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Abstract

Pseudomonas putida KT2440 is an emerging microbial chassis for bio-based chemical production
from renewable feedstocks and environmental bioremediation. However, tools for studying,
engineering, and modulating protein complexes and biosynthetic enzymes in this organism are
largely underdeveloped. Genetic code expansion for the incorporation of unnatural amino acids
(unAAs) into proteins can advance such efforts and, furthermore, enable additional controls

of biological processes of the strain. In this work, we established the orthogonality of two
widely used archaeal tRNA synthetase and tRNA pairs in KT2440. Following the optimization
of decoding systems, four unAAs were incorporated into proteins in response to a UAG stop
codon at 34.6-78% efficiency. In addition, we demonstrated the utility of genetic code expansion
through the incorporation of a photocrosslinking amino acid, p-benzoyl-L-phenylalanine (pBpa),
into glutathione S-transferase (GstA) and a chemosensory response regulator (CheY) for protein-
protein interaction studies in KT2440. This work reported the successful genetic code expansion
in KT2440 for the first time. Given the diverse structure and functions of unAAs that have been
added to protein syntheses using the archaeal systems, our research lays down a solid foundation
for future work to study and enhance the biological functions of KT2440.

Keywords

genetic code expansion; unnatural amino acids; Pseudomonas putida KT2440; photocrosslinking;
protein-protein interactions

INTRODUCTION

Genetic code expansion is a powerful tool in synthetic biology to enable new biological
functions for both fundamental studies and practical applications.1*# Adding unnatural
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amino acids (UnAAs) to the protein alphabet of a host cell entails the introduction of an
orthogonal aminoacyl-tRNA synthetase (aaRS)/tRNA pair for site-specific incorporation in
response to a blank codon, often the UAG amber stop codon (Figure 1A). In the past

20 years, more than 200 unAAs with diverse chemical properties have been genetically
encoded into proteins of interest in virus, bacteria, yeasts, mammalian cells and even whole
animals.14 Applications in bacterial hosts mainly focused on two sets of aaRS/tRNA system
that originated from archaea. The Methanococcus jannaschii tyrosyl-tRNA synthetase and
tRNATY cua (MJTyrRS/ARNA) pair was the first pair explored for live-cell genetic code
expansion with tyrosine analogs.® The discovery of natural decoding of the amber codon
with pyrrolysine in Methanosarcina barkeriled to the use of the pyrrolysyl-tRNA synthetase
and tRNAPYlc A (MEPYIRS/PYIT) pair for the incorporation of primarily lysine analogs.8-10
The natural orthogonality of the two systems further allows the simultaneous encoding

of two unAAs in response to two blank codons.11: 12 The initial method development
almost exclusively used Escherichia coli strains for the directed evolution of orthogonal
aaRS/tRNA pairs.2 5 Currently, genetic code expansion has been implemented in more than
20 non-E£. coli bacterial species with diverse biotechnological and biomedical interests for
bioremediation, biomanufacturing, and fundamental research.13-22

In this work, we demonstrated the first effort for genetic code expansion in Pseudomonas
putida KT2440 (KT2440), which is an emerging biotechnological chassis due to its diverse
metabolic capability, genetic tractability, and readily available toolsets. A previous report
has shown the utility of an engineered MbPYIRS/PyIT system in Pseudomonas aeruginosa
for the study of its pathogenicity.19 In comparison, KT2440 lacks virulence factors and has
the FDA HV1 certified status.23 It recently attracted intense research interests as a host
strain for sustainable chemical production, e.g., from lignin-derived carbon source, and for
removal of environmental pollutants.?4-30 In order to fully realize the potential of KT2440
in biotechnological applications, new and robust tools are desirable to further characterize,
engineer, and control the functions of protein complexes and biosynthetic enzymes in this
organism. Here, we successfully established both the MjTyrRS/tRNA and the MbPyIRS/
PyIT systems in KT2440 through the demonstration of site-specific incorporations of four
unAAs (Figure 1B) in superfolder green fluorescent protein (sfGFP). We further showed
the utility of genetic code expansion in KT2440 through the incorporation of p-benzoyl-L-
phenylalanine (pBpa), a photocrosslinker, for protein-protein interaction studies.

RESULTS and DISCUSSIONS

Genetic code expansion using the MjTyrRS/tRNA pair

To establish the M. jannaschii tyrosyl-tRNA synthetase/tRNATY o a (MJTyrRS/tRNA)
system in KT2440, we chose the incorporation of p-azido-L-phenylalanine (pAzF) as a
proof of concept. pAzF contains an azide group that is broadly applied to protein labeling
through bioorthogonal reactions, crosslinking, and structural studies.31-33 Furthermore, due
to the high specificity of the MjTyrRS-derived pAzF tRNA synthetase (AzFRS), genetic
encoding of pAzF has been used as a model system for genetic code expansion in various
bacterial species.13: 16,17, 21,22
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Here, we adopted a plasmid-based system for codon expansion in KT2440. Three broad-
host-range (BHR) cloning vectors of different yet compatible replication origins were
selected for this purpose.34 3 The rationale of examining plasmids with different copy
numbers is to optimize the expression of amber suppression machinery while maintain
healthy cell growth. One general concern of codon expansion is whether the introduction
of the suppression system interferes with normal cellular activities. Previous studies, in
both prokaryotic and eukaryotic cells, showed minimal36-38 to detectable3? level of fitness
changes. To gauge the relative copy number of the three vectors in KT2440, a wild-type
superfolder green fluorescent protein (SFGFP) was expressed under the Py, promoter from
these vectors. A stepwise increase in cellular fluorescence of approximately threefold was
observed when the vector was changed from pSEVA621 (RK2 orJ) to pSEVA651 (RFS1010
orl), and from pSEVA651 to pPBBRMCS2 (pBBR ori) (Figure S1).

We first examined the orthogonality of the MjTyrRS/tRNA pair to the endogenous
translational machinery in KT2440. Plasmid pBBR-sfGFP N149TAG was constructed by
cloning a sfGFP gene with an amber codon at the permissive site of N149 behind the Py,
promoter in vector pPBBRMCS2. This base plasmid was then used to build two additional
plasmids, which either expressed an evolved AzFRS3! from the same gene cassette with
the mutant sfGFP or expressed the MtRNA under the control of an £. co/i~derived Prok
promoter (Figure S2A). The three plasmids were individually transformed into KT2440
to evaluate the sSfGFP expression. Taken the fluorescence level in cells containing the
pBBR-sfGFP N149TAG plasmid as the background, no statistically significant change in
fluorescence (p > 0.05) was observed in cells expressing just the MRNA, or the AzFRS
(Figure S2B). The observation showed that both the aminoacylation of the MARNA by
endogenous aaRSs and the aminoacylation of endogenous tRNA by AzFRS was low, which
resulted in levels of amber suppression that were comparable to the host’s natural ability.
The MjTyrRS/tRNA pair therefore was considered orthogonal in KT2440.

Genetic incorporation of pAzF was examined and optimized by tuning the expression

level of AzFRS through controlling its gene copy using the three BHR vectors (Figure

2A). The efficiency of decoding an amber codon at the N149 position in sSFGFP was

used to gauge the incorporation. When vector P BBRMCS2 was used, a single plasmid

that encoded AzFRS, sfGFP N149TAG and MARNA was constructed (Figure 2A). When
vector pSEVA621 or pSEVVA651 was used, obtained AzFRS-encoding plasmid was paired
with pBBR-sfGFP N149TAG- MtRNA (Figure 2A) to achieve the simultaneous delivery
of all three genetic components. However, both the transformation of the pBBR-derived
single plasmid and the co-transformation of pBBR-sfGFP N149TAG- MtRNA together with
pSEVAGB51-AzFRS into the KT2440 strain led to low efficiency, slow growth (i.e., delayed
colony formation), and ununiformed colony sizes. Characterization of these transformants
further showed inconsistent sfGFP expression (Figure S3). Since normal cell growth was
observed when either the AzFRS or the MtRNA was overexpressed, the observation
indicated that high-level co-expression of AzFRS and MtRNA likely contributed to the
growth defect. Meanwhile, normal transformation efficiency and healthy growth were
observed when KT2440 was co-transformed with pBBR-sfGFP N149TAG-MtRNA and
pSEVA621-AzFRS. Obtained clones were cultured to evaluate the incorporation of pAzF
into sSFGFP. With a low background of fluorescence in the absence of pAzF, an approximate

ACS Synth Biol. Author manuscript; available in PMC 2023 November 18.
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8.8-fold higher sfGFP expression was detected in the presence of 1 mM pAzF (Figure 2B).
The level of sSfGFP expression accounted for a 78.4% incorporation efficiency in comparison
to the expression of the wild-type sfGFP from the pBBRMCS2 vector under the same
cultivation condition (Figure S1B). The expressed sfGFP was subsequently purified (Figure
S4A) and analyzed by tandem mass spectrometry (MS/MS). The peptide fragment that
covered position 149 in sfGFP, i.e., LEYNFNSH(F+41)VYITADK, has a F+41 modification
at the intended incorporation site. The modification corresponded to the molecular weight of
pAzF (Figure S4B). The MS result confirmed the site-specific incorporation of pAzF into
sfGFP in KT2440.

We further validated the established genetic system for the AMjTyrRS/ARNA pair through

the genetic code expansion of p-benzoyl-L-phenylalanine (pBpa) in KT2440. pBpa was
mainly used as a photocrosslinker to detect the interaction between a protein and its binding
partners.18 40 An A TyrRS-derived tRNA synthetase for pBpa (BpaRS) has been applied

to expand the genetic code in various bacteria.*° To enable the incorporation of pBpa in
KT2440, the AzFRS in pSEVA621-AzFRS was replaced with BpaRS. The obtained plasmid
was co-transformed with pBBR-sfGFP N149TAG- MRNA into KT2440 for evaluating

the cellular fluorescence. When pBpa was provided at 1 mM in the culture media, a
4.9-fold increase in the fluorescence intensity of sSfGFP was detected (Figure 2B), which
corresponded to a 45.4% incorporation efficiency (Figure S1B). MS/MS analysis of purified
sfGFP further confirmed the incorporation of pBpa. As shown in Figure S5, the peptide
fragment covering the incorporation site, i.e., LEYNFNSH(F+104)VYITADK, contained a
residue with molecular weight of pBpa at position 149. Furthermore, when either pAzF or
pBpa was included in the culture media, no mis-incorporation of natural amino acids was
identified. Overall, an approach to site-specifically incorporate pAzF and pBpa into sfGFP
using variants of the MjTyrRS/tRNA pair in 2. putida KT2440 was established with high
efficiency and fidelity.

Genetic code expansion using the MbPyIRS/PyIT pair

The readily accessible A#-(tert-butoxycarbonyl)-L-lysine (BocK) was chosen as a model
compound to establish the genetic code expansion with the MbPYIRS/PyIT pair in KT2440.
A reported MBPYIRS mutant (PyIRS*, Y349F) with good activity towards BocK was

used in this effort.8 We first evaluated the orthogonality of the MEPYIRS/PyIT pair to

the host’s endogenous system using a similar approach to the evaluation of the MTyrRS/
tRNA pair (Figure S6). Besides plasmid pBBR-sfGFP N149TAG, which was used to gauge
the background amber suppression in the host strain, one plasmid expressing the PyIRS*
(pBBR-PyIRS*-sfGFP N149TAG) and one plasmid expressing the PyIT (pBBR-sfGFP
N149TAG-Plpp-PyIT) were constructed for the experiment (Figure S6). When each plasmid
was individually transformed into KT2440, no significant difference in cellular fluorescence
was detected. The observation showed that the MBPYIRS/PyIT pair is also orthogonal in
KT2440.

Following the steps taken to optimize the genetic system for the genetic code expansion
with the MjTyrRS/IARNA pair, the effect of PylRS* expression level was examined by
cloning the encoding gene into the three BHR vectors. Again, normal transformation and

ACS Synth Biol. Author manuscript; available in PMC 2023 November 18.
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healthy cell growth were only observed when the tRNA synthetase was expressed from the
pSEVAG621 vector, which has the lowest relative copy number in KT2440 (Figure S1). Cells
co-transformed with pBBR-sfGFP N149TAG-Plpp-PyIT and pSEVA621-PylIRS* showed

a 23.5-fold increase in fluorescence when BocK was included at 1 mM in the culture

media (Figure 3B). Although the results demonstrated an initial success of implementing
the MbBPyIRS/PyIT pair, the normalized fluorescence value only represented a 14.4%
incorporation efficiency, which was substantially lower than what was observed using the
MjTyrRS/tRNA pair (Figure 2B).

Since the expression of tRNA was identified as a critical factor in decoding efficiency,

we next focused on testing different promoters for PyIT. The initial system had an £. coli
Jpp promoter, which was commonly used in the genetic code expansion with the MbPyIRS/
PyIT pair.”-9 Meanwhile, its strength in KT2440 is unknown. To identify alternate tRNA
promoters, we analyzed an RNA-seq dataset*! for the expression level of endogenous
tRNAs when KT2440 cells were cultured to the exponential growth phase. The two tRNAs
with the highest expression level were a Tyr tRNA (PP_t01) and a Leu tRNA (PP_t68).
Therefore, we constructed two new plasmids by replacing the /gp promoter on pBBR-sfGFP
N149TAG-Plpp-PyIT with the promoters of the above tRNAs. A third plasmid was built
with the Prok promoter that was used for the expression of the M. jannaschii tyrosyl-tRNA.
Together with plasmid pSEVA621-PyIRS*, we examined the expression of sSfGFP N149TAG
in KT2440. All three promoters led to higher fluorescence than the /Jpp promoter. The
highest expression was observed when the promoter for the Tyr tRNA (P_t01) was used. A
34.6% decoding efficiency was achieved (Figure 3B). MS/MS analysis of purified sSFGFP
149BocK identified a lysine residue at the intended incorporation site, i.e., position 149,
instead of BocK (Figure S7B). It corresponded to the loss of the fert-butoxycarbonyl group
due to the instability of the carbamate bond under the tandem MS condition, which was an
observation reported previously.*2-44 Further MS analysis of the full-length purified protein
confirmed the incorporation of BocK. A single monoisotopic mass signal of 27386.7 Da
was identified, which corresponds to sfGFP with BocK following the loss of N-terminal
Met (expected mass 27386.7 Da, Figure S7C). Together with the low background of sSfGFP
expression in the absence of BocK (Figure 3B), the MS analysis confirmed the site-specific
incorporation of BocK.

The established genetic system for the MBPYIRS/PyIT pair was also applied to the
incorporation of N-(4-pentynyloxycarbonyl)-L-lysine (AIKK, Figure 1) in KT2440. AIkK
contained an alkyne group that has been used as a chemical handle for protein labelling.4>-47
A previously reported MBPYIRS variant (AIKKRS) was used in this experiment.*8 Plasmids
pPSEVA621-AIKKRS and pBBR-sfGFP N149TAG-P_t01-PyIT was co-transformed into
KT2440 and the expression of sSfGFP was monitored. With minimal background signal,

a 73.1-fold increase in fluorescence was observed when cells were cultured in the presence
of 1 mM AIKK (Figure 3B). The incorporation efficiency was calculated as 53.7%. Peptides
with AIKK or Lys at position 149 were identified in MS/MS analysis, which again indicated
the cleavage of the carbamate bond (Figure S8). In the presence of BocK or AIkK, no
natural amino acid other than lysine was detected at the designed incorporation site.
Therefore, both unAAs were site-specifically incorporated at high efficiency and fidelity

in KT2440.

ACS Synth Biol. Author manuscript; available in PMC 2023 November 18.
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Protein-protein interaction studies using pBpa

Biomolecular interactions dictate cellular processes. However, due to the weak and/or
transient nature, identifying the interacting partners is often challenging.% 50 Building
upon our success of genetic code expansion in KT2440, we explored the utility of the
method to study protein-protein interactions in this strain through the incorporation of
pBpa, which has been applied to probe protein interactions in bacterial and mammalian
cells (Figure 4A).40: 51 As a proof-of-concept, we first studied the glutathione S-transferase
protein (GstA, PP_1162) in KT2440. Bacterial GSTs function in detoxification pathways
and protect cells from oxidative stresses.>2 Current structural studies indicate that bacterial
GSTs form homodimers. To verify the possible dimer formation of the GstA in KT2440,
we first built a homology model of the protein in MODELLER (Figure S9A).53 Residue
Phe53 which resides in a flexible region at the interface of the two monomers was chosen as
a permissive position for pBpa incorporation.? The corresponding codon was mutated into
the amber codon and the resulting gene was expressed together with BpaRS and MARNA
in KT2440 in the presence of 1 mM pBpa. Homodimer formation was first investigated

in vitro using purified GstA 53pBpa protein. Following irradiation at 360 nm for 30 min,
western blot showed a new band with a molecular weight close to 50 kDa (lane 2, Figure
4B), which corresponded to the homodimer of a GstA with a 6xHis tag (a 23.8 kDa protein).
Meanwhile, the same treatment did not result in new protein band for the control sample

of the wild-type GstA (lane 1, Figure 4B). We further examined the oligomeric state of
GstA under the natural biological environment. KT440 cells expressing either the wild-type
GstA or the GstA 53pBpa mutant were exposed to UV irradiation followed by cell lysis
and western blot analysis. Again, homodimer formation was only observed in the lysate of
irradiated cells expressing GstA 53pBpa (lanes 7 and 8, Figure 4B) not the wild-type GstA
(lane 4 and 5, Figure 4B). The absence of dimer prior to UV irradiation further confirmed
the crosslinking was initiated by UV activation of the pBpa (lane 6, Figure 4B). Above
results showed that the GstA of KT2440 strain also forms homodimer both /n vitroand

in vivo. Further analysis of the wild-type and the pBpa-containing GstA proteins under
native PAGE conditions confirmed this conclusion (Figure S9B). It also demonstrated that
the incorporation of pBpa at position 53 of GstA did not affect the formation of homodimer
(Figure S9B). We did observe additional bands other than the dimer of GstA following

the photocrosslinking. This could be caused by side reactions of the highly reactive radical
species formed by the benzophenone moiety in pBpa after photoactivation. The effect can be
exacerbated by high concentrations of GstA 53pBpa under crosslinking conditions. Similar
observations were reported by others.40

We next applied the pBpa incorporation to investigate protein interaction events in signal
transduction processes in KT2440. Bacterial two-component system consists of a histidine
kinase (HK) and its cognate response regulator (RR). They play the primary role of sensing
and adaptation to environmental changes.>* Here, we examined interacting partners of the
CheY (PP_4340) protein, which is a chemosensory response regulator in chemotaxis. It is
activated through the phosphorylation by the upstream HK, CheA (PP_4338).5° To select
permissive positions for the incorporation of pBpa, we focused on the interacting surface
between CheY and CheA proteins. Based on the crystal structure of 7hermotoga maritima
CheY in complex with CheA (PDB ID: 1U0S), two residues, i.e., 11e90 and Phe100 that

ACS Synth Biol. Author manuscript; available in PMC 2023 November 18.
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correspond to 11e91 and Tyr101 in CheY of KT2440 (Figure S10), were chosen. An Amber
mutation was individually introduced at each site and the mutant gene was co-expressed
with BpaRS and MARNA in KT2440 cultured in the presence of 1 mM pBpa. Following
irradiation, cells were harvested and crosslinking products together with unreacted CheY
91pBpa or CheY 101pBpa were purified by affinity resins. SDS-PAGE analysis revealed
new bands with significant intensity in each sample (Fig. 4C). Two bands (Band 1 and Band
2) between 25 and 37 kDa (lane 4, Figure 4C) were identified in irradiated cells expressing
CheY 91pBpa. One band of similar molecular weight to Band 1 (Band 3) and one band

of around 75 kDa (Band 4) were observed in cells expressing CheY 101pBpa. Results

of western blot further confirmed that these bands were formed by proteins with His tag
(Fig. 4D). At the higher detection sensitivity, a band of similar molecular weight to Band

4 was also purified from cells expressing CheY 91pBpa (Band 4’) and a band of similar
molecular weight to Band 2 was also detected in cells with CheY 101pBpa (Band 2’). The
observation indicated that major photocrosslinking events of CheY mutants were not biased
by the position of pBpa incorporation. Bands 2, 3, and 4 were submitted for proteomics
analysis to identify crosslinked protein species (Table S3 and S4). Peptides of CheY had the
highest abundance in all samples, which verified that the formation of new protein bands
was driven by the incorporated pBpa. Majority of the proteins identified in bands of lower
molecular weights were known for high intracellular concentrations in bacteria, such as
ribosomal proteins and enzymes for fatty acid biosynthesis (Table $3).58 A Similar trend
was observed for the band around 75 kDa. Besides CheY, top results included chaperons
and transcription/translation elongation factors (Table S4), which were shown to be highly
abundant in proteomics studies.5® It is unlikely that these proteins function in chemotaxis
through the interaction with CheY. We hypothesize that the background signals were caused
by nonspecific crosslinking reactions that were partially promoted by high-level expression
of CheY. Meanwhile, CheA was successfully identified in Band 4. The result confirmed
that the CheY/CheA interaction in KT2440 and validated the photocrosslinking approach.
In addition, a chemoreceptor protein, McpQ (PP_5020), which responds to citrate/metal ion
complexes was observed in Band 4 (Table S4).57 Possible interaction between CheA and
McpQ has been indicated in the mode of chemotaxis events.5” Further study is needed to
verify possible direct interaction between CheY and McpQ.

SUMMARY and FUTURE WORKS

In this work, we successfully established the M. jannaschiityrosyl-tRNA synthetase

and tRNATY cua (MJTYrRSIRNA) and the M. barkeri pyrrolysyl-tRNA synthetase and
tRNAPYIc A (MBPYIRS/PYIT) systems for the genetic codon expansion in 2 putida KT2440.
Tuning the expression levels of tRNA synthetase and tRNA led to the incorporation of

four unAAs (pAzF, pBpa, BocK, and AIkK) into sfGFP at high efficiencies (34.6%-78%).
All previously engineered aaRSs that are derived from MjTyrRS and MbPyIRS can now

be readily applied to genetic code expansion in KT2440. We further demonstrated the

utility of the methodology by detecting protein interactions through the incorporation

of a photocrosslinker unAA into GstA and CheY proteins. The successful genetic

code expansion in KT2440 adds new gadgets to the synthetic biology toolkit of this
biotechnologically important strain and augments its biological function. Further application

ACS Synth Biol. Author manuscript; available in PMC 2023 November 18.
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of the approach can be facilitated by generating fully or partially genomic recoded KT2440
variants, in which all the amber codons or ones in genes encoding essential functions

are replaced with alternate stop codon in order to minimize disturbance to cells’ normal
physiological activities due to unwanted suppression events.>8-60

MATERIALS AND METHODS

Reagents and media.

All commercial chemicals are of reagent grade or higher. All solutions were prepared

in deionized water that was further treated by Barnstead Nanopure® ultrapure water
purification system (Thermo Fisher Scientific). Pseudomonas putiada KT2440 was obtained
from the American Type Culture Collection (ATCC 47054). The strain was routinely
cultured at 30 °C on LB agar plates or in LB liquid medium. Antibiotics were added where
appropriate to following final concentrations: gentamicin (10 mg/L), kanamycin (50 mg/L),
ampicillin (100 mg/L), chloramphenicol (25 mg/L). p-Azido-L-phenylalanine (pAzF), p-
benzoyl-L-phenylalanine (pBpa), and A#-3-(tert-butyloxycarbonyl)-L-lysine (BocK) were
purchased from Bachem. A#-(4-pentynyloxycarbonyl)-L-lysine (AlkK) was synthesized by
following previously published procedure.*® unAAs were dissolved in 1 M NaOH to make
stock solutions. The pH values of culture media were adjusted to 7.0 before use. Solutions of
antibiotics and unAAs were filtered through 0.22 um sterile membrane filters.

Plasmid construction.

E. coli GeneHogs (Thermo Fisher Scientific) or £. col/i NEB 5-alpha (New England Biolabs)
was used for routine cloning and plasmid propagation. Plasmid construction was performed
using T4 DNA ligase (Thermo Fisher Scientific) or Gibson Assembly method.6 Genomic
DNA of P, putida KT2440 was isolated using the PureLink™ genomic DNA mini kit
(Thermo Fisher Scientific). PCR amplifications were carried out using KOD Hot Start DNA
polymerase (Millipore Sigma) by following manufacturer’s protocol. Restriction enzymes
were purchased from New England Biolabs. Primer synthesis and DNA sequencing services
were provided by Eurofins MWG Operon. Primers used in this study are listed in Table

S1. Plasmids used in this study are listed in Table S2. Details of plasmid construction are
included in the Supplemental Information.

Fluorescence measurement of P. putida KT2440 culture.

Transformed £ putida KT2440 cells were grown in 5 mL LB media containing appropriate
antibiotics at 30 °C with agitation at 250 rpm. When the cell density reached an ODgqg of
0.4, unAA was supplemented in the culture media at the indicated concentration. Following
12 h of cultivation, cells were harvested, washed with PBS for three times, then resuspended
in PBS for cell density measurement and fluorescence quantification (excitation at 485 nm,
emission at 528 nm) using a Biotek Synergy HTX plate reader. Normalized fluorescence
was calculated by dividing the absolute fluorescence by cell density. The incorporation
efficiency was calculated by dividing the normalized fluorescence of cells expressing the
unAA-containing sfGFP by the normalized fluorescence of cells expressing the wild-type
sfGFP from the pPBBRMCS?2 vector under the same cultivation condition.

ACS Synth Biol. Author manuscript; available in PMC 2023 November 18.
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Purifiaction and MS analysis of sfGFP variants.

For the analysis of unAA incorporation into sSfGFP, a 50 mL cell culture was routinely
grown under the same condition that was used for fluorescence measurement. Harvested
cells were lysed and sfGFP was purified on Ni Sepharose 6 Fast Flow resin (GE Healthcare)
following the manufacturer’s protocol. Purified protein was quantified by Bradford assay
and analyzed by SDS-PAGE. For tandem mass spectrometry analysis, bands corresponding
to the size of sSfGFP were collected and processed by the Proteomics and Metabolomics
Facility of the Nebraska Center for Biotechnology at UNL. Following treatment with
trypsin overnight at 37 °C, peptides were extracted from the gel pieces, dried down, and
re-dissolved in 25 pL of an aqueous solution of acetonitrile (2.5%) and formic acid (0.1%).
Each digest was run by an RSLCnano system using a 1 h gradient on a 0.075 mm x 250 mm
C18 column feeding into a Q-Exactive HF mass spectrometer. MS/MS data was analyzed
using Mascot, which was set up to search a database that was customized with the provided
protein sequence. Mascot search has a fragment ion mass tolerance of 0.060 Da and a
parent ion tolerance of 10.0 ppm. Scaffold was used to validate MS/MS-based peptide and
protein identifications. Peptide identifications were accepted if they could be established at
greater than 99.0% probability by the Peptide Prophet algorithm®2 with Scaffold delta-mass
correction. Protein probabilities were assigned by the Protein Prophet algorithm.®3 For
mass analysis of the full-length sfGFP 149BocK protein, the purified fraction was first
dialyzed into phosphate buffer (100 mM, pH 7.4) to remove imidazole, then analyzed by the
Proteomics and Metabolomics facility on a Q-Exactive HF mass spectrometer. The protein
mass was calculated using the Protein Deconvolution software (ThermoFisher Scientific).

Photocrosslinking experiments.

To produce GstA or CheY protein containing pBpa, KT2440 was co-transformed with
pSEVAG621-BpaRS and pBBR-GstA F53TAG-MARNA or pBBR-CheY 191TAG-VtRNA
(or pBBR-CheY Y101TAG-MARNA) and cultured in LB media with 1 mM pBpa. To
produce wild-type proteins, pBBR-GstA- MARNA or pBBR-CheY-MARNA was transformed
into KT2440. For photocrosslinking of purified protein, the wild-type or GstA 53pBpa

was diluted to 1.0 mg/mL in irradiation buffer (25 mM potassium phosphate, pH 7.4),

then aliquoted into a 96 well plate. Protein samples were irradiated at 360 nm for a total

of 30 min with the samples cooled on ice for 5 min in every 10 min. Irradiated protein
samples were analyzed by western blot. Briefly, proteins separated on an SDS-PAGE were
transferred onto a nitrocellulose membrane, which was probed by a mouse anti-6xHis

tag monoclonal antibody (MCA1396, Bio-Rad Laboratories), followed by HRP conjugated
goat anti-mouse 1gG (1706516, BioRad Laboratories). Blots were developed using the
Opti-4CN detection kit (BioRad Laboratories) and imaged using a Gel Doc XR+ system.
For photocrosslinking with intact cells, cells were harvest, washed, and resuspended in PBS
buffer to an ODgponm Of 1.0. Following irradiation at 360 nm for 30 min with periodic
cooling on ice every 10 min, cells were lysed either for western blot analysis or for proteins
purification. To identify crosslinked protein with CheY, purified proteins were first separated
on SDS-PAGE. Bands of crosslinking products (Figure 4C) were collected for proteomics
analysis.
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Figurel.
A general scheme of genetic code expansion in KT2440. (A) An orthogonal aaRS/tRNA

pair was efficiently expressed to genetically incorporate unAA into a protein of interest
in response to an amber stop codon. (B) Structures of unAAs used in this study: p-azido-
L-phenylalanine (pAzF), p-benzoyl-L-phenylalanine (pBpa), A*-(fert-butoxycarbonyl)-L-
lysine (BocK), and A#-(4-pentynyloxycarbonyl)-L-lysine (AIKK).
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Figure 2. Genetic code expansion using the MjTyrRS/tRNA pair in P. putida KT 2440.
(A) Plasmid constructs for the expression of MARNA and an unAA-specific MjTyrRS

variant. (B) Fluorescence of KT2440 cells co-transformed with pBBR-sfGFP N149TAG-
MpRNA and pSEVA621-AzFRS or pSEVA621-BpaRS. Fluorescence intensity was
normalized to cell growth. Data is plotted as the mean + s.d. from n= 3 independent
experiments.
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Figure 3. Genetic code expansion using the MbPyIRS/PyIT pair in P. putida KT 2440.
(A) Plasmid constructs for the expression of PylT and an unAA-specific MbPyIRS variant.

Promoter for PylT was Plpp, ProK, P_t01, or P_t68. (B) Fluorescence of KT2440 cells
co-transformed with pBBR-sfGFP N149TAG-PyIT and pSEVA621-PyIRS* or pSEVA621-
AIKKRS. Fluorescence intensity was normalized to cell growth. Data is plotted as the mean

+ s.d. from n= 3 independent experiments.
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Figure 4. Detecting protein-protein interactions through pBpa-enabled photocrosslinking in

KT2440.

(A) A general scheme of protein photocrosslinking using pBpa. (B) Western blot to detect
dimer formation of GstA. M, protein size marker. Lanes 1 and 2, purified wild-type GstA (1)
or GstA 53pBpa (2) after UV irradiation. Lanes 3 and 4, lysate of cells expressing the wild-
type GstA before (3) and after (4) UV irradiation. Lane 6 and 7, lysate of cells expressing
the GstA 53Bpa before (6) and after (7) UV irradiation. Lane 5 and 8, affinity purified
fraction from lysate of UV-irradiated cells expressing the wild-type GstA (5) or GstA
53Bpa (8). (C) and (D) Photocrosslinking study of CheY protein in KT2440. SDS-PAGE
of proteins purified by affinity resin from KT2440 (C). Western blot of proteins purified by
affinity resin (D). CheY in crosslinked or unreacted form was detected by an anti-His tag
monoclonal antibody. In both (C) and (D), M, protein size marker. Lanel, wild-type CheY,
no irradiation; 2, wild-type CheY, irradiation at 360 nm for 30 min; 3, CheY 91pBpa, no
irradiation; 4, CheY 91pBpa, irradiation for 30 min; 5, CheY 101pBpa, no irradiation; 6,

CheY 101pBpa, irradiation for 30 min.
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