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A number of non-canonical amino acids (NCAAs) with 

unstrained olefins are genetically encoded using mutant 

pyrrolysyl-tRNA synthetase- �������
��	

 pairs. These NCAAs 

readily undergo inverse electron-demand Diels-Alder 10 

cycloadditions with tetrazine dyes, leading to selective labeling 

of proteins bearing these NCAAs in live cells.   

Owing to its high selectivity, fast reaction kinetics, and non-

catalytic nature, the inverse electron-demand Diels-Alder 

cycloaddition reaction between a tetrazine and an olefin has 15 

emerged as a state-of-the-art approach for selective bioconjugation 

in live cells.1 Previous efforts focused on applications of strained 

cyclic olefins or alkynes that react rapidly with tetrazines.2 

However, similar applications with unstrained olefins have been 

largely overlooked except a recent report of metabolic glycan 20 

labeling,3 due to the common notion that the reaction between an 

unstrained olefin and a tetrazine is not kinetically favored. Here, 

we systematically analysed unstrained olefin-tetrazine reactions 

and showed that several unstrained olefins readily reacted with a 

tetrazine dye and a number of unstrained olefin-bearing NCAAs 25 

can be genetically incorporated into proteins in Escherichia coli 

for selective labeling with tetrazine dyes.   

Figure 1. (A) The tetrazine-olefin reaction; (B) unstrained olefin-bearing 
NCAAs; (C) two fluorescein-tetrazine dyes used in this study.  

We first characterized the reaction kinetics between a tetrazine 30 

dye 10 (Figure 1) and a number of unstrained olefins in phosphate 

buffered saline (PBS) at ambient temperature. Three alkenyl 

alcohols (allyl alcohol, 3-buten-1-ol, and 4-penten-1-ol) and 

NCAAs 5-8 (Figure 1) were chosen to undergo kinetic analysis. 

The alkenyl alcohols were used instead of their corresponding 35 

NCAAs 1-3 due to their high solubility in PBS buffer. Both 2 and 

3 could hardly dissolve to more than 5 mM in PBS buffer. With 

this low solubility, their reactions with 10 were too long for 

reliable data collection. To test whether terminal and non-terminal 

olefins react differently with 10, 2-buten-1-ol was also included in 40 

the analysis. Since the inverse electron-demand Diels-Alder 

reaction is highly influenced by the dienophile electron density, 

vinyl ethers with electron-rich olefins, 2-hydroxyethyl vinyl ether 

that corresponds to NCAA 4, and 9 were also selected to undergo 

assays with 10. Conjugation of fluorescein to a tetrazine moiety 45 

such as in 10 inherently quenches the fluorescence from the 

fluorophore.1d Cycloaddition of the tetrazine moiety and an olefin 

abolishes this intrinsic quenching effect, leading to the rescue of 

fluorescence that can be readily detected with a 

fluorospectrometer. The reactions of all olefins with 10 were 50 

carried out in pseudo-first-order conditions in which the olefin 

concentration was at least 20-fold higher than the concentration of 

10 (Supplementary Figures 1-10). The determined second-order 

reaction rate constants are presented in Table 1.   

Table 1. Determined second-order reaction rate constants between various 55 

olefin dienophiles and 10. 

Entry Olefin k (10-3M-2s-1) 

a  9.4 ± 1.2 

b  1.9 ± 0.1 

c  26 ± 5 

d  36 ± 4 

e 
 

81 ± 1 

f 

 

1.2 ± 0.1 

g 

 

1.7 ± 0.2 

h 

 

11 ± 2 

i 

 

16 ± 1 

j 

 

19 ± 1 

 

 As shown in Table 1, all tested unstrained olefins reacted 
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readily with 10 with second-order rate constants more than 0.001 

M-1s-1. Both inductive and resonance effects of an olefin 

substituent significantly influence its reactivity with respect to 10.4 

Electron withdrawing effects of the hydroxyl group and the amide 

group gradually diminish, correlating well to gradually improved 5 

reactivities from allyl alcohol to 4-penten-1-ol and 6 to 8, 

respectively. Two vinyl ethers, 2-hydroxyethyl vinyl ether and 9, 

display relatively higher reactivities toward 10 in comparison to 

other tested olefins due to the strong electron donating resonance 

effect of the vinyl ether oxygen atom. The sluggish reaction 10 

between 5 and 10 is attributed to the electron withdrawing 

resonance effect of the amide group. In comparison to the allyl 

alcohol, 2-buten-1-ol reacts significantly slower with 10, 

indicating that the methyl substituent adds steric hindrance. 

Although our kinetic analysis indicates much slower reactions with 15 

a tetrazine for unstrained olefins compared to strained ones,1e the 

determined second-order rate constants are comparable to those of 

the Staudinger ligation (k = 0.002 M-1s-1)5 and the copper-free 

dibenzocyclooctyne-azide  cycloaddition (k = 0.0565 M-1s-1),6 two 

reactions that have been well adopted for bioconjugation in live 20 

cells. In comparison to strained olefins, unstrained olefins can be 

more easily prepared and are generally more stable toward cellular 

nucleophiles (except 5).7 Their genetic installation in proteins 

followed by selective bioconjugation with tetrazine dyes can 

potentially provide a simple and readily adoptable protein labeling 25 

approach in live cells.  

Encouraged by our kinetic analysis, we proceeded to 

recombinantly synthesize proteins carrying site-specifically 

incorporated unstrained olefins in E. coli. We previously reported 

that a rationally designed pyrrolysyl-tRNA synthetase (PylRS) 30 

mutant with two mutations, N346A and C348A, 

(PylRS(N346A/C348A)) together with tRNA���
���

 is able to mediate 

the genetic incorporation of 1-4 into proteins at an amber codon in 

E. coli.8 This system was applied to synthesize four superfolder 

green fluorescent protein (sfGFP) variants with 1, 2, 3, or 4 35 

incorporated at their S2 positions (sfGFP-1, sfGFP-2, sfGFP-3, 

and sfGFP-4). To synthesize the sfGFP variant with 5 incorporated 

at its S2 site (sfGFP-5), a previously evolved PylRS mutant PrKRS 

together with tRNA���
���

 was used.9 Although systems for the genetic 

incorporation of 6-9 has not been described in the literature, our 40 

studies indicated that another previously evolved PylRS mutant 

BuKRS is able to recognize them as substrates.9 BuKRS together 

with tRNA���
���

 was therefore applied for the synthesis of sfGFP 

variants with 6, 7, 8, and 9 at their S2 positions (sfGFP-6, sfGFP-

7, sfGFP-8, and sfGFP-9) and the site-specific incorporation of 6-9 45 

was verified by electrospray ionization mass spectrometry (ESI-

MS) analysis (Supplementary Figures 11-14). The sfGFP 

variants were purified and then subjected to the fluorescent 

labeling with 10 at physiological pH in PBS buffer before they 

were denatured and analyzed by SDS-PAGE. Direct in-gel 50 

fluorescence detection showed strong fluorescent labeling of 

sfGFP-2, sfGFP-3, sfGFP-7, and sfGFP-8 (Figure 2). Labeling of 

sfGFP-1, sfGFP-5, and sfGFP-6 could be barely detected and, 

importantly, no labeling was observed for wild-type sfGFP. This 

labeling observation is consistent with the kinetic results in which 55 

3-buten-1-ol, 4-penten-1-ol, 7, and 8 react more favorably with 10 

compared to allyl alcohol, 5, and 6. Although 2-hydroxyethyl vinyl 

ether displayed fast kinetics when reacted with 10, sfGFP-4 did not 

show detectable labeling with 10 on the gel. This is likely due to 

the cleavage of the cycloaddition product from sfGFP-4 to 60 

generate an aromatized 1,2-diazine-fluorescein final product and a 

sfGFP-4 derivative with its vinyl group removed.4 Although a 

similar diazine formation reaction that followed the reaction 

between sfGFP-9 and 10 would retain the 1,2-diazine-fluorescein 

moiety to sfGFP-9, we did not observed fluorescein-labeled 65 

sfGFP-9 on the gel. Since a fluorescent small molecule band was 

detected in the gel (Supplementary Figure 15), we suspect that 

the final fluorescein-labeled sfGFP-9 was not stable and 

hydrolysed during the SDS-PAGE analysis that required harsh 

treatments such as heating at 100 degree for 5 min. In gels, sfGFP-70 

2 and sfGFP-7 displayed integrated fluorescence intensities that 

were about 40% and 80% in comparison to sfGFP-3 and sfGFP-8 

after their labeling with 10. The labeled sfGFP-3 was further 

subjected to the ESI-MS analysis that indicated close to 50% 

labeling efficiency (Supplementary Figure 16). 75 

Figure 2. Labeling of sfGFP variants with 10. The top panel shows 

Coomassie blue stained gels and the bottom panel presents the fluorescent 
imaging of the same gels before they were stained with Coomassie blue.  

Each protein (35 µM) was incubated with 0.5 mM of 10 in a 50 mM Tris-

Cl buffer at pH 7.4 for 8 h before they were precipitated in 10% TFA, fully 80 

denatured with heating at 100 °C for 5 min, and then analyzed by SDS-

PAGE. sfGFP with no NCAA incorporated was used as a control. 

With the demonstration of the tetrazine reaction of unstrained 

alkenes for protein labeling in vitro, we then proceeded to test this 

reaction to label proteins bearing unstrained alkenes in live cells. 85 

Two previously constructed plasmids pEVOL-pylT-

PylRS(N346A/C348A)8b and pETDuet-OmpXTAG9 were used to 

transform E. coli BL21 cells to express an E. coli outer membrane 

protein OmpX with 3 incorporated at its extracellular domain 

(OmpX-3). Plasmid pEVOL-pylT-PylRS(N346A/C348A) carried 90 

genes for PylRS(N346A/C348A) and tRNA���
���

 and plasmid 

pETDuet-OmpXTAG contained a gene coding OmpX with an 

AAAXAA (A denotes alanine and X denotes an amber mutation) 

insertion between two extracellular residues 53 and 54. The 

transformed cells were grown in M9 minimal medium 95 

supplemented with 1% glycerol, 1 mM IPTG, 0.2% arabinose, and 

5 mM 3 to express OmpX with 3 incorporated. After the 

expression of OmpX-3, cells were washed with PBS buffer and 

incubated with 10 (0.5 mM) in PBS buffer at room temperature for 

8 h. The residual dye was removed by washing cells with isotonic 100 

saline. Finally the labeled cells were subjected to fluorescent 

microscope imaging. E. coli cells expressing OmpX-3 showed 

detectable fluorescence (Figure 3). In contrast, control cells that 

were grown in the absence of 3 did not display any fluorescence. A 

similar labeling reaction was carried out to label E. coli cells that 105 

expressed OmpX with 8 incorporated (OmpX-8). To express 

OmpX-8, plasmids pEVOL-pylT-BuKRS and pETDuet-

OmpXTAG were used to transform E. coli BL21 cells. Plasmid 

pEVOL-pylT-BuKRS carried genes coding BuKRS and tRNA���
���

. 

OmpX-8 was expressed similarly as OmpX-3 except that the 110 

expression was done in LB medium. Since we noticed some 

background reaction between 10 and bovine serum albumin, we 

employed another tetrazine-fluorescein dye 11 that displayed a 

much lower reactivity toward cysteine than 10 for the following 

cell labeling analysis (Supplementary Figure 17). Cells were 115 

incubated with 11 (0.5 mM) for 8 h, washed with isotonic saline, 

and then subjected to fluorescent microscope imaging. Cells 

expressing OmpX-8 displayed strong green fluorescence. 

However, cells grown in the absence of 8 were not visibly labeled 
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with 11. These results indicate that the unstrained alkene labeling 

reaction with a tetrazine is biocompatible and highly selective. 

Figure 3. Selective labeling of E. coli cells expressing OmpX-3 and 

OmpX-8. Labeling reactions were carried out in the presence of 0.5 mM 10 5 

or 11 in the PBS buffer at pH 7.4 for 8 h. E. coli cells grown in 

corresponding media without NCAA supplemented served as controls 

(Ctrls). The left panels show bright-field images of E. coli cells, the middle 
panels show green fluorescent images of the same cells, and the right 

panels shows composite images of bright-field and fluorescent images. 10 

Scale bars represent 10 um.  

 In summary, we demonstrate that an unstrained olefin can react 

with a tetrazine dye with an appreciable reaction rate that allows 

selective labeling of proteins on the surface of live bacterial cells. 

Given its small size, easy preparation, and high stability, an 15 

unstrained olefin provides a significant advantage over a strained 

olefin in promoting the general adoption of the tetrazine labeling 

approach for cell biology studies. With a size comparable to 

alkyne and azide, an unstrained olefin can be similarly integrated 

into metabolic surrogates for cell labeling.3, 5, 10 Its biocompatible 20 

reaction with a tetrazine probe potentially provides an alternative 

tool for metabolic labeling research. That can be applied to 

investigate the temporal and spatial synthesis of DNA, RNA, 

proteins, and carbohydrates in live cells. 
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