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Incorporation of non-canonical 
amino acids into the developing 
murine proteome
Sarah Calve, Andrew J. Witten, Alexander R. Ocken & Tamara L. Kinzer-Ursem

Analysis of the developing proteome has been complicated by a lack of tools that can be easily 
employed to label and identify newly synthesized proteins within complex biological mixtures. Here, 
we demonstrate that the methionine analogs azidohomoalanine and homopropargylglycine can be 
globally incorporated into the proteome of mice through facile intraperitoneal injections. These analogs 
contain bio-orthogonal chemical handles to which fluorescent tags can be conjugated to identify newly 
synthesized proteins. We show these non-canonical amino acids are incorporated into various tissues 
in juvenile mice and in a concentration dependent manner. Furthermore, administration of these 
methionine analogs to pregnant dams during a critical stage of murine development, E10.5–12.5 when 
many tissues are assembling, does not overtly disrupt development as assessed by proteomic analysis 
and normal parturition and growth of pups. This successful demonstration that non-canonical amino 
acids can be directly administered in vivo will enable future studies that seek to characterize the murine 
proteome during growth, disease and repair.

Significant advances in proteomics technology have been made over the past decades facilitating the identifica-
tion and quantification of proteins within complex biological samples. In particular, the bottom-up approach in 
which proteins are digested into peptides and analyzed using a combination of chromatographic separation, mass 
spectrometry and automated database matching of peptides has greatly increased the volume of data that can be 
used to describe complex systems1. However, there are only few studies that have employed these techniques to 
assess protein turnover during embryogenesis2–5.

As many developmental biologists are interested in what happens during a defined stage, it is critical to be able 
to specifically label proteins that are synthesized within a narrow time window. One way in which MS-based anal-
ysis can reveal synthesis and turnover rates is through stable isotope tracer incorporation (SILAC)6,7. Utilization 
of this method for proteomic analysis of adult and embryonic murine tissues was recently demonstrated8; how-
ever, it takes weeks and specialized chow to generate these mice. Another significant limitation of SILAC labeling 
is that proteins in low abundance can be missed9.

To overcome the drawbacks of current proteomic methods, and to create a means for selective enrichment of 
newly synthesized proteins, bioorthogonal non-canonical amino acid labeling (BONCAT) labeling was devel-
oped10. The Met analogs azidohomoalanine (AHA) and homopropargylglycine (HPG) carry azide and alkyne 
functional groups, respectively (Fig. 1A), and are incorporated into sites normally occupied by Met during pro-
tein synthesis (Fig. 1B)11. Importantly, these functional groups are bioorthogonal; they do not cross react with 
natural biological chemistries. Azides can react specifically with alkynes using copper-catalyzed azide-alkyne 
cycloaddition (CuAAC)12, allowing for the selective targeting of proteins containing AHA and HPG within com-
plex mixtures of biomolecules (Fig. 1C). In this way AHA- and HPG-containing proteins can be reacted with 
fluorophores for imaging or affinity tags for enrichment10,13–15. The different functional groups of AHA and HPG 
make these reagents useful for pulse-chase experiments within the same system16.

AHA and HPG have been successfully utilized to label newly synthesized proteins in vitro and have proven to 
be nontoxic in zebrafish and Xenopus in vivo13,17,18. It had been hypothesized that global in vivo labeling of newly 
synthesized murine proteins using AHA and HPG would be infeasible due to the 390–500-fold higher affinity of 
methionine for the Met tRNA19–21. However, recent studies showed local incorporation from intraocular injec-
tions in the rat and global incorporation by feeding mice a specialized chow in which methionine was replaced 
with AHA22,23. Here, we extend these studies by demonstrating that AHA and HPG can be globally incorporated 
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into the proteome of mice through facile intraperitoneal injections. These non-canonical amino acids (ncAAs) 
are incorporated into all tissues investigated in juvenile mice and are robustly integrated into the embryo, without 
disrupting development, when injected into pregnant dams. Our results indicate that ncAA labeling is a prom-
ising new tool that can be used to characterize the dynamics of protein synthesis and turnover at particular time 
points during embryonic development.

Results
In vivo incorporation of AHA and HPG into murine tissues.  To establish the feasibility of BONCAT 
labeling in vivo, juvenile mice (25–35 days old; 14–20 g) were injected intraperitoneally (IP) with 0.1 mg/g per day 
AHA, HPG or vehicle alone (PBS; Fig. 1D). Tissue lysates were reacted with either a AF555-conjugated alkyne or 
azide using CuAAC and resolved using SDS-PAGE (Fig. 1D). All murine tissues investigated incorporated AHA 
and HPG (Fig. 2). In addition, the rate of AHA and HPG incorporation was dose dependent. Mice were injected 
with 0.1, 0.05 and 0.025 mg/g per day and there was a clear dosage-dependent increase in AHA and HPG incor-
poration (Fig. 2).

Metabolic labeling of embryos in situ.  To test if methionine analogs could be used to label newly syn-
thesized proteins in developing embryos, time-mated females were injected IP with 0.1 mg/g per day AHA or 
vehicle alone (PBS) for two days, starting at E10.5. Lysates of E12.5 embryos showed strong AHA incorporation 
compared with lungs from the dam (Fig. 3A). Embryos from AHA-injected dams were viable as indicated by a 
persistent heartbeat after removal from the uterus (Fig. 3B).

The intensity profiles of the total protein content of AHA and PBS samples were compared by line trace inten-
sity analysis to qualitatively evaluate if protein expression was altered (Fig. 3C). There did not appear to be a sub-
stantial change in total protein expression as a result of AHA administration. To assess if AHA was homogenously 
incorporated into the proteome, a line trace (Fig. 3C) of the fluorophore-conjugated lysates was compared with 
the total protein (lane 2, Fig. 3A). While the baseline intensity of the line trace for the fluorescent and total protein 
was not consistent along the lane, the peak intensities occurred at the same molecular weights.

Additional dams injected with AHA between E10.5–12.5 were allowed to carry their litters to term. Parturition 
occurred when expected and P10 and P22 pups displayed the appropriate weight and physical markers (Fig. S1). 
As the pups matured, no behavioral or physical differences between AHA and control litters were noted (casual 
observation). Indeed, mice from AHA and control litters continued to develop as expected beyond 6th months (as 
of submission date). Overall, these data indicate that AHA administration does not perturb development during 
this time window in which many critical tissues are actively assembling (Fig. 3, S1).

Figure 1.  Metabolic labeling with non-canonical amino acids. (A) Amino acids in use in this study: 
Methionine (Met), Azidohomoalanine (AHA), Homopropargylglycine (HPG). (B) Peptides and proteins that 
naturally contain Met will instead be synthesized with AHA or HPG in the place of Met. (C) Newly synthesized 
proteins that have incorporated HPG (blue ribbon) are labeled with a fluorophore-conjugated azide (red star). 
Copper-catalyzed azide/alkyne cycloaddition results in a stable triazole adduct. (D) Mice were injected with 
varying amounts of ncAA for two days. Tissues were harvested, solubilized, reacted with azide- or alkyne-
conjugated fluorophore then analyzed with SDS-PAGE.
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AHA administration does not substantially change the proteome of developing mice.  
Biological replicates from PBS and AHA pregnancies were compared to determine if the proteome of the devel-
oping embryo was affected by 2 days of AHA treatment. Two bands corresponding to robust fluorescent labeling 
were chosen from AHA samples and the PBS controls (Fig. 3A), and analyzed using LC-MS/MS. Only proteins 
present in both technical replicates were considered for subsequent analysis. Of the 246 unique proteins found in 
band 1, 89% (220) were present in both the AHA and PBS samples, and only 10% of those 220 proteins showed 
significantly different levels of expression (p >​ 0.05; Fig. 4). Similarly, for band 2, 88% (246) of proteins were pres-
ent in both the AHA and PBS samples, and only 5.7% showed significantly different levels of expression (p >​ 0.05; 
Fig. 4). When considering a more stringent threshold, *p >​ 0.01, the number of proteins in bands 1 and 2 that 
were significantly drops to 2.7% and 1.7%, respectively (Fig. 4B, Table S1).

Discussion
Due to the low propensity of AHA and HPG for the Met tRNA compared with endogenous Met, it has been 
thought that it would not be feasible to supply enough for in vivo incorporation19–21. However, we demonstrate 
that AHA and HPG administered IP will globally incorporate into the proteome of juvenile mice and developing 
embryos.

To estimate how much more AHA than Met was in our test animals, we first calculated the total amount of Met in 
the body fluid of a mouse. The concentration of free Met in the plasma of C57BL6 mice ranges from 20–80 μ​M24,25.  
If it is assumed that the concentration of free Met is the same in all body fluids, and taking in to account that 
58% of the weight of a mouse is water26, a 20 g mouse will be comprised of 11.6 mL of fluid that contains 50 μ​M 
Met. Using the MW of free Met (149.21 g/mol), there is approximately 4.4 μ​g free Met per gram of total mouse 
weight. Therefore, when injecting 0.1 mg/g, there will be 20-fold more AHA/HPG than Met. How AHA/HPG is 
metabolized, and the identity of the resultant degradation products, remains unknown and will warrant further 
investigation as these ncAAs become more widely implemented in vivo. Excess systemic ncAAs and their metab-
olites have the potential to induce pathological states similar to what has been shown with naturally occurring 
amino acids such as hyperhomocysteinemia (excess Met)27. Nevertheless, data from numerous in vitro and in vivo 
reports9,10,13,17,18, in addition to our in vivo demonstration that AHA does not disrupt mammalian development 
(Fig. 3, S1), indicate that short term administration of ncAAs has minimal adverse effects.

Protein banding patterns between AHA/HPG and control tissue lysates were consistent, suggesting normal 
physiological function was maintained. It appears that HPG is incorporated to a lower extent than AHA, which 
correlates with previous findings in vitro that HPG charges onto the Met tRNA at a slower rate than AHA21. 
Overall, our data demonstrate the feasibility of systemic administration and labeling of other ncAAs that can be 
utilized by endogenous tRNA synthetases, such as homoallylglycine28.

When the proteomes of control and AHA-treated embryos were analyzed, components involved in protein 
folding and ER stress were found in the AHA only replicates (Pdia6, Nap1l4, Cct3, Cct7) or showed significant 
upregulation when compared with PBS injected controls (Dnaja2, Ruvbl2, Psmd5, Pdia6) (Table S1). One differ-
entially expressed protein, Pdia6, a member of the protein disulfide isomerase family, was identified in band 1 
in the AHA sample only, and in band 2 as a significantly upregulated protein in AHA compared with PBS. Pdia6 
is expressed during times of ER stress and is thought to help attenuate the unfolded protein response via mech-
anisms independent of disulfide bond forming activity29,30. However, the differential expression may be due to 

Figure 2.  Systemic and dose-dependent incorporation of non-canonical amino acids (ncAA) in murine 
tissues. (A) Juvenile mice were injected IP with 0.1 mg/g per day with AHA, HPG or PBS for two days and 
heart (H), lung (L), brain (B), skeletal muscle (M) and kidney (K) lysates were compared. (B) Brain lysates from 
juvenile mice injected with 0.025–0.1 mg/g AHA, HPG or PBS. Tissue lysates were labeled with fluorophore-
conjugated azide or alkyne, resolved using SDS-PAGE, fluorescently imaged then stained for total protein with 
Coomassie Blue to confirm equal loading. Representative results from N ≥​ 3 independent experiments.
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interspecimen variability as Pdia6 is found in the E11.5 murine lung and has been shown to be essential during 
C. elegans development30,31.

It is not unexpected that components involved in protein folding show a difference in expression between the 
two treatments, given the differences in side chain chemistry between Met and AHA (Fig. 1A). What is surpris-
ing is the how little overall effect AHA treatment has on the identity and quantity of proteins. This corroborates 
our observation that AHA treatment does not overtly disrupt embryogenesis or subsequent development after 
parturition.

Additional biochemical tools that have been shown to label newly synthesized proteins in vivo include stable 
isotope labeling with amino acids in cell culture (SILAC) and incorporation of puromycin derivatives into nascent 
proteins19,32,33. SILAC uses amino acids with stable isotopes that can be used to resolve newly synthesized proteins 
using LC-MS/MS; however, it is not possible to identify proteins in low abundance without additional costly 
protein/peptide fractionation. Comparative experiments have shown that SILAC-based measurements identify 
approximately an order of magnitude fewer newly synthesized proteins than when enriched using BONCAT9,34. 
Incorporation of puromycin derivatives can be used for enrichment with antibody pull-down or CuAAC19,32. A 
limitation of these methods is that protein synthesis stops upon puromycin incorporation, reducing the biological 
activity of the truncated proteins and preventing their utility for long term labeling. In contrast to these methods, 
BONCAT enables the enrichment of newly synthesized proteins within complex mixtures9,10,34 and does not 
overtly perturb protein synthesis levels as demonstrated in vitro10, in vivo13 and in this study.

Figure 3.  AHA is robustly incorporated into the developing murine proteome. (A) Dams injected with 
0.1 mg/g per day for 2 days incorporated AHA into the developing embryos and their own tissues; however, 
the latter was much lower as indicated by the need for contrast enhancement (L =​ lung). Tissue lysates were 
labeled with fluorophore-conjugated alkyne, resolved using SDS-PAGE, fluorescently imaged then stained for 
total protein with Coomassie Blue to confirm equal loading. Representative results from N ≥​ 3 independent 
experiments. Arrows indicate the bands excised for proteomics analysis described in Fig. 4. (B) Age matched 
embryos from control and AHA-injected dams show no difference in size and protein banding pattern (A).  
(C) Intensity tracings of the total protein bands in lanes 2 (AHA) and 3 (PBS) show that overall protein 
expression was not changed by AHA administration. Fluorescence intensity of proteins in lane 2 (dotted line) 
reveals that peaks occur in the same locations as in the total protein (solid lines). Representative results from 
N ≥​ 3 pregnancies.
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Our successful demonstration that AHA and HPG can be directly administered in vivo for labeling of newly 
synthesized proteins will enable future studies that seek to characterize the dynamics of protein synthesis and 
turnover as a function of development and disease in a mammalian system.

Materials and Methods
Unless otherwise specified, all reagents were of chemical grade from Sigma-Aldrich.

Animal care.  Wild-type C57BL6 mice were used in this study, derived from animals obtained from The 
Jackson Laboratory. All experimental protocols were performed in accordance with the guidelines established 
by the Purdue Animal Care and Use Committee, and all methods were approved by this committee (PACUC; 
protocol# 1209000723). PACUC ensures that all animal programs, procedures, and facilities at Purdue University 
adhere to the policies, recommendations, guidelines, and regulations of the USDA and the United States Public 
Health Service in accordance with the Animal Welfare Act and Purdue’s Animal Welfare Assurance.

IP injection of AHA/HPG.  AHA and HPG (Click Chemistry Tools) were diluted in PBS, raised to pH 7.4 
with NaOH, sterilized with a 0.22 μ​m filter and stored at −​20 °C. Newly weaned male and female pups (21–35 
days old; 14–20 g) were injected IP daily for two days with 0.1 mg/g, 0.05 mg/g or 0.025 mg/g AHA or HPG in a 
volume of 50–200 μ​L. Females were time mated, where noon of the day of the recorded plug was considered to 
be E0.5 and injected with 0.1 mg/g per day AHA for two days, starting at E10.5. Mice were euthanized via CO2 
inhalation, and samples from heart, lung, brain, skeletal muscle, kidney and whole embryos were obtained.

BONCAT Labeling of AHA/HPG injected tissues.  Tissues (10–50 mg) were homogenized in 2 mL ice 
cold lysis buffer (150 mM NaCl, 1% Triton X-100, 0.1% SDS and 50 mM Tris in H2O) using a Qiagen Tissue 
Ruptor and rocked at 4 °C for 2 hours. Lysates were centrifuged at 18,000 ×​ g for 10 min at 4 °C and the soluble 
fraction was removed for analysis and stored at −​80 °C. Protein concentration was quantified using the Pierce 
660 nm Protein Assay.

AHA and HPG incorporated proteins within the lysates were labeled selectively with AF555-conjugated 
alkyne or azide using CuAAC, following35–37. Soluble protein lysate from AHA, HPG, and PBS samples (60 μ​L of 
1.5–4 μ​g/μ​L lysate) was combined with 10 μ​L 400 mM sodium ascorbate, alkylated by the addition of 20 μ​L 0.5 M 
iodoacetamide and incubated for 5 min. The following were added, with vortexing after each addition: 0.5 μ​L 
8 mM alkyne/azide-labeled fluorophore, 16 μ​L 25 mM CuSO4, 40 μ​L 50 mM tris(3-hydroxypropyltriazolylmethyl)
amine (Click Chemistry Tools), and 40 μ​L 100 mM aminoguandine (pH 7). The final mixture was rotated 
end-over-end for 15 min at room temperature and protected from light. Unreacted dye was removed using 
methanol-chloroform precipitation and the protein pellets were air dried for at least 30 min. Pellets were resolubi-
lized in 1X Laemmli Sample Buffer (Bio-Rad, CA) with 5% β​-mercaptoethanol and boiled at 95 °C for 5 min, then 
desalted with 0.5 mL 7K MWCO Zeba Spin Desalting Columns (ThermoFisher). Samples were brought to a 1X 
concentration of Laemmli buffer and protein concentration was again determined using Pierce 660 nm Protein 
Assay to ensure equal loading before resolving by SDS-PAGE on 4–20% polyacrylamide gels (BioRad, CA) and 
imaged using an Azure Biosystems c400. Images were false-colored green to facilitate visualization. Loading 
consistency was confirmed by staining the gels with Coomassie Blue-based GelCode Blue Protein Stain (Pierce) 
after fluorescent imaging.

Figure 4.  AHA administration minimally impacts the embryonic proteome. Two bands at ~42kDa and 
48kDa with high levels of AHA labeling (arrows Fig. 3A) were digested in-gel and analyzed using LC-MS/MS.  
(A) The majority of proteins present in AHA and PBS samples were identified in both populations (top, Table S1).  
Of the proteins expressed in both AHA and PBS, only 5–10% showed significantly different levels of expression 
as analyzed using MaxQuant (p <​ 0.05, bottom). (B) Heat map indicating the identities and log2-fold difference 
in expression of all proteins differentially expressed in bands 1 and 2.
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LC-MS/MS analysis of embryo lysates.  Proteins were size separated with SDS-PAGE and bands were 
carefully cut out to ensure that the same bands for AHA and PBS samples were excised with no cross con-
tamination. Bands were subject to in gel digestion with trypsin and the resultant peptides were desalted and 
pre-concentrated using C18 StageTips. Proteomic analysis was performed with LC-MS/MS using the ABSciex 
Triple TOF 5600 coupled to the Eskigent Nano425 LC. Protein identification was performed using the MaxQuant 
and Protein Pilot algorithms along with manual validation.
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