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Abstract

Bioorthogonal tools enable cell-type-specific proteomics, a prerequisite to understanding 

biological processes in multicellular organisms. Here we report two engineered aminoacyl-tRNA 

synthetases for mammalian bioorthogonal labeling: a tyrosyl (ScTyrY43G) and a phenylalanyl 

(MmPheT413G) tRNA synthetase that incorporate azide-bearing noncanonical amino acids 

specifically into the nascent proteomes of host cells. Azide-labeled proteins are chemoselectively 

tagged via azide−alkyne cycloadditions with fluorophores for imaging or affinity resins for mass 

spectrometric characterization. Both mutant synthetases label human, hamster, and mouse cell line 

proteins and selectively activate their azido-bearing amino acids over 10-fold above the canonical. 

ScTyrY43G and MmPheT413G label overlapping but distinct proteomes in human cell lines, with 

broader proteome coverage upon their coexpression. In mice, ScTyrY43G and MmPheT413G label 

the melanoma tumor proteome and plasma secretome. This work furnishes new tools for 

mammalian residue-specific bioorthogonal chemistry, and enables more robust and comprehensive 

cell-type-specific proteomics in live mammals.
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Organisms and tissues are composed of heterogeneous cell types. Robust and comprehensive 

cell-type-specific proteomics are foundational to understanding the biological processes 

underlying health and disease. For example, cell-secreted signaling proteins in blood have 

been shown to not only correlate with but also modulate organismal and brain aging.1−3 

Current efforts to characterize cell-type-specific proteomes and secretomes rely on various 

cell isolation techniques before acute analysis or primary cell culture; however, these 

techniques likely perturb the in vivo proteome, completely lose the secretome, and lack 

temporal resolution.4−6

Strategies to label the proteins of target cells with bioorthogonal moieties could enable 

subsequent enrichment and cell-type-specific proteomics.7−12 Labeling occurs via the 

metabolic incorporation of noncanonical amino acids (ncAAs) containing azide, alkyne, or 

other bioorthogonal side chains.13−15 Mutant aminoacyl-tRNA synthetases (aaRS) recognize 

ncAAs that are ignored by endogenous aaRSs. By expressing aaRSs under the control of 

cell-type-specific promotors or inducible genetic tools, one can achieve cell-type- and 

temporally restricted metabolic protein labeling in vivo.

The recent development of the L274G mouse methionyltRNA synthetase (MmMetL274G), 

and its rapid adoption in multicellular organisms from Drosophila to mice, has enabled the 

characterization of specific neuronal proteomes.10,16 However, MmMetL274G is currently the 

only mutant aaRS available for mammalian cell-type-specific proteomics and is limited to 

charging its single cognate tRNAMet (ATG) with the methionine surrogate azidonorleucine. 

As a result, reliance on MmMetL274G potentially constricts proteome coverage and skews 

subsequent analysis.17 Depending on the ncAA and targeted codon, labeling could perturb 

protein stability, folding, and trafficking; be performed at discordant rates; and be masked by 

steric effects or post-translational processing, such as N-terminal cleavage.18 Thus, mutant 

aaRSs likely label many proteins differentially, each preferring a subset of the whole 

proteome. To enable more robust and broader mammalian cell-type-specific proteomics, we 

identified and characterized two mutant aaRSs: a tyrosyl (ScTyrY43G) that charges the ncAA 

3-azido-L-tyrosine (AzY) onto tRNATyr and a phenylalanyl (MmPheT413G) that charges p-

azido-L-phenylalanine (AzF) onto tRNAPhe for incorporation into nascent proteins of host 

cells (Scheme 1a). Proteins can be labeled via either of the tRNATyr (TAT, TAC) and 

tRNAPhe (TTT, TTC) cognate codons. Incorporation does not require depletion of canonical 

amino acids or the strong coexpression of exogenous tRNAs, as exemplified by 

complementary approaches.12 Proteins labeled with AzY and AzF are chemoselectively 

tagged via azide−alkyne cycloadditions with fluorophores for imaging and flow cytometry 

or affinity resins for mass spectrometric identification and quantification (Scheme 1b).

To begin, we sought to convert microbial or metazoan aaRSs to be more broadly useful in 

mammals. We hypothesized that aaRSs and ncAAs developed in earlier genetic code 

expansion efforts could be adopted without their paired tRNAs: if species-specific tRNA-

binding/aminoacylation determinants were properly deduced, the aaRS could be reoriented 

to recognize endogenous tRNAs for residue-specific proteome labeling.19−21 For example, 

we noticed that the M. jannaschii Tyr aaRS (TyrRS) used for site-specific ncAA 

incorporation in E. coli possesses eukaryotic tRNA-binding determinants (recognizes tRNA 

acceptor stem C1-G72).22 This informed the testing of an engineered Mj TyrRS without its 
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tRNA pair for residue-specific incorporation of AzF.20 We further spliced a 39 amino acid 

aminoacylation determinant from human TyrRS into an E. coli TyrRS reported to 

incorporate AzF (“CP1 switch”).23 Given the conserved archaeal/eukaryotic aminoacylation 

determinants of Mj TyrRS, we reasoned that aminoacylation would be preserved across 

eukaryotic TyrRS and adopted a yeast TyrRS (ScTyrY43G) reported to incorporate AzY 

(Figures 1a, S1).24 Finally, the efficient labeling of C. elegans proteomes with an engineered 

CePheRS prompted us to develop human and mouse variants: HsPheT413G and MmPheT413G 

(Figures 1b, S1).9

ScTyrY43G, HsPheT413G, and MmPheT413G exhibited strong labeling in human HEK293T, 

hamster CHO, and mouse B16-F10 cell lines after transient transfection and incubation with 

high concentrations (2 mM) of AzY and AzF (Figures 1c, S2). Cells were lysed, pretreated 

with iodoacetamide (IAM) to block background thiol-yne additions,25 and treated with 

dibenzocyclooctyne (DIBO)-Alexa Fluor 647 dye for copper-free, strain-promoted azide

−alkyne cycloaddition.

The selectivity of ScTyrY43G and MmPheT413G for AzY and AzF respectively over their 

endogenous counterparts Tyr and Phe is a critical determinant of their utility, especially in 
vivo. Minimizing the amount of exogenous ncAA required for proteome labeling likely 

reduces toxicities that may perturb the proteome. Adopting previously derived equations for 

ncAA activation,11 we quantified the extent of protein labeling in HEK293T cells as a 

function of AzY and AzF concentrations in serum-containing media (0 to 125 μM, 24 h); 

and performed the corollary Tyr and Phe competition assays with 15 μM AzY and AzF 

(Figures 1d,e, S3). Taking Alexa Fluor 647 (AF647) in-gel fluorescence as a measure of 

ncAA proteome incorporation, the line of best fit yields the rate of ncAA activation and the 

specificity constants (kcat/KM) for the ncAA and canonical amino acid. Interestingly, and in 

contrast with MmMetL274G, ScTyrY43G and MmPheT413G exhibit high selectivity for their 

ncAA: the former activates AzY nearly 250-fold faster than Tyr at equimolar concentrations 

of the two amino acids; and the latter activates AzF over 11-fold faster than Phe, consistent 

with prior CePheRST413G in vitro measurements.9

We next determined whether proteome labeling by ScTyY43G and MmPheT413G was 

compatible with in situ fluorescence imaging, a critical modality for studying complex 

biology. Proteome labeling was visualized by tagging azide-bearing proteins with alkyne 

AF647 in HEK293T cells transfected with ScTyrY43G or MmPheT413G and exposed to 125 

μM AzY or AzF (Figures 2a, S4). Mutant aaRSs were transfected in vectors coexpressing 

GFP: comparison of GFP+ and AF647+ areas indicated ubiquitous labeling across cells. To 

assess fluorescent proteome labeling across a cell population via flow cytometry, transfected 

and ncAA-exposed HEK293T cells were live/dead discriminated, fixed, IAM-treated, and 

tagged with DIBOAF647. An AF647+ subpopulation emerged even in the GFPlo regime, 

suggesting that even low ScTyrY43G or MmPheT413G expression is sufficient for maximal 

proteome labeling (Figures 2c, S5).

Hypothesizing that each mutant aaRS preferentially labels a subset of the full cell proteome, 

we transfected HEK293T cells with equal total amounts of plasmid containing 

MmMetL274G, MmPheT413G, ScTyrY43G, or all three aaRSs; and exposed cells to 125 μM of 
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their corresponding ncAAs or at least as much of endogenous amino acids. This amino acid 

concentration was informed by aaRS selectivity measurements (Figure 1d,e) and typical, 

nontoxic concentrations of exogenous agents in live mice. Labeled proteomes from cell 

lysates were enriched on azadibenzocyclooctyne (DBCO) beads, stringently washed, 

Trypsin/LysC digested, and conjugated to tandem mass tags (TMT) for multiplexed mass 

spectrometric characterization. We sought to (1) identify proteins uniquely enriched by each 

mutant aaRS; (2) quantify labeling effiencies for each aaRS across commonly identified 

proteins; and (3) determine whether coexpression of aaRSs facilitates broader and more 

confident proteomics compared to single aaRS expression.

We found each mutant aaRS proteome sufficiently distinct to spatially segregate via 

principal component analysis (Figure 3a). After filtering for proteins significantly labeled 

over nonspecific background (P-value < 0.05 and log2(FC) > 1, Figure S6), we observed that 

each mutant aaRS labeled a distinct set of proteins: MmMetL274G alone identified 46 

proteins overlooked by the other two mutant aaRSs, MmPheT413G uniquely identified 54, 

and ScTyrY43G uniquely identified 138 (Figure 3b). On the other hand, most identified 

proteins were common across pairs of, if not all three, aaRSs (66%). Within the 463 proteins 

identified by at least two aaRSs, proteomic differences could arise from each mutant aaRS’s 

labeling biases. Indeed, TMT-enabled quantification of protein abundances revealed that 

each mutant aaRS enriched different proteins with different efficiencies (Figures 3c, S8). 

Labeling efficiencies across proteins are consistent with prior selectivity measurements 

(Figure 1d,e). MmPheT413G and ScTyrY43G label proteins through both their cognate codons 

(TTT, TTC; and TAT, TAC), with MmPheT413G exhibiting a preference for TTT (Figure S9). 

We next wondered whether aaRS coexpression could yield a more comprehensive and 

confidently identified cell proteome. The triple coexpression of MmMetL274G, 

MmPheT413G, and ScTyrY43G expanded proteome coverage and identified proteins more 

confidently (assessed by lower P-values) compared to single aaRS expression (Figures 3d, 

S7). Together, these data establish that the introduction of MmPheT413G and ScTyrY43G can 

improve mammalian cell-type-specific proteomics over MmMetL274G alone.

To determine whether MmPheT413G and ScTyrY43G could label proteomes in vivo, we stably 

integrated each mutant aaRS into B16-F10 melanoma cells before subcutaneous 

implantation in 12-week-old C57BL/6 mice. Sixteen days after implantation, we 

administered saturating amounts of the corresponding ncAA intraperitoneally (1 mmol/kg) 

and intratumorally (~5 mM) daily for 3 days. Confocal fluorescence imaging of tumor 

sections revealed AzF or AzY proteome incorporation, assessed by chemoselective 

conjugation to alkyne AF647 (Figures 4a, S10). The restriction of AF647+ signal to 

implanted GFP+ melanoma cells amidst a wild-type C57BL/6 background suggests 

MmPheT413G and ScTyrY43G are suitable for additional in vivo tissue- and cell-type-specific 

proteomic applications. Ingel fluorescence of tumor lysates revealed labeling across the 

proteome (Figures 4b, S11). The stronger MmPheT413G signal is consistent with Figure 1c, 

where saturating amounts of ncAA delivered via intratumoral injection neutralized the 

selectivity advantages of ScTyrY43G. However, high ncAA selectivity could be advantageous 

in most in vivo applications where target cells are not directly accessible by needle.
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We next sought to identify the labeled melanoma proteome. Tumor cell lysates were 

collected, 3 mg incubated with DBCO beads, and processed for label-free mass 

spectrometric characterization. As in HEK293T cells, MmPheT413G and ScTyrY43G labeled 

distinct B16-F10 tumor proteins in vivo (Figures 4c, S12). Though ScTyrY43G yielded fewer 

proteins in total, it identified 108 proteins MmPheT413G did not, further evidence of mutant 

aaRSs labeling preferred proteome subsets. For both mutant aaRSs, proteins were detected 

across a wide variety of cellular components, spanning the nucleus, mitochondria, and cell 

surface (Figures 4d, S13). Labeled proteomes were significantly enriched for canonical 

pathways implicated in tumor progression, metabolism, and apoptosis (Figures 4e, S14).26,27 

Despite the rapid adoption of MmMetL274G in vivo, to our knowledge, cell-type-specific 

secretome labeling has not yet been demonstrated. We click- enriched 3 mg of plasma from 

tumor-bearing mice for mass spectrometry, finding that MmPheT413G and ScTyrY43G labeled 

distinct subsets of the tumor plasma secretome. Surprisingly, secretome labeling was 

comparable (Figures 4f, S12). This may arise from several factors, such as tyrosine’s greater 

solvent accessibility; but does not correlate with the relative abundance of tyrosine to 

phenylalanine in the mouse secretome (UniProt:3.6% Phe vs 2.9% Tyr in frequency), 

consistent with prior work.17 Several labeled secretome proteins, including the 14-3-3 

family of proteins and proteasome subunits, have been validated in human cancer xenograft 

studies, but many are novel.28,29 Like the labeled tumor proteome, the secretome was 

enriched for pathways implicated in cancer, including glycolysis, ubiquitination, and pentose 

phosphate pathway signaling (Figures 4g, S14).30−32 Unlike prior studies, cell-type-specific 

bioorthogonal labeling via mutant aaRSs can distinguish tumor-and host-secreted plasma 

proteins across a wide variety of immunocompetent mouse models. We report a list of B16-

F10 melanoma secreted plasma proteins, to be expanded upon in dedicated, follow-up 

biological studies (Table S1).

In summary, we find that ScTyrY43G and MmPheT413G label proteins across mammalian cell 

lines and in live mice. These mutant aaRSs demonstrate high selectivity for activating AzY 

and AzF over endogenous Tyr and Phe, respectively. ScTyrY43G and MmPheT413G label 

overlapping but distinct proteomes in HEK293T cells, and their coexpression yields a fuller 

proteome. ScTyrY43G and MmPheT413G enable a first application of bioorthogonal labeling 

to a tumor model in mice and to the identification of plasma factors secreted from specific 

cell types.

Interest in adopting bioorthogonal labeling tools for cell- and tissue-specific proteomics in 

mammals is growing.16,33,34 We suggest that targeted coexpression of ScTyrY43G and 

MmPheT413G alongside the existing MmMetL274G via 2A or IRES elements may enhance 

cell-specific proteome coverage and confidence, and capture a hitherto undetected richness 

in proteome spatial and temporal dynamics. Multiple engineered synthetases enable the 

multiplexed incorporation of diverse chemistries into a given mammalian proteome or the 

simultaneous labeling of different cell types in mice. This work also informs the engineering 

of additional mutant aaRSs for mammalian proteomics, as the three mutant aaRSs were 

consistently developed by expanding their amino acid binding pockets via single 

substitutions to glycine. And as aryl azides, proteome-incorporated AzY and AzF could be 

used as photo-cross-linkers to investigate protein interactions,20,24 with other compatible 

ncAAs introducing additional chemistries. In general, ScTyrY43G and MmPheT413G open 
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new opportunities for in vivo cataloguing, tracking, and modulation of proteomes from 

specific mammalian cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Identification and characterization of TyrRS and PheRS variants for bioorthogonal labeling 

of mammalian proteomes with AzY and AzF.(a) A single substitution (Y43G) in the amino 

acid binding site of yeast tyrosyl-tRNA synthetase (ScTyrY43G) enables charging of the 

azido tyrosine analog AzY onto tRNATyr before incorporation into nascent proteins of host 

cells. (b) A single substitution (T413G) in the amino binding site of human or mouse 

phenylalanyl-tRNA synthetase (MmPheT413G) enables charging of the azido phenylalanine 

analog AzF onto tRNAPhe. (c) In-gel fluorescence image of Alexa Fluor 647 labeling 

corresponding to AzY or AzF incorporation into mammalian cell proteomes. “WT”: no 

exogenous amino acid added to media. “CP1 switch”: an E. coli TyrRS with the human CP1 

peptide engrafted. “Mj TyRS”: TyrRS from the species M. jannaschii, without its 

accompanying tRNA. (d) High selectivity of ScTyrY43G for AzY over Tyr. In-gel Alexa 

Fluor 647 fluorescence and coomassie blue staining of whole gel lanes were quantified to 

assess the degree of proteome labeling normalized to total protein content. The selectivity 

and rate were estimated from the line of best fit to standard Michaelis−Menten kinetics at 

increasing AzY concentrations with 0.4 mM Tyr, and validation via increasing Tyr 

concentrations with 15 μM AzY. Error bars indicate standard deviation. n = 3 biological 

replicates. (e) As in panel d but for MmPheT413G, demonstrating high selectivity for AzF 

over Phe.
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Figure 2. 
Fluorescence imaging and analysis of azide-labeled proteomes. Incorporation of the azide-

bearing ncAA AzY or AzF into proteins by ScTyrY43G and MmPheT413G enables 

chemoselective conjugation to alkyne or DIBO-Alexa Fluor 647. Transfected HEK293T 

cells expressed mutant aaRS constructs or empty vector controls that coexpressed GFP, and 

were exposed to 125 μM AzY, AzF, tyrosine (Y), or phenylalanine (F). (a) Imaging reveals 

proteome labeling specific to cells expressing the mutant aaRS and exposed to AzF or AzY. 

Proteome labeling is pervasive across each cell. (b) Ratio of quantified Alexa Fluor 647 and 

GFP areas (n = 3 images). (c and d) Flow cytometry of fixed HEK293T cells (after live/dead 

staining), with conditions as in imaging. Only cells with mutant aaRSs and exposed to 

ncAAs have DIBO-AF647+ populations (n = 3 biological replicates). Error bars indicate 

standard deviation. *P < 0.05, ****P <0.0001.
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Figure 3. 
Distinct proteomes labeled by each mutant aaRS. HEK293T cells transfected with equal 

total amounts of MmMetL274G, ScTyrY43G, and MmPheT413G, or all three aaRSs were 

incubated with 125 μM of their corresponding azide-bearing ncAA or endogenous amino 

acids. Lysates were click-enriched on DBCO beads, washed, digested, and TMT labeled 

before mass spectrometry. n = 3 biological replicates, in technical duplicate, for each 

condition. (a) Each mutant aaRS differentially labels the HEK293T proteome, as spatially 

represented by PCA. (b) Each mutant aaRS labels and identifies its own unique set of cell 

proteins. Most labeled proteins (66%, 463 of 701) are commonly detected across singly 

expressed mutant aaRSs, increasing confidence in their identification. (c) Among the 463 

proteins identified by at least 2 aaRSs, each mutant aaRS exhibits different labeling 

efficiencies for different proteins. (d) The coexpression of multiple mutant aaRSs (“Triple 

aaRS”) enhances proteome coverage and detects more proteins with greater confidence, as 

assessed by P-value. Proteins significantly identified by at least one mutant aaRS were 

ordered by average -Log10(P-value).
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Figure 4. 
Cell-type-specific proteome and secretome labeling in vivo. B16-F10 mouse melanoma cells 

stably expressing ScTyrY43G or MmPheT413G alongside GFP were implanted 

subcutaneously in wild-type mice, and exposed to saturating amounts of AzF, AzY, Phe, or 

Tyr amino acids. n = 3 mice except ScTyrY43G+Y and MmPheT413G+F, n = 2 mice. (a) In 

situ fluorescence confocal microscopy reveals AF647+ proteome labeling in GFP+ 

melanoma cells. Alkyne AF647 reacts chemoselectively to proteome-incorporated AzF and 

AzY. (b) Proteome-wide labeling detected via in-gel fluorescence of tumor lysates. (c) 

ScTyrY43G and MmPheT413G label distinct melanoma proteomes. Lysates were click-

enriched on DBCO beads, washed, and digested into peptides for label-free mass 

spectrometry. Labeled proteomes were comprised of proteins unique to or over 5-fold more 

abundant than in Phe- or Tyr-exposed tumors. (d) Annotation of the labeled melanoma 

proteome by cellular component (STRAP), ScTyrY43G and MmPheT413G proteomes 

combined. (e) Ingenuity Pathway Analysis. Top pathways enriched in the melanoma 

proteome, ScTyrY43G and MmPheT413G combined. Multiple pathways are implicated in 

tumor biology. (f) ScTyrY43G and MmPheT413G label distinct melanoma plasma secretomes. 

(g) Pathway analysis as in panel e but for the melanoma plasma secretome.
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Scheme 1. Integrating Identifications across Mutant tRNA Synthetases Yields More Complete 
and Confident Proteomicsa

a(a) Engineered tRNA synthetases incorporate their azido amino acids preferentially across 

proteins of mammalian host cells. (b) Incorporated azide side chains are chemoselectively 

reacted with alkyne derivatives for protein identification and imaging.
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