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Conspectus

Expansion of the genetic code allows unnatural amino acids (Uaas) to be site-specifically
incorporated into proteins in live biological systems, thus enabling novel properties selectively
introduced into target proteins /in vivo for basic biological studies and for engineering of novel
biological functions. Orthogonal components including tRNA and aminoacyl-tRNA synthetase
(aaRS) are expressed in live cells to decode a unique codon (often the amber stop codon UAG) as
the desired Uaa. Initially developed in £. coli, this methodology has now been expanded in
multiple eukaryotic cells and animals. In this account, we focus on addressing various biological
challenges for rewriting the genetic code, describing impacts of code expansion on cell
physiology, and discussing implications for fundamental studies of code evolution. Specifically, a
general method using the type-3 polymerase 111 promoter was developed to efficiently express
prokaryotic tRNAs as orthogonal tRNAs and a transfer strategy was devised to generate Uaa-
specific aaRS for use in eukaryotic cells and animals. The aaRSs have been found to be highly
amenable for engineering substrate specificity toward Uaas that are structurally far deviating from
the native amino acid, dramatically increasing the stereochemical diversity of Uaas accessible.
Preparation of the Uaa in ester or dipeptide format markedly increases the bioavailability of Uaas
to cells and animals. Nonsense-mediated mRNA decay (NMD), an mRNA surveillance
mechanism of eukaryotic cells, degrades mMRNA containing a premature stop codon. Inhibition of
NMD increases Uaa incorporation efficiency in yeast and C. elegans. In bacteria, release factor
one (RF1) competes with the orthogonal tRNA for the amber stop codon to terminate protein
translation, leading to low Uaa incorporation efficiency. Contradictory to the paradigm that RF1 is
essential, it is discovered that RF1 is actually nonessential in £. coli. Knockout of RF1
dramatically increases Uaa incorporation efficiency and enables Uaa incorporation at multiple
sites, making it feasible to use Uaa for directed evolution. Using these strategies, the genetic code
has been effectively expanded in yeast, mammalian cells, stem cells, worms, fruit flies, zebrafish,
and mice. It is also intriguing to find out that the legitimate UAG codons terminating endogenous
genes are not efficiently suppressed by the orthogonal tRNA/aaRS in E. coli. Moreover, E. coli
responds to amber suppression pressure promptly using transposon insertion to inactivate the
introduced orthogonal aaRS. Persistent amber suppression evading transposon inactivation leads to
global proteomic changes with a notable up-regulation of a previously uncharacterized protein
Ydil, for which an unexpected function of expelling plasmids is discovered. Genome integration
of the orthogonal tRNA/aaRS in mice results in minor changes in RNA transcripts but no
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significant physiological impairment. Lastly, the RF1 knockout £. coli strains afford a previously
unavailable model organism for studying otherwise intractable questions on code evolution in real
time in the laboratory. We expect that genetically encoding Uaas in live systems will continue to
unfold new questions and directions for studying biology /7 vivo, investigating the code itself, and
reprograming genomes for synthetic biology.
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INTRODUCTION

The genetic code uses 61 codons to specify 20 common amino acids and 3 stop codons for
termination in protein translation. This code is preserved in virtually all life forms on earth
with minor variations.! In recent years, the genetic code has been expanded to encode
unnatural amino acids (Uaas) by introducing into live cells a new tRNA/aminoacyl-tRNA
synthetase (aaRS) pair,2:3 which is orthogonal to endogenous tRNA/aaRS pairs (Figure 1).
The orthogonal aaRS is evolved to charge a desired Uaa onto the orthogonal tRNA, and the
resultant Uaa-tRNA then incorporates the Uaa into proteins in response to a unique codon,
such as the amber stop codon UAG. The first expansion of the genetic code was achieved in
E. coliin 2001.%" Subsequently, this methodology has been proven generally applicable to
various cells and organisms, and over 150 Uaas have now been incorporated using this
approach.89 In this account, we focus on our efforts in expanding the genetic code in various
cells and animals, with emphases on biological challenges of such engineering and its
impacts on the biological system. For Uaa applications and other aspects, readers are
referred to these papers.1:3:8-16

Developing a General Method for Expressing Orthogonal tRNAs in Eukaryotic Cellsand
Animals

To expand the genetic code in eukaryotic cells and animals, a critical challenge is how to
functionally express an orthogonal tRNA, often derived from prokaryotes, in eukaryotic
cells. Prokaryotic tRNAs are transcribed through promoters upstream of the tRNA gene,
whereas eukaryotic tRNAs are transcribed through promoter elements within the tRNA
known as the A- and B-box (Figure 2A). The A- and B-box elements are conserved among
eukaryotic tRNAs but are often absent in prokaryotic tRNAs.

Although rarely a prokaryotic tRNA, e.g., the B. stearothermophilus tRNA™" | happens to
contain the consensus sequences and can be expressed in mammalian cells using multiple
repeats,1” we sought for a general method to efficiently express in eukaryotic cells any
tRNA regardless of its sequence. The type-3 Pol Il promoter has promoter elements
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exclusively upstream of the coding sequence, does not require intragenic elements for
transcription, and has a well-defined transcriptional initiation site. We reasoned and firstly
proved that a type-3 Pol 111 promoter in combination with a 3’-flanking sequence can drive
the functional expression of prokaryotic tRNAs in various mammalian cells (Figure 2B).18
Such a tRNA-expression cassette can also be used in multiple repeats to achieve optimal
tRNA expression level.19-21 The type-3 Pol 11l mammalian promoter includes H1, U6
SsnRNA, 7SK, and MRP/7-2 promoters. We showed that this method can be used to express

different tRNAs in mammalian cells, including tRNAZ;‘j,’;‘ and tRNAQijA from E. coli 18 and

tRN A’C’}/Ul , from Methanosarcina.?2 In addition, we applied this approach successfully in
various cells and animals, including mammalian cell lines,18 primary neurons,8 stem
cells, 19 C. elegans,3 mouse,2425 and zebrafish.25> Others have later applied this approach in
plant?6 and fruit fly.2” This general method has now been widely adopted for expressing

orthogonal tRNAs in eukaryotic systems for code expansion.

Using the similar principle, we also identified two external Pol 111 yeast promoters, the
RPR1 and SNR52 promoters, to efficiently express prokaryotic tRNAs in yeast.28:29 These
promoters feature an internal leader sequence, which contains the consensus eukaryotic A-
and B-box sequences (Figure 2C). When placed upstream of the £. colitRNA, it drives the
transcription of a primary RNA consisting of the promoter and the tRNA. The promoter is
then cleaved yielding the mature tRNA. In comparison to the old approach of using SUP4

Tyr

CUA and

5’-flanking sequence, these promoters increased the activities of £. colitRN A

tRN A" inyeast by 6 to 9 fold.?

Generating Uaa-specific Synthetase for Use in Mammalian Cellsand Animals

A second challenge for code expansion in mammalian cells and animals is how to generate
an orthogonal synthetase specific for the Uaa. Changing the synthetase substrate specificity
from its cognate amino acid to a Uaa had been a road blocker, and the breakthrough was
firstly made in £. coliby generating large mutant synthetase libraries (>10° members)
followed by high-throughput selection or screen.3:6 However, it is difficult to generate huge
mutant libraries in mammalian cells due to low transfection efficiency.

A transfer strategy is devised to circumvent this issue. Since the E. colitRN AZ;{; /TyrRs
pair is orthogonal in mammalian cells as well as in yeast, and the translational machinery of
yeast is homologous to that of higher eukaryotes, it should be feasible to evolve the E. coli
synthetase in yeast and transfer the evolved tRNA/synthetase pairs for use in mammalian

cells. This idea worked in mammalian cell lines as well as primary neurons, and other E. coli

pairs such as the tRNAgZ’L; /LeuRS can also be used this way.18 In combination with the
efficient tRNA expression discussed above, the transfer strategy has enabled various Uaas to
be genetically encoded in mammalian cells,® primary neurons,!8 stem cells,1® and

animals.23-25

Another creative solution reported by Iraha et a/. is to disrupt the £, colitRNATY'/TyrRS
genes in E. coli genome and functionally replace them with the orthogonal counterpart of M.
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Jannaschii, after which the £. colitRN AZ{{TA /Tyr RS can be expressed on a plasmid for
directed evolution in the engineered £. coli3° The evolved E. coli TyrRS mutant can then be
transferred for use in mammalian cells. Although it hasn’t been widely used, evolving an £.
coli aaRsS in engineered E£. coliis attractive, because the most efficient selection methods

have been established in £. coli3

Optimizing aaRS Recognition of tRNAcya

To decode the amber stop codon UAG, the orthogonal tRNA has to change its anticodon to
CUA, which may decrease the affinity of the resultant tRNAca toward the synthetase,
since anticodon is a major recognition element of most synthetases. By mutating the
anticodon-binding region of £. coli TyrRS, we identified an EwtYRS (D265R) that shows

~2 fold higher activity toward the £. colitRN Azg; than the WT TyrRS. This optimization
can be transplanted to multiple TyrRS-derived synthetases specific for different Uaas to
improve their incorporation efficiency in mammalian cells (1.6 to 5.2 fold).3!

Expanding Uaa Specificity of aaRS beyond Analogs of Native Substrate

Most evolved aaRSs aminoacylate Uaas that are chemically similar to the native substrate of
the WT aaRS, limiting stereochemical diversity of Uaas accessible. For instance, most Uaas

incorporated by tRN A@%ﬁA /PylRS mutant pairs retain the core Lys moiety and the N#-
carbonyl group of Pyl (Figure 3A). To break this bottleneck, we found that, by mutating a
conserved “gate keeper” residue (N346) of PyIRS that interacts with the Ne-carbonyl and the
a-amino group of amino acid substrate, PyIRS can be evolved to charge Uaas structurally
similar to Phe or Tyr (Figure 3B).22:32:33 A new “small-intelligent” mutagenesis approach,
which uses a single codon for each amino acid, was then devised to generate mutant PyIRS
libraries enabling a greater number of residues simultaneously randomized, from which
mutants were identified to incorporate Uaas with bulky conjugated rings®* and even Uaas
containing long azobenzene side chains (Figure 3C).3536 These results and data from other

groups3” suggest unexpectedly high flexibility in engineering aaRS substrate specificity. As

the tRN A%A /PylRS can be used in both prokaryotic and eukaryotic cells, these evolved
PyIRS mutants enable diverse Uaas to be incorporated in various cells and organisms.

Besides aaRS recognition, efficient Uaa incorporation also depends on the affinity of Uaa-
tRNA toward the elongation factor and ribosome. Engineering the tRNA, elongation factor
and ribosome can fine tune their affinity and thus allow more diverse Uaas to be genetically
encoded.38:39 To date a variety of functional groups have been installed onto the Phe/Tyr- or
Lys-scaffold and incorporated into proteins as Uaas.2-3:8-10.16 Jaas with small or charged
(=2) side chains are difficult to incorporate and await more efforts.32

Increasing Bioavailability of Uaa

Uaa bioavailability inside cells is a prerequisite for evolving Uaa-specific aaRSs and Uaa
incorporation. Uaas structurally close to canonical amino acids may enter cells through
endogenous amino acid transporters or pathways, yet those deviating significantly or highly
charged (e.g., phosphorylated Uaas) may not. We reasoned that masking the carboxyl group
of Uaa with an ester would convert the Uaa zwitterion into a protonated weak base, which
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has a higher percentage of neutral form and increased lipophilicity for crossing the
membrane (Figure 4A). Once inside the cell, intracellular esterases will cleave the ester to
regenerate the Uaa. Indeed, we found that the acetoxymethyl ester of Uaa DanAla increased
its intracellular concentration by 31-fold, and the Uaa-ester was hydrolyzed into Uaa inside
mammalian cells within 1 h.40 Use of Uaa-ester increases the Uaa incorporation efficiency
by 4-fold, and requires 75% less Uaa in growth media.

C. elegans has a protective cuticle that excludes many compounds from internalization. We
reasoned that Uaas might be taken in as food via the intestinal route and trafficked to
multiple tissues, although intestinal transporters may not recognize Uaas with drastically
different structures. Indeed, we found that O-methyl-L-tyrosine (OmeY), structurally similar
to Tyr, could be incorporated into proteins in muscle by feeding worms with OmeY, whereas
similarly fed DanAla was sequestered in intestinal cells.23 We then developed a dipeptide
strategy to deliver the Uaa (Figure 4B).23 PEPT-1 and PEPT-2 are dipeptide transporters
present on many C. elegans cell surface. We reasoned that an Ala-Uaa dipeptide should enter
cells through dipeptide transporters and subsequently be hydrolyzed by cellular peptidases to
generate the Uaa. Indeed, when Ala-DanAla dipeptide was fed to worms, DanAla was found
to be incorporated into proteins in various tissues of C. elegans.?

When incorporating Uaas in mouse brain /n vivo, we also found that the use of Uaa-Ala
dipeptide greatly increases Uaa bioavailability in brain cells,24 as PEPT-2 is highly
expressed in rodent brain. The Uaa-Ala dipeptide was injected into the lateral or third
ventricle of the mouse brain, and the corresponding Uaa was successfully incorporated into
proteins in neocortex, thalamus and hypothalamus, with efficiencies dramatically higher
than injecting the Uaa.2441

Inactivating NMD to Stabilize UAG-containing mRNA

Eukaryotic cells have an mRNA surveillance mechanism, nonsense-mediated mRNA decay
(NMD), to identify mRNAs containing premature stop codons and target the mRNA for
rapid degradation. Use of the amber stop codon for encoding Uaa will subject the mRNA to
NMD, thus decreasing protein yield (Figure 5). We were the first to investigate whether
inactivation of NMD would preserve the stability of UAG-containing mRNA and thus
enhance Uaa incorporation efficiency.28 An NMD-deficient yeast strain was successfully
generated by knocking out UPF1 gene, an essential component for NMD.28:2° This ypfIA
strain increased Uaa incorporation more than 2-fold than the WT yeast.

We also demonstrated that NMD has a similar effect on Uaa incorporation in C. elegans.23
After knocking down the NMD component smg-1 in C. elegans using RNA interference, 5.6
fold more Uaa-containing protein was purified than from control worms.

Knocking out RF1 to Increase Uaa Incorporation Efficiency and Enable Multiple Site
Incorporation

Class | release factors (RFs) recognize stop codons to terminate translation. While

eukaryotes and archaea use a single RF to recognize all three stop codons, bacteria use two:
RF1 for UAA/UAG and RF2 for UAA/UGA (Figure 6A). Synthetically recoding a genome
may afford new properties through encoding Uaas. Although Uaas can be specified with the
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UAG codon, RF1 makes UAG ambiguous, being a stop signal and a Uaa simultaneously.
RF1 competition for UAG also limits Uaa incorporation at a single site with low efficiency
(10-30%); additional UAG codons decrease protein yields precipitously, preventing effective
Uaa use at multiple sites.

To fully reassign UAG to a sense codon, it is imperative to knock out RF1. However, no
free-living bacterium has been found lacking either RF1 or RF2. RF1 has been reported
essential for £, colisince 1980s.42 Contradictory to this paradigm, we discovered that the
apparent essentiality of RF1 was caused by an RF2 mutation (A264T) in K12 strains, which
makes RF2 inefficient in terminating the UAA stop codon (Figure 6B).43 As UAA is the
dominant stop codon in £. coli, inefficient termination at UAA may result in lethality,
preventing RF1 knockout. We thus fixed the A246T mutation and removed an in-frame
UGA stop codon in RF2 gene that autoregulates RF2 expression level. After such fixation,
RF1 was readily knocked out from £. co/i*3 In addition, we further found that, in all £. coli
B strains that contain the WT RF2 gene, RF1 can be knocked out unconditionally (Figure
6C).4* Moreover, when the A246T mutation was reverted in K12 strains, RF1 can be
knocked out as well.

These results demonstrate that RF1 is honessential in £. coli for the first time. A series of
RF1-knockout £. colistrains were generated.** These strains allow Uaa incorporation at the
UAG codon with efficiency close to those of natural amino acids, and more importantly,
enable simultaneous Uaa incorporation at multiple sites (Figure 6D). As many as 10 UAG
sites, either spreading out or in tandem, have been shown to be decoded as Uaas in such
RF1-knockout strains. These unprecedented properties make the RF1-knockout bacterium a
unique host to efficiently harness Uaa in the same manner as natural amino acids for
evolving new protein properties and biological activities.

Expanding the Genetic Code in Various Cellsand Animals

Mammalian cells—In 2001, the principle of genetically encoding Uaas using an
orthogonal tRNA/synthetase pair was firstly demonstrated in £. coli (Figure 7).% For
biological and biomedical research, mammalian cells and animal models are desired to
effectively study physiological and pathological processes /n vivo. Two impediments had
stymied intensive efforts to incorporate Uaas in mammalian cells for many years: the
difficulty in expressing prokaryotic tRNAs and the infeasibility of evolving Uaa-specific
synthetases in mammalian cells. We solved these problems by harnessing the type-3
polymerase 111 promoter and a transfer strategy, respectively. These new approaches enabled
us to genetically encode different Uaas in various mammalian cell lines and primary cells
such as neurons.8 Furthermore, we markedly increased Uaa incorporation efficiency by
optimizing tRNA/synthetase affinity3! and enhancing cellular uptake of Uaas with chemical
modifications.*0

Yeast—The low Uaa incorporation efficiency in yeast had prevented effective applications.
We found that orthogonal £. colitRNAs expressed in yeast using the conventional method
are not competent in translation. To solve this problem we developed a new expression
method for tRNA by using internal leader Pol 111 yeast promoters (RPR1 and SNR52
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promoters).28 In addition, we demonstrated for the first time that disabling NMD markedly
increases Uaa incorporation in eukaryotic cells. These new strategies increased the yield of
Uaa-containing proteins from tens of micrograms*® to tens of milligrams per liter in yeast.28
This dramatic improvement has enabled the community to start using Uaas in yeast for
research.46

Stem cells—Stem cell lines stably incorporating Uaas provide not only novel means for
studying stem cell biology but also an attractive source of Uaa-encoding mature cells (e.g.,
neurons) that are otherwise difficult or expensive to procure. Uaa-incorporation methods for
mature cells lack sufficient temporal resolution for studying the long-term differentiation
process of stem cells. In addition, it was unknown whether Uaa incorporation would perturb
stem cell differentiation. We developed a lentiviral-based method and achieved stable Uaa
incorporation in neural stem cells.1® These stable stem cell lines maintain the ability to
incorporate Uaa throughout differentiation and in the differentiated neurons. No notable
interference with differentiation by incorporating Uaas was observed. This work reports the
first stable mammalian stem cell line for genetically incorporating Uaas.1®

Invertebrate animals—Research into development, intercellular communication,
differentiation, cancerous transformation, and various other signaling processes necessitates
multicellular organisms. We developed new strategies to address every challenging aspect of
Uaa incorporation in C. elegans, a multicellular model organism extensively used for
studying biology and human diseases.2? The type-3 Pol Ill C. elegans promoter, ror-1
promoter, was identified to efficiently express orthogonal £. colitRNAs in worms, and
worms were fed with either Uaa or Ala-Uaa dipeptide for various tissue bioavailability. We
have generated a series of stable transgenic worms capable of genetically encoding Uaas
using different tRNA/aaRS pairs.

The transgenic C. elegans we generated have the orthogonal tRNA/aaRS and reporter genes
all stably integrated into the chromosome,23 whereas in the study by Greiss et a/. these genes
were transiently expressed on extrachromosomal arrays to be maintained by antibiotics.*’
Extrachromosomal arrays overexpress reporter genes, result in nonspecific and Uaa-
independent amber codon readthrough, and show expression inconsistency between animals
and within a single animal. The rate of generating transgenic worms using
extrachromosomal array is very low (1-5 per hundreds of worms), and only 5% of the
animals in the established line express the reporter. In contrast, genome-integration
generates transgenic worms with a success rate of 25-50%, and the transgenes are
transmitted in 100% efficiency with clean genetic uniformity. Each of these transgenic
worms showed Uaa-dependent responses reproducibly. Therefore, a transgenic animal
effective for genetic code expansion should have the orthogonal tRNA/aaRS pair stably
integrated into the genome with genetic inheritance and uniformity,23 rather than transiently
present in extrachromosome showing genetic instability and mosaicism.4’

Following this principle, a second transgenic invertebrate animal, the fruit fly Drosophila
melanogasterwas later generated by Bianco et a/., in which a type-3 pol I1l promoter U6

was similarly used to express tRN A%A.” The model plant Arabidopsis thaliana has also
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been transformed by Li ef a/. to incorporate Uaas, wherein a type-3 Pol |11 Arabidopsis

I 26
promoter 7SL4 was used to express t RN ALY .

Vertebrate animals—\Vertebrate animals share a higher degree of genetic homology with
human than invertebrates. In particular, mice are widely used experimental mammals for
developmental, physiological, neurological, and pathological studies. To explore the
possibility of genetically encoding Uaas in mouse /n vivo, we began by introducing the
orthogonal tRNA/aaRS genes into embryonic mouse brain through in utero

electroporation.2* Genes containing the orthogonal £. colitRN AlngfA (driven by type-3 Pol
Il promoter H1) and the CmnRS were delivered and electroporated into brain cells of live
embryonic mouse. The photocaged Uaa Cmn was made bioavailable by injecting the Cmn-
Ala dipeptide into the brain ventricle. Cmn was site-specifically incorporated into the K*
channel Kv1.2 in neurons of live mouse brain. Upon light stimulation, Cmn was photolyzed
into Cys and Kv1.2 channel was selectively activated, immediately silencing neuron firing in
brain tissues.2441 This work represents the first success of Uaa incorporation in mammals /in
vivo, which also enables optical regulation of neuronal protein function selectively in its

native habitat.

An exciting stride is the recent generation of transgenic vertebrates capable of encoding
Uaas. Chen et al. reported the success in creating the first transgenic zebrafish.2> Zebrafish
is a non-mammalian species that has conserved cellular mechanisms with mammals, and is a
convenient vertebrate model for live imaging. A type-3 Pol Il promoter, the human U6

promoter, was used to drive the expression of bacterial B. stearothermophilustRN Agg;
and the AzFRS specific for Uaa AzF was driven by the zebrafish ubiquitin promoter. This
construct and mRNA of Tol2 transposase were co-injected into embryos to generate the
transgenic zebrafish, which have stable integration of transgene in germline. By incubating
the embryos in water containing 2.5 mM AzF, AzF was incorporated into various cell types

of the fish /in vivo, including mesenchymal, notochord and muscle cells.

The ultimate challenge is whether a transgenic mouse can be generated to have code
expansion system-wide. Although transient mouse transgenesis is feasible and tolerated as
initially demonstrated in mouse brain,24 it remained unclear whether the biological
complexity of mouse allows the introduction, maintenance, and transmission of the genetic
material for code expansion. The breakthrough was recently achieved:2> Again, the

orthogonal B. stearothermophilust RN Aggg was driven by the type-3 Pol 111 U6 promoter,
and AzFRS driven by the ubiquitous human EFla promoter. The pronuclei injection
approach was used to allow random insertion of the transgene into mouse genome. The
transgene was transmitted stably and efficiently from founders to subsequent generations,
and an average of 15 copies of transgenes were found in the transgenic line. Uaa
incorporation was verified in primary cells derived from the adult transgenic mice, including

neurons and bone marrow cells.
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What happens to Legitimate UAG codons?

Although UAG is the least-used stop codon in E. coli, it still terminates ~7% of the total
genes. A long-standing question is how endogenous genes ending with the UAG are affected
by code expansion. After examining the expression of endogenous UAG-ending E. coli

genes, we found that the amber suppressor tRN AZ& /TyrRS does not efficiently
incorporate its cognate Tyr at the TAG sites in the presence of RF1.43 This surprising finding
suggests there may be unknown mechanisms preventing legitimate stop codons from being
suppressed. It also explains why £. coli can tolerate the orthogonal amber suppressor tRNA/
synthetase for Uaa incorporation without causing notable adverse effect. However, we also
discovered that, upon RF1 knockout in £. coli, the UAG codon of endogenous genes is then
efficiently suppressed by the orthogonal tRNA/synthetase pair, and such suppression leads to

a slower growth phenotype.43:44

Organism Response to Amber Suppression

How would suppression of the stop codon affect cellular physiology? And how would the
host cell and organism respond to such perturbation? To address these questions, we

introduced into £. colithe orthogonal amber suppressor t RN Aggg /TyrRS pair,® which
decodes the UAG codon as Tyr in high efficiency, and monitored cell response. We found
that £. coli promptly counteracts the strong amber suppression pressure through transposon
inactivation.*8 Within three passages in liquid culture, most of the cells have the orthogonal

TyrRS gene disrupted by E. colitransposons, losing the ability to suppress the UAG codon.

To investigate the effect of long-term amber suppression on cells, we grew E. coli cells

harboring the tRN AZZTA /TyrRS pair on plate and continued to passage cells that evade
transposon inactivation. After ~500 generations, proteomic change of cells was characterized
quantitatively. Over 30 proteins were downregulated and 21 proteins up-regulated. The most
remarkable change identified was a hypothetic protein, Ydil, showing 16-fold increase.
Intriguingly, we discovered that this uncharacterized Ydil protein has an unexpected
function of expelling plasmids from E. coli, helping cells to eliminate amber suppression
pressure.*8 These results reveal that £, coli has multiple creative ways to respond and adapt

to amber suppression.

The impact of the orthogonal amber suppressor tRNA/synthetase gene in live transgenic
mice has also been evaluated.?® Various tissues including brain, heart, liver, colon, kidney,
skeletal muscle and lung were analyzed but showed no detectable morphological changes.
The liver transcriptomes of the transgenic mice showed minor changes in 97 upregulated and
47 downregulated transcripts, mostly related to metabolism, but these changes did not impair
the liver function. The transgenic mice were then fed with 30 mg/mL of Uaa AzF for 10
days, and no obvious defects were observed. These results suggest that genome integration
of the orthogonal tRNA/synthetase genes in mice did not cause significant physiological
impairment; whether long-term Uaa feeding would cause problems awaitsfurther study.
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CONCLUSIONS AND PERSPECTIVES

Since the first expansion of the genetic code to include Uaas in £. coliin 2001,6.7 the
methodology has been proven generally applicable in various cells and animals. It has been
pleasantly surprising to witness the flexibility of aminoacyl-tRNA synthetases, after directed
evolution, to charge a wide range of Uaas, and of various cells and organisms to tolerate
artificial code expansion and rewriting. Genetically encoding Uaas in live systems is
providing novel avenues for studying biology both /n vitro and in vivo.

Progress made in the past 16 years keeps unfolding exciting questions and new directions.
Engineering the genetic code may afford ample opportunities to investigate the genetic code
itself, from the perspective of fundamental code evolution to recoding for synthetic biology.
For instance, the RF1 knockout strains now afford a previously unavailable model organism
for studying otherwise intractable questions on code evolution in real time in the
laboratory,43:4449 such as whether the altered code can eventually be fixed, how long this
process would take, and what physiological changes will accompany such adaptations.
Answers to these questions would also provide rare empirical data to guide genome recoding
for specific synthetic purposes and generation of completely orthogonal genetic systems. In
addition, we shall be able to set aside additional triplet codons through genome editing or to
use unnatural base pairs ultimately for simultaneous coding of multiple different Uaas.5051
Once we are able to harness the Uaa in live systems as nature does to the common amino
acids, i.e., in highly efficient, diverse, and autonomous (genetically stable and Uaa self-
sustained) manner, we will then be poised to evolving desired new biological functions and
even systems. Moreover, the concept of code expansion and the recently introduced
bioreactive Uaas®2 may afford novel approaches for biotherapeutical applications,>3-56
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A general method for expansion of the genetic code to incorporate Uaas into proteins in live

cells and animals.6 Adapted with permission from ref.5” . Copyright 2008 American

Physiological Society.
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Figure 2.
General methods for efficient expression of prokaryotic tRNA in eukaryotic cells and

animals. (A) Different gene elements for tRNA transcription in prokaryotic and eukaryotic
cells. (B) The type-3 Pol 11l promoter (e.g, H1, U6) drives functional expression of
prokaryotic tRNAs in mammalian cells and animals.18 (C) The internal leader Pol 111
promoter (e.g., SNR52, RPR1) drives functional expression of prokaryotic tRNAs in yeast.28
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Figure 3.
Aminoacyl-tRNA synthetase can be evolved to charge Uaas that are dramatically different

from the native amino acid substrate. (A) Structure of Pyl (native substrate of PyIRS) and
close Uaa analogs. (B) Crystal structure of an M. mazei PyIRS mutant transformed to charge
Uaa o-methyl-L-tyrosine (Ome).22 Adapted with permission from ref. 22, Copyright 2011
American Chemical Society. (C) Representative Uaas that can be charged by mutant
synthetases evolved from PyIRS.
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Two strategies to increase Uaa bioavailability in mammalian cells, C. elegans, and mouse:

prepare the Uaa in ester (A) or in dipeptide (B) form .

Acc Chem Res. Author manuscript; available in PMC 2018 November 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang Page 18

‘ ArAA

k/o Upf1

/ Uaa-tRNA

Uaa incorporation

,' mRNA degradation

e TR
% & N

'

NMD pathway

Figureb.
Inhibition of NMD surveillance increases Uaa incorporation efficiency in eukaryotic cells

and animals. When a premature termination codon (PTC) is encountered during translation,
eRF can recruit Upf and Smg proteins leading to mRNA degradation. Knock out or knock
down of essential NMD factors enhances mRNA stability and Uaa incorporation efficiency.
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Figure®6.
RF1 knockout enables multisite incorporation of Uaa. (A) Bacteria use RF1 to recognize

UAG/UAA and RF2 to recognize UGA/UAA. UAA is the dominant while UAG is the least
used stop codon in E£. coli. (B) Features of the prfB gene encoding £. coli RF2. K12 strains
have the mutant prfB. (C) List of RF1 knockout strains. (D) Incorporation of Uaa p-acetyl-
L-phenylalanine (pActF) into GFP at multiple sites in the RF1 knockout strain JX1.0.
Adapted with permission from ref. 44, Copyright 2012 American Chemical Society.
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Expansion of the genetic code in various cells and organisms.
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