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ABSTRACT: Cell-selective metabolic labeling of proteins
with noncanonical amino acids enables the study of proteomic
changes in specified subpopulations of complex multicellular
systems. For example, azidonorleucine (Anl) and 2-amino-
octynoic acid, both of which are activated by an engineered
methionyl-tRNA synthetase (designated NLL-MetRS), are
excluded from proteins made in wild-type cells but
incorporated readily into proteins made in cells that carry
NLL-MetRS. To expand the set of tools available for cell-
selective metabolic labeling, we sought a MetRS variant capable
of activating propargylglycine (Pra). Pra was chosen as the target amino acid because its alkynyl side chain can be selectively and
efficiently conjugated to azide-functionalized fluorescence probes and affinity tags. Directed evolution, using active-site
randomization and error-prone PCR, yielded a MetRS variant (designated PraRS) capable of incorporating Pra at near-
quantitative levels into proteins made in a Met-auxotrophic strain of Escherichia coli cultured in Met-depleted media. Proteins
made in E. coli strains expressing PraRS were labeled with Pra in Met-supplemented media as shown by in-gel fluorescence after
conjugation to Cy5-azide. The combined use of NLL-MetRS and PraRS enabled differential, cell-selective labeling of marker
proteins derived from two bacterial strains cocultured in media supplemented with Met, Anl, and Pra. Treatment of the mixed
marker proteins by sequential strain-promoted and copper(I)-catalyzed cycloadditions allowed straightforward identification of
the cellular origin of each protein.

■ INTRODUCTION
The methionyl-tRNA synthetase (MetRS) of E. coli is
promiscuous with respect to activation of natural and artificial
amino acids under certain conditions.1,2 For example,
homopropargylglycine (Hpg) and azidohomoalanine (Aha)
can be charged to tRNAMet by the wild-type MetRS and
incorporated into cellular proteins; replacement of methionine
(Met, 1) occurs in statistical fashion throughout the proteome.
The reactive side chains of Hpg and Aha provide sites for
selective attachment of affinity tags or fluorescent probes.3,4

Bio-orthogonal noncanonical amino acid tagging (BON-
CAT) uses pulse labeling with reactive amino acids to separate
newly synthesized cellular proteins from the pre-existing
proteome.5,6 Recent BONCAT experiments have enabled
determination of the kinetics of nucleosome turnover,7 analysis
of localized synthesis of proteins critical to axonal main-
tenance,8 visualization of localized protein synthesis regulated
by transmembrane receptors,9 in situ fluorescence imaging of
new protein synthesis in rat hippocampal neurons,10 and
labeling of newly synthesized proteins in multicellular
organisms.11

Engineering of the MetRS binding pocket has allowed further
expansion of the set of Met analogues that can be incorporated
into proteins (Figure 1).12−15 Labeling of cellular proteins with

azidonorleucine (Anl, 2) requires expression of the L13N,
Y260L, H301L variant of MetRS (NLL-MetRS), which
activates Anl faster than Met.16 Ngo and co-workers recently
reported the use of NLL-MetRS and Anl to effect selective,
proteome-wide labeling of bacterial proteins made in mixed
cultures of E. coli cells and mammalian macrophages.16 Hang
and co-workers have reported similar studies with NLL-MetRS
and 2-aminooctynoic acid.15

In an effort to expand the set of tools available for cell-
specific metabolic labeling of proteins, we chose an alkynyl
amino acid, propargylglycine (Pra, 3), an amino acid smaller
than methionine (Supporting Information), which is activated
slowly or not at all by the wild-type E. coli MetRS.17 Here, we
describe the engineering of a new variant of the E. coli MetRS
(designated PraRS) that enables near-quantitative replacement
of Met by Pra in bacterial proteins. We also show that Pra can
be used as a cell-specific metabolic label in conjunction with
PraRS. Finally, we report a new method that uses Anl and Pra
to effect simultaneous, two-strain, cell-specific labeling of
bacterial proteins.
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■ RESULTS AND DISCUSSION
Although Pra bears an alkyne group suitable for copper(I)-
catalyzed azide−alkyne [3 + 2] cycloaddition, we chose a cell-
based screening method that does not require exposure of host
cells to the copper catalyst. The screening method used a
previously evolved variant of the green fluorescent protein
(GFPrm_AM) that is nearly insensitive to global replacement
of Met by noncanonical amino acids.13 Because expression of
GFPrm_AM in Met-auxotrophic host cells in Met-depleted
medium is limited by charging of tRNAMet, fluorescence-
activated cell sorting (FACS) can be used to identify MetRS
variants that activate alternative substrates.
Our initial attempts to evolve MetRS variants for activation

of Pra focused on the amino acid binding pocket, in which five
positions (L13, A256, P257, Y260, and H301) were
randomized using NNK codons. Thirteen rounds of positive
and negative FACS screening yielded a MetRS variant
(MO2b_13-2; L13P/A256G/P257T/Y260Q/H301F; Figure
2) capable of activating Pra. MO2b_13-2 was also found to
misincorporate an unidentified amino acid at Met codons (data
not shown). A new library (MO9) based on MO2b_13-2 was
generated by error-prone PCR to improve specificity for Pra.
Highly active mutants obtained from screening MO9 shared a
common trait: amino acid changes were localized around the
KMSKS motif, a highly conserved sequence that plays an
important role in stabilizing the aminoacyl adenylate
intermediate in the charging of tRNA.18,19 In addition, a
truncation (E548Δ; Δ is the TGA codon) at the end of the
catalytic core of MetRS was found to be reversed in some of the
most active MetRS variants.20 The C-terminal domain of
MetRS has been shown to play a role in dimerization of the
synthetase and contributes to increased tRNA affinity.21

Mutations identified by screening the MO9 library were
recombined to generate a MetRS variant that we designated
PraRS (L13P/A256G/P257T/Y260Q/H301F/A331 V/
Δ548E; Figure 2).
Lysates derived from E. coli strain TYJV2, which carries a

plasmid-borne copy of the gene encoding PraRS, were treated

with tetramethylrhodamine-azide (TAMRA-azide, 4) to con-
firm incorporation of Pra into cellular proteins (Figure 3a).
Protein labeling was detected by in-gel fluorescence within 5
min of addition of 4 mM Pra to the culture medium. Although
labeling was detected in lysates treated with lower concen-
trations (e.g., 500 μM) of Pra, supplementation at higher
concentrations increased the incorporation level, as shown by
increases in the apparent mass of GFPrm_AM due to multisite
conjugation of TAMRA-azide (Figure 3b). Matrix-assisted laser
desorption ionization mass spectrometry (MALDI-MS) of
trypsinized GFPrm_AM expressed in Met-depleted M9
minimal medium supplemented with 4 mM Pra confirmed
near-quantitative incorporation of Pra at positions encoding
Met (Figure 4). Lower levels of Met replacement were
accomplished without depletion of the natural amino acid.
For example, expression of GFPrm_AM in M9 medium
supplemented with 269 μM Met and 4 mM Pra yielded a
protein containing approximately a 10:1 ratio of Met to Pra
(Supporting Information).
The use of PraRS for cell-selective proteomic labeling does

not require the use of auxotrophic bacterial strains.
Prototrophic DH10B E. coli strains harboring plasmid-borne,
constitutively expressed genes encoding wild-type MetRS,
NLL-MetRS, or PraRS were grown to midlog phase and then
treated with 1 mM Pra and 269 μM Met for 1 h. Cells were
lysed and lysates were subjected to copper(I)-catalyzed ligation
to a Cy5-azide probe (5). Labeling was detected only in lysates
derived from cells bearing PraRS (Figure 5). Strains that
overexpressed either wild-type MetRS or NLL-MetRS showed
insignificant levels of proteomic labeling. Encouraged by the
fact that Pra is not a substrate for the NLL-MetRS, we sought
to develop a method for independently labeling the proteomes
of two intermixed populations of cells (Figure 6a). His-tagged
marker proteins DHFR and GFPm were coexpressed with
NLL-MetRS and PraRS, respectively, in prototrophic DH10B
cells. The two strains were grown separately in M9 medium
supplemented with all 20 canonical amino acids until OD600 ≈
1 and then mixed together in equal amounts. The mixed culture

Figure 1. Amino acids and fluorescent probes used in this study. 1,
Met; 2, Anl; 3, Pra; 4, TAMRA-azide; 5, Cy5-azide; 6, DIBO-Alexa
Fluor 488.

Figure 2. FACS histograms of E. coli variants obtained from evolution
of MetRS for Pra activity. Addition of Pra to E. coli cultures in M9
medium supplemented with 19 amino acids (−Met) did not change
the GFPrm_AM fluorescence of cells expressing endogenous levels of
wild-type MetRS (compare pREP4-19aa and pREP4-Pra; pREP4 is the
vector lacking the MetRS cassette). Variant MO2b_13-2 was isolated
from the library prepared by randomizing the amino acid binding
pocket. MO9c_4-16 was isolated from the error-prone PCR library
generated from MO2b_13-2, and carries an additional mutation
(A331V). Reverting the stop codon in MO9c_4-16 to Glu yielded
PraRS, which shows the highest fluorescence signal (PraRS-Pra) for
cells expressed in media supplemented with Pra.
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was then supplemented with 1 mM Anl, 4 mM Pra, and 269
μM Met. Expression of the marker proteins was induced by
addition of IPTG. After 2 h, His-tagged proteins were purified
from the mixed culture.
To prevent cross-coupling of marker proteins derived from

different strains, tagging reactions were run sequentially (Figure
6). The mixture of DHFR and GFPm was first treated with
dibenzocyclooctyne-Alexa Fluor 488 (DIBO-Alexa Fluor 488,
6) to tag Anl side chains. Without purification, the mixture was
then treated with Cy5-azide under the copper-catalyzed
conditions required to convert the unstrained alkyne side
chains of Pra. In-gel fluorescence scanning showed that Alexa
Fluor emission was confined to the marker derived from the
NLL-MetRS strain, while Cy5 labeling was apparent only for
the PraRS marker (Figure 7). Thus, the use of Anl and Pra as
metabolic labels, combined with the sequential labeling strategy
described here, permits confident identification of the cellular
origins of proteins derived from mixed cell populations.
Extension of this approach to cell-selective proteomic analysis
via high-throughput mass spectrometry is straightforward.5,15

■ CONCLUSIONS

A MetRS engineered to use Pra, a small noncanonical amino
acid with a reactive side chain, was developed to enable
differential, cell-selective proteome-wide labeling of two
intermixed bacterial populations. The mutations that differ-
entiate PraRS from wild-type MetRS highlight the importance
of error-prone PCR in the evolution of synthetase variants that
activate noncanonical amino acid substrates. Previous efforts in
synthetase engineering have focused for the most part on the
amino acid binding pocket of the enzyme.13,14,22−24 Here, we
found that mutations adjacent to the KMSKS region of MetRS
can enhance charging of Pra; these mutations would not have
been identified without the use of error-prone PCR.
We and others have shown previously that the use of

appropriately designed amino acids and mutant synthetases can
enable time-resolved, cell-selective metabolic labeling of
proteins.15,16 By using the Anl/NLL-MetRS system in
conjunction with Pra and PraRS, investigators can now
interrogate the proteomic responses of two intermixed bacterial
strains without crosstalk. Important cellular phenomena that
would be amenable to study via dual cell-selective labeling
would include bacterial quorum sensing, the development of
biofilms, and interactions among commensal bacterial.25−32

■ MATERIALS AND METHODS
Materials. Restriction enzymes and T4 DNA ligase were purchased

from New England Biolabs (Beverly, MA). PfuUltra II Fusion and
Mutazyme II were purchased from Agilent Technologies (Santa Clara,
CA). DNA oligomers were synthesized by Integrated DNA
Technologies (Coralville, IA). L-Anl was prepared by previously
reported methods.33 Canonical amino acids and L-Pra were purchased
from Sigma-Aldrich (St. Louis, MO). His-tag purifications were carried
out using nickel-nitrilotriacetic acid resin purchased from Qiagen
(Valencia, CA). Sequencing grade trypsin was purchased from
Promega (Madison, WI).

Construction of MetRS Libraries. Plasmid pMTY11, which
contains a MetRS expression cassette, was described previously.13

Active site randomization of the MetRS gene was carried out at the
L13, A256, P257, Y260, and H301 positions by site-overlap extension
using primers with NNK codons. PCR products were purified on 1%
agarose gels. Fragments containing the randomized positions were

Figure 3. In-gel fluorescence detection of TAMRA-azide after labeling of lysates from Met-auxotrophic E. coli cells. (a) Time-dependent, proteomic
labeling after addition of Pra. At time = 0, 4 mM Pra was added to the medium without depletion of Met (269 μM). Aliquots were removed at
regular time intervals, and chloramphenicol was added to prevent further protein synthesis. Incorporation of Pra into cellular proteins was detected
by labeling with TAMRA-azide within 5 min of addition of Pra. (b) The extent of proteomic labeling was dependent on Pra concentration.
Expression of GFPrm_AM (top band) was induced after Met depletion and resuspension in medium with and without 269 μM Met and various
concentrations of Pra. TAMRA-azide was detected in all lanes where Pra was added to the culture medium. The apparent molecular weight of
GFPrm_AM increased with increasing amounts of Pra due to higher levels of labeling with TAMRA-azide.

Figure 4. MALDI-TOF spectrum of tryptic digest of purified
GFPrm_AM. His-tagged protein was expressed in a Met-auxotrophic
strain of E. coli harboring PraRS in medium supplemented with 19 aa
(−Met) plus 4 mM Pra. Replacement of Met by Pra in the peptide
HNVMDGSVQLADHYQQNTPIGDGDPVR results in a decrease in
mass of 36 Da.
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assembled and amplified using PfuUltra II Fusion DNA polymerase to
construct the MetRS library with five randomized positions. The
library was religated into pMTY11 using BamHI/NotI restriction sites.
The ligation product was transformed into E. coli strain TYJV2 bearing
the previously described plasmid pQE80L/GFPrm_AM via electro-
poration.13

Error-prone PCR mutagenesis of MO2b_13-2 was performed with
Mutazyme II using primers Lib_Fwd (5′-TTCCGACAGC-
TACGTCGCGGAAC-3′) and Lib_Rev (5′-GAAGGACCGTA-
GAAGGTCCTTTAGAG-3′), which flank the MetRS gene. The target
mutation rate was two to four mutations per MetRS gene in the
library. The PCR product was purified on a 1% agarose gel and
subsequently cloned into pREP4/MO2b_13-2 using the BamHI/NotI
restriction sites. The ligation product was transformed into E. coli
strain TYJV2 bearing pQE80L/GFPrm_AM via electroporation.

Screening of MetRS Libraries via FACS. Met auxotrophic
TYJV2 cells containing pQE80L/GFPrm_AM and the MetRS libraries
were grown at 37 °C to midlog phase (OD600 = 0.8−1.0) in M9
minimal medium (M9 salts, 0.2% glucose, 1 mM MgSO4, 0.1 mM
CaCl2, 35 mg/L Vitamin B) supplemented with all 20 canonical amino
acids (each at 40 mg/L), ampicillin (200 mg/L), and kanamycin (35
mg/L). Upon reaching midlog phase, cells were washed twice with

Figure 5. In-gel fluorescence detection of Cy5-azide (top) after
labeling of E. coli lysates. Colloidal blue staining (bottom) confirms
protein loading in all lanes. Conjugation of the fluorescent probe to
cellular proteins requires both expression of PraRS and addition of 1
mM Pra to the medium (lane 7). Overexpression of the wild-type E.
coli MetRS (lane 3) confirms the lack of activity toward Pra previously
reported by Kiick et al.17 NLL-MetRS also shows little or no evidence
of activation of Pra (lane 5). Incorporation of Pra into cellular proteins
in the presence of Met is confirmed by MALDI-MS (Supporting
Information).

Figure 6. Schematic representation of simultaneous, cell-selective metabolic labeling of two proteomes in a mixed bacterial culture.

Figure 7. In-gel fluorescence detection of DIBO-Alexa Fluor 488 and
Cy5-azide after sequential labeling of mixed cell lysates. Dihydrofolate
reductase (DHFR) metabolically labeled with Anl was conjugated to
DIBO-Alexa Fluor 488 via copper-free, strain-promoted cycloaddition.
GFPm metabolically labeled with Pra was conjugated to Cy5-azide by
Cu(I)-catalyzed cycloaddition.
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cold 0.9% NaCl and resuspended in M9 minimal media supplemented
either with 19 amino acids (minus Met) at 40 mg/L or with 19 amino
acids plus 4 mM Pra. After 30 min, expression of GFPrm_AM was
induced by addition of 1 mM IPTG. After 2 h, cells were washed and
resuspended in phosphate buffered saline (pH 7.4) for FACS
screening.
FACS screening was performed on a MoFLO XDP cell sorter

(Beckman Coulter, Brea, CA) using an argon laser (488 nm) and 530/
40 nm bandpass filter. Side scatter was utilized for event triggering;
forward and side scatter gating was used to remove non-E. coli events.
Event rate was maintained between 20 000 and 30 000 events per
second. Positive sorting to enrich MetRS variants specific for Pra
involved expression of GFPrm_AM in Pra-supplemented media and
collecting the 0.5−1% of cells characterized by the highest levels of
fluorescence. Negative sorting to remove MetRS variants that
mischarge canonical amino acids was accomplished by collecting
nonfluorescent cells when GFP was expressed in Met-depleted media.
Cells were sorted into SOC medium (2 mL), rescued at 37 °C for 1 h,
and further diluted 1:10 with LB medium for overnight growth. Sorted
populations were stored at −80 °C in 25% glycerol.
Pulse Labeling. Met auxotrophic DH10B cells containing a

constitutively expressed PraRS cassette in the pREP4 plasmid
(pREP4/PraRS) were grown to midlog phase in M9 minimal medium
containing all 20 canonical amino acids. Addition of 4 mM Pra to the
growth medium was performed without Met depletion. At selected
time points, aliquots of cells were removed, and chloramphenicol (170
mg/L) was added to inhibit further protein synthesis. Cells were
pelleted, lysed, and subjected to copper(I)-catalyzed cycloaddition
with 25 μM TAMRA-azide, 100 μM CuSO4, 500 μM tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA), and 5000 μM sodium
ascorbate as the reducing agent.34 After 30 min, each sample was run
on a 12% SDS-PAGE gel without purification. Labeled proteins were
visualized using a Typhoon Trio (GE Healthcare, Piscataway, NJ) with
a 532 nm laser and 580/30 nm bandpass filter.
Mass Spectrometry. Expression of GFPrm_AM was carried out

in TYJV2 cells transformed with pQE80L/GFPrm_AM and pREP4/
PraRS. Cells were grown to midlog phase and then washed twice with
cold 0.9% NaCl. Cells were subsequently resuspended in M9 minimal
medium supplemented with 19 amino acids (minus Met), 20 amino
acids, or 19 amino acids plus 4 mM Pra. After 30 min, IPTG was
added to a final concentration of 1 mM to induce expression of
GFPrm_AM. Utilizing the N-terminal 6x histidine tag of GFPrm_AM,
the protein was purified under denaturing conditions according to the
manufacturer’s protocol. Tryptic digests of purified GFPrm_AM were
subjected to MALDI time-of-flight mass spectrometry with α-cyano-4-
hydroxycinnamic acid as matrix. An Applied Biosystems Voyager DE-
PRO equipped with a 20 Hz nitrogen laser was used for all peptide
analyses.
In-Gel Fluorescence Detection of Two-Strain, Cell-Selective

Protein Labeling. Overnight M9 cultures of TYJV2 cells transformed
either with pQE80L/GFPm and pREP4/PraRS or with the previously
described pQE80L/DHFR/NLL-MetRS (pJTN5) and pREP4 were
diluted 1:100 into fresh M9 minimal medium containing all 20 amino
acids.16 Cultures were grown to midlog phase, and equal numbers of
cells from each of the two strains were mixed together. After mixing,
the medium was supplemented with 1 mM L-Anl, 4 mM L-Pra, and
269 μM L-Met. Expression of his-tagged DHFR and his-tagged GFPm
was induced by addition of 1 mM IPTG for 2 h. DHFR and GFPm
were purified on nickel-nitrilotriacetic acid resin according to the
manufacturer’s protocols under denaturing conditions.
Sequential labeling of the marker protein mixture was accomplished

with DIBO-Alexa Fluor 488 (Invitrogen, Carlsbad, CA) and Cy5-
alkyne (Lumiprobe, Hallandale Beach, FL). The protein mixture
(approximately 2 mg/mL) was first treated with 10 μM DIBO-Alexa
Fluor 488 in tris-buffered saline for 1 h. Copper(I)-catalyzed
cycloaddition was then performed without intermediate purification
using 25 μM of Cy5-azide, 100 μM CuSO4, 500 μM THPTA, and
5000 μM sodium ascorbate as the reducing agent. After 30 min,
samples were run on a 12% SDS-PAGE gel. Labeled marker proteins
were visualized using a Typhoon Trio with a 488 nm laser and 526 nm

short-pass filter as well as a 633 nm laser and 680/30 nm bandpass
filter.
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