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Biotechnological Applications using tools hijacking nascent protein (poly-peptide) translation

- How can we site-specifically integrate an unnatural amino acid (expanding the 

genetic code) such as to understand/track the precise impact of a single-amino 

acid switch on a single protein of interest?

- How do we monitor time-resolved changes in global protein synthesis/turnover?

- How do we rapidly evolve/engineer proteins/enzymes and target-ligand pairs? mRNA display technology

Genetic code 
expansion (GCE) 
technology 
(aka: amber suppression 
method; unnatural amino 
acid (UAA)
incorporation 
technology)

POI: protein of interest

aka: also known as

POI-
site-
specific 
GCE

Whole-
proteome 
GCE

Continued from the last lecture….



Amber suppression [aka, Genetic Code Expansion (GCE)] technology: Hijacking nascent mRNA translation

a)!

Polypeptide translation - Ribosome “A” and “P” sites!
New tRNA comes in to empty A site; growing polypeptide chain on tRNA in P site!
Also “E” site (exit). !

Termination codons 
(amber, ochre, opal) 
IMPLICATION of 
ONLY needing a 
single STOP codon: !
Suppressor tRNA can 
be “charged” with an 
unnatural amino acid!

4. HIJACKING mRNA TRANSLATION: THE EXPANDED GENETIC CODE 

DNA    mRNA    tRNA !
TAG     UAG     AUC !
TGA     UGA     ACU !
TAA     UAA     AUU !

Termination codons (amber, ochre, 
opal) ONLY one really needed. 

mRNA (codons)!

PROTEIN !I"
M" Uridine U, cytosine C, guanine G, and 

adenine A are common bases. Other 
bases include inosine, and pseudo 
uridine.  

tRNA (anticodon moiety) may 
recognize a codon with a “wobble” 
base (e.g. inosine). 
tRNA (Ala) anticodon -C-G-I- 

AntiC   -C-G-I-     -C-G-I-     -C-G-I- !

C        -G-C-U-    -G-C-C-    -G-C-A- !

tRNA !
(anti-codon loop) !

DNA T, C, A, G    RNA U, C, A, G !

 CODONS: ! DNA !

Translation 

Elongation: AA-tRNA 
transported to ribosome by 
EF (recognition via codon/
anticodon). Peptide bond 
formed and tRNA with 
peptide is translocated from 
A site to P site to make room 
for new AAtRNA arrival  

Termination: A stop codon 
triggers binding of an 
uncharged suppressor tRNA 
and a protein release factor 
(RF), which releases the 
completed protein from the 
ribosome, together with the 
tRNA.  

Initiation: Ribosome assembled, 
and initiator tRNA (fMet-tRNA) 
added according to the start 
codon in mRNA. Process is driven 
by initiation factors (IF) and GTP.  

Met5’ 3’

Q: what are these 2 ‘regions’
marked in red?

Slide from last lecture

Codon

Anti-codon

How do we get to ‘charged tRNA’?
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Activated amino acid is required
(otherwise carboxyl group is not a good leaving
group, so amino acid first reacts with ATP to
form amino-acid-AMP conjugate, and AMP
serves as a leaving group after attack from 3’OH
of the tRNA 3’ CCA end: see last week lecture)
This whole process of tRNA ”charging” to an 
amino acid is catalyzed by aaRS enzyme

AMP leaving
group unit

3D structure of a representative aaRS·tRNA complex

The chemistry behind tRNA charging process

aaRS = aminoacyl tRNA synthetase

aaRS-catalyzed reaction

Q: why is ATP-activation process of the amino acid necessary?
(i.e., why can’t tRNA “OH” directly attack the amino acid to 
form the requisite ester bond?



Adapted from: https://www.addgene.org/collections/genetic-code-expansion/

Genetic code expansion: the required components

1: A plasmid expressing the tRNA and its cognate aminoacyl-
tRNA-synthetase (aaRS) that has been evolved to incorporate 
non-canonical amino acids (ncAAs). 

(1): 

(2): 

To expand the genetic code, modified tRNAs, codons, and tRNA synthetases are 

introduced into the cell on plasmids and the new amino acid is introduced in the 

media. We generally need two plasmids (see 1 and 2 in figure):

2: A plasmid encoding your favorite gene with the modified codon 
(typically the amber codon) (integrated at the right site to 
ultimately integrate the ncAA) that is to be recognized by the 
cognate charged tRNA.

Note 1: ncAA and UAA are commonly used 
abbreviations for non-canonical or unnatural/non-
natural AA

3: Once these plasmids have been introduced in the cells, the non-
canonical amino acid can be incorporated using the existing 
protein translation machinery.

(3): 

5’ 3’

To expand the genetic code, 4 major changes to the standard translation machinery are needed in order to incorporate a non-canonical amino acid into the protein of interest:
--The non-canonical amino acid, which is generally introduced in the media. 
-- A new codon to be allocated to the new amino acid. Because there are no free codons, this can be challenging. In E.coli, the rarest codon is the amber stop codon (UAG) and thus 
this codon is often used. The gene of interest can be expressed from a plasmid containing a UAG codon at the place where the new amino acid would be incorporated. Other 
options, such a 4-base pair codons, have also been utilized. 
-- A tRNA that recognizes this codon. 
-- An aminoacyl-tRNA synthetase (aaRS) to load the new amino acid onto the tRNA. The tRNA and synthetase are called an orthogonal set, because they should not crosstalk with 
the endogenous tRNA and synthetase sets. Many of these sets are derived from M. jannaschii, M. barkeri, or E.coli and can be mutated and screened through directed evolution to 
charge the tRNA with a different amino acid. They are typically expressed from a single plasmid, with multiple copies of the tRNA.

Slide from last lecture

1 2
3

4
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Example UAAs successfully incorporated:

Relevant slides presented by Prof. Peter Schultz (pioneer of the GCE technology) during 2021 Intn’l 
Chem Bio  Society conference, a leading pioneer in GCE method development and applications. 
ICBS 2021 © 

Unnatural Amino Acids (UAAs) incorporated via GCR (or amber suppression) method
INTERLUDE
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HA Actin (K118TAG)

=

=

In-class Exercise: Fill out the missing fluorescence gel and western blot data 

1

4

5

2

1.        +          +         +         +        - +
2.        +          +         +         - +       +        
3.        +          +          - +        +       +
4.        +          - +        +        +       +
5.         - +          +        +        +       +

3 Orthogonal pylRS
(pylRS is a commonly-used aaRS
orthogonal to mammalian system)

Orthogonal tRNACUA

ß note: TAG at DNA level

UAG at mRNA level

Full-length actin protein is made up of 374 amino-acids and its molecular weight (MW) is 42 kDa
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Fluorescence gel (Cy5 signal)

Western blot (anti-HA signal)

Cy5-fluorescence dye Experimental setup:
Cells were subjected
to different conditions
shown, such that they
express 1, 2, and/or 3,
and either treated or 
untreated with compound 
4 for 5 hrs. Cells were then
lysed and compound 5 was
added to the lysate. The
samples were then analyzed
by SDS-PAGE and imaged
detecting either Cy5 signal
(top) or anti-HA signal (bottom)
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Biotechnological Applications using tools hijacking nascent protein (poly-peptide) translation

- How can we site-specifically integrate an unnatural amino acid (expanding the 

genetic code) such as to understand/track the precise impact of a single-amino 

acid switch on a single protein of interest?

- How do we monitor time-resolved changes in global protein synthesis/turnover?

- How do we rapidly evolve/engineer proteins/enzymes and target-ligand pairs? mRNA display technology

Genetic code 
expansion (GCE) 
technology 
(aka: amber suppression 
method; unnatural amino 
acid (UAA)
incorporation 
technology)

POI: protein of interest

aka: also known as

POI-
site-
specific 
GCE

Whole-
proteome 
GCE



Labeling, detection and identification of newly
synthesized proteomes with bioorthogonal
non-canonical amino-acid tagging
Daniela C Dieterich1, Jennifer J Lee1, A James Link2,3, Johannes Graumann1,3, David A Tirrell2 & Erin M Schuman1

1Division of Biology, Howard Hughes Medical Institute, California Institute of Technology, Pasadena, California 91125, USA. 2Division of Chemistry and Chemical
Engineering, California Institute of Technology, Pasadena, California 91125, USA. 3Present address: Department of Chemical Engineering and Institute for Cellular and
Molecular Biology, The University of Texas at Austin, Austin, Texas 78712, USA (A.J.L); Department of Proteomics and Signal Transduction, Max-Planck-Institute for
Biochemistry, Martinsried 82152, Germany (J.G.). Correspondence should be addressed to D.C.D. (dieterd@caltech.edu).
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A major aim of proteomics is the identification of proteins in a given proteome at a given metabolic state. This protocol describes the
step-by-step labeling, purification and detection of newly synthesized proteins in mammalian cells using the non-canonical amino acid
azidohomoalanine (AHA). In this method, metabolic labeling of newly synthesized proteins with AHA endows them with the unique
chemical functionality of the azide group. In the subsequent click chemistry tagging reaction, azide-labeled proteins are covalently
coupled to an alkyne-bearing affinity tag. After avidin-based affinity purification and on-resin trypsinization, the resulting peptide
mixture is subjected to tandem mass spectrometry for identification. In combination with deuterated leucine-based metabolic
colabeling, candidate proteins can be immediately validated. Bioorthogonal non-canonical amino-acid tagging can be combined with any
subcellular fractionation, immunopurification or other proteomic method to identify specific subproteomes, thereby reducing sample
complexity and enabling the identification of subtle changes in a proteome. This protocol can be completed in 5 days.

INTRODUCTION
Cells respond to fluctuations in their environment by changing the
ensemble of proteins they express. Alterations in protein synthesis,
degradation and post-translational modifications enable cells to
adapt to changing environmental conditions. Hence, a major
endeavor in biology is the comparison of two or more protein
complements in biological systems, for example, the cancerous
versus non-cancerous state, the addicted versus non-addicted brain
circuit or the physiology of a genetically altered mouse versus a
wild-type littermate. Mass spectrometry (MS)-based proteomics
has become a vital and versatile technique to characterize the
expression and functional modification of proteins, complement-
ing the genomics efforts. Unlike the substrate of genomic research,
DNA, proteins are diverse and heterogeneous biomolecules lacking
the possibility of amplification, a fact that impedes their character-
ization and identification in complex mixtures. A cornucopia of
biochemical and analytical tools for protein separation, fractiona-
tion and modification have been developed and combined to
enable proteomic analysis. Resolving techniques such as one- and
two-dimensional gel electrophoresis and multidimensional liquid
chromatography, work in conjunction with MS to decipher the
protein entity of a cell or a whole organism.

Despite immense technological advances in the last decade, no
single proteome of a mammalian cell or lower eukaryotic micro-
organism, such as the yeast, has been completely characterized.
Facing an estimated number of approximately 10,000 different
proteins in a single mammalian cell1, in-depth identification of a
cell’s entire proteome, let alone the comparison to another pro-
teome, is a major challenge for modern proteomics. Although
today’s state-of-the-art MS instruments routinely sequence single
purified proteins with subfemtomolar sensitivity, the effective
identification of low-abundance proteins is orders of magnitude
lower in complex mixtures owing to limited dynamic range and
sequencing speed2. Copy numbers of proteins from different

mammalian cells and tissues vary with a predicted dynamic range
of up to six orders of magnitude, and this number is even several
orders of magnitude larger in plasma samples.

Strategies to reduce proteome complexity and to increase the
dynamic range of protein identification include fractionation and
affinity-purification approaches at both protein and peptide levels
before MS analysis. In particular, fractionation methods of whole
organelles (mitochondria3 and nucleolus4) and compartments,
such as the postsynaptic density of neurons5,6 as well as affinity-
purified protein complexes5,7,8, have been successfully used to
enhance proteomic analysis. Furthermore, the combination of
MS with affinity purification for different post-translational modi-
fications9–13 decreases sample complexity by enrichment of a
specific subpopulation of the proteome.

Quantitative knowledge of the particular set of proteins
expressed in different cellular locales at different times arguably
brings one close to the knowledge of a cell’s phenotype. Therefore,
special efforts have been dedicated to the development of differ-
ential proteomic profiling approaches to compare proteomes with
one another and to obtain relative quantification of individual
proteins among samples. These methods include differential two-
dimensional gel electrophoresis14,15, isotope-coded affinity tags16

or isobaric tags for relative and absolute quantification17, quanti-
tative proteomic analysis using samples from cells grown in 14N or
15N-media18 and stable isotope labeling by amino acids in cell
culture4,19. Although post-translational modifications such as
phosphorylation or ubiquitination readily provide a suitable han-
dle for enrichment of the ‘‘phosphoproteome’’ or for proteins
destined for degradation, reducing sample complexity by selectively
enriching for newly synthesized proteins is troublesome, as all
proteins—old and new—share the same pool of 20 amino acids.
Nonetheless, the specific enrichment and identification of recently
synthesized proteins would complement the range of differential
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proteomic profiling methods and deepen our insights into the
spatial and temporal dynamics of proteomes.

BONCAT (bioorthogonal non-canonical amino-acid tagging)
was developed to specifically identify the subpopulation of newly
synthesized proteins20. The core of the BONCAT technique capi-
talizes on the manifold potential of small bioorthogonal chemo-
selective groups (recently reviewed by Prescher and Bertozzi21).
These groups deliver unique chemical functionality to their target
molecules, which subsequently can be tagged with exogenously
delivered probes for detection or isolation in a highly selective
manner. Among these chemical reporters, azides and alkynes have
been used to label proteins22–30, glycans27–30 and lipids23 using the
cell’s own translation and protein modification apparatus. In the
first step of BONCAT, newly synthesized proteins are labeled using
the azide-bearing artificial amino acid AHA, endowing them with
novel azide functionality, which distinguishes them from the pool
of pre-existing proteins (see Fig. 1). Indeed, azides are abiotic in
animals with the exception of an azide-metabolite found in unialgal
cultures22. Moreover, despite general perception, azides are non-

toxic and stable22. Using the copper-catalyzed azide–alkyne liga-
tion31, the reactive azide group of AHA is covalently coupled to an
alkyne-bearing biotin-Flag tag in the second step. This tag enables
subsequent detection, affinity purification and MS identification of
AHA-labeled proteins. The enrichment for newly synthesized
proteins decreases the complexity of the sample, fostering the
identification of proteins expressed at low levels.

Although we routinely use the biotin moiety for avidin-based
affinity purification, the Flag epitope provides sites for trypsin
cleavage to allow direct proteolysis of proteins on the affinity
matrix, bypassing the need for an elution step. In addition, the
Flag epitope can be used as an alternative purification module if
native biotinylation of proteins is a concern. After tryptic digestion
of avidin-bound proteins, peptides bearing the tryptic remains of
tagged AHA can serve as an immediate validation of candidate
proteins. In the event of failed tagging, that is, unligated AHA, the
mass difference between AHA and methionine marks this peptide
as derived from a true newly synthesized candidate protein. To
increase the chances of detecting metabolically modified peptides,

  p uor
G  gn ih si lbu

P eru ta
N 700 2

©
na

tu
re

pr
ot

oc
ol

s
/

moc.erut an.
w

w
w//:ptth

Prior
labeling

Labeling with
AHA and
d10L On-resin

trypsinization

Peptide mixture

Affinity
purification

LC-column

Database search

Protein validation criteria:
at least two tryptic peptides identified

at least one modification (AHA or d10L) present

Tandem
MS

Lysis

Biotin-Flag-alkyne tag

Cu(I)
Triazole ligand

O
HN

HN

NH

NH

NH

H
N

H
N

S

S

O

O

CD

CD CD

CD
C

C

O O

O

O

HN

O

H2N

H2N

NH2

N

N
N

N
N

N
H2C

H2C

CH2

CH2

C

C
H2

H2C
H2 N3

N3

CH2

D2

D2

CD3

CD3

D3C
D2

CD CD
C

CD3

CD3

D2

CDCD
C

CD3

D3C

CD3

NH2

Click chemistry

Figure 1 | The BONCAT strategy for labeling, detection and identification of newly synthesized proteins. Cells are incubated with AHA and d10L to allow protein
synthesis with AHA and d10L incorporation. After incubation, cells are lysed or undergo a subcellular fractionation for biochemical enrichment of specific cellular
compartments subsequently followed by lysis. Lysates are then coupled to an alkyne-bearing affinity tag, followed by affinity chromatography, to enrich for
AHA-labeled proteins. Purified proteins are digested with a protease and the resulting peptides are analyzed by tandem MS to obtain experimental spectra.
Different search programs are used to match the acquired spectra to protein sequences.
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A major aim of proteomics is the identification of proteins in a given proteome at a given metabolic state. This protocol describes the
step-by-step labeling, purification and detection of newly synthesized proteins in mammalian cells using the non-canonical amino acid
azidohomoalanine (AHA). In this method, metabolic labeling of newly synthesized proteins with AHA endows them with the unique
chemical functionality of the azide group. In the subsequent click chemistry tagging reaction, azide-labeled proteins are covalently
coupled to an alkyne-bearing affinity tag. After avidin-based affinity purification and on-resin trypsinization, the resulting peptide
mixture is subjected to tandem mass spectrometry for identification. In combination with deuterated leucine-based metabolic
colabeling, candidate proteins can be immediately validated. Bioorthogonal non-canonical amino-acid tagging can be combined with any
subcellular fractionation, immunopurification or other proteomic method to identify specific subproteomes, thereby reducing sample
complexity and enabling the identification of subtle changes in a proteome. This protocol can be completed in 5 days.

INTRODUCTION
Cells respond to fluctuations in their environment by changing the
ensemble of proteins they express. Alterations in protein synthesis,
degradation and post-translational modifications enable cells to
adapt to changing environmental conditions. Hence, a major
endeavor in biology is the comparison of two or more protein
complements in biological systems, for example, the cancerous
versus non-cancerous state, the addicted versus non-addicted brain
circuit or the physiology of a genetically altered mouse versus a
wild-type littermate. Mass spectrometry (MS)-based proteomics
has become a vital and versatile technique to characterize the
expression and functional modification of proteins, complement-
ing the genomics efforts. Unlike the substrate of genomic research,
DNA, proteins are diverse and heterogeneous biomolecules lacking
the possibility of amplification, a fact that impedes their character-
ization and identification in complex mixtures. A cornucopia of
biochemical and analytical tools for protein separation, fractiona-
tion and modification have been developed and combined to
enable proteomic analysis. Resolving techniques such as one- and
two-dimensional gel electrophoresis and multidimensional liquid
chromatography, work in conjunction with MS to decipher the
protein entity of a cell or a whole organism.

Despite immense technological advances in the last decade, no
single proteome of a mammalian cell or lower eukaryotic micro-
organism, such as the yeast, has been completely characterized.
Facing an estimated number of approximately 10,000 different
proteins in a single mammalian cell1, in-depth identification of a
cell’s entire proteome, let alone the comparison to another pro-
teome, is a major challenge for modern proteomics. Although
today’s state-of-the-art MS instruments routinely sequence single
purified proteins with subfemtomolar sensitivity, the effective
identification of low-abundance proteins is orders of magnitude
lower in complex mixtures owing to limited dynamic range and
sequencing speed2. Copy numbers of proteins from different

mammalian cells and tissues vary with a predicted dynamic range
of up to six orders of magnitude, and this number is even several
orders of magnitude larger in plasma samples.

Strategies to reduce proteome complexity and to increase the
dynamic range of protein identification include fractionation and
affinity-purification approaches at both protein and peptide levels
before MS analysis. In particular, fractionation methods of whole
organelles (mitochondria3 and nucleolus4) and compartments,
such as the postsynaptic density of neurons5,6 as well as affinity-
purified protein complexes5,7,8, have been successfully used to
enhance proteomic analysis. Furthermore, the combination of
MS with affinity purification for different post-translational modi-
fications9–13 decreases sample complexity by enrichment of a
specific subpopulation of the proteome.

Quantitative knowledge of the particular set of proteins
expressed in different cellular locales at different times arguably
brings one close to the knowledge of a cell’s phenotype. Therefore,
special efforts have been dedicated to the development of differ-
ential proteomic profiling approaches to compare proteomes with
one another and to obtain relative quantification of individual
proteins among samples. These methods include differential two-
dimensional gel electrophoresis14,15, isotope-coded affinity tags16

or isobaric tags for relative and absolute quantification17, quanti-
tative proteomic analysis using samples from cells grown in 14N or
15N-media18 and stable isotope labeling by amino acids in cell
culture4,19. Although post-translational modifications such as
phosphorylation or ubiquitination readily provide a suitable han-
dle for enrichment of the ‘‘phosphoproteome’’ or for proteins
destined for degradation, reducing sample complexity by selectively
enriching for newly synthesized proteins is troublesome, as all
proteins—old and new—share the same pool of 20 amino acids.
Nonetheless, the specific enrichment and identification of recently
synthesized proteins would complement the range of differential
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proteomic profiling methods and deepen our insights into the
spatial and temporal dynamics of proteomes.

BONCAT (bioorthogonal non-canonical amino-acid tagging)
was developed to specifically identify the subpopulation of newly
synthesized proteins20. The core of the BONCAT technique capi-
talizes on the manifold potential of small bioorthogonal chemo-
selective groups (recently reviewed by Prescher and Bertozzi21).
These groups deliver unique chemical functionality to their target
molecules, which subsequently can be tagged with exogenously
delivered probes for detection or isolation in a highly selective
manner. Among these chemical reporters, azides and alkynes have
been used to label proteins22–30, glycans27–30 and lipids23 using the
cell’s own translation and protein modification apparatus. In the
first step of BONCAT, newly synthesized proteins are labeled using
the azide-bearing artificial amino acid AHA, endowing them with
novel azide functionality, which distinguishes them from the pool
of pre-existing proteins (see Fig. 1). Indeed, azides are abiotic in
animals with the exception of an azide-metabolite found in unialgal
cultures22. Moreover, despite general perception, azides are non-

toxic and stable22. Using the copper-catalyzed azide–alkyne liga-
tion31, the reactive azide group of AHA is covalently coupled to an
alkyne-bearing biotin-Flag tag in the second step. This tag enables
subsequent detection, affinity purification and MS identification of
AHA-labeled proteins. The enrichment for newly synthesized
proteins decreases the complexity of the sample, fostering the
identification of proteins expressed at low levels.

Although we routinely use the biotin moiety for avidin-based
affinity purification, the Flag epitope provides sites for trypsin
cleavage to allow direct proteolysis of proteins on the affinity
matrix, bypassing the need for an elution step. In addition, the
Flag epitope can be used as an alternative purification module if
native biotinylation of proteins is a concern. After tryptic digestion
of avidin-bound proteins, peptides bearing the tryptic remains of
tagged AHA can serve as an immediate validation of candidate
proteins. In the event of failed tagging, that is, unligated AHA, the
mass difference between AHA and methionine marks this peptide
as derived from a true newly synthesized candidate protein. To
increase the chances of detecting metabolically modified peptides,
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Figure 1 | The BONCAT strategy for labeling, detection and identification of newly synthesized proteins. Cells are incubated with AHA and d10L to allow protein
synthesis with AHA and d10L incorporation. After incubation, cells are lysed or undergo a subcellular fractionation for biochemical enrichment of specific cellular
compartments subsequently followed by lysis. Lysates are then coupled to an alkyne-bearing affinity tag, followed by affinity chromatography, to enrich for
AHA-labeled proteins. Purified proteins are digested with a protease and the resulting peptides are analyzed by tandem MS to obtain experimental spectra.
Different search programs are used to match the acquired spectra to protein sequences.
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proteomic profiling methods and deepen our insights into the
spatial and temporal dynamics of proteomes.

BONCAT (bioorthogonal non-canonical amino-acid tagging)
was developed to specifically identify the subpopulation of newly
synthesized proteins20. The core of the BONCAT technique capi-
talizes on the manifold potential of small bioorthogonal chemo-
selective groups (recently reviewed by Prescher and Bertozzi21).
These groups deliver unique chemical functionality to their target
molecules, which subsequently can be tagged with exogenously
delivered probes for detection or isolation in a highly selective
manner. Among these chemical reporters, azides and alkynes have
been used to label proteins22–30, glycans27–30 and lipids23 using the
cell’s own translation and protein modification apparatus. In the
first step of BONCAT, newly synthesized proteins are labeled using
the azide-bearing artificial amino acid AHA, endowing them with
novel azide functionality, which distinguishes them from the pool
of pre-existing proteins (see Fig. 1). Indeed, azides are abiotic in
animals with the exception of an azide-metabolite found in unialgal
cultures22. Moreover, despite general perception, azides are non-

toxic and stable22. Using the copper-catalyzed azide–alkyne liga-
tion31, the reactive azide group of AHA is covalently coupled to an
alkyne-bearing biotin-Flag tag in the second step. This tag enables
subsequent detection, affinity purification and MS identification of
AHA-labeled proteins. The enrichment for newly synthesized
proteins decreases the complexity of the sample, fostering the
identification of proteins expressed at low levels.

Although we routinely use the biotin moiety for avidin-based
affinity purification, the Flag epitope provides sites for trypsin
cleavage to allow direct proteolysis of proteins on the affinity
matrix, bypassing the need for an elution step. In addition, the
Flag epitope can be used as an alternative purification module if
native biotinylation of proteins is a concern. After tryptic digestion
of avidin-bound proteins, peptides bearing the tryptic remains of
tagged AHA can serve as an immediate validation of candidate
proteins. In the event of failed tagging, that is, unligated AHA, the
mass difference between AHA and methionine marks this peptide
as derived from a true newly synthesized candidate protein. To
increase the chances of detecting metabolically modified peptides,
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36| Perform analysis of the samples collected in Steps 19,
22, 31 and 35 using the standard western blot technique to
evaluate the purification and trypsinization efficiency
using a biotin antibody. A typical example of western blot
is shown in Figure 3.

Mass spectrometrical analysis ! TIMING 2 days
37| We use MudPIT41,42 as a shotgun proteomics approach for
the identification of peptides in complex mixtures generated
with BONCAT. Alternatively, researchers may wish to use either
a gel-based proteomics technique (in which case, NeutrAvidin-
bound proteins are eluted from the resin after Step 25) or a
separate cation exchange and reverse-phase chromatography.
A step-by-step MudPIT protocol has been described in detail
elsewhere43; therefore, the following section is focusing on the
search parameters necessary for the identification of AHA- and
d10L-modified peptides.

38| Search the tandem mass spectra against a protein
sequence database using the SEQUEST algorithm. The following
dynamic modification search parameters should be considered
for the methionine residue (see Figure 4): After complete tag
cleavage, the mass gain of tagged AHA over methionine is
107 AMU (atomic mass unit). In the case of incomplete tag
cleavage, the resulting mass gain of tagged AHA over
methionine is 695.6 AMU (with no further fragmentation of
the tag moiety required), whereas in the event of failed tag-
ging (unligated AHA), the mass loss of AHA over methionine
would be 5.1 AMU. A set of stringent search constraints
including the fully tryptic status of each peptide, a minimum
of two valid peptides per locus and a minimum of one peptide
containing an AHA-derived or d10L modification, are required
to ensure that identified proteins were translated during the AHA labeling step. Sample spectra can be found as supplementary
material of Dieterich et al.20 online under http://www.pnas.org/cgi/content/full/0601637103/DC1.
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Azido homoalanine (AHA)
Here, deuterated leucine (d10L)
-based metabolic co-labeling 
approach was adopted such that 
candidate proteins can be simply
validated by tandem MS

Q: could we simply 
replace a given natural 
amino acid fed to the 
cell growth media with 
an unnatural mimic? 

Q: could we achieve a more efficient whole-
proteome labeling by an UAA by 

introducing an orthogonal aaRS specifically 
tailored for that UAA? 
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Results and Discussion
Engineering a C. elegans PheRS Capable of Activating Azf. We fo-
cused our attention on the heterotetrameric CePheRS because
we could not prepare healthy transgenic C. elegans strains that
express mutant E. coli MetRSs. Furthermore, we found that
C. elegans variants of the mutant E. coli MetRSs that we had
used to activate Anl in our previous experiments showed no
activity toward Anl (SI Appendix, Table S1). CePheRS catalyzes
esterification of L-phenylalanine (Phe; Fig. 1B) to its cognate
tRNA (CetRNAPhe) to form phenylalanyl-tRNA. A conserved
“gatekeeper” threonine (Thr412 [the first methionine in the al-
pha subunit of CePheRS, isoform A, exon 3 is designated as
residue 1 (“Met1”)], C. elegans numbering; Fig. 2A and SI Ap-
pendix, Fig. S1) in the alpha subunit has been proposed to play
a key role in determining substrate specificity in both prokaryotic
and eukaryotic PheRSs (9, 10). Therefore, we hypothesized that
mutating this residue to smaller residues should enable CePheRS

to activate and charge the larger azide-bearing Phe analog Azf to
CetRNAPhe. To screen for such an enzyme, we cultured KY14
[pKPY93/pKPY1XX], a phenylalanine-auxotrophic strain of E. coli
that expresses mutant forms of CePheRS, in M9 minimal medium
supplemented with different concentrations of Phe and Azf (Fig.
2B). To assess CePheRS activity toward Azf, we detected Azf-
labeled proteins by conjugation to dibenzocyclooctyne-func-
tionalized tetramethylrhodamine (TAMRA-DBCO; Fig. 1B)
and subsequent SDS/PAGE–in-gel fluorescence scanning. Although

Fig. 1. Cell-selective BONCAT analysis in C. elegans. (A) A mutant C. elegans
PheRS is capable of tagging proteins with the reactive noncanonical amino
acid Azf. Spatiotemporal selectivity is achieved by controlling expression of
the mutant synthetase using cell-selective promoters in transgenic lines.
Proteins synthesized in cells that do not express the synthetase are neither la-
beled nor detected. (B) Structures of amino acids and probes used in this study:
L-phenylalanine (Phe), p-azido-L-phenylalanine (Azf), dibenzocyclooctyne-func-
tionalized tetramethylrhodamine (TAMRA-DBCO), and sodium dithionite-
cleavable dibenzocyclooctyne-functionalized biotin (Diazo Biotin-DBCO).

Fig. 2. (A) Active site of eukaryotic PheRS with bound Phe (based on PDB ID
code 3L4G). (B) To screen for a mutant CePheRS that activates Azf, we used
KY14[pKPY93/pKPY1XX], a phenylalanine-auxotrophic strain of E. coli. This
strain houses two compatible plasmids: (i) pKPY93 encodes CetRNAPhe under
constitutive E. coli murein lipoprotein (lpp) promoter control and IPTG-
inducible (PT5) 6xHis-tagged GFP and (ii) pKPY1XX encodes both CePheRS
alpha and beta subunits under arabinose-inducible (PBAD) control.
(C ) SDS/PAGE and in-gel fluorescence scanning detection of strain-promoted
conjugation of TAMRA-DBCO to Azf-labeled proteins derived from
KY14[pKPY93/pKPY1XX] lysates. (D) We fed KY14[pKPY514] to hsp-
16.2::Thr412Gly-CePheRS animals. This E. coli strain harbors pKPY514, a
plasmid encoding Thr251Gly-EcPheRS under IPTG-inducible (PT5) control. hsp-
16.2::Thr412Gly-CePheRS C. elegans express both the mutant alpha subunit
and GFP under control of the hsp-16.2 promoter. (E) In-gel fluorescence scanning
of TAMRA-DBCO–treated lysates (Left) and fluorescence microscopy of TAMRA-
DBCO–treated fixed animals (Right) showed that only heat-shocked worms
exhibited ubiquitous Azf labeling 24 h after heat shock. (Scale bars: 100 μm.)

2706 | www.pnas.org/cgi/doi/10.1073/pnas.1421567112 Yuet et al.
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Proteomic analysis of rare cells in heterogeneous environments
presents difficult challenges. Systematic methods are needed to
enrich, identify, and quantify proteins expressed in specific cells
in complex biological systems including multicellular plants and
animals. Here, we have engineered a Caenorhabditis elegans phe-
nylalanyl-tRNA synthetase capable of tagging proteins with the
reactive noncanonical amino acid p-azido-L-phenylalanine. We
achieved spatiotemporal selectivity in the labeling of C. elegans
proteins by controlling expression of the mutant synthetase using
cell-selective (body wall muscles, intestinal epithelial cells, neu-
rons, and pharyngeal muscle) or state-selective (heat-shock) promoters
in several transgenic lines. Tagged proteins are distinguished from
the rest of the protein pool through bioorthogonal conjugation
of the azide side chain to probes that permit visualization and
isolation of labeled proteins. By coupling our methodology with
stable-isotope labeling of amino acids in cell culture (SILAC), we
successfully profiled proteins expressed in pharyngeal muscle
cells, and in the process, identified proteins not previously
known to be expressed in these cells. Our results show that tag-
ging proteins with spatiotemporal selectivity can be achieved in
C. elegans and illustrate a convenient and effective approach for
unbiased discovery of proteins expressed in targeted subsets
of cells.

click chemistry | protein engineering | proteomics |
cell-specific protein expression | nematode pharyngeal muscle

In a complex eukaryote like Caenorhabditis elegans, cell het-
erogeneity restricts the usefulness of large-scale, mass spec-

trometry-based proteomic analysis. Enriching for specific cells
is challenging, and researchers cannot systematically identify
low-abundance proteins expressed in specific cells from whole-
organism lysates. Cell-selective bioorthogonal noncanonical amino
acid tagging (cell-selective BONCAT) offers a way to overcome
these limitations (1, 2). We have previously engineered a family of
mutant Escherichia coli methionyl-tRNA synthetases (MetRSs)
capable of appending the azide-bearing L-methionine (Met) ana-
log L-azidonorleucine (Anl) to its cognate tRNA in competition
with Met (3, 4). Because Anl is a poor substrate for any of the
natural aminoacyl-tRNA synthetases, it is excluded from proteins
made in wild-type cells but is incorporated readily into proteins
made in cells that express an appropriately engineered MetRS.
Controlling expression of mutant MetRSs by expression only in
specific cells restricts Anl labeling to proteins produced in those
cells. Tagged proteins can be distinguished from the rest of the
protein pool through bioorthogonal conjugation of the azide
side chain to alkynyl or cyclooctynyl probes that permit facile
detection, isolation, and visualization of labeled proteins. This
strategy has been used to selectively enrich microbial proteins
from mixtures of bacterial and mammalian cells. For example,
Ngo et al. (5) found that proteins made in an E. coli strain
outfitted with a mutant MetRS could be labeled with Anl
in coculture with murine alveolar macrophages, which were
not labeled. Using similar approaches, Grammel et al. (6)

identified virulence factors from Salmonella typhimurium that
were expressed in the course of infection of murine macro-
phages, and Mahdavi et al. (7) profiled Yersinia enterocolitica
proteins that were injected into HeLa cells. In a complementary
approach, Chin and coworkers (8) recently reengineered or-
thogonal Methanosarcina barkeri and Methanosarcina mazei
pyrrolysyl-tRNA synthetase/tRNA pairs for codon-selective in-
corporation of a cyclopropene lysine derivative into proteins
made in E. coli, Drosophila melanogaster ovaries, and HEK293
cells; however, this technique requires the expression of both
exogenous aminoacyl-tRNA synthetases and tRNAs. Here, we
configure cell-selective BONCAT for cell-specific proteomic
analysis in the nematode C. elegans (Fig. 1A). We first dem-
onstrate that restricted expression of a mutant C. elegans
phenylalanyl-tRNA synthetase (CePheRS) can label proteins
with p-azido-L-phenylalanine (Azf; Fig. 1B) with spatiotem-
poral selectivity in the live worm. We then show that cell-se-
lective BONCAT combined with stable-isotope labeling of
amino acids in cell culture (SILAC) provides a convenient and
effective approach for unbiased discovery of proteins uniquely
expressed in a subset of cells.

Significance

The emergence of mass spectrometry-based proteomics has
revolutionized the study of proteins and their abundances,
functions, interactions, and modifications. However, it is diffi-
cult to monitor dynamic changes in protein synthesis in a spe-
cific cell type within its native environment. Here we describe
a method that enables the metabolic labeling, purification, and
analysis of proteins in specific cell types and during defined
periods in live animals. Using Caenorhabditis elegans, we show
that labeling can be restricted to body wall muscles, intestinal
epithelial cells, neurons, pharyngeal muscle, and cells that respond
to heat shock. By coupling our methodology with isotopic label-
ing, we successfully identify proteins—including proteins with pre-
viously unknown expression patterns—expressed in targeted
subsets of cells.
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General design strategy for orthogonal aaRSs that can accommodate UAA

Active site of eukaryotic PheRS with bound Phe is shown above

An evolved aaRS that can efficiently catalyze formation of appropriate
orthogonal tRNA charged with Azido-Phe was successfully achieved by
mutating Thr412 to Gly

Azido-Phe:

Q: what is the rational in 
mutating Thr412

to Gly (a smallest natural 
AA residue available)?
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ABSTRACT: Methods for cell-selective analysis of
proteome dynamics will facilitate studies of biological
processes in multicellular organisms. Here we describe a
mutant murine methionyl-tRNA synthetase (designated
L274GMmMetRS) that charges the noncanonical amino
acid azidonorleucine (Anl) to elongator tRNAMet in
hamster (CHO), monkey (COS7), and human (HeLa)
cell lines. Proteins made in cells that express the synthetase
can be labeled with Anl, tagged with dyes or affinity
reagents, and enriched on affinity resin to facilitate
identification by mass spectrometry. The method does
not require expression of orthogonal tRNAs or depletion
of canonical amino acids. Successful labeling of proteins
with Anl in several mammalian cell lines demonstrates the
utility of L274GMmMetRS as a tool for cell-selective
analysis of mammalian protein synthesis.

Metabolic labeling of cellular proteins with noncanonical
amino acids (ncAAs) has emerged as an important tool

for the study of proteome dynamics.1−5 Bio-orthogonal
noncanonical amino acid tagging (BONCAT)6 uses metabolic
incorporation of ncAAs into newly made proteins to enable their
enrichment and subsequent identification by mass spectrometry.
Newly synthesized proteins can be detected in fixed cells or cell
lysates by [3 + 2]-cycloaddition reactions between the azide side-
chain of an ncAA and alkynyl probes7−9 (Scheme 1a) or tagged
for affinity enrichment and identified by tandem mass
spectrometry (Scheme 1b). Recent studies have combined
BONCAT with SILAC (stable isotope labeling with amino acids
in cell culture)10 to acquire quantitative information about
protein synthesis in mammalian cell lines11−13 and to identify
secreted proteins in serum-supplemented media.14 These studies
illustrate the utility of the BONCAT method in studies of
proteome dynamics in mammalian cells.
The temporal resolution provided by metabolic labeling

methods can be complemented by cell-selectivity through the
controlled expression of mutant aminoacyl-tRNA synthetases.
Initial studies of this kind were implemented in bacterial
systems15,16 and used to identify proteins injected into
mammalian cells in the course of infection by the bacterial
pathogen Yersinia enterocolitica.17 More recently, cell-selective
methods have been developed for use in Caenorhabditis elegans18

and Drosophila melanogaster.19 Extension of such methods to
mammalian systems represents an attractive challenge.
Our cell-selective studies in bacterial systems used the L13N/

Y260L/H301L mutant form of the E. coli methionyl-tRNA

Received: August 24, 2015
Published: March 18, 2016

Scheme 1. Targeted Expression of Mutant Aminoacyl-tRNA
Synthetases (aaRS) for Cell-Selective BONCAT in
Mammalian Cellsa

a(a) The azide side chain of Anl in proteins (R1) is chemoselectively
tagged through azide−alkyne cycloaddition reactions. (b) Controlled
expression of mutant aaRS in cells of interest restricts labeling to those
cells and enables the detection and identification of proteins in a cell-
selective manner. (c) The endogenous mammalian aaRS charges Met
but not Anl. A mutant aaRS is used to charge Anl to tRNAMet.
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mutant murine methionyl-tRNA synthetase (designated
L274GMmMetRS) that charges the noncanonical amino
acid azidonorleucine (Anl) to elongator tRNAMet in
hamster (CHO), monkey (COS7), and human (HeLa)
cell lines. Proteins made in cells that express the synthetase
can be labeled with Anl, tagged with dyes or affinity
reagents, and enriched on affinity resin to facilitate
identification by mass spectrometry. The method does
not require expression of orthogonal tRNAs or depletion
of canonical amino acids. Successful labeling of proteins
with Anl in several mammalian cell lines demonstrates the
utility of L274GMmMetRS as a tool for cell-selective
analysis of mammalian protein synthesis.

Metabolic labeling of cellular proteins with noncanonical
amino acids (ncAAs) has emerged as an important tool

for the study of proteome dynamics.1−5 Bio-orthogonal
noncanonical amino acid tagging (BONCAT)6 uses metabolic
incorporation of ncAAs into newly made proteins to enable their
enrichment and subsequent identification by mass spectrometry.
Newly synthesized proteins can be detected in fixed cells or cell
lysates by [3 + 2]-cycloaddition reactions between the azide side-
chain of an ncAA and alkynyl probes7−9 (Scheme 1a) or tagged
for affinity enrichment and identified by tandem mass
spectrometry (Scheme 1b). Recent studies have combined
BONCAT with SILAC (stable isotope labeling with amino acids
in cell culture)10 to acquire quantitative information about
protein synthesis in mammalian cell lines11−13 and to identify
secreted proteins in serum-supplemented media.14 These studies
illustrate the utility of the BONCAT method in studies of
proteome dynamics in mammalian cells.
The temporal resolution provided by metabolic labeling

methods can be complemented by cell-selectivity through the
controlled expression of mutant aminoacyl-tRNA synthetases.
Initial studies of this kind were implemented in bacterial
systems15,16 and used to identify proteins injected into
mammalian cells in the course of infection by the bacterial
pathogen Yersinia enterocolitica.17 More recently, cell-selective
methods have been developed for use in Caenorhabditis elegans18

and Drosophila melanogaster.19 Extension of such methods to
mammalian systems represents an attractive challenge.
Our cell-selective studies in bacterial systems used the L13N/

Y260L/H301L mutant form of the E. coli methionyl-tRNA
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a(a) The azide side chain of Anl in proteins (R1) is chemoselectively
tagged through azide−alkyne cycloaddition reactions. (b) Controlled
expression of mutant aaRS in cells of interest restricts labeling to those
cells and enables the detection and identification of proteins in a cell-
selective manner. (c) The endogenous mammalian aaRS charges Met
but not Anl. A mutant aaRS is used to charge Anl to tRNAMet.
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ABSTRACT: Methods for cell-selective analysis of
proteome dynamics will facilitate studies of biological
processes in multicellular organisms. Here we describe a
mutant murine methionyl-tRNA synthetase (designated
L274GMmMetRS) that charges the noncanonical amino
acid azidonorleucine (Anl) to elongator tRNAMet in
hamster (CHO), monkey (COS7), and human (HeLa)
cell lines. Proteins made in cells that express the synthetase
can be labeled with Anl, tagged with dyes or affinity
reagents, and enriched on affinity resin to facilitate
identification by mass spectrometry. The method does
not require expression of orthogonal tRNAs or depletion
of canonical amino acids. Successful labeling of proteins
with Anl in several mammalian cell lines demonstrates the
utility of L274GMmMetRS as a tool for cell-selective
analysis of mammalian protein synthesis.

Metabolic labeling of cellular proteins with noncanonical
amino acids (ncAAs) has emerged as an important tool

for the study of proteome dynamics.1−5 Bio-orthogonal
noncanonical amino acid tagging (BONCAT)6 uses metabolic
incorporation of ncAAs into newly made proteins to enable their
enrichment and subsequent identification by mass spectrometry.
Newly synthesized proteins can be detected in fixed cells or cell
lysates by [3 + 2]-cycloaddition reactions between the azide side-
chain of an ncAA and alkynyl probes7−9 (Scheme 1a) or tagged
for affinity enrichment and identified by tandem mass
spectrometry (Scheme 1b). Recent studies have combined
BONCAT with SILAC (stable isotope labeling with amino acids
in cell culture)10 to acquire quantitative information about
protein synthesis in mammalian cell lines11−13 and to identify
secreted proteins in serum-supplemented media.14 These studies
illustrate the utility of the BONCAT method in studies of
proteome dynamics in mammalian cells.
The temporal resolution provided by metabolic labeling

methods can be complemented by cell-selectivity through the
controlled expression of mutant aminoacyl-tRNA synthetases.
Initial studies of this kind were implemented in bacterial
systems15,16 and used to identify proteins injected into
mammalian cells in the course of infection by the bacterial
pathogen Yersinia enterocolitica.17 More recently, cell-selective
methods have been developed for use in Caenorhabditis elegans18

and Drosophila melanogaster.19 Extension of such methods to
mammalian systems represents an attractive challenge.
Our cell-selective studies in bacterial systems used the L13N/

Y260L/H301L mutant form of the E. coli methionyl-tRNA
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Scheme 1. Targeted Expression of Mutant Aminoacyl-tRNA
Synthetases (aaRS) for Cell-Selective BONCAT in
Mammalian Cellsa

a(a) The azide side chain of Anl in proteins (R1) is chemoselectively
tagged through azide−alkyne cycloaddition reactions. (b) Controlled
expression of mutant aaRS in cells of interest restricts labeling to those
cells and enables the detection and identification of proteins in a cell-
selective manner. (c) The endogenous mammalian aaRS charges Met
but not Anl. A mutant aaRS is used to charge Anl to tRNAMet.
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Selectivity against endogenous canonical (wt) aaRS is 
determined (see Figure a and b):
a) shows whole-proteome labeling in lysates derived from 
cultured cells expressing the mutant MetRS treated
with different Anl concentrations shown.
b) shows whole-proteome labeling in above cells treated 
with increasing dosage of Met but fixed dose of Anl
Evaluate the two data sets and comment on the selectivity.

2b). Assuming standard Michaelis−Menten kinetics for
activation of both Met and Anl, we obtained the following
expression (see Figure S12 for derivation):
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where V is the rate of activation of Anl, KA and KM are the
specificity constants (kcat/KM)) for Anl and Met, respectively,
and C is a constant. Fitting this equation to the measured
intensities of in-gel TAMRA fluorescence (taken as a measure of
the rate of incorporation of Anl into cellular proteins) yielded a
value of KA/KM of 0.25 (i.e., L274GMmMetRS activates Met 4-
fold faster than Anl at equimolar concentrations of the two
substrates).
The ability to restrict L274GMmMetRS expression to cells of

interest should enable the cell-selective labeling of proteins for
targeted analysis of protein synthesis. To validate this concept,
we developed a reporter construct expressing both
L274GMmMetRS and mCherry under control of a CMV
promoter (pMaRSC). A T2A linker was used to express two
disjointed proteins in the same open reading frame; we reasoned
that fusing L274GMmMetRS and mCherry might alter the
activity of the synthetase and confound protein labeling results
(Figure 3a). As an additional control, we developed a similar
expression construct without mCherry (pMaRS) (Figures S13
and S14). When transfected into CHO cells, both constructs
enabled labeling of cellular proteins at comparable levels,
indicating that L274GMmMetRS was functional in both contexts
(Figures S14 and S15). We used the mCherry signal to track
expression of L274GMmMetRS in pMaRSC-transfected cells.
CHO cells transfected with pMaRSC and incubated with Anl
(1.5 mM, 6 h) were fixed, permeabilized, and treated with alkyne-
TAMRA. We observed TAMRA fluorescence exclusively in the
mCherry-expressing cells, consistent with cell-selective incorpo-
ration of Anl into cellular proteins (Figure 3b).
The CMV promoter drives constitutive expression of

L274GMmMetRS. To enable conditional expression of the
synthetase, we developed a stable CHO cell line containing an
L274GMmMetRS-T2A-mCherry gene under control of a CMV
promoter located just upstream of a loxP-flanked stop sequence

(Figure 3c). These cells were transiently transfected with a
second (activating) construct bearing a strong Ef1α promoter
that drives expression of an eGFP-Cre fusion protein.
We used the eGFP signal to track expression of Cre and

followed the mCherry signal to monitor recombination of the
loxP sites. As expected, in the subset of cells that expressed Cre
(as determined by the GFP signal), we observed both mCherry
expression indicative of loxP recombination and TAMRA
fluorescence from Anl-tagged cellular proteins, confirming that
cell-selective proteomic labeling can be achieved through
regulated transgene expression. These results suggest that
targeted insertion of loxP-L274GMmMetRS cassettes into the
ROSA26 locus of mouse embryonic stem (ES) cells30 should
facilitate engineering of Cre-Lox mice in which tissue-selective
proteomic studies can be performed.
To confirm the utility of L274GMmMetRS as a tool for

proteomic analysis in mammalian systems, we used azadibenzo-
cyclooctyne-functionalized beads to capture (reaction 2, Scheme
1a) and enrich Anl-labeled proteins from lysates of CHO cells
that constitutively express the synthetase under CMV promoter

Figure 2. Selectivity of L274GMmMetRS. In-gel TAMRA fluorescence
and Coomassie staining show Anl incorporation and total protein
content, respectively. Fluorescence values were quantified and
normalized to total protein levels. (a) Protein labeling in CHO media
using the L274GMmMetRS at different Anl concentrations. (b) Protein
labeling using both the L274GMmMetRS at increasing Met
concentrations and 1.5 mM Anl. Plots on the bottom show Anl
incorporation based on quantitated TAMRA fluorescence values. Error
bars indicate standard deviation, and the dotted line represents line of
best fit based on the equation above and was used to calculate selectivity.

Figure 3. Cell-selective proteomic labeling and identification. (a)
Design of pMaRSC and pMaRS constructs for the expression of
L274GMmMetRS and a C-terminal Myc-tagged mCherry marker to
track synthetase expression. (b) Fluorescence confocal microscopy
image of CHO cells containing the pMaRSC construct. DAPI shows the
position of cell nuclei. (c) Fluorescence confocal microscopy image of
CHO cells with a LoxP-flanked L274GMmMetRS-T2A-mCherry
sequence transiently transfected with an eGFP-Cre expression vector.
The GFP signal identifies cells that express Cre; the mCherry signal
marks cells in which L274GMmMetRS is expressed. All mCherry+ cells
show TAMRA labeling. The TAMRA andmCherry signal intensities are
linearly correlated (R2 = 0.7), but the mCherry intensity falls below the
threshold for visual detection in some cells. (d) Identification of Anl-
labeled proteins by tandem mass spectrometry and annotation in terms
of cellular components using STRAP software.29 Proteins are listed in
Table S1 and discussed more fully in Figure S16.
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2b). Assuming standard Michaelis−Menten kinetics for
activation of both Met and Anl, we obtained the following
expression (see Figure S12 for derivation):
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where V is the rate of activation of Anl, KA and KM are the
specificity constants (kcat/KM)) for Anl and Met, respectively,
and C is a constant. Fitting this equation to the measured
intensities of in-gel TAMRA fluorescence (taken as a measure of
the rate of incorporation of Anl into cellular proteins) yielded a
value of KA/KM of 0.25 (i.e., L274GMmMetRS activates Met 4-
fold faster than Anl at equimolar concentrations of the two
substrates).
The ability to restrict L274GMmMetRS expression to cells of

interest should enable the cell-selective labeling of proteins for
targeted analysis of protein synthesis. To validate this concept,
we developed a reporter construct expressing both
L274GMmMetRS and mCherry under control of a CMV
promoter (pMaRSC). A T2A linker was used to express two
disjointed proteins in the same open reading frame; we reasoned
that fusing L274GMmMetRS and mCherry might alter the
activity of the synthetase and confound protein labeling results
(Figure 3a). As an additional control, we developed a similar
expression construct without mCherry (pMaRS) (Figures S13
and S14). When transfected into CHO cells, both constructs
enabled labeling of cellular proteins at comparable levels,
indicating that L274GMmMetRS was functional in both contexts
(Figures S14 and S15). We used the mCherry signal to track
expression of L274GMmMetRS in pMaRSC-transfected cells.
CHO cells transfected with pMaRSC and incubated with Anl
(1.5 mM, 6 h) were fixed, permeabilized, and treated with alkyne-
TAMRA. We observed TAMRA fluorescence exclusively in the
mCherry-expressing cells, consistent with cell-selective incorpo-
ration of Anl into cellular proteins (Figure 3b).
The CMV promoter drives constitutive expression of

L274GMmMetRS. To enable conditional expression of the
synthetase, we developed a stable CHO cell line containing an
L274GMmMetRS-T2A-mCherry gene under control of a CMV
promoter located just upstream of a loxP-flanked stop sequence

(Figure 3c). These cells were transiently transfected with a
second (activating) construct bearing a strong Ef1α promoter
that drives expression of an eGFP-Cre fusion protein.
We used the eGFP signal to track expression of Cre and

followed the mCherry signal to monitor recombination of the
loxP sites. As expected, in the subset of cells that expressed Cre
(as determined by the GFP signal), we observed both mCherry
expression indicative of loxP recombination and TAMRA
fluorescence from Anl-tagged cellular proteins, confirming that
cell-selective proteomic labeling can be achieved through
regulated transgene expression. These results suggest that
targeted insertion of loxP-L274GMmMetRS cassettes into the
ROSA26 locus of mouse embryonic stem (ES) cells30 should
facilitate engineering of Cre-Lox mice in which tissue-selective
proteomic studies can be performed.
To confirm the utility of L274GMmMetRS as a tool for

proteomic analysis in mammalian systems, we used azadibenzo-
cyclooctyne-functionalized beads to capture (reaction 2, Scheme
1a) and enrich Anl-labeled proteins from lysates of CHO cells
that constitutively express the synthetase under CMV promoter

Figure 2. Selectivity of L274GMmMetRS. In-gel TAMRA fluorescence
and Coomassie staining show Anl incorporation and total protein
content, respectively. Fluorescence values were quantified and
normalized to total protein levels. (a) Protein labeling in CHO media
using the L274GMmMetRS at different Anl concentrations. (b) Protein
labeling using both the L274GMmMetRS at increasing Met
concentrations and 1.5 mM Anl. Plots on the bottom show Anl
incorporation based on quantitated TAMRA fluorescence values. Error
bars indicate standard deviation, and the dotted line represents line of
best fit based on the equation above and was used to calculate selectivity.

Figure 3. Cell-selective proteomic labeling and identification. (a)
Design of pMaRSC and pMaRS constructs for the expression of
L274GMmMetRS and a C-terminal Myc-tagged mCherry marker to
track synthetase expression. (b) Fluorescence confocal microscopy
image of CHO cells containing the pMaRSC construct. DAPI shows the
position of cell nuclei. (c) Fluorescence confocal microscopy image of
CHO cells with a LoxP-flanked L274GMmMetRS-T2A-mCherry
sequence transiently transfected with an eGFP-Cre expression vector.
The GFP signal identifies cells that express Cre; the mCherry signal
marks cells in which L274GMmMetRS is expressed. All mCherry+ cells
show TAMRA labeling. The TAMRA andmCherry signal intensities are
linearly correlated (R2 = 0.7), but the mCherry intensity falls below the
threshold for visual detection in some cells. (d) Identification of Anl-
labeled proteins by tandem mass spectrometry and annotation in terms
of cellular components using STRAP software.29 Proteins are listed in
Table S1 and discussed more fully in Figure S16.
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In figure c: Live cells containing the shown construct were 
imaged. Note: T2A is a self-cleaving peptide that allows 
expression of two separate proteins; here,
MetRS and mCherry. TAMRA is a synthetic small-molecule
fluorescence dye (here conjugated to alkyne). DAPI is the 
stain for nuclei. Comment on the data.

2b). Assuming standard Michaelis−Menten kinetics for
activation of both Met and Anl, we obtained the following
expression (see Figure S12 for derivation):
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where V is the rate of activation of Anl, KA and KM are the
specificity constants (kcat/KM)) for Anl and Met, respectively,
and C is a constant. Fitting this equation to the measured
intensities of in-gel TAMRA fluorescence (taken as a measure of
the rate of incorporation of Anl into cellular proteins) yielded a
value of KA/KM of 0.25 (i.e., L274GMmMetRS activates Met 4-
fold faster than Anl at equimolar concentrations of the two
substrates).
The ability to restrict L274GMmMetRS expression to cells of

interest should enable the cell-selective labeling of proteins for
targeted analysis of protein synthesis. To validate this concept,
we developed a reporter construct expressing both
L274GMmMetRS and mCherry under control of a CMV
promoter (pMaRSC). A T2A linker was used to express two
disjointed proteins in the same open reading frame; we reasoned
that fusing L274GMmMetRS and mCherry might alter the
activity of the synthetase and confound protein labeling results
(Figure 3a). As an additional control, we developed a similar
expression construct without mCherry (pMaRS) (Figures S13
and S14). When transfected into CHO cells, both constructs
enabled labeling of cellular proteins at comparable levels,
indicating that L274GMmMetRS was functional in both contexts
(Figures S14 and S15). We used the mCherry signal to track
expression of L274GMmMetRS in pMaRSC-transfected cells.
CHO cells transfected with pMaRSC and incubated with Anl
(1.5 mM, 6 h) were fixed, permeabilized, and treated with alkyne-
TAMRA. We observed TAMRA fluorescence exclusively in the
mCherry-expressing cells, consistent with cell-selective incorpo-
ration of Anl into cellular proteins (Figure 3b).
The CMV promoter drives constitutive expression of

L274GMmMetRS. To enable conditional expression of the
synthetase, we developed a stable CHO cell line containing an
L274GMmMetRS-T2A-mCherry gene under control of a CMV
promoter located just upstream of a loxP-flanked stop sequence

(Figure 3c). These cells were transiently transfected with a
second (activating) construct bearing a strong Ef1α promoter
that drives expression of an eGFP-Cre fusion protein.
We used the eGFP signal to track expression of Cre and

followed the mCherry signal to monitor recombination of the
loxP sites. As expected, in the subset of cells that expressed Cre
(as determined by the GFP signal), we observed both mCherry
expression indicative of loxP recombination and TAMRA
fluorescence from Anl-tagged cellular proteins, confirming that
cell-selective proteomic labeling can be achieved through
regulated transgene expression. These results suggest that
targeted insertion of loxP-L274GMmMetRS cassettes into the
ROSA26 locus of mouse embryonic stem (ES) cells30 should
facilitate engineering of Cre-Lox mice in which tissue-selective
proteomic studies can be performed.
To confirm the utility of L274GMmMetRS as a tool for

proteomic analysis in mammalian systems, we used azadibenzo-
cyclooctyne-functionalized beads to capture (reaction 2, Scheme
1a) and enrich Anl-labeled proteins from lysates of CHO cells
that constitutively express the synthetase under CMV promoter

Figure 2. Selectivity of L274GMmMetRS. In-gel TAMRA fluorescence
and Coomassie staining show Anl incorporation and total protein
content, respectively. Fluorescence values were quantified and
normalized to total protein levels. (a) Protein labeling in CHO media
using the L274GMmMetRS at different Anl concentrations. (b) Protein
labeling using both the L274GMmMetRS at increasing Met
concentrations and 1.5 mM Anl. Plots on the bottom show Anl
incorporation based on quantitated TAMRA fluorescence values. Error
bars indicate standard deviation, and the dotted line represents line of
best fit based on the equation above and was used to calculate selectivity.

Figure 3. Cell-selective proteomic labeling and identification. (a)
Design of pMaRSC and pMaRS constructs for the expression of
L274GMmMetRS and a C-terminal Myc-tagged mCherry marker to
track synthetase expression. (b) Fluorescence confocal microscopy
image of CHO cells containing the pMaRSC construct. DAPI shows the
position of cell nuclei. (c) Fluorescence confocal microscopy image of
CHO cells with a LoxP-flanked L274GMmMetRS-T2A-mCherry
sequence transiently transfected with an eGFP-Cre expression vector.
The GFP signal identifies cells that express Cre; the mCherry signal
marks cells in which L274GMmMetRS is expressed. All mCherry+ cells
show TAMRA labeling. The TAMRA andmCherry signal intensities are
linearly correlated (R2 = 0.7), but the mCherry intensity falls below the
threshold for visual detection in some cells. (d) Identification of Anl-
labeled proteins by tandem mass spectrometry and annotation in terms
of cellular components using STRAP software.29 Proteins are listed in
Table S1 and discussed more fully in Figure S16.
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activation of both Met and Anl, we obtained the following
expression (see Figure S12 for derivation):
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where V is the rate of activation of Anl, KA and KM are the
specificity constants (kcat/KM)) for Anl and Met, respectively,
and C is a constant. Fitting this equation to the measured
intensities of in-gel TAMRA fluorescence (taken as a measure of
the rate of incorporation of Anl into cellular proteins) yielded a
value of KA/KM of 0.25 (i.e., L274GMmMetRS activates Met 4-
fold faster than Anl at equimolar concentrations of the two
substrates).
The ability to restrict L274GMmMetRS expression to cells of

interest should enable the cell-selective labeling of proteins for
targeted analysis of protein synthesis. To validate this concept,
we developed a reporter construct expressing both
L274GMmMetRS and mCherry under control of a CMV
promoter (pMaRSC). A T2A linker was used to express two
disjointed proteins in the same open reading frame; we reasoned
that fusing L274GMmMetRS and mCherry might alter the
activity of the synthetase and confound protein labeling results
(Figure 3a). As an additional control, we developed a similar
expression construct without mCherry (pMaRS) (Figures S13
and S14). When transfected into CHO cells, both constructs
enabled labeling of cellular proteins at comparable levels,
indicating that L274GMmMetRS was functional in both contexts
(Figures S14 and S15). We used the mCherry signal to track
expression of L274GMmMetRS in pMaRSC-transfected cells.
CHO cells transfected with pMaRSC and incubated with Anl
(1.5 mM, 6 h) were fixed, permeabilized, and treated with alkyne-
TAMRA. We observed TAMRA fluorescence exclusively in the
mCherry-expressing cells, consistent with cell-selective incorpo-
ration of Anl into cellular proteins (Figure 3b).
The CMV promoter drives constitutive expression of

L274GMmMetRS. To enable conditional expression of the
synthetase, we developed a stable CHO cell line containing an
L274GMmMetRS-T2A-mCherry gene under control of a CMV
promoter located just upstream of a loxP-flanked stop sequence

(Figure 3c). These cells were transiently transfected with a
second (activating) construct bearing a strong Ef1α promoter
that drives expression of an eGFP-Cre fusion protein.
We used the eGFP signal to track expression of Cre and

followed the mCherry signal to monitor recombination of the
loxP sites. As expected, in the subset of cells that expressed Cre
(as determined by the GFP signal), we observed both mCherry
expression indicative of loxP recombination and TAMRA
fluorescence from Anl-tagged cellular proteins, confirming that
cell-selective proteomic labeling can be achieved through
regulated transgene expression. These results suggest that
targeted insertion of loxP-L274GMmMetRS cassettes into the
ROSA26 locus of mouse embryonic stem (ES) cells30 should
facilitate engineering of Cre-Lox mice in which tissue-selective
proteomic studies can be performed.
To confirm the utility of L274GMmMetRS as a tool for

proteomic analysis in mammalian systems, we used azadibenzo-
cyclooctyne-functionalized beads to capture (reaction 2, Scheme
1a) and enrich Anl-labeled proteins from lysates of CHO cells
that constitutively express the synthetase under CMV promoter

Figure 2. Selectivity of L274GMmMetRS. In-gel TAMRA fluorescence
and Coomassie staining show Anl incorporation and total protein
content, respectively. Fluorescence values were quantified and
normalized to total protein levels. (a) Protein labeling in CHO media
using the L274GMmMetRS at different Anl concentrations. (b) Protein
labeling using both the L274GMmMetRS at increasing Met
concentrations and 1.5 mM Anl. Plots on the bottom show Anl
incorporation based on quantitated TAMRA fluorescence values. Error
bars indicate standard deviation, and the dotted line represents line of
best fit based on the equation above and was used to calculate selectivity.

Figure 3. Cell-selective proteomic labeling and identification. (a)
Design of pMaRSC and pMaRS constructs for the expression of
L274GMmMetRS and a C-terminal Myc-tagged mCherry marker to
track synthetase expression. (b) Fluorescence confocal microscopy
image of CHO cells containing the pMaRSC construct. DAPI shows the
position of cell nuclei. (c) Fluorescence confocal microscopy image of
CHO cells with a LoxP-flanked L274GMmMetRS-T2A-mCherry
sequence transiently transfected with an eGFP-Cre expression vector.
The GFP signal identifies cells that express Cre; the mCherry signal
marks cells in which L274GMmMetRS is expressed. All mCherry+ cells
show TAMRA labeling. The TAMRA andmCherry signal intensities are
linearly correlated (R2 = 0.7), but the mCherry intensity falls below the
threshold for visual detection in some cells. (d) Identification of Anl-
labeled proteins by tandem mass spectrometry and annotation in terms
of cellular components using STRAP software.29 Proteins are listed in
Table S1 and discussed more fully in Figure S16.
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SILAC proteomics



Learning outcomes (Week 8: CH-313 Chemical Biology - Synopsis)

- Hijacking protein translation in Genetic Code Expansion (GCE) technology

- Applications of GCE, including experimental design, data interpretations,

as well as benefits and limitations of GCE (both POI-site-specific GCE and

whole-proteome-based GCE, often referred to as BONCAT method)


