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Abstract

Cell-free protein synthesis (CFPS) systems enable the production of protein without the use of living, intact cells. An emerg-
ing area of interest is to use CFPS systems to characterize individual elements for genetic programs [e.g. promoters, ribo-
some binding sites (RBS)]. To enable this research area, robust CFPS systems must be developed from new chassis

organisms. One such chassis is the Gram-negative Pseudomonas bacteria, which have been studied extensively for their di-
verse metabolism with promises in the field of bioremediation and biosynthesis. Here, we report the development and
optimization of a high-yielding (198 = 5.9 pg/ml) batch CFPS system from Pseudomonas putida ATCC 12633. Importantly, both
circular and linear DNA templates can be applied directly to the CFPS reaction to program protein synthesis. Therefore, it is
possible to prepare hundreds or even thousands of DNA templates without time-consuming cloning work. This opens the
possibility to rapidly assess and validate genetic part performance in vitro before performing experiments in cells. To vali-
date the P. putida CFPS system as a platform for prototyping genetic parts, we designed and constructed a library consisting
of 15 different RBSs upstream of the reporter protein sfGFP, which covered an order of magnitude range in expression.
Looking forward, our P. putida CFPS 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.
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Introduction

Initially used to elucidate the genetic code, crude extract based
cell-free protein synthesis (CFPS) systems have emerged as a re-
search tool to accelerate both fundamental and applied biology,
with a range of applications in high-throughput protein expres-
sion, protein evolution and synthetic biology (1-19). CFPS sys-
tems complement in vivo production approaches, while offering

some advantages. For example, the open nature of the reaction
allows the user to directly influence the biochemical systems of
interest. As a result, new components can be added or synthe-
sized, and these can be maintained at precise concentrations. In
addition, the reduced cell viability constraints offered by cell-
free systems enable the production of complex proteins at titers
that might otherwise be toxic in living cells. Furthermore, pro-
cesses that take days or weeks to design, prepare and execute
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in vivo can be done more rapidly in a cell-free system, leading to
high-throughput production campaigns on a whole-proteome
scale (20) with the ability to automate (21). Finally, CFPS reac-
tions can be freeze-dried for storage at ambient temperature for
up to 1year (18, 19, 22).

The aforementioned advantages have led to a wave of new
interest in the development and use of CFPS systems. However,
the vast majority of previous efforts have been focused on a se-
lect few model systems: Escherichia coli, Saccharomyces cerevisiae
and Chinese Hamster Ovary cells (23-28). Unfortunately, these
well-developed systems may fall short at times (29), especially
in efforts to mimic the native host for prototyping applications.
In this context, several new CFPS systems have been developed,
including some from Streptomyces species and Bacillus subtilis
(30-33).

Pseudomonas putida is a Gram-negative bacterium that has
emerged as a reliable and robust chassis microorganism for lab-
oratory research and industrial production (34). For example,
P. putida as a microbial cell factory has been applied to produce
recombinant antibody fragments, biofuels and natural products
(35-39). As a model organism, P. putida is well understood at the
biochemical level, its genome has been completely sequenced,
and versatile genetic tools are readily available for engineering
the host strain (34, 40). In addition, P. putida can be easily culti-
vated and grown quickly under precise conditions in either
shake flasks or bioreactors (41, 42). Despite these features, there
has yet to be, to our knowledge, a high-yielding CFPS developed
from P. putida that could permit design-build-test-learn
iterations without the need to re-engineer organisms.
Previous efforts have explored the possibilities of using other
Pseudomonas organisms for CFPS, such as P. fluorescens.
However, its complicated cell extract preparation method (peri-
plasmic fraction removal before cell lysis) and relatively low
protein yield <100 pg/ml leaves room for improvement (43).

In this study, we aim to establish a robust and high-yielding
P. putida-based CFPS system. After establishing the baseline abil-
ity to synthesize super-folder green fluorescent protein (sfGFP)
as a reporter, we set out to increase protein synthesis yields to
greater than 100pg/ml by systematically optimizing process
parameters. Specifically, we assessed the impact of tempera-
ture, lysate content, plasmid concentration and magnesium ion
concentration on protein synthesis yields. We observed a ~10-
fold increase in sfGFP yields relative to the unoptimized case,
resulting in a final titer of approximately 200 ug/ml in 4-h batch
reaction. We went on to demonstrate that CFPS reactions could
be programed with linear DNA templates. By use of overlap ex-
tension polymerase chain reaction (PCR), we show that tran-
scription and translation elements (i.e. T7 promoter) can be
rapidly added to the coding region of gene, which efficiently
directs a combined transcription and translation process in vitro.
Finally, we applied our P. putida-based CFPS system to the ex-
pression of a library of genetic parts, specifically ribosome bind-
ing sites (RBSs), which covered a 10-fold range of expression
values. Looking forward, we anticipate that our P. putida-based
CFPS system will provide broad utility for functional annotation,
metabolic engineering and synthetic biology.

Materials and methods
Bacterial strains, culture medium and plasmids
The P. putida strain, ATCC 12633, used in this work was a generous

gift from Prof. Keith Tyo (Northwestern University, Evanston, IL,
USA), and it was grown in LB medium (10 g/l tryptone, 5g/1 yeast

extract and 5 g/l sodium chloride). The reporter protein construct
used is pJL1-sfGFP, and the sequence of the pJL1 vector can be
obtained from Addgene #69496.

To construct the RBS library, the pJL1-sfGFP vector was first
linearized by PCR amplification with the pJL1-Ndel-FP and pJL1-
Xbal-RP primer pair (Supplementary Table S1), and then ligated
with oligonucleotide pairs to replace the original RBS. The RBS
library is shown in Supplementary Table S2. DNA plasmids
used in CFPS were obtained from cultures of E. coli DH5x strain
(Invitrogen, Thermo Fisher Scientific) using Qiagen Plasmid
Maxi Prep kits. All plasmids used in this experiment were se-
quence verified.

PCR templates

All PCR templates were amplified with Phusion high fidelity
DNA polymerase (New England BioLabs). Primers used for am-
plification were purchased from Integrated DNA Technologies
with no modifications, or with 5'biotinylated and phosphoro-
thioated modifications (Supplementary Table S3). The amplified
PCR products were purified with QIAquick PCR Purification Kit
(Qiagen) or QIAquick Gel Extraction Kit (Qiagen).

Cell extract preparation

Pseudomonas putida ATCC 12633 was first grown from a glycerol
stock in a standard glass culture tube with 5ml of LB medium at
26°C, and the cells were allowed to recover overnight. Next, 1ml
of the overnight culture was used to inoculate 50 ml fresh LB me-
dium in a 250ml baffled culture flask overnight. Then, 20ml of
the overnight culture was used to inoculate 11 fresh LB medium
in a 2.51 full baffled Tunair flask (IBI Scientific, Peosta, IA, USA),
and cells were allowed to grow to an ODgq of ~2.5 before harvest-
ing. The cells were harvested at 5000g and 4°C for 15min. Wet
cell pellets were washed three times with S30 extract buffer
(10mM tris-acetate at pH 8.2, 14 mM magnesium acetate, 60 mM
potassium acetate and 1mM of dithiothreitol). After the final
wash, the wet cell pellet was resuspended with 1 ml of the same
S30 extract buffer for each gram of the wet cell pellet. After a
complete resuspension of the cell pellet, the cell mixture was set
in an ice-water bath to cool. Cell lysis was carried out with a Q125
Sonicator (Qsonica, Newtown, CT, USA) at 50% amplitude with a
45-s on and 59-s off lysis cycle for a total of 1500] (44). This proce-
dure follows a protocol previously optimized for E. coli, but that
seems to work equally well here. The homogeneous cell lysate
was clarified for two rounds at 16 000g and 4°C for 30min each.
Then, the supernatant was collected as the final cell extract and
flash frozen in liquid nitrogen immediately. The final cell extract
was stored at —80°C until further use.

Cell-free protein synthesis

A standard CFPS reaction was carried out in a 200 ul PCR tube in
a thermocycler with the following components to a final
volume of 15 pl: 16 mM magnesium acetate, 830 mM ammonium
acetate, 230 mM potassium glutamate, 57.2mM HEPES-KOH (4-
(2-hydroxyethyl)-1-piperazineethanesulfonic  acid-potassium
hydroxide) pH 7.5, 1.2mM ATP (adenosine triphosphate),
0.86 mM GTP/UTP/CTP (guanosine triphosphate/uridine triphos-
phate/cytidine triphosphate), 34.0 pg/ml folinic acid, 170.6 ug/ml
E. coli tRNA mixture, 2.0 mM each of the 20 amino acids, 33.3 mM
phosphoenolpyruvate, 20pg/ml T7 RNA polymerase, 13.3ng/
ul DNA plasmid template, 20% v/v cell extract and nuclease-free
water. Note the composition of the standard CFPS reaction was
adjusted during the optimization process as described in the
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Figure 1. Comparison of sfGFP yield with P. putida biomass harvested at differ-
ent optical densities (ODgoo). Reaction conditions: 33% (v/v) lysate content, 20 ng/
ul plasmid template, 12 mM magnesium concentration and 26°C. Average sfGFP
yield with error bars representing standard deviations of three independent
experiments is shown.

text. The CFPS reaction was incubated at 23°C for 4 h unless oth-
erwise indicated. Quantification of sfGFP product was accom-
plished using a previously established method (30), and a
standard curve that converts fluorescence readings to protein
yields was developed to expedite protein yield quantification
process (Supplementary Figure S1).

Results and discussion
Development of P. putida CFPS platform

With the goal of trying to build a robust, high-yielding P. putida
CFPS system in mind, we started by trying to adopt the
protocol used for E. coli CFPS systems (11, 23), which routinely
yield g/l quantities of model proteins. After preparing extracts
from cells harvested at late exponential phase (ODggo = 5.0), we
carried out CFPS of sfGFP in a 15 ul batch reaction for 4h at 26°C,
the optimum growth temperature for P. putida. Unfortunately,
this approach only achieved sfGFP yields of <20 pg/ml.

Since the composition of the cellular machinery at the time
of harvest directly affects the CFPS potential of the crude ex-
tract, we hypothesized that the harvest conditions needed to be
adjusted. Accordingly, we grew P. putida cells to different ODgqo
values: 5, as initially done, but also ~3.8 and ~2.5, which
spanned a range of mid to late exponential growth in our batch
growth conditions (see Supplementary Figure S2 for a growth
curve). Then, we prepared batches of crude extract from each of
these cultivations. After preparing crude extracts from each
batch of the cells, we compared their potential for CFPS. The
results indicated that cell extracts prepared from ODggyo of ~2.5
synthesized the highest yield of sfGFP at 79.5*3.6pug/ml
(Figure 1). The most active extracts of P. putida were obtained
from the mid-exponential growth phase, which is similar as the
E. coli CFPS system (41). Taken together, our data highlight the
importance of cell harvest as a critical factor for development
and optimization of CFPS systems.

Optimization of the P. putida-based CFPS platform

We subsequently carried out a series of optimization experi-
ments to try to increase the sfGFP yield with our P. putida CFPS
system. We explored the effects of reaction temperature,
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cell extract per reaction, plasmid concentration and Mg?"* con-
centration. We first examined the impact of lysate content on
sfGFP yields. To synthesize proteins of interest, crude extract
based CFPS systems harness an ensemble of catalytic compo-
nents (e.g. RNA polymerases, ribosomes, aminoacyl-tRNA syn-
thetases, translation initiation and elongation factors etc.) that
are essential for protein synthesis from cell lysates. For this rea-
son, we hypothesized that increasing cell extract concentration
in the CFPS reaction might result in an increase in reporter pro-
tein yields, as we previously showed for Streptomyces (31). We
tested a range of extract concentrations by adjusting the vol-
ume of extract in the reaction from 13.3 to 46.7% (v/v), mean-
while, the concentrations of all other components were kept
constant in CFPS during the optimization process. We found
that 13.3% and 20.0% (v/v) lysate content gave the highest sfGFP
yields of 149.1+17.5 and 148.6*2.0pg/ml, respectively
(Figure 2A). Notably, when we increased lysate content further
to 46.7% (v/v), a drastic drop in sfGFP yield was observed, which
we hypothesize is a result of the physiochemical environment
not being optimized as observed in other CFPS systems (31).

Next, we surveyed a range of reaction temperatures sur-
rounding the preferred growth temperature of P. putida, which
is 26°C. Our results showed that at slightly decreased tempera-
ture at 23°C, we were able to achieve a 20% increase in sfGFP
yield when compared to reactions carried out at 26°C
(Figure 2B). This is similar to another CFPS system that we re-
cently developed from Streptomyces, where the optimal CFPS re-
action temperature (23°C) is lower than the preferred cell
growth temperature (30°C) (30).

We next sought to investigate the influence of plasmid con-
tent over an order of magnitude range of increase (100-1000 ng
of plasmid template per 15l reaction) on the performance of
our P. putida CFPS system. Our data indicated that the sfGFP ex-
pression peaked when 200 ng of plasmid DNA was supplied as
template (Figure 2C).

Finally, we explored the impact of magnesium concentration
of CFPS yields, which has been previously shown to be perhaps
the most critical component of CFPS reactions (23, 24, 30, 45).
Magnesium is used to balance the charge present from nucleic
acid phosphate groups and other anionic species. Therefore, op-
timization of magnesium is essential for many protein-nucleic
acid interactions, ribosome assembly, and the proper function
of biological processes of the cell, including protein synthesis.
CFPS reactions were carried out at a range of magnesium ion
concentrations from 6 to 18 mM. We observed that 8mM gave
the highest yield of 198 =5.9pg/ml (Figure 2D). Overall, our
newly designed CFPS system, which includes lowered tempera-
ture, increased total extract concentration, increased plasmid
concentration and optimized magnesium concentration,
resulted in a more than 10-fold improvement of CFPS yield rela-
tive to the non-optimized reaction conditions shown in
Figure 1, in which we observed expression for the first time.

Using PCR amplicon as CFPS template

Upon demonstration of robust and high yielding protein expres-
sion from our P. putida combined transcription and translation
system, we then set out to demonstrate the potential for using
linear DNA templates for P. putida-based CFPS. High-throughput
protein expression has become a key technology in systems biol-
ogy and synthetic biology. Using linear DNA molecules, i.e. PCR
product, expedites the process since there are no laborious clon-
ing steps. To this end, we substituted direct PCR amplicons, to-
gether with purified PCR products (QIAquick PCR Purification Kit
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Figure 2. Cell-free protein synthesis optimization for P. putida enhances sfGFP expression yields. The CFPS reaction was optimized by surveying a range of (A) lysate
content; (B) reaction temperatures; (C) plasmid concentrations; (D) magnesium concentrations. Initial reaction conditions before the optimization: 33% (v/v) lysate con-
tent, 20 ng/pl plasmid template, 12 mM magnesium concentration and 26°C. Average sfGFP yield with error bars representing standard deviations of three independent

experiments is shown.

or QIAquick Gel Extraction Kit), for plasmid DNA in the CFPS reac-
tions. For the purified PCR products, we could achieve ~70% of
the sfGFP yield when plasmid DNA was used as a template
(Figure 3A). Representative time courses of sfGFP synthesis using
plasmid and linear DNA templates with online fluorescence mea-
surement are shown in Supplementary Figure S3. This is impor-
tant because it enables a high-throughput platform where one
can go from DNA sequence to protein in under 6 h.

One of the existing challenges with using PCR templates is
their potential instability in CFPS. Thus, we next asked whether
or not the sfGFP synthesis yields could be improved from linear
template DNA by modifying the expression template in two
ways. First, and in light of some previous studies (46, 47), we
wondered if the addition of extra non-coding DNA sequence up-
stream of the T7 promoter might aid in expression yields.
Unfortunately, we did not observe significant difference be-
tween PCR amplicons with 15 and 340 base-pairs extra up-
stream sequences in sfGFP yield (Figure 3B). Second, we tested
the use of 5'biotinylated or phosphorothioated primers during
PCR amplification to produce amplicons with less susceptibility
to degradation, as has been done before in CFPS (48, 49). We ob-
served that the sfGFP yield was the same with or without the
use of protected primer ends (Figure 3B). Taken together, our
results indicated that linear PCR amplicons were stable in the P.
putida-based CFPS system without the need to add the purified
protein GamS for the protection of PCR templates, which was
found to be necessary in the E. coli-based CFPS reaction (16).
While our efforts to modify the PCR amplicon template did not
improve CFPS yields in the P. putida cell-free system, we chose
to use linear templates moving forward, as the template can be

used directly and prepared by two-step PCR from a small
amount of sample.

RBS library

Our new P. putida-based CFPS opens the possibility to rapidly as-
sess and validate genetic part performance by preparing
hundreds or even thousands of DNA templates without time-
consuming cloning work. As a proof of concept demonstration
for such screening capabilities, we wanted to examine the abil-
ity of a small RBS library to tune sfGFP expression in our
P. putida CFPS system. This is important because one of the key
ideas driving this research is that our system can provide an ex-
tremely rapid way to screen and test libraries. To carry out this
test, we designed a total of 15 different RBSs replacing the origi-
nal RBS sequence between the T7 promoter sequence and the
start of the sfGFP gene. These 15 sequences were designed
based on the Salis Ribosome Binding Site Calculator with a wide
spectrum of predicted expression levels of sfGFP from minimal
(RBS sequence 1) to maximal (RBS sequence 15) (RBS sequences
are listed in Supplementary Table S2) (50, 51). Following library
construction, PCR amplicons of the RBS library were used to ini-
tiate 15l batch CFPS reactions for 4h at 23°C. We observed a
20-fold range of sfGFP expression yields (Figure 4). Thus, as
expected the RBS library was able to tune sfGFP expression.
Interestingly, the expression pattern did not follow the designed
trend where, in theory, RBS1 should have the lowest expression
whereas RBS15 should have the highest. For example, RBS14
demonstrated the weakest expression. As a result, our results
here join an emerging wave of reports that highlight how CFPS
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Figure 4. Different levels of sfGFP expression with the RBS library highlights the ability of P. putida-based CFPS system for genetic part characterization. Rapid turn-
over time for screening and characterization of DNA regulatory elements such as RBSs can be achieved with our P. putida CFPS system. Average sfGFP yield with error
bars representing standard deviations of three independent experiments is shown.

screening platforms can be used to assess if genetic designs
function as expected.

Conclusions

In this study, we described the development and optimization of
a P. putida-based CFPS system, and we were able to achieve sfGFP
yields of ~200pg/ml in 4h batch reactions. For comparison, al-
though the current yield is lower than that of the E. coli-based
CFPS system (>1000 pg/ml), which has been developed over the
past 20years (52), it is ten times higher than the recently devel-
oped S. cerevisiae-based CFPS system (<20pg/ml) (45). The high
yielding CFPS capacity, together with the heterologous protein
expressing capability of P. putida, makes it a valuable addition to

the current existing CFPS platforms. Just as several bacterial CFPS
systems (e.g. E. coli and B. subtilis) have been developed to mimic
the native host for prototyping applications (33, 53), we believe
the P. putida platform will be useful for rapid prototyping of native
genetic parts before evaluating a smaller design set in cells. Since
P. putida has a relatively high guanine-cytosine (GC)-content ge-
nome (>60% GC) (37), our new platform may also be able to effi-
ciently express GC-rich genes with codon usage bias. Although
recently Streptomyces-based CFPS systems were established to ex-
press high GC-content genes (30, 31), the process for the prepara-
tion of Streptomyces cell extract was slower and more laborious
than that of P. putida due to the growth of Streptomyces microor-
ganisms. Moreover, CFPS yields were lower than those observed
in this study.
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In addition to showing high yielding CFPS, we demonstrated
that the P. putida-based CFPS system is compatible with PCR
amplicon as expression templates with minimal purification re-
quired. We also showed our system’s capability as a gene regu-
latory screening platform by monitoring sfGFP expression from
a library of RBSs. We were able to characterize the expression
efficiencies of 15 RBS sequences in less than a day.

Looking forward, we believe this work not only expands pro-
tein synthesis toolkit for synthetic biology, but also sets the
stage for future application of a P. putida-based CFPS screening
platform for gene regulatory elements. The next step moving
forward would be closing the gap between in vitro and in vivo
prediction, and we anticipate that future efforts will further ad-
vance its relevance in characterizing and discovering more DNA
parts for synthetic biology by expediting screening and proto-
typing efforts.

SUPPLEMENTARY DATA

Supplementary Data are available at SYNBIO Online, includ-
ing [reference citation(s)].
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