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ABSTRACT: The ability to site-specifically incorporate non-canonical
amino acids (ncAAs) into proteins has made possible the study of
protein structure and function in fundamentally newways, as well as the
bio synthesis of unnatural polymers. However, the taskof site-specifically
incorporating multiple ncAAs into proteins with high purity and yield

continues to present a challenge. At the heart of this challenge lies the
lower efficiency of engineered orthogonal translation system compo-
nents compared to their natural counterparts (e.g., translation elements
that specifically use a ncAA and do not interact with the cell’s natural
translation apparatus). Here, we show that evolving and tuning
expression levels of multiple components of an engineered translation
system together as a whole enhances ncAA incorporation efficiency.
Specifically, we increase protein yield when incorporating multiple
p-azido-phenylalanine(pAzF) residues into proteins by (i) evolving the
Methanocaldococcus jannaschii p-azido-phenylalanyl-tRNA synthetase
anti-codon binding domain, (ii) evolving the elongation factor Tu amino
acid-binding pocket, and (iii) tuning the expression of evolved
translation machinery components in a single vector. Use of the evolved
translation machinery in a genomically recoded organism lacking
release factor one enabled enhanced multi-site ncAA incorporation into
proteins. We anticipate that our approach to orthogonal translation
system development will accelerate and expand our ability to site-
specifically incorporate multiple ncAAs into proteins and biopolymers,
advancing new horizons for synthetic and chemical biotechnology.
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Introduction

The site-specific, co-translational incorporation of non-canonical
amino acids (ncAAs) into proteins expands the range of genetically
encoded chemistry in proteins. This expansion can be a powerful
tool for both fundamental science and applied technology (Davis
and Chin, 2012; Forster et al., 2003; Liu and Schultz, 2010). For
example, photocaged (Wu et al., 2004), fluorescent (Summerer
et al., 2006), and bio-orthogonal reactive (Chin et al., 2002a,b; Lang
et al., 2012) ncAAs have provided new ways to study protein
structure and dynamics (Liu and Schultz, 2010). In addition, ncAAs
that mimic natural post-translational modifications have helped to
elucidate the role of such modifications in previously unattainable
ways (Br€ocker et al., 2014; Davis and Chin, 2012; Lee et al., 2013;
Neumann et al., 2009; Oza et al., 2015; Park et al., 2011; Tian et al.,
2014). Further, ncAA incorporation into proteins has opened the
way to novel antibody drug conjugates (Axup et al., 2012;
Zimmerman et al., 2014), modified human therapeutics (Cho et al.,
2011), and protein biomaterials (Albayrak and Swartz, 2014),
among other applications. With the ability to construct bio-based
products beyond the limits of nature, expanding the genetic code
has emerged as a major opportunity in synthetic and chemical
biology (Des Soye et al., 2015; Hoesl and Budisa, 2012; Liu and
Schultz, 2010; Quast et al., 2015).

Expansion of the genetic code by orthogonal translation systems
(OTSs) involves codon re-assignment and engineered translation
machinery. The engineered translation machinery is evolved to
recognize a ncAA and ideally can operate alongside the cell’s natural
translation apparatus in a parallel and independent fashion. Most
commonly, the amber UAG stop codon is re-assigned to a ncAA in an
approach called amber suppression (Wang et al., 2006). In this
approach pioneered by Wang and Schultz (2002), an orthogonal tRNA
(o-tRNA) anticodon is mutated to allow for decoding of the UAG stop
codon (Wang et al., 2000), and an orthogonal aminoacyl-tRNA
synthetase (o-aaRS) is evolved to aminoacylate the ncAA to the
o-tRNA. These o-tRNA/o-aaRS pairs are typically derived from
phylogenetically distant organisms such as Methanocaldococcus
jannaschii orMethanosarcina mazei, and are not efficiently recognized
by the aaRS/tRNApairs of the host, that is Escherichia coli (Ambrogelly
et al., 2007; Plass et al., 2011). The o-tRNA/o-aaRS pairs are then
evolved so that the o-aaRS charges a ncAA to the o-tRNA.

Once charged, the ncAA-tRNA complex must be properly
delivered to the ribosome by elongation factor Tu (EF-Tu). As part of
key proofreading steps, the thermodynamic interactions between
elongation factor Tu (EF-Tu) and aminoacylated tRNAs are finely
balanced to bind the canonical amino acids with their cognate
tRNAs (Schrader et al., 2009), and not mismatched amino acyl-
tRNA substrates. Consequently, ncAA-tRNA substrates may not
bind EF-Tu efficiently because it is a non-native substrate,
preventing efficient delivery to the ribosome. While still a subject of
debate for ncAA incorporation efforts (Rogerson et al., 2015), EF-Tu
may thus require engineering to allow for the efficient incorporation
of a given ncAA (Fan et al., 2016; Park et al., 2011). Beyond o-aaRSs,
o-tRNAs, and EF-Tu, ribosomes must be able to accommodate the
ncAA and in some instances ribosome engineering may be
necessary. Towards such a goal, orthogonal ribosome systems could
be used, noting the recent advance of a tethered ribosome system in

cells, termed Ribo-T, that enables modification of the large and
small subunits of the ribosome while avoiding viability constraints
(Fried et al., 2015; Orelle et al., 2015; Rackham and Chin, 2005;
Wang et al., 2007).
To date, over 150 ncAAs have been co-translationally

incorporated into proteins in E. coli (Des Soye et al., 2015; Lang
and Chin, 2014). While these advances highlight our ever-
expanding understanding of the workings of the translational
apparatus, they have also revealed areas for improvement. Rigorous
analyses of several o-aaRSs reveal that these enzymes, while
functional, generally have poor catalytic efficiency as compared to
native synthetases (Boniecki et al., 2008; Ling and Soll, 2010;
Nehring et al., 2012; Reynolds et al., 2010; Tanrikulu et al., 2009;
Umehara et al., 2012; Wiltschi et al., 2008). This has led to
limitations in site-specific, multi-site ncAA incorporation into
proteins. Moreover, o-aaRSs show polyspecificity, meaning a single
OTS can incorporate multiple ncAAs. This is useful for expanding
ncAA diversity without the need for further evolution, but hinders
incorporation of multiple distinct ncAAs by existing o-aaRSs
(Miyake-Stoner et al., 2010; Wan et al., 2014; Wang et al., 2012;
Young et al., 2011). Native EF-Tu also shows limited capacity for
incorporation of bulky or charged ncAAs (Fan et al., 2016; Park
et al., 2011), and could be the target of engineering efforts if
thermodynamic interactions limit delivery of aminoacyl-tRNA
substrates (Wang et al., 2016). Further, the presence of release
factor 1 (RF1) can cause early termination of proteins when using
amber suppression technology because it competes for the UAG
codon (Hong et al., 2014b; Johnson et al., 2011). Additionally,
overexpression of OTS system components can be detrimental to
cellular growth (Hong et al., 2015), ultimately affecting protein
production and cell viability.
Recent advances have led to major improvements in ncAA

incorporation and are beginning to address many of the
aforementioned limitations. First, optimized OTS expression
systems have been shown to enhance suppression efficiency and
allow for two different ncAAs to be incorporated into the same
protein (Chatterjee et al., 2013; Young et al., 2010). Second, efforts to
suppress or delete RF1 have removed the competition with the
ncAA-o-tRNA species at the UAG codon to increase incorporation
efficiencies (Johnson et al., 2011; Lajoie et al., 2013; Loscha et al.,
2012; Mukai et al., 2010; Ohtake et al., 2012). Third, efforts to
further engineer individual OTS components have led to improved
ncAA aminoacylation efficiencies and increased overall yields of
modified proteins, for example, o-tRNA (Chatterjee et al., 2012;
Young et al., 2010), o-aaRS (Amiram et al., 2015; Chatterjee et al.,
2012; Liu et al., 1997), EF-Tu (Doi et al., 2007; Fan et al., 2016;
Park et al., 2011; Wang et al., 2015), and ribosome (Barrett and
Chin, 2010; Neumann et al., 2010; Rackham and Chin, 2005;
Wang et al., 2007).
In this work, we sought to explore the effects of evolving both the

o-aaRS and EF-Tu for improved p-azido-phenylalanine (pAzF)
incorporation into proteins in E. coli. The foundational principle
was that a systematic engineering approach of evolving more than
one component of the orthogonal translation machinery could
provide beneficial opportunities to enhance ncAA incorporation
into proteins. To achieve this goal, our study involved three steps.
First, we evolved the aminoacyl-tRNA synthetase ofM. jannaschii to
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improve pAzF incorporation into proteins. Previous works have
already identified M. jannaschii o-tRNA/o-aaRS pairs that can be
used to site-specifically install pAzF into proteins
(Amiram et al., 2015; Chin et al., 2002b). However, based on our
recent work and that of others (Amiram et al., 2015; Wang et al.,
2015), we hypothesized that the anticodon recognition domain of
the o-aaRS could be further engineered. We explored a total of 10
amino acid residues residing in the anticodon recognition domain
of the M. jannaschii o-aaRS and demonstrated the ability to isolate
variants with increased pAzF incorporation efficiency. Second, we
evolved the E. coli EF-Tu to improve pAzF incorporation into
proteins. Given the important role of EF-Tu in the system of
translation, we hypothesized that EF-Tu mutants might yield an
enhanced OTS. Indeed, our results showed that we could further
enhance ncAA incorporation into proteins by combining the
beneficial mutants of both the o-aaRS and EF-Tu. Third, we
assessed the ability of our engineered OTS to synthesize proteins
containing multiple site-specifically introduced pAzF residues.
Though our engineered system does not benefit the already high
suppression efficiency of a single UAG amber codon, multi-site
incorporation of several pAzF residues is significantly improved, an
observation that is amplified in a genomically recoded strain
lacking RF1 (Lajoie et al., 2013) and consistent with another recent
report (Zheng et al., 2016). In sum, our work demonstrates that a
comprehensive engineering approach is advantageous for genetic
expansion efforts that require highly efficient OTSs. This work has
implications for biotechnology, protein engineering, and synthetic
biology projects.

Materials and Methods

Reagents and Buffers

Chemicals and media were purchased from Sigma–Aldrich unless
designated otherwise. DNA polymerases, T4 polynucleotide kinase,
T4 DNA ligase, and restriction endonucleases were purchased from
New England Biolabs (NEB). Plasmids were extracted using Omega
E.Z.N.A. DNA/RNA Isolation Kits (Omega Bio-Tek). All DNA
oligonucleotides were purchased from Integrated DNA
Technologies, Inc. (IDT). pAzF was purchased from P212121, LLC.

Strains and Plasmids

DH10-beta competent cells were purchased from NEB. All
oligonucleotides used for cloning are shown in Supplementary
Table SI, and all vectors are shown in Supplementary Figure S1. The
genes of the orthogonal translation system (EF-Tu, pAzFRS, and
o-tRNA variants) were cloned into expression vectors using
standard methods. The initial source of these genes are as follows:
E. coli native EF-Tu-coding sequence was amplified from the
genome of E. coli KC6 strain (Jewett et al., 2008); pAzF aminoacyl
tRNA synthetase (pAzFRS) was amplified from the plasmid pEVOL-
pAzF (Young et al., 2010); the amber codon suppressor tRNA, M.
jannaschii tRNAtyrCUA, was amplified from the plasmid pEVOL-
pAzF (Young et al., 2010). Both EF-Tu and pAzFRS were inserted
into plasmid vector pDLppTT1 (kanamycin) flanked by the lpp
promoter and the T1T2 terminator. The resulting plasmids were

named pDLppEAzRSTT1 and pDLppEFTuTT1, respectively
(Supplementary Fig. S1). Plasmids bearing super folder green
fluorescent protein (sfGFP) based reporter genes were constructed
by insertion of the sfGFP gene from the plasmid pY71sfGFP (Bundy
and Swartz, 2010) with 1 amber codon at position D190 into the
plasmid vector pDT7TT2 (carbenicillin resistance). The resulting
plasmid, which harbors a T7 promoter and T1T2 terminator
flanking the sfGFP gene, was termed pDT7sfGFP1TAGTT2. From
this construct, we used standard cloning procedures to generate the
3-amber (D36, K101, and D190) and 5-amber (D36, K101, E132,
D190, and E213) sfGFP reporter plasmids (Hong et al., 2014b),
which were named pDT7sfGFP3TAGTT2 and pDT7sfGFP5TAGTT2,
respectively. We also generated a series of constructs with the T7
RNA polymerase promoter replaced by the native promoter PtacI
(de Boer et al., 1983) for use in E. coli C321.DA (Lajoie et al., 2013),
which lacks a genomic copy of T7 RNA polymerase. These plasmids
were named pDPtacIsfGFPXTAGTT2 (X: 1, 3, or 5) (Supplementary
Fig. S1). To create the library of orthogonal translation constructs
with different promoter strengths (termed JGPX (X: 1–27), the three
OTS component genes were inserted into the JGPX plasmids, with
either the T7, PtacI, or lpp promoters in all combinations. The
pAzFRS, o-tRNA, and EF-Tu were inserted using NheI and EcoRI,
BamHI and EcoRI, BamHI and NheI restriction sites at the 50 and 30

ends, respectively. All plasmid constructs were sequence verified.
For the construction of JGP26BM, we replaced the parental pAzFRS
and wildtype EF-Tu with the evolved mutants, respectively in the
plasmid JGP26 (Supplementary Fig. S1). Of note, the sfGFP reporter
system described here was used because it has been previously
optimized for the top-down mass spectrometry experiments in our
previous work (Hong et al., 2014b, 2015).

p-Azido-phenylalanine-tRNA Synthetase Mutagenesis and
Selection

Based on the 3-dimensional structure of the M. jannaschii-based
pAzFRS/tRNA pair (PDB ID: 1J1U), a total of 10 amino acids in the
vicinity of the o-tRNA anti-codon loop were mutated to assess the
ability to enhance pAzF incorporation efficiency. This was achieved
through the use of several libraries as described in the text following
a positive-negative selection procedure reported previously in the
literature (Wang and Schultz, 2001; Wang et al., 2003). For selection,
we used LB medium instead of 2xYT, because we found that LB
caused less false positive colonies during the positive-negative
selection strategy as compared to 2xYT. The selection scheme is
shown in Supplementary Figure S2. In the positive selection,
functional aaRS constructs are tested in vivo for their ability to
suppress an in frame amber codon in a chloramphenicol acetyl
transferase (cat) reporter that confers resistance to
chloramphenicol. In the negative selection, synthetases that loaded
a natural amino acid were selected against using the toxin protein
barnase.

In library 1 (RsLib1), A233, P258, F261, H283, M285, and D286
were mutated as NNK (N: A, T, G, or C; K: G or T) combinatorially.
After construction, the plasmid library was transformed by
electroporation into E. coli DH10-beta containing the pRepCMD112
plasmid (Supplementary Fig. S1) derived from pRepCM3
(Melancon and Schultz, 2009) to produce �108 transformants.
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Winning transformants were identified by their ability to grow on
LB solid media supplemented with 25mg/mL kanamycin and
10mg/mL tetracycline in the presence of 0.5mM IPTG, 1mM
pAzF, and 10mg/mL chloramphenicol (first-round selection), or
20mg/mL chloramphenicol (second-round selection), at 37�C for
36 h. Plasmids from surviving colonies were extracted and
transformed into DH10-beta E. coli with pLWJ17B3 (which encodes
the barnase gene) for negative selection (Wang et al., 2003). The
negative selection was carried out as above but in the absence of
pAzF. Following negative selection, plasmids from surviving
colonies were transformed into DH10-beta E. coli harboring
pDPtacIsfGFP1TAGTT2 plasmid for the final round of screening
based on sfGFP expression in a 96-well plate assay. This well plate
growth and expression assay was carried out in 100mL of 2xYT
media with 25mg/mL kanamycin and 10mg/mL tetracycline in the
presence of 1 mM IPTG, 1mM pAzF, or 0mM pAzF for negative
control samples (Supplementary Fig. S1).
In library 2 (RsLib2), another four amino acids (C231, P232,

P284, and K288), which are close to the U35 and A36 of the
o-tRNA anticodon loop, were mutated to NNK individually (only
one mutation site per DNA molecule). Rather than the antibiotic
selection described above, we focused here on the analysis of
sfGFP expression by intact cell fluorescence measurements, where
a sfGFP containing an amber codon will be expressed at a higher
level, if an orthogonal aaRS/tRNA cognate pair has enhanced
activity due to a beneficial mutation. After library construction,
the plasmid library was transformed into DH10-beta cell with
pDULE-tRNA and pDPtacIsfGFP1TAGTT2 (the sfGFP reporter
plasmid), and grown on LB solid media (25mg/mL kanamycin,
10mg/mL tetracycline; and 50mg/mL carbenicillin) at 37�C for
24 h. Six hundred single colonies were then picked and grown in
96-well plates in 2xYT liquid media with 25mg/mL kanamycin,
10mg/mL tetracycline, and 50mg/mL Carbenicillin. At an optical
density (OD600)¼ 0.2, 1 mM IPTG, and 1mM pAzF were added
to induce protein expression allowing for pAzF incorporation into
sfGFP containing an amber codon. The fluorescence (excitation/
emission¼ 488/525 nm) of each well was read in Synergy2
(BioTek) with shaking and normalized by optical density with the
wavelength of 600 nanometers (Fluorescence per OD600). Each
aaRS variant was treated as a separate experiment, and sfGFP
levels were compared with the progenitor from which it was
evolved.
In library 3 (RsLib3), H283, P284, M285, and R286 were mutated

to NNK (N: A, T, G, or C; K: G, or T) combinatorially. Selection was
performed as described for RsLib1.

EF-Tu Mutagenesis and Screening

Based on the known 3-dimensional structure of EF-Tu (PDB ID:
1OB2), we created a mutant library in the EF-Tu substrate
recognition pocket to assess its ability to enhance pAzF
incorporation. This library included a total of 10 amino acids:
S65, H66, E215, D216, V217, F218, T228, F261, N273, and V274.
As this library was too large to fully mutate to all other amino
acids, we pursued an alanine scanning approach whereby we
mutated each amino acids residue to alanine in all combinations
using the method depicted in Supplementary Figure S3. The

wildtype EF-Tu-coding sequence was amplified as five fragments.
Each fragment carried the desired mutations introduced by DNA
oligos. Then the five fragments, each with overlapping regions,
were assembled to full-length EF-Tu sequence by a thermal
cycling procedure: 95�C, 1 min; 20 cycles of 98�C, 20 s; 50�C, 20 s;
72�C, 2min; and a final extension of 72�C, 5 min. The full-length
product was cloned into pDLppTT1 plasmids using flanking NdeI
and XhoI restriction sites. Twenty samples were sequenced to
generate snapshot of the library’s diversity (Supplementary
Fig. S4). Next, the EF-Tu library-coding fragment was digested by
the restriction endonucleases NheI and BamHI and inserted into
pDLppEAzRSTT1 via the same cut sites, resulting in pDLppEA-
zEFTT1 (Supplementary Fig. S1). Lastly, the plasmid library was
transformed into DH10-beta strain harboring the plasmid
pDPtacIsfGFP1TAGTT2 and pDULE-tRNA (Supplementary
Fig. S1). Single colonies were picked from 2xYT solid media
plate and inoculated into fresh 2xYT liquid media (25mg/mL
kanamycin, 10mg/mL tetracycline, and 50mg/mL carbenicillin)
in a 96-well plate (100mL media/well). The cells were cultivated
to early exponential phase (OD600�¼ 0.2), at which point
isopropyl b-D-1-thiogalactopyranoside (IPTG) and pAzF were
supplemented with the final concentration of 1 mM each. The
cultures were further grown for 8 h at 30�C with shaking to
saturation. Then, the bulk fluorescence (525 nm) of each well was
read in Synergy2 (BioTek) and normalized by the cell number
measured by the optical density at 600 nm.

Analysis of GFP Expression by Intact Cell Fluorescent
Measurements

Liquid cell cultures of strains harboring plasmid based OTSs and
GFP reporter plasmids were inoculated from frozen stocks and
grown to confluence overnight in 3 mL of 2xYT media at 37 �C.
Cultures were then inoculated at 1:50 dilution in 3 mL of 2xYT
media with necessary antibiotics, and the cells were allowed to
grow at 37�C to an OD600 of 0.5–0.7 in a shaking plate incubator
at 250 r.p.m. (�1.5 h). IPTG and pAzF were added to a final
concentration of 1 mM to induce protein expression for 8 h. About
5.5� 107 of cells of each sample were collected and washed twice
with 200mL of 1� PBS buffer. The cells were resuspended in
100mL of 1� PBS buffer in 96-well plate. The fluorescence of
sfGFP was measured on a BioTek Synergy 2 spectrophotometric
plate reader using excitation and emission wavelengths of 488
and 525 nm, respectively. Fluorescence signals were normalized
by the OD600 reading.
For in vivo fluorescence measurements in the promoter library

assays, total 27 plasmids, plasmid JGP1 to 27, were transformed
into BL21(DE3) individually. Three millilitre of LB media was
inoculated with a single colony in a test tube and grown overnight
at 37�C. Next, saturated culture was diluted 50-fold into 100mL of
LB media in 96-well plates in triplicate. Cultures and inducers
were added individually to each well. Cultures were grown in
Synergy (BioTek) plate at 37�C until early mid-exponential phase
at which point the cultures were induced with 1 mM IPTG, 0.02%
arabinose, and 0 or 10 mM pAzF. Fluorescence and OD600
readings were taken at 7.5 h after induction for maximum
fluorescence/OD600 signal.
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For the evaluation of solubility of sfGFP harboring pAzF,
5 OD600�mL of cells of each sample was collected and washed
twice with 500mL of PBS buffer. Then, the cells were resuspended in
500mL of 1� PBS buffer. The cells were further sonicated with 250–
300 joules to extract total protein. The soluble fractionwas separated
by spinning the lysate at 21,000� g for 10min. The insoluble fraction
was prepared by suspending the pellet in 500mL of PBS buffer. The

total protein, soluble fraction, and insoluble fraction were resolved in
NuPAGETM NovexTM 4–12% Bis-Tris Protein Gels (Invitrogen, CA).

Mass Spectrometry

The purified protein was analyzed by nanocapillary LC-MS using a
100mm� 75mm ID PLRP-S column in-line with an Orbitrap Elite

Figure 1. Three-dimensional structure information and library design. (A) Crystal structure of theM. jannaschii tyrosyl-tRNA synthetase (left: aaRS) and tyrosyl-tRNATyr (right:

tRNA) complex (PDB: 1J1U); (B) Molecular structure of guanine and cytosine; (C) tRNA-recognition domain of the synthetase and anticodon loop of tRNA. The residues C231, P232,

A233, P258, F261, H283, P284, M285, D286, and K288 in tRNA-recognition domain underwent mutagenesis. The nucleotide G34 in tRNA was changed to cytosine for amber codon

suppression. (D) Molecular structure of phenylalanine and p-azido-phenylalanine (pAzF); (E) The amino acid-binding pocket of elongation factor Tu and phenylalanyl-tRNA (PDB:

1OB2). Ten amino acids: S65, H66, E215, D216, V217, F219, T228, F261, N273, and V274 were mutated to alanine in this study. Phe, phenylalanine charged in tRNA molecule.
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(Thermo-Fisher, Waltham, MA). All MS methods included the
following events: (i) FT scan, m/z 400–2000, 120,000 resolving
power and (ii) data-dependent MS/MS on the top two peaks in each
spectrum from scan event one using higher-energy collisional
dissociation (HCD) with normalized collision energy of 25, isolation
width 15m/z, and detection of ions with resolving power of 60,000.
All data were analyzed using QualBrowser, part of the Xcalibur
software packaged with the ThermoFisher Orbitrap Elite.

Results

Evolution of p-azido-phenylalanine–tRNA Synthetase

We hypothesized that mutations at or near the anti-codon
recognition domain of the pAzFRS might yield variant aaRSs
that more efficiently incorporate pAzF at the amber codon. This

hypothesis was based on recent works that show that impaired
binding of the pAzFRS to its cognate o-tRNACUA might reduce
efficiency of the system (Amiram et al., 2015), likely because the
nativeM. jannaschii TyrRS (MjTyrRS) normally recognizes the GUA
anticodon rather than the CUA anticodon to decipher the amber
stop codon (Kobayashi et al., 2003). The following general approach
was used to improve the interaction between the o-tRNA anti-codon
loop and the pAzFRS. First, we used crystal structure-guided
information to generate a combinatorial mutation library.
Simultaneously, we carried out site-directed mutagenesis to
interrogate several individual residues. At last, we sequenced and
characterized improved OTS variants obtained via selections.
Crystal structure analysis revealed at least 10 residues in the

tRNA-recognition domain of the pAzFRS as targets for modification
(Fig. 1). Since a total random combinatorial mutation library of all
residues was not feasible (20 ^ 10), we created three distinct

Figure 2. The evolution and identification of beneficial variants of p-azido-phenylalanine tRNA synthetase (pAzFRS). (A) Representative variants identified during evolution.

AzRS: the progenitor pAzFRS first reported by Schultz’s group (Chin et al., 2002b). EAzRS: the pAzFRS harboring a D286R mutation reported by Yokoyama’s group (Kobayashi et al.,

2003). BM1: the top variant obtained from the selection of RsLib1 with the mutations: P258A, F261P, H283L, M285F, and D286Y. BM2: A beneficial variant identified from RsLib2 with a

single-site mutation of P284V in addition to the known D286R mutation. BM3: a beneficial variant from the selection of RsLib3 with the mutations: H283T, P284S, M285D, and D286V.

BM3 mutant showed approximate eightfold improvement over the parental pAzFRS and threefold over the reported D286R mutant. (B) Sequence convergence after the selection of

RsLib3. (C) Highlighted mutated sites of BM3 in 3-D model of pAzFRS. (D) Negative control experiments for BM3 lacking one component for ncAA incorporation. RS, BM3 synthetase;

tRNA, o-tRNA; pAzF, p-azido-phenylalanine. Standard deviation accounts for the day-to-day variation in three independent experiments and three colonies were picked for each

samples.
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libraries from the residues identified and sought to evolve the
pAzFRS with a plasmid-based orthogonal translation system using
a positive and negative selection system previously described (Chin
et al., 2002b). The first library (RsLib1) diversified six residues
(A233, P258, F261, H283, M285, and D286) in close proximity to the
o-tRNA C34 nucleotide (wildtype G34). After two rounds of
positive-negative selection, 300 surviving pAzFRS variants were
further evaluated quantitatively for their ability to produce
superfolder green fluorescent protein (sfGFP) with one amber
codon (sfGFP(1UAG)). Direct comparisons to the progenitor
enzyme were carried out in a 96-well plate fluorescence-based assay
(Supplementary Fig. S2). Sequencing revealed that 25% of the
isolated clones converged to a single variant (Supplementary Table
S2). The top variant, termed BM1 (P258A, F261P, H283L, M285F,
and D286Y) showed approximately a fivefold increase in normalized
fluorescence as compared to the progenitor aaRS and a twofold
increase as compared to a reported variant harboring D286R single-
point mutation, which we term EAzRS in our study (Kobayashi
et al., 2003) (Fig. 2A).

Having identified improvements from modifying the six residues
closest to the o-tRNA C34 nucleotide, we next sought to explore the
impact of another four amino acid residues in the anticodon
binding domain (C231, P232, P284, and K288). These residues were
selected because they are close to the o-tRNA U35 and A36
nucleotides of the anticodon, and we hoped they would additionally
contribute towards aaRS-tRNACUA binding optimization. We chose
here to use a NNK library to diversify the four positions
individually, which still covers all 20 amino acids at each single site.
Given the importance of the D286R mutation, shown in our initial
selection and in previous works, we chose to incorporate this into
our starting pAzFRS gene template. Due to the targeted nature of
this library (RsLib2), the four target residues were mutated to NNK
for a total of 80 variants (20þ 20þ 20þ 20). We picked 600 clones
to ensure complete library coverage and screened for improved

production of sfGFP(1UAG) using an in vivo fluorescence assay in
the presence and in absence of pAzF. This screening identified that
the mutant BM2 with a P284V mutation resulted in a 2.2-fold
improvement in sfGFP(1UAG) synthesis as compared to the EAzRS
(Fig. 2A) (Supplementary Table S3).

Based on the identification of mutants P284V and D286R in a
single secondary structure turn in pAzFRS, we created a third
library (RsLib3) focusing only on this turn element directly (H283,
P284, M285, and D286). Specifically, we generated a combinatorial
mutation library at all four positions and performed two rounds of
positive-negative selection using the cat/barnase system described
above (Supplementary Fig. S2). Individual colony analysis of
twenty-four mutants revealed that 66% or 16 of 24 converged to a
single sequence of H283T, P284S, M285D, and D286V
(Fig. 2B and C; Supplementary Table S4). This top variant, termed
BM3, with the T283-S284-D285-V286 mutations, was capable of
producing�8-fold more sfGFP(1UAG) than the progenitor enzyme
(Fig. 2A). As a control, we verified that expression of sfGFP(1UAG)
with the BM3-encoding plasmid was dependent on both the
o-tRNA-bearing plasmid and pAzF (Fig. 2D).

Engineering EF-Tu by a Combinatorial Alanine-Scanning
Method to Improve pAzF Incorporation

Once o-tRNAs are charged with an ncAA of interest by an o-aaRS,
the charged tRNAs must be shuttled to the ribosome by the EF-Tu.
EF-Tu recognizes the ncAA-tRNA substrate at two regions: (i) the
amino acid-binding pocket and tRNA acceptor stem with residues
from the b-barrel domain 1 and GTPase domains; and (ii) the
T-stem region of the tRNAwith residues from the b-barrel domain
2 and the GTPase domain (Nissen et al., 1995). With the goal of
engineering the interaction between pAzF-tRNACUA and EF-Tu, we
sought to identify variants in the amino acid-binding pocket of
EF-Tu that might favor pAzF-o-tRNA delivery to the ribosome.

Figure 3. The evolution and identification of beneficial EF-Tu mutants for p-azido-phenylalanine (pAzF) incorporation. (A) pAzF incorporation efficiency accomplished by

wildtype and evolved synthetase and EF-Tu molecules, respectively. EAzEF, plasmid-born wildtype EF-Tu and EAzRS (D286R); EAzEF1, plasmid-born beneficial EF-Tu variant EFBM1

and EAzRS (D286R); EAzEF2, plasmid-born evolved EF-Tu EFBM1 and evolved synthetase BM3; EAzEtR, plasmid-born evolved EF-Tu EFBM1 and evolved synthetase BM3 working

with a previously optimized orthogonal tRNA (Young et al., 2010). All experiments were performed in DH10-beta cells with the expression of native EF-Tu from genome. (B) Three

dimensional model of EFBM1 with highlighted mutated sites: S65A, D216A, and V274A. Phe, the phenylalanine residue of the aminoacyl-tRNA substrate; Ribo, the ribose ring of the

A76 of the aminoacyl-tRNA substrate. Standard deviation accounts for the day-to-day variation in three independent experiments and three colonies were picked for each samples.
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Based on the 3-dimensional structure of EF-Tu (PDB ID: 1OB2), we
identified a total of 10 amino acids around the amino acid-binding
pocket of EF-Tu (S65, H66, E215, D216, V217, F218, T228, F261,
N273, and V274) to modify (Supplementary Fig. S3). As with the
pAzFRS evolution, there are too many residues to completely
diversify and perform a complete screening of the library. Thus, we
chose to carry out a more constrained design by focusing on the
construction of an alanine scanning library. By mutating EF-Tu
amino acid-binding pocket residues to the smaller amino acid
alanine, the pocket would essentially be enlarged for the ncAA. This
library of 1024 members was subjected to screening by intact cell
fluorescent measurements and its ability to produce sfGFP (1UAG).
In this case, the EAzRS synthease (the pAzFRS with single D286R
mutation) was used along with its cognate o-tRNA partner, because
the work here was done in parallel to the synthetase evolution
experiments described above. Beneficial EF-Tu mutants were
identified by screening for the ability to improve synthesis of
sfGFP(1UAG) as compared to wild-type EF-Tu in a 96-well plate
fluorescence assay (Supplementary Fig. S2B). The best mutant,
EFBM1, showed approximately a four-fold improvement as
compared to the plasmid-bearing the native EF-Tu (Fig. 3A, the
bar “EAzEF1”). Individual colony sequencing revealed that the
EFBM1 variant carried three alanine mutations at S65A, D216A,
and V274A. The S65A and D216A mutations are located near the
phenylalanine moiety, so the increased size of the EF-Tu amino
acid-binding pocket likely allows for improved pAzF

accommodation. V274A is located close to the acceptor stem of
the tRNA moiety. This mutation most likely alleviates the steric
hindrance of the aminoacylated acceptor stem, perhaps allowing
improved acceptance of the non-native aminoacyl-tRNA, and
suggests that the tRNA acceptor arm is key engineering target for
future efforts. Finally, we combined the top variants isolated from
the aaRS evolution (BM3) and the EF-Tu evolution (EFBM1). The
combined system with improved o-tRNACUA binding and pAzF-
tRNA binding resulted in a sixfold increase in sfGFP (1UAG)
production compared to the combination of EAzRS and wildtype
EF-Tu (Fig. 3A, the bar “EAzEF2”).

Enhanced ncAA Incorporation into Proteins by Evolved
aaRS and EF-Tu

Even though we observed a sixfold increase in sfGFP(1UAG)
production with the combination of evolved pAzFRS and EF-Tu
compared to their parental parts, we also noticed that the
co-expression pAzFRS and EF-Tu (Fig. 3A sample “EAzEF”)
resulted in a lowered sfGFP(1UAG) production compared to the
cell expressing only pAzFRS (Fig. 2A sample “EAzRS”).
Apparently, co-expression multiple components negatively
influenced the cell growth and protein production ability. To
better evaluate the evolved translation system components, we
next chose to find a vector to optimize the expression of multiple
components in an able host. The pEVOL and pUltra vectors are

Figure 4. Characterization and optimization of pAzF incorporation and protein expression in BL21(DE3) using an evolved synthetase and EF-Tu. The pAzF incorporation

efficiency and protein yield of the evolved synthetase and EF-Tu were demonstrated by suppression 1, 3, and 5 amber codons at 1, 2.5, and 5mM of pAzF, respectively. Wildtype GFP

expression was used as standard of protein yield. GFP-WT, wildtype GFP (panel A); GFP-1TAG, GFP with 1 amber codon (panel B); GFP-3TAG, GFP with 3 amber codons (panel C);

GFP-5TAG, GFP with 5 amber codons (panel D). JGP26: a 3-part plasmid containing the synthetase, EF-Tu, and tRNA with the optimized promoter usage: lpp promoter for synthetase

and EF-Tu, and PtacI promoter for tRNA; JGP26BM: a 3-part plasmid containing the evolved synthetase (BM3), and EF-Tu (EFBM1) and tRNA with the optimized promoter usage: lpp

promoter for BM3 and EFBM1, and PtacI promoter for tRNA. Evol: pEvol-pAzF plasmid reported in previous publications (Young et al., 2010). Standard deviation accounts for the day-

to-day variation in three independent experiments and three colonies were picked for each samples.
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routinely used in the field as efficient plasmid architectures
(Chatterjee et al., 2013; Young et al., 2010). However, they are
both designed for orthogonal tRNA/aaRS pairs. The inclusion of
three translation system components (aaRS, EF-Tu, tRNA) as
compared to two that are usually used (aaRS, tRNA), necessitated
us to explore different plasmid architectures.

To achieve our goals, we first sought to place all OTS
components on a single plasmid to avoid unnecessary plasmid/
antibiotic burden on the cell. Balancing expression levels of
orthogonal translation components is essential for cellular fitness
and functional activity (Hong et al., 2014a). Thus, the key idea
was to identify expression conditions that maximized pAzF
incorporation into proteins while alleviating physiological burden
to cell growth. We created a library of plasmids carrying
promoters of varying strengths for each component: T7 promoter
(high activity) (Ikeda et al., 1992), the PtacI promoter (medium
activity) (de Boer et al., 1983), and the lpp promoter (low
activity) (Inouye and Inouye, 1985). Promoter activity was
validated by placing each promoter in front of a sfGFP gene and
assessing normalized fluorescence activity (Fluorescence per
OD600). The relative ratios of sfGFP expression were 8:3:1 for the
T7, PtacI, and lpp promoters, respectively, which verified different
promoter activity levels (Supplementary Fig. S5).

We next built 27 individual plasmids, JGP1-27, comprising all
possible promoter combinations of the pAzFRS, o-tRNA derived
from the pEVOL plasmid (Chin et al., 2002b) and E. coli’s
endogenous EF-Tu, and screened the library for improved
production of sfGFP(1UAG) using an in vivo fluorescence assay
in the presence pAzF. We observed that the highest protein yield and
fastest cellular growth were obtained, when using the plasmid
JGP26, which has the lpp promoter regulating the o-aaRS and
EF-Tu, and a PtacI promoter regulating the o-tRNA (Supplementary
Fig. S1 and S6). Using this plasmid architecture, we then
constructed JGP26BM containing our evolved translation system
components BM3 and EFBM1.

Of note, we were somewhat surprised by the fact that the
expression of the aaRS from PtacI led to nearly universal drop in
performance (Supplementary Fig. S6). Previously, use of this
promoter for aaRS expression was quite successful for ncAA
incorporation (Chatterjee et al., 2013). We believe our observation is
likely a result of two factors. First, our plasmid contains a pBR322
origin, rather than the p15A origin. The pBR322 origin maintains
more plasmid copies than the p15A origin (�20 vs. �10). Second,
we co-expressed three components of the translation system (aaRS,
EF-Tu, and tRNA) in cell. We suspect that the burden caused by
expressing these three components may lead to a different result

Figure 5. Fidelity and efficiency of pAzF incorporation at multiple amber codon at the absence of release factor 1. (A) The active protein yield by suppressing 1, 3, and 5 UAGs in

reading frame of GFP by the evolved synthetase and EF-Tu in the plasmid JGP26BM. The pAzF was supplied at 1mM or 0mM. The host is a release factor 1-deficient E. coli strain

(C321.DA) with all amber codons in genome replaced with ochre codon (Isaacs et al., 2011; Lajoie et al., 2013). (B) The solubility of wildtype GFP, GFPwith 1 pAzF, 3 pAzFs and 5 pAzFs

are high and consistent. T, total protein; S, soluble fraction; P, precipitated fraction. wtGFP, wildtype GFP; 1TAG, GFP with one pAzF; 3TAG, GFP with 3 pAzFs; 5TAG, GFP with 5 pAzFs;

M,Molecular weight standard. (C) Spectrum of wildtype and various modified sfGFP samples, obtained by top-downmass spectrometry and illustrating site-specific incorporation of

pAzF at single and multiple sites. Major peaks (color) in each spectrum agree with the theoretical peaks, respectively. ‘‘Exper’’ indicates experimentally obtained protein mass and

‘‘Theor’’ indicates theoretically calculated protein mass. Standard deviation accounts for the day-to-day variation in three independent experiments and two colonies for each

samples.
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than when expressing only two components (aaRS, tRNA). All of
this suggests that promoter selection can be affected by many
contextual factors, such as, plasmid architecture, orthogonal
components, and host strain, among others.
We next measured enhancements in amber codon suppression

and protein yield resulting from our evolved translation system by
comparing JGP26, JGP26BM, and pEVOL (Supplementary Fig. S1)
(Young et al., 2010). In our initial test, we co-transformed BL21
(DE3) with a plasmid carrying the sfGFP gene with 1, 3, or 5 UAGs,
or wild type equivalents and the orthogonal translation system
plasmids (Fig. 4A). We used fluorescence assay to quantify sfGFP
expression. Our results indicated a 2-, 10-, and 5-fold increase in
incorporation of pAzF into sfGFP(1UAG) (Fig. 4B), sfGFP(3UAG)
(Fig. 4C), and sfGFP(5UAG) (Fig. 4D). While the pEVOL system data
is simply to provide a reference for the community, the key
comparison is between JGP26BM (evolved components) and JGP26
(parental components). JGP26BM and JGP26 showed the same
expression levels of sfGFP(1UAG) under these conditions (Fig. 4B).
Our data indicate that the original pAzFRS system, which has been
optimized in many reports over the past decade, is fairly efficient for
its ability to introduce a single non-canonical amino acid at a single
amber codon without our evolved components. However, with an
increasing number of amber codons, where the orthogonal
translation system is pushed more, the difference between parental
and evolved parts increased. We also adjusted the concentration of
pAzF in the media from 1mM to 2.5 mM to 5mM (Fig. 4).
Increasing pAzF concentrations increase overall protein production
levels and reduced slightly the beneficial effect of our evolved
system. Curiously, single-UAG GFP always showed a lower
expression level than that of wildtype GFP (�70%) in our
experiments, when we used only 1mM of pAzF. However, the
evolved components function much more efficiently than
progenitor systems and, in all cases, we observed weak expression
of proteins with five amber codons.

Evolved and Tuned OTS System Enables Accurate ncAA
Insertion at Multiple UAG Sites

It is known that UAG-suppression competes with termination
mediated by RF1. While deletion of RF1 is lethal in normal cells,
there has been growing interest to alleviate this limitation by
inactivating RF1 (Heinemann et al., 2012; Johnson et al., 2011,
2012; Mukai et al., 2010; Ohtake et al., 2012). More recently, efforts
to completely recode the genome of E. coli to replace all 321
occurrences of the UAG codon with the synonymous UAA codon,
permitted the deletion of RF1 and complete reassignment of the
amber codon translation function (Isaacs et al., 2011; Lajoie et al.,
2013). Here, we set out to use the genomically recoded C321.DA
strain and our engineered translation system components to
investigate the ability to enable efficient multi-site ncAA
incorporation. For this study, we co-transformed the plasmid
JGP26BM harboring BM3 and EFBM1 with the sfGFP reporter gene
constructs containing 1, 3, or 5 UAGs, or the wild type equivalents.
We found expression levels with sfGFP constructs with a single UAG
amber codon were comparable in wild-type sfGFP, and the absence
of RF1 to be increasingly beneficial for multi-site ncAA
incorporation (Fig. 5A). Specifically, our analysis revealed that

the evolved orthogonal translation system could suppress
3-UAG codons at production levels of approximately 80% of wild
type sfGFP in the C321.DA strain. Additionally, we observed
significantly enhanced production of sfGFP(5UAG) compared the
yield we observed in BL21 (DE3) cell. The solubility of wildtype
sfGFP and its derivatives with 1 pAzF, 3 pAzFs, and 5 pAzFs was also
assessed. We observed that nearly all of the sfGFP produced was
soluble (Fig. 5B).
We next examined the fidelity of multi-site pAzF incorporation

into the sfGFP reporter constructs. Specifically, we 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 pAzF into sfGFP. Figure 5C shows the 32þ charge
state of sfGFP and clearly illustrates mass shifts corresponding to
the incorporation of one, three, and five pAzF residues. Site-specific
incorporation of pAzF, as detected by MS, was greater than 95% in
all samples (Fig. 5C), with less than 3 ppm difference between
experimental and theoretical protein masses. In other words, we
achieved efficient, high yielding, and pure site-specific pAzF
incorporation into sfGFP using our evolved translation system and
the C321DA strain.

Discussion

Our work joins an ever-growing collection of reports highlighting
the ability to repurpose the translation machinery for genetic code
expansion. In this study, we demonstrated the importance of
pursuing a systems engineering approach when evolving multiple
components of OTSs (e.g., aaRS and EF-Tu) and using RF1 deficient
strains to enable high-level and accurate multi-site incorporation of
ncAAs into a protein. One of our goals in this manuscript was to
explore the possibility that EF-Tu might be a more general target for
translation system engineering, especially given that interactions
between EF-Tu and aminoacyl-tRNAs are tuned to perfectly match
natural amino acids with cognate tRNAs (Schrader et al., 2009).
Previous reports suggest that EF-Tu engineering can be beneficial
for bulky amino acids (Doi et al., 2007) and charged amino acids as
shown for phosphoserine (Park et al., 2011) and phosphotyrosine
(Fan et al., 2016). Our results suggest that, it might be a more
general target, although additional studies are needed to
understand the generality of evolving EF-Tu alongside aaRSs to
facilitate integration of a wide range of ncAA targets.
In terms of the pAzFRS, we used a step-wise library selection and

screening procedure to improve aaRS activity by �8-fold compared
to the parental enzyme. The optimization of residues H283-D286 are
mainly responsible for the enhancement. In terms of EF-Tu, we used
an alanine scanning approach to screen a 1024 member library and
observed several mutants having up to fourfold improvement, each
with mutations in different residues. By combining our best mutants
and tuning expression levels, we observed a 2-, 10-, and 5-fold
increase in incorporation of pAzF into sfGFP(1UAG), sfGFP(3UAG),
sfGFP(5UAG), respectively, as compared to the progenitor system.We
then used top-down mass spectrometry to confirm multiple
instances of ncAA incorporation with near perfect fidelity. Taken
together, the engineered translation system reported here demon-
strates improved performance for protein yield and accurate protein
production as compared with the progenitor enzymes.
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Of note, we did not observe an additive effect when combining
the best aaRS and EF-Tu mutants. One could imagine that alone, an
engineered EF-Tu could compensate for poorer synthetase activity.
However, if the synthetase is evolved and does a better job at
providing the aminoacyl-tRNA substrates then the beneficial effects
of the EF-Tu could be muted, or not additive. Thus, our observation
may point to the need of future efforts to coordinately tune all
system components at the same time.

It is important to note that context plays a key role in assessing
the beneficial impact of different evolved orthogonal translation
components. For instance, when suppressing only one amber
codon with a high concentration of pAzF (5 mM) in BL21(DE3)
strain, the evolved mutants do not show an advantage over their
parental ones, while when suppressing three amber codons with
only 1 mM of pAzF, the evolved mutants showed 10-fold higher
efficiency over the parental parts even though the GFP yield is
comparatively low. Based on our work and that of others, it is
becoming clear that a number of factors influence the
performance of OTSs, such as mutant orthogonal translation
components, ncAA concentration, amber codon number, strain,
and presence or absence of RF1. These factors should be carefully
taken into consideration when characterizing beneficial mutants,
measuring the ratio of performance/cost in protein production,
and designing evolution strategies. For example, we initially
planned to use the C321.DA as our host for the entire project.
However, when initially applying this strain to the chlorampheni-
col acetyl-transferase (CAT) and barnase-based selection strategy,
we found that C321.DA strain did not allow us to select for
variants with significantly improved properties (data not shown).
We went on to test BL21 (DE3), MG1655, DH5a, and DH10-beta,
and finally we found that only DH10-beta provided us the best
conditions with the context of our plasmids for a high-throughput
CAT/barnase-based selection method. Even though we found
benefits for carrying out selections in an RF1 positive strain, we
believe that the protein expression should be carried out in an
RF1 negative strain, such as C321.DA.

In sum, our engineering effort demonstrates new details
regarding interactions between proteins involved in translation
that might be taken into consideration in future designs for
constructing similar engineered translation systems. For example,
we suspect that promoter tuning of the evolved mutants could
lead to further enhancements beyond those observed here.
Indeed, we believe that only by treating the translation apparatus
as a complex system, whereby all biological parts involved in
protein biosynthesis are coordinately optimized (e.g., codons,
tRNA, aaRS, EF-Tu, and the ribosome together), will we enable
more diverse genetic codes and advanced capabilities. Such
advances will be important for harnessing a dramatically
expanded genetic code for manufacturing novel therapeutics
(Hubbell, 2010; Wals and Ovaa, 2014; Zimmerman et al., 2014),
synthesizing genetically-encoded materials (Lee et al., 2013;
Romano et al., 2011; Zhong et al., 2012), advancing medicine
(Cohen, 2002; Hubbell, 2010; Krishnamoorthy et al., 2013; Pray,
2008; Ramos, 2005; Voronkov et al., 2011; Wals and Ovaa, 2014;
Zimmerman et al., 2014), and elucidating fundamental biological
insights (e.g., the histone code (Banerjee and Chakravarti, 2011;
Lee et al., 2013; Neumann et al., 2009).
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