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Abstract. Non-canonical amino acids (ncAAs) are valuable tools in chemical biology and 

biochemistry for labeling, probing, and tracking biomolecules. ncAAs that can be recombinantly 

incorporated using native E. coli machinery are particularly useful because they allow for global 

protein incorporation and avoid complex genetic code expansion. Here, we demonstrate successful 

incorporation of a methionine analog, L-cyanohomoalanine (Cha), by the methionyl-tRNA 

synthetase of E. coli into mutant superfolder GFP (sfGFP) expressed in methionine auxotroph 

bacterial cultures. We compare to methionine auxotroph bacterial cultures supplemented with L-

methionine (Met) or L-azidohomoalanine (Aha). In control prototrophic E. coli, bacterial growth 

rates are inhibited with high concentrations of Aha but not Cha. However, less sfGFP is produced 

in auxotrophic cells supplemented with Cha compared to Aha and Met. Thus, while Cha is non-

toxic to E. coli it is incorporated less efficiently into proteins than Aha or Met. Mass spectrometry 

confirmed that N-terminal Cha, Aha, and Met are cleaved, as expected for the sfGFP mutants. 
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Other sites of Cha and Aha incorporation were confirmed by mass spectrometry, with labeling 

efficiency varying by position. Thermal melts of purified sfGFPs demonstrate that Cha and Aha 

labeling does not significantly perturb the protein stability. In the future, Cha may be useful for 

proteome labeling by wild-type methionyl-tRNA synthetase and could be implemented in 

metabolic pulse-labeling of newly synthesized proteins with other methionine analogs. 

Additionally, the nitrile moiety of Cha may be used to perform reactions orthogonal to 

azide/alkyne click chemistry or could serve as a vibrational reporter of the environment. 
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Introduction. Noncanonical amino acids (ncAAs) are valuable research tools used to track 

protein localization within the cell, characterize protein structure and local environment, and serve 

as a handle for bioorthogonal chemistry.1–3 Amber codon suppression and genetic code expansion 

(GCE) have allowed for the introduction of a near limitless class of ncAAs.4,5 However, GCE can 

be difficult to implement and is only desirable for site specific incorporation. Alternatively, ncAAs 

can be incorporated by making use of the natural promiscuity of the methionyl-tRNA synthetase 

(metRS) to globally replace L-methionine (Met) residues, most notably with L-azidohomoalanine 

(Aha),6 L-homopropargylglycine (Hpg),7 and selenomethionine (SeMet).8 Here, we describe the 

metRS mediated incorporation of another ncAA, (S)-2-Amino-4-cyanobutanoic acid, into a protein 

of interest and compare its incorporation to Aha. Following the naming convention of Aha, we 

refer to (S)-2-Amino-4-cyanobutanoic acid as L-cyanohomoalanine (Cha) as it contains a nitrile 

group (cyano-) and is a higher homolog (homo-), containing one additional methyl group, of 

alanine. 

MetRS promiscuity is well documented and has been previously exploited to incorporate 

methionine analogs with azide and alkyne functionalization (Aha and Hpg, respectively) as well 

as photoreactive L-photo-methionine (pMet) and SeMet6,7,9,10 Both Aha and Hpg were originally 

developed as click chemistry handles for copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

reactions but are also useful probes for vibrational spectroscopy.11,12 Azide and alkyne moieties 

absorb in the "cell-silent" region (1900–2400 cm⁻¹) of infrared (IR) and Raman spectra, 

respectively, and are sensitive to local environment, providing information on both the amino acid 

location and microenvironment.1,13 However, each probe has limitations. For example, Aha can 

induce cellular stress, restrict growth, and alter protein expression.14–16 Alkyne moieties can also 
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affect cell growth16 and, despite being excellent Raman probes, exhibit weak IR absorptions due 

to the symmetric nature of the alkyne stretch and thus cannot serve as IR probes.17  

Nitrile moieties offer a complementary set of capabilities that could expand the Met analog 

toolkit. Because nitrile moieties possess intermediate polarity between amide and methylene 

moieties, it may be possible to more flexibly incorporate them into protein hydrophobic cores and 

hydrophilic surfaces than alkyne moieties.18–21 Nitriles are also capable of versatile chemistry: Cha 

has already been used in peptide synthesis as a glutamine synthon22 and nitrile containing drugs 

have been used to covalently crosslink with cysteine residues.23 Click chemistry of nitrile and 

allene moieties has recently emerged as an orthogonal clickable pair to azide and alkyne moieties, 

creating a need for new ncAA systems compatible with this chemistry.24 Additionally, nitriles are 

useful MS and vibrational probes. Like azide and alkyne moieties, nitrile moieties are visible in 

the cell-silent region of both Raman and IR spectroscopy. Nitrile containing amino acids, most 

notably p-cyano-L-phenylalanine (pCNPhe),
21,25 have already been incorporated via peptide 

synthesis and genetic code expansion for IR studies. Despite these advantages, no nitrile-labeled 

Met analog has been expressed in proteins using native cellular machinery.  
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Figure 1. L-cyanohomoalanine (Cha) and L-azidohomoalanine (Aha) incorporation to mutant 

superfolder GFP (sfGFP). (a) Protocol for Cha and Aha incorporation into sfGFP. Methionine 

auxotroph E. coli transformed with sfGFP are grown in 5 mL of Luria broth (LB) overnight (O/N). 

This starter is transferred to 1 L of M9 media (minimal media, supplemented with 50 mg/L L-

methionine (Met)). The E. coli is grown at 37 °C until it reaches an optical density (OD) at 600 

nm of 0.8-1 and then collected via centrifugation. The E. coli are resuspended in fresh M9 media 

and starved at 37 °C for 30 minutes. Cha or Aha is supplemented (40 mg/L) and protein expression 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 26, 2026. ; https://doi.org/10.64898/2026.06.25.734610doi: bioRxiv preprint 

https://doi.org/10.64898/2026.06.25.734610
http://creativecommons.org/licenses/by/4.0/


induced with IPTG (1mM). Expression occurs over 16 hours at 20 °C. Workflow created with 

Biorender.26 (b) Chemical structures of Met, Aha, and Cha. Structures generated in ChemDraw. 

(c) Sequence of sfGFP mutated to contain Met only at the N-termini and position 150 or 224. 

Residues in purple have been mutated from sfGFP in both 150 and 234 sfGFP. The blue underlined 

X is a Met, Aha, or Cha in 150 sfGFP and an Asp in 224 sfGFP. The red underlined X is a Met, 

Aha, or Cha in 234 sfGFP and an Ala in 150 sfGFP. The bold underlined N-terminal methionine 

is proteolytically cleaved in E. coli. (d) Ribbon diagrams of Alphafold 327 structure predictions of 

150 Met sfGFP (left) and 234 Met sfGFP (right) with the Cha/Aha incorporation position colored 

magenta and label colored to match (c). Ribbon diagrams generated in PyMol. Figure assembled 

in Adobe Illustrator.  

 

In this work, we demonstrate that Cha, a nitrile containing Met analog that is natively produced 

by Chromobacteria,28 can be successfully incorporated into model proteins by methionine 

auxotrophic E. coli during methionine deprivation using metRS (Fig. 1). Incorporation levels are 

low, but Cha is well tolerated by E. coli and offers a multi-modal probe that expands the Met 

analog toolkit available for protein studies. Future work may evolve E. coli to better incorporate 

Cha, which will expand its utility both in bioorthogonal chemistry and as a vibrational or mass 

spectrometry probe. 

Results and discussion. We first assessed the effect of Cha and Aha on E. coli growth in M9 

media alone or containing Cha or Aha at three concentrations with a Met prototroph E. coli line 

(BL21 DE3). The optical density (OD) at 600 nm of the growths was followed over 24 hours (Fig. 

2, Fig. S1). Growth was assessed when cultured reached an OD of 0.8, where protein expression 

would typically be induced. We found that Cha did not affect E. coli growth at 40 or 200 μg/mL 
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and only marginally slowed growth at 800 μg/mL (Fig. 2a). Aha did not affect E. coli growth at 

40 μg/mL but began to slow growth at 200 μg/mL with increased effects at 800 μg/mL (Fig. 2b). 

This agrees with past work that found higher concentrations of Aha can cause toxicity and cell 

stress.16 Although E. coli tolerate more Cha than Aha, to reduce undesired side effects from toxicity 

(e.g. changes in post-translational modifications14,29) and allow for direct comparison of expression 

yields, moving forward we supplemented protein expressions with 40 μg/mL for both Aha and 

Cha.

 

 

Figure 2. Effects of L-cyanohomoalanine (Cha) and L-azidohomoalanine (Aha) on prototrophic 

E. coli growth. Growth curves from measuring the optical density at 600 nm (OD@600 nm) for 

BL21(DE3) E. coli grown in M9 minimal media with (a) Cha or (b) Aha supplemented at 0 
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(control), 40, 200, or 800 μg/mL. 20 mL cultures were grown in 50 mL falcon tubes at 37 °C with 

200 rpm shaking. Plots are fit with a sigmoid. Dashed lines indicate an OD@600 nm of 0.8. Data 

visualized in IgorPro and figure assembled in Adobe Illustrator.

 

 The incorporation of Met, Aha, and Cha into a modified super folder green fluorescent protein 

(sfGFP) was evaluated in a Met auxotroph E. coli cell line (B834 DE3) that does not natively 

produce Met using the method depicted in Fig. 1. Briefly, in line with previous work (Fig. 1a),17 a 

single colony was selected from a transformation and grown overnight in LB media. The overnight 

culture was transferred to a large culture of M9 minimal media supplemented with Met and 

allowed to grow until reaching an OD600 of 0.8-1. The cells were pelleted and starved for 30 

minutes before protein expression was induced in fresh M9 minimal media supplemented with 

Met, Aha, or Cha (Fig. 1b). The sfGFP mutant contains only two Met residues, an N-terminal 

methionine to initiate protein expression and a single other methionine at either position 150 or 

234 (Fig. 1c-d) so that the site-specific effects of the ncAA could be evaluated. The second residue 

of the protein was mutated to alanine to promote cleavage of the N-terminal residue (Fig. 1c).30 
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Figure 3. Expression of superfolder GFP (sfGFP) mutants containing L-methionine (Met), L-

cyanohomoalanine (Cha), or L-azidohomoalanine (Aha). (a) SDS-PAGE gel of lysates of E. coli 

expressions of sfGFP mutants. From left to right the lanes are L. Precision Plus Protein Dual Color 

Standard, B. blank, 1. pre-induction of 150 sfGFP, 2. pre-induction of 234 sfGFP, 3. 16 hr post-

induction of 150 sfGFP with no amino acids supplemented, 4. 16 hr post-induction of 234 sfGFP 

with no amino acids supplemented, 5. 16 hr post-induction of 150 GFP with Met supplemented, 

6. 16 hr post-induction of 234 sfGFP with Met supplemented, 7. 16 hr post-induction of 150 sfGFP 

with Aha supplemented, 8. 16 hr post-induction of 234 sfGFP with Aha supplemented, 9. 16 hr 

post-induction of 150 sfGFP with Cha supplemented, and 10. 16 hr post-induction of 234 sfGFP 

with Cha supplemented. Samples were diluted to identical OD values before lysis. The green box 
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highlights the ≈27 kDa band assigned to sfGFP. (b) Average intensity of the sfGFP bands of four 

replicate gels, normalized by the protein band at 36 kDa, and then normalized again by the 

respective pre-induction bands (lanes 1 and 2). Columns 1-10 correspond to the lanes labeled 1-

10 on the gel (a). Error bars represent standard error. Lanes are colored by methionine analog: Met 

(black), Aha (red), and Cha (blue), and shaded according to sfGFP variant: 150 (dark), 234 (light). 

Dashed lines included to guide the eye. Gels were analyzed in Fiji31 and data was visualized in 

IgorPro by averaging together the results from four replicate gels. Figure assembled in Adobe 

Illustrator. 

 

To determine whether Met, Aha, and Cha were successfully incorporated into sfGFP, the E. coli 

growths were assessed using expression gels (Fig. 3) and fluorometry (Fig. S2). As the E. coli used 

are Met auxotrophs, protein should not be produced in the absence of Met or a Met analog.32 

However, as the cells are initially cultured in Met containing media, trace Met may remain. 

Additionally, the E. coli may scavenge Met from recycled proteins produced prior to induction. 

As such, levels of sfGFP expression were compared to both pre-induction (i.e., leaky expression) 

and 16 hr post-induction cultures not supplemented with Met, Aha, or Cha (Fig. 3 lanes 1-4). A 

representative gel is shown in Fig. 3a and Fig. 3b shows the average quantification across four 

replicates. No sfGFP is detected in the pre-induction lanes (Fig. 3 lanes 1-2). However, as 

suspected, sfGFP is observed post-induction in cells not supplemented with Met, Aha, or Cha (Fig. 

3 lanes 3-4), arising either from residual Met from pre-induction or recycling Met from other 

proteins. Compared to expression of sfGFP in cells fed Met, Aha labeled sfGFP appears to express 

at ≈2/3rd the level while Cha labeled sfGFP expressed at ≈1/3rd the level. Cha expression levels are 

slightly above those of control cells not supplemented with Met, Aha, or Cha (Fig. 3 lanes 3-4 vs 
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lanes 9-10), suggesting low but present levels of Cha incorporation. The expression levels of 

sfGFP in E. coli growths were also assessed using sfGFP as a proxy for expression levels. Because 

sfGFP is a fluorescent protein its fluorescence can be uniquely detected within the E. coli cytosol. 

Fluorometry of E. coli growths (Fig. S2) produced similar results to the expression gels (Fig. 3) 

for both 150 and 234 sfGFP, with the fluorescence intensity of cells fed Met > Aha > Cha > control 

cells not supplemented post-induction. In all of these measurements, Cha sfGFP fluorescence is 

slightly higher than the control (Fig. S2 red, green). Taken together, our expression gels and 

fluorometry suggest that Cha is recognized by wild-type methionyl-tRNA synthetase.

To more specifically confirm incorporation of the ncAAs into sfGFP, the proteins were purified, 

digested with trypsin, and subjected to liquid chromatography-mass spectrometry (LC-MS/MS). 

Incorporation of Cha and Aha were confirmed in both 150 and 234 sfGFP variants via 

identification of relevant tryptic peptides (Fig. S3). Labeling efficiency was determined in 

duplicates by summing the area under the curve of the extracted ion chromatogram (XIC) traces 

of each labeled tryptic fragment (allowing for two missed cleavages) with +2, +3 and +4 charge 

and 12C, 13C and double 13C (an example XIC is shown in Fig. S4). To confirm mass shifts did not 

come from an artefact we performed this analysis on control 150 Met sfGFP and 234 Met sfGFP. 

Labeling efficiencies are summarized in Table S1. This data should not be taken as fully 

quantitative as it does not account for differences in ionizability between Aha, Cha, and Met 

labeled peptides. For 234 Cha sfGFP, Cha labeling occurred at 10% and 4% of positions for trial 

1 and trial 2, respectively. For 234 Aha sfGFP, Aha labeling occurred at 49% and 68%. In control 

234 Met sfGFP and 150 Met sfGFP, Aha and Cha labeling (i.e. artefacts) was ≤1.5%. In 150 Aha 

sfGFP, Aha labeling efficiency was similar to 234 Aha sfGFP with 76% and 50% labeled in trial 

1 and 2, respectively. However, 234 Cha sfGFP had Cha labeling in only 1.9% and 1.2% of 
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positions, near the artefact level. Surprisingly, 3% and 8% Aha were identified in 150 Cha sfGFP 

trial 1 and 2, respectively. These cultures were not fed Aha and cannot manufacture Aha on their 

own. Further inspection revealed that the mass difference of oxidized Cha (oxCha) compared to 

Met (-4.99349 Da) is nearly identical to the mass difference of Aha compared to Met (-4.98634 

Da). Thus, it is possible that the solvent exposed 150 position of Cha is modified and Cha labeling 

efficiency in 150 Cha sfGFP is closer to the sum of oxCha and Cha, i.e. 5-9%, which corresponds 

with the 234 Cha sfGFP Cha labeling rate.    

We further verified incorporation of Cha and Aha in sfGFP via tandem mass spectrometry (MS2) 

by inspecting the fragments and confirming the b+ and/or the y+ fragment ions of precursor 

peptides contained the substituted amino acid. For 234 sfGFP (Fig. 4), y+ fragment ions y7+, y8+, 

y9+, y10+, y11+, y12+, y13+, and y14+ have a shift in mass consistent with incorporation of the 

ncAA at the y6 position of the precursor peptide fragment (Table S2-3). However, none of the b+ 

fragments identified in Fig. 4 are long enough to confirm ncAA incorporation at the b18 position. 

Incorporation of Aha and Cha was also confirmed with MS2 fragmentation in 150 sfGFP (Fig. 

S5a-b, Table S4-5). However, the intensity of 150 Cha XIC and MS2 fragments was low, likely 

due to the oxidation of Cha (Table S1, Figure S3). Indeed, when instead inspecting for oxCha at 

position 150, incorporation of oxCha can be confirmed in the fragmentation patterns (Fig. S4c, 

Table S6). Additionally, LC-MS/MS confirmed cleavage of the N-terminal methionine as no 

fragments containing the N-terminal methionine were visualized (Table S7). Thus Cha, like 

Aha,30,33 is likely a substrate of methionine aminopeptidase (MAP) as no Cha N-terminal residue 

was detected. This is important for site specificity in downstream applications of Cha for 

bioorthogonal chemistry or vibrational and MS probes.  
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Figure 4. Tandem mass spectrometry (MS2) incorporation of L-cyanohomoalanine (Cha) and L-

azidohomoalanine (Aha) into superfolder GFP (sfGFP). (a) Example precursor peptide sequence 

of sfGFP containing the 234 ncAA incorporation site, highlighted X, selected for fragmentation. 

MS2 fragmentation spectra of the (a) precursor peptide for (b) 234 Cha sfGFP and (c) 234 Aha 

sfGFP. b+ ions denote N-terminal fragments (red) and y+ ions denote C-terminal fragments (blue). 

Corresponding lists of masses and sequences can be found in Tables S2-3 with identified fragments 

bolded. Data visualized in IgorPro and figure assembled in Adobe Illustrator.

 

Having confirmed the incorporation of Cha and Aha to sfGFP, we investigated whether the 

ncAAs disrupted the stability of sfGFP via temperature melts (Fig. S6). The average melting 

temperatures for the sfGFPs are reported in Table 1. No change in melting temperature was 
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observed for any of the 150 sfGFP proteins (Fig. 5a, Table 1, Table S8). This is anticipated as 

position 150 is solvent exposed, with the sidechain facing out of the β-barrel (Fig. 1d), substitution 

with Cha and Aha should not affect protein stability. Incorporation of Cha to 234 sfGFP resulted 

in a destabilization with borderline statistical significance (p=0.053 by one-tailed student t-test) 

while incorporation of Aha had no effect on 234 sfGFP stability (Fig. 5b, Table S8). 

Destabilization of Cha at position 234 is surprising because position 234 is in the disordered C-

terminal tail of sfGFP (Fig. 1d). One possibility is that packing of the C-terminal tail of sfGFP 

against the β-barrel destabilizes it. As nitrile moieties are more polar than azide moieties, burying 

the nitrile would have a higher thermodynamic cost which could result in a minor disruption. Thus, 

it is important to check the effect of ncAA on the protein properties of interest, even if the probe 

is small and is incorporated far from the protein core.  

 

Table 1. Average melting temperatures of sfGFP variants.  

Protein Tm (°C) 

150 Met sfGFP 80 ± 1 

150 Aha sfGFP 81 ± 1 

150 Cha sfGFP 79 ± 2 

234 Met sfGFP 79.4 ± 0.9 

234 Aha sfGFP 78 ± 2 

234 Cha sfGFP 76 ± 3 
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Figure 5. Representative melting curves of sfGFP variants monitored from 20 to 89 ºC in 3 ºC 

steps. Single, representative plots of the change in intensity at 508 nm with increasing temperature 

for (a) 150 sfGFP variants and (b) 234 sfGFP variants. [protein] = 5 μΜ in 10 mM sodium 

phosphate buffer, pH 7.0. Met is colored black, Aha is colored blue, and Cha is colored red. Plots 

are fit with a two-state denaturation (Eq. S1) overlaid on the data. Data visualized in Igor Pro and 

figure assembled in Adobe Illustrator.  

 

Conclusion. We demonstrate incorporation of a novel ncAA, Cha, into sfGFP, and compare it 

against a known ncAA, Aha. Importantly, Cha incorporation does not destabilize sfGFP 

significantly at either position tested, though possible disruption in hydrophobic regions of proteins 

should be considered when using the ncAA (or any ncAA) for downstream applications. 

Competition from canonical Met was minimized by performing experiments in Met auxotroph E. 
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coli. We find that Cha serves as a substrate for metRS and successfully incorporates, although 

expression gels, fluorometry, and LC-MS/MS data suggest that Cha incorporation is less efficient 

than for Aha. However, Cha is less disruptive to E. coli growth than Aha, suggesting that low 

incorporation is not due to cytotoxicity. Due to its small size and similarity to Hpg, it is also 

unlikely that Cha has a structural incompatibility with translational machinery that causes steric 

hinderance and ribosomal stalling.34 Thus, the lower incorporation of Cha to sfGFP is likely due 

to low recognition by the WT methionyl-tRNA synthetase compared to Met or Aha. This is 

surprising given the similarity to Cha to Hpg and Aha. 

In the future, Cha may be useful for bioorthogonal chemical reactions that make use of the nitrile 

moiety, especially in cases where multiple click probes are desirable.24 The reactions of Aha with 

an alkyne and Cha with an allene are orthogonal. Cha also has potential as a MS probe orthogonal 

to Aha and Hpg due to their distinct masses, allowing for pulse-chase experiments with three 

separate pulse events, tracking protein expression over time.6 Importantly, Cha oxidation should 

be considered during mass spectrometry experiments, especially when used in tandem with Aha 

as it can lead to very similar masses. Nitrile moieties are also suitable probes for both Raman and 

IR spectroscopy and imaging as they are highly sensitive to local environement.19,20 However, the 

current levels of Cha incorporation are likely too low for it to be detected as a vibrational probe. 

Future work evolving E. coli could lead to increased incorporation for this bioorthogonal 

vibrational probe. Further, isotopic labeling of Cha could create many vibrational and MS ‘colors’ 

for the probe.25 Taken together, Cha is a non-toxic ncAA probe with potential as both a vibrational 

and mass spectrometry label and a chemical handle. 
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