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Abstract

A genomically recoded Escherichia coli strain that lacks all amber codons and release
factor 1 (C321.AA) enables efficient genetic encoding of chemically diverse non-
canonical amino acids (ncAAs) into proteins. While C321.AA has opened new oppor-
tunities in chemical and synthetic biology, this strain has not been optimized for pro-
tein production, limiting its utility in widespread industrial and academic applications.
To address this limitation, the construction of a series of genomically recoded organ-
isms that are optimized for cellular protein production is described. It is demonstrated
that the functional deactivation of nucleases (e.g., rne, endA) and proteases (e.g., lon)
increases production of wild-type superfolder green fluorescent protein (sfGFP) and
sfGFP containing two ncAAs up to ~5-fold. Additionally, a genomic IPTG-inducible T7
RNA polymerase (T7RNAP) cassette into these strains is introduced. Using an opti-
mized platform, the ability to introduce two identical N4-(propargyloxycarbonyl)- -
Lysine residues site specifically into sfGFP with a 17-fold improvement in production
relative to the parent strain is demonstrated. The authors envision that their library of
organisms will provide the community with multiple options for increased expression

of proteins with new and diverse chemistries.

KEYWORDS
amber suppression, genomically recoded organism, non-canonical amino acids, orthogonal trans-
lational system, protein production

synthesis.[1] This biochemical principle extends through all kingdoms

of life and for a long time was considered immutable. However, by

The genetic code is a universal cipher that describes how mRNA
codons are translated into proteins. Of the 64 available codons, 61
encode the twenty canonical amino acids with the remaining three

(UAA, UAG, UGA) responsible for signaling termination of protein

Abbreviations: ELP, elastin-like polypeptide; IPTG, isopropyl 8-p-1-thiogalactopyranoside;
MAGE, multiplex automated genome engineering; MASC, multiplex allele-specific colony;
ncAAs, non-canonical amino acids; 0-aaRS, orthogonal aminoacyl-tRNA synthetase; o-tRNA,
orthogonal tRNA; OTS, orthogonal translation system; pAzF, p-azidophenylalanine; ProCarb,
Ng-(propargyloxycarbonyl)-| -Lysine; PyIRS, pyrrolysine synthetase; Pyl, pyrrolysine; RF-1,
release factor-1; sfGFP-wt, wild-type sfGFP protein; T/RNAP, T7 RNA polymerase

the late 1970s, variations in the genetic code, such as the reassign-
ment of these codons to other amino acids, had been discovered.2]
Today, over twenty variations to the standard genetic codel3! have
spurred interest in utilizing these variations to encode non-canonical
amino acids (ncAAs). Expanding the set of amino acids available
for co-translational incorporation by the ribosome opens opportuni-
ties to site-specifically introduce new chemistries into proteins and
has the potential to transform how we synthesize materials, study
protein structure, and understand the translation system.!4-8] Indeed,
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the site-specific incorporation of ncAAs into proteins has been utilized
for biophysical studies,[?10] creating new biocatalysts [11] synthesizing
proteins containing post-translational modifications,!12-14] and under-
standing translational processes and its evolution over time.[15]

Currently, over 200 ncAAs have been incorporated into proteins co-
translationally.[ 16171 These ncAAs include non-canonical a-amino acids
(e.g., p-azidophenylalanine, fluorescent amino acids), as well as cyclic
and backbone-extended (e.g., 5-, 7- 6-) monomers, among others.!18-28]
Co-translational incorporation of ncAAs into proteins is most often
achieved in cells by amber suppression whereby the amber stop codon
(UAG,) is reprogrammed and used to encode a ncAA through the activ-
ity of a ncAA-specific orthogonal translation system (OTS).[2%] In gen-
eral, OTSs are composed of two key components: (i) a suppressor tRNA
that has been modified to decode the amber codon (o-tRNA) and (ii)
an aminoacyl-tRNA synthetase that has been engineered to specifi-
cally recognize a ncAA of interest and aminoacylate it to the o-tRNA (o-
aaRS).[3%] These components are orthogonal in that they interact prin-
cipally with a ncAA of interest and have little crosstalk with the native
translation components. In practice, these orthogonal components are
typically expressed from a plasmid, such as pEVOL,[31! which encodes
an o-tRNA as well as two copies of the associated 0-aaRS. In the pres-
ence of their cognate ncAA, these orthogonal components facilitate the
repurposing of amber codons as open channels encoding the ncAA.

Historically, a key limitation to OTSs for ncAA incorporation using
amber suppression has been premature truncation of the recombinant
protein at the UAG amber codon due to the activity of endogenous
release factor-1 (RF-1). During translation, RF-1 recognizes and binds
at amber codons, subsequently activating hydrolysis of peptidyl-tRNA
to release the peptide chain.[32! Thus, when attempting amber sup-
pression, the inherent competition between RF-1 and ncAA-o-tRNAs
at amber codons can cause inefficient incorporation of ncAAs and pre-
mature truncation, reducing the modified protein yield. Within the
last decade, this interference was addressed with the construction of
an Escherichia coli strain lacking all 321 UAG amber stop codons and
RF-1, termed C321.AA. The amber codon is completely orthogonal in
this strain and is freed for total dedication to encoding an additional
ncAA.I331 Other approaches and strains have also been reported.[34:3]
C321.AA has an increased ability to incorporate multiple ncAAs as
compared to other E. coli strains, enabling many applications,!13:3¢-381
such as biocontainment.[38] However, compared to standard commer-
cially available protein production strains, like BL21(DE3), C321.AA is
derived from the K-strain MG1655 and has not yet to our knowledge
undergone strain development for improved protein production.

In this study, we sought to improve the utility of C321.AA by intro-
ducing genomic mutations and a robust, inducible expression system to
enhance the strain’s protein production utility. Given our previous suc-
cesses in improving protein production in E. coli systems by removing
negative effectors,[39-41] we targeted DNAase endA,[3642] RNAases
rne,1*31 and rnb, (44451 and proteases lonl4¢] and ompT146] for functional
inactivation in C321.AA. Protein expression of C321.4A mutant strains
was tested with two different OTS systems capable of encoding a ncAA
at the UAG codon: (i) an engineered Methanocaldococcus jannaschii

tyrosyl-tRNA synthetase/suppressor tRNA pairl31! for incorporating

p-azido-L-phenylalanine (pAzF) and (ii) the wild-type Methanosarcina
mazei pyrrolysyl-tRNA synthetase (PyIRS)/suppressor tRNA pair for
incorporating a pyrrolysine (Pyl) analog, N¢-(propargyloxycarbonyl)-
L-Lysine (ProCarb). These two systems were chosen for their dif-
ferent species origin and varied use within the synthetic biology
community. While various applications of the pAzF OTS have been
reported,37:4147.48] pyIRS is used less frequently likely due its dif-
ficulty being expressed recombinantly.[49501 We show that deletion
of nuclease and protease genes in the strain increases production of
superfolder green fluorescent protein (sfGFP) containing two UAGs
by 2.3- and 5.6-fold with pAzF and ProCarb, respectively. Next, we
introduced the T7 promoter system!>152] into C321.AA, given the
advantages of high recombinant protein expression using this sys-
tem. We present the construction of several strains featuring an iso-
propyl B-p-1-thiogalactopyranoside (IPTG) inducible T7 RNA poly-
merase (T7ZRNAP) cassette and demonstrate up to a 17-fold improve-
ment in production of sfGFP containing 2 ProCarb residues using these
strains. We envision that the library of organisms described here will be
an important resource and provide the community with multiple strain
options for expression of proteins containing ncAAs with increased

protein yield.

2 | RESULTS AND DISCUSSION

2.1 | Functional deactivation of proteases and
nucleases enhances sfGFP production in C321.AA

We hypothesized that reducing the activity of negative effectors of
protein synthesis (e.g., proteases and nucleases) would increase pro-
tein production in C321.AA. To test this hypothesis, we prepared
C321.AA derivatives featuring combinatorial functional deactivations
of two proteases, two RNAses, and one DNAse using multiplex auto-
mated genome engineering (MAGE)!53! (Figure 1A; Table 1). The Lon
protease was deactivated using a mutagenic MAGE oligonucleotide to
remove its promoter, similar to the Lon protease mutation found in
BL21(DE3).[541 The point mutation D103A was introduced into ompT to
eliminate proteolytic activity while maintaining its structural motifs in
order to preserve OmpT’s possible chaperone function.[5556] RNAse E,
encoded by rne, was truncated by inserting a stop codon at residue 131
(rne131), a mutation which was previously found to increase mRNA
half-life.[4357] RNAse 1l (encoded by rnb and involved with mRNA
degradation!®8l) and Endonuclease | (encoded by endA and capable of
generating breaks in double-stranded DNA[>?1) were similarly trun-
cated by inserting a stop codon followed by a frameshift mutationin the
first quarter of their open reading frames.[>3] Starting with the parental
strain C321.AA, these mutations were made in single, double, some
triple, and some quadruple combinations. Mutations were screened by
multiplex allele-specific colony (MASC) PCRI¢? or colony PCR and con-
firmed by DNA sequencing. The average doubling times for the MAGE-
modified strains were measured in 2x YT media and were determined
to be within 12% of the parental strain (Figure 1B), suggesting that

the gene disruptions did not drastically affect cellular fitness. However,
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FIGURE 1 Functional inactivation of nucleases and proteases creates robust, high protein production strains for ncAA incorporation. (A)

Mutagenic oligonucleotides were introduced into C321.AA, targeting two proteases (lon and ompT), two RNAases (rne and rnb), and a DNAase
(endA) for functional inactivation. Through multiple rounds of MAGE, several C321.AA mutants were generated. (B) C321.AA mutant strains were
grown at 32°Cin 2x YT media in a sterile 96-well polystyrene plates. OD¢qg was measured every 10 min for 12 h. Error bars represent the
standard deviation of biological duplicates and technical triplicates. (C) The protein production capability of the modified C321.AA strains were
analyzed by expressing sfGFP-wt, regulated by a strong endogenous promoter pLpp5, and the pAzF OTS expressed on pEVOL-pAzF. For all
conditions 1 mM IPTG, 0.02% arabinose and 5 mM pAzF (orange bars) or 0 mM pAzF (blue bars) were added at OD¢qq 0.6-0.8. (D) Modified
C321.AA strains were analyzed for the ability to suppress two amber codons in sfGFP at positions 190 and 212 in the presence (orange) or absence
(blue) of 5 mM pAzF. For (C) and (D) error bars represent one standard deviation for biological triplicates and technical triplicates

TABLE 1 Proteases and nucleases targeted in this study

General function Gene Specific function Mutation Phenotype Ref.
DNA stability endA Endonuclease | GGATGT 748 TAACTGA Truncated at 748 nt [42]
RNA stability rnb RNase B GGT 584 TAACTGA Truncated at 584 nt (431
rne RNase E GACGCC 632 TAACTGA  Truncated at 632 nt te1]
Protein stability lon ATP-dependent protease Removal of promoter Unknown [62]
ompT Outer membrane protease VII D103A Elimination of proteolytic activity [5556]

growth rates, as well as protein expression levels, are likely to vary in
more demanding growth conditions. For example, doubling time varies
in top-performing strains when grown in M9 media (Figure S1). In M9
media, more variation in cell growth rates were observed likely because
minimal media is more burdensome on metabolic processes. Addition-
ally, Kakkar et al.[28] found higher growth rates and cell yields in syn-
thetic media versus LB media when expressing ncAA-containing nisin,
a lanthipeptide with antibacterial activity, using a C321.4A mutant.

To assess the protein production capacity of C321.AA and its
mutants, we first transformed all strains with the pLpp5-sfGFP-wt
plasmid, which expresses wild-type sfGFP protein (sfGFP-wt) off a

strong IPTG-inducible endogenous promoter, Lpp5[¢3! along with a
pEVOL plasmid encoding the OTS for p-azidophenylalanine (pAzF)[31]
(Figure 1C). The strains were grown, IPTG was added to induce
sfGFP-wt expression, and sfGFP was quantified as a measure of
fluorescence/O.D.4p0. The rne™ mutant had the strongest impact
on sfGFP-wt expression, implying that mRNA stability may be the
largest limitation for expression of sfGFP-wt in C321.AA. Interestingly,
the mutation combination most similar to BL21(DE3), lon~ompT~,
expressed sfGFP-wt at levels 44% less than BL21(DE3). This obser-
vation was not explored further, but it most likely stems from the
inherent differences between B- and K-strains. Furthermore, we
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FIGURE 2 Reducing protease and nuclease activity improves multiple-site ncAA incorporation across OTSs. (A) ELP containing 10 amber
codons and fused to sfGFP-wt at its C-terminus was expressed with pEVOL-pAzF in top C321.AA mutants. For all conditions 1 mM IPTG, 0.02%
arabinose and 5 mM pAzF (orange bars) or 0 mM pAzF (blue bars) were added at OD 4 0.6-0.8. (B) Expression of sfGFP containing two amber
codons for incorporation of ProCarb using the Pyl OTS was tested in top C321.AA mutants. For all panels error bars represent one standard

deviation for biological triplicates and technical triplicates

observed that the addition of endA~ to strains containing rne~ added
a minor boost in sSfGFP-wt expression. Ultimately, the top mutants for
expression of sfGFP-wt were rne~, endA~rne~, and ompTrne~endA~,
with the top mutant outproducing both BL21(DE3) and the parental
strain by 2.6-fold.

We next explored whether the C321.AA mutant strains could
better incorporate ncAAs during protein expression by using an
sfGFP-expressing construct containing two amber stop codons
(sfGFP-2UAG) located at position N212 and D190 in the loop regions
of sfGFP to avoid negative impact to fluorescencel®#! (Figure 1D). In
this case, full-length sfGFP expression and fluorescence is dependent
on the successful incorporation of pAzF at each amber codon. In the
absence of pAzF, any fluorescence measured results from non-specific
incorporation at amber codons. Under these conditions, BL21(DE3)’s
ability to express sfGFP-2UAG is reduced compared to C321.AA
likely a result of RF-1 being active in BL21(DE3). As was the case with
sfGFP-wt, the rne™ strain and several mutations combined with rne~
demonstrated increased productivity. The top-performing mutant was
rne”endA~ with a 2.3-fold improvement as compared to the parental
strain. Comparable in performance, lon~-ompT rne"endA~ was the
next top-performing mutant. The absolute protein expression results
showed a similar improvement trend as the normalized fluorescence
data (Table S1).

To test the limits of these systems, top-performing mutants for both
sfGFP-wt- and sfGFP-2UAG-expression were tested for the ability to
incorporate pAzF at 10 amber codons. Elastin-like polypeptide (ELP)
containing 10 UAGs at positions 20, 35, 50, 65, 80, 95, 110, 125, 140,
and 155 was fused to sfGFP-wt at the N-terminus. In this case, all
10UAGsS in the ELP must be suppressed for the sfGFP-wt moiety to be
expressed and produce fluorescence. Top C321.AA mutants were co-
transformed with pLpp5-ELP10UAG-sfGFP-wt and the pEVOL-pAzF
plasmid (Figure 2A). The advantage of the genomically recoded strain
over BL21(DE3), which contains RF-1, to incorporate multiple ncAAs

was especially pronounced here. None of the mutants in this case dis-

played a significant improvement compared to C321.AA; however, the
system showed a 12-fold improvement over BL21(DE3). This suggests
the ability of OTS components to incorporate ncAAs, rather than the
strain’s protein production capability, is the limiting factor under these
conditions.

We next tested conditions where mRNA and protein stability
may be a limitation by expressing sfGFP2UAG in the presence of a
pEVOL plasmid encoding the Pyl OTS system from Methanosarcina
mazei (pEVOL-MMpyl)l¢3] (Figure 2B). Because there is no commercial
source of Pyl and the ncAA is tedious and expensive to synthesize, ¢!
we used the pyrrolysine derivative ProCarb in these experiments.
We observed that the C321.AA mutants had a dramatic improve-
ment over C321.AA and BL21(DES3) for expression of sfGFP contain-
ing two ProCarbs. The top mutant, endA~rne”ompT—, showed a 5.6-fold
improvement compared to the parental strain. These results demon-
strate the advantage of reducing protease and nuclease activity when
using 0-aaRSs with known solubility issues such as PyIRS.14950] These
results also suggest that top performing C321.AA mutants will likely
vary depending on the OTS being used. However, because our study
only explored genomic mutations and not mutations of the OTS sys-
tems, we suspect that ncAAs with similar incorporation efficiencies
to the pAzF and ProCarb would likely result in similar top perform-
ing strains (e.g., p-acetyl-I-phenylalanine (pAcF)!31] compared to pAzF

incorporation).

3 | Genomic introduction of a T7 RNA polymerase
cassette increases utility of C321.AA

After improving protein production capabilities in C321.AA, we wanted
to further enhance the utility of this platform strain by providing tran-
scriptional tuning capabilities. Transcriptional tuning is a powerful tool
for efficient recombinant protein production in E. coli. Many challenges

such as product toxicity, formation of inclusion bodies, and metabolic
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FIGURE 3 Genomicinsertion of the TZRNAP cassette improves the utility of C321.AA mutant strains. (A) The TZRNAP cassette was inserted
into top C321.AA mutant strains using the Datsenko-Wanner method. After recovery, transformed cells were plated on LB plates containing

34 ug/mL chloramphenicol, selecting for strains that incorporated the T/RNAP cassette. The selectable marker was then removed through several
cycles of MAGE. The resultant strains were termed C321.AA-T7. (B) Strains were grown at 32°C in 2xYT media in a sterile 96-well polystyrene
plates. ODggg was measured every 10 min for 12 h. Error bars represent biological duplicates and technical triplicates. (C) The heat map depicts
normalized fluorescence (Fluorescence/ODgqg) for various reporter proteins relative to C321.AA-T7(B) within each vertical condition. Column 1:
pET28a-sfGFP-wt + pEVOLpAzF + 5 mM pAzF + 1 mM IPTG + 0.02% Arabinose; Column 2: pET28a-sfGFP2UAG + pEVOLpAzF + 5 mM pAzF +
1 mM IPTG + 0.02% Arabinose; Column 3: pET28a-sfGFP2UAG + pEVOL-MMpyl + 5 mM ProCarb + 1 mM IPTG + 0.02% Arabinose. Normalized

Fluorescence data is shown in Figure S3 and S4

burden are associated with non-optimal (too high or too low) levels
of recombinant protein expression. Tunable expression systems allow
for the adjustment of recombinant protein expression using a small
molecule inducer to maximally exploit the cell’'s metabolic capability.
Thus, the ability to tune recombinant protein expression is a staple
for many protein expression projects. Within this realm, use of the
T7RNAP within BL21(DE3) is the most popular approach for produc-
ing proteins due to the enzyme’s high activity, tunability, and orthog-
onality. To use this system, a gene of interest is cloned behind a T7
promoter and recognized exclusively by the phage T7RNAP encoded
on the genomic DE3 cassette and induced by the addition of IPTG.[4¢]
This allows for highly productive and orthogonal recombinant protein
expression that is tunable by controlled addition of IPTG. To leverage
the power of the T7RNAP in C321.AA, a synthetic T7RNAP cassette
was synthesized by amplifying TZRNAP from the BL21(DE3) genome
and adding an upstream terminator (to transcriptionally isolate the
cassette), a CmR gene as a selectable marker, and 45 bp of genomic
homology to the genomic insertion site on the 5’ and 3’ end to facil-
itate incorporation into the genome (Figure S2). Using 1-red medi-
ated homologous recombination,¢%67] the cassette was inserted into
the top C321.AA mutant strains. Using MAGE, the CmR marker was

removed, and finally the full cassette and insertion site were verified
by sequencing to yield a series of C321.AA-T7 strains (Figure 3A).

To test functionality of the T7RNAP cassette, a reporter plasmid
expressing sfGFP-wt or sftGFP-2UAG regulated by a T7 promoter was
transformed into the C321.AA-T7 strains along with pEVOL-pAzF and
the ability of the strains to express sfGFP using the T7RNAP was
assessed. Here, all strains including BL21(DE3) expressed the reporter
proteins at levels much lower than sfGFP-wt/2UAG expression regu-
lated by Lpp5 (Figure S5). Because T7 systems often utilize pET plas-
mids, the reporter plasmids were switched to a pET28a backbone.[¢8]
With the new plasmids, BL21(DE3)’s expression of sfGFP-wt (Fig-
ure S6A) increased to near the same levels as expression of pLpp5-
sfGFPwt. However, expression of sfGFP-wt, directed by T7RNAP,
remained lower in the C321.AA mutants.

We hypothesized that T7RNAP-based expression in C321.AA could
be improved by introducing genomic mutations similar to those
presentin BL21 (DE3) and its derivatives. To test this, we reconstructed
the C321.AA strains containing TZRNAP by addition of the T7RNAP
cassette into C321.AA (to yield strain ), followed by the combinatorial
inactivation of rne, ompT, and lon. The doubling times and final ODqg
of the resulting strains in 2xYT media at 32°C were within 18% of the
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parental strain (Figure 3B; Figure S7). When assessing T/RNAP-driven
expression using these strains, we observed an increase in productivity
of 2.2- and 3.1-fold for sfGFP-wt/pAzF and stGFP-2UAG/pAzF, respec-
tively (Figure Sé).

In particular, 8 rne"ompT~lon~, featuring the same combination of
mutations as BL21 (DE3), showed an improvement in stGFP-wt expres-
sion of 3.7-fold over the parental strain (Figure 3C). The incorpora-
tion efficiency of ncAAs into proteins as measured by mass spectrom-
etry also maintained >90% incorporation as seen in the parental strain
(Figure S8). When expressing pET28a-sfGFP2UAG with pEVOL-pAzF,
B rne” showed a 1.9-fold improvement over § and 2.3-fold improve-
ment over BL21(DE3). It appears that no matter the RNA polymerase
used for expression, rne™ is the most beneficial mutation for expression
of sSfGFP in C321.AA strains. Lastly, when expressing sfGFP-2UAG with
pEVOL-MMpyl, we observed a 17-fold improvement compared to . In
this case, we suspect the highest fold improvement was observed due

to the poor solubility of PyIRS.

4 | CONCLUSIONS

The genomically recoded strain C321.AA has a fully orthogonal amber
codon for site-specific ncAA incorporation into proteins. However, it
has not previously been optimized for protein production in vivo. To
address this gap, we applied MAGE!>3] to generate a series of C321.AA
derivatives with combinatorial inactivation of several nucleases and
proteases. Protein yield from each strain was quantified as a function
of sfGFP fluorescence/O.D.4qq to assess the impacts of these mutations
on protein production. This analysis revealed that the functional inacti-
vation of three targets (ompT~rne~endA~) improved sfGFPwt produc-
tion by ~2.6-fold, while inactivation of rne and endA improved the pro-
duction of sfGFP featuring two pAzF residues (sfGFP2pAzF) by ~2.3-
fold. Pushing the limits of the system, inactivation of the Lon protease
dramatically improved expression of ELP featuring 10 pAzF residues.
Finally, use of the PyIRS improved ~5.6-fold in a top mutant as com-
pared to the parental strain, suggesting applicability of our approach to
cases in which mRNA and/or protein stability are known issues.[4%:50]
Notably, across all trials and experiments the functional inactivation of
the RNAse rne was the most impactful.

To introduce precise control of target protein expression via tran-
scriptional tuning, we introduced a synthetic cassette encoding an
IPTG-inducible T/RNAP into our strains. When this cassette was
inserted into C321.AA prior to the combinatorial inactivation of ompT,
rne, and lon, improvements of up to 3.7- and 1.9-fold were observed for
sfGFPwt and sfGFP2pAzF, respectively, as compared to the parental
strain. Incorporation of Pyl also improved significantly in these strains.
Importantly, the top performing T7 strains developed in this study all
significantly outperformed BL21(DE3) in terms of both yield and abil-
ity to incorporate ncAAs at amber codons. In addition, the creation
of conditional mutations in C321.4A, rather than static inactivation,
could expand the utility of C321.4A for biomanufacturing applications,
particularly for more complex protein products. However, conditional

mutants were not explored in this study.

Looking forward, as our ability to increase efficiencies of OTSs
improves, so will the need for optimized strains to produce proteins
containing ncAAs. For example, new efforts to engineer tethered ribo-
somes in cells offer exciting new dimensions for expanding the chem-
istry of life.l69-73] For instance, Orelle et al. first demonstrated the
evolvability of tethered ribosomes by selecting otherwise dominantly
lethal rRNA mutations in the peptidyl transferase center that facilitate
the translation of problematic protein sequences.[”2! This, supported
by increases in biomanufacturing, should make possible new avenues

in engineering molecular translation systems.[74]

5 | EXPERIMENTAL SECTION
5.1 | Reagents, buffers, and plasmids

Chemicals and media were purchased from Sigma Aldrich unless oth-
erwise designated. Phusion High-Fidelity DNA Polymerase, Tag DNA
polymerase with Standard Taq Buffer, T4 DNA ligase, dNTP, Quick-
load DNA Ladders, BL21(DE3) and restriction endonuclease were pur-
chased from New England Biolabs. Multipex PCR Kits were purchased
from Qiagen. All DNA isolation procedures used Omega DNA isolation
kits. All DNA oligonucleotides were purchased from Integrated DNA
Technologies. The ncAA pAzF was purchased from P212121 and Pro-
Carb was purchased from BioFine. Synthetic E. coli C321.AA (GenBank:
CP06698.1) was received from Farren Isaacs. All oligonucleotides used
for cloning are shown in Table S2. All vectors were cloned using Gib-
son Assembly.l73] pLpp5 plasmids were derived from pDTT1 vector.[48]
pET vectors were derived from pET28a vectors.

5.2 | Construction of C321.AA mutants

The strains in this study were generated from C321.AAl7¢] using
mutagenic oligonucleotides via MAGE!¢?] (Table S2). Cultures were
grown in LB-Lennox media (10 g/L Tryptone, 5 g/L Yeast Extract, and
5g/L NaCl) at 32°C and 250 rpm throughout the MAGE cycle steps.[60]
Single, double, several triple and quadruple mutations were made to
endA, rne, rnb, lon, and ompT. MASC PCRI60] ywas performed to screen
for gene mutations by using wild-type forward (-wt-f) or mutant for-
ward (-mut-f) primers and reverse primers (-r; Table S2). Mutant alleles
were screened by running PCR products on a 2% agarose gel and con-

firmed by DNA sequencing by using sequencing primers (Table S2).

5.3 | Growth curves

Overnight cultures of strains were grown in 2X YT (16 g/L Tryp-
tone, 10 g/L Yeast Extract, and 5 g/L NaCl) media at 32°C at
250 rpm and were diluted 1:50 in 100 ul of 2X YT media. Diluted cul-
tures (100 ul) were added to 96-well polystyrene plates (Costar 3370;
Corning). The ODggp was measured at 10 min intervals for 20 h at

32°C in orbital shaking mode on a SynergyH1 plate reader (Biotek).
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For experiments in minimal media, strains were streaked out on plates
containing 100 ug/ml of Carbenicillin. Three colonies were picked and
grown in 5 ml minimal salts media overnight with 50 ug/ml Carbeni-
cillin. Minimal media was prepared by mixing 200 ml of 5x M9 salts
(Sigma), 10 ml of 100 g/L NH4ClI (pH 7.4), 2 ml of 1 M MgSQy, 12.5 ml of
20% w/v D-glucose, 0.2 ml 0.5 M CaCl,, 1 mg biotin, 0.5 ml of 2 mg/ml
thiamine hydrochloride, 1 ml of 15 ml FeCl, (in 1 M HCI) 1 ml of
15 mg/ml ZnCl,, and 2 ml of 10% w/v yeast extract per liter of media
(pH = 7.4). Cells were grown at 32°C in the plate with shaking, and
0Dy Was measured every 10 min for 20 h.[77]

5.4 | Assaying expression of GFP

Strains were freshly transformed with the plasmids of interest. A single
colony was inoculated into 5 ml of 2X YT Kans5Cm,5 media and grown
overnight at 32°C, 250 rpm. Overnight cultures were diluted 1:50 into
5 ml of fresh 2X YT media KanzsCmys in triplicate and grown at 32°C
at 250 rpm. ODgqpg was monitored on a Libra S4 spectrophotometer
(Biochrom, Cambridge, UK) until OD¢gg 0.6-0.8 at which point cultures
were induced. Inducers consisted of either 5 mM ncAA, 1 mM IPTG,
and 0.02% arabinose or 0 mM ncAA, 1 mM IPTG, and 0.02% arabinose.
Cultures were allowed to express for 20-24 h after induction prior
to harvest. To assay fluorescence, overnight cultures were diluted 10-
fold in 2X YT media KanzsCmys. The ODgqq of the 10-fold dilution was
measured on a NanoDrop 2000c (Thermo Scientific) and multiplied by
10. A total amount of 100 ul of the 10-fold dilution was added to 96-
well polystyrene plates (Costar 3603) in triplicate. Fluorescence of the
plates were measured on a Synergy H1 plate reader with a gain of 60.
Normalized fluorescence was obtained by dividing fluorescence read-
ing (normalized to 2X YT media KanzsCmos wells) by ODgqp read on
the NanoDrop 2000c.

5.5 | Construction of T7/RNAP cassette

The T7RNAP cassette was assembled from three pieces: a terminator
(TM) piece, a T7RNAP piece, a CmR piece (Table S3). To transcription-
ally isolate from the cassette, a 5’ terminator was designed upstream of
the T7RNAP piece. The strong synthetic terminator (L352P21)178 was
selected to avoid potential homology with native terminators during
genomicinsertion. The terminator was ordered from IDT as a sense and
antisense oligonucleotide (Table S2). The T7RNAP part was amplified
from BL21(DE3) genomic DNA. The T7RNAP PCR was performed using
Phusion with EDC408 and EDC323 primers, 5 ng genomic DNA per
microliter of PCR reaction, and 3% DMSO at 98°C for 15 min, with 30
cycles of 98°C for 30 s, 55°C for 30 s, and 72°C for 3 min, and a
final extension of 72°C for 25 min. The CmR piece PCR was per-
formed using Phusion with EDC413 and EDC414 primers and the
pAM552C plasmid!72] at 98°C for 15 min, with 30 cycles of 98°C for
60 s, 55°C for 30 s, and 72°C for 45 s, and a final extension of 72°C
for 25 min. The T7RNAP and CmR PCR reactions each received 1 ul of
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Dpnl per 20 ul of PCR reaction and were incubated at 37°C for 2 h. The
PCR reactions were column purified and run on a 0.7% agarose gel at
90V for 45 min. The correct sized band was cut out of the gel and col-
umn purified. All three parts were then pooled together at equal molar
concentrations (75 ng of DNA total) in an overlap PCR reaction using
Phusion, 3% DMSO at 98°C for 10 min, with 15 cycles of 98°C for 30
s, 55°C for 30 s, and 72°C for 4 min, and a final extension of 72°C for
10 min. The overlap PCR was then diluted 20-fold into a second PCR
reaction with EDC410 and EDC414 primers at 98°C for 3 min, with 24
cycles of 98°C for 30 s, 55°C for 30 s, and 72°C for 4 min, and a final
extension of 72°C for 10 min. PCR reactions were then column puri-
fied and run on a 0.7% agarose gel at 90V for 45 min. The correct
sized bands were cut out and column purified. Next, 45 bp of genomic
insertion site homology was added to the 5’ and 3’ end of the assem-
bled T7RNAP cassette using Phusion and 3% DMSO with JGP139 and
JGP140 primers at 98°C for 3 min, with 25 cycles of 98°C for 60 s,
65°C for 30 s, and 72°C for 7 min, and a final extension of 72°C for
10 min. PCR reactions were column purified, run on a 0.7% agarose gel
at 90V for 45 min. The correct sized bands were cut out and column
purified. The sequence of the fully assembled cassette was confirmed

via sequencing.

5.6 | Datsenko-Wanner of TZRNAP cassette

The T7RNAP cassette was inserted using the A-red homologous recom-
bination method for PCR products.[60¢7]

5.7 | Screening for full T7RNAP cassette insertion

Cells that genomically inserted the CmR portion of the cassette grew
on the Cmgyy plates. To screen for full insertion of the cassette, colony
PCR was performed. Colonies on the Cmg4 plate were picked and inoc-
ulated into 100 ul LB-L Cmjys media in 96-well plates incubated at
32°C, 250 rpm for at least 3 h. The cultures were used as the tem-
plate in colony PCR reactions. To screen for 5’ portion of T/RNAP a
PCR reaction was performed with MASC PCR reactions using JGP173
and JGP292 primers at 95°C for 15 min, with 30 cycles of 95°C for
30s, 52°C for 30 s, and 72°C for 1 min, and a final extension of 72°C
for 10 min. PCR reactions were run on a 2% gel, 110V 45 min. Colony
PCR was repeated at a larger scale for the colonies that resulted in
a band, reactions were column purified and submitted for sequencing
using JGP173, EDC280, and JGP292 primers. Positive sequence hits
were screened for the full T7RNAP region being inserted using Multi-
plex Master Mix with EDC282 and JGP153 primers at 95°C for 15 min,
with 30 cycles of 95°C for 30's,53°C for 30's,and 72°C for 1.5 min, and
afinal extension of 72°C for 10 min. The PCR reaction were runon a 2%
agarose gel. Colony PCR was repeated at a larger scale for the colonies
that resulted in a band. The reactions were column purified and sub-
mitted for sequencing using EDC282, EDC283, EDC284, EDC285, and
JGP153 primers.
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5.8 | Removing antibiotic resistance marker

Clones with full T7RNAP cassette present then underwent MAGE to
remove the CmR gene using a mutagenic oligonucleotide, JGP389, with
homology on the 5’ and 3’ end of the CmR gene. After eight cycles
of MAGE, overnight cultures were plated on LB plates at 10~¢ dilu-
tions in LB-L Cbsg media. Colonies were replica-plated onto LB-Cb4gg
and LB Cb1pgCmg4 plates and incubated at 32°C overnight. Colonies
that grew on LB-Cb1qq plates and not LB-Cb49oCm34 plates underwent
PCR using Multiplex Master Mix with EDC413 and JGP211 primers at
95°C for 15 min, with 30 cycles of 95°C for 30 s, 54°C for 30 s, and
72°C for 1.5 min, and a final extension of 72°C for 10 min. For posi-
tive hits colonies the PCR reactions were repeated at a larger scale, col-
umn purified, and submitted to sequencing with EDC413 and JGP211

primers to confirm the CmR gene was completely removed.

5.9 | Full-length sfGFP purification and
quantification

Strains were freshly transformed with the plasmids of interest. A sin-
gle colony was inoculated into 5 ml of 2X YT media with KanzsCmys
and grown overnight at 32°C at 250 rpm. Overnight cultures were
diluted 1:50 into 40 ml of fresh 2X YT media KanzsCmss and grown
at 32°C, 250 rpm. ODgpg was monitored on a NanoDrop 2000c until
ODgnp 0.6-0.8 at which point cultures were induced with 5 mM ncAA,
1 mM IPTG, and 0.02% arabinose. Cultures were harvested 20 h after
induction by pelleting 30 ml of culture at 5000 g for 10 min at 4°C. The
pellet was resuspended in 0.8 ml of 1X phosphate-buffered saline (PBS)
buffer for every 1 g of wet cell pellet. Cells were lysed at a frequency
of 20 kHz and an amplitude of 50% using a Q125 Sonicator (Qsonica)
with a 3.75 mm diameter probel”?! for five cycles of 45 s sonication and
59 s sitting on ice. The input energy (Joules) per cycle averaged to 274.
Lysed samples were then centrifuged at 21,000 rpm for 10 min at 4°C.
Supernatant was collected as the soluble fraction. Full-length sfGFP
was purified from the soluble fraction by using a C-terminal strep-
tag and 0.2 ml gratify-flow Strep-Tactin Sepharose mini-columns (IBA
GmbH). Purified sfGFP was measured using a Quick Start Bradford Kit

(BioRad) in biological triplicate and technical triplicate.

5.10 | Mass spectrometry

Proteins for mass spectrometry analysis were purified using Strep-
Tactin XT Superflow Resin (IBA) following the manufacturer’s proto-
cols. Purified 2TAG-sfGFP was dialyzed into PBS and buffer exchanged
at the 2 h, 16 h, and 20 h time points. Proteins were quantified using
the Nanodrop 2000c using molecular weights and extinction coef-
ficients calculated by ExPasy ProtParam. A 2 uM solution of puri-
fied sfGFP was made using water as the diluent. A total amout of 8
ul of this solution was injected into a Bruker Elute UPLC equipped
with an ACQUITY UPLC Peptide BEH C4 Column, 300A, 1.7 um,

2.1 mm x 50 mm (186004495 Waters Corp.) with a 10 mm guard col-
umn of identical packing (186004495 Waters) coupled to an Impact-
I UHR TOF Mass Spectrometer (Bruker Daltonics). LC-MS methods
were then conducted as published previously.[8°]
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