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Abstract

Genetic code expansion technology allows for the use of noncanonical amino

acids (ncAAs) to create semisynthetic organisms for both biochemical and bio-

medical applications. However, exogenous feeding of chemically synthesized

ncAAs at high concentrations is required to compensate for the inefficient cel-

lular uptake and incorporation of these components into proteins, especially in

the case of eukaryotic cells and multicellular organisms. To generate organisms

capable of autonomously biosynthesizing an ncAA and incorporating it into

proteins, we have engineered a metabolic pathway for the synthesis of O-

methyltyrosine (OMeY). Specifically, we endowed organisms with a marformy-

cins biosynthetic pathway-derived methyltransferase that efficiently converts

tyrosine to OMeY in the presence of the co-factor S-adenosylmethionine. The

resulting cells can produce and site-specifically incorporate OMeY into pro-

teins at much higher levels than cells exogenously fed OMeY. To understand

the structural basis for the substrate selectivity of the transferase, we solved the

X-ray crystal structures of the ligand-free and tyrosine-bound enzymes. Most

importantly, we have extended this OMeY biosynthetic system to both mam-

malian cells and the zebrafish model to enhance the utility of genetic code

expansion. The creation of autonomous eukaryotes using a 21st amino acid

will make genetic code expansion technology more applicable to multicellular

organisms, providing valuable vertebrate models for biological and biomedical

research.
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1 | INTRODUCTION

Genetic code expansion technology has been widely used
in living cells for site-specific modification of proteins with
amino acids having novel chemical, physical, and biologi-
cal properties.1–8 This technology is achieved by engineer-
ing cells with a bioorthogonal translation system. This
consists of an aminoacyl-tRNA synthetase (aaRS) that spe-
cifically recognizes a unique tRNA and a noncanonical
amino acid (ncAA) that is present at a high intracellular
level.2,9 Since the first report in 2001 of a biorthogonal
translation system encoding O-methyltyrosine (OMeY),
more than 200 ncAAs with diverse chemical, physical, and
biological properties have been successfully incorporated
into proteins in bacteria using genetic code expansion tech-
nology based on evolved archaeal and eukaryotic aaRS/
tRNA pairs. To extend genetic code expansion technology
to eukaryotes, the pyrrolysyl-tRNA synthetase/tRNA pair
from archaea, and the tyrosyl- and leucyl-tRNA synthe-
tase/tRNA pairs from Escherichia coli (E. coli) have been
evolved to genetically incorporate ncAAs into mammalian
proteins.1,2,10 Recently, the scope of this technology has
been further expanded from simple cell culture to animals,
including worms, fruit flies, zebrafish, and mice.11–16 These
eukaryotic models serve as critical tools for the study of
complex biological processes, including tissue develop-
ment, neurobiological functions, and signaling pathways.

Despite this progress in genetic code expansion tech-
nology, the important capability for autonomous biosyn-
thesis of ncAAs has been underdeveloped.17 Attempts to
generate organisms capable of autonomously biosynthe-
sizing ncAAs and incorporating them into proteins have
been focused on bacterial cells. In a limited number of
examples, the employment of biosynthesized ncAAs has
been shown to be beneficial for both the efficiency of
ncAA incorporation and the application of genetic code
expansion to biological systems. Several synthetic gene
clusters for ncAA biosynthesis, including p-

aminophenylalanine,18,19 phosphothreonine (pThr),20

5-hydroxytryptophan,21 and 3,4-dihydroxyphenylalanine
(DOPA),22 have been coupled to their corresponding
orthogonal mutant aaRS/tRNA pairs to generate
completely autonomous E. coli cells with an expanded
genetic code. In other examples, aminotransferase, tyro-
sine phenol-lyase, and cysteine β-replacement enzyme
have been used to create E. coli strains able to biosynthe-
size and incorporate phenylalanine analogs,23 DOPA,24

and cysteine analogs25 into proteins. However, even in
these cases, biosynthesis of DOPA and cysteine analogs
requires exogenous addition of 1–10 mM levels of the cat-
echol and aromatic thiols precursors, respectively. In
2017, an autonomous E. coli strain harboring a pThr syn-
thetic enzyme from Salmonella enterica and an engi-
neered phosphoseryl-tRNA synthetase/tRNA pair from
Methanogenic archaea was reported.20 Compared to
exogenous feeding of 1 mM pThr, the biosynthetic system
produced a 40-fold higher level of intracellular pThr,
resulting in greater incorporation efficiency. Additionally,
a completely autonomous bacterial strain utilizing DOPA
as a 21st amino acid for protein synthesis has been con-
structed.22 The yield of DOPA-containing protein from
this autonomous strain is greater than that from cells
exogenously fed with 9 mM DOPA. More recently, an
autonomous bacterium engineered for autonomous
5-hydroxytryptophan biosynthesis and incorporation has
been used to monitor oxidative stress in real-time.21 This
result cannot be reproduced by exogenously supplying
5-hydroxytryptophan. In spite of these benefits, none of
the ncAA biosynthetic pathways have been used to gen-
erate autonomous eukaryotes with a 21st amino acid.

Currently, the creation of most ncAA-containing pro-
teins in eukaryotic cells has required supplementation with
exogenously supplied ncAAs at 1–10 mM levels. This is nec-
essary in order to achieve intracellular ncAA concentrations
sufficient for robust incorporation of the ncAAs into pro-
teins. In addition, in many cases, structural modifications of

2 of 14 WU ET AL.

 1469896x, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.4443 by U

niversity A
t B

uffalo (Suny), W
iley O

nline Library on [02/05/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



amino acids and engineering of periplasmic amino acid-
binding proteins have been carried out to enhance cell
membrane permeability to ncAAs.26–29 Autonomous intra-
cellular biosynthesis of ncAAs provides an alternative strat-
egy for achieving high intracellular ncAA levels
independent of their permeability through the cell mem-
brane. This approach should lead to higher yields of ncAA-
containing proteins in eukaryotic cells, as well as facilitate
the extension of this technology to studying and perturbing
complex biological processes in whole organisms. Here, we
report our generation of the first autonomous eukaryotic
cells and multicellular animals utilizing OMeY as a 21st
amino acid for protein synthesis (Figure 1). The resulting
autonomous organisms exhibit enhanced efficiency of
OMeY incorporation into proteins, compared with that
achieved by exogenous feeding of OMeY. Since the exoge-
nous feeding approach has been the gold standard for suc-
cessful use of genetic code expansion, this comparison
underscores the utility of autonomous ncAA biosynthesis
for future genetic code expansion in eukaryotes.

2 | RESULTS

2.1 | Identification of O-
methyltransferases for the biosynthesis
of OMeY

OMeY can be biosynthesized from tyrosine by O-
methyltransferases that use S-adenosyl-L-methionine

(SAM) as a methyl group donor to carry out the O-
methylation of phenol-containing compounds. To iden-
tify the best transferase for OMeY biosynthesis, we com-
pared the activities of five O-methyltransferases (OMeTs):
(1) Sky37 within the skyllamycin gene cluster,30 (2) MfnG
for the synthesis of marformycins,31 (3) catechol OMeT
SafC,32 (4) SfmM3 for the methylation of saframycin,33

and (5) Catechol O-methyltransferase (S-COMT) for the
modification of the 3,4-diphenyltyrosine derivatives.
These OMeTs have all been reported to have activity with
phenol derivatives structurally similar to tyrosine. Genes
encoding these OMeTs were codon-optimized based on
E. coli strain B and subcloned into a PBAD promotor-
driven plasmid to yield pBad-OMeT. To evaluate the abil-
ity of the different OMeTs to biosynthesize OMeY for
genetic incorporation, we employed an amber codon sup-
pression system based on the superfolder green fluores-
cence protein (sfGFP) signal. This system encodes a
mutant MjTyrRS/tRNATyr

CUA pair recognizing OMeY
(encoded on plasmid pUltra-polyRS) and an sfGFP
mutant with an amber codon at a permissive site
(sfGFP*, encoded on plasmid pLei-sfGFP-D134*).

Using OMeY produced by the respective transferases,
suppression of the amber codon allows OMeY incorpora-
tion into full-length sfGFP. E. coli BL21 (DE3) cells with
plasmids pUltra-polyRS and pLei-sfGFP-D134* were
independently transformed with each of the pBad-OMeT
plasmids. A quantitative fluorescence assay was carried
out in 2xYT medium in the presence or absence of L-
arabinose to induce PBAD mediated expression of OMeT

FIGURE 1 Schematic illustration of engineering autonomous organisms with the 21st amino acid, OMeY. In the presence of co-factor

SAM, the methyltransferase can efficiently convert tyrosine to OMeY in both prokaryotes and eukaryotes. The biosynthesized OMeY is then

site-specifically incorporated into proteins in response to an amber codon
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(Figure 2a). Gratifyingly, compared to the uninduced
control, a 10-fold fluorescence increase was observed
with MfnG in the presence of the inducer, suggesting the
successful biosynthesis and incorporation of OMeY into
sfGFP.

Next, we constructed a SSN based on the MfnG
amino acid sequence to explore better OMeTs for the bio-
synthesis of OMeY (Figure 2b).34 We chose seven
enzymes (labeled as OMeT1-7) in this cluster in addition
to MfnG and Sky37 for a second round of screening for
OMeY production and incorporation. E. coli BL21 (DE3)
cells containing pUltra-polyRS, pLei-sfGFP-D134* were
transformed with pBad-OMeT1-7, and the resulting E.
coli strains were induced for the production of OMeY-
containing sfGFP. In the presence of the inducer,
increases in fluorescence were observed for several of the
enzymes, including OMeT2, OMeT3, OMeT4, OMeT5,
and OMeT7 (Figure 2c). Among these OMeTs, MfnG
exhibited the highest activity and was therefore used in
subsequent studies.

To quantify levels of biosynthesized OMeY by MfnG,
the time course intracellular OMeY concentration was
determined using E. coli BL21 (DE3) transformed with

the pBad-MfnG plasmid. We found that during the early
log phase to mid-log phase (1–10 h after induction), a
much higher intracellular level of OMeY could be
detected in the MfnG transformed cells than in cells fed
exogenously with OMeY (Figure S1). These data show
that enhanced production of OMeY can be achieved with
autonomously biosynthesized OMeY.

2.2 | Structural insight into MfnG
catalysis

There are nine major classes of SAM-dependent methyl-
transferases (MeTs) that participate in the methylation of
a wide range of secondary metabolites.35–39 Class I MeTs
comprised a Rossmann-like αβα sandwich structure,
which most OMeTs belong to this class. Based on the def-
inition of a protein domain and family search website
Prosite (https://prosite.expasy.org/), OMeTs can be fur-
ther divided into 2 classes. Class I OMeTs are relatively
small (ca. 22 kDa), with activities that depend on divalent
metal ions. S-COMT is an example of this type of OMeT.
MfnG is an example of Class II OMeTs. These OMeTs are

FIGURE 2 Screening of OMeT activity. (a) Fluorescence intensity measurement of BL21 (DE3) cells containing pUltra-polyRS and

pLei-sfGFP-D134* in the presence (+) or absence (�) of Sky37, MfnG, SafC, SfmM3, and S-COMT. (b) Sequence similarity network (SSN)

based on MfnG sequence. The edge was defined as an alignment score higher than 60. (c) Fluorescence intensity measurement of BL21

(DE3) cells containing pUltra-polyRS and pLei-sfGFP-D134* in the presence (+) or absence (�) of different OMeTs selected from SSN. ****p

< 0.0001. p value was calculated by two-tailed unpaired student's t test
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metal independent, with prominent N-terminal
substrate-binding domains and larger molecular masses
(36–43 kDa). To better understand the structure/function
parameters of MfnG, we crystallized the enzyme along
with SAM and determined the crystal structure at 1.2 Å
resolution by molecular replacement (MR, PDB: 7UX7)
(the expression, purification, and characterization of
MfnG are in Supporting Information Experimental Pro-
cedures and Figure S2). Crystalline MfnG exists as a
tightly intertwined homodimer, in which the N-terminal
α-helix of each protomer penetrates the other protomer
to generate an engaging interface of 4700 Å2 primarily
from the interaction of helices (Figure 3a). The SAM-
binding core of MfnG exhibits a six-stranded β-sheet
Rossmann-like fold surrounded by α-helices (Figure 3b,
c). We observed the S-adenosyl-L-homocysteine (SAH)
instead of SAM in the binding pocket since the methyl
group can be easily taken away by random environmen-
tal nucleophiles. The olive-colored loop extending from
Gly240 to Asp262 is characterized by weak electron den-
sity (Figure 3a,b), indicative of structural flexibility that
could allow substrate access to the catalytic pocket. No
metal ions are observed bound to the enzyme, consistent
with the metal independent nature of enzyme activity.
These characteristics are in line with the PROSITE search
result that MfnG (A0A0D4WTP2) is a SAM-dependent
class II OMeT. To better understand the structural
domains and functions of MfnG, we performed a Dali

search (http://ekhidna2.biocenter.helsinki.fi/dali/),
which is a webserver specialized in searching similar pro-
tein structures by aligning input structure with the imple-
mented PDB library, to pull out known similar proteins
for structure and function comparison. The Dali search
returned 358 structures from the PDB50 subset, where
we examined the top 14 structures. The structural align-
ment of MfnG with those 14 OMeTs allowed us to iden-
tify several conserved residues associated with SAM
binding (Figure 3d,g and S3). It appears that the alpha-
amino group of SAH participates in two hydrogen-
bonding networks. This amino group directly interacts
with the backbone carbonyls of Gly201 and Ala267 as
well as with the side chain of Asp199 through a water
molecule (Figure 3d, S4, and S5). The side chain of
Asp224 anchors the SAH ribose moiety through two
strong hydrogen bonds. The adenine of SAH is stabilized
by Asp251 and Phe252. The side chain of Asp251 hydro-
gen bonds to adenine, and the aromatic side chain of
Phe252 provides π–π stacking stabilization. Both Asp251
and Phe252 are located on the flexible olive-colored loop.
We speculate that after the SAM enters the binding
pocket, its interactions with Asp251 and Phe252 drive the
tightening of the flexible loop and closure of the binding
pocket. The MfnG N-terminal substrate-binding domain
contains almost no residues that are conserved with other
OMeTs, consistent with the unique nature of its substrate
specificity.

FIGURE 3 Crystal structure of MfnG. (a) Schematic surface representation of MfnG dimer (chain A marine and chain B brown). The

enlarged image shows the catalytic pocket with substrates. The flexible loop in olive color controls substrate entry. (b) The Rossmann-fold-

like architecture of MfnG. Helices are shown in marine, β-strands in pink, and loops in gray. (c) Schematic representation of the topology

and structural motifs of MfnG, indicating the SAM and tyrosine binding domain. (d) Interaction between MfnG and SAH. The water

molecule is labeled as a red sphere. (e) Interaction between MfnG and carboxyl and amino group of tyrosine. (f) Hydrophobic interaction

between MfnG and the tyrosine aromatic moiety. (g) Schematic representation of the enzyme-substrate interactions in the catalytic pocket
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To better understand tyrosine binding in MfnG, we
soaked the substrate L-tyrosine into SAH/MfnG crystals
in order to determine the holoenzyme crystal structure
with both SAH and tyrosine bound (PDB: 7UX8). The
tyrosine substrate fits well into the cavity adjacent to the
SAH binding site. Interestingly, both protomers of the
dimeric MfnG contribute to the interaction with tyrosine.
Specifically, Lys122 and Ser322 from one protomer bind
to the carboxyl and amino groups of the substrate tyro-
sine, respectively (Figure 3e). The phenolic oxygen of
Tyr32' from the other protomer stabilizes the tyrosine
substrate by forming a strong hydrogen bond with its car-
boxyl group (Figure 3e). The amino and carboxyl groups
of SAH are further stabilized by two water molecules
which also hydrogen bond to the side chains of His125,
Asp126, Trp134, and Trp39' (from the other protomer;
Figures S4 and S5). MfnG contains a hydrophobic pocket
between two α-helices to accommodate the tyrosine aro-
matic core (Figure 3f). MfnG is likely to tolerate a broad
range of benzylic substrates with different substituent
groups since there is no obvious electronic interaction
between MfnG and the aromatic region of the tyrosine.
We observed a niacin-like metabolite from expression in
E. coli copurifying and bound in the acceptor binding
site, which speaks to its binding promiscuity
(Figure S6). In terms of a possible catalytic mechanism,
His271 and Asp299 may form a hydrogen bond network
that is involved in the catalytic cycle (Figure 3a,g),
where His271 is conserved among Class II OMeT and
often has carboxylic acid hydrogen-bonding the histi-
dine (Figure S3).

2.3 | Engineering E. coli for production
of OMeY containing proteins

To investigate the efficiency and specificity of incorporat-
ing biosynthesized OMeY into proteins in response to the
amber codon, E. coli BL21 (DE3) cells were transformed
with the three plasmids pBad-MfnG, pUltra-polyRS, and
pLei-sfGFP-D134* (Figure 4a). OMeY-containing sfGFP
protein (sfGFP-D134OMeY) was expressed by induction
of these transformed cells, followed by Ni-NTA affinity
purification of the GFP product. Cells containing pUltra-
polyRS, and pLei-sfGFP-D134* with or without exoge-
nously fed 1 mM OMeY were used as positive and nega-
tive controls, respectively, for comparison with cells
autonomously biosynthesizing OMeY. SDS-PAGE gel
analysis revealed that full-length sfGFP was only
observed in the presence of exogenously fed 1 mM OMeY
or when the biosynthesis of OMeY was induced
(Figure 4b). To our delight, more than 1.6-fold sfGFP-
D134OMeY protein was obtained from cells

biosynthesizing OMeY than from cells fed with 1 mM
OMeY. ESI-MS analysis afforded two observed masses of
27,827 Da (without N-terminal methionine) and
27,958 Da, which is in good agreement with the calcu-
lated masses as well as the mass of sfGFP-D134OMeY
obtained from exogenously fed cells (Figure 4c,d). The
site-specific incorporation of OMeY at 134 position was
confirmed by MS/MS analysis (Figure S7).

To determine if biosynthesized OMeY can be incorpo-
rated at multiple sites in the same protein, we generated
pLei plasmids encoding sfGFP proteins harboring one
(Asp134TAG), two (Asp134TAG/Val2TAG), or three
(Asp134TAG/Val2TAG/Tyr152TAG) amber codons at
permissive sites. E. coli BL21 (DE3) cells transformed
with a pLei plasmid, pUltra-polyRS, and pBad-MfnG
were grown in 2xYT medium with 0.2% L-arabinose for
16 h at 30�C to allow protein expression. For comparison
with the previously reported suppression system, cells
with and without feeding of 1 mM OMeY were used as
controls.9,40 The autonomously biosynthetic cells exhib-
ited a 2–2.5 fold higher fluorescence signal than the cells
fed exogenously with OMeY (Figure 4e), which is consis-
tent with the SDS-PAGE gel analysis. The yields of single,
double, and triple OMeY-containing sfGFP mutants
obtained from OMeY biosynthetic cells were 16, 12, and
10 mg L�1, compared to feeding control 11, 7, and
4 mg L�1, respectively (Figure 4f). The significant
increase of protein expression level can be explained by
the much higher intracellular OMeY concentration at the
log phase for cells with biosynthetic OMeY than exoge-
nously fed OMeY (Figure S1). ESI-MS analysis confirmed
the presence of the expected number of OMeY residues
in each case (Figure S8). Thus, the autonomous OMeY
biosynthetic E. coli cells exhibited improved performance
compared with the existing amber suppression system
utilizing exogenously fed OMeY, permitting this ncAA to
be incorporated with high efficiency at both single and
multiple sites.

2.4 | Generation of autonomous
mammalian cells using OMeY as a 21st
amino acid

Using genetic code expansion to engineer eukaryotic pro-
teins containing ncAAs is of great utility for both bio-
chemical and biomedical research. Despite the progress
of this technology in eukaryotes, codon suppression sys-
tems in mammalian cells have exclusively relied on exog-
enous feeding of high concentrations of chemically
synthesized ncAAs for successful uptake and utilization
of the ncAAs by eukaryotic cells. To explore the value
and feasibility of using mammalian cells with the
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autonomous ability to biosynthesize the ncAA and genet-
ically incorporate it into proteins, we used a recently
reported mammalian suppression system for OMeY.40

This system encodes an enhanced green fluorescent pro-
tein (EGFP) with a Tyr39TAG mutation and a C-terminal
hexahistidine affinity tag, two copies each of the E. coli
and Bacillus stearothermophilus tRNATyr

CUA, and a
mutant E. coli tyrosyl-tRNA synthetase (EcTyrRS),
evolved to charge the tRNA with OMeY. The resulting
plasmid (pAcBac2.tR4-OMeYRS/EGFP*) was cotrans-
fected into HEK293T cells along with pLenti-MfnG

harboring a CMV-driven MfnG expression cassette
(Figure 5a). As a control, the empty pLenti vector was
also co-transfected into HEK293T cells with pAcBac2.
tR4-OMeYRS/EGFP*. EGFP expression in the presence
or absence of 1 mM OMeY was monitored by fluores-
cence microscopy. After culturing for 48 h, we observed
strong green fluorescence in cells harboring MfnG as well
as in cells fed exogenously with 1 mM OMeY, indicating
that the transfected MfnG can efficiently O-methylate
tyrosine in mammalian cells (Figure S9A). Furthermore,
SDS-PAGE gel analysis confirmed that biosynthesized

FIGURE 4 Biosynthesis and incorporation of OMeY into protein in E. coli. (a) The plasmid constructs used for the genetic

incorporation of OMeY in E. coli. pUltra-polyRS encodes a TacI promoter-driven polyRS (polyRS is derived from a Methanococcus jannaschii

TyrRS) and a Prok promoter-driven MjtRNATyr
CUA. pBad-MfnG encodes an araBad promoter-driven MfnG. pLei-sfGFP-D134* encodes a T5

promoter-driven sfGFP with an amber codon at Asp134 position. (b) SDS-PAGE analysis of the mutant sfGFP-D134OMeY proteins from

cells in the presence (+) or absence (�) of exogenously fed OMeY or biosynthesized OMeY. (c,d) Mass spectra of sfGFP-D134OMeY

expressed from E. coli with exogenously fed OMeY or biosynthesized OMeY. (e) Fluorescence intensity measurement of BL21 (DE3) cells

containing pUltra-polyRS and pLei-sfGFP* containing different amounts of TAG mutations in the presence (+) or absence (�) of OMeY or

MfnG. (f) SDS-PAGE analysis of the purified sfGFP mutants from (e). ****p < 0.0001. p values were calculated by two-tailed unpaired

student's t tests
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OMeY was incorporated into purified EGFP (Figure S9B).
To avoid the heterogeneous expression of MfnG due to
transient transfection, we subsequently used lentivirus to
stably integrate MfnG into the HEK293T genome, creat-
ing a stable, homogeneous cell line for the biosynthesis of
OMeY. For this purpose, the MfnG-containing lentivirus
was incubated with HEK293T for 24 h, followed by puro-
mycin selection to identify MfnG-containing HEK293T
cells (HEK293T-MfnG). To examine the efficiency of
incorporating biosynthesized OMeY into protein in this
stable cell line, HEK293T-MfnG cells were transfected
with pAcBac2.tR4-OMeYRS/EGFP*. HEK293T cells capa-
ble of autonomous OMeY biosynthesis exhibited a signifi-
cant enhancement in EGFP expression compared to
HEK293T cells fed exogenously with 1 mM OMeY
(Figure 5b). SDS-PAGE gel and ESI-MS analysis con-
firmed that biosynthesized OMeY was incorporated into
purified EGFP with a much higher yield compared to

feeding control (Figure 5c,d). Flow cytometry analysis
indicated that more than 60% of HEK293T-MfnG cells
(with biosynthesized OMeY) were transfected with pAc-
Bac2.tR4-OMeYRS/EGFP* expressed EGFP, whereas
fewer than 36% of HEK293T cells were fluorescent in the
presence of exogenously fed 1 mM OMeY (Figure S10).
The average EGFP intensity for HEK293T-MfnG was 2.4
times higher compared to HEK293T (Figure S10). The
EGFP proteins with biosynthesized or exogenously sup-
plied OMeY were isolated by affinity chromatography
using Ni-NTA 48 h post-transfection. The yield of puri-
fied EGFP from HEK293T-MfnG cells was significantly
higher (ca. 3.6 μg/107 cells) than that obtained from the
previously reported system using exogenously fed OMeY
(ca. 1.1 μg/107 cells). ESI-mass spectrometric analysis of
both proteins yielded observed masses in agreement with
the calculated mass. Furthermore, we did not observe
any toxicity due to MfnG overexpression (Figure S11).

FIGURE 5 Biosynthesis and incorporation of OMeY in HEK293T protein. (a) pLenti-MfnG plasmid encodes a CMV promoter-driven

MfnG. pAcBac2.tR4-OMeYRS/EGFP* encodes a CAG-promoter-driven EGFP mutant, CMV-promoter-driven EcTyrRS, and two copies of E.

coli tRNATyr
CUA and B. stearothermophilus tRNATyr

CUA. (b) Fluorescence imaging of EGFP signal of HEK293T cells with fed OMeY and

HEK293T-MfnG transfected with pAcBac2.tR4-OMeYRS/EGFP*. (c) SDS-PAGE gel analysis of purified EGFP mutants with OMeY from

cells with exogenously fed OMeY (+OMeY) or biosynthesized OMeY (bio). (d) Mass spectra of EGFP mutants purified from HEK293T (left)

or HEK293T-MfnG (right)
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2.5 | Genetic code expansion in zebrafish
using biosynthesized OMeY

Genetic code expansion technology has recently been
expanded for use in multicellular organisms, including
Caenorhbditis elegans, Drosophila melanogaster, Danio
rerio, and Mus musculus. To enhance the cellular availabil-
ity of ncAAs for protein production in intact organisms,
direct injections of ncAAs at high concentrations are
required. We propose that the generation of multicellular
organisms with the ability to autonomously biosynthesize
ncAAs, and use them for protein synthesis, will greatly
facilitate the application of genetic code expansion tech-
nology to whole organisms. To illustrate this principle, we
have chosen zebrafish as a model animal. Zebrafish are a
popular vertebrate model organism for in vivo imaging due
to their embryonic transparency and ex utero development.

In addition, many molecular and cellular mechanisms are
conserved between zebrafish and mammals. Importantly,
the microinjection of the desired mRNA and/or plasmid
DNA into the 1- or 2-cell stage of the embryo is a standard
approach for introducing extrinsic genes for transcript and
protein expression.41 To generate zebrafish embryos with
the ability to synthesize and genetically incorporate an
ncAA into protein, we constructed a plasmid
(pCS2-MfnG-EcYRS-EGFP*) containing CMV promoter-
driven MfnG, EcTyrRS, as well as an EGFP gene with an
amber codon at a permissive site (Tyr40TAG) (Figure 6a).
As for feeding control, we constructed another plasmid
(pCS2-EcYRS-EGFP*) without the MfnG (Figure 6a).
Compared to negative controls lacking OMeY, animals
injected with MfnG exhibited a significant increase in
EGFP fluorescence 24 h post-fertilization (hpf), suggesting
the successful incorporation of OMeY into protein in

FIGURE 6 Biosynthesis and incorporation of OMeY in zebrafish protein. (a) Plasmid constructs used in zebrafish microinjections.

pCS2-EcYRS-EGFP* encodes a CMV-promoter-driven EcTyrRS and mutant EGFP expression cassette. pCS2-MfnG-EcYRS-EGFP* encodes a

CMV-promoter-driven MfnG, EcTyrRS, and mutant EGFP expression cassette. H1tRNA-U6tRNA encodes an E. coli tRNATyr
CUA and B.

stearothermophilus tRNATyr
CUA driven by U6 and H1 promoter, respectively. (b) Schematic illustration of the workflow to incorporate OMeY

in zebrafish protein. (c) Quantitative analysis of EGFP fluorescence signal in the presence or absence of exogenously fed OMeY or

biosynthesized OMeY in zebrafish embryo at 24 hpf. (d) Fluorescence images of zebrafish embryos in the presence or absence of

exogenously fed OMeY or biosynthesized OMeY at 24 hpf. ****p < 0.0001. p values were caulculated by two-tailed unpaired student's t tests.

Scale bar = 150 μm
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response to the amber codon (Figure 6b). Furthermore,
zebrafish that biosynthesized OMeY exhibited a much
higher level of fluorescence than the control fish fed with
synthetic OMeY in E3 embryo media (Figure 6c,d).

3 | DISCUSSION

To date, more than 200 ncAAs have been genetically incor-
porated into proteins using genetic code expansion technol-
ogy. However, the current technology requires efficient
cellular uptake of chemically synthesized ncAAs exoge-
nously fed at high concentrations, greatly limiting the effi-
ciency and utility of the approach. The disadvantage of
exogenous ncAA feeding is even more significant when
this technology is applied to complex eukaryotic organisms.
For example, the genetic code has recently been expanded
to include ncAAs in the model organisms C. elegans and D.
rerio. To achieve optimal ncAA incorporation efficiency,
supplementation of the growth solution with 2.5–5 mM
ncAA is required.12,16 The site-specific incorporation of
ncAAs into proteins in D. melanogaster has been demon-
strated at different developmental stages and in subsets of
cells within tissues.13 However, this requires the presence
of 10 mM ncAA in the food.13 In a study of zebrafish
embryo signaling pathways, ncAAs were delivered by
microinjection in order to reach a whole embryo concen-
tration of 1 mM.14 For genetic code expansion in the
widely used M. musculus model, a high ncAA dose of
50 mg/mouse was administered daily via intraperitoneal
injection.42 These examples demonstrate that significantly
large quantities of exogenous ncAAs are required for
genetic code expansion in eukaryotic organisms, suggesting
that the poor pharmacokinetics and bioavailability of
ncAAs seriously limit the efficient incorporation of ncAAs
into proteins in multicellular organisms. However, a high
dose of ncAA might cause systematic toxicity to the ani-
mals, with examples showing that high extracellular ncAA
concentration could reduce the animal viability and affect
the encoding yield.16,43 Thus, the creation of cells and
organisms with the endogenous ability to biosynthesize
and use ncAAs for protein synthesis will not only enhance
ncAA incorporation efficiency but also facilitate the appli-
cation of genetic code expansion to whole animals.

In this work, we have generated multiple “completely
autonomous” species that possess the biosynthetic and
translational machinery for making proteins that contain
the 21st amino acid OMeY. This is the first systematic
approach to creating functional and completely autono-
mous eukaryotic organisms that make proteins containing
an ncAA. Excitingly, the endogenous biosynthesis of ncAA
generates higher intracellular ncAA levels than attained
through exogenous ncAA feeding, leading to greater

efficiency of the genetic code expansion technology.
Importantly, the limited bioavailability of exogenously fed
ncAAs in multicellular systems can also be overcome by
endogenous biosynthesis of the ncAAs, as illustrated by
the significant increase in yield of ncAA-containing pro-
teins in autonomous zebrafish. These advantages of the
autonomous system not only allow for enhanced efficiency
of ncAA incorporation but also open new opportunities in
multicellular systems for encoding ncAAs with poor bio-
availability. For example, several types of biologically
important post-translational amino acid modifications,
including phosphorylation, sulfation, and glycosylation,
have never been studied at the organismal level. The poor
membrane permeability of these charged and hydrophilic
ncAAs worsen their bioavailability in exogenous feeding
models but is overcome in our autonomous ncAA models.
We are now in the process of creating cells with these
types of 21st amino acid modifications.

4 | METHODS

4.1 | Expression and purification of
sfGFPs in E. coli

For feeding control, plasmid pUltra-polyRS, pBad-empty
control, and pLei-sfGFP-D134* (or pLei-sfGFP-D134*V2*,
pLei-sfGFP-D134*V2*Y152*) was cotransformed into
BL21(DE3) cells; for experimental group, plasmid pUltra-
polyRS, pBad-MfnG, and pLei-sfGFP-D134* (or pLei-
sfGFP-D134*V2* and pLei-sfGFP-D134*V2*Y152*) was
co-transformed into BL21(DE3) cells. The transformed
BL21(DE3) cells were cultured in 2xYT medium at 37�C,
210 rpm, and only the feeding control was supplemented
with 1 mM OMeY. When the OD600 of the culture
reached 0.6, protein expression was induced by the addi-
tion of IPTG and L-(+)-arabinose to a final concentration
of 1 mM and 0.2% w/v, respectively, and cells were grown
for an additional 16 h at 30�C, 210 rpm. Cells were har-
vested by centrifugation at 4750 � g for 10 min and lysed
with BugBuster® Protein Extraction Reagent (with
10 units/ml Pierce Universal Nuclease) following the
manufacturer's instructions. Protein purification was car-
ried out with HisPur™ Ni-NTA Resin following the man-
ufacturer's instructions. The purified protein was then
analyzed by SDS-PAGE and ESI-MS.

4.2 | Expression and purification of
EGFP in HEK293T cells

HEK293T or HEK293T-MfnG cells were cultured in
DMEM medium supplemented with 10% FBS and 1%
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antibiotic�antimycotic at 37�C in a humidified chamber
with 5% CO2. After seeding a 6-well plate with 4 � 105

cells/well overnight, cells were transfected with pAcBac2.
tR4-OMeYRS/EGFP* using Lipofectamine 2000 (Thermo
Fisher Scientific) in the presence or absence of OMeY.
The images were taken at 48 h post-transfection using
AMG EVOS FL Fluorescence Imaging Microscope. The
medium was removed, and the cells were washed gently
with PBS for three times. The cells were lysed by pipetting
1 ml of Mammalian Cell PE LB™ (G Bioscience) following
the manufacturer's instructions. Protein purification was car-
ried out with HisPur™ Ni-NTA Resin, and the products
were analyzed by SDS-PAGE and ESI-MS.

4.3 | Crystallization of MfnG

Purified MfnG protein (�11 mg/ml in 10 mM HEPES,
pH 7.4) was pre-incubated with 2 mM SAM prior to crystal
tray assembly. Crystal screening trays were set up with a
mosquito LCP pipetting robot (SPT Labtech, Boston, MA,
USA) and commercially available screens including Wizard
Classic 1 and 2 and Wizard Classic 3 and 4 (Rigaku
Reagents, Inc., Bainbridge Island, WA, USA), PEGs suite and
PEGs suite II (NeXtal Biotechnologies, Holland, OH, USA),
Morpheus and MIDAS (Molecular Dimensions, Holland,
OH, USA), and PEGRx-HT and IndexHT (Hampton
Research, Alisa Viejo, CA, USA). Protein crystals were grown
via the sitting drop method of vapor diffusion at a 1:1 (v:v)
ratio of protein/precipitant (200 nL/200 nL), at 20�C. Crystals
grew from several conditions including with precipitant solu-
tions containing 0.1 M Tris, pH 8.0, 30% (w/v) polyethylene
glycol (PEG) monomethylether 2000 (PEGRx condition B12)
or containing 0.2 M ammonium formate, 20% (w/v) PEG
3350 (PEGs suite I condition F11), or containing 0.1 M Tris
pH 8.0, 28% (w/v) PEG 4000 (PegRx condition C09).

4.4 | X-ray diffraction, data collection,
and processing

Crystals were screened for diffraction at the Advanced
Photon Source (APS, Argonne National Lab) beamlines
LS-CAT 21-ID-D and 21-ID-F and GM/CA-CAT beam-
line 23-ID-B and at the National Synchrotron Light
Source (NSLS-II, Brookhaven National Lab) FMX beam-
line. Full datasets from the best crystals were collected at
LS-CAT 21-ID-D with an Eiger X 9 M detector (Dectris).
A native data set was collected from a crystal that dif-
fracted beyond 1.35 Å resolution and was indexed in the
P212121 space group. A second crystal diffracted beyond
1.2 Å and also indexed in the P212121 space group with
different cell lengths. The data were integrated with

XDS44 and scaled using aimless45 and Staraniso46 within
the AutoPROC47 data processing pipeline (Table S2).

4.5 | Structure phasing and refinement

The structure was phased using MR. A model was gener-
ated using the FFAS model server48,49 from the putative
OMeTs (NPUN_R0239) from Nostoc punctiforme PCC
73102 (PDB: 2R3S; Joint Center for Structural Genomics,
unpublished) with side chains built using SCRWL 4.50

MR trials using the full-length homology model were
unsuccessful. However, after the model was trimmed to
the C-terminal Rossmann-fold domain (residues 164–
365), Phaser51 found a solution. Taking account of the
identified translational NCS (Patterson peak 49% of ori-
gin at 0.135, 0.5, and 0.0), Phaser successfully placed one
chain and its tNCS-related chain giving a TFZ of 11.1, an
LLG of 133, and an R-factor of 0.56 at 2 Å. This partial
model was refined through iterative density modification
and poly-alanine auto-tracing using SHELXE52 resulting
in 660 residues traced with a final CC of 43%. ARP/
wARP53 was used to rebuild the model with side chains.
Coot54 and Phenix.refine55 were used for rebuilding and
structure refinement. Electron density revealed density
for two ligands. One was clearly SAH, suggesting the
added SAM had lost its reactive methyl group during the
weeks of crystal growth. The second appears to be a com-
pound that co-purified with the MfnG from the expres-
sion in E. coli. The size, shape, and binding environment
are consistent with niacin, nicotinamide, benzoate, nitro-
benzene, or some similar compound (Figure S6A). This
compound was modeled as an unknown ligand since we
could not distinguish between these options from the
electron density and binding environment.

The second crystal form of MfnG diffracted to higher
resolution and was phased by MR with phaser using a
dimer search model from the first crystal form of MfnG.
This second form also contains a dimer in the asymmet-
ric unit in space group P212121, but the unit cell lengths
are different and the packing arrangement does not show
the tNCS observed in form I. The maps showed clear den-
sity for the SAH as well as the same copurified metabolite
observed in the form I crystals (Figure S6B). The final
model was refined with restrained anisotropic B-factors.
The final refinement statistics are shown in (Table S3).

4.6 | Microinjection of zebrafish
embryos

For all microinjection experiments, constructs were
injected during the one-cell stage and embryos were
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cultured in E3 embryo media. 30 picograms (pg) of the
suppressor tRNA (H1tRNA-U6tRNA) and 30 pg each of
the following constructs were injected: pCS2-MfnG-
EcYRS-EGFP*, pCS2-EcYRS-EGFP*, and pCS2-WT-
EGFP. For the feeding control (pCS2-EcYRS-EGFP*),
5 mM OMeY was added to the E3 embryo media.
Embryos were imaged at 24 hpf.
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