
Improving Cell-Free Protein Synthesis through Genome
Engineering of Escherichia coli Lacking Release Factor 1
Seok Hoon Hong,[a] Yong-Chan Kwon,[a] Rey W. Martin,[a] Benjamin J. Des Soye,[b]

Alexandra M. de Paz,[b] Kirsten N. Swonger,[a] Ioanna Ntai,[c] Neil L. Kelleher,[b, c] and
Michael C. Jewett*[a, b]

Introduction

Crude extract-based cell-free protein synthesis (CFPS) has
emerged as a powerful technology platform to study, exploit,
and expand the capabilities of biological systems.[1] In recent
years, for example, Escherichia coli-based CFPS platforms have
been applied to the clinical manufacture of therapeutics on
the 100 L scale,[2] biomolecular breadboarding,[3] and site-spe-
cific incorporation of non-standard amino acids (NSAAs) into
proteins.[4] Site-specific incorporation of NSAAs into proteins
has opened new opportunities for the production and study of
biopolymers with chemical properties, structures, and func-
tions that are impossible to create from only the 20 canonical
amino acids. Some illustrative examples of these pioneering ef-
forts include the synthesis of antibody–drug conjugates,[5] the
direct polymerization of protein-based materials,[6] and struc-
tural assessment of enzyme inhibitors for drug discovery.[7]

Amber suppression is the most common approach for free-
ing up codons to site-specifically incorporate NSAAs into pro-

teins. In this approach, an orthogonal transfer RNA (o-tRNA) is
reprogrammed to suppress an in-frame amber stop codon.
This requires multiple biological parts. These include: 1) NSAA-
charged o-tRNA substrates that can decode the amber codon
(typically produced by an orthogonal aminoacyl-tRNA synthe-
tase (o-aaRS) that is only able to charge a NSAA to its cognate
o-tRNA, which is not aminoacylated by the cell’s endogenous
aaRSs), 2) proper delivery of NSAA-charged o-tRNA substrates
by elongation factor Tu (EF-Tu) to the ribosome, and 3) com-
patible ribosomes.[8] Many seminal works by Schultz and others
have established and driven the field forward.[9] Unfortunately,
the technology has been limited by release factor 1 (RF1) com-
petition, which leads to poor expression yields, mainly due to
the high level of truncated product,[10] and inefficient incorpo-
ration of multiple identical NSAAs.[4b, 11] Many elegant efforts
have focused on alleviating this limitation in vitro. For exam-
ple, researchers have 1) omitted RF1 by using reconstituted
systems,[10–12] 2) silenced RF1 with antibodies or aptamers,[13] or
3) removed tagged RF1 from crude lysates.[4a, 14] Recently, in
vivo efforts have made significant advances in the production
of RF1-deficient strains[11] that could be used as a chassis to
make crude extracts for CFPS.[15] Indeed, we recently showed
the ability to use a genomically recoded RF1-deficient E. coli
strain (rEc.E13.DprfA) to improve production of modified full-
length soluble superfolder green fluorescent protein (sfGFP)
containing p-propargyloxy-l-phenylalanine (pPaF).[4b] We ob-
served a shift from 20 % full-length product (with RF1) to 80 %
full-length product (without RF1).

The goal of this work was to improve CFPS yields from
rEc.E13.DprfA crude extracts. Such an advance will facilitate
new technological applications and provide opportunities to
take advantage of cost benefits, yield improvements, and free-
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dom of design for NSAA incorporation as compared to in vivo
methods.[15] Because rEc.E13.DprfA[11] was not previously opti-
mized for CFPS,[4b] we exploited multiplex automated genome
engineering (MAGE)[16] to improve extract performance. The
key idea was to functionally inactivate negative effectors in the
host strain such that they would not be present in the lysate.
Previously, deletion of genes for stabilizing DNA templates,[17]

amino acid supply,[18] and protein degradation[19] has improved
CFPS systems from other source strains.

Results and Discussion

Strain construction by MAGE

We targeted the functional inactivation of five nucleases, en-
coded by rna, rnb, csdA, mazF, and endA (Figure 1 A). In vivo,
these nucleases play important roles in regulating DNA and
RNA through degradation. However, their presence in crude
cell extracts is expected to be deleterious,[20] leading to tem-
plate instability and reaction termination. RNase A (encoded by
rna) degrades RNA by catalyzing the cleavage of phospho-
diester bonds,[21] and identification of strains (e.g. , MRE600,
A19) lacking rna was important for early studies in in vitro
translation. RNase II (encoded by rnb) is responsible for mRNA
decay by 3’ to 5’ exonuclease activity,[22] and cell extracts lack-
ing RNase II exhibit a 70 % increase in CFPS efficiency.[20] MazF
(encoded by mazF) is a toxin that degrades mRNA by se-
quence-specific (ACA) endoribonuclease activity, which could
affect transcript stability.[23] CsdA (encoded by csdA) is part of

a cold shock degradosome along with RNase E and induces
mRNA decay in cold shock, which the cells experience during
harvest prior to extract generation.[24] Finally, DNA-specific en-
donuclease I (encoded by endA) breaks double-stranded
DNA,[25] and its deletion has previously been shown to be
important for extending the duration of CFPS reactions.[17] We
hypothesized that nuclease deletion could stabilize both the
DNA template and mRNA transcripts, leading to improved
yields.[20–25]

We first engineered the rEc.E13.DprfA strain by disrupting
the RNase genes, both individually and in combinations, using
MAGE (Figure 1 A). Specifically, we used MAGE oligos to intro-
duce an internal stop signal (TAA codon) and frame shift muta-
tion ~ 1=4 into the open reading frame of the target gene
(Table S1). We generated single disruptions of rna, rnb, csdA,
and mazF, as well as multiple disruptions of rnb, csdA, and
mazF, in different combinations to create a series of RNase mu-
tants (Table S2). Gene disruptions were screened by multiplex
allele-specific PCR that amplified PCR bands specific to each
mutation (Figure 1 B) and confirmed by DNA sequencing. We
then measured growth rates for each of the MAGE-modified
strains in 2xYTPG media (the medium used in preparation of
cell lysates) to determine how the gene disruptions might
affect cellular fitness. Growth rates of the strains with single or
multiple disruptions of rna, rnb, csdA, and mazF were approxi-
mately �25 % relative to the strain rEc.E13.DprfA, with the
exception of the rnb and mazF double disruption (MCJ.438),
which displayed a significant growth defect (Table S3).

Figure 1. Strain construction, verification, and cell-free protein synthesis performance. A) Genomic locations of five nuclease-encoding genes (black circles),
prfA (gray circle), and 13 genes with stop codons re-coded from TAG to TAA (white circles). Numbers in inner circle indicate millions of bases. B) Verification of
nuclease gene mutations by using multiplex allele-specific PCR. Mutant alleles were amplified by using the mutant forward and reverse primer sets (-mut-F
and -R; Table S1). Mutant strain numbers are indicated at the top of the gels. A table in (D) details mutations per each strain. M: DNA ladder. C) Scheme of
combined transcription–translation (TX–TL) reaction for sfGFP CFPS. D) Comparison of CFPS efficiency of different cell extracts. Active wild-type sfGFP was syn-
thesized by using cell extracts derived from genomically recoded E. coli with single and multiple inactivation of nucleases. At least three independent reac-
tions for each sample were performed for 20 h at 30 8C, and one standard deviation is shown.
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Inactivation of RNase II, CsdA, and MazF improves CFPS by
reducing mRNA degradation

Lysates from each engineered strain were tested in CFPS to
assess their overall protein synthesis capability. For rapid
screening, we prepared lysates from shake flask cultures and
a syringe-based homogenization method that contrasts our
previous work, which used a fermenter for cell growth.[4b] CFPS
of sfGFP was carried out in 15 mL combined transcription–
translation (TX-TL) reactions for 20 h at 30 8C (Figure 1 C). The
rna mutation was selected first because of its presence in the
commonly used CFPS A19 and MRE600 source strains.[26] How-
ever, functional inactivation of rna (MCJ.340) in rEc.E13.DprfA
did not impact wild-type sfGFP synthesis, as measured by fluo-
rescence, when compared to the parent strain (Figure 1 D). In
contrast, single disruption of rnb, csdA, or mazF increased CFPS
yields by two- to fourfold (Figure 1 D). Next, we investigated
the effect of disabling multiple RNase genes together (rnb,
csdA, and mazF) in CFPS. CFPS yields were not improved
among those combinations of gene disruption and, in fact,
decreased in some cases (MCJ.527 and MCJ.485; Figure 1 D).
Taken together, our results show that inactivation of RNase II,
CsdA, and MazF are beneficial for CFPS. However, disabling rnb
in combination with other RNase genes investigated was not
beneficial.

To test our hypothesis that inactivation of RNases would sta-
bilize mRNA in our reactions, we carried out cell-free TL-only
reactions for 120 min at 30 8C, priming the reaction with puri-
fied mRNA template from the sfGFP gene (600 ng per 15 mL
reaction), as opposed to DNA template. Without the ability to
replenish mRNA from T7 RNA polymerase, as was possible in
combined TX–TL experiments used above (Figure 1 D), we
could now observe the impact of the genomic changes on
RNA stability. For this analysis, we specifically focused on ex-
tracts from the single gene disruption strains: MCJ.435 (rnb¢),
MCJ.436 (csdA¢), and MCJ.437 (mazF¢). As compared to the ex-

tract from the parent strain (rEc.E13.DprfA), disruption of mazF,
csdA, and rnb increased cell-free translation 13-, 11-, and four-
fold, respectively (Figure 2 A, left). In addition to quantifying
sfGFP synthesis by cell-free TL-only reactions in lysates from
different genomically modified strains, we also examined the
mRNA degradation profiles by incubating 1800 ng of purified
sfGFP mRNA in the cell-free reaction. As expected, mRNA
levels were maintained at higher levels in extracts from RNase-
deficient strains. Specifically, more than ~60 % of sfGFP mRNA
remained after 120 min incubation with the extracts from
single disruption of mazF or csdA, whereas 16 % remained with
rnb disruption, and mRNA levels in the parent extract derived
from rEc.E13.DprfA were entirely degraded (Figure 2 A, right).
These results were consistent with the TX–TL reactions (Fig-
ure 1 D) and indicate that inactivating RNases from the lysate
source strain reduces mRNA degradation and, in turn, im-
proves CFPS.

Inactivation of endonuclease I improves CFPS by stabilizing
the DNA template

We next investigated the effects of disrupting the DNA-specific
endonuclease I (MCJ.495). It has previously been observed that
an endA deletion strain exhibits increased plasmid DNA pro-
duction in vivo,[27] but its role was not clear in vitro, as the
endA deletion was previously assessed only in combination
with recCBD deletion.[17] In CFPS reactions performed with ex-
tracts from source strains lacking endonuclease I (MCJ.495), we
observed a greater than fourfold increase in sfGFP synthesis
compared to that of rEc.E13.DprfA (Figure 1 D).

We hypothesized that the improved CFPS yields were a result
of plasmid DNA stability. To test this hypothesis, we directly in-
cubated plasmid DNA in the extract alone and monitored plas-
mid DNA stability by gel electrophoresis. We did not detect
differences in plasmid DNA concentrations when comparing
extracts with or without endonuclease I (Figure S1) ; however,

Figure 2. The impact of functionally inactivating nucleases on cell-free transcription and translation. A) Cell-free translation (TL)-only reactions of wild-type
sfGFP from purified mRNA in different single RNase-deficient cell extracts. At least three independent reactions for each sample were performed for 120 min
at 30 8C. sfGFP synthesis was monitored by sfGFP fluorescence (left), and mRNA levels were assessed by an RNA gel (right). B) Cell-free Spinach aptamer syn-
thesis by using endonuclease I-deficient (MCJ.495) and -present (rEc.E13.DprfA) extracts. After preincubation (0 (&), 60 (&), and 180 min (&)) of Spinach apta-
mer plasmid DNA with cell extract, CFPS reagents were added and incubated at 30 8C. Maximum mRNA synthesis levels from the mRNA synthesis time course
(Figure S2) were compared. At least three independent reactions for each sample were performed, and one standard deviation is shown.
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our results could be confounded by the fact that DNase activi-
ty can be inhibited in cell extracts.[28] Thus, we tried an alterna-
tive approach that better mimicked our CFPS conditions. The
key idea was to preincubate plasmid DNA with extracts from
strains with or without endonuclease I, followed by CFPS (Fig-
ure 2 B). If the DNA template was degraded during preincuba-
tion, or the transcription reaction was inhibited by endonucle-
ase I in some way, less mRNA would be synthesized, which in
turn could be responsible for higher CFPS yields when endA
was disabled. Plasmid DNA containing the mRFP1-Spinach
aptamer gene (Table S2) was pre-incubated with cell extract
and a fluorophore molecule, 3,5-difluoro-4-hydroxybenzylidene
imidazolinone (DFHBI), for 0, 60, and 180 min. Then, mRNA was
synthesized upon addition of CFPS reagents and quantified by
measuring the fluorescence of DFHBI-bound Spinach aptamer
mRNA.[29] Similar levels of Spinach aptamer mRNA were synthe-
sized in MCJ.495 (endA¢) extracts before and after the preincu-
bation. In contrast, the extract with endonuclease I (rEc.E13.
DprfA) decreased the maximum mRNA synthesis level by 25 %
after preincubation (Figure 2 B and S2). These results support
the hypothesis that endA disruption improves CFPS by helping
stabilize the DNA template.

As inactivating endonuclease I was beneficial for CFPS, we
subsequently applied MAGE to create a variety of endA- and
RNase-disrupted strains (Table S2). Although we had hoped to
observe a synergistic effect from combining these beneficial
mutations, we did not observe further improvement (Fig-
ure 1 D). Most likely, inactivation of a single RNase or endo-
nuclease I facilitates sufficient mRNA in the reaction, resulting
in different substrates or protein effectors (e.g. , amino acid
supply,[18] protein degradation[19]) now limiting CFPS.

Genomically modified strains provide unique benefits for
CFPS

We then carried out a series of optimization experiments to
see if the genomically modified source strains provided unique
benefits for CFPS or if yield improvements could have simply
been achieved by optimization of reaction conditions using
the original host (rEc.E13.DprfA). For this analysis, we selected
the MCJ.559 (csdA¢ endA¢) strain, which had the highest CFPS
yields (Figure 1 D). We specifically explored the impact of alter-
ing the DNA plasmid concentration, changing the T7 RNA
polymerase concentration, and adding RNase inhibitor in CFPS
reactions with lysates derived from strain MCJ.559 and the
parent. Increasing the concentrations of plasmid DNA (Fig-
ure S3 A) or T7 RNA polymerase (Figure S3 B) with the parent
rEc.E13.DprfA extract did not improve sfGFP synthesis. In fact,
CFPS yields decreased. Furthermore, the current concentrations
of plasmid DNA (13.3 ng mL¢1) and T7 RNA polymerase
(0.1 mg mL¢1) used in this study were already optimal, as similar
trends were obtained in the extract from MCJ.559 (Fig-
ure S3 AB). Addition of RNase inhibitor to CFPS reactions also
did not improve protein synthesis (Figure S3 C). Together, our
data indicates that the improvement of CFPS comes from the
nuclease disruptions and is not achievable by simply adjusting
the initial cell-free components.

MAGE gene disruption is robust and stable

We also confirmed that the mutations generated by MAGE
were not reverted. After 250 generations of the MCJ.559 strain
in a rich medium, the cell growth rate was similar (within 4 %)
compared to the strain before 250 generations (Figure 3 A), the
extract performance was the same (Figure 3 B), and mutations
of prfA, csdA, and endA were preserved, as confirmed by PCR
for all three and DNA sequencing for csdA and endA disruption
(Figure 3 C). These results highlight that the MAGE gene dis-
ruption approach is robust and stable on time horizons that
would be associated with a seed train in the laboratory.

MAGE-improved extract enhances single and multiple
identical NSAA incorporation

With CFPS improvements from engineered strains in hand, we
assessed NSAA incorporation in extracts from our best strain.
To do so, we first prepared crude extract from the MCJ.559
strain grown in a 10 L fermenter, which provides exquisite con-
trol over growth conditions.[30] In this case, o-tRNA was consti-
tutively expressed during the cell growth as previously report-
ed.[31] As a positive control, we then tested wild-type sfGFP
synthesis in a cell-free reaction by using the fermenter-pre-
pared extract. We obtained 660�40 mg mL¢1 of wild-type
sfGFP, which was similar to the yields obtained with extract
prepared from a shake flask (Figure S4). For NSAA incorpora-
tion, we quantitatively tested the incorporation of p-acetyl-l-
phenylalanine (pAcF) into sfGFP with an in-frame amber codon
at single and multiple positions (Table S2). The necessary com-
ponents of the orthogonal translation system (OTS) were also
added. Specifically, we added 10 mg mL¢1 linear DNA of opti-
mized o-tRNA (o-tRNAopt) in the cell-free reaction for in situ
synthesis of additional o-tRNA (i.e. , beyond that overexpressed
in the source strain).[4b, c] The orthogonal pAcF-tRNA synthetase
(pAcFRS) was overproduced, purified as previously de-
scribed,[4b] and added at a level of 0.5 mg mL¢1 in the cell-free
reaction. The NSAA, pAcF, was supplied at a level of 2 mm in
each CFPS reaction.

We synthesized 550�40 mg mL¢1 of modified sfGFP contain-
ing a single pAcF, which represents an ~84 % yield as com-
pared to wild-type sfGFP production (Figure 4 A). In addition,
we obtained a 540�20 mg mL¢1 yield for modified protein syn-
thesis for two pAcF incorporations (81 % yield) and 330�
10 mg mL¢1 for five pAcF incorporations (50 % yield; Figure 4 A).
These results represent a threefold improvement in modified
sfGFP synthesis as compared to our previous work on rEc.
E13.DprfA extract,[4b] as well as more than a tenfold higher pro-
tein expression titer (in g L¢1) compared to recent in vivo NSAA
incorporation into GFP.[10, 32] Furthermore, the modified protein
synthesis titer was ~2.8 times higher in MCJ.559 extracts than
those from a BL21 Star (DE3) extract which contains RF1,
whereas the wild-type sfGFP synthesis was similar with both
extracts (Figure S5). Thus, the MAGE-improved MCJ.559 extract
significantly increased the synthesis of proteins containing
NSAAs.
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We then carried out top-down mass spectrometry (i.e. , MS
analysis of whole intact proteins) to detect and provide semi-
quantitative information for the incorporation of pAcF into
sfGFP. Figure 4 B shows the 32++ charge state of sfGFP and

clearly illustrates mass shifts corresponding to the incorpora-
tion of one, two, and five pAcF residues. Site-specific incorpo-
ration of pAcF, as detected by MS, was greater than 95 % in all
samples (Figure 4 B), with less than 3 ppm difference between

Figure 3. Assessing stability of the MCJ.559 strain. A) Growth of MCJ.559 before (*) and after (*) 250 generations was assayed in LB medium at 32 8C in 96-
well plates. Each data point is the average of ten replicate wells from two independent cultures. B) CFPS of sfGFP by using an MCJ.559 crude extract before
and after 250 generations shows that extract performance was the same. At least three independent CFPS reactions for each sample were performed for 20 h
at 30 8C. C) PCR verification of prfA, csdA, and endA mutation. “specR” indicates spectinomycin resistance gene in replacement of prfA. On the right is a trace
of DNA sequencing results for the csdA and endA mutation showing the introduction of the TAA stop codon at the desired location.

Figure 4. pAcF incorporation at single and multiple amber sites by using the improved cell extract from the MCJ.559 strain. A) Yields of active wild-type sfGFP
(WT-sfGFP) and modified sfGFP proteins containing one, two, and five pAcFs. B) Spectrum of the 32++ charge state of sfGFP, obtained by top-down mass spec-
trometry and illustrating site-specific incorporation of pAcF at single and multiple sites. Major peaks (gray) in each spectrum coincide with the theoretical
peaks for each species (Figure S6). “Exper” indicates experimentally obtained protein mass, and “Theor” indicates theoretically calculated protein mass
(Table S4). Smaller peaks to the right of the major peaks are due to oxidation of the protein—a common electrochemical reaction occurring during electro-
spray ionization. Water loss events from the intact sfGFP were detected at minor levels to the left of the major peaks. C) Comparison of total (&), soluble (&),
and active (&) protein yields of sfGFP and CAT with and without single pAcF. At least three independent CFPS reactions for each sample were performed for
20 h at 30 8C for (A) and (C), and one standard deviation is shown.
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experimental and theoretical protein masses (Table S4 and Fig-
ure S6). In other words, we achieved efficient, high yielding,
and pure site-specific pAcF incorporation into sfGFP. To dem-
onstrate that our observations were not limited to sfGFP, we
also examined pAcF incorporation into chloramphenicol acetyl
transferase (CAT). Active CAT containing pAcF was synthesized
at titers of 380�60 mg mL¢1, with a ~65 % yield of wild-type
protein production (Figure 4 C). Hence, the MAGE-enhanced
extract provides the synthesis of soluble and active proteins
containing pAcF, like wild-type proteins, and may be applied
for different types of protein production.

CFPS with MAGE-improved extract is scalable

We then set out to demonstrate the potential for scale-up in
CFPS reactions that incorporate NSAAs into proteins. Specifical-
ly, we tested the effect of increasing the CFPS reaction volume
in both a microcentrifuge tube and a flat-bottom 24-well plate.
By increasing the reaction volume from 15 to 240 mL, the effi-
ciency of wild-type sfGFP production significantly decreased in
the microcentrifuge tube, whereas the same reactions in the
flat-bottom 24-well plate did not decrease the protein yields
(Figure 5 A). We observed similar results for the synthesis of
modified protein (Figure 5 A). Our results are consistent with
those of Voloshin and Swartz, who reported these phenomena
previously; specifically, the impact of surface-area-to-volume
ratios on CFPS yields.[33] In order to confirm that the decrease
in production yield was not specific to active GFP formation
(i.e. , chromophore maturation), we measured total and soluble
sfGFP production by radioactive [14C]Leu incorporation, which
counts all synthesized sfGFP protein. Figure S7 clearly shows
that total and soluble sfGFP synthesis was decreased as reac-
tion volume was increased. This is consistent with our observa-
tions for active sfGFP synthesis (Figure 5 A). We next assessed
incubation time to see if the reduced CFPS yield as a function
of increasing reaction volume was recovered by increasing in-
cubation time. This was not the case. After 24 h, sfGFP produc-
tion in all batch reactions was saturated and did not increase
with further incubation time (Figure 5 B). Modified sfGFP con-
taining single pAcF showed similar results (Figure 5 C). In sum-
mary, our results indicate that CFPS with RF1-deficient MCJ.559
extract is scalable when accounting for surface-area-to-volume
effects.

Semicontinuous CFPS increases protein production yield

We then applied semicontinuous CFPS[34] using a microdialysis
device (3.5 K MWCO) to increase sfGFP production yield. In
semicontinuous reactions, substrates and byproducts passively
diffuse between the CFPS reaction and a substrate reservoir to
sustain small molecule concentrations necessary to keep the
reaction active. With a semicontinuous setup, wild-type sfGFP
and modified sfGFP production were continually increased
until 96 h, yielding titers of about 1900�50 and 1300�
100 mg mL¢1, respectively (Figure 5 B and C). We expect that
these titers could be improved further if the external substrate
reservoir was exchanged or the extract condensed, as in the

pioneering work of Yokoyama.[35] That said, the modified pro-
tein titer from a semicontinuous CFPS setup was >20 times
higher than those recently observed in cells on a gram per
liter basis,[10, 32] joining a growing body of work showing im-
provement over in vivo titers when using CFPS.[4b, c, 31, 36] Taken
together, our results indicate that the yield was significantly
improved by using a semicontinuous reaction setup. This is
consistent with previous work from Ozawa et al. , which
showed the ability to produce high yields of protein with

Figure 5. Scaled-up and semicontinuous CFPS by using an MCJ.559 extract.
A) Production of wild-type sfGFP (WT-sfGFP) and modified sfGFP with pAcF
(sfGFP-1pAcF) in different reaction volumes by using a microcentrifuge tube
(MT) and a flat-bottom 24-well plate (FB). Time course semicontinuous and
batch CFPS for B) WT-sfGFP and C) sfGFP-1pAcF. In the semicontinuous reac-
tion (*), CFPS reagents from the substrate reservoir passively diffuse into
the CFPS reaction (inward arrows) through the microdialysis membrane,
while by-products are removed from the CFPS reaction (outward arrows).
Batches were of 15 (*), 30 (!), 60 (&), 120 (^), and 240 mL (~). At least three
independent reactions for each sample were performed at 30 8C, and one
standard deviation is shown.
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NSAAs by using a semicontinuous CFPS reaction setup and a
standard E. coli strain.[36]

Conclusions

In this study, we improved RF1-deficient cell extract activity ap-
proximately fourfold by functional inactivation of multiple nu-
cleases in extract source strains using MAGE. Using our most
productive extract, which stabilizes mRNA and the DNA tem-
plate by disabling csdA and endA, we could significantly en-
hance NSAA incorporation into a target protein. Our results are
important for two reasons. First, the strain, which achieved a
1300�100 mg mL¢1 yield of modified protein containing
NSAAs in semicontinuous operation, can be a useful resource
for the community. Second, this is the first demonstration of
using advanced genome engineering methods to develop
CFPS chassis strains, effectively combining the inactivation of
nucleases and the deletion of RF1. This indicates rich opportu-
nities to understand how the overall catalytic ensemble used
to carry out CFPS is altered based on genomic modifications.
Looking forward, we expect this work to open the way to
novel CFPS technologies for accurate and efficient production
of pure proteins and biopolymers containing multiple NSAAs.

Experimental Section

Strains and plasmids: The bacterial strains and plasmids used in
this study are listed in Table S2. Spectinomycin (20 mg mL¢1) was
used for culturing strains, kanamycin (50 mg mL¢1) was used for
maintaining pY71-based plasmids, and tetracycline (20 mg mL¢1)
was used for maintaining the pDULE-o-tRNA plasmid.

Strain construction and verification: The strains in this study
were generated from rEc.E13.DprfA[11] by disrupting genes of inter-
est with mutagenic oligonucleotides by MAGE[37] (Table S1). Cul-
tures were grown in lysogeny broth (LB)–Lennox medium (10 g L¢1

tryptone, 5 g L¢1 yeast extract, and 5 g L¢1 NaCl)[16] at 32 8C and
250 rpm throughout MAGE cycling steps. MAGE oligonucleotides
were designed to introduce an internal stop codon and frameshift
of ~ 1=4 into the target gene sequence, thereby causing early trans-
lational termination as previously reported.[37] Single, double, triple,
and quadruple disruptions of csdA, rnb, mazF, and endA, including
single rna disruption, were generated to investigate the effect of
their inactivation on CFPS (Table S2). Multiplex allele-specific
colony PCR was performed to verify gene disruptions[16] by using
wild-type forward (-wt-F) or mutant forward (-mut-F) primers and
reverse primers (-R; Table S1). Wild-type and mutant forward pri-
mers were identical except at the 3’-ends of the oligonucleotides,
and the reverse primers were used for detection of both wild-type
and mutant alleles. The mutant allele could be amplified by using
the mutant forward and reverse primer set (-mut-F and -R) but not
the wild-type forward and reverse primer set (-wt-F and -R). MASC
PCR was performed in 20 mL reactions by using a multiplex PCR kit
(Qiagen) at 95 8C for 15 min, with 30 cycles of 94 8C for 30 s, 65 8C
for 30 s, and 72 8C for 1 min, and a final extension of 72 8C for
5 min. Mutant alleles were screened by running PCR products on
a 2 % agarose gel and confirmed by DNA sequencing by using se-
quencing primers (Table S1).

Growth rate assessment: Overnight cultures of engineered strains
grown in LB[38] at 250 rpm and 34 8C were diluted to an OD600 of

0.05 in 2 Õ YTPG medium (16 g L¢1 tryptone, 10 g L¢1 yeast extract,
5 g L¢1 NaCl, 7 g L¢1 K2HPO4, 3 g L¢1 KH2PO4, and 18 g L¢1 glucose;
adjusted to pH 7.2 with KOH). Diluted cultures (100 mL) were
added to 96-well polystyrene plates (Costar 3370; Corning Incorpo-
rated, Corning, NY, USA). The OD600 was measured at 15 min inter-
vals for 15 h at 34 8C in fast shaking mode on a Synergy2 plate
reader (Biotek, Winooski, VT). Growth data for each strain was
obtained from six replicate wells with two independent cultures.
Doubling time was calculated during the early exponential growth
phase (OD600 = 0.05–0.2).

Cell extract preparation: Cells were grown to an OD600 of 4.0 in
2 Õ YTPG medium (2 L) in Tunair shake flasks (1 L culture in each
2.5 L flask) at 34 8C and 220 rpm for rapid prototyping of engi-
neered strains. In order to maintain pH~7, KOH (1 mL, 1 n) was
added at OD600 = 2.0. For the MCJ.559 strain harboring pDULE-o-
tRNA, the best CFPS performer, cells were grown in 2 Õ YTPG
medium (10 L) in a BIOSTAT C-plus fermenter (Sartorious AG, Gçt-
tingen, Germany) to an OD600 of 3.0 at 34 8C. Cells were pelleted by
centrifuging for 15 min at 5000 g and 4 8C, washed with cold S30
buffer (3 Õ 10 mm tris·acetate pH 8.2, 14 mm magnesium acetate,
60 mm potassium acetate, 1 mm dithiothreitol),[39] and stored at
¢80 8C. To make cell extract, cell pellets were thawed and suspend-
ed in S30 buffer (0.8–1 mL per gram of cells) and lysed in an Emul-
siFlex-C3 homogenizer (Avestin, Ottawa, Canada) with a single pass
at a pressure of ~138–172 MPa. A chilled syringe was used to
inject resuspended cells and collect lysed cells for the small
volume of cell suspension prepared from shake flasks, and a chilled
hopper was used for the cells harvested from fermentation. Cell
debris and insoluble components were removed by two rounds of
centrifugation for 30 min at 30 000 g and 4 8C. The supernatant was
incubated for 80 min at 120 rpm and 37 8C in an empty run-off
reaction to optimize the extract activity and then centrifuged for
15 min at 15 000 g at 4 8C. The supernatant was flash-frozen in
liquid nitrogen and stored at ¢80 8C until use. The total protein
concentration of the extracts was 40–50 mg mL¢1, as measured by
Quick-Start Bradford protein assay kits (Bio-Rad).

Purification of His-tagged pAcF-tRNA synthetase: BL21(DE3) har-
boring pY71-pAcFRS[4b] was grown in LB (1 L) to an OD600 of 1.0 at
220 rpm and 37 8C. pAcF-tRNA synthetase (pAcFRS) was produced
by adding isopropyl-b-d-thiogalactopyranoside (IPTG; 0.2 mm,
Sigma–Aldrich) for 3 h. Cells were harvested at 5000 g for 30 min at
4 8C, washed with S30 buffer, and stored at ¢80 8C. The frozen cell
pellet was thawed in loading buffer (300 mm NaCl, 10 mm imida-
zole, 50 mm NaH2PO4, 5 mm Tris·HCl, pH 8.0),[40] lysed by using a ho-
mogenizer at ~138–172 MPa, and centrifuged at 16 000 g and 4 8C
for 30 min. pAcFRS was purified on a 5 mL Ni-NTA column in a Bio-
Logic DuoFlow FPLC system (Bio-Rad). The purified pAcFRS in the
elution buffer (300 mm NaCl, 250 mm imidazole, 50 mm NaH2PO4,
5 mm Tris·HCl, pH 8.0)[40] was washed three times with S30 buffer
by using an Amicon Ultracel YM-30 centrifugal filter and stored at
¢80 8C by adding an equal volume of 80 % glycerol. The concen-
tration of purified pAcFRS was quantified by Bradford assay.

CFPS reaction: CFPS reactions were performed to evaluate incor-
poration of pAcF by using a modified PANOx-SP system.[41] Briefly,
a 15 mL CFPS reaction in a 1.5 mL microcentrifuge tube was pre-
pared by mixing the following components: ATP (1.2 mm) ; GTP,
UTP, and CTP (0.85 mm each); folinic acid (34.0 mg mL¢1) ; E. coli
tRNA mixture (170.0 mg mL¢1) ; plasmid (13.3 mg mL¢1) ; T7 RNA poly-
merase (100 mg mL¢1) ; 20 standard amino acids (2 mm each); nico-
tinamide adenine dinucleotide (NAD; 0.33 mm) ; coenzyme-A
(0.27 mm) ; spermidine (1.5 mm) ; putrescine (1 mm) ; sodium oxalate
(4 mm) ; potassium glutamate (130 mm) ; ammonium glutamate
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(10 mm) ; magnesium glutamate (12 mm) ; phosphoenolpyruvate
(PEP; 33 mm), and cell extract (27 % v/v). For NSAA incorporation,
pAcF (2 mm), pAcFRS (0.5 mg mL¢1), and linear DNA of o-tRNAopt

(10 mg mL¢1) were additionally added. Linear DNA of o-tRNAopt was
amplified from pY71-T7-tz-o-tRNAopt plasmid and transcribed
during the cell-free reaction.[4b] Furthermore, the o-tRNA was ex-
pressed in the source strain during the extract preparation.[4b] Each
CFPS reaction was incubated for 20 h at 30 8C unless noted other-
wise. When adding RNase inhibitor, 1 mL (4 U) of inhibitor (Qiagen)
was added into the 15 mL cell-free reaction as per the manufactur-
er’s suggestion.

Quantification of active sfGFP: Active full-length sfGFP protein
yields were quantified by measuring fluorescence using a Synergy2
plate reader with lex = 485 nm, lem = 528 nm, and cut-off at 510 nm
in 96-well half-area black plates (Costar 3694; Corning Incorporat-
ed), and the fluorescence units were converted into concentrations
by using a standard curve as previously described.[4b]

Radioactive [14C]Leu assay: Total and soluble protein yields were
quantified by determining radioactive [14C]Leu incorporation by
using trichloroacetic acid (TCA).[39] Radioactivity of TCA-precipitated
samples was measured by liquid scintillation counting (MicroBeta2;
PerkinElmer).

mRNA stability assay: The sfGFP gene was PCR-amplified from the
pY71 vector with T7-pro-F and T7-ter-R primers against the T7 pro-
moter and the T7 terminator sequences (Table S1). The PCR-ampli-
fied linear template was then purified by using a PCR clean-up kit
(Promega) and subsequently used as a template for in vitro tran-
scription reactions according to the manufacturer’s manual (Ribo-
MAX Large Scale RNA Production System, Promega). The final con-
centration of mRNA was 1.8 mg mL¢1. In order to track mRNA sta-
bility in our extracts, we replaced the plasmid sfGFP with the
mRNA of sfGFP (1800 ng) in the CFPS reaction. For direct measure-
ment of mRNA degradation, 5 mL samples were taken from CFPS
reactions during incubation at 30 8C and mixed with equal volumes
of RNAprotect Bacteria Reagent (Qiagen, Valencia, CA) and brought
to 100 mL with RNase free water. All samples were then purified by
using an RNeasy Mini total RNA purification kit (Qiagen) according
to the manufacturer’s manual. Purified mRNA was visualized on
a 2 % formaldehyde agarose gel stained with GelRed (Biotium, Hay-
ward, CA, USA).

DNA stability assay: We used pY71-mRFP1-Spinach plasmid
(Table S2) to track DNA stability. A preincubation mixture contain-
ing 4 mL of cell extract, 12.96 ng mL¢1 of pY71-mRFP1-Spinach plas-
mid,[29a] and 6 nm of 3,5-difluoro-4-hydroxybenzylidene imidazoli-
none (DFHBI; Lucerna, New York, NY, USA) was prepared on ice to
minimize degradation of plasmid, and then incubated for 0, 60,
and 180 min at 30 8C. CFPS reaction components were added im-
mediately after the preincubation step, and fluorescence of the
Spinach aptamer binding to DFHBI was monitored for 180 min by
using a CFX96 real-time (RT) PCR module installed on a C1000
Touch Thermal Cycler (Bio-Rad). The excitation and emission wave-
lengths of the fluorophore were 450–490 nm and 515–530 nm, re-
spectively. The highest fluorescence was detected after 1 h incuba-
tion in the RT-PCR machine. For direct assessment of DNA degrada-
tion, 15 mL of plasmid DNA and extract mixture was prepared that
contained 1 mg of pY71-sfGFP plasmid, 4 mL of extracts from the
MCJ.495 or rEc.E13.DprfA strain, and 3 mL of S30 buffer. After incu-
bation at 30 8C for 0, 15, 30, and 60 min, samples were flash frozen
in liquid nitrogen and stored at ¢20 8C. To remove RNA, 100 mL of
RNaseA-containing solution I from an E.Z.N.A. Miniprep kit (Omega
Bio-Tek, Norcross, GA, USA) was added to the sample and incubat-

ed for 20 min at room temperature, then 200 mL of water was
added. Proteins were precipitated by the same volume of phenol/
chloroform/isoamyl alcohol (25:24:1) solution, and the plasmid was
purified by using a DNA Clean & Concentrator kit (Zymo Research,
Irvine, CA, USA). The purified plasmid was digested with BamHI at
37 8C for 90 min to be linearized and was visualized on a 0.7 %
agarose gel.

Full-length sfGFP purification and mass spectrometry: To con-
firm pAcF incorporation at corresponding amber sites, semi-quanti-
tative mass spectrometry (MS) analysis was performed on purified
sfGFP with pAcF putatively incorporated. First, full-length sfGFP
was purified from CFPS reactions by using C-terminal strep-tags
and 0.2 mL gravity-flow Strep-Tactin Sepharose mini-columns (IBA
GmbH, Gottingen, Germany) and concentrated by using Microcon
YM-10 centrifugal filter columns (Millipore). The purified sfGFP pro-
tein was then analyzed by nanocapillary LC-MS using a 100 mm Õ
75 mm ID PLRP-S column in line with an Orbitrap Elite (ThermoFish-
er). All MS methods included the following events: 1) FT scan, m/z
400–2000, 120 000 resolving power and 2) data-dependent MS/MS
on the top two peaks in each spectrum from scan event 1 by
using higher-energy collisional dissociation (HCD) with normalized
collision energy of 25, isolation width 15 m/z, and detection of ions
with resolving power of 60 000. All data were analyzed by using
QualBrowser, part of the Xcalibur software packaged with the Ther-
moFisher Orbitrap Elite (ThermoFisher). In Figure 4 B, smaller peaks
to the right of the colored peaks (Dm =++16 Da) are due to oxida-
tion of the protein—a common electrochemical reaction occurring
during electrospray ionization. To remove non-covalent salt and
water adducts from intact proteins (in this case, sfGFP), a small
level of in-source collision energy (15 eV) was applied. As a result,
water loss events from the intact sfGFP (Dm =¢18 Da) were de-
tected at minor levels to the left of the major peak.

CAT plasmid construction: Gibson assembly was used for seam-
less construction of plasmids.[42] The wild-type chloramphenicol
acetyl transferase (CAT) gene was amplified from pK7CAT[43] by
using CAT-FW and -RV primers (Table S1), and the pY71 plasmid
backbone was amplified from pY71-sfGFP by using pY71-FW and
-RV primers (Table S1). Both PCR products were cleaned and mixed
with Gibson assembly reactants as previously described[42] and in-
cubated at 50 8C for 60 min to construct the pY71-CAT plasmid
(Table S2). Likewise, CAT-D112Amb, with a single amber site corre-
sponding to Asp112,[44] was amplified from pREP-CMD112 to con-
struct the pY71-CAT-D112amb plasmid (Table S2).

CAT activity assay: Active CAT production was quantified by deter-
mining the enzymatic activity of CAT. Cell-free reaction sample
(100 Õ diluted, 2 mL) was added to reagent mix (178 mL) containing
acetyl-CoA (20 mL, 1 mm) and 5,5’-dithio-bis(2-nitrobenzoic acid)
(DTNB; 20 mL, 4 mg mL¢1). After incubation at 37 8C for 15 min,
chloramphenicol (20 mL, 1 mm) was added, and the solution was
immediately mixed. The increase in A412 nm over approximately
5 min was recorded by using the Synergy2 plate reader, and
DA412 nm min¢1 was calculated. CAT activity of the cell-free synthe-
sized sample was quantified by comparison to CAT standard activi-
ty (C8413, Sigma–Aldrich).

Scaled-up CFPS: Cell-free reaction volumes were increased from
15 to 240 mL in Axygen 1.5 mL polypropylene microcentrifuge
tubes (MCT-150-C; Corning, Union City, CA, USA) and a flat-bottom
24-well polystyrene plate (353226; BD Biosciences, San Jose, CA,
USA). There was appreciable volume loss due to evaporation in
CFPS reactions with volumes less than 100 mL in the flat-bottom
24-well plate; thus, 120 and 240 mL reactions were tested. By filling
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the outer chambers surrounding the wells with water, which hu-
midified the air, negligible sample evaporation was achieved. Reac-
tions were performed at 30 8C for 20 h.

Semicontinuous cell-free reaction: Cell-free reactions (120 mL)
were carried out in a microdialysis device (3.5 K MWCO) in a Pierce
96-well Microdialysis Plate (Thermo Fisher Scientific).[34b] The micro-
dialysis device interfaces with 1500 mL of dialysis buffer that con-
tains CFPS reagents as described in the “CFPS reaction” section
without T7 RNA polymerase, plasmid, cell extract, o-tRNAopt, or
pAcFRS. Time course reactions were monitored at 30 8C for 144 h.
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