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Abstract

Labeling of biomolecules in live eukaryotic cells has been limited by low component stability and 

slow reaction rates. We show that genetically encoded tetrazine amino acids in proteins reach 

reaction rates of 8×104 M−1s−1 with sTCO reagents, making them the fastest site-specific 

bioorthogonal labels in eukaryotic systems. We demonstrate that tetrazine amino aids are stable on 

proteins and are capable of quantitative labeling with sTCO reagents. The exceptionally high 

reaction rate of this ligation minimizes label concentration, allowing for sub-stochiometric in vivo 
eukaryotic protein labeling where the concentration of the label is less than the concentration of 

the protein. This approach offers unprecedented control over the composition and stability of the 

protein tag. We anticipate that this system will have a broad impact on labeling and imaging 

studies because it can be used where all generally orthogonal PylRS/tRNA pairs are employed.

Graphical Abstract

Efficient labeling of proteins in living eukaryotic systems with fast bioorthogonal reactions 

is an essential tool for studying fundamental cell biology. The biological processes that we 

can monitor are currently limited by the rate of labeling reactions. The problem of slow 

labeling rates has been identified as the most critical factor in determining the labeling 

efficiency and specificity of proteins in cells.1–3 Reactions between strained alkynes and 

tetrazines can reach rate constants of 107 M−1s−1, however, optimizing the encoding of these 

functional groups in live cells while minimizing off-target reactions is an open challenge 

(Figure 1).1, 4–5 In recent years, two non-canonical amino acids (ncAAs) - lysine-derived 
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bicyclononyne (BCNK) and trans-cyclooctenes (TCOK) - have been widely used in 

exploring biological processes because they are encoded by pyrrolysyl-tRNA synthetase 

PylRS/tRNACUA pairs from Methanosarcina species, which enables their use in many 

eukaryotic cell types and organisms.6 The fast reaction rates when encoded BCNK and 

TCOK are paired with tetrazine labels have enabled exciting live cell imaging, been used to 

probe receptors function, and been used in super resolution microscopy.2, 7–10

However, BCNK and TCOK have reached their limit of reactivity and biocompatibility in 
vivo with rate constants of 2×104 M−1s−1.1, 4–5 Efforts to reach faster rates with more 

strained TCO functional groups using ligases or direct encoding into proteins have proven 

unsuccessful.1, 4 Our lab took a different approach and directly encoded tetrazine (tet) amino 

acids (Tet-v2.0) into proteins. These Tet-v2.0-proteins can be efficiently labeled with 

cyclopropane-fused transcyclooctene (sTCO) in E. coli at a reaction rate of 8×104 M−1s−1 

with no detectable off-target reactivity within the timescale of the experiment (Figure 2A).11

To generate a eukaryotic tetrazine-based bioorthogonal conjugation system, we focused on 

evolving the generally orthogonal Methanosarcina barkeri (Mb) PylRS/tRNACUA pair to 

incorporate Tet-v2.0 in response to an amber codon. Failure to identify any functional tRNA/

aaRS pairs for Tet-v2.0 from among 107 RS active site variants prompted us to evaluate the 

crystal structure of the M. mazei PylRS in regard to its ability to incorporate Tet-v2.0 

(Figure S1).12 Analyzing the active site of the Mb-PylRS with Tet-v2.0 superimposed with 

the substrate revealed clashes between the tetrazine ring, the beta sheet backbones, and 

residues sidechains (Figure 2B. Figure S2).

To avoid significant active-site engineering, the structure of the tetrazine amino acid was 

altered to minimize overlap with the RS peptide backbone. We found the best option for 

maintaining tetrazine stability and the reaction rate constant was to shift the para-substituted 

tetrazine ring on the phenylalanine to the meta-position, positioning the tetrazine ring deeper 

into the binding pocket of the PylRS active site. The 3-(6-alkyl-s-tetrazin-3-yl) 

phenylalanine amino acids (Tet-v3.0) (Figure 2A) were synthesized in two steps using 

standard coupling conditions with final yields between 60–80% (Scheme S1).13

The reaction rate constants sTCO with the Tet-v3.0 substituted with methyl, ethyl, isopropyl 

and butyl, named Tet-v3.0Me, Tet-v3.0Et, Tet-v3.0Ip, Tet-v3.0Bu, respectively, was 

determined by stopped flow absorbance spectroscopy (Figure 2E, S3). When reacted with 

sTCO, the Tet-v3.0 variants containing methyl, ethyl and butyl substituents all have similar 

2nd order rate constants as Tetv2.0Me, whereas the sterically hindered Tet-v3.0Ip had an 

80% reduction in reactivity.14

Standard selection methods for Tet-v3.0Me with a 3.2 million-member aaRS library resulted 

in six unique members that have high efficiency in the presence of Tet-v3.0Me and high 

fidelity in the absence of Tet-v3.0Me (Figure S4).15 The top Tet-v3.0-RS/tRNA variants 

were evaluated for permissivity toward the Tet-v3.0 ncAAs and found to robustly 

incorporate substituted Tet-v3.0 amino acids (Figure 2C). The top two Tet-v3.0 tRNA/RS 

pairs, R2–74 and R2–84 RSs, are highly permissive and both contain mutations to the N346 

and C348 residues. These mutations likely open the active site pocket, allowing it to fit 
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different tetrazine substituents and thus enabling tuning of the sTCO coupling rate constant 

(Figure 2B, S2).16

To verify Tet-v3.0-RS/tRNA efficiency and fidelity, GFP was expressed with Tet-v3.0 

incorporated at site 150 using pDule vectors containing the top two Tet-v3.0 RSs and then 

purified by metal affinity chromatography. Protein expression resulted in yields of up to 80 

mg/L in the presence of Tet-v3.0 amino acids with minimal GFP150-TAG suppression in the 

absence of amino acid (Figure S5). ESI-Q-TOF mass spectrometry was used to confirm the 

site-specific incorporation of Tet-v3.0 amino acids into GFP and their reactivity with sTCO 

(Figure 2D, S6). All GFP-Tet-v3.0 proteins show the expected mass increase from GFP-wt 

corresponding to single Tet-v3.0 incorporation. Purified GFP150-Tet-v3.0 proteins were 

exposed to a 10-fold molar excess of sTCO for 5 minutes and each Tet-v3.0 protein showed 

the expected 124.2 Da increase in mass corresponding to the addition of sTCO and loss of 

N2 (Figure 2D, S6). No unreacted GFP150-Tet-v3.0 was detected, verifying the reaction of 

genetically encoded Tet3.0 amino acids with sTCO was quantitative. In contrast, wt-GFP 

undergoes no mass change when exposed to sTCO (Figure S6).

GFP fluorescence is quenched 4–6 fold when Tet-v3.0 is incorporated at site 150 but 

fluorescence returns when reacted with sTCO (Figure S7a).17 By measuring this return in 

fluorescence, we determined the second order rate constants for each Tet-v3.0 protein. The 

reaction rate of the methyl, ethyl and butyl forms of GFP-Tet-v3.0 with sTCO were all 

~80,000 M−1s−1 (Figure 2E and S7b). As expected, this is significantly faster than the rate 

observed for the reaction between the free amino acid and sTCO due to the relative polarity 

between the protein surface and buffer.11, 17 Once again, the rate constant of the reaction 

between Tet-v3.0-isopropyl and sTCO is reduced by 80% compared to the other Tet-v3.0 

amino acids, likely due to steric bulk.14

We next assessed the substrate concentration dependence of the Tet-RSs for each Tet-v3.0 

amino acid in order to find the optimal balance between efficient expression of Tet-v3.0 

containing protein and potential HEK293T cell toxicity (Figure S8 and S9). The R2–84-RS 

functioned at maximum efficiency at 100 μM Tet-v3.0 and 60–70% efficiency at 20 μM, 

while the R2–74-RS required greater than 400 μM to reach maximum efficiency for most 

Tet-v3.0 amino acids. Overall Tet-3.0Bu with R2–84-RS was the most efficient combination 

for expressing Tet-v3.0-protein with the lowest amount of Tet-v3.0.

To site-specifically incorporate Tet-v3.0 in a eukaryotic system, we cloned codon-optimized 

R2–84 RS into the pAcBac1 plasmid (Figure S10).18 The resulting pAcBac1-R2–84 plasmid 

was transfected into HEK293T cells with the reporter pAcBac1-sfGFP-TAG150 plasmid. 

While GFP-Tet-v3.0 could be selectively expressed when all Tet-v3.0 amino acids were 

supplemented at 100 μM (Figure S11), only Tet-v3.0Bu functioned efficiently at 10–30 μM 

(Figure 3A). Further optimization of the system by the addition of a nuclear export sequence 

(NES) to the aaRS resulted in a 40% increase in Tet-v3.0-butyl-GFP expression compared to 

the absence of the NES (Figure 3B, Figure S12).19 With 10-fold less ncAA, this Tet3.0 

system matched the eukaryotic suppression efficiency of the gold-standard Boc-lysine-

tRNA/RS pair (Figure S13).20
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Using this optimized expression system, we set out to characterize the stability and reactivity 

of eukaryotic proteins containing Tet-v3.0Bu. The mass of purified GFP-Tet-v3.0Bu was 

compared to GFP-wt using ESI-Q-TOF mass spectrometry. GFP-Tet-v3.0Bu exhibits the 

expected mass increase to 29311.10 Da avg (predicted 29310.71 Da), verifying that Tet-

v3.0Bu is stably incorporated at a single site (Figure 3C, S14).

To evaluate the selective reactivity of Tet-v3.0-butyl-protein with sTCO-labels in eukaryotic 

cells, HEK293T cells expressing Tet-v3.0-butyl-GFP were treated with 100 nM TAMRA-

sTCO and TAMRA-sCCO for 30 minutes. The reaction was quenched with free Tet2.0 

amino acid prior to analysis with fluorescent SDS-PAGE. As expected, only GFP-Tet-

v3.0Bu containing cells treated with TAMRA-sTCO showed TAMRA labeled GFP protein 

(Figure 3D, S15). Prereaction of TAMRA-sTCO with Tet2.0, or isomerized and therefore 

unreactive cis-cyclooctene-label, TAMRA-sCCO, showed no GFP-Tet-v3.0Bu labeling. To 

verify complete reactivity, GFP-Tet-v3.0-butyl protein expressed in eukaryotic cells was 

exposed to sTCO and the reaction product was characterized by ESI-Q-TOF mass 

spectrometry. Mass spectra showed complete labeling with the expected mass increase to 

29434.44 Da avg (predicted 29434.93 Da avg) (Figure 3C, S14). These results demonstrate 

that Tet-v3.0-butyl is incorporated into eukaryotic proteins with high fidelity using the 

pAcBac1-NES-R2–84 plasmid and the expressed protein is stable and reacts quantitatively 

with sTCO-labels.

Next, we demonstrated that this exceptional reaction rate can be used to label Tet-v3.0-

proteins in live cells using short reaction times and low concentrations of sTCO-label in 

three ways: with sTCO, TAMRA-sTCO, and in-cell protein dimerization reagents. First, we 

monitored labeling of Tet-protein by sTCO in HEK293T cells by measuring the extent of 

fluorescence return from quenched GFPTet-v3.0Bu. When HEK293T cells expressing GFP-

Tet-v3.0Bu are exposed to increasing sTCO concentrations for 30 minutes at 37°C in media, 

there is a clear fluorescence increase for cells containing GFP-Tet-v3.0Bu but no increase 

for GFP-wt (Figure 4A, 4B, S17).

Second, we verified sub-stoichiometric labeling by repeating this experiment using low 

levels of TAMRA-sTCO and TAMRA-sCCO and tracking the fluorescence of the 

conjugated dye (Figure 4C, 4D, S15, S16). TAMRA-sTCO and TAMRA-sCCO did not 

show detectable background labeling of proteins at these label concentrations (Figure S17, 

S18). This demonstrates the ability of this bioorthogonal reaction to label a portion of Tet-

v3.0-protein in HEK293T cells using low concentrations of label and short reaction times.

To verify that the cytosolic Tet-protein is undergoing sub-stoichiometric labeling, we 

employed small, peg linked-double-headed sTCO molecules (dh-sTCO) (11) that pass 

rapidly into the cell and dimerize Tet-protein. Reactions between dh-sTCO and GFP150-Tet-

v3.0Bu only create protein dimers if the dh-sTCO is the limiting reagent, because an 

excessive concentration of dh-sTCO results in each Tet-protein with a singly reacted dh-

sTCO molecule (Figure 5A).

A dh-sTCO containing a short linker optimized for rapid cellular uptake was synthesized 

containing 3-PEG spacer between sTCO head groups (Scheme S3). Cells expressing 
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GFP150-Tet-v3.0Bu were exposed to increasing concentrations of dh-sTCO for 30 min., 

quenched with Tetv2.0, and analyzed for mobility changes via SDS-PAGE. Fluorescent 

analysis shows that the dh-sTCO are capable of dimerizing GFP in a concentration 

dependent manner, confirming that this reaction is capable of sub-stoichio-metric protein 

labeling in eukaryotic cells (Figure 5B, Supplementary Fig 19). As expected, dh-sTCO 

shows the expected concentration dependent effect, dimerizing protein at low concentration 

of dh-sTCO but forming monomer at high concentrations (Supplementary S19).

In summary, we have developed a Tet-v3.0 GCE system with the broadly used PylRS/tRNA 

pairs that can function at low tetrazine amino acid concentrations to efficiently and site-

specifically encode tetrazine amino acids in eukaryotic cells. The Tet-v3.0-protein exhibited 

ideal bioorthogonal labeling behavior, showing no detectable degradation products and sub-

stoichiometric sTCO labeling with a reaction rate constant of 8×104 M−1s−1. To our 

knowledge, this is the fastest bioorthogonal labeling reaction yet reported for site-specific 

protein labeling in eukaryotic cells. This general approach should provide access to even 

faster eukaryotic bioorthogonal labeling rates by altering the tetrazine amino acid 

substitution, which will offer greater chemical control over the composition and stability of 

tag and reporter.
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Figure 1. 
Eukaryotic encoded tetrazine amino acids provide quantitative labeling with increased 

labeling reaction rates and improve reagent stability in live cells.
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Figure 2. 
Selection of Tet-v3.0 RSs and characterization of Tet-v3.0 reactivity. (A) Tet-v3.0 amino 

acids with similar reactivity to Tet-v2.0 (B) Tet-v2.0Me (green) clashes with RS backbone 

whereas Tet-v3.0Me is eliminates backbone clash. (C) Measuring fluorescence of expressed 

GFP-Tet-v3.0 showed high efficiency and broad permissivity when other Tet-v3.0 amino 

acids were supplemented at 0.4 mM. (D) ESI-Q-TOF mass spectrometry confirmed Tet-

v3.0Me incorporation into GFP and quantitative labeling with sTCO. (GFP-wt predicted: 

27827.02 Da avg, observed 27827.49 Da avg; GFP-Tet-v3.0Me predicted: 27954.17 Da avg, 

observed: 27954.54 Da avg; GFP-Tet-v3.0Me+sTCO predicted: 28078.39 Da avg, observed: 

28078.61 Da avg). The lower mass peak labeled with * is a loss of n-terminal methionine 
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and higher mass peaks are salt sodium and potassium adducts. (E) Measured second order 

rate constants of free Tet-v3.0 and GFP-Tet-v3.0 with sTCO in PBS, pH 7.4 (Fig S3 and S7).
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Figure 3. 
Optimization and reactivity of Tet-v3.0 in eukaryotic cells using R2–84-RS/tRNA. (A) 

Expression of GFP-vTet-3.0 with different Tet-v3.0 amino acids. (B) Addition of NES 

improved GFP-Tet-v3.0 expression. (C) ESI-Q-TOF mass spectrometry confirms 

eukaryoticTet-3.0 incorporation and quantitative labeling. (D) Labeling of GFP-Tet-v3.0 in 

eukaryotic cells with sTCO and TAMRA-sTCO labels.
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Figure 4. 
Concentration dependent labeling of Tet3.0 protein in eukaryotic cells. Superfolder-GFP 

fluorescent can be quantified in SDS-PAGE if the sample is not heat denatured during 

sample preparation (A, B) sTCO labeling (C, D) TAMRA-sTCO and TAMRA-sCCO 

labeling.
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Figure 5. 
Concentration-dependent protein dimerization in eukaryotic cells. (A) Model for 

concentration-dependent dimerization with double headed linker. (B) At low concentration 

of dh-sTCO dimers form but at higher concentrations monomers dominate.
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