validated using a different set of genes and promoter-
terminator combinations for at least five additional designs

(Supplementary Table S5). In a total of 20 manual assemblies
were carried out with efficiency ranging from 70% to 95%.

Assembled constructs can then be transformed into
Clostridia to test for biosynthetic pathway activity. We previ-
ously showed that optimization of pathways in an E. coli cell-
free system could inform cellular design in Clostridia (13). This
work showed positive correlations between cell-free activity
data and in vivo expression. Down-selecting a fraction of the
>200 pathway combinations tested in vitro for constructing in
Clostridia saved more than 6 months of research efforts.
Combining this modular vector system with Clostridia-based
cell-free expression (10) should lead to more positive correla-
tions and a streamlined research pipeline.

3.4 Workflow automation

Workflow automation can improve throughput and reliability.

CFE reactions can routinely be performed using liquid-handling
robotics (35, 36). These reactions can be scaled down to 2 ml
without significant changes in protein expression (37). In addi-
tion, GG assembly for in vivo expression can also be automated.
After demonstrating successful assembly of up to six DNA parts
using a manual workflow, we then developed an automated
workflow to increase our DNA assembly throughput (Figure 3a).
Due to the complexity of biological systems, it is often neces-
sary to test a large number of enzyme homologs along with dif-
ferent promoters to obtain an optimal engineering solution.
Indeed, testing just five homologs and three promoters for a
three-gene operon would yield 3,375 different permutations.
However, this experimental throughput is difficult and labori-
ous when using manual techniques and procedures.
Automated, well-informed designs help to increase the number
of designs that can be generated, the speed these designs can be
generated, and it helps to narrow down the design space priori-
tizing the best candidates to be built and tested, saving lab
resources (38). In order to increase throughput, efficiency and
accuracy of our strain engineering pipeline, free up researchers
from repetitive tasks, and increase results reproducibility, we
validated a Golden Gate DNA assembly automated protocol on
two automation systems. Both the design of constructs and the
worklists to run the experiments were generated by J5 software
(39, 40). We assembled three- to six-part GG assemblies using
both a Hamilton STARLet liquid-handling robot and a Labcyte
Echo 525 acoustic liquid-handling robot with greater than 90%
efficiencies.
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iants (change in where BsaI sites are located) of each of the three donor plas-

mids in CFE using a reporter sfGFP is shown. (b) sfGFP concentration was

measured by fluorescence at 20 h after cell-free reaction start. Data are shown

for n¼2 independent experiments with average error. (c) Protein concentration

at 20 h for Ptb and Buk enzymes expressed from each of the three donor vectors

was measured via C14-leucine incorporation. Data are shown for n¼ 2 indepen-

dent experiments with average error. (d) Sixteen enzymes of interest for acid

and alcohol fermentation were codon optimized for C. autoethanogenum and

cloned into pD1, pD2 and pD3. Protein expression was measured at 20 h for n¼3

independent experiments. All error bars represent 1 standard deviation.
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4. Conclusion

In this study, we describe a set of modular vectors for both CFE
and cloning into Clostridium expression plasmids. This frame-
work allows facile testing of biosynthetic pathways in vitro and
in vivo for shorter engineering cycles and enables an improved
workflow between our in vitro team, our in vivo team, and JGI,
without lengthy and costly re-synthesis and/or subcloning. The
‘cell-free to Clostridium’ vector system is easy to use for Golden
Gate assembly of up to six parts (three open reading frames
with unique promoter and terminator sequences) at once with
up to 90% efficiencies and feeds directly into JGI’s Community
Science Program platform. For longer operons, genes can be se-
quentially located on each of the CFE vectors (pD1, pD3 and

pD5). These vectors along with laboratory automation have al-
ready increased the speed and efficiency of our workflows and
will continue to facilitate the ability to prototype biosynthetic
pathways in vitro followed by in vivo cloning pipelines.
Standardization of these vector systems allows for new simpli-
fied workflows. The pJL1 cell-free vector and variants thereof
are routinely used in multiple bacterial cell-free systems (i.e. E.

coli (19), Clostridium (10), Pseudomonas (23), Streptomyces (24, 41),
Vibrio natriegens (42, 43)). In addition, the pMTL vector system
has been demonstrated in several Clostridia species (i.e. autoe-

thanogenum, ljungdahlii, acetobutylicum, beijerinckii, difficile, sporo-

geneses, perfringens, pasteurianum, tyrobutyricum) as well as other
Gram-negative and Gram-positive model organisms such as E.

coli and Bacillus (22, 44). Taken together, the breadth of bacterial
cell-free systems that can use the pJL1 vector and ubiquity of
Golden Gate cloning suggests broad applicability of our plasmid
vector system. Looking forward, we anticipate this system of
vectors will allow researchers to integrate more in vitro proto-
typing practices into their existing workflows across multiple
organisms to speed up metabolic engineering efforts.
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Supplementary Data are available at SYNBIO Online.
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