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The Central Dogma of Molecular Biology

“DNA makes RNA makes protein”

RNA ProteinDNA



The Central Dogma of Molecular Biology

RNA ProteinDNA
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The 20 Canonical Amino Acids
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Outside of few exceptions, proteins are made up of the 20 canonical amino acids



Expanding the Genetic Code

Synthetic organic chemistry allows us to make amino acids that are “noncanonical” 
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Expanding the Genetic Code

Synthetic organic chemistry allows us to make amino acids that are “noncanonical” 

Is it possible to expand the genetic code to incorporate noncanonical amino acids into proteins?
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Expanding the Genetic Code

◼︎ The traditional genetic code

◼︎ Expanding the genetic code

◼︎ In eukaryotes, prokaryotes, and mammalian cells

◼︎ Outlook

◼︎ In vitro
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◼︎ Orthogonal ribosomes



The Genetic Code

How does DNA / RNA sequence encode for protein sequence?

RNA ProteinDNA



Image source: Genomenon

The Genetic Code

Codon: Sequence of three nucleotides

◼︎ 61 codons encode for amino acids

◼︎ 3 codons encode for stop codons

Codons specify which amino acid will be added during protein synthesis
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The Genetic Code

Codons specify which amino acid will be added during protein synthesis
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Translation of RNA to Protein via the Ribosome

mRNA

30s ribosomal subunit
binds to mRNA

Image source: Biorender

aminoacyl

tRNA

50s ribosomal subunit
facilitates peptide-bond formation


and protein folding

aminoacyl tRNA

amino acid

tRNA

anticodon loop

Aminoacyl tRNA charged with an amino acid through its anticodon loop binds to a complementary codon



Translation of RNA to Protein via the Ribosome

Image source: Biorender

1. Initiation

2. Elongation

3. Termination

Released peptide



Production of Aminoacylated tRNAs

Aminoacyl tRNA synthetase

tRNA

Shandell, M. A.; Tan, Z.; Cornish, V. W. et al. Biochemistry 2021, 60, 3455.
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The aminoacyl tRNA synthetase is responsible for “charging” the tRNA with amino acid to form an aminoacyl tRNA

OH



Production of Aminoacylated tRNAs
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Production of Aminoacylated tRNAs

For each amino acid, there is at least one unique aminoacyl tRNA

Shandell, M. A.; Tan, Z.; Cornish, V. W. et al. Biochemistry 2021, 60, 3455.



Production of Aminoacylated tRNAs

In most organisms, for each amino acid, there is a unique aminoacyl tRNA synthetase 

Shandell, M. A.; Tan, Z.; Cornish, V. W. et al. Biochemistry 2021, 60, 3455.



Chapeville, F. et al. Proc. Natl. Acad. Sci. U. S. A. 1962, 48, 1086. 

The Adaptor Hypothesis

“Amino acid position within a protein is determined by the binding of mRNA with a tRNA carrying the amino acid”
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Expanding the Genetic Code

◼︎ Expanding the genetic code

◼︎ In eukaryotes, prokaryotes, and mammalian cells

◼︎ Outlook

◼︎ In vitro
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◼︎ Orthogonal ribosomes

◼︎ The traditional genetic code
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A General Method for the Synthesis of “Misacylated” tRNAs

Heckler, T. G.; Chang, L. H..; Zama, Y.; Naka, T.; Chorghade, M. S.; Hecht, S. M. Biochemistry 1984, 23, 1468.

T4 RNA ligase

Problem: tRNA charged with protecting group cannot be accepted by the ribosome
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Boc protection and deprotection enables synthesis of pCpA charged with unprotected amino acid

CDI, then TFA
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tRNAPhe charged with unprotected noncanonical amino acid can be synthesized

Baldini, G.; Martoglio, B.; Schachenmann, A.; Zugliani, C.; Brunner, J. Biochemistry 1988, 27, 2751.
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Stop Codons

Bruce, A. G.; Atkins, J. F.; Wills, N.; Uhlenbeck, O.; Gesteland, R. F. Proc. Natl. Acad. Sci. U. S. A. 1982, 79, 7127. 

Second Position

Fi
rs

t P
os

iti
on

Third
 Position

T C A G

T

C

A

G

TTT
TTC
TTA
TTG

TCT
TCC
TCA
TCG

TAT
TAC
TAA
TAG

TGT
TGC
TGA
TGG

CTT
CTC
CTA
CTG

CCT
CCC
CCA
CCG

CAT
CAC
CAA
CAG

CGT
CGC
CGA
CGG

ATT
ATC
ATA
ATG

ACT
ACC
ACA
ACG

AAT
AAC
AAA
AAG

AGT
AGC
AGA
AGG

GTT
GTC
GTA
GTG

GCT
GCC
GCA
GCG

GAT
GAC
GAA
GAG

GGT
GGC
GGA
GGG

Phe

Leu

T
C
A
G

T
C
A
G

T
C
A
G

T
C
A
G

Leu

Ile

Met

Val

Ser

Pro

Thr

Ala

Glu

Asp

Lys

Asn

Gln

His

STOP
STOP

Tyr Cys

STOP
Trp

Arg

Ser

Arg

Gly

www.genomenon.com
734-794-3075

hello@genomenon.com

cDNA Codon Table

“Stop translating protein”
Stop Codons

UAG

UAA

UGA

Of the three stop codons, the Amber stop codon is used the least in the genome

Frequency / thousand codons
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E. coli Yeast Human
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Codon frequency data: https://www.genscript.com/tools/codon-frequency-table

CodonName



Bruce, A. G.; Atkins, J. F.; Wills, N.; Uhlenbeck, O.; Gesteland, R. F. Proc. Natl. Acad. Sci. U. S. A. 1982, 79, 7127. 
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Amber suppression: Amber codon (UAG) has been reassigned from encoding “stop” to encoding an amino acid

Traditional rules: 
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peptide



Bruce, A. G.; Atkins, J. F.; Wills, N.; Uhlenbeck, O.; Gesteland, R. F. Proc. Natl. Acad. Sci. U. S. A. 1982, 79, 7127. 

tRNA coding for Phe

from yeast

1) HCl-aniline
2) RNAse A

3) Insert amber suppressor anticodon

Step 1: Preparation of tRNACUA (amber suppressor tRNA) via anticodon loop replacement
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Bruce, A. G.; Atkins, J. F.; Wills, N.; Uhlenbeck, O.; Gesteland, R. F. Proc. Natl. Acad. Sci. U. S. A. 1982, 79, 7127. 
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Phenylalanine tRNA synthetase accepts tRNACUA



Bruce, A. G.; Atkins, J. F.; Wills, N.; Uhlenbeck, O.; Gesteland, R. F. Proc. Natl. Acad. Sci. U. S. A. 1982, 79, 7127. 

UAG UAA

Stop Stop
mRNA Truncated protein

Amber Suppression with a Amber Suppressor tRNA Charged with Phe 



Bruce, A. G.; Atkins, J. F.; Wills, N.; Uhlenbeck, O.; Gesteland, R. F. Proc. Natl. Acad. Sci. U. S. A. 1982, 79, 7127. 

Full length protein expression is dependent upon presence of tRNA charged with phenylalanine

charged

tRNACUA

Proc. Natl. Acad. Sci. USA 79 (1982)

AOH
C
C
A

pG C pG

1) HCI-Aniline

2) RNase A

Cm A Cm
U Y Up
Gm A A

Cp
A
C

insert
CpUpA32PA

Ap

COH
A

pG C

Cm A
U A
C U A - 32p

FIG. 1. Construction of a tRNA with an altered anticodon. Replacement of the GmpApApY sequence of yeast tRNAPh, (nucleotides 34-37) with
CpUpApA. Insertion of a radiolabeled oligoribonucleotide results in a tRNA with an internal 32p label.

RESULTS
tRNA Constructions. The anticodon and the adjacent hy-

permodified nucleotide of yeast tRNAPhe (GmpApApY) were
removed and replaced with a new oligoribonucleotide as de-
scribed by Bruce and Uhlenbeck (7). Fig. 1 illustrates the in-
sertion of CpUpApA into the anticodon loop. This results in a
tRNAPhe with an anticodon complementary to the amber ter-
mination codon (UAG) and an adenosine in the hypermodified
position. The tRNA lacks the two 3' terminal nucleotides
(CPAOH) but the addition of these residues is carried out with
a high efficiency in the extracts used for in vitro protein syn-
thesis. By inserting different oligonucleotides into the antico-
don loop, a variety of tRNAs was constructed. The final yields
of the anticodon-substituted tRNAs eluted from a polyacryl-
amide/urea gel ranged from 22% to 40%. The correct insertion
of each oligonucleotide was verified by labeling the 3' termini
of the tRNAs with [5'-32P]pCp by using T4 RNA ligase (22),
partially digesting with ribonuclease T1, and electrophoresing
on a polyacrylamide/urea gel (23).

Suppression Assays. The ability of the altered tRNAs to rec-
ognize their complementary codons was assayed by using a
mammalian in vitro protein synthesizing system. Fig. 2.dem-
onstrates the ability ofthe tRNA with CpUpApA inserted in the
anticodon loop (tRNAhu'AA) to function as an amber suppressor
in this in vitro system. The mRNA used was bacteriophage QP
aml RNA, which has an amber mutation in the synthetase gene
(24, 25). In lane 5, where no suppressor tRNA was added, the

1 2 3 4 5 6 7

Syrithetase- . .

Amber
Fragrnent -a w

miRNA
tRNA

pq(3 tRNA

Q )'sy ri~irii- -.- ___-_-______

tRNA h'JA tRNAK) su+ -

.03 07 .13 25 05

FIG. 2. Amber suppression by the constructed tRNA ueAA. Auto-
radiograph of in vitro protein synthesis products electrophoresed on
a 10% polyacrylamide/NaDodSO4 gel. Reactions contained either
wild-type Q, RNA or Q(3 RNA with an amber mutation in the syn-
thetase gene.

amber fragment (Mr 55,000) was obtained and very little read-
through of the amber codon can be seen. With increasing
amounts of tRNAhu'AA (lanes 1-4), increasing amounts of pro-
tein of a size corresponding to the native QB synthetase (Mr
65,000, lane 7) can be seen. The amount of added tRNA cor-
responds to a 2.5- to 20-fold excess over the endogenous level
of tRNAPhe. The efficiency of suppression by this tRNA has
been estimated from this assay to be 2-fold greater than the yeast
tRNASer SUP61 shown in lane 6. The addition of 0.25 ,ug of
tRNAPhCAAC, Phe hCCc tRNAChCUA, tRNAUhCA, or
tRNAPffA did not cause any detectable read-through of the
amber codon (data not shown). The inability of the tRNAUUJAA
to read an amber codon is surprising in view of the possibil-
ity of a wobble G&U base pair in the third position. The
tRNAPheJ also has been shown to suppress amber stop codons
in a number ofother mRNAs, including the normal termination
signals for the MS2 synthetase, R17 synthetase, BMV coat pro-
tein, and an amber mutation in the QB coat protein gene. So
far no examples have been found in which an amber codon is
not recognized by the tRNAPheA. Similar results were obtained
in a wheat germ in vitro protein synthesizing system by using
BMV RNA as the mRNA; however, the efficiency of suppres-
sion is lower than in the mammalian system.
The importance of the anticodon loop nucleotides of yeast

tRNAPhe for aminoacylation by the yeast phenylalanyl-tRNA
synthetase was investigated by Bruce and Uhlenbeck (26). Al-
tering the anticodon was found to decrease the Km by as much
as 10-fold; however, these tRNAs could be aminoacylated to
high levels by adding a high concentration (50 units/ml) of the
synthetase or by adding elongation factor Tu to stabilize the
charged species. To determine if the suppression efficiency of
the tRNAhu'AA is limited by its ability to be aminoacylated, the
suppression assays were carried out in the presence of as much
as 82 units of purified yeast phenylalanyl-tRNA synthetase in
a 12.5-,ul reaction. No increase in the efficiency was observed
(data not shown).

Changes in the anticodon loop also can cause a tRNA to be
misacylated. In the tRNATIP su+7 from E. coli, a single nu-
cleotide change in the anticodon has converted this tRNA to a
suppressor that inserts primarily glutamine in response to an
amber termination codon (27). To determine if phenylalanine
is the amino acid inserted by tRNAPAh, Qf3 coat protein was
synthesized in the in vitro system with [3H]Phe as the source
of label and the RNA from either wild-type Qf3 or QP3 GB-li,
which has an amber mutation at codon 17 in the coat protein
gene (28). The codon on the 5' side ofthe amber codon specifies
lysine. Therefore, a tryptic digest of the GB-li coat protein
synthesized in the presence of an amber suppressor tRNA will
yield a peptide with the amino acid inserted in response to the
amber codon at its amino terminus. When the 3H-labeled wild-

7128 Biochemistry: Bruce et aL
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Noren, C. J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schutz, P. G. Science 1989, 244, 182. 

A General Method for Site-Specific
Incorporation of Unnatural Amino Acids

into Proteins

CHRISTOPHER J. NOREN, SPENCER J. ANTHONY-CAHILL,
MICHAEL C. GRIFFITH, PETER G. SCHULTZ*

A new method has been developed that makes it possible
to site-specifically incorporate unnatural amino acids into
proteins. Synthetic aniino adds were incorporated into
the enzyme ,B-lactamase by the use of a chemically acylat-
ed suppressor transfer RNA that inserted the amino acid
in response to a stop codon substituted for the codon
encoding residue of interest. Peptide mapping localized
the inserted amino acid to a single peptide, and enough
enzyme could be generated for purification to homogene-
ity. The catalytic properties of several mutants at the
conserved Phe" were characterized. The ability to selec-
tively replace amino acids in a protein with a wide variety
of structural and electronic variants should provide a
more detailed understanding of protein structure and
function.

Chemical modification has also been used to modify unusually
reactive amino acid side chains that are solvent accessible (4).
Modified amino acids have been uniformly incorporated into pep-
tides and proteins with functional analogues of aminoacyl transfer
RNA's (tRNA's) (5, 6). In addition, several unnatural amino acids
have been incorporated into dipeptides through the use ofchemical-
ly misacylated tRNA's (7). These methods all suffer either from
nonselective introduction of the novel amino acid or from size
restrictions on the protein of interest.
We report a general biosynthetic method that makes it possible to

site-specifically incorporate unnatural amino acids with novel steric
and electronic properties into proteins (scheme 1 below). Our
approach involves replacement of the codon encoding the amino
acid of interest with the "blank" nonsense codon, TAG, by oligonu-
cleotide-directed mutagenesis. A suppressor tRNA directed against
this codon is then chemically aminoacylated in vitro with the desired
unnatural amino acid. Addition ofthe aminoacylated tRNA to an in

R ECENT ADVANCES IN MOLECULAR BIOLOGY HAVE MADE IT
possible to substitute any amino acid in a protein with one
ofthe other 19 natural amino acids. Characterization ofthe

resulting mutant proteins has increased our insight into the nature
of molecular recognition and catalysis in biological systems (1).
However, the range of useful substitutions is limited. For example,
few substitutions that are sterically (Asp to Asn) or functionally
(Asp to Glu) equivalent can be made with the 20 natural amino
acids. Ideally, one would like to tailor the structure of an amino acid
to address a specific structure-function relation. Such substitutions
might include alterations in the acidity or nucleophilicity ofenzyme
active site residues, introduction of electron acceptors or metal
chelators into proteins, alteration of hydrogen bond donor or
acceptor functionality in DNA binding proteins, or introduction of
amino acids with altered or restricted torsion angles. The ability to
selectively replace amino acids in proteins with a wide variety of
structural variants should allow us to understand protein structure
and function in more detail.
A number of methods currently exist that allow unnatural amino

acids to be incorporated into proteins or peptides. Peptide synthesis
(2) and semisynthetic methods (3) have been used to substitute
novel amino acids into small proteins (<10 kD) and peptides.

The authors are at the Department ofChemistry, University ofCalifornia, Berkeley, CA
94720, and the Center fbr Advanced Materials, Lawrence Berkeley Laboratory,
Berkeley, CA 94720.

*To whom correspondence should be addressed.
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The Precedent for the Breakthrough

Precedent 1: 

tRNAs can be charged


with any amino acid

using T4 ligase and pCpA-aa



A General Method for Site-Specific
Incorporation of Unnatural Amino Acids

into Proteins

CHRISTOPHER J. NOREN, SPENCER J. ANTHONY-CAHILL,
MICHAEL C. GRIFFITH, PETER G. SCHULTZ*

A new method has been developed that makes it possible
to site-specifically incorporate unnatural amino acids into
proteins. Synthetic aniino adds were incorporated into
the enzyme ,B-lactamase by the use of a chemically acylat-
ed suppressor transfer RNA that inserted the amino acid
in response to a stop codon substituted for the codon
encoding residue of interest. Peptide mapping localized
the inserted amino acid to a single peptide, and enough
enzyme could be generated for purification to homogene-
ity. The catalytic properties of several mutants at the
conserved Phe" were characterized. The ability to selec-
tively replace amino acids in a protein with a wide variety
of structural and electronic variants should provide a
more detailed understanding of protein structure and
function.

Chemical modification has also been used to modify unusually
reactive amino acid side chains that are solvent accessible (4).
Modified amino acids have been uniformly incorporated into pep-
tides and proteins with functional analogues of aminoacyl transfer
RNA's (tRNA's) (5, 6). In addition, several unnatural amino acids
have been incorporated into dipeptides through the use ofchemical-
ly misacylated tRNA's (7). These methods all suffer either from
nonselective introduction of the novel amino acid or from size
restrictions on the protein of interest.
We report a general biosynthetic method that makes it possible to

site-specifically incorporate unnatural amino acids with novel steric
and electronic properties into proteins (scheme 1 below). Our
approach involves replacement of the codon encoding the amino
acid of interest with the "blank" nonsense codon, TAG, by oligonu-
cleotide-directed mutagenesis. A suppressor tRNA directed against
this codon is then chemically aminoacylated in vitro with the desired
unnatural amino acid. Addition ofthe aminoacylated tRNA to an in

R ECENT ADVANCES IN MOLECULAR BIOLOGY HAVE MADE IT
possible to substitute any amino acid in a protein with one
ofthe other 19 natural amino acids. Characterization ofthe

resulting mutant proteins has increased our insight into the nature
of molecular recognition and catalysis in biological systems (1).
However, the range of useful substitutions is limited. For example,
few substitutions that are sterically (Asp to Asn) or functionally
(Asp to Glu) equivalent can be made with the 20 natural amino
acids. Ideally, one would like to tailor the structure of an amino acid
to address a specific structure-function relation. Such substitutions
might include alterations in the acidity or nucleophilicity ofenzyme
active site residues, introduction of electron acceptors or metal
chelators into proteins, alteration of hydrogen bond donor or
acceptor functionality in DNA binding proteins, or introduction of
amino acids with altered or restricted torsion angles. The ability to
selectively replace amino acids in proteins with a wide variety of
structural variants should allow us to understand protein structure
and function in more detail.
A number of methods currently exist that allow unnatural amino

acids to be incorporated into proteins or peptides. Peptide synthesis
(2) and semisynthetic methods (3) have been used to substitute
novel amino acids into small proteins (<10 kD) and peptides.

The authors are at the Department ofChemistry, University ofCalifornia, Berkeley, CA
94720, and the Center fbr Advanced Materials, Lawrence Berkeley Laboratory,
Berkeley, CA 94720.

*To whom correspondence should be addressed.
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Precedent 2: 

Phe can be incorporated


at amber codon

Noren, C. J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schutz, P. G. Science 1989, 244, 182. 

The Precedent for the Breakthrough
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CHRISTOPHER J. NOREN, SPENCER J. ANTHONY-CAHILL,
MICHAEL C. GRIFFITH, PETER G. SCHULTZ*

A new method has been developed that makes it possible
to site-specifically incorporate unnatural amino acids into
proteins. Synthetic aniino adds were incorporated into
the enzyme ,B-lactamase by the use of a chemically acylat-
ed suppressor transfer RNA that inserted the amino acid
in response to a stop codon substituted for the codon
encoding residue of interest. Peptide mapping localized
the inserted amino acid to a single peptide, and enough
enzyme could be generated for purification to homogene-
ity. The catalytic properties of several mutants at the
conserved Phe" were characterized. The ability to selec-
tively replace amino acids in a protein with a wide variety
of structural and electronic variants should provide a
more detailed understanding of protein structure and
function.

Chemical modification has also been used to modify unusually
reactive amino acid side chains that are solvent accessible (4).
Modified amino acids have been uniformly incorporated into pep-
tides and proteins with functional analogues of aminoacyl transfer
RNA's (tRNA's) (5, 6). In addition, several unnatural amino acids
have been incorporated into dipeptides through the use ofchemical-
ly misacylated tRNA's (7). These methods all suffer either from
nonselective introduction of the novel amino acid or from size
restrictions on the protein of interest.
We report a general biosynthetic method that makes it possible to

site-specifically incorporate unnatural amino acids with novel steric
and electronic properties into proteins (scheme 1 below). Our
approach involves replacement of the codon encoding the amino
acid of interest with the "blank" nonsense codon, TAG, by oligonu-
cleotide-directed mutagenesis. A suppressor tRNA directed against
this codon is then chemically aminoacylated in vitro with the desired
unnatural amino acid. Addition ofthe aminoacylated tRNA to an in

R ECENT ADVANCES IN MOLECULAR BIOLOGY HAVE MADE IT
possible to substitute any amino acid in a protein with one
ofthe other 19 natural amino acids. Characterization ofthe

resulting mutant proteins has increased our insight into the nature
of molecular recognition and catalysis in biological systems (1).
However, the range of useful substitutions is limited. For example,
few substitutions that are sterically (Asp to Asn) or functionally
(Asp to Glu) equivalent can be made with the 20 natural amino
acids. Ideally, one would like to tailor the structure of an amino acid
to address a specific structure-function relation. Such substitutions
might include alterations in the acidity or nucleophilicity ofenzyme
active site residues, introduction of electron acceptors or metal
chelators into proteins, alteration of hydrogen bond donor or
acceptor functionality in DNA binding proteins, or introduction of
amino acids with altered or restricted torsion angles. The ability to
selectively replace amino acids in proteins with a wide variety of
structural variants should allow us to understand protein structure
and function in more detail.
A number of methods currently exist that allow unnatural amino

acids to be incorporated into proteins or peptides. Peptide synthesis
(2) and semisynthetic methods (3) have been used to substitute
novel amino acids into small proteins (<10 kD) and peptides.
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Precedent 2: 

Phe can be incorporated


at amber codon

Noren, C. J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schutz, P. G. Science 1989, 244, 182. 
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The Breakthrough: Amber Suppression to Incorporate Noncanonical Amino Acids

“aa” can be an unnatural amino acid
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A General Method for Site-Specific
Incorporation of Unnatural Amino Acids

into Proteins

CHRISTOPHER J. NOREN, SPENCER J. ANTHONY-CAHILL,
MICHAEL C. GRIFFITH, PETER G. SCHULTZ*

A new method has been developed that makes it possible
to site-specifically incorporate unnatural amino acids into
proteins. Synthetic aniino adds were incorporated into
the enzyme ,B-lactamase by the use of a chemically acylat-
ed suppressor transfer RNA that inserted the amino acid
in response to a stop codon substituted for the codon
encoding residue of interest. Peptide mapping localized
the inserted amino acid to a single peptide, and enough
enzyme could be generated for purification to homogene-
ity. The catalytic properties of several mutants at the
conserved Phe" were characterized. The ability to selec-
tively replace amino acids in a protein with a wide variety
of structural and electronic variants should provide a
more detailed understanding of protein structure and
function.

Chemical modification has also been used to modify unusually
reactive amino acid side chains that are solvent accessible (4).
Modified amino acids have been uniformly incorporated into pep-
tides and proteins with functional analogues of aminoacyl transfer
RNA's (tRNA's) (5, 6). In addition, several unnatural amino acids
have been incorporated into dipeptides through the use ofchemical-
ly misacylated tRNA's (7). These methods all suffer either from
nonselective introduction of the novel amino acid or from size
restrictions on the protein of interest.
We report a general biosynthetic method that makes it possible to

site-specifically incorporate unnatural amino acids with novel steric
and electronic properties into proteins (scheme 1 below). Our
approach involves replacement of the codon encoding the amino
acid of interest with the "blank" nonsense codon, TAG, by oligonu-
cleotide-directed mutagenesis. A suppressor tRNA directed against
this codon is then chemically aminoacylated in vitro with the desired
unnatural amino acid. Addition ofthe aminoacylated tRNA to an in

R ECENT ADVANCES IN MOLECULAR BIOLOGY HAVE MADE IT
possible to substitute any amino acid in a protein with one
ofthe other 19 natural amino acids. Characterization ofthe

resulting mutant proteins has increased our insight into the nature
of molecular recognition and catalysis in biological systems (1).
However, the range of useful substitutions is limited. For example,
few substitutions that are sterically (Asp to Asn) or functionally
(Asp to Glu) equivalent can be made with the 20 natural amino
acids. Ideally, one would like to tailor the structure of an amino acid
to address a specific structure-function relation. Such substitutions
might include alterations in the acidity or nucleophilicity ofenzyme
active site residues, introduction of electron acceptors or metal
chelators into proteins, alteration of hydrogen bond donor or
acceptor functionality in DNA binding proteins, or introduction of
amino acids with altered or restricted torsion angles. The ability to
selectively replace amino acids in proteins with a wide variety of
structural variants should allow us to understand protein structure
and function in more detail.
A number of methods currently exist that allow unnatural amino

acids to be incorporated into proteins or peptides. Peptide synthesis
(2) and semisynthetic methods (3) have been used to substitute
novel amino acids into small proteins (<10 kD) and peptides.
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Can noncanonical amino acids be incorporated into proteins using this method? 

The Breakthrough: Amber Suppression to Incorporate Noncanonical Amino Acids

“aa” can be an unnatural amino acid



Noren, C. J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schutz, P. G. Science 1989, 244, 182. 
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The Breakthrough: Amber Suppression to Incorporate Noncanonical Amino Acids

Preparation of pCpA charged with noncanonical amino acid

14% overall yield



Noren, C. J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schutz, P. G. Science 1989, 244, 182. 

The Breakthrough: Amber Suppression to Incorporate Noncanonical Amino Acids
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The Breakthrough: Amber Suppression to Incorporate Noncanonical Amino Acids
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AUC
tRNACUA charged


with noncanonical amino acid

Method can be used to prepare tRNACUA with a variety of noncanonical amino acids 



Noren, C. J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schutz, P. G. Science 1989, 244, 182. 

The Breakthrough: Amber Suppression to Incorporate Noncanonical Amino Acids
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O
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mRNA for β-lactamase

Native β-lactamase can be expressed in E. coli lysate using amber suppression
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tRNACUA charged with noncanonical amino acid incorporates the noncanonical amino acid at position 66 in the protein

The Breakthrough: Amber Suppression to Incorporate Noncanonical Amino Acids
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The Breakthrough: Amber Suppression to Incorporate Noncanonical Amino Acids
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The Breakthrough: Amber Suppression to Incorporate Noncanonical Amino Acids
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The Breakthrough: Amber Suppression to Incorporate Noncanonical Amino Acids
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para-fluorophenylalanine increases enzyme turnover number 

The Breakthrough: Amber Suppression to Incorporate Noncanonical Amino Acids

Properties of β-lactamase mutants with noncanonical amino acids

NH2HO

O
NH2HO

O

NH2HO

O

F

NH2HO

O

NO2

Km
(substrate binding)

kcat

(turnover #)

55 ± 5 59 ± 6 59 ± 2 57 ± 4 72 ± 14

880 ± 10 870 1120 ± 290 370 ± 70 150 ± 60

NH2HO

O

wild type 

β-lactamase

Amino acid

at position 66


of β-lactamase 

β-lactamase prepared using tRNACUA with Phe or noncanonical amino acid
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Expanding the Repertoire of Noncanonical Amino Acids 
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Me Me

41.3 ± 0.25 ºC 44.6 ± 0.25 ºC39.7 ± 0.25 ºC

NH2HO

O

Me

Changes in amino acid substitution at Ala82 affect thermal stability of the protein

43.4 ± 0.25 ºC

Wild type

Ellman, J. A.; Mendel, D.; Schultz, P. G. Science 1992, 255, 197.

Expanding the Repertoire of Noncanonical Amino Acids 

T4 Lysozyme

Position 82 = 

noncanonical amino acid

Thermodynamic stability (Tm)

Noncanonical amino acids
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Expanding the Repertoire of Noncanonical Amino Acids 
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Alternate Codons for UAA Incorporation: Quadruplet Codons
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UGA

Problem: limited range (3) of 
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Solution: quadruplet codons

Alanine is incorporated at UCCA codon

O

O

NH2

Me

AGGU
mRNA

UCCA

tRNAACCU charged
with alanine
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Alternate Codons for UAA Incorporation: Quadruplet CodonsAlternate Codons for UAA Incorporation: Quadruplet Codons
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O

O
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When the frameshift does not happen, a termination codon (UAA) appears, forming the truncated protein

charged quadruplet 

tRNA



Expanding the Genetic Code

◼︎ Expanding the genetic code

◼︎ In eukaryotes, prokaryotes, and mammalian cells

◼︎ Outlook

◼︎ In vitro
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AUC◼︎ Genetically recoded organisms and synonymous codon compression

◼︎ Orthogonal ribosomes

◼︎ The traditional genetic code
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Incorporation of UAAs in Eukaryotic Systems

© 2005 Nature Publishing Group 

Cis–transisomerizationataprolineopensthepore
ofaneurotransmitter-gatedionchannel
SarahC.R.Lummis1*,DarrenL.Beene2*,LoriW.Lee2,HenryA.Lester3,R.WilliamBroadhurst1

&DennisA.Dougherty2

5-Hydroxytryptaminetype3(5-HT3)receptorsaremembersof
theCys-loopreceptorsuperfamily1.Neurotransmitterbindingin
theseproteinstriggerstheopening(gating)ofanionchannelby
meansofanas-yet-uncharacterizedconformationalchange.Here
weshowthataspecificproline(Pro8*),locatedattheapexof
theloopbetweenthesecondandthirdtransmembranehelices
(M2–M3)2,3,canlinkbindingtogatingthroughacis–transiso-
merizationoftheproteinbackbone.Usingunnaturalaminoacid
mutagenesis,aseriesofprolineanalogueswithvaryingpreference
forthecisconformerwasincorporatedatthe8*position.Proline
analoguesthatstronglyfavourthetransconformerproducednon-
functionalchannels.Amongthefunctionalmutantstherewasa
strongcorrelationbetweentheintrinsiccis–transenergygapof
theprolineanalogueandtheactivationofthechannel,suggesting
thatcis–transisomerizationofthissingleprolineprovidesthe
switchthatinterconvertstheopenandclosedstatesofthechannel.
Consistentwiththisproposal,nuclearmagneticresonancestudies
onanM2–M3looppeptiderevealtwodistinct,structuredforms.
OurresultsthusconfirmthestructureoftheM2–M3loopandthe
criticalroleofPro8*inthe5-HT3receptor.Inaddition,they
suggestthatamolecularrearrangementatPro8*isthestructural
mechanismthatopensthereceptorpore.

TheneurotransmitterbindingsiteintheCys-loopsuperfamilyof
ionchannelsislocatedabout60Åfromthechannelpore,presenting
aconundrumastothemoleculareventsthatlinkbindingand
gating1,3.EvidenceimplicatestheM2–M3loop,andinlow-
resolutionstructuralstudiesthisregioninteractswithloops2and
7oftheextracellulardomain(Fig.1)4–8.Inthecation-selective
nicotinicacetylcholine(nACh)and5-HT3receptors,theapexof
theM2–M3loopcontainsaconservedproline(Pro8*)thatisideally
placedtoprovideahingeformovementofthechannel-liningM2
helix.Thisprolineisessentialforreceptorfunctioninthe5-HT3

receptor.WefoundthatreplacementofPro8*withGly,Ala,Cys,Val,
LysorAsngavereceptorsthatweretraffickedtothemembrane
properlyanddisplayedwild-typebindingpropertiesforaradio-
labelledantagonist(SupplementaryInformation);however,all
receptorswerenon-functional2.Thisindicatesthatmutationsat
Pro8*affectreceptorfunctionbyalteringgating,notligandbinding
orfolding/assembly,andthatauniquecharacteristicofprolineis
absolutelyrequiredforthegatingofthereceptor.

ToexplorethepossibleroleofPro8*inchannelgating,weused
nonsensesuppressioninXenopusoocytestoincorporateaseriesof
prolineanalogues(Fig.2a)atposition8*ofthe5-HT3receptor

9.This
techniqueinvolvesinsertinganonsensecodon(TAG)inplaceof
theprolinecodonintotheDNAencodingthereceptorsubunit,
synthesizingmessengerRNA,andinjectingthisintoXenopusoocytes
alongwithatransferRNAthatbothrecognizestheTAGcodonand

hastheappropriateprolineanalogueattachedatthe30end.The
resultingmutantreceptorswereexaminedusingvoltage-
clampanalysisof5-HT-inducedwhole-cellresponsesand
immunofluorescence.

Whenincorporatedintoaprotein,prolinedisruptsmain-chain
hydrogenbonding,becauseitlacksabackboneNHmoiety10.

LETTERS

Figure1|Overalllayoutofthe5-HT3receptorshowingtheextracellular
(predominantlyb-sheet)andtransmembrane(a-helical)regions.Shown
aretwoadjacentsubunitsfromahomologymodelofthe5-HT3receptor

30

builtfromAChBP(extracellulardomain)19andthenAChreceptor
transmembranedomain(transmembranedomain)15.ThebindingsiteTrpis
purple;loop7isred;loop2isgreen;theconservedLeuthoughtto
contributetothegateisyellow(spacefilling);andstrandb7isdarkgrey.The
regioncorrespondingtothepeptidestudiedbyNMR(Fig.4),comprising
theM2–M3loopandpartsofM2andM3,isshowninblue,withPro8*in
space-fillingmodel.
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&DennisA.Dougherty2
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theM2–M3loopcontainsaconservedproline(Pro8*)thatisideally
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helix.Thisprolineisessentialforreceptorfunctioninthe5-HT3
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properlyanddisplayedwild-typebindingpropertiesforaradio-
labelledantagonist(SupplementaryInformation);however,all
receptorswerenon-functional2.Thisindicatesthatmutationsat
Pro8*affectreceptorfunctionbyalteringgating,notligandbinding
orfolding/assembly,andthatauniquecharacteristicofprolineis
absolutelyrequiredforthegatingofthereceptor.

ToexplorethepossibleroleofPro8*inchannelgating,weused
nonsensesuppressioninXenopusoocytestoincorporateaseriesof
prolineanalogues(Fig.2a)atposition8*ofthe5-HT3receptor

9.This
techniqueinvolvesinsertinganonsensecodon(TAG)inplaceof
theprolinecodonintotheDNAencodingthereceptorsubunit,
synthesizingmessengerRNA,andinjectingthisintoXenopusoocytes
alongwithatransferRNAthatbothrecognizestheTAGcodonand

hastheappropriateprolineanalogueattachedatthe30end.The
resultingmutantreceptorswereexaminedusingvoltage-
clampanalysisof5-HT-inducedwhole-cellresponsesand
immunofluorescence.

Whenincorporatedintoaprotein,prolinedisruptsmain-chain
hydrogenbonding,becauseitlacksabackboneNHmoiety10.
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builtfromAChBP(extracellulardomain)19andthenAChreceptor
transmembranedomain(transmembranedomain)15.ThebindingsiteTrpis
purple;loop7isred;loop2isgreen;theconservedLeuthoughtto
contributetothegateisyellow(spacefilling);andstrandb7isdarkgrey.The
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Previously, we probed a highly conserved Pro in the middle of the
first transmembrane helix (M1) by substitution with an a-hydroxy
acid such as Vah (a-hydroxyvaline; Fig. 2a), which similarly lacks an
NH11. In M1 Vah substitutes effectively for Pro; however, at position
8* Vah produces non-functional receptors. Similarly, the N-methyl
amino acids Sar (sarcosine) and N-Me-Leu give non-functional
receptors.
Proline is the only natural cyclic amino acid. Incorporation of nine

cyclic proline analogues at position 8* yielded mixed results: some
produced functional receptors and others did not (Fig. 2a). Thus,
neither the cyclic structure nor the lack of a hydrogen bond donor are
key to the proper functioning of Pro at 8*.
Proline is also unusual in forming cis peptide bonds at a frequency

(,5%) much higher than any other naturally occurring amino acid
(,0.1%)12, reflecting an intrinsic diminution of the energy gap
between cis and trans forms in proline10. The analogues 2,4-CH2-Pro
and 2-Me-Pro show a reduced preference for a cis conformation
relative to Pro13, and these produced non-functional receptors (that

is, no current was seen in response to normally saturating concen-
trations of serotonin). Immunocytochemical experiments revealed
that these receptors did reach the cell surface (Supplementary
Information).
Of the proline analogues that give functional receptors, t-4F-Pro

and c-4F-Pro give near-wild-type EC50 (effector concentration for
half-maximum response) values (1.38 ^ 0.06 and 1.15 ^ 0.12 mM,
respectively), and also show intrinsic cis–trans preferences similar
to native proline. Other analogues, however, show much greater
propensities to adopt the cis conformer. Most extreme is Dmp
(5,5-dimethylproline), which strongly favours the cis form
(Table 1). Incorporation of this amino acid at position 8* resulted
in a 60-fold decrease in EC50. Furthermore, in oocytes that expressed
Dmp-containing receptors, agonist exposure led to partially irrever-
sible inactivation, as evidenced by a continual increase in standing
current after initial receptor activation; this current could be sub-
stantially reversed by the addition of the channel blocker TMB-8
(ref. 11) (Fig. 3). Dmp and other analogues with high cis preference
showed low and variable expression levels in Xenopus oocytes. This
could reflect difficulties in folding the protein when a key proline is
present in an unconventional conformation. Overall, we found three
types of behaviours for incorporation of proline analogues. Pro
derivatives strongly favouring trans produced no responses to agonist
but did express and were inserted into the membrane. Intermediate
derivatives produced responses with a range of EC50 values. The
most cis-producing residue produced highly sensitive receptors that
displayed partially irreversible activation.
An evaluation of a series of Pro analogues that exhibit a range of

intrinsic cis–trans energy gaps revealed a remarkable trend. As shown
in Fig. 2b, a linear relationship was observed between the cis–trans
energy gap of the proline analogue (DDG(c–t)) and activation of the
receptor.
EC50, the functional output we measure, reflects a composite of

binding and gating events. However, as noted above, substitution at
Pro 8* by natural amino acids does not change antagonist binding
affinity. In addition, the apparent affinity of the 5-HT3 receptor
competitive antagonist MDL72222 is not significantly altered when
Pro 8* is mutated to Pip (pipecolic acid) or Dmp (see Supplementary
Information). These data show that for amino acids with a wide
range of cis preferences (,0.1–71%) at Pro8*, the binding site is
unperturbed. We therefore consider the variations in EC50 to reflect
changes in receptor gating, not binding14, justifying the free energy
treatment of Fig. 2b.
The slope of the line in Fig. 2b is 1, within experimental error. This

indicates that the full energetic perturbation of the proline cis–trans
equilibrium induced by themutation is felt in the gating equilibrium.
Together, these observations provide a compelling link between
the conformational isomerization at residue 8* and the gating of
the 5-HT3 receptor.
To provide further support that a proline in the M2–M3 loop can

serve as a structural switch, we used nuclear magnetic resonance

Figure 2 | Unnatural amino acid mutagenesis. a, Residues used in this
study. As noted in the text, the conventional amino acids Gly, Ala, Cys, Val,
Lys and Asn also give non-functional channels. b, Linear energy correlation
between cis–trans isomerization and receptor activation. Data are from
Table 1. Error bars (s.e.m.) are plotted for all data points, but for Pro, Pip and
Aze they are partially obscured by the marker.

Table 1 | Influence of proline isomerism on receptor function

Residue Per cent cis* EC50

(mM)†
DDG(c–t)

(kcal mol21)‡
DDG(EC50)
(kcal mol21)§

Pro 5 1.29 ^ 0.07 0 0
Pip 12 0.75 ^ 0.06 20.54 20.32
Aze 18 0.42 ^ 0.03 20.85 20.66
Tbp 55 0.030 ^ 0.024 21.86 21.73
Dmp 71 0.021 ^ 0.009 22.28 22.47

*Determined from studies of model peptide systems reported previously21–23. Because
variations are seen depending on methodology and exact model system, all values are
referenced to the cis–trans ratio seen for Pro in the same study, and Pro is set to 5%, the
value obtained from statistical surveys of protein structures.
†Values are ^s.e.m.
‡Values are relative to proline.
§Equals 2RTln(EC50(mutant)/EC50(Pro)).
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(NMR) spectroscopy to evaluate the structure of a 20-amino-acid
peptide spanning the M2–M3 loop (SDTLPATAIGTPLIGVYFVV;
Pro 8* is italic). When solubilized in a micellar solution of SDS,
this relatively short sequence is structured, with two segments
flanking Pro 8* displaying a significant amount of a-helical character
(residues 6–10 and 13–20 of the peptide; see Supplementary Infor-
mation). Thus, key features of the M2–M3 loop, as reported in the
low-resolution nACh receptor structure8,15 (see also Fig. 1), are
recapitulated in the model peptide. Interestingly, two conformers
are clearly evident in the peptide structure, with the major form
about five times more prevalent than the minor form (Fig. 4). In the
major conformer Pro 8* was assigned the trans conformation based
on observed nuclear Overhauser effect connections. Some features of
the minor form cannot be resolved due to overlapping resonances,

but the TOCSY (total correlated spectroscopy) spectrum clearly
shows that the two glycines that flank Pro 8* (positions 10 and 15
in the peptide; 6* and 11* in the protein) are in different environ-
ments in the two conformers, with both pairs of diastereotopic Ha

nuclei giving separate resonances in the minor conformer (Fig. 4).
These results are consistent with two conformations at Pro 8*
producing two conformers of the peptide.
We propose the following mechanism for gating in the 5-HT3

receptor. In the closed state of the channel, Pro 8* is in the trans

Figure 4 | 1H NMR of a model peptide. The HN-Ha fingerprint region of a
TOCSY spectrum for the 20-residue peptide discussed in the text resolves
signals for the major (blue) and minor (red) conformers in a micellar
solution of SDS at 298K. Integration indicates that 13–20% of the minor
conformer is present. Signals arising from distinct Ha or Hb environments
within a particular residue are connected with vertical lines.

Figure 3 | Current traces in voltage-clamp experiments (at approximately
EC50 and approximately Imax) for receptors expressing unnatural amino
acids. For Dmp at position 8* (residue 308 of 5-HT3), a full dose–response

range is given along with the TMB-8 block of standing currents seen after
receptor activation. Bars represent 5-HT application.

Figure 5 | A proposed gating mechanism. A single 5-HT3 receptor subunit
is depicted, illustrating how trans–cis isomerization at Pro 8* (blue space-
filling model) could function as a hinge for movement of M2 (green) during
gating, moving the occluding Leu 9 0 residue (yellow) away from the channel
region. The open structure on the right was generated by manually
converting Pro 308 to the cis conformation and treating M2 as a rigid body.
Top: side view; bottom: top view, showing only M2, M3 and the M2–M3
loop.
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in the presence of chloramphenicol and the
absence of the unnatural amino acid. Those
cells that did not survive, i.e., those that encode
mutant TyrRS’s which charge the orthogonal
mutRNACUA

Tyr with an unnatural amino acid,
were isolated from a replica plate supplemented
with the unnatural amino acid. The mutant
TyrRS genes were isolated from these cells,
recombined in vitro by DNA shuffling (21), and
transformed back into E. coli for further rounds
of selection with increasing concentrations of
chloramphenicol.

A tyrosine analog with the para hydroxyl
group substituted with a methoxy group was
used in the selection. Two rounds of selection
and DNA shuffling were carried out and a
clone evolved whose survival in chloram-
phenicol was dependent on the addition of 1
mM O-methyl-L-tyrosine to the growth me-
dia (22). In the absence of O-methyl-L-ty-
rosine, cells harboring the mutant TyrRS
were not viable on minimal media plates
containing 1% glycerol, 0.3 mM leucine
(GMML), and 15 !g/ml of chloramphenicol.
Cells were able to grow on GMML plates
with 125 !g/ml chloramphenicol in the pres-
ence of 1 mM O-methyl-L-tyrosine. Similar
results were obtained in liquid GMML. As a
control, cells with the mutRNACUA

Tyr and the
inactive Ala5 TyrRS did not survive at the
lowest concentration of chloramphenicol
used, either in the presence or absence of 1
mM O-methyl-L-tyrosine. Addition of 1 mM
O-methyl-L-tyrosine itself does not signifi-
cantly affect the growth rate of E. coli.

To further demonstrate that the observed
phenotype is due to the site-specific incorpora-
tion of O-methyl-L-tyrosine by the orthogonal
mutRNACUA

Tyr /mutant TyrRS pair in response to
an amber stop codon, an O-methyl-L-tyrosine
mutant of dihydrofolate reductase (DHFR) was
generated and characterized. The third codon of
the E. coli DHFR gene (a permissive site) was
mutated to TAG, and a COOH-terminal His6

tag was added to separate the mutant protein
from endogenous E. coli DHFR. As a control,
the mutRNACUA

Tyr was coexpressed with the
wild-type M. jannaschii TyrRS, resulting in
efficient suppression of the nonsense codon in
DHFR with tyrosine (Fig. 2). When the mutant
TyrRS was expressed in the presence of
mutRNACUA

Tyr and 1 mM O-methyl-L-tyrosine
in liquid GMML growth media, full-length
DHFR was also produced and could be purified
by Ni affinity chromatography with an isolated
yield of 2 mg/liter (23). In the absence of either
O-methyl-L-tyrosine, mutRNACUA

Tyr or mutant
TyrRS, no DHFR ("0.1% by densitometry)
was observed by analysis with SDS–polyacryl-
amide gel electrophoresis (SDS-PAGE) and sil-
ver staining (Fig. 2). Western analysis further
demonstrated that no trace amount of DHFR
was produced in the absence of either
mutRNACUA

Tyr , mutant TyrRS, or O-methyl-L-
tyrosine (Fig. 2).

The identity of the amino acid inserted in
response to the TAG codon was confirmed by
mass analysis of both the intact protein and
tryptic fragments. The average mass of the in-
tact protein was determined by electrospray
ionization Fourier transform–ion cyclotron res-
onance mass spectrometry (FT-ICR MS). The
observed value for the monoisotopic mass from
the cluster next to the internal calibrant was
18,096.002 daltons, which is within 5 parts per
million (ppm) of the theoretical mass of
18,095.908 daltons and clearly demonstrates
the incorporation of O-methyl-L-tyrosine (24).
This result also indicates that other endogenous
E. coli synthetases do not use O-methyl-L-ty-
rosine as a substrate. Liquid chromatography
tandem mass spectrometry of tryptic digests
was carried out to confirm the sequence of the
NH2-terminal peptide. An example of a tandem
MS spectrum is shown in Fig. 3. The doubly
charged precursor ion at 691.5 daltons, corre-
sponding to the NH2-terminal tryptic peptide
MIY*MIAALAVDR (25), was selected and

fragmented in an ion trap mass spectrometer
(ITMS). The fragment ion masses could be
unambiguously assigned as shown in Fig. 3,
confirming the site-specific incorporation of O-
methyl-L-tyrosine. Neither the protein mass
spectra nor the tryptic peptide maps gave any
indications of the incorporation of tyrosine or
other amino acids in place of O-methyl-L-ty-
rosine; a minimum 95% incorporation purity
for O-methyl-L-tyrosine was obtained from the
signal-to-noise ratio of the protein mass spectra.
Taken together, the cell growth, protein expres-
sion, and mass spectrometry experiments dem-
onstrate that the mutRNACUA

Tyr /mutant TyrRS
orthogonal pair is capable of selectively insert-
ing O-methyl-L-tyrosine into proteins in re-
sponse to the amber codon with a fidelity rival-
ing that of the natural amino acids. The fact that
this amino acid, which is structurally similar to
phenylalanine and tyrosine, is incorporated
with high fidelity suggests that it will also be
possible to incorporate other less homologous
amino acids with high fidelity.

Analysis of the sequence of the mutant
TyrRS that charges the mutRNACUA

Tyr with
O-methyl-L-tyrosine revealed the following
mutations: Tyr323Gln32, Asp1583Ala158,
Glu1073Thr107, and Leu1623Pro162 (Fig.
1). Based on the x-ray crystal structure of the
homologous B. stearothermophilus TyrRS,
we speculate that loss of the hydrogen-bond-
ing network between Tyr32, Asp158, and sub-
strate tyrosine should disfavor binding of ty-
rosine to the mutant TyrRS. Indeed, mutation
of Asp176 (which corresponds to Asp158 in M.
jannaschii) of B. stearothermophilus TyrRS
yields inactive enzyme (26). At the same
time, the Asp1583Ala158 and Leu1623Pro162

Fig. 1. Stereo view of the active site of TyrRS (18). Residues from B. stearothermophilus TyrRS are
shown in the figure. Corresponding residues from M. jannaschii TyrRS are Tyr32 ( Tyr34), Glu107
(Asn123), Asp158 (Asp176), Ile159 (Phe177), and Leu162 (Leu180) with residues from B. stearother-
mophilus TyrRS in parenthesis; mutated residues are in yellow.

Fig. 2. Accumulation of E. coli DHFR protein
under different conditions. (A) Silver-stained
SDS-PAGE gel of purified DHFR. A six-histidine
tag was added to the COOH terminus of E. coli
DHFR, and protein was purified by immobilized
metal affinity chromatography. Expression con-
ditions are notated at the top of each lane. The
left lane is a molecular weight marker. (B)
Western blot of gel in (A). A penta-His antibody
was used to detect the six-histidine tag at the
COOH terminus of DHFR.
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remove full-length GAL4 from cells that se-
lectively incorporate the unnatural amino
acid. To remove clones that incorporate en-
dogenous amino acids in response to the am-
ber codon, we grew cells on media containing
0.1% 5-fluorootic acid (5-FOA) but lacking
the unnatural amino acid. Those cells ex-
pressing URA3, as a result of suppression of
the GAL4 amber mutations with natural ami-
no acids, convert 5-FOA to a toxic product,
killing the cell (38). Surviving clones were
amplified in the presence of unnatural amino
acid and reapplied to the positive selection.
The lacZ reporter allows active and inactive
synthetase-tRNA pairs to be discriminated
colorometrically (Fig. 2B).

With the use of this approach, five novel
amino acids with distinct steric and electronic
properties (Fig. 1B) were independently add-
ed to the genetic code of S. cerevisiae. These
amino acids include p-acetyl-L-phenylala-
nine (1), p-benzoyl-L-phenylalanine (2), p-
azido-L-phenylalanine (3), O-methyl-L-ty-
rosine (4), and p-iodo-L-phenylalanine (5).
The unique reactivity of the keto functional
group of 1 allows selective modification of
proteins with an array of hydrazine- or hy-
droxylamine-containing reagents in vitro and
in vivo (39, 40). The heavy atom of 5 may
prove useful for phasing x-ray structure data.
The benzophenone and phenylazide side
chains of 2 and 3 allow efficient in vivo and
in vitro photocrosslinking of proteins (14–
16). The methyl group of 4 can be readily
substituted with an isotopically labeled meth-
yl group as a probe of local structure and
dynamics with the use of nuclear magnetic
resonance and vibrational spectroscopy. After
three rounds of selection (positive-negative-
positive), several colonies were isolated (Fig.
2D) whose survival on –ura or on 20 mM 3-AT
–his media was strictly dependent on the addi-
tion of the selected unnatural amino acid (31).
The same clones were blue on x-gal only in the
presence of 1 mM unnatural amino acid. These
experiments demonstrate that the observed
phenotypes result from the combination of
the evolved aminoacyl–tRNA synthetase–
tRNACUA pairs and their cognate amino acids
(table S1).

To further demonstrate that the observed
phenotypes are due to site-specific incorpo-
ration of the unnatural amino acids by the
orthogonal mutant TyrRS-tRNA pairs, we
generated and characterized mutants of hu-

man superoxide dismutase 1 (41) (hSOD)
containing each unnatural amino acid (31).
Production of hexa-histidine-tagged hSOD
from a gene containing an amber codon at
position 33 was strictly dependent on
p-acetylPheRS-1–tRNACUA (where PheRS is
phenylalanine tRNA synthetase) and 1 mM
p-acetyl-L-phenylalanine (!0.1% by densi-
tometry, in the absence of either component)
(Fig. 3). p-Acetyl-L-phenylalanine contain-
ing full-length hSOD was purified with a
yield of 50 ng/mL, comparable to that purifed
from cells containing E. coli TyrRS-
tRNACUA. For comparison, wild-type hSOD
could be purified with a yield of 250 ng/mL
under identical conditions. The identity of the
amino acid incorporated was determined by
subjecting a tryptic digest of the mutant pro-
tein to liquid chromatography and tandem
mass spectrometry (31). The precursor ions
corresponding to the singly and doubly
charged ions of the peptide Val-Y*-Gly-Ser-
Ile-Lys containing the unnatural amino acids
(denoted Y*) were separated and fragmented
with an ion trap mass spectrometer. The frag-
ment ion masses could be unambiguously
assigned, confirming the site-specific incor-
poration of 1 (fig. S1). No indication of ty-
rosine or other amino acids in place of 1 was
observed (42), and a minimum of 99.8%
incorporation purity was obtained from the
signal-to-noise ratio of the peptide spectra.
Similar fidelity and efficiency in protein ex-
pression were observed when p-benzo-
ylPheRS-1, p-azidoPheRS-1, p-iodoPheRS-
1, or O-meTyrRS-1 was used to incorporate 2
(43), 3, 4, or 5 into hSOD (Fig. 3 and fig. S1).

The independent addition of five unnatu-
ral amino acids to the genetic code of S.
cerevisiae demonstrates the generality of our
method and suggests that it should be appli-
cable to other unnatural amino acids includ-
ing spin-labeled, metal-binding, or photoi-
somerizable amino acids. This methodology
may allow the generation of proteins with
new or enhanced properties as well as facil-
itate studies of protein function in yeast.
Moreover, in mammalian cells the E. coli
tyrosyl–tRNA synthetase forms an orthogo-
nal pair with the B. stearothermophilus
tRNACUA (44). It should therefore be possi-
ble to use the aminoacyl–tRNA synthethases
that have been evolved in yeast to add unnat-
ural amino acids to the genetic codes of
higher eukaryotes.
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Fig. 3. Protein expression of hSOD
(33TAG)HIS in S. cerevisiae genetically
encoding unnatural amino acids. (Top)
SDS–polyacrylamide gel electrophoresis
of hSOD purified from yeast in the pres-
ence (") and absence (–) of the unnat-
ural amino acid indicated (see Fig. 1B)
stained with Coomassie. Cells contain the mutant synthetase-tRNA pair selected for the amino acid
indicated. (Center) Western blot probed with an antibody against hSOD. (Bottom) Western blot
probed with an antibody against the C-terminal His6 tag.
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labelling profile (compare lanes 11 and 12 to lanes 13–15 and lanes
16 and 17 to lanes 18–20 in Fig. 3c). This suggests that background
fluorescence arising from the reaction of tetrazine probes with 2
incorporated at the C-terminus of endogenous proteins in response
to amber codons is a minimal contributor to the observed back-
ground in these cellular labelling experiments.

To show that the high rate constants measured on small mol-
ecules translate into rapid protein labelling, we labelled myoglobin
bearing 2 at position 4 with 12 (10 equiv.). In-gel fluorescence
imaging of the labelling reaction as a function of time (Fig. 3d)
demonstrates that the reaction is complete in approximately
30 minutes. Rapid labelling of proteins that incorporate 2 was also
observed with probes 9 and 12 (Supplementary Fig. S9).
In contrast, the labelling of an alkyne-containing amino acid at
the same site in myoglobin required 50 equiv. of azide fluorophore
and 18 hours to reach completion in a copper-catalysed [3þ 2] click
reaction28. This demonstrates that the labelling method we report
here has a clear advantage for the labelling of recombinant proteins.

Site-specific protein labelling on the mammalian cell surface.
Although it has been possible to label abundant molecules at mul-
tiple chemical handles on cell surfaces via metabolic incorporation
of bioorthogonal functional groups33–35, there are no reports of lab-
elling single, genetically defined sites on proteins on the mammalian
cell surface using any of the unnatural amino acids that currently
can be genetically encoded.

We demonstrated that 2 can be encoded genetically with
high efficiency into proteins in mammalian cells using the
MmPylRS/tRNACUA pair by western blot, fluorescence imaging
and mass spectrometry46 (Fig. 4a,b and Supplementary Fig. S10).
To show the site-specific labelling of a mammalian protein, we
introduced an amber codon into an epidermal growth factor recep-
tor (EGFR)-GFP fusion gene at position 128 in the extracellular
portion of the receptor in a vector that containedMmPylRS, creating
pMmPylRS-EGFR(128TAG)-GFP-HA. We transfected HEK293 cells
with pMmPylRS-EGFR(128TAG)-GFP-HA and p4CMVE-U6-PylT
that encodes four copies of the MmPyltRNACUA. In the presence
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Figure 4 | Site-specific incorporation of 2 into proteins in mammalian cells and the specific labelling of EGFR-GFP on the cell surface with 9. a, Cells that
contain the PylRS/tRNACUA pair and the mCherry(TAG)eGFP-HA reporter produced GFP only in the presence of 2. b, Western blots confirm that the
expression of full length mCherry(TAG)eGFP-HA is dependent on the presence of 2. c, Specific and rapid labelling of a cell surface protein in live mammalian
cells. EGFR-GFP that bears 2 or 3 at position 128 is visible as green fluorescence at the membrane of transfected cells (left panels). Treatment of cells with 9
(200 nM) leads to selective labelling of EGFR that contains 2 (middle panels). Right panels show merged green and red fluorescence images, DIC¼ differential
interference contrast. Cells were imaged four hours after the addition of 9.
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Orthogonal Ribosomes

mRNAs25. Unlike the natural ribosome, the orthogonal ribosome does
not appreciably synthesize the proteome and is therefore tolerant to
mutations in the highly conserved rRNA that would cause lethal or
dominant negative effects in the natural ribosome27. To increase the
in vivo efficiency of unnatural amino acid incorporation, we evolved
orthogonal ribosomes that show an increased tRNACUA-dependent
amber suppression in the context of orthogonal mRNAs.

RESULTS
Design of a ribosome A-site library
The A-site of the ribosome is the gateway to the tRNA translocation
corridor composed of the A, P and E sites28–30. In response to an
amber codon in the A-site of the ribosome, RF-1 can bind to the A-site
and compete with decoding of amber suppressor tRNAs. We reasoned

that combinations of mutations in 16S rRNA, which forms the A-site
of the ribosome, might yield a variant A-site that allows amber
suppressor tRNAs to compete more effectively with RF-1 for A-site
binding, and thus favor amber suppression and elongation over
polypeptide chain termination.
To design an A-site library (Fig. 2), we examined the structures of

tRNAs or RF-1 bound to the ribosomal A-site29–32. These structures
show that the 530 loop in 16S rRNA is proximal to both substrates
(Fig. 2). We reasoned that combinations of mutations in the 530 loop
might maintain tRNA binding, but decrease functional interaction
with RF-1 in the presence of a UAG codon. We therefore randomized
seven nucleotides (529–535) in the 530 loop to all combinations of
nucleotides to create an N7 library. Moreover, we created longer and
shorter 530 loop–sequence libraries (N5, N6, N8 and N9 (Fig. 2)) to
expand the functional space sampled. All libraries were 499%
complete (Supplementary Table 1 online).

Selection of evolved decoding in orthogonal ribosomes
To create a selection system for orthogonal ribosomes that more
efficiently read amber codons, we required a reporter of orthogonal
ribosome activity that contains selector codons. We decided to work
initially with a UAGA-containing reporter and tRNAser2 (UCUA)
(Supplementary Fig. 1 online), which is aminoacylated by seryl-
tRNA synthetase33, rather than a simple UAG suppressor, because it
allows selection for improved ribosome activity over a larger dynamic
range. Cells containing O-cat (UAGA103, UAGA146)/tRNAser2

(UCUA) and the O-ribosome had an IC50 on chloramphenicol of
25 mg ml–1. For comparison, the O-cat reporter devoid of UAGA

•••
•••••
•••

O-mRNA
O-rRNA

•••
•• •••

•••

wt-mRNA
wt-rRNA

•••
•••••
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respectively. Because RF-1 (blue) competes efficiently (dark gray arrows)
for UAG codons in the A-site of both ribosomes, amber suppressor tRNAs
(yellow), that may be uniquely aminoacylated with an unnatural amino acid,
are decoded with equal and low efficiency (light gray arrows) on both
ribosomes. Synthetic evolution of the orthogonal ribosome leads to an
evolved scenario in which a mutant (orange patch) orthogonal ribosome more
efficiently decodes amber suppressor tRNAs within the context of orthogonal
mRNAs. Decoding of natural mRNAs is unaffected because the orthogonal
ribosome does not read natural mRNAs and the natural ribosome is
unaltered. Surface structure figures were created using Pymol v0.99
(http://www.pymol.org/) and PDB IDs 2B64 and 1J1U.

wt
529/35N7
529/35N5
529/35N6
529/35N8
529/35N9

AGCAGCCGCGGUAAUACGGAG
AGCAGCCGCNNNNNNNCGGAG
AGCAGCCGCNNNNNCGGAG
AGCAGCCGCNNNNNNCGGAG
AGCAGCCGCNNNNNNNNCGGAG
AGCAGCCGCNNNNNNNNNCGGAG

520
   |

530
   |

540
|

a c d

C G G
U

A A

| 540

500 |

|

       
C     G
G     C

A
 C                      
C
 G

G      C
C      G
C      G
U      A
C      G

C      G
C      G
A      U
C      G
G      C

GG
U

A
A

AU

m7

530|

|520

510

530 loop

mRNA

tRNA

RF1

b G  C  C
A

ψ

Figure 2 Design of ribosome-decoding libraries. (a) Structure of a tRNA anticodon stem loop (yellow) bound to mRNA (purple) in the A-site of the ribosome
(green). The 530 loop is shown in orange. (b) Structural model of RF-1 (blue) bound in the A-site of the ribosome. (c) Secondary structure of the 530 loop.
The region targeted for mutation is colored orange. The boxed sequences form a pseudo knot, c is pseudouridine and m7G is 7-methyl guanosine. (d) The
sequence of ribosome-decoding libraries. 3D structure figures were created using Pymol v0.99 (http://www.pymol.org/) and PDB IDs 1IBM and 2B64.
2D structure figures were adapted from http://www.rna.ccbb.utexas.edu/.

NATURE BIOTECHNOLOGY VOLUME 25 NUMBER 7 JULY 2007 771

A R T I C L E S

©
20

07
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  h

tt
p:

//w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eb
io

te
ch

no
lo

gy

Release 

Factor

charged

tRNACUA

Problem: Release factors compete with tRNACUA, diminishing amber suppression efficiency  

Wang, K.; Neumann, H.; Peak-Chew, S. Y.; Chin, J. W. Nat. Biotechnol. 2007, 25, 770.

Can an orthogonal ribosome be engineered to specifically translate an orthogonal mRNA and increase amber suppression? 



Orthogonal Ribosomes

Image source: Researchgate

16s rRNA

Rackham, O.; Chin, J. W. Nat. Chem. Biol. 2005, 1, 159.

Solution an orthogonal ribosome: Alternate Shine-Dalgarno site and anti-SD sequence

16S rRNA of 30s ribosome recognizes the Shine-Dalgarno (SD) site upstream of the start codon

Shine Dalgarno site



Wang, K.; Neumann, H.; Peak-Chew, S. Y.; Chin, J. W. Nat. Biotechnol. 2007, 25, 770.

Ribo-X improves noncanonical amino acid incorporation and is hypothesized to 

decrease ribosomal interaction with Release Factor 1  

ribo-X in the presence of the BpaRS/tRNACUA pair and Bpa confirmed
the incorporation of two Bpas; no peaks were detected corresponding
to the incorporation of natural amino acids (Fig. 5b). The sites of Bpa
incorporation were further confirmed by analysis of the tandem mass
spectrometry (MS/MS) fragmentation series of the relevant chymo-
tryptic peptides (Fig. 5c,d). We observe that the ribo-X–mediated
improvement in efficiency for one and two amber codons is conserved
in minimal medium (Supplementary Fig. 6), demonstrating that the
effect mediated by ribo-X is robust under different expression condi-
tions. Overall, the protein expression data and mass spectrometry data
clearly demonstrate that the modular combination of ribo-X, BpaRS/
tRNACUA and an orthogonal mRNA containing multiple UAG codons
allows the site-specific incorporation of Bpa with high fidelity and
efficiency at multiple sites in GST-MBP.

DISCUSSION
We have demonstrated the synthetic evolution of an orthogonal
ribosome (ribo-X) for the efficient, high-fidelity, suppressor tRNA–
dependent decoding of amber stop codons placed within the context
of an orthogonal mRNA in living cells. We have combined ribo-X with
orthogonal mRNAs and orthogonal aminoacyl-tRNA synthetase/
tRNACUA pairs to substantially increase the efficiency of site-specific
unnatural amino acid incorporation in E. coli. This increase in

efficiency makes it possible to synthesize
proteins incorporating unnatural amino
acids at multiple sites and should minimize
the functional and phenotypic effects of trun-
cated proteins in vivo.
Because ribo-X increases suppression of

amber stop codons by suppressor tRNAs of
distinct sequence and structure, we suggest

that ribo-X operates by decreasing its functional interaction with RF-1,
allowing the suppressor tRNAs to more efficiently compete for A-site
binding in the presence of a UAG codon on the mRNA. It will be
interesting to see whether extensions of the strategy reported here will
yield further increases in amber suppression while maintaining
translational fidelity. In this regard it is encouraging both that
biochemical evidence suggests distinct conformations of the decoding
center are recognized by tRNAs and RF-1 (ref. 45) and that we have
been able to select combinations of mutations for which RF-1–
mediated termination is decreased without decreasing the fidelity of
tRNA decoding. These observations indicate that the molecular
determinants for the fidelity of tRNA decoding and RF-1 binding
need not be tightly coupled and further independent modulation may
be possible within the orthogonal system.
By improving amber suppression efficiency on the orthogonal

ribosome we have diverged the decoding properties of the orthogonal
ribosome from those of the cellular ribosome such that the same
insertion signal is read with a different efficiency on cellular and
orthogonal mRNAs within the same cell. A conceptually similar, but
mechanistically distinct, strategy involving localization of specialized
translational components is used by nature to direct the incorporation
of selenocysteine in response to a subset of UGA codons46. It
will be interesting to see whether similar strategies can be used to
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Figure 5 Ribo-X enhances the efficiency of
BpaRS/tRNACUA-dependent unnatural amino acid
incorporation in response to single and double
UAG codons. (a) In each lane an equal volume of
protein purified from glutathione sepharose under
identical conditions is loaded. Ribo-X is produced
from pSC101*-ribo-X derived rRNA. Bpa,
p-benzoyl-L-phenylalanine. BpaRS, p-benzoyl-L-
phenylalanyl-tRNA synthetase. BpaRS/tRNACUA

are produced from pSUPBpa23 that contains
six copies of MjtRNACUA and is the most efficient
unnatural amino incorporation vector reported
to date. (UAG)n describes the number of
stop codons (n) between gst and malE in
O-gst(UAG)nmalE or gst(UAG)nmalE. Lane 10 is
from a different gel. The markers are as described
in Figure 3. (b) The mass of protein expressed
from O-gst(UAG)2malE by ribo-X is as expected
for the incorporation of 2 Bpas. Purified full-
length protein was cleaved with thrombin to
produce an MBP fragment amenable to accurate
mass determination. The found mass (45,191)
is identical to the expected mass for
incorporation of two Bpas into MBP (45,191.6).
The small peak at 45,216 Da is the Na+

adduct. (c,d) MS/MS fragmentation of
chymotryptic peptides derived from GST-MBP
synthesized by ribo-X and incorporating two
Bpas. The spectra confirm Bpa incorporation
at both the expected sites. The fragmentation
sites for each fragment ion are illustrated above
the spectra. B denotes Bpa.

774 VOLUME 25 NUMBER 7 JULY 2007 NATURE BIOTECHNOLOGY

A R T I C L E S

©
20

07
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  h

tt
p:

//w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eb
io

te
ch

no
lo

gy

Ribo-X

Orthogonal Ribosomes

(truncated)

(full length)
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The orthogonal ribosome Ribo-Q1 efficiently decodes quadruplet codons and amber codons



Neumann, H.; Wang, K.; Davis, L.; Garcia-Alai, M.; Chin, J. W. Nature 2010, 464, 441.

Ribo-Q1

Orthogonal Ribosomes

Ribo-Q1

The orthogonal ribosome Ribo-Q1 efficiently decodes quadruplet codons and amber codons

ribo-Q1 in E. coli. We used these components to produce full-length
GST–calmodulin containing AzPhe and N6-[(2-propynyloxy)carbo-
nyl]-L-lysine (CAK; which we recently discovered is an efficient sub-
strate for MbPylRS7) (Fig. 3) in response to an AGGA and UAG
codon in an orthogonal gene. Production of the full-length protein
required the addition of both unnatural amino acids. We further
confirmed the incorporation of AzPhe and CAK at the genetically
programmed sites by MS/MS sequencing of a single tryptic fragment
containing both unnatural amino acids (Fig. 3).

To begin to demonstrate that emergent properties may be pro-
grammed into proteins by combinations of unnatural amino acids
we genetically directed the formation of a triazole cross-link, by a
copper catalysed Huisgen [213] cycloaddition reaction (‘click reac-
tion’)10. We first encoded AzPhe and CAK at positions 1 and 149 in
calmodulin (Fig. 4). After incubation of calmodulin incorporating the
azide (AzPhe) and alkyne (CAK) at these positions with Cu(I) for
5 min we observe a more rapidly migrating protein band in SDS–
polyacrylamide gel electrophoresis (SDS–PAGE). MS/MS sequencing
unambiguously confirms that the faster mobility band results from the
product of a bio-orthogonal cycloaddition reaction between AzPhe
and CAK. Our results demonstrate the genetically programmed proxi-
mity acceleration of a new class of asymmetric, redox-insensitive
cross-link that can be used to specifically constrain protein structure
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Figure 3 | Encoding an azide and an alkyne in a single protein by orthogonal
translation. a, Expression of GST–CaM–His6 (a GST–calmodulin–His6
fusion) containing two unnatural amino acids. An orthogonal gene
producing a GST–CaM–His6 fusion that contains an AGGA codon at
position 1 and an amber codon at position 40 of calmodulin was translated
by ribo-Q1 in the presence of AzPheRS*–tRNAUCCU and
MbPylRS–tRNACUA. The entire gel is shown in Supplementary Fig. 13.
b, LC–MS/MS analysis of the incorporation of two distinct unnatural amino
acids into the linker region of GST–MBP. Y*, AzPhe; K*, CAK.
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ribo-Q1 in E. coli. We used these components to produce full-length
GST–calmodulin containing AzPhe and N6-[(2-propynyloxy)carbo-
nyl]-L-lysine (CAK; which we recently discovered is an efficient sub-
strate for MbPylRS7) (Fig. 3) in response to an AGGA and UAG
codon in an orthogonal gene. Production of the full-length protein
required the addition of both unnatural amino acids. We further
confirmed the incorporation of AzPhe and CAK at the genetically
programmed sites by MS/MS sequencing of a single tryptic fragment
containing both unnatural amino acids (Fig. 3).

To begin to demonstrate that emergent properties may be pro-
grammed into proteins by combinations of unnatural amino acids
we genetically directed the formation of a triazole cross-link, by a
copper catalysed Huisgen [213] cycloaddition reaction (‘click reac-
tion’)10. We first encoded AzPhe and CAK at positions 1 and 149 in
calmodulin (Fig. 4). After incubation of calmodulin incorporating the
azide (AzPhe) and alkyne (CAK) at these positions with Cu(I) for
5 min we observe a more rapidly migrating protein band in SDS–
polyacrylamide gel electrophoresis (SDS–PAGE). MS/MS sequencing
unambiguously confirms that the faster mobility band results from the
product of a bio-orthogonal cycloaddition reaction between AzPhe
and CAK. Our results demonstrate the genetically programmed proxi-
mity acceleration of a new class of asymmetric, redox-insensitive
cross-link that can be used to specifically constrain protein structure
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fusion) containing two unnatural amino acids. An orthogonal gene
producing a GST–CaM–His6 fusion that contains an AGGA codon at
position 1 and an amber codon at position 40 of calmodulin was translated
by ribo-Q1 in the presence of AzPheRS*–tRNAUCCU and
MbPylRS–tRNACUA. The entire gel is shown in Supplementary Fig. 13.
b, LC–MS/MS analysis of the incorporation of two distinct unnatural amino
acids into the linker region of GST–MBP. Y*, AzPhe; K*, CAK.
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lysine; circ., circularized protein. The first two lanes are from a separate gel.
M denotes molecular mass marker. c, LC–MS/MS confirms the triazole
formation. The MS/MS spectra of a doubly charged peptide containing the
crosslink (m/z 5 1,226.6092, which is within 1.8 p.p.m. of the mass expected
for cross-linked peptide).
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CuAAC



Can the 23s rRNA of the 50s ribosomal subunit be engineered as well to improve noncanonical amino acid incorporation?

Orthogonal Ribosomes

oRibo-T

Previous work: Engineering of 16s rRNA of the 30s ribosomal subunit

50s ribosomal subunit

mRNA

facilitates peptide-bond formation

and protein folding

To enable a fully orthogonal ribosome–mRNA system, we next
engineered a Ribo-T version (oRibo-T) committed to translation of
a particular orthogonal cellular mRNA. The wild-type 16S anti-Shine–
Dalgarno region was altered from ACCUCCUUA to AUUGUGGUA
(ref. 3) producing a poRibo-T1 construct. When poRibo-T1 was intro-
duced in E. coli carrying the sf-gfp gene with the Shine–Dalgarno
sequence CACCAC cognate to oRibo-T (Extended Data Fig. 1c,
pLpp5oGFP), notable sfGFP expression was observed (Extended
Data Fig. 8a), demonstrating the activity of oRibo-T.

Ribosomes prepared from poRibo-T1-transformed cells (containing a
mixture of wild-type ribosomes and oRibo-T) translated an orthogonal
sf-gfp gene in a cell-free system (green dotted line in Extended Data
Fig. 8b). However, because the orthogonal sf-gfp transcript is the only
mRNA available during in vitro translation and no native mRNA engage
wild-type 30S subunits, a fraction of orthogonal sfGFP biosynthesis is
accounted for by wild-type ribosomes (pink dotted line in Extended Data
Fig. 8b). Therefore, to isolate oRibo-T1 activity in vitro, we used the
A2058G mutation in the 23S rRNA portion of oRibo-T, which rendered
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Figure 2 | Ribo-T design. a, Wild-type (left) and
Ribo-T (right) rRNA genes. In Ribo-T, the
circularly permutated 23S rRNA gene, ‘closed’ at
its native ends with a four-nucleotide long
connector (C) and ‘opened’ in the loop of H101, is
inserted via short tethers T1 and T2 into the apex
loop of h44 in the 16S rRNA gene. The resulting
hybrid rRNA gene is transcribed as a single
chimaeric 16S–23S rRNA, with its 59 and 39 ends
probably processed by the enzymes of 16S rRNA
maturation. b, Secondary structure of the mature
wild-type (left) and Ribo-T (right) rRNAs. The
red dots indicate the apex loops of h44 and H101,
which in Ribo-T are connected by tethers T1
and T2. The arrows at the 16S rRNA ends and the
tethers in the Ribo-T map indicate the direction
of transcription of the chimaeric 16S–23S rRNA.
c, Left, the locations of the T1 and T2 tethers in
the three-dimensional model of Ribo-T (based on
the structure of E. coli ribosome in the unrotated
state11; PDB code 4V9D). 16S rRNA is in yellow,
30S proteins are in orange, 23S and 5S rRNA are
in blue, 50S proteins are in cyan, P-site-bound
tRNA is in olive, mRNA is in orange, connector
(C) linking 23S native 59 and 39 ends is in green,
and tethers T1 and T2 are in red. Right, the
ribosome has been opened up like a book,
exposing the subunit interface, with helices h44
(16S) and H101 (23S) highlighted in orange and
blue, respectively, and ribosomal proteins
removed for clarity. d, Agarose gel
electrophoresis of total RNA prepared from
SQ171 cells expressing wild-type ribosomes or
Ribo-T. The gel is representative of five
independent biological replicates. e, Left, sucrose
gradient fractionation of polysomes prepared
from cells expressing wild-type ribosomes (top) or
Ribo-T (bottom). Peaks corresponding to
monosomes (70S), disomes (P2), trisomes (P3) and
tetrasomes (P4) are indicated by arrows. Right, the
agarose electrophoresis analysis of RNA extracted
from the corresponding sucrose gradient peaks,
wild-type ribosomes (WT) or Ribo-T (T).
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Orthogonal Ribosomes

oRibo-T

To enable a fully orthogonal ribosome–mRNA system, we next
engineered a Ribo-T version (oRibo-T) committed to translation of
a particular orthogonal cellular mRNA. The wild-type 16S anti-Shine–
Dalgarno region was altered from ACCUCCUUA to AUUGUGGUA
(ref. 3) producing a poRibo-T1 construct. When poRibo-T1 was intro-
duced in E. coli carrying the sf-gfp gene with the Shine–Dalgarno
sequence CACCAC cognate to oRibo-T (Extended Data Fig. 1c,
pLpp5oGFP), notable sfGFP expression was observed (Extended
Data Fig. 8a), demonstrating the activity of oRibo-T.

Ribosomes prepared from poRibo-T1-transformed cells (containing a
mixture of wild-type ribosomes and oRibo-T) translated an orthogonal
sf-gfp gene in a cell-free system (green dotted line in Extended Data
Fig. 8b). However, because the orthogonal sf-gfp transcript is the only
mRNA available during in vitro translation and no native mRNA engage
wild-type 30S subunits, a fraction of orthogonal sfGFP biosynthesis is
accounted for by wild-type ribosomes (pink dotted line in Extended Data
Fig. 8b). Therefore, to isolate oRibo-T1 activity in vitro, we used the
A2058G mutation in the 23S rRNA portion of oRibo-T, which rendered
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Figure 2 | Ribo-T design. a, Wild-type (left) and
Ribo-T (right) rRNA genes. In Ribo-T, the
circularly permutated 23S rRNA gene, ‘closed’ at
its native ends with a four-nucleotide long
connector (C) and ‘opened’ in the loop of H101, is
inserted via short tethers T1 and T2 into the apex
loop of h44 in the 16S rRNA gene. The resulting
hybrid rRNA gene is transcribed as a single
chimaeric 16S–23S rRNA, with its 59 and 39 ends
probably processed by the enzymes of 16S rRNA
maturation. b, Secondary structure of the mature
wild-type (left) and Ribo-T (right) rRNAs. The
red dots indicate the apex loops of h44 and H101,
which in Ribo-T are connected by tethers T1
and T2. The arrows at the 16S rRNA ends and the
tethers in the Ribo-T map indicate the direction
of transcription of the chimaeric 16S–23S rRNA.
c, Left, the locations of the T1 and T2 tethers in
the three-dimensional model of Ribo-T (based on
the structure of E. coli ribosome in the unrotated
state11; PDB code 4V9D). 16S rRNA is in yellow,
30S proteins are in orange, 23S and 5S rRNA are
in blue, 50S proteins are in cyan, P-site-bound
tRNA is in olive, mRNA is in orange, connector
(C) linking 23S native 59 and 39 ends is in green,
and tethers T1 and T2 are in red. Right, the
ribosome has been opened up like a book,
exposing the subunit interface, with helices h44
(16S) and H101 (23S) highlighted in orange and
blue, respectively, and ribosomal proteins
removed for clarity. d, Agarose gel
electrophoresis of total RNA prepared from
SQ171 cells expressing wild-type ribosomes or
Ribo-T. The gel is representative of five
independent biological replicates. e, Left, sucrose
gradient fractionation of polysomes prepared
from cells expressing wild-type ribosomes (top) or
Ribo-T (bottom). Peaks corresponding to
monosomes (70S), disomes (P2), trisomes (P3) and
tetrasomes (P4) are indicated by arrows. Right, the
agarose electrophoresis analysis of RNA extracted
from the corresponding sucrose gradient peaks,
wild-type ribosomes (WT) or Ribo-T (T).

LETTER RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved

6 A U G U S T 2 0 1 5 | V O L 5 2 4 | N A T U R E | 1 2 1

To enable a fully orthogonal ribosome–mRNA system, we next
engineered a Ribo-T version (oRibo-T) committed to translation of
a particular orthogonal cellular mRNA. The wild-type 16S anti-Shine–
Dalgarno region was altered from ACCUCCUUA to AUUGUGGUA
(ref. 3) producing a poRibo-T1 construct. When poRibo-T1 was intro-
duced in E. coli carrying the sf-gfp gene with the Shine–Dalgarno
sequence CACCAC cognate to oRibo-T (Extended Data Fig. 1c,
pLpp5oGFP), notable sfGFP expression was observed (Extended
Data Fig. 8a), demonstrating the activity of oRibo-T.

Ribosomes prepared from poRibo-T1-transformed cells (containing a
mixture of wild-type ribosomes and oRibo-T) translated an orthogonal
sf-gfp gene in a cell-free system (green dotted line in Extended Data
Fig. 8b). However, because the orthogonal sf-gfp transcript is the only
mRNA available during in vitro translation and no native mRNA engage
wild-type 30S subunits, a fraction of orthogonal sfGFP biosynthesis is
accounted for by wild-type ribosomes (pink dotted line in Extended Data
Fig. 8b). Therefore, to isolate oRibo-T1 activity in vitro, we used the
A2058G mutation in the 23S rRNA portion of oRibo-T, which rendered
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Ribo-T (right) rRNA genes. In Ribo-T, the
circularly permutated 23S rRNA gene, ‘closed’ at
its native ends with a four-nucleotide long
connector (C) and ‘opened’ in the loop of H101, is
inserted via short tethers T1 and T2 into the apex
loop of h44 in the 16S rRNA gene. The resulting
hybrid rRNA gene is transcribed as a single
chimaeric 16S–23S rRNA, with its 59 and 39 ends
probably processed by the enzymes of 16S rRNA
maturation. b, Secondary structure of the mature
wild-type (left) and Ribo-T (right) rRNAs. The
red dots indicate the apex loops of h44 and H101,
which in Ribo-T are connected by tethers T1
and T2. The arrows at the 16S rRNA ends and the
tethers in the Ribo-T map indicate the direction
of transcription of the chimaeric 16S–23S rRNA.
c, Left, the locations of the T1 and T2 tethers in
the three-dimensional model of Ribo-T (based on
the structure of E. coli ribosome in the unrotated
state11; PDB code 4V9D). 16S rRNA is in yellow,
30S proteins are in orange, 23S and 5S rRNA are
in blue, 50S proteins are in cyan, P-site-bound
tRNA is in olive, mRNA is in orange, connector
(C) linking 23S native 59 and 39 ends is in green,
and tethers T1 and T2 are in red. Right, the
ribosome has been opened up like a book,
exposing the subunit interface, with helices h44
(16S) and H101 (23S) highlighted in orange and
blue, respectively, and ribosomal proteins
removed for clarity. d, Agarose gel
electrophoresis of total RNA prepared from
SQ171 cells expressing wild-type ribosomes or
Ribo-T. The gel is representative of five
independent biological replicates. e, Left, sucrose
gradient fractionation of polysomes prepared
from cells expressing wild-type ribosomes (top) or
Ribo-T (bottom). Peaks corresponding to
monosomes (70S), disomes (P2), trisomes (P3) and
tetrasomes (P4) are indicated by arrows. Right, the
agarose electrophoresis analysis of RNA extracted
from the corresponding sucrose gradient peaks,
wild-type ribosomes (WT) or Ribo-T (T).
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This work: The first fully orthogonal ribosome (both subunits)

Problem: Low activity

Solution: ‘Stapled ribosomes’ link 16S and 23S rRNA together
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Controlling orthogonal ribosome subunit 
interactions enables evolution of new function
Wolfgang H. Schmied1,4, Zakir Tnimov1,4, Chayasith Uttamapinant1,2,4, Christopher D. Rae1, Stephen D. Fried1,3 &  
Jason W. Chin1*

Orthogonal ribosomes are unnatural ribosomes that are directed 
towards orthogonal messenger RNAs in Escherichia coli, through 
an altered version of the 16S ribosomal RNA of the small subunit1. 
Directed evolution of orthogonal ribosomes has provided access 
to new ribosomal function, and the evolved orthogonal ribosomes 
have enabled the encoding of multiple non-canonical amino acids 
into proteins2–4. The original orthogonal ribosomes shared the 
pool of 23S ribosomal RNAs, contained in the large subunit, with 
endogenous ribosomes. Selectively directing a new 23S rRNA to 
an orthogonal mRNA, by controlling the association between the 
orthogonal 16S rRNAs and 23S rRNAs, would enable the evolution 
of new function in the large subunit. Previous work covalently 
linked orthogonal 16S rRNA and a circularly permuted 23S rRNA 
to create orthogonal ribosomes with low activity5,6; however, the 
linked subunits in these ribosomes do not associate specifically with 
each other, and mediate translation by associating with endogenous 
subunits. Here we discover engineered orthogonal ‘stapled’ ribosomes 
(with subunits linked through an optimized RNA staple) with 

activities comparable to that of the parent orthogonal ribosome; 
they minimize association with endogenous subunits and mediate 
translation of orthogonal mRNAs through the association of stapled 
subunits. We evolve cells with genomically encoded stapled ribosomes 
as the sole ribosomes, which support cellular growth at similar rates 
to natural ribosomes. Moreover, we visualize the engineered stapled 
ribosome structure by cryo-electron microscopy at 3.0 Å, revealing 
how the staple links the subunits and controls their association. 
We demonstrate the utility of controlling subunit association by 
evolving orthogonal stapled ribosomes which efficiently polymerize 
a sequence of monomers that the natural ribosome is intrinsically 
unable to translate. Our work provides a foundation for evolving 
the rRNA of the entire orthogonal ribosome for the encoded cellular 
synthesis of non-canonical biological polymers7.

The ribosome is a 2.5-megadalton molecular machine, composed 
of two subunits, that synthesizes proteins using mRNA templates8. 
Ribosomal translation represents the ultimate paradigm for the 
encoded, high-fidelity synthesis of long polymers of defined sequence 

1Medical Research Council Laboratory of Molecular Biology, Cambridge, UK. 2Present address: School of Biomolecular Science and Engineering, Vidyasirimedhi Institute of Science and 
Technology (VISTEC), Rayong, Thailand. 3Present address: Department of Chemistry, Johns Hopkins University, Baltimore, MD, USA. 4These authors contributed equally: Wolfgang H. Schmied, 
Zakir Tnimov, Chayasith Uttamapinant. *e-mail: chin@mrc-lmb.cam.ac.uk

Fig. 1 | Ribosome stapling and potential interactions of linked subunits 
in vivo. a, Secondary structure of RNA from ribosomes with linked 
subunits. A single rRNA transcript is generated by inserting a circularly 
permuted 23S rRNA (blue) into a split 16S rRNA (yellow), with the 16S 
and 23S rRNAs linked together by an RNA linker (purple). In stapled 
ribosomes the linker is a staple derived from the J5–J5a region of the 
Tetrahymena group I intron. The original O-stapled ribosome, referred  
to here as O-d0d0, directly links h44 and H101 through the staple.  
b, Potential interactions of linked ribosomal subunits in vivo. Cells (white 
boxes) containing O-ribosomes with linked subunits as well as endogenous 

(native) subunits may associate to create orthogonal translation pathways 
or cross-assembly pathways. An orthogonal translation complex is created 
by directing the association of an orthogonal small ribosome subunit 
(O-SSU) with its linked large subunit (O-LSU) in cis, or by forming trans-
linked complexes. Linked ribosome subunits may interact with native 
ribosome subunits in trans if the linker is insufficient to direct assembly 
in cis. High concentrations of native ribosome subunits in the cytoplasm 
under physiological conditions counteract the effects of tethering and may 
lead to cross-assembly. c, In E. coli strains containing solely ribosomes 
with covalently linked subunits, cis- or trans-linked complexes may form.
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‘Stapled ribosomes’ can still interact with endogenous 50s and 30s subunits
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Orthogonal ‘stapled’ ribosomes have activities comparable to that of the parent orthogonal ribosome

Orthogonal Ribosomes

o-d2d8

LETTERRESEARCH

ribosomes with linked subunits, directed to endogenous messages, as 
the sole ribosomes in the cell (Fig. 1c) (which currently require muti-
copy plasmids for rRNA expression and lead to retarded growth6) do 
not address the key question of whether orthogonal ribosomes with 
covalently linked subunits associate with the free subunits of endog-
enous ribosomes when both types of ribosome are present in the 
cell (Fig. 1b). Thus, there is no compelling evidence that the linked 
subunits within O-ribosomes reported to date specifically associate 
with each other to mediate translation7; nor is there any evidence that 
O-ribosomes can be altered to access new large-subunit functions that 
have not been accessed in natural ribosomes.

Here we identify engineered O-stapled ribosomes that minimize 
association with endogenous ribosomal subunits and maximize their 
activity through stapled-subunit association. In an evolved strain of 
E. coli, the engineered stapled ribosome supports robust cell growth 
as the sole, genomically encoded, ribosome, with growth rates com-
parable to those conferred by wild-type ribosomes. Cryo-electron 
microscopy (cryo-EM) reveals how the staple covalently links ribo-
some subunits to control their association, and we evolve engineered 
O-stapled ribosomes with new intrinsic polymerization function.

We envisioned that both the activity of the O-stapled ribosome 
directed to an orthogonal message, and the contributions to that activ-
ity from orthogonal translation pathways versus cross-assembly path-
ways (Fig. 1b, c), may vary as a function of the length of the helices in 
each subunit that link to the J5–J5a hinge (Fig. 2a). We created a matrix 
of 107 O-rDNAs (Fig. 2b, Extended Data Fig. 1b and Supplementary 
Data 1) that systematically combines deletions or insertions in helix 44 
with deletions in Helix 101 in the O-stapled ribosome; these alterations 

are expected to both translocate and rotate one subunit with respect 
to another. We named the linker variants by the number of base pairs 
that were deleted (d) or added (p, for ‘plus’) to helix 44 followed by 
the number of base pairs that have been deleted from Helix 101 with 
respect to O-d0d0 (Fig. 2a). We found that removing up to five nucle-
otides of helix 44 in O-16S rRNA leads to more active ribosomes, and 
that shortening Helix 101 of the 23S rRNA in the O-stapled ribosome is 
commonly associated with a gradual increase in activity. Indeed, some 
of the new O-stapled ribosomes are substantially more active than the 
first-generation O-ribosomes with linked subunits, and approach the 
activity of the non-stapled O-ribosome.

We next investigated the cross-assembly of O-stapled ribosomes and 
endogenous subunits (Fig. 1b) by affinity-purifying O-stapled ribo-
somes tagged with the RNA stem loop from the MS2 bacteriophage 
(refs 14,15) from cells and measuring the co-purification of endogenous 
subunits (Fig. 2c–e, Extended Data Fig. 2 and Supplementary Data 2). 
We defined the molar ratios of 50S and 30S rRNA to the MS2-tagged 
stapled O-rRNA from the purification as the 30S and 50S cross- 
assembly coefficients, respectively. We found that different O-stapled 
ribosomes associate with endogenous ribosomal subunits to substan-
tially different extents (Fig. 2c–e and Extended Data Fig. 3). Previously 
described O-ribosomes with linked subunits have cross-assembly 
coefficients close to one, demonstrating that they interact extensively 
and stably with endogenous ribosome subunits in trans. By contrast, 
O-d2d8 has substantially reduced cross-assembly coefficients (Fig. 2d, e  
and Extended Data Fig. 3).

Next we compared the relative activity of different O-stapled 
ribosomes, resulting solely from linked subunits acting in cis- or 
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Cryo-EM structure of o-d2d8

This work: Engineer a ‘stapled ribosome’ that does not associate with endogenous subunits
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Total synthesis of Escherichia coli with a 
recoded genome
Julius Fredens1,4, Kaihang Wang1,2,4, Daniel de la Torre1,4, Louise F. H. Funke1,4, Wesley E. Robertson1,4, Yonka Christova1, 
Tiongsun Chia1, Wolfgang H. Schmied1, Daniel L. Dunkelmann1, Václav Beránek1, Chayasith Uttamapinant1,3,  
Andres Gonzalez Llamazares1, Thomas S. Elliott1 & Jason W. Chin1*

Nature uses 64 codons to encode the synthesis of proteins from the genome, and chooses 1 sense codon—out of up 
to 6 synonyms—to encode each amino acid. Synonymous codon choice has diverse and important roles, and many 
synonymous substitutions are detrimental. Here we demonstrate that the number of codons used to encode the canonical 
amino acids can be reduced, through the genome-wide substitution of target codons by defined synonyms. We create a 
variant of Escherichia coli with a four-megabase synthetic genome through a high-fidelity convergent total synthesis. 
Our synthetic genome implements a defined recoding and refactoring scheme—with simple corrections at just seven 
positions—to replace every known occurrence of two sense codons and a stop codon in the genome. Thus, we recode 
18,214 codons to create an organism with a 61-codon genome; this organism uses 59 codons to encode the 20 amino acids, 
and enables the deletion of a previously essential transfer RNA.

Nature uses 64 triplet codons to encode the synthesis of proteins that 
are composed of the canonical 20 amino acids; 18 of these amino  
acids are encoded by more than 1 synonymous codon1. Synonymous 
codon choice can influence mRNA folding2, gene expression3–6, 
co-translational folding and protein levels2,7,8, and has emerging 
roles9,10. In addition, synonymous codons may have different roles at 
different positions in the genome11.

Reducing the number of sense codons used to encode the canon-
ical amino acids—through genome-wide replacement of a target 
codon with synonymous codons (which we term synonymous codon  
compression)—would address whether all synonymous codons are nec-
essary, and may also provide a foundation for the in vivo biosynthesis 
of genetically encoded non-canonical biopolymers12.

Up to 321 amber stop codons have been removed from the  
E. coli genome, using site-directed mutagenesis approaches that com-
monly introduce large numbers of off-target mutations13–15. Sense 
codons are commonly more abundant than stop codons by sev-
eral orders of magnitude, and—in principle—high-fidelity genome  
synthesis would be the preferred route for tackling their removal. 
Efforts to alter synonymous codons in individual genes16, genomic 
regions and essential operons9,16–21 have provided insight into syn-
onymous codon choice, and a subset of these studies have attempted 
to alter synonymous codons in ways that are consistent with synony-
mous codon compression17–19,21. However, these previous studies have 
mutated only a small fraction of targeted sense codons in the genome 
of a single strain.

There are an extremely large number of theoretical genomes that 
are formally compatible with synonymous codon compression (np, in 
which n is the number of synonyms for a target codon (n = 2–6) and 
P is the number of target-codon positions (P = 103 to 105)), and it is 
not possible to experimentally test the viability of np genomes. Defined 
synonymous codons have previously been used17 to replace the target 
codons in a 20-kb region of the E. coli genome that is rich in both essen-
tial genes and target codons; these studies identified simple defined 
‘recoding schemes’ that permit synonymous codon compression in this 

region17. However, it remained unclear whether these schemes could 
be applied for genome-wide recoding.

DNA synthesis and assembly methods enabled the creation of a 
Mycoplasma mycoides with a 1.08-Mb synthetic genome22,23, and the 
creation of 9 strains of Saccharomyces cerevisiae in which 1 or 2 of the 
16 chromosomes is replaced by synthetic DNA24–31 (up to 0.99 Mb, 
8% of the yeast genome). Replicon excision for enhanced genome  
engineering through programmed recombination (REXER)—an 
approach for replacing more than 100 kb of the E. coli genome with 
synthetic DNA in a single step—has recently been reported17, and it has 
been demonstrated that REXER can be iterated via genome stepwise 
interchange synthesis (GENESIS)17. Here we implement a convergent 
total synthesis to replace the 4-Mb E. coli MDS42 (ref. 32) genome with a 
synthetic genome. The synthetic genome is refactored33 and recoded for 
the genome-wide removal of two sense codons and a stop codon, which 
creates a synthetic E. coli that uses 61 codons for protein synthesis.

Design of a recoded genome
We designed a genome in which the serine codons TCG and TCA, and 
the stop codon TAG, in open reading frames (ORFs) of MDS42 E. coli 
(Supplementary Data 1) are systematically replaced by their synonyms 
AGC, AGT and TAA, respectively (Fig. 1a, Supplementary Data 2, 3).  
It has previously been shown that this defined recoding scheme is 
allowed in a 20-kb region of the genome17.

Many target codons are found in areas of overlap between ORFs. 
We classified these overlaps as 3′, 3′ (between ORFs in opposite ori-
entations) or 5′, 3′ (between ORFs in the same orientation). When the 
recoding of a 3′, 3′ overlap could be achieved without changing the 
encoded protein sequences, the structure of the overlap was maintained 
and the sequences were directly recoded. Otherwise, we duplicated the 
overlap and individually recoded each ORF (Fig. 1b, Supplementary 
Data 4). For 5′, 3′ overlaps, we separated the ORFs by duplicating both 
the overlap between the ORFs and the 20-bp sequence upstream of the 
overlap, which enabled independent recoding of each ORF (Fig. 1c, 
Supplementary Data 4). Using the defined rules for synonymous 
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codon compression and refactoring, we designed a genome in which 
all 18,218 target codons are recoded to their target synonyms (Fig. 1d, 
Supplementary Data 3).

Synthesis of recoded sections
We performed a retrosynthesis—analogous to that commonly used 
for designing synthetic routes in chemistry34—on the designed 
genome (Fig. 2). We disconnected the genome into eight sections, 
each of approximately 0.5 Mb in length, which were labelled A to H 
(Figs. 1d, 2a, Supplementary Data 2); we then disconnected each sec-
tion into 4 or 5 fragments (Fig. 2b). This yielded 37 fragments (Fig. 1d, 
Supplementary Data 2) that were between 91 kb and 136 kb in length. 
We placed the boundaries between fragments or sections in intergenic 
regions that are between non-essential genes. The fragments were fur-
ther disconnected into 9–14 stretches that were approximately 10 kb 
in length (Fig. 2c, Supplementary Data 5).

We assembled bacterial artificial chromosomes (BACs) for REXER 
(Fig. 2c, Supplementary Data 6–9) that contained each fragment, using 
homologous recombination in S. cerevisiae17,35. For 36 of the frag-
ments, BAC assembly proceeded smoothly (Supplementary Data 10). 
Fragment 37 was challenging to assemble and we therefore split it into 

two 50-kb fragments (labelled 37a and 37b), which were straightfor-
ward to assemble (Supplementary Data 10).

We initiated genome replacement in seven distinct strains using 
REXER (Extended Data Fig. 1a). The start point for REXER in each 
strain corresponds to the beginning of sections A, C, D, E, F, G or H  
(Figs. 1d, 2a); section B was subsequently built on section A. In each 
strain, the positive and negative selection markers that are intro-
duced in the first REXER provide a template for the next round of 
REXER, which enables GENESIS17 (Fig. 2b, Extended Data Fig. 1b). 
We found that REXER could be initiated by the electroporation of 
linear double-stranded spacers generated by PCR (Supplementary 
Data 11–13) rather than plasmid-encoded spacers17, which accel-
erated GENESIS. For sections A, C, D, E, F and G, we proceeded 
with GENESIS in a clockwise direction for 4 or 5 steps of REXER 
and replaced approximately 0.5 Mb of genomic DNA with synthetic 
DNA. We sequenced the genomes of cells after each step of REXER 
and identified clones that were fully recoded over the targeted genomic 
region (Supplementary Data 11). Section A was completed first, and 
we therefore proceeded with GENESIS through section B in a strain 
that contained recoded section A.

We carried out numerous single-step REXERs with individual frag-
ments (Supplementary Data 11), in parallel with GENESIS, to accel-
erate the identification of genomic regions that may be challenging 
to recode. For 35 steps, including all of sections A, C, D, E, F and G, 
we completely recoded the targeted genomic sequence by GENESIS. 
However, we observed incomplete replacement of the corresponding 
genomic region by synthetic DNA for fragment 9 (in section B), and for 
fragments 37a and 1 (in section H) (Supplementary Data 11).
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Fig. 1 | Design of the synthetic genome, implementing a defined 
recoding scheme for synonymous codon compression. a, The defined 
recoding scheme for synonymous codon compression. Synonymous serine 
codons and three stop codons used in the genome of wild-type E. coli 
are shown (grey boxes). Systematically implementing a defined recoding 
scheme for synonymous codon compression (red arrows) recodes target 
codons to defined synonyms, and replaces the amber stop codon TAG 
with the ochre stop codon TAA. This creates an organism with a recoded 
genome that uses a reduced number of serine and termination codons 
(pink boxes). b, Refactoring of 3′, 3′ overlaps enables their independent 
recoding. The overlap between two ORFs (ORF1 and ORF2) is duplicated, 
which enables independent recoding (red box) of these ORFs. c, 
Refactoring 5′, 3′ overlaps. The overlap plus 20 bp upstream is duplicated 
to generate a synthetic insert. When the overlap is longer than 1 bp at the 
end of the upstream ORF, an in-frame TAA (black box) is introduced in 
the beginning of the synthetic insert; this in-frame stop codon ensures 
the termination of translation from the original ribosome-binding site. 
Thus, all full-length translation of the downstream ORF is initiated from 
the reconstructed ribosome-binding site in the synthetic insert. This 
refactoring enables the independent recoding (red box) of ORFs. d, Map 
of the synthetic genome design with all TCG, TCA and TAG codons 
removed. Outer ring shows positions (18,218 red bars) of all TCG to AGC, 
TCA to AGT and TAG to TAA recodings. Grey ring shows positions of 
designed silent mutations in overlaps (12 green bars), refactoring of 3′, 
3′ overlaps (schematic shown in b, 21 blue bars) and refactoring of 5′, 3′ 
overlapping regions (schematic shown in c, 58 black bars). Pink ring shows 
37 fragments of approximately 100 kb in size each. Fragment 37 is shown as 
37a and 37b to reflect the final assembly. The sections A to H are indicated.
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sections A to H, with each section corresponding to approximately 0.5 Mb 
(step 1). The position of the replication origin oriC (orange square) is 
indicated. Sections were assembled into a completely recoded genome  
(in the forward sense, opposite to the direction of the retrosynthesis 
arrow) by directed conjugation (Fig. 3, Extended Data Fig. 7).  
b, Disconnecting genome sections into 100-kb fragments. Sections are 
further disconnected into 4 or 5 fragments of around 100 kb in length 
each. Section A is depicted, and other sections were treated similarly. 
Nearly all sections were constructed entirely through consecutive REXER 
steps, by GENESIS (Extended Data Fig. 1). Each step replaced around 
100 kb of wild-type genomic sequence with 100 kb of synthetic fragment 
(steps 2 and 3). c, Disconnecting each 100-kb synthetic fragment into 
10-kb synthetic stretches. Each 100-kb synthetic fragment is further 
disconnected into 9 to 14 short synthetic stretches of around 10 kb in 
length (step 4). The BACs that carry 100-kb synthetic fragments (pink) 
were assembled by homologous recombination in yeast. Each BAC 
contains Cas9 cleavage sites (black triangles) that enable excision of the 
synthetic DNA in vivo, homology regions 1 and 2 (HR1 and HR2) for 
targeting recombination, and the appropriate double-selection cassette. 
The −2 (sucrose sensitivity, encoded by sacB),+2 (chloramphenicol 
resistance, encoded by cat) double selection cassette is indicated. However 
different double selection cassettes are used for selection in different 
steps of REXER. A negative-selection marker (rpsL; indicated as −1) is 
used to enable loss of the backbone after REXER. BAC and yeast artificial 
chromosome (YAC) origins and a URA3 marker, all for maintenance in 
E. coli and S. cerevisiae, are indicated.
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codon compression and refactoring, we designed a genome in which 
all 18,218 target codons are recoded to their target synonyms (Fig. 1d, 
Supplementary Data 3).

Synthesis of recoded sections
We performed a retrosynthesis—analogous to that commonly used 
for designing synthetic routes in chemistry34—on the designed 
genome (Fig. 2). We disconnected the genome into eight sections, 
each of approximately 0.5 Mb in length, which were labelled A to H 
(Figs. 1d, 2a, Supplementary Data 2); we then disconnected each sec-
tion into 4 or 5 fragments (Fig. 2b). This yielded 37 fragments (Fig. 1d, 
Supplementary Data 2) that were between 91 kb and 136 kb in length. 
We placed the boundaries between fragments or sections in intergenic 
regions that are between non-essential genes. The fragments were fur-
ther disconnected into 9–14 stretches that were approximately 10 kb 
in length (Fig. 2c, Supplementary Data 5).

We assembled bacterial artificial chromosomes (BACs) for REXER 
(Fig. 2c, Supplementary Data 6–9) that contained each fragment, using 
homologous recombination in S. cerevisiae17,35. For 36 of the frag-
ments, BAC assembly proceeded smoothly (Supplementary Data 10). 
Fragment 37 was challenging to assemble and we therefore split it into 

two 50-kb fragments (labelled 37a and 37b), which were straightfor-
ward to assemble (Supplementary Data 10).

We initiated genome replacement in seven distinct strains using 
REXER (Extended Data Fig. 1a). The start point for REXER in each 
strain corresponds to the beginning of sections A, C, D, E, F, G or H  
(Figs. 1d, 2a); section B was subsequently built on section A. In each 
strain, the positive and negative selection markers that are intro-
duced in the first REXER provide a template for the next round of 
REXER, which enables GENESIS17 (Fig. 2b, Extended Data Fig. 1b). 
We found that REXER could be initiated by the electroporation of 
linear double-stranded spacers generated by PCR (Supplementary 
Data 11–13) rather than plasmid-encoded spacers17, which accel-
erated GENESIS. For sections A, C, D, E, F and G, we proceeded 
with GENESIS in a clockwise direction for 4 or 5 steps of REXER 
and replaced approximately 0.5 Mb of genomic DNA with synthetic 
DNA. We sequenced the genomes of cells after each step of REXER 
and identified clones that were fully recoded over the targeted genomic 
region (Supplementary Data 11). Section A was completed first, and 
we therefore proceeded with GENESIS through section B in a strain 
that contained recoded section A.

We carried out numerous single-step REXERs with individual frag-
ments (Supplementary Data 11), in parallel with GENESIS, to accel-
erate the identification of genomic regions that may be challenging 
to recode. For 35 steps, including all of sections A, C, D, E, F and G, 
we completely recoded the targeted genomic sequence by GENESIS. 
However, we observed incomplete replacement of the corresponding 
genomic region by synthetic DNA for fragment 9 (in section B), and for 
fragments 37a and 1 (in section H) (Supplementary Data 11).
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Fig. 1 | Design of the synthetic genome, implementing a defined 
recoding scheme for synonymous codon compression. a, The defined 
recoding scheme for synonymous codon compression. Synonymous serine 
codons and three stop codons used in the genome of wild-type E. coli 
are shown (grey boxes). Systematically implementing a defined recoding 
scheme for synonymous codon compression (red arrows) recodes target 
codons to defined synonyms, and replaces the amber stop codon TAG 
with the ochre stop codon TAA. This creates an organism with a recoded 
genome that uses a reduced number of serine and termination codons 
(pink boxes). b, Refactoring of 3′, 3′ overlaps enables their independent 
recoding. The overlap between two ORFs (ORF1 and ORF2) is duplicated, 
which enables independent recoding (red box) of these ORFs. c, 
Refactoring 5′, 3′ overlaps. The overlap plus 20 bp upstream is duplicated 
to generate a synthetic insert. When the overlap is longer than 1 bp at the 
end of the upstream ORF, an in-frame TAA (black box) is introduced in 
the beginning of the synthetic insert; this in-frame stop codon ensures 
the termination of translation from the original ribosome-binding site. 
Thus, all full-length translation of the downstream ORF is initiated from 
the reconstructed ribosome-binding site in the synthetic insert. This 
refactoring enables the independent recoding (red box) of ORFs. d, Map 
of the synthetic genome design with all TCG, TCA and TAG codons 
removed. Outer ring shows positions (18,218 red bars) of all TCG to AGC, 
TCA to AGT and TAG to TAA recodings. Grey ring shows positions of 
designed silent mutations in overlaps (12 green bars), refactoring of 3′, 
3′ overlaps (schematic shown in b, 21 blue bars) and refactoring of 5′, 3′ 
overlapping regions (schematic shown in c, 58 black bars). Pink ring shows 
37 fragments of approximately 100 kb in size each. Fragment 37 is shown as 
37a and 37b to reflect the final assembly. The sections A to H are indicated.
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Fig. 2 | Retrosynthesis of the synthetic genome. a, Disconnecting the 
genome into eight sections. The synthetic genome was disconnected into 
sections A to H, with each section corresponding to approximately 0.5 Mb 
(step 1). The position of the replication origin oriC (orange square) is 
indicated. Sections were assembled into a completely recoded genome  
(in the forward sense, opposite to the direction of the retrosynthesis 
arrow) by directed conjugation (Fig. 3, Extended Data Fig. 7).  
b, Disconnecting genome sections into 100-kb fragments. Sections are 
further disconnected into 4 or 5 fragments of around 100 kb in length 
each. Section A is depicted, and other sections were treated similarly. 
Nearly all sections were constructed entirely through consecutive REXER 
steps, by GENESIS (Extended Data Fig. 1). Each step replaced around 
100 kb of wild-type genomic sequence with 100 kb of synthetic fragment 
(steps 2 and 3). c, Disconnecting each 100-kb synthetic fragment into 
10-kb synthetic stretches. Each 100-kb synthetic fragment is further 
disconnected into 9 to 14 short synthetic stretches of around 10 kb in 
length (step 4). The BACs that carry 100-kb synthetic fragments (pink) 
were assembled by homologous recombination in yeast. Each BAC 
contains Cas9 cleavage sites (black triangles) that enable excision of the 
synthetic DNA in vivo, homology regions 1 and 2 (HR1 and HR2) for 
targeting recombination, and the appropriate double-selection cassette. 
The −2 (sucrose sensitivity, encoded by sacB),+2 (chloramphenicol 
resistance, encoded by cat) double selection cassette is indicated. However 
different double selection cassettes are used for selection in different 
steps of REXER. A negative-selection marker (rpsL; indicated as −1) is 
used to enable loss of the backbone after REXER. BAC and yeast artificial 
chromosome (YAC) origins and a URA3 marker, all for maintenance in 
E. coli and S. cerevisiae, are indicated.
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Sense codon reassignment enables viral resistance
and encoded polymer synthesis
Wesley E. Robertson1†, Louise F. H. Funke1†, Daniel de la Torre1†, Julius Fredens1†, Thomas S. Elliott1,
Martin Spinck1, Yonka Christova1, Daniele Cervettini1, Franz L. Böge1, Kim C. Liu1, Salvador Buse1,
Sarah Maslen1, George P. C. Salmond2, Jason W. Chin1*

It is widely hypothesized that removing cellular transfer RNAs (tRNAs)—making their
cognate codons unreadable—might create a genetic firewall to viral infection and enable sense
codon reassignment. However, it has been impossible to test these hypotheses. In this work,
following synonymous codon compression and laboratory evolution in Escherichia coli,
we deleted the tRNAs and release factor 1, which normally decode two sense codons and
a stop codon; the resulting cells could not read the canonical genetic code and were completely
resistant to a cocktail of viruses. We reassigned these codons to enable the efficient synthesis
of proteins containing three distinct noncanonical amino acids. Notably, we demonstrate the
facile reprogramming of our cells for the encoded translation of diverse noncanonical
heteropolymers and macrocycles.

N
ature uses 64 triplet codons to encode
the synthesis of proteins composed of
the 20 canonical amino acids, and most
amino acids are encoded by more than
one synonymous codon (1). It is widely

hypothesized that removing sense codons and

the tRNAs that read them from the genome
may enable the creation of cells with several
properties not found in natural biology, in-
cluding new modes of viral resistance (2)
and the ability to encode the biosynthesis
of noncanonical heteropolymers (3–6). How-
ever, these hypotheses have not been ex-
perimentally tested. Removing release factor
1 (RF1) (and therefore the ability to efficiently
terminate translation on the TAG stop codon)
from Escherichia coli provides some resistance
to a limited subset of phage (7, 8). However,

this resistance is not general, and phage are
often propagated in the absence of RF1 (8),
because the TAG stop codon is rarely used for
the termination of translation (9), and—even
when viral genes do terminate in an amber
codon—the inability to read a stop codon
does not limit the synthesis of full-length
viral proteins. In contrast, sense codons are
commonly at least 10 times more abundant
than amber codons in viral genomes and oc-
cur over the length of viral genes; thus, we
predicted that a cell that does not read sense
codonswouldnotmake full-length viral proteins
andwould therefore be completely resistant to
viruses.
Current strategies for encoding new mono-

mers in cells are limited to encoding a single
type of monomer (commonly in response to
the amber stop codon) (3, 10, 11), directing
the inefficient incorporation of monomers or
potentially incompatible with encoding se-
quential monomers (12–17); these limitations
preclude the synthesis of noncanonical hetero-
polymer sequences composed entirely of non-
canonical monomers. We hypothesized that
reassigning sense codons to noncanonical
monomers may enable the efficient and se-
quential polymerization of distinct nonca-
nonical monomers to produce noncanonical
heteropolymers.
Recently, a strain of E. coli, Syn61, was

created with a synthetic recoded genome in
which all annotated occurrences of two sense
codons (serine codons TCG and TCA) and a
stop codon (TAG) were replaced with synon-
ymous codons (18). In this study, we evolved
Syn61 and deleted the tRNAs and release
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Fig. 1. Strain evolution and creation of Syn61D3. (A) Schematic of strain evolution. Black lines connect
the codons that encode serine and protein termination to the anticodons of the tRNAs or release
factors predicted to decode them. The genes encoding the corresponding tRNAs and release factors are
indicated in the black boxes. Cells with the decoding rules of Syn61 are denoted with a pink box throughout.
Two rounds of parallel mutagenesis and dynamic selection created Syn61(ev2). serT, serU, and
prfA were then deleted to create Syn61D3. Finally, three rounds of parallel mutagenesis and dynamic
selection were applied to create Syn61D3(ev5). Syn61D3 and Syn61D3(ev5) are represented by the
light-teal box throughout. (B) Growth rates of Syn61 and all intermediate strains in the development of
Syn61D3(ev5). Growth rates were calculated on the basis of growth curves measured for n = 8 replicate
cultures for each strain. ou, optical units. For statistics, see methods in the supplementary materials.

D
ow

nloaded from
 https://w

w
w

.science.org at Princeton U
niversity on June 02, 2022

Total Synthesis of E. coli with a Recoded Genome

Syn61 can be evolved to remove serine tRNAs and release factor 1

Syn61∆3



Robertson, W. E. et al. Science 2021, 372, 1057.

Total Synthesis of E. coli with a Recoded Genome

Phages use endogenous translation machinery to reproduce

Syn61∆3

factor that decode TCG, TCA, and TAG codons.
We show that the resulting strain provides
complete resistance to a cocktail of viruses.
Moreover, we demonstrate the encoded incor-
poration of noncanonical amino acids (ncAAs)
in response to all three codons and the en-
coded, programmable cellular synthesis of
entirely noncanonical heteropolymers and
macrocycles.

Creating Syn61D3

We predicted that replacing the annotated
TCA, TCG, and TAG codons in the genome
would enable deletion of serT and serU (en-
coding tRNASer

UGA and tRNASer
CGA, respec-

tively) and prfA (encoding RF1), which decode
these codons, in a single strain (Fig. 1A). We
previously showed that serT, serU, and prfA
could be deleted in separate strains derived
from Syn61 (18); however, this does not cap-
ture the potential epistasis between these
genes. We sought to determine whether serT,

serU, and prfA could be deleted in a single
strain derived from Syn61.
Syn61 grows 1.6 times slower than the strain

from which it was derived (18). To increase
the growth rate of the strain before serT, serU,
and prfA deletion, we applied a previously
described random parallel mutagenesis and
automated dynamic parallel selection strategy
(19); this approach uses feedback control to
dynamically dilute mutated cultures on the
basis of growth rate and thereby selects fast-
growing strains from within mutated pop-
ulations (fig. S1A). Through two consecutive
rounds ofmutagenesis and selection, we created
a strain, Syn61(ev2), which grew 1.3-fold faster
(Fig. 1B; fig. S1, B to E; and data S1 and S2).
Next, we removed serU, serT, and prfA

from Syn61(ev2) to create Syn61D3 (Fig. 1A,
fig. S1C, and data S1 and S2). This demon-
strated that removing the target codons in
Syn61 was sufficient to enable the deletion of
all decoders of the target codons in the same

strain. However, Syn61D3 grew 1.7 times slower
than Syn61(ev2) (Fig. 1B). This growth de-
creasemay result from the presence of target
codons in the genome of Syn61 that were not
annotated and targeted (20, 21), and it may
also result from the other noncanonical roles
that tRNAs may play (22, 23).
We performed three sequential rounds of

random parallel mutagenesis and automated
dynamic parallel selection to evolve Syn61D3
to Syn61D3(ev5), which grew 1.6-fold faster
than Syn61D3 (Fig. 1, A and B; fig. S1, B, C, and
F to H; and data S1). When grown in lysogeny
broth (LB) media in shake flasks, the doubling
time of Syn61D3(ev5) was 38.72 ± 1.02min (fig.
S1I). Syn61D3(ev5) contains 482 additional mu-
tations with respect to Syn61—420 substitutions
and 62 indels—of which 72 are in intergenic
regions (data S1 and S3 and fig. S2). No target
codons were reverted, further demonstrating the
stability of our recoding scheme. Sixteen sense
codons in nonessential genes were converted
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Fig. 2. Lytic phage propagation and cell lysis
are obstructed in Syn61D3. (A) Schematic
of viral infection of Syn61D3. Deletion of
serU (encoding tRNASerCGA), serT (encoding
tRNASerUGA), and prfA (encoding RF1) makes the
UCG, UCA, and UAG codons unreadable,
and the ribosome will stall at these codons
within an mRNA that contains them, as shown here
for a viral mRNA. (B) Schematic of the number
of TCG, TCA, and TAG codons and their positions in
the genome of T6 phage. (C) Cultures were
infected with T6 phage at a multiplicity of infection
(MOI) of 5 × 10−2, and the total titer (intracellular
phage plus free phage) was monitored over
4 hours. PFU, plaque-forming units. Treatment
with gentamicin was used to ablate protein
synthesis, providing a control for cells
that cannot synthesize viral proteins or
produce new viral particles. (D) T6 efficiently
lyses Syn61 variants but not Syn61D3. Cultures
were infected as in panel (C), and OD600 was
measured after 4 hours. (E) Number of the
indicated codons per kilobase in each indicated
phage. (F and G) Syn61D3 survives simultaneous
infection of multiple phage. (F) Photos of the
culture at the indicated time points after infec-
tion (+) or in the absence of infection (−).
Cultures were infected with phage l, P1, T4, T6,
and T7, each with an MOI of 1 × 10−2. (G) OD600

of the cultures was measured after 4 hours.
All experiments were performed in three
independent replicates; the dots represent the
independent replicates, and the line (C) or bar
[(D) and (G)] represents the mean. The photo (F)
is a representative of data from three
independent replicates.
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factor that decode TCG, TCA, and TAG codons.
We show that the resulting strain provides
complete resistance to a cocktail of viruses.
Moreover, we demonstrate the encoded incor-
poration of noncanonical amino acids (ncAAs)
in response to all three codons and the en-
coded, programmable cellular synthesis of
entirely noncanonical heteropolymers and
macrocycles.

Creating Syn61D3

We predicted that replacing the annotated
TCA, TCG, and TAG codons in the genome
would enable deletion of serT and serU (en-
coding tRNASer

UGA and tRNASer
CGA, respec-

tively) and prfA (encoding RF1), which decode
these codons, in a single strain (Fig. 1A). We
previously showed that serT, serU, and prfA
could be deleted in separate strains derived
from Syn61 (18); however, this does not cap-
ture the potential epistasis between these
genes. We sought to determine whether serT,

serU, and prfA could be deleted in a single
strain derived from Syn61.
Syn61 grows 1.6 times slower than the strain

from which it was derived (18). To increase
the growth rate of the strain before serT, serU,
and prfA deletion, we applied a previously
described random parallel mutagenesis and
automated dynamic parallel selection strategy
(19); this approach uses feedback control to
dynamically dilute mutated cultures on the
basis of growth rate and thereby selects fast-
growing strains from within mutated pop-
ulations (fig. S1A). Through two consecutive
rounds ofmutagenesis and selection, we created
a strain, Syn61(ev2), which grew 1.3-fold faster
(Fig. 1B; fig. S1, B to E; and data S1 and S2).
Next, we removed serU, serT, and prfA

from Syn61(ev2) to create Syn61D3 (Fig. 1A,
fig. S1C, and data S1 and S2). This demon-
strated that removing the target codons in
Syn61 was sufficient to enable the deletion of
all decoders of the target codons in the same

strain. However, Syn61D3 grew 1.7 times slower
than Syn61(ev2) (Fig. 1B). This growth de-
creasemay result from the presence of target
codons in the genome of Syn61 that were not
annotated and targeted (20, 21), and it may
also result from the other noncanonical roles
that tRNAs may play (22, 23).
We performed three sequential rounds of

random parallel mutagenesis and automated
dynamic parallel selection to evolve Syn61D3
to Syn61D3(ev5), which grew 1.6-fold faster
than Syn61D3 (Fig. 1, A and B; fig. S1, B, C, and
F to H; and data S1). When grown in lysogeny
broth (LB) media in shake flasks, the doubling
time of Syn61D3(ev5) was 38.72 ± 1.02min (fig.
S1I). Syn61D3(ev5) contains 482 additional mu-
tations with respect to Syn61—420 substitutions
and 62 indels—of which 72 are in intergenic
regions (data S1 and S3 and fig. S2). No target
codons were reverted, further demonstrating the
stability of our recoding scheme. Sixteen sense
codons in nonessential genes were converted
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Fig. 2. Lytic phage propagation and cell lysis
are obstructed in Syn61D3. (A) Schematic
of viral infection of Syn61D3. Deletion of
serU (encoding tRNASerCGA), serT (encoding
tRNASerUGA), and prfA (encoding RF1) makes the
UCG, UCA, and UAG codons unreadable,
and the ribosome will stall at these codons
within an mRNA that contains them, as shown here
for a viral mRNA. (B) Schematic of the number
of TCG, TCA, and TAG codons and their positions in
the genome of T6 phage. (C) Cultures were
infected with T6 phage at a multiplicity of infection
(MOI) of 5 × 10−2, and the total titer (intracellular
phage plus free phage) was monitored over
4 hours. PFU, plaque-forming units. Treatment
with gentamicin was used to ablate protein
synthesis, providing a control for cells
that cannot synthesize viral proteins or
produce new viral particles. (D) T6 efficiently
lyses Syn61 variants but not Syn61D3. Cultures
were infected as in panel (C), and OD600 was
measured after 4 hours. (E) Number of the
indicated codons per kilobase in each indicated
phage. (F and G) Syn61D3 survives simultaneous
infection of multiple phage. (F) Photos of the
culture at the indicated time points after infec-
tion (+) or in the absence of infection (−).
Cultures were infected with phage l, P1, T4, T6,
and T7, each with an MOI of 1 × 10−2. (G) OD600

of the cultures was measured after 4 hours.
All experiments were performed in three
independent replicates; the dots represent the
independent replicates, and the line (C) or bar
[(D) and (G)] represents the mean. The photo (F)
is a representative of data from three
independent replicates.
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to target codons (5×TCG, 3×TCA, 8×TAG); these
frequencies are comparable to those observed
for other codons (data S1). Subsequent experi-
ments used Syn61D3 or, once available, its
evolved derivatives to investigate the newprop-
erties of these strains.

tRNA deletion ablates virus production
in Syn61D3

We investigated the effects of deleting the
genes encoding tRNASer

CGA, tRNA
Ser

UGA, and
RF1 on phage propagation by Syn61D3 (Fig. 2A)
in a modified one-step growth experiment
(24). For Syn61(ev2), the total titer of phage T6
[a representative of the lytic, T-even family
(Fig. 2B)] briefly dropped (as phage infected
cells) before rising to two orders of magnitude
above the input titer, as infected cells produced
new phage particles (Fig. 2C and fig. S3A). As
expected, the optical density at 600-nm wave-
length (OD600) of Syn61(ev2) was decreased by
infectionwith T6 phage, which is lytic (Fig. 2D).
Syn61DRF1 (data S1) and Syn61(ev2) produced
a comparable amount of phage on a compara-

ble time scale and showed similar changes in
OD600 upon infection. We conclude that de-
letion of RF1 alone has little, if any, effect on
T6 phage production or cell lysis.
Infection of Syn61D3 with T6 phage led to a

steady decrease in total phage titer. Notably,
this decrease was comparable to that observed
when protein synthesis, and therefore phage
production in cells, was completely inhibited
by addition of gentamicin (Fig. 2C and fig.
S3B). Moreover, T6 infection had a minimal
effect on the growth of Syn61D3 (Fig. 2D).
We conclude that Syn61D3 does not produce
new phage particles upon infection with T6
phage and that T6 phage does not lyse these
cells. Similar results were obtained with T7
phage, which has 57 TCG codons, 114 TCA
codons, and 6 TAG codons in its 40-kb genome
(fig. S3, A, C, and D). We treated cells with a
cocktail of phage containing lambda, P1vir,
T4, T6, and T7, which have TCA or TCG sense
codons that are 10 to 58 times more abundant
than the amber stop codon in their genomes
(Fig. 2E and fig. S3E), and found that the

treatment with this phage cocktail led to lysis
of Syn61(ev2) and Syn61DRF1 but had little
effect on the growth of Syn61D3 (Fig. 2, F and
G), suggesting that the deletion of tRNAs in
Syn61D3 provides resistance to a broad range
of phage.

Reassigning target codons for
ncAA incorporation

We expressed Ub11XXX genes (ubiquitin-His6
bearing TCG, TCA, or TAG at position 11)
and genes encoding the cognate orthogonal
MmPylRS/MmtRNAPyl

YYY pair (25) (in which
the anticodon is complementary to the codon
at position 11 in the Ub gene) in Syn61D3(ev5)
(Fig. 3A and data S2).
In the absence of added ncAA, little to no

ubiquitin was detected fromUb genes bearing
a target codon at position 11, while control
experiments demonstrated that ubiquitin is
produced from a “wild-type” gene that does
not contain any target codons (Fig. 3B). Thus,
none of the target codons are read by the en-
dogenous translational machinery in Syn61D3.
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Fig. 4. Double and triple incorporation of distinct noncanonical amino
acids into TCG, TCA, and TAG codons in Syn61D3 cells. (A) Reassignment
of TCG (blue box), TCA (gold box), and TAG (green box) codons to distinct ncAAs
in Syn61D3. Reassigning all three codons to distinct ncAAs in a single cell
requires three engineered triply orthogonal aaRS/tRNA pairs. Each pair must
recognize a distinct ncAA and decode a distinct codon. The tRNAs from these
triply orthogonal pairs are labeled O-tRNA1-3. (B) The incorporation of two distinct
noncanonical amino acids in response to TCG and TAG codons in a single gene.
Syn61D3(ev4)—containing the 1R26PylRS(CbzK)/AlvtRNADNPyl(8)CGA pair (16) and
the AfTyrRS(p-I-Phe)/AftRNATyr(A01)CUA pair (29), which direct the incorporation of
CbzK into TCG and p-I-Phe into TAG, respectively—were provided with CbzK and
p-I-Phe. Cells also contained Ub11TCG,65TAG (TCG/TAG), Ub9TCG,11TCG,14TAG,65TAG
(2×TCG/2×TAG), or wt Ub, which contains no target codons. Expression of
ubiquitin-His6 was performed in the absence (−) or presence (+) of the ncAAs.
Full-length ubiquitin-His6 was detected in cell lysate from an equal number of
cells with an anti-His6 antibody. (C) ESI-MS analyses of purified Ub-(11CbzK, 65p-
I-Phe) (black trace) and Ub-(11CbzK, 14CbzK, 57p-I-Phe, 65p-I-Phe) (gray trace),

expressed in the presence of CbzK and p-I-Phe, as described in (E) and purified
by nickel–nitrilotriacetic acid chromatography. These data confirm the quantita-
tive incorporation of CbzK and p-I-Phe in response to TCG and TAG codons,
respectively. Ub-(11CbzK, 65p-I-Phe), theoretical mass: 9707.81 Da; measured
mass: 9707.40 Da. Ub-(11CbzK, 14CbzK, 57p-I-Phe, 65p-I-Phe), theoretical mass:
10,055.00 Da; measured mass: 10,054.60 Da. (D) The incorporation of three
distinct noncanonical amino acids into TCG, TCA, and TAG codons in a single
gene. Syn61D3(ev4)—containing the 1R26PylRS(CbzK)/AlvtRNADNPyl(8)CGA pair,
the MmPylRS/MmtRNAPylUGA pair, and the AfTyrRS(p-I-Phe)/AftRNATyr(A01)CUA
pair—were provided with CbzK, BocK, and p-I-Phe. Cells also contained
Ub9TAG,11TCG,14TCA (TCG/TCA/TAG). Expression of this gene was performed in the
absence (−) or presence (+) of the ncAAs. Full-length Ub-(9p-I-Phe, 11CbzK,
14BocK)-His6 was detected in cell lysate from an equal number of cells with an
anti-His6 antibody. (E) ESI-MS of purified Ub-(9p-I-Phe, 11CbzK, 14BocK),
theoretical mass: 9820.97 Da; measured mass: 9820.80 Da. Western blot
experiments [(B) and (D)] were performed in five biological replicates with
similar results. The ESI-MS data [(C) and (E)] were collected once.
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Sense codon reassignment enables viral resistance
and encoded polymer synthesis
Wesley E. Robertson1†, Louise F. H. Funke1†, Daniel de la Torre1†, Julius Fredens1†, Thomas S. Elliott1,
Martin Spinck1, Yonka Christova1, Daniele Cervettini1, Franz L. Böge1, Kim C. Liu1, Salvador Buse1,
Sarah Maslen1, George P. C. Salmond2, Jason W. Chin1*

It is widely hypothesized that removing cellular transfer RNAs (tRNAs)—making their
cognate codons unreadable—might create a genetic firewall to viral infection and enable sense
codon reassignment. However, it has been impossible to test these hypotheses. In this work,
following synonymous codon compression and laboratory evolution in Escherichia coli,
we deleted the tRNAs and release factor 1, which normally decode two sense codons and
a stop codon; the resulting cells could not read the canonical genetic code and were completely
resistant to a cocktail of viruses. We reassigned these codons to enable the efficient synthesis
of proteins containing three distinct noncanonical amino acids. Notably, we demonstrate the
facile reprogramming of our cells for the encoded translation of diverse noncanonical
heteropolymers and macrocycles.

N
ature uses 64 triplet codons to encode
the synthesis of proteins composed of
the 20 canonical amino acids, and most
amino acids are encoded by more than
one synonymous codon (1). It is widely

hypothesized that removing sense codons and

the tRNAs that read them from the genome
may enable the creation of cells with several
properties not found in natural biology, in-
cluding new modes of viral resistance (2)
and the ability to encode the biosynthesis
of noncanonical heteropolymers (3–6). How-
ever, these hypotheses have not been ex-
perimentally tested. Removing release factor
1 (RF1) (and therefore the ability to efficiently
terminate translation on the TAG stop codon)
from Escherichia coli provides some resistance
to a limited subset of phage (7, 8). However,

this resistance is not general, and phage are
often propagated in the absence of RF1 (8),
because the TAG stop codon is rarely used for
the termination of translation (9), and—even
when viral genes do terminate in an amber
codon—the inability to read a stop codon
does not limit the synthesis of full-length
viral proteins. In contrast, sense codons are
commonly at least 10 times more abundant
than amber codons in viral genomes and oc-
cur over the length of viral genes; thus, we
predicted that a cell that does not read sense
codonswouldnotmake full-length viral proteins
andwould therefore be completely resistant to
viruses.
Current strategies for encoding new mono-

mers in cells are limited to encoding a single
type of monomer (commonly in response to
the amber stop codon) (3, 10, 11), directing
the inefficient incorporation of monomers or
potentially incompatible with encoding se-
quential monomers (12–17); these limitations
preclude the synthesis of noncanonical hetero-
polymer sequences composed entirely of non-
canonical monomers. We hypothesized that
reassigning sense codons to noncanonical
monomers may enable the efficient and se-
quential polymerization of distinct nonca-
nonical monomers to produce noncanonical
heteropolymers.
Recently, a strain of E. coli, Syn61, was

created with a synthetic recoded genome in
which all annotated occurrences of two sense
codons (serine codons TCG and TCA) and a
stop codon (TAG) were replaced with synon-
ymous codons (18). In this study, we evolved
Syn61 and deleted the tRNAs and release
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Fig. 1. Strain evolution and creation of Syn61D3. (A) Schematic of strain evolution. Black lines connect
the codons that encode serine and protein termination to the anticodons of the tRNAs or release
factors predicted to decode them. The genes encoding the corresponding tRNAs and release factors are
indicated in the black boxes. Cells with the decoding rules of Syn61 are denoted with a pink box throughout.
Two rounds of parallel mutagenesis and dynamic selection created Syn61(ev2). serT, serU, and
prfA were then deleted to create Syn61D3. Finally, three rounds of parallel mutagenesis and dynamic
selection were applied to create Syn61D3(ev5). Syn61D3 and Syn61D3(ev5) are represented by the
light-teal box throughout. (B) Growth rates of Syn61 and all intermediate strains in the development of
Syn61D3(ev5). Growth rates were calculated on the basis of growth curves measured for n = 8 replicate
cultures for each strain. ou, optical units. For statistics, see methods in the supplementary materials.
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Fig. 5. Programmable, encoded synthesis of noncanonical heteropolymers
and macrocycles. (A) Elementary steps in the ribosomal polymerization of
two distinct ncAA monomers [labeled A (dark blue) and B (green)]. All linear
heteropolymer sequences composed of A and B can be encoded from these
four elementary steps. (B) Encoding heteropolymer sequences (noncanonical
monomers are shown as stars). The sequence of monomers in the heteropolymer
is programmed by the sequence of codons written by the user. The identity
of monomers (A and B) is defined by the aaRS/tRNA pairs added to the cell.
Cells can be reprogrammed to encode different heteropolymer sequences from a
single DNA sequence. Sequences were encoded as insertions at position 3 of
sfGFP-His6. Reassignment scheme 1 (r.s.1) uses the MmPylRS/MmtRNAPylCGA
pair to assign AllocK as monomer A and the 1R26PylRS(CbzK)/AlvtRNADNPyl(8)CUA
pair to assign CbzK as monomer B (fig. S7, D and E). r.s.2 uses the MmPylRS/
MmtRNAPylCGA pair to assign BocK as monomer A and an AfTyrRS(p-I-Phe)/
AftRNATyr(A01)CUA pair to assign p-I-Phe as monomer B. r.s.3 uses the 1R26PylRS
(CbzK)/AlvtRNADNPyl(8)CGA pair to assign CbzK as monomer A and the
AfTyrRS(p-I-Phe)/AftRNATyr(A01)CUA pair to assign p-I-Phe as monomer B.
(C to E) Polymerization of the encoded sequence composed of the indicated ncAAs
and the resulting sfGFP-His6 expression in Syn61D3(ev5) were dependent on the

addition of both ncAAs to the medium. a.u., arbitrary units. (F) ESI-MS of purified
sfGFP-His6 variants containing the indicated ncAA hexamers. BocK/p-I-Phe
(expected mass after loss of N-terminal methionine: 29,172.07 Da; observed:
29,171.8 Da), CbzK/p-I-Phe (expected mass after loss of N-terminal methionine:
29,274.13 Da; observed: 29,274.0 Da), and AllocK/CbzK (expected mass after loss
of N-terminal methionine: 29,091.64 Da; observed: 29,092.2 Da). The ESI-MS
data was collected once. (G) Encoded synthesis of free noncanonical polymers.
DNA sequences encoding a tetramer and a hexamer were inserted between SUMO
and a GyrA intein coupled to a CBD, in Syn61D3(ev5) cells containing the same
pairs as in r.s.1 (B). Expression of the constructs, followed by ubiquitin-like-specific
protease 1 (Ulp1) cleavage and GyrA transthioesterification cleavage, results in
the isolation of free noncanonical tetramer and hexamer polymers. Adding an
additional cysteine immediately upstream of the polymer sequence results in self-
cleavage and release of a macrocyclic noncanonical polymer. (H to J) Chemical
structures and ESI-MS spectra of the purified linear and cyclic AllocK/CbzK
heteropolymers. The raw ESI-MS spectra show the relative intensity and observed
mass/charge ratios for the different noncanonical peptides. The observed
masses corresponding to the expected [M + H]+ or [M + 2H]2+ ions are highlighted
in bold. Other adducts and fragment ions are labeled relative to these.
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Fig. 5. Programmable, encoded synthesis of noncanonical heteropolymers
and macrocycles. (A) Elementary steps in the ribosomal polymerization of
two distinct ncAA monomers [labeled A (dark blue) and B (green)]. All linear
heteropolymer sequences composed of A and B can be encoded from these
four elementary steps. (B) Encoding heteropolymer sequences (noncanonical
monomers are shown as stars). The sequence of monomers in the heteropolymer
is programmed by the sequence of codons written by the user. The identity
of monomers (A and B) is defined by the aaRS/tRNA pairs added to the cell.
Cells can be reprogrammed to encode different heteropolymer sequences from a
single DNA sequence. Sequences were encoded as insertions at position 3 of
sfGFP-His6. Reassignment scheme 1 (r.s.1) uses the MmPylRS/MmtRNAPylCGA
pair to assign AllocK as monomer A and the 1R26PylRS(CbzK)/AlvtRNADNPyl(8)CUA
pair to assign CbzK as monomer B (fig. S7, D and E). r.s.2 uses the MmPylRS/
MmtRNAPylCGA pair to assign BocK as monomer A and an AfTyrRS(p-I-Phe)/
AftRNATyr(A01)CUA pair to assign p-I-Phe as monomer B. r.s.3 uses the 1R26PylRS
(CbzK)/AlvtRNADNPyl(8)CGA pair to assign CbzK as monomer A and the
AfTyrRS(p-I-Phe)/AftRNATyr(A01)CUA pair to assign p-I-Phe as monomer B.
(C to E) Polymerization of the encoded sequence composed of the indicated ncAAs
and the resulting sfGFP-His6 expression in Syn61D3(ev5) were dependent on the

addition of both ncAAs to the medium. a.u., arbitrary units. (F) ESI-MS of purified
sfGFP-His6 variants containing the indicated ncAA hexamers. BocK/p-I-Phe
(expected mass after loss of N-terminal methionine: 29,172.07 Da; observed:
29,171.8 Da), CbzK/p-I-Phe (expected mass after loss of N-terminal methionine:
29,274.13 Da; observed: 29,274.0 Da), and AllocK/CbzK (expected mass after loss
of N-terminal methionine: 29,091.64 Da; observed: 29,092.2 Da). The ESI-MS
data was collected once. (G) Encoded synthesis of free noncanonical polymers.
DNA sequences encoding a tetramer and a hexamer were inserted between SUMO
and a GyrA intein coupled to a CBD, in Syn61D3(ev5) cells containing the same
pairs as in r.s.1 (B). Expression of the constructs, followed by ubiquitin-like-specific
protease 1 (Ulp1) cleavage and GyrA transthioesterification cleavage, results in
the isolation of free noncanonical tetramer and hexamer polymers. Adding an
additional cysteine immediately upstream of the polymer sequence results in self-
cleavage and release of a macrocyclic noncanonical polymer. (H to J) Chemical
structures and ESI-MS spectra of the purified linear and cyclic AllocK/CbzK
heteropolymers. The raw ESI-MS spectra show the relative intensity and observed
mass/charge ratios for the different noncanonical peptides. The observed
masses corresponding to the expected [M + H]+ or [M + 2H]2+ ions are highlighted
in bold. Other adducts and fragment ions are labeled relative to these.
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Fig. 5. Programmable, encoded synthesis of noncanonical heteropolymers
and macrocycles. (A) Elementary steps in the ribosomal polymerization of
two distinct ncAA monomers [labeled A (dark blue) and B (green)]. All linear
heteropolymer sequences composed of A and B can be encoded from these
four elementary steps. (B) Encoding heteropolymer sequences (noncanonical
monomers are shown as stars). The sequence of monomers in the heteropolymer
is programmed by the sequence of codons written by the user. The identity
of monomers (A and B) is defined by the aaRS/tRNA pairs added to the cell.
Cells can be reprogrammed to encode different heteropolymer sequences from a
single DNA sequence. Sequences were encoded as insertions at position 3 of
sfGFP-His6. Reassignment scheme 1 (r.s.1) uses the MmPylRS/MmtRNAPylCGA
pair to assign AllocK as monomer A and the 1R26PylRS(CbzK)/AlvtRNADNPyl(8)CUA
pair to assign CbzK as monomer B (fig. S7, D and E). r.s.2 uses the MmPylRS/
MmtRNAPylCGA pair to assign BocK as monomer A and an AfTyrRS(p-I-Phe)/
AftRNATyr(A01)CUA pair to assign p-I-Phe as monomer B. r.s.3 uses the 1R26PylRS
(CbzK)/AlvtRNADNPyl(8)CGA pair to assign CbzK as monomer A and the
AfTyrRS(p-I-Phe)/AftRNATyr(A01)CUA pair to assign p-I-Phe as monomer B.
(C to E) Polymerization of the encoded sequence composed of the indicated ncAAs
and the resulting sfGFP-His6 expression in Syn61D3(ev5) were dependent on the

addition of both ncAAs to the medium. a.u., arbitrary units. (F) ESI-MS of purified
sfGFP-His6 variants containing the indicated ncAA hexamers. BocK/p-I-Phe
(expected mass after loss of N-terminal methionine: 29,172.07 Da; observed:
29,171.8 Da), CbzK/p-I-Phe (expected mass after loss of N-terminal methionine:
29,274.13 Da; observed: 29,274.0 Da), and AllocK/CbzK (expected mass after loss
of N-terminal methionine: 29,091.64 Da; observed: 29,092.2 Da). The ESI-MS
data was collected once. (G) Encoded synthesis of free noncanonical polymers.
DNA sequences encoding a tetramer and a hexamer were inserted between SUMO
and a GyrA intein coupled to a CBD, in Syn61D3(ev5) cells containing the same
pairs as in r.s.1 (B). Expression of the constructs, followed by ubiquitin-like-specific
protease 1 (Ulp1) cleavage and GyrA transthioesterification cleavage, results in
the isolation of free noncanonical tetramer and hexamer polymers. Adding an
additional cysteine immediately upstream of the polymer sequence results in self-
cleavage and release of a macrocyclic noncanonical polymer. (H to J) Chemical
structures and ESI-MS spectra of the purified linear and cyclic AllocK/CbzK
heteropolymers. The raw ESI-MS spectra show the relative intensity and observed
mass/charge ratios for the different noncanonical peptides. The observed
masses corresponding to the expected [M + H]+ or [M + 2H]2+ ions are highlighted
in bold. Other adducts and fragment ions are labeled relative to these.
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to target codons (5×TCG, 3×TCA, 8×TAG); these
frequencies are comparable to those observed
for other codons (data S1). Subsequent experi-
ments used Syn61D3 or, once available, its
evolved derivatives to investigate the newprop-
erties of these strains.

tRNA deletion ablates virus production
in Syn61D3

We investigated the effects of deleting the
genes encoding tRNASer

CGA, tRNA
Ser

UGA, and
RF1 on phage propagation by Syn61D3 (Fig. 2A)
in a modified one-step growth experiment
(24). For Syn61(ev2), the total titer of phage T6
[a representative of the lytic, T-even family
(Fig. 2B)] briefly dropped (as phage infected
cells) before rising to two orders of magnitude
above the input titer, as infected cells produced
new phage particles (Fig. 2C and fig. S3A). As
expected, the optical density at 600-nm wave-
length (OD600) of Syn61(ev2) was decreased by
infectionwith T6 phage, which is lytic (Fig. 2D).
Syn61DRF1 (data S1) and Syn61(ev2) produced
a comparable amount of phage on a compara-

ble time scale and showed similar changes in
OD600 upon infection. We conclude that de-
letion of RF1 alone has little, if any, effect on
T6 phage production or cell lysis.
Infection of Syn61D3 with T6 phage led to a

steady decrease in total phage titer. Notably,
this decrease was comparable to that observed
when protein synthesis, and therefore phage
production in cells, was completely inhibited
by addition of gentamicin (Fig. 2C and fig.
S3B). Moreover, T6 infection had a minimal
effect on the growth of Syn61D3 (Fig. 2D).
We conclude that Syn61D3 does not produce
new phage particles upon infection with T6
phage and that T6 phage does not lyse these
cells. Similar results were obtained with T7
phage, which has 57 TCG codons, 114 TCA
codons, and 6 TAG codons in its 40-kb genome
(fig. S3, A, C, and D). We treated cells with a
cocktail of phage containing lambda, P1vir,
T4, T6, and T7, which have TCA or TCG sense
codons that are 10 to 58 times more abundant
than the amber stop codon in their genomes
(Fig. 2E and fig. S3E), and found that the

treatment with this phage cocktail led to lysis
of Syn61(ev2) and Syn61DRF1 but had little
effect on the growth of Syn61D3 (Fig. 2, F and
G), suggesting that the deletion of tRNAs in
Syn61D3 provides resistance to a broad range
of phage.

Reassigning target codons for
ncAA incorporation

We expressed Ub11XXX genes (ubiquitin-His6
bearing TCG, TCA, or TAG at position 11)
and genes encoding the cognate orthogonal
MmPylRS/MmtRNAPyl

YYY pair (25) (in which
the anticodon is complementary to the codon
at position 11 in the Ub gene) in Syn61D3(ev5)
(Fig. 3A and data S2).
In the absence of added ncAA, little to no

ubiquitin was detected fromUb genes bearing
a target codon at position 11, while control
experiments demonstrated that ubiquitin is
produced from a “wild-type” gene that does
not contain any target codons (Fig. 3B). Thus,
none of the target codons are read by the en-
dogenous translational machinery in Syn61D3.
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Fig. 4. Double and triple incorporation of distinct noncanonical amino
acids into TCG, TCA, and TAG codons in Syn61D3 cells. (A) Reassignment
of TCG (blue box), TCA (gold box), and TAG (green box) codons to distinct ncAAs
in Syn61D3. Reassigning all three codons to distinct ncAAs in a single cell
requires three engineered triply orthogonal aaRS/tRNA pairs. Each pair must
recognize a distinct ncAA and decode a distinct codon. The tRNAs from these
triply orthogonal pairs are labeled O-tRNA1-3. (B) The incorporation of two distinct
noncanonical amino acids in response to TCG and TAG codons in a single gene.
Syn61D3(ev4)—containing the 1R26PylRS(CbzK)/AlvtRNADNPyl(8)CGA pair (16) and
the AfTyrRS(p-I-Phe)/AftRNATyr(A01)CUA pair (29), which direct the incorporation of
CbzK into TCG and p-I-Phe into TAG, respectively—were provided with CbzK and
p-I-Phe. Cells also contained Ub11TCG,65TAG (TCG/TAG), Ub9TCG,11TCG,14TAG,65TAG
(2×TCG/2×TAG), or wt Ub, which contains no target codons. Expression of
ubiquitin-His6 was performed in the absence (−) or presence (+) of the ncAAs.
Full-length ubiquitin-His6 was detected in cell lysate from an equal number of
cells with an anti-His6 antibody. (C) ESI-MS analyses of purified Ub-(11CbzK, 65p-
I-Phe) (black trace) and Ub-(11CbzK, 14CbzK, 57p-I-Phe, 65p-I-Phe) (gray trace),

expressed in the presence of CbzK and p-I-Phe, as described in (E) and purified
by nickel–nitrilotriacetic acid chromatography. These data confirm the quantita-
tive incorporation of CbzK and p-I-Phe in response to TCG and TAG codons,
respectively. Ub-(11CbzK, 65p-I-Phe), theoretical mass: 9707.81 Da; measured
mass: 9707.40 Da. Ub-(11CbzK, 14CbzK, 57p-I-Phe, 65p-I-Phe), theoretical mass:
10,055.00 Da; measured mass: 10,054.60 Da. (D) The incorporation of three
distinct noncanonical amino acids into TCG, TCA, and TAG codons in a single
gene. Syn61D3(ev4)—containing the 1R26PylRS(CbzK)/AlvtRNADNPyl(8)CGA pair,
the MmPylRS/MmtRNAPylUGA pair, and the AfTyrRS(p-I-Phe)/AftRNATyr(A01)CUA
pair—were provided with CbzK, BocK, and p-I-Phe. Cells also contained
Ub9TAG,11TCG,14TCA (TCG/TCA/TAG). Expression of this gene was performed in the
absence (−) or presence (+) of the ncAAs. Full-length Ub-(9p-I-Phe, 11CbzK,
14BocK)-His6 was detected in cell lysate from an equal number of cells with an
anti-His6 antibody. (E) ESI-MS of purified Ub-(9p-I-Phe, 11CbzK, 14BocK),
theoretical mass: 9820.97 Da; measured mass: 9820.80 Da. Western blot
experiments [(B) and (D)] were performed in five biological replicates with
similar results. The ESI-MS data [(C) and (E)] were collected once.
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