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 The inverse electron demand Diels Alder reaction between tetrazines and 

strained alkenes is an exceptionally useful tool in functionalizing to biomolecules 

since it is orthogonal to the chemistry of most living systems and have exceptionally 

high rate constants. In particular reactions between strained trans-cyclooctenes 

(sTCO) and tetrazines can achieve second order rate constants of 106 M-1s-1 or 

greater. This bioorthogonal coupling reaction can be used to quantitatively modify 

proteins with fluorescent labels, inhibitors, or dimerization agents in live cells with 

short reaction time. In this work, we explore the use of genetic code expansion to 

incorporate tetrazine containing amino acids into proteins for the purpose of 

conjugating sTCO-containing labeling agents to proteins in live cells  

 In Escherichia coli, the tetrazine containing amino acid, 4-(6-methyl-s-

tetrazin-3-yl)phenylalanine (Tet-v2.0) is incorporated into cells through genetic code 

expansion. An orthogonal amino acyl-tRNA synthetase is generated that can charge 

tRNACUA using Tet-v2.0 as a substrate allowing for the site-specific incorporation of 

Tet-v2.0 into proteins. Tet-v2.0 on proteins is shown to react with sTCO with a high 

rate of reaction of 87,000 M-1s-1 and minimal off-target reactions. To express tetrazine 

containing proteins in eukaryotic cells, a new set of amino acids based on 3-(6-

methyl-s-tetrazin-3-yl)phenylalanine (Tet-v3.0), are developed that can be used as 

substrate by Methanosarcina. barkeri Pyrrolysine tRNA synthetases (PylRS). The 

orthogonal Tet-v3.0-amino acyl-tRNA synthetase/tRNA pair was used to incorporate 



 
 

 

Tet-v3.0 amino acids into proteins in HEK293T cells and shown to react with both 

fluorescent labels and dimerizing sTCO molecules. 

 We then explore methods to improve the efficiency of the reaction between 

tetrazines and sTCO, through minimizing side reactions. These side reactions include 

the reduction of tetrazines to dihydro-tetrazines and irreversible degradation of 

tetrazines to a yet to be characterized product. To eliminate off-target reactions the 

reduction of tetrazines is monitored in cellulo and proteins are oxidized in cellulo 

through photooxidation. This oxidation reaction has the potential to be an effective 

method of establishing higher labeling yields. Finally, trapping the tetrazine in the 

dihydro-state and selectively oxidizing and labeling the tetrazine may be an effective 

method of minimizing off-target tetrazine reactions in cells by protecting the oxidized 

amino acid.  
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Advantages from Bioorthogonal Ligations 

 

 Bioorthgonal ligation chemistry is a term first described in 2003 by Hang et al. 

which encompasses reactions where the functional groups involved in the reaction 

undergo minimal off-target reactions in biological environments1. These reactions must 

form a covalent linkage between two functional groups that are reactive to each other, 

but unreactive to all other functional groups found in living systems2. The main utility 

of such a reaction is the ability to selectively label biological macromolecules in vivo, 

though this chemistry is often used to label biomolecules in vitro as well. Such 

chemistry has been used to label every major biological macromolecule, including 

proteins3–7, DNA8–10, RNA11,12, lipids13, and carbohydrates14–16. Rationales for the 

development of these reactions include live cell fluorescent labeling4,17,18, mimicking 

native macromolecular modifications19,20, generating of antibody drug conjugates21–23, 

in vitro labeling of biomolecules with radioisotopes24–27, and selective inhibition of 

enzymes within a related family28. As such, the generation and characterization of 

effective bioorthogonal reactions is of interest to biotechnology and pharmaceutical 

communities. 

 Many bioorthogonal functional groups can undergo side reactions with 

components of biological systems. These reactions can result in degrees of cellular 

toxicity29,30 such that they are only suitable for labeling biomolecules in vitro31. In some 

cases, even reactions or functional groups with some degree of cellular toxicity can be 

used to label biomolecules on viruses32 or on cell surfaces33. In addition to 

complications due to toxicity, many bioorthogonal functional groups undergo some 

degree of degradation in vivo. This degradation results in lower reaction yields and 

limits utility of bioorthogonal reactions.34,35. The propensity towards degradation is 

asymmetric in that the functional group attached to the biomolecule of interest requires 

a greater stability than the cognate bioorthogonal label because the ability to 

incorporate this functional group into the biomolecule of interest often takes 

substantially more time than the labeling reaction itself. An unstable functional group 

can often be used as the labeling reagent36–38, limiting its exposure to the in vivo 

environment. Functional groups may be more bioorthogonal towards certain organisms 
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or environments than others. Factors such as pH, reduction potential, or concentrations 

of biological species may impact the rate or equilibria of side reactions. Chapter 4 of 

this dissertation addresses tetrazine bioorthogonal reactions that undergo reduction 

reactions in an environment dependent manner. 

 A highly desirable quality of bioorthogonal ligation reactions is a high rate of 

the reaction. Higher second order rate constants result in faster labeling experiments 

and the ability to study shorter-lived cellular processes. Given a second order rate 

constant of 0.1 M-1s-1 and concentrations of 10 µM for both bioorthogonal functional 

groups, a reaction would require 14.6 hours to reach 95% completion. In comparison, 

a reaction with a rate constant of 1000 M-1s-1 can reach 95% completion in 

approximately 5 s. When attempting to perform experiments in live cells, the time an 

experiment takes dictates the cellular events that such an experiment can effectively 

report on. A 14.6 hour labeling experiment would be ineffective at measuring events 

such as cell division. To overcome this, higher concentrations of labeling reagent can 

be used. This approach, however, can generate its own problems such as excess 

fluorophore interfering with the ability to observe a labeled macromolecule, or excess 

inhibitor resulting in off target inhibition toward unlabeled enzyme. The cleanest 

solution to address these issues is to develop bioorthogonal reactions with high rate 

constants, though this is often limited by available bioorthogonal chemistries. 

 

Common Bioorthogonal Ligations 

 

 While numerous bioorthogonal chemistries and variations on bioorthogonal 

chemistries have been developed39–41 (Fig 1), only a handful have seen extensive use. 

Commonly used reactions tend to be rapid reactions between small, synthetically basic 

functional groups with high stability. Understanding the benefits and limitations of 

newly developed bioorthogonal chemistries is important in evaluating their utility. 

Additionally, there is interest in the development of reactions in which two or more 

bioorthogonal ligation chemistries can be performed on the same biomolecule or in the 

same environment. These reactions can be used, for instance, to introduce multiple 

fluorophores for FRET experiments, or to induce the formation of heterodimers. Such 
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“orthogonal bioorthogonal chemistries” require a set of at least four bioorthogonal 

functional groups that show no cross reactivity42–44. An alternate method of achieving 

orthogonal bioorthogonal ligations is to take a set of bioorthogonal chemistries whose 

cross reactivity, though present, is slow relative to the rate of the corresponding labeling 

reactions.43 Sequential addition of labels can then be used to perform dual-labeling 

reactions. Orthogonal bioorthogonal reactions are difficult to achieve in large part due 

to the fact that many existing bioorthogonal reactions use the same or similar functional 

groups. The most common example of this is the azide functional group which is used 

in Copper Catalyzed Azide-Alkyne Cycloadditon (CUAAC), Strain Promoted Azide 

Alkyne Cycloaddition (SPAAC), and the Staudinger ligation.45 

 Fig 1.1. Common Bioorthogonal Ligation Reactions. 

A) Staudinger ligation between aryl phosphines and azides. B) Copper Catalyzed Azide Alkyne 

Cycloaddition (CUAAC) commonly referred to as “click” chemistry. C) Strain Promoted Azide Alkyne 

Cycloaddition (SPAAC) does not refer a Copper(I) catalyst as required by CUAAC reactions. D) Inverse 

electron demand Diels Alder (IEDDA) reaction between tetrazines and strained alkenes (TCO pictured). 
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 Staudinger ligations are reactions between azides and aryl phosphines 

substituted by an ester. This chemistry is a variation on the Staudinger reaction which 

is itself a reduction of the azide by a triaryl phosphine46. This reaction can be used as a 

ligation reaction if the partially reduced intermediate is trapped by nucleophilic attack 

on the ester (Fig 1.1A). While this reaction sees limited use due to its slow reaction 

rate47 of 10-3 M-1s-1, the small size of the azide functional group is a useful attribute. 

Small functional groups are useful because they are less likely to perturb the structure 

or activity of biomolecules39.  

 The azide functional group is also used in CUAAC reactions, which are among 

the most commonly used bioorthogonal ligations and are commonly termed “click” 

chemistry reactions after Kolb et al.48, used it to describe synthetic reactions in which 

heteroatom-carbon bonds are formed in a selective manner with large thermodynamic 

driving forces. While the term click chemistry used in this manner is an apt description 

of the CUAAC reactions, bioorthogonal ligations requires more stringent properties 

including the stability of the functional groups in biological environments as well as 

the ability to perform the reaction under physiological conditions. The CUAAC is a 

cycloaddition that requires a toxic copper catalyst29,30 (Fig 1.1B). Despite this toxicity, 

CUAAC chemistry is still termed bioorthogonal. The reaction can proceed quickly with 

second order rate constants of up to 200 M-1s-1 depending on Cu+ concentration49. The 

greatest benefits of this reaction include the small size and synthetic accessibility of 

both functional groups. 

 The toxicity of CUAAC reactions has been overcome by Carolyn Bertozzi50 

through modification of the reaction such that a Cu+ catalyst is no longer required. This 

is largely performed by the introduction of strain to the alkyne functional group (Fig 

1.1C) resulting in SPAAC chemistry. Doing so accelerates the rate of the reaction. 

While other solutions to increase the rate or efficacy of the CUAAC chemistry have 

been developed49, these methods still require the presence of the Cu+ catalyst. This 

SPAAC chemistry has been widely used but comes with the drawback of having low 

rate constants in the range of 10-2 to 1 M-1s-1.41 These slow reaction rates make this 

impractical for widespread labeling of proteins in living cells.  
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 As far as the ideal reaction for bioorthogonal labeling of macromolecules goes, 

each chemistry has unique advantages and disadvantages. At the moment, the inverse 

electron demand Diels Alder (IEDDA) reaction between tetrazines and strained alkenes 

has become the most popular chemistry for performing ligation reactions in vivo18,34,51 

largely for its high reaction rates and stability.  

 

Inverse Electron Demand Diels Alder Reactions 

 

 The IEDDA reaction between tetrazines and strained alkenes was first used as 

a bioorthogonal ligation in 200836,52 and consists of a [4 + 2] cycloaddition reaction 

between an electron deficient tetrazine and an electron rich alkene or alkyne53,54 (Fig 

1.1D). This contrasts with the standard Diels Alder reaction which consists of reactions 

between electron rich dienes and electron deficient alkenes. In both cases, the reaction 

can be driven in the forward direction by substitution of the functional groups with 

electron withdrawing and donating substituents. Whereas, in the normal electron 

demand Diels Alder reaction, dienes substituted by electron donating groups react 

fastest, substitution of dienes by electron donating groups slows the IEDDA reaction. 

The same is true for substitution of the dienophile with electron donating groups. 

 The IEDDA reaction most commonly consists of the reaction between trans-

cyclooctene (TCO) functional groups and tetrazines, but functional groups such as 

cyclopropenes55, norbornenes10,56,57, and spirohexenes58 (Fig 1.2A) have been used. 

Due to substitution of tetrazines with electron withdrawing and donating groups, the 

IEDDA reactions of the same strained alkene with different tetrazines can result in a 

difference of several orders of magnitude in the second order reaction rates41,55,58. 

Additionally, as initially reported by the Joseph Fox, the introduction of additional 

strain to the alkene-containing rings can result in a further increase in the second order 

reaction rate. This has been used to generate strained alkenes including dioxolane fused 

TCO (dTCO)59, strained TCO (sTCO)60, and bicyclononynes (BCN)61 that show higher 

second order rate constants in their reactions with tetrazines than their unstrained 

counterparts.  
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Fig 1.2. Structures of Common IEDDA Functional Group. 

A) Structures of commonly used strained alkene functional groups. Strained Trans Cyclooctene and 

Dioxane Fused Trans Cyclooctene are used in this work. B) Structures of commonly used tetrazines and 

dienes in IEDDA reactions.  

 There is some structural variation in the functional groups capable of 

performing IEDDA chemistry. Structural variation in tetrazine is largely limited to 

substitutions of 1,2,4,5-tetrazines with substituents with varying degrees of electron 

withdrawing character62. Triazines have been shown to undergo these reactions as 

well63, though they are less electron withdrawing and have lower rate constants. 

Substitution of tetrazines has been explored to a limited extent. Tetrazines substituted 

by 3,6-dipyrimidal tetrazines, 3-phenyl tetrazines, and 3,6-phenylmethyl tetrazines 

have been used in bioorthogonal reactions(Fig 1.2B)62. Most IEDDA functional group 

variation lies in the strained alkene. 

 The great structural diversity in the functional groups that undergo IEDDA 

reactions results in a variety of reaction properties. IEDDA reactions can have second 

order rate constants spanning from 10-6 to 10-2 M-1s-1.35,41,63 Functional groups with 

higher rate constants often undergo degradation in vivo35,38,64. Because of this, use of 
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extremely reactive functional groups may not be appropriate for reactions inside cells. 

The functional group used in IEDDA reactions should be selected to match the desired 

use. As an example, the fastest bioorthogonal reactions published are the reactions 

between silanated trans-cycloheptenes and tetrazines. These reactions can have a 

second order rate constant of up to 1.14*107 M-1s-1.65 The silanated trans-cycloheptenes 

degrade in vivo which limits their use to in vitro reactions. 

 

The Use of Tetrazines in Bioorthogonal Reactions 

 

 There are many uses of IEDDA reactions in live cells in which the strained 

alkene functional group is attached to the biomolecule of interest and subsequently 

reacted with a tetrazine containing label4,34,59 (Fig 1.3A). There are a few advantages 

to using this approach of tetrazine functional groups as labels including the fact that 

tetrazines undergo nucleophilic attack by thiols in biological environments52,66. By 

attaching the tetrazine ring to the label the exposure of the tetrazine to biological 

environments and off-target reactions is minimized. Tetrazines often quench the 

fluorescence of common fluorescent labels, and then there is a subsequent increase in 

fluorescence upon labeling the biomolecule of interest17. This can result in greater 

signal to noise ratios for cellular fluorescent labeling.  
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Fig 1.3. Labeling Biomolecules with IEDDA Reactions 

A) The incorporation of a strained alkene onto a biomolecule require subsequent reaction a tetrazine 

label. B) The incorporation of a tetrazine onto a biomolecule require subsequent reaction with a strained 

alkene label. 

 The opposite approach in which a tetrazine functional group is incorporated 

onto biomolecules and subsequently reacted with a strained alkene containing label is 

relatively rare (Fig 1.3B). The fastest bioorthogonal ligations reported to date are the 

reactions of highly strained alkenes with tetrazines. Trans-cyclooctenes like sTCO are 

unstable under physiological conditions and can degrade via isomerization to form the 

corresponding cis-cyclooctene (strained cis-cyclooctene (sCCO)64,65 for the 

isomerization of sTCO). This isomerization event limits the ability to incorporate sTCO 

onto biomolecules in vivo. To enable these faster bioorthogonal reactions, an IEDDA 

reaction with a tetrazine functional group incorporated onto the biomolecule should be 

employed34.  
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Methods of Introducing Bioorthogonal Functional Groups 

 

 One challenge of employing bioorthogonal ligation chemistry in live cells is the 

introduction of the desired bioorthogonal functional group onto the biomolecule of 

interest. Many strategies have been employed to achieve this, each of which is specific 

to the class of biomolecule to be modified. The introduction of bioorthogonal functional 

groups to DNA is often performed in vitro during oligonucleotide synthesis reactions67. 

The modified DNA can then be introduced into cells via transformation or transfection. 

The introduction of bioorthogonal functional groups to RNA is commonly performed 

through hijacking the 5’ capping enzyme for modifying mRNA68. Modification of lipid 

membranes can be relatively simple as lipids containing bioorthogonal handles will 

incorporate into cellular membranes13. The introduction of bioorthogonal functional 

groups into carbohydrates is commonly performed using native or repurposed 

glycosylation enzymes to introduce or extend glycans containing the functional group 

of interest69,70. 

 In contrast, proteins can be a difficult class of biomolecules to modify through 

the introduction of bioorthogonal ligation handles. As such, numerous strategies have 

been developed to introduce these handles (Fig 1.4), each method having its own 

strengths and weaknesses. Translationally fusing the protein of interest to enzymatic 

tags such as the Halo tag is one such method. Halo tag is a 34 kDa protein that reacts 

with reagents containing a chloroalkane group to form a covalent bond71. Halo tag is 

relatively large and has the potential to impact the function of the protein to which it is 

fused. Because Halo tag is a genetic fusions, it is limited to modification of the N-

terminus, C-terminus, or a loop region.  
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Fig 1.4. Methods of Introducing Bioorthogonal Functional Groups. 

A) Halo tag labeling requires the genetic fusion with a Halo tag protein. Addition of chloralkane reagents 

results in modification. B) Formylglycine labeling requires the insertion of a CxPxR motif that is 

recognized by formylglycine generating enzyme. Upon formation of formylglycine, reaction with 

aminooxy labels are possible. C) Residue specific GCE utilizes native aminoacyl tRNA synthetases to 

incorporate structurally similar amino acids in a stochastic pattern. Labeling reagent is dependent on the 

incorporated amino acid. 

 

 Site specific introduction of bioorthogonal ligation handles on proteins is a 

problem that has been addressed by Carolyn Bertozzi wherein the insertion of a CxPxR 

motif7 and subsequent treatment with formylglycine generating enzyme results in the 

conversion of the motif cysteine to formylglycine7,72. This formylglycine amino acid 

can then be reacted with aminooxy functional groups. As a method of introducing 

bioorthogonal handles, this system is advantageous in that the formylglycine 

generating enzyme can be genetically encoded, and the recognized motif is small and 

can inserted in a wider variety of sites than Halo tags. A major disadvantage of this 

system includes that it is limited to reactions of formylglycine and aminooxy functional 

groups whose chemistry suffers from low rate constants and large degrees of off target 

reactions.  
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 Genetic Code Expansion (GCE) techniques have been used to incorporate 

structurally diverse bioorthogonal functional groups into proteins in the form of 

noncanonical amino acids (ncAAs). Two main methods of GCE have been developed 

with unique advantages: residue-specific GCE and site-specific GCE. Residue specific 

GCE consists of the addition to cells of an amino acid that is structurally similar to 

canonical amino acids5,73. Aminoacyl tRNA synthetases (aaRSs) responsible for 

charging tRNAs with canonical amino acid are permissive to the ncAA of interest and 

incorporate it into proteins at codons specific for the canonical amino acid74. Residue-

specific GCE is an excellent method for studying newly synthesized proteins and 

protein turnover5,74,75. While residue-specific GCE has the advantage of specific 

incorporation into newly synthesized proteins, protein products are not chemically 

homogenous in that sites may contain the bioorthogonal functional group of interest or 

the canonical amino acid. Residue-specific GCE is also incapable of modifying a single 

protein, and instead results in the modification of every cellular protein containing the 

residue of interest. Finally, since residue specific GCE uses the native aaRSs, 

incorporation is limited to ncAAs structurally similar to canonical amino acids. In 

contrast, site-specific GCE consists of the introduction of an ncAA containing the 

desired bioorthogonal functional group at a single site on a protein76. 

 

Site-Specific Genetic Code Expansion 

 

 Site-specific genetic code expansion was pioneered by Schultz76 and Furter77 in 

the late 1990s. It consists of selectively incorporating an ncAA of interest into proteins 

usually through the suppression of a stop codon78,79 though rare sense codons are also 

targets80. This technique has been used to incorporate hundreds81–83 of structurally 

unique amino acids into a variety of organisms including e. coli76, s. cerevisiae84, d. 

melanogaster85, and m. musculus86 among others. While bioorthogonal functional 

groups are an important subset of the ncAAs that have been successfully incorporated, 

ncAAs have also been designed to mimic posttranslational modifications,87–89 perform 

photocrosslinking reactions90,91, and explore effects of minute perturbations to amino 

acid structure92.  
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 Site-specific GCE takes advantage of natural ribosomal translation to produce 

proteins containing ncAAs (Fig 1.5). The ribosome accepts tRNAs charged with the 

ncAA of interest in response to an amber stop codon. If no ncAA is present, translation 

is terminated at the amber codon by release factor 1 resulting in termination of 

translation93. To accomplish this incorporation, four components are necessary:  

1) The amino acid of interest added to cells.  

2) An expressed orthogonal tRNA molecule with an anticodon complementary to 

the stop codon interrupting the gene of interest and that is incapable of being 

aminoacylated by native aaRSs.  

3) An aaRS that uses the amino acid of interest as a substrate to aminoacylate the 

orthogonal tRNA but cannot use canonical amino acids as substrates. 

Additionally, this aaRS must not charge any of the native tRNAs as substrates. 

4) The gene of interest interrupted by a stop codon (usually amber stop codons). 

 

Fig 1.5. Site Specific Genetic Code Expansion. 

Site specific GCE relies on the presence of a ncAA of interest which is charged onto an orthogonal tRNA 

via an orthogonal aaRS. Once charged with the ncAA of interest, the tRNA can be used in the ribosome 

to decode amber stop codons in the gene of interest as the amino acid of interest. Together this results in 

the production of full length protein containing the amino acid of interest at the site of amber stop codons. 
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Orthogonal tRNA/Aminoacyl tRNA Synthetase Pairs 

 

 Together the combination of generated aaRS and tRNA are considered 

orthogonal pairs and are generally developed in tandem with one another. The active 

site of the aaRS typically interacts only with the 3’ end of tRNAs. Modifications to the 

active site do not negatively impact tRNA binding81. This allows orthogonal pairs, once 

generated, to incorporate a variety of ncAA structures. The ability to recognize the 

cognate tRNA is distributed throughout the aaRS81 making the generation of 

orthogonal tRNA/aaRS pairs difficult. As such relatively few orthogonal tRNA/aaRS 

pairs have been developed94, but those tRNA/aaRS pairs have been extensively used to 

incorporate hundreds of amino acids83. Furthermore, while these tRNA/aaRS pairs are 

often termed orthogonal pairs, they are rarely if ever orthogonal to all living systems. 

Often a tRNA/aaRS pair is taken from one organism and cloned into another organism 

to generate an orthogonal system. These tRNA/aaRS pairs are orthogonal to the 

organism they are cloned into, but not to organism in which they originated.84. As an 

example of this, the tyrosyl tRNA/aaRS pair from Methanocaldococcus jannaschii is 

orthogonal to E. coli and other bacteria76, yet demonstrates cross reactivity with native 

tRNA/aaRS pairs in archaeal and eukaryotic cells84. 

 The M. jannaschii tyrosyl synthetase pair was the first such tRNA/aaRS pair 

developed76, and as it was based on a tyrosine incorporating active site, many of the 

ncAAs that have been successfully incorporated with it have a similar structure83. Very 

few, if any, amino acids have been incorporated with M. jannaschii system that are not 

based on a tyrosine or phenylalanine base83. For incorporation of amino acids in 

eukaryotic systems, the Methanosarcina barkeri and the Methanosarcina mazei 

pyrrolysyl aaRS are the most commonly used enzymes. These proteins are homologous 

to one another and have high degrees of sequence similarity in the active site such that 

when mutations to the M. barkeri active site resulting in the ability to incorporate 

acetyl-lysine were made in the active site of M. mazei, the ability to incorporate the 

acetyl-lysine was also conferred to M. mazeii95. These enzymes are commonly grouped 

together as the PylRS system. It is of note that only the M. mazei active site has been 
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successfully crystalized, though homology suggests a similar structure for the M. 

barkeri active site81,95,96.  

 Other synthetase systems have been developed such as the E. coli tyrosyl97 

aaRS as well an E. coli tryptophanyl98 aaRS both of which are orthogonal to eukaryotic 

cells. These systems have potential due to their orthogonality to eukaryotic cells as well 

as orthogonality to specific cell lines of bacteria. These systems can be used alongside 

the more rigorously characterized PylRS system as their active sites are more amenable 

to tyrosine-based and tryptophan-based structures, respectively, making selections for 

these amino acids more fruitful. 

 

Generating Aminoacyl tRNA Synthetases for Incorporating Amino Acids 

 

 The process of selecting aaRS mutants capable of incorporating the amino acid 

of interest can be a bottleneck to genetically encoding the amino acid. The process 

typically involves generating large libraries of mutants by mutating residues in the 

active site of the aaRS. Residues are typically mutated to codons with nucleotide 

sequence NNK where N is any nucleotide and K is guanine or thymine. In doing so, all 

possible amino acids as well as amber stop codons (TAG/UAG) are present at each 

mutated codon. While more effective methods exist99,100, the NNK is the most common. 

Typically, the number of codons mutated is limited to five per library generated as this 

results in a library size of approximately 33.5 million.. Given that the largest bottleneck 

in the selection process is transformation of library members into E. coli cells, extensive 

library sizes can result in incomplete library transformation. Typically, the number of 

cells transformed should be 10-100 fold greater than the nucleotide size of the library, 

because a 25 fold coverage of a library this size ensures a >99.9% chance of covering 

the entire library assuming an equal probability of colony formation for each library 

member. 

 When generating a library for the selection process, the decision of which 

residues in the aaRS to mutate is based on knowledge of the aaRS structure and activity. 

Residues are generally selected that make-up of the amino acid binding pocket. 

Residues that are essential for catalysis are avoided as mutations to these residues 
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cannot be performed without impacting the ability to aminoacylate tRNA. Residues 

that are distant from the binding pocket should be avoided for mutations as the impact 

of these residues on ncAA binding is not clear. To make these evaluations a crystal 

structure or other structural information regarding the native aaRS is required101. 

 The selection processes usually consist of a double sieve selection with 

alternating rounds of positive and negative76 selection (Fig 1.6). In the positive 

selection, a life/death selection is performed in which the library is co-transformed with 

a plasmid encoding for an amber codon interrupted antibiotic resistance gene (usually 

chloramphenicol acetyl transferase). The transformed cells are then plated on media 

containing chloramphenicol as well as the amino acid of interest. Functional 

synthetases capable of incorporating either the amino acid of interest or a canonical 

amino acid suppresses the amber stop codon resulting in the production of full length 

antibiotic resistance gene and therefore and cell survival. Historically, chloramphenicol 

concentration has been varied to tune the stringency of such selections76,102. Negative 

selections consist of transformation of the library members remaining after the first 

positive selection into cells containing a barnase gene interrupted by multiple amber 

codons. The cells are then plated on media in the absence of the amino acid of interest. 

Production of full length barnase results in cleavage of mRNA resulting in cell death. 

Library members that incorporate canonical amino acids are expected to result in the 

production of barnase and ultimately cell death. Multiple rounds of positive and 

negative selection are typically performed, though it has been found that too many 

rounds of selection can result in lower quality synthetases103. 
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Fig 1.6. Selections for aaRSs Incorporating an Amino Acid of Interest. 

Selections require alternate positive and negative rounds of selection where a library of synthetases is 

reduced to a few desired synthetases by eliminating synthetases that use native amino acids as substrates 

and synthetases that are inactive with native amino acids or the amino acid of interest. The positive 

selection steps result in the elimination of synthetases that are inactive with native amino acids or the 

amino acid of interest, while the negative selection eliminates synthetases that use native amino acids as 

substrates. 

 

  While this selection scheme is the most common method of generating 

synthetases, it is by no means the only method. Bioorthogonal functional group 

containing amino acids have been selected for via reaction with biotin containing labels 

after cell surface display104. Others have turned to deep sequencing to analyze increases 

in frequency of desirable hits105. Finally, fluorescence activated cell sorting is a 

technique that has been used to evaluate suppression of fluorescence reporter genes in 

selections106. Additionally, many have turned to directed evolution approaches as 

opposed to more traditional library selection approaches107,108. 

 

Disseration Overview 

 

 The objective of my thesis work was to develop tetrazine-based bioorthogonal 

reactions for use on proteins in living systems. A genetic code expansion approach was 

undertaken in large part due to the site-selective nature of this system, the ability to 
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incorporate a number of structural variants of tetrazine, and to minimally perturb the 

incorporated protein’s function. In addition to industrial and pharmaceutical 

applications, a robust and well characterized ability to rapidly label proteins in cellulo 

would enable precise control of protein function, the ability to perturb cellular pathways 

in a controlled manner and would provide a useful tool for fluorescent imaging of 

proteins in cellulo. Chapters 2, 3, and 4 of this dissertation address key steps in 

encoding tetrazine-containing ncAAs in prokaryotes and eukaryotes. Chapter 2 

introduces the tetrazine chemistry used and demonstrates that this chemistry 

demonstrates ideal reaction rates between tetrazines and strained alkenes when labeling 

proteins in live E. coli cells. Chapter 3 overcomes difficulties associated with 

genetically encoding and reacting tetrazine-containing amino acids in eukaryotic cells. 

Chapter 4 explores side reactions of tetrazine-containing amino acids and methods to 

control reactivity to ensure the labeling reactions behave ideally. Chapter 5 describes 

future experiments that should be performed as direct extensions of this work as well 

as future directions that this work may go. Of the chapters presented here, chapter 2 

has been published, while the work presented in chapters 3 and 4 are in the process of 

being written for future publication. 
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Abstract 
 

 Bioorthogonal reactions for labeling biomolecules in live cells have been 

limited by slow reaction rates or low component selectivity and stability. Ideal 

bioorthogonal reactions with high reaction rates, high selectivity, and high stability 

would allow for stoichiometric labeling of biomolecules in minutes and eliminate the 

need to wash out excess labeling reagent. Currently, no general method exists for 

controlled stoichiometric or sub-stoichiometric labeling of proteins in live cells. To 

overcome this limitation, we developed a significantly improved tetrazine-containing 

amino acid (Tet-v2.0) and genetically encoded Tet-v2.0 with an evolved aminoacyl-

tRNA synthetase/tRNA(CUA) pair. We demonstrated in cellulo that protein containing 

Tet-v2.0 reacts selectively with cyclopropane-fused trans cyclooctene (sTCO) with a 

bimolecular rate constant of 72,500±1660 M-1s-1 without reacting with other cellular 

components. This bioorthogonal ligation of Tet-v2.0-protein reacts in cellulo with sub-

stoichiometric amounts of sTCO-label fast enough to remove the labeling reagent from 

media in minutes, thereby eliminating the need to wash out label. This ideal 

bioorthogonal reaction will enable the monitoring of a larger window of cellular 

processes in real time.  

Introduction 
 

The development of bioorthogonal reactions and strategies to apply them in the study 

of biopolymers has transformed our ability to study and engineer biomolecules. The 

early successes of this technology inspired nearly two decades of research toward 

building faster and more selective reactions39,41,109. The broadly defined bioorthogonal 

reaction is a selective reaction between functional groups in the presence of biological 

entities. Great progress has been made at increasing the rate and selectivity of 

bioorthogonal reactions, but the vast majority of reactions still cannot be used inside 

living cells because: i) high molecular concentrations in cellular environments increase 

off target side-reactions ii) the reactive functional groups introduced compromise the 

cellular reducing environment and/or catalytic processes iii) the cell interior is 

challenging to access efficiently with the necessary functionalized molecules.39,41,109 A 
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few chemoselective reactions have cleared the more stringent in cellulo hurdle, but 

their sluggish reaction rates prevent utility.110,111 The ideal bioorthogonal reaction 

which functions in cellulo with quantitative yields at low concentrations and with 

exquisite chemoselectivity is said to represent the holy grail of chemical synthesis.112  

The goal of the ideal bioorthogonal reaction should be to label molecules in cellulo 

faster than the rate constants of cellular processes but without side reactions or 

degradation of reagents. To compete effectively with cellular processes, ideal 

bioorthogonal reactions need i) fast kinetics (>104 M−1s−1) to react completely on 

biological time scales of seconds to minutes and to function at biological concentrations 

(μM to nM) of both biomolecule and label, ii) high selectivity to ensure only the target 

biomolecules are modified, iii) functional groups stable enough to enable the labeling 

of quantitative portions of biomolecules in vivo and iv) small structural components as 

to not adversely affect the structure and function of the biomolecule under 

investigation.  

As defined, ideal bioorthogonal reactions would enable access to new scientific 

inquiry because they could turn on or trap typical biological events in vivo at rates 

comparable to enzymatic reactions (typically 103-106 M-1s-1). In addition, many 

applications, such as delivery of visual probes in organisms for nuclear medicine, single 

molecule spectroscopy, and fluorescent imaging, demand extremely fast reaction rates 

because low concentrations of labeling reagents are required.41,109,113 The ideal 

bioorthogonal reaction presented here will allow short reaction times even at sub-

stoichiometric concentrations of labeling reagents. The use of stoichiometric 

concentrations of labeling reagent reduces background signal and side reactions from 

excessive unreacted label. 

An exciting class of bioorthogonal ligations, inverse-electron demand Diels-Alder 

(IED-DA), posts rate constants up to 106 M−1s−1 between tetrazines and strained trans 

cyclooctenes.52,59 Current functional groups that provide these exceptional rates lack 

the in vivo stability and selectivity to meet the requirements of the ideal bioorthogonal 

reaction. More stable transcyclooctene (TCO)-containing amino acids have been site-

specifically incorporated into proteins by using genetic code expansion and react in 

vivo with dipyrimidal-tetrazines, showing labeling rates of 5200 M-1s-1.17,111 
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Unfortunately, when the reaction rate is increased by adding electron-withdrawing 

groups to the tetrazine or strain to TCO, these components lose significant in vivo 

selectivity. The commonly used 3-phenyl-s-tetrazine and 3,6-(dipyridin-2-yl)-s-

tetrazine are extremely reactive with strained alkenes but act as electrophiles for 

cellular thiols.37,64 A strained version of transcyclooctene, sTCO, (cyclopropane-fused 

transcylooctene) is also not compatible with genetic code expansion as an amino acid 

because its isomerization in vivo results in a half-life of 0.67 days.52,59,64 If instead, a 

modestly active tetrazine amino acid is encoded into the protein, the short half-life of 

sTCO is acceptable because the sTCO-attached labelling reagent will be consumed 

prior to significant decomposition.  

 

Supplemental 
 

 

Synthesis of 4-(6-methyl-s-tetrazin-3-yl)phenylalanine (Tet-v2.0)   

(Fig 2.1) N-(tert-Butoxycarbonyl)-4-(6-methyl-1,2,4,5-tetrazin-3-yl)-L-phenylalanine 

(2)1 A dry, 75 mL heavy walled reaction tube was equipped with a stir bar and was 

charged with 1 (500 mg, 1.72 mmol), Ni(OTf)2 (307.3 mg, 0.86 mmol), and acetonitrile 

(1.8 mL, 34.4 mmol). The flask was purged with argon for 20 min. Anhydrous 

hydrazine was added to the mixture (2.7 mL, 86 mmol), the tube was sealed, and the 

reaction mixture was heated to 60oC for 24 hr. The reaction was allowed to cool to 

room temperature and slowly opened to air. Sodium nitrite (2 M, 8 mL) was added to 

the flask and the contents were cooled to 0oC. 1 N HCl was added slowly until gas 

evolution ceased and the pH of the mixture was acidic (~3). The mixture was then 

diluted with EtOAc and the layers separated. The aqueous layer was extracted with 

EtOAc (2x). The combined organic layers were washed with brine, dried with Na2SO4, 

and concentrated under reduced pressure. Silica gel flash column chromatography 

(50% ethyl acetate in hexanes with 1% acetic acid) yielded 370 mg of 2 (1.03 mmol, 

60%) in the form of a red oil. Rf=0.33 in 50% ethyl acetate in hexanes with 1% acetic 

acid; 1H NMR (400 MHz, CDCl3) δ 8.53 (d, 2H), 7.39 (d, 2H), 5.0 (d, 1H), 4.66 (m, 

1H), 3.37-3.15 (dd, 2H), 3.09 (s, 3H), 1.39 (s, 9H).  
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4-(6-methyl-1,2,4,5-tetrazin-3-yl)-L-phenylalanine hydrochloride salt (3) A dry 100 

mL flask containing 2 (480 mg, 1.34 mmol) was charged with and then purged with 

argon for 10 min.  This oil was dissolved in 4 mL of 1,4 dioxane then 4 M HCl in 1,4 

dioxane (6 mL) was added over 20 sec.  The reaction was allowed to stir for 12 hours 

at room temperature. The reaction was concentrated under reduced pressure, then 

dissolved in EtOAc, and concentrated down to a red powder. The red solid was washed 

with pentanes and collected via filtration to afford 377 mg of Tet-v2.0 (1.18 mmol, 

95%). 1H NMR (400MHz, CD3OD) δ 8.48 (d, 2H), 7.48 (d, 2H), 4.29 (t, 1H), 3.41-

3.20 (m, 2H), 2.97 (s, 3H) (Fig 2.2). The product was further characterized via 13C 

NMR and Mass Spectrometry (Fig 2.3 and 2.4). 

 

Fig 2.1. Synthesis of 4-(6-methyl-s-tetrazin-3-yl)phenylalanine (Tet-v2.0).  
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Fig 2.2. 1H NMR of 4-(6-methyl-s-tetrazin-3-yl)phenylalanine (Tet-v2.0).   

Fig 2.3. 13C NMR of 4-(6-methyl-s-tetrazin-3-yl)phenylalanine (Tet-v2.0).   

Tet-v2.0 

Tet-v2.0 
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Fig 2.4. MS of 4-(6-methyl-s-tetrazin-3-yl)phenylalanine (Tet-v2.0).   

 

Selection of aminoacyl-tRNA synthetases specific for Tet-v2.0 

The library of aminoacyl-tRNA synthetases was encoded on a kanamycin (Kn) 

resistant plasmid (pBK, 3000 bp) under control of the constitutive Escherichia coli 

GlnRS promoter and terminator. The aminoacyl synthetase library (3D-Lib) was 

randomized as follows: Leu65, His70, Gln155, and Ile159 were randomized to all 20 

natural amino acids; Tyr32 was randomized to 15 natural amino acids (less Trp, Phe, 

Tyr, Cys, and Ile); Asp158 was restricted to Gly, Ser, or Val; Leu162 was restricted to 

Lys, Ser, Leu, His, and Glu; and Phe108 and Gln109 were restricted to the pairs Trp-

Met, Ala-Asp, Ser-Lys, Arg-Glu, Arg-Pro, Ser-His, or Phe-Gln. The library plasmid, 

pBK-3D-Lib, was moved between cells containing a positive selection plasmid (pCG) 

and cells containing a negative selection plasmid (pNEG). 

	

Tet-v2.0 
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The positive selection plasmid, pCG (10000 bp), encodes a mutant 

Methanococcus jannaschii (Mj) tyrosyl-tRNACUA, an amber codon-disrupted 

chloramphenicol acetyltransferase, an amber codon-disrupted T7 RNA polymerase, a 

T7 promoter controlled green fluorescent protein gene, and the tetracycline (Tet) 

resistance marker. The negative selection plasmid, pNEG (7000 bp), encodes the 

mutant tyrosyl-tRNACUA, an amber codon-disrupted barnase gene under control of an 

arabinose promoter and rrnC terminator, and the ampicillin (Amp) resistance marker. 

pCG electrocompetent cells and pNEG electrocompetent cells were made from DH10B 

cells carrying the respective plasmids and stored in 100 μL aliquots at −80 °C for future 

rounds of selection. 

The synthetase library in pBK-3D-Lib was transformed by electroporation into 

DH10B cells containing the positive selection plasmid, pCG. The resulting pCG/pBK-

3D-Lib-containing cells were amplified in 1 L of 2×YT with 50 μg/mL Kn and 25 

μg/mL Tet with shaking at 37 °C. The cells were grown to saturation, then pelleted at 

5525 rcf, resuspended in 30 mL of 2×YT and 7.5 mL of 80% glycerol, and stored at 

−80 °C in 1 mL aliquots for use in the first round of selections. 

For the positive selection, 2 mL of pCG/pBK-3D-Lib cells were thawed on ice 

before addition to 1.2 L of room temperature 2×YT media containing 50 μg/mL Kn 

and 25 μg/mL Tet. After incubation (11 h, 250 rpm, 37 °C), a 200 μL aliquot of these 

cells was plated on eleven 15 cm GMML-agar plates containing 50 μg/mL Kn, 25 

μg/mL Tet, and 60 μg/mL chloramphenicol (Cm). The positive selection agar medium 

also contained 1 mM 3. After spreading, the surface of the plates was allowed to dry 

completely before incubation (37 °C, 15 h). To harvest the surviving library members 

from the plates, 10 mL of 2×YT (50 μg/mL Kn, 25 μg/mL Tet) was added to each plate. 

Colonies were scraped from the plate using a glass spreader. The resulting solution was 

incubated with shaking (60 min, 37 °C) to wash cells free of agar. The cells were then 

pelleted, and plasmid DNA was extracted. For the first positive selection a Qiagen 

midiprep kit was used to purify the plasmid DNA. For all other plasmid purification 

steps a Thermo Scientific miniprep kit was used to purify the plasmid DNA. The 

smaller pBK-3D-Lib plasmid was separated from the larger pCG plasmid by agarose 
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gel electrophoresis and extracted from the gel using the Thermo Scientific gel 

extraction kit. 

The purified pBK-3D-Lib was then transformed into pNEG-containing DH10B 

cells. A 100 μL sample of pNEG electrocompetent cells was transformed with 50 ng 

of purified pBK-3D-Lib DNA. Cells were rescued in 1 mL of SOC for 1 h (37 °C, 250 

rpm) and the entire 1 mL of rescue solution was plated on three 15 cm LB plates 

containing 100 μg/mL Amp, 50 μg/mL Kn, and 0.2% L-arabinose. Cells were collected 

from plates and pBK-3D-Lib plasmid DNA was isolated in the same manner as 

described above for positive selections.  

In order to evaluate the success of the positive and negative selection based on 

variation in synthetase efficacy (as opposed to traditional survival/death results), the 

synthetases resulting from the selection rounds were tested with the pALS plasmid. 

This plasmid contains the sfGFP reporter with a TAG codon at residue 150 as well as 

tyrosyl-tRNACUA. When a pBK plasmid with a functional synthetase is transformed 

with the pALS plasmid and the cells are grown in the presence of the appropriate amino 

acid on autoinduction agar, sfGFP is expressed and the colonies are visibly green. 

One microliter of each library resulting from the second positive and the second 

negative rounds of selection was transformed with 60 μL of pALS-containing DH10B 

cells. The cells were rescued for 1 hr in 1 mL of SOC (37 °C, 250 rpm). A 250 μL and 

50 μL volume of cells from each library were plated on autoinducing minimal media 

with 25 μg/mL Kn, 50 μg/mL Tet, and 1 mM Tet-v2.0. Plates were grown at 37 °C for 

24 hours and then grown on the bench top, at room temperature, for an additional 24 

hours. Autoinducing agar plates were prepared by combining the reagents in Table 2.1 

with an autoclaved solution of 40 g of agarose in 400 mL water. Sterile water was added 

to a final volume of 500 mL. Antibiotics were added to a final concentration of 25 

g/mL Tet and 50 g/mL Kan. 
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 A) Autoinduction 

medium 

B) Non-inducing 

medium 

C) Autoinducing 

plates 

5% aspartate, pH 7.5 25 mL 25 mL 25 mL 

10% glycerol 25 mL - 25 mL 

25× 18 amino acid mix 20 mL 20 mL 20 mL 

50× M 10 mL 10 mL 10 mL 

leucine (4 mg/mL), pH 

7.5 

5 mL 5 mL 5 mL 

20% arabinose 1.25 mL - 1.25 mL 

1 M MgSO4 1 mL 1 mL 1 mL 

40% glucose 625 μL 6.25 mL 125 μL 

Trace metals 100 μL 100 μL 100 μL 

Table 2.1. Components for autoinducing and non-inducing mediums. 

For final volume of 500 mL. 

 

 A total of 96 visually green colonies were selected from the two 1 mM Tet-

v2.0 plates and used to inoculate a 96-well plate containing 0.5 mL per well non-

inducing minimal media (Sup. Table 1B, with sterile water added to a final volume of 

500 mL) with 25 μg/mL Kn, 25 μg/mL Tet. After 24 hours of growth (37 °C, 250 rpm), 

5 μL of these non-inducing samples were used to inoculate 96-well plates with 0.5 mL 

autoinduction media (Table 2.1, with sterile water added to a final volume of 500 mL) 

containing 25 μg/mL Kn, 25 μg/mL Tet with and without 1 mM Tet-v2.0.  

Fluorescence measurements of the cultures were collected 36 hours after inoculation 

using a BIOTEK® Synergy 2 Microplate Reader. The emission from 528 nm (20 nm 

bandwidth) was summed with excitation at 485 nm (20 nm bandwidth). Samples were 

prepared by diluting suspended cells directly from culture 2-fold with phosphate buffer 

saline (PBS). Seven expressions showed high efficiency with Tet-v2.0 and good 

fidelity without ncAA. 

 

Fluorescence analysis of highest-fluorescing clones 

Non-inducing cultures (3 mL) with 25 μg/mL Kn and 25 μg/mL Tet were grown 

to saturation (37 °C with shaking at 250 rpm) from the top seven expressions in the 96 

well plate analysis. Autoinduction cultures (5 mL) with 25 μg/mL Kn and 25 μg/mL 

Tet were inoculated with 30 μL of non-inducing cultures and grown with and without 

1 mM Tet-v2.0 at 37 °C with shaking at 250 rpm. After approximately 40 hours, 
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fluorescence was assessed as described above (Fig 2.5).  The top seven performing 

clones were sequenced revealing seven unique clones (Table 2.2). 

 

Fig 2.5. Fluorescence Incorporation of Tet-v2.0 Synthetases. 

Fluorescence measurements of seven synthetases with GFP ncAA-reporter. Green represents colonies 

induced in media containing 1 mM Tet-v2.0, while red represents colonies induced in the absence of 

UAA. Expressions of 500 μL were grown for 36 hours before dilution of suspended cells directly from 

culture 2-fold with phosphate buffer saline (PBS). Fluorescence measurements were collected using a 

BIOTEK® Synergy 2 Microplate Reader. 

 

Mj Tyr 

parent Tyr32 Leu65 Phe108 Gln109 Asp158 Leu162 

A10 Ala Ala Glu His Gly Ser 

B11 Ala Ser Gln Glu Gly Ala 

C8 Ala Ala His Ser Ser Gly 

C11 Ala Val Asp His Gly Ser 

D12 Gly Gln Ser Asp Ser Asn 

E12 Ala Ala Leu Pro Gly Gly 

G6 Ala Ser Ala Glu Asn Ala 

H9 Ala Ser Gln Asp Ser Ala 

 

Table 2.2. Sequence of top performing Tet-RSs.  
The D12 synthetase (bold) was moved into the pDule plasmid for protein expression. 

 

 

Generation of pDule-tet-v2.0   

The top performing Tet-RS was moved from the pBK-D12 plasmid to the pDule 

plasmid (pDule-tet2.0). The pDule plasmid was generated by amplifying the MjYRS 

gene from the pBK plasmid isolated from the library using primers RSmovef (5’-

CGCGCGCCATGGACGAATTTGAAATG-3’) and RSmover (5’- 

GACTCAGTCTAGGTACCCGTTTGAAACTGCAGTTATA-3’). The amplified 
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DNA fragments were cloned into the respective sites on the pDule plasmids using the 

incorporated NcoI and KpnI sites. 

 

Expression and Purification of GFP-Tet-v2.0 

DH10B E. coli cells co-transformed with pDule-tet2.0 and pBad GFP-TAG150 

vector were used to inoculate 5 mL of non-inducing medium containing 100 μg/mL 

Amp and 25 μg/mL Tet. The non-inducing medium culture was grown to saturation 

with shaking at 37 °C, and 1 mL was used to inoculate 0.1 L autoinduction medium 

with 100 μg/mL Amp and 25 μg/mL Tet, and 1 mM Tet-v2.0 (0.1 L of media grown 

in 500 mL plastic baffled flasks). After 40 hours of shaking at 37 °C, cells were 

collected by centrifugation. The protein was purified using BD-TALON cobalt ion-

exchange chromatography. The cell pellet was resuspended in wash buffer (50 mM 

sodium phosphate, 300 mM sodium chloride, pH 7) and lysed using a microfluidizer 

(final volume 35 mL). The lysate was clarified by centrifugation, applied to 0.5 mL 

bed-volume resin, and bound for 20 min. Bound resin was washed with >50 volumes 

wash buffer. Protein was eluted from the bound resin with 2.0 mL of elution buffer (50 

mM sodium phosphate, 300 mM sodium chloride, 150 mM imidazole pH 7) until the 

resin turned pink and the color of the eluent the column was no longer green. The 

elution concentrations were checked with a Bradford protein assay. The protein was 

desalted into PBS pH 7.4 using PD10 columns.  

 

Rapid in vitro labeling of Tet-v2.0 containing protein with dTCO 

Pure GFP-Tet-v2.0 at 3 µM in 20 mM ammonium acetate pH 7 was incubated with 

dioxolane fused trans cyclooctene (dTCO) at a final concentration of 39 µM (Fig 2.6). 

The reaction was run for 5 min at room temperature before desalting with PD10 

columns into 20 mM ammonium acetate pH 7. These samples were frozen and vacuum 

dried. WT GFP and GFP-Tet-v2.0 with no addition of dTCO were run in parallel as 

controls.  
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Fig 2.6. Reaction of GFP-Tet-v2.0 with sTCO and dTCO. 

Rapid in vivo labeling of Tet-v2.0 containing protein with sTCO. 

DH10B cells in 50 mL autoinduction media expressing cytosolic GFP-Tet-v2.0 were 

pelleted at 2000 rcf for 5 min. The cells were washed 3 times with 5 mL PBS. Aliquots 

of 1 mL cells were centrifuged (2000 rcf, 5 min) and stored at -80 °C. Cells were thawed 

on ice and resuspended in 5 mL PBS. The cells were incubated at 37 °C for 3 hours 

with heavy aeration. A stock solution of sTCO was prepared in MeOH with a 

concentration of 1.0 mM. Cells were diluted in a cuvette (100 µL cells to 2.9 mL PBS).  

The fluorescence of the reaction was monitored (488 nm excitation, 509 nm emission, 

5 mm slit width). Excess addition of sTCO was performed as a positive control (50 µL 

1.0 mM). The first three sub-stoichiometric additions (3 µL 1.0 mM) were allowed 3 

min to equilibrate before 250 µL of buffer was removed to assess the sTCO 

concentration. After 5 min the subsequent addition was performed. The fourth addition 

of sTCO consisted of an excess of sTCO (41 µL 1.0 mM). Control additions of sTCO 

and subsequent removal were performed for GFP TAG150 cells grown in the absence 

of Tet-v2.0 and for PBS buffer alone. 

 

MS Analysis of WT GFP,GFP-Tet-v2.0, and GFP-Tet-v2.0-sTCO.  

Purified WT GFP and GFP-Tet-v2.0 were diluted to a concentration of 1 mg/mL and 

reacted with ~5 equivalents of sTCO overnight. Protein was desalted on Millipore C4 

zip tips and analyzed using an FT LTQ mass spectrometer at the Oregon State 

University mass spectrometry facility (Fig 2.7).  
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Fig 2.7. In vitro incubation of GFP-Tet-v2.0 with sTCO.  

ESI-MS of proteins; GFP-Tet-v2.0, GFP-Tet-v2.0-sTCO, and GFP-Tet-v2.0-dTCO, demonstrates 

specific and quantitative labeling of GFP-Tet-v2.0 and no background labeling of WT GFP. A: ESI-MS 

TOF analysis of WT GFP shows a single major peak at 27826.8 Da ±1 Da (expected 27827.3) B: ESI-

MS-TOF analysis of GFP-Tet-v2.0 shows a single major peak at 27953.3 Da ±1 Da which is in 

agreement with the expected mass (27954.5 Da). C: ESI-MS-TOF analysis of GFP-Tet-v2.0-sTCO 

shows a single major peak at 28077.1 Da ±1 Da (expected 28078.7 Da). This shows the expected 

molecular weight difference of 124.2 Da from GFP-Tet-v2.0 demonstrating specific and quantitative 

conversion to GFP-Tet-v2.0-sTCO. C: ESI-MS-TOF analysis of GFP-Tet-v2.0 incubated with dTCO 

shows a single major peak at 28181.9 Da ±1 Da (expected 28180.7 Da). This shows the expected 

molecular weight difference of 226.2 Da from GFP-Tet-v2.0 demonstrating specific and quantitative 

conversion to GFP-Tet-v2.0-dTCO. Each sample did show a small peak at -131 ±1 Da indicating minor 

amounts of peptidase-based removal of N-terminal methionines and +22 sodium adducts.  
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In vitro kinetic analysis of GFP-Tet-v2.0 with sTCO 

Seven stock solutions of sTCO in methanol were prepared (0.585 mM, 0.293 mM, 

0.146 mM, 0.0731 mM, 0.0366 mM, 0.0183 mM, and 0.00914 mM). Solid dTCO was 

dissolved in methanol to generate seven stock dilutions (1.73 mM, 0.864 mM, 0.432 

mM, 0.216 mM, 0.108 mM, 0.054 mM, 0.027 mM). Kinetic trials containing 30 μL of 

GFP-Tet-v2.0 (1 μM in PBS) in 2.5 mL of 1x PBS buffer at 21oC were initiated by 

adding 50 μL of an sTCO or dTCO stock solution. Reactions were monitored by 

observing the fluorescence increase from product formation (Excitation 488 nm with a 

1.25 nm slit, Emission 510 nm with a 4 nm slit). Fluorescence measurements for each 

trial were run until a constant emission intensity was reached indicating a completed 

reaction. A unimolecular rate constant was obtained for each concentration and all 

seven unimolecular rate constants were used to obtain a bimolecular rate constant (Fig 

2.8).  

Fig 2.8. In vitro kinetic analysis of GFP-Tet-v2.0 with sTCO and dTCO.  

Determined first order rate constants were plotted against sTCO or dTCO concentrations. Standard 

curves were fit to the data and second order rate constants were calculated. 

 

In vivo kinetic analysis of GFP-Tet-v2.0 with sTCO.  

A 50 mL GFP-150-Tet-v2.0 cell pellet was resuspended and washed in 50 mL PBS 

buffer three times. Six kinetic trials containing 100 µL of the cell solution added to 

2.85 mL of 1x PBS buffer were initiated by adding 50 µL of one of six stock solutions 
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of sTCO (613, 306, 153, 76.6, 38.3, 19.1 µM). Kinetics trials were stirred continuously 

and monitored by observing the fluorescence increase from product formation 

(Excitation 488 nm with 2 nm slit, Emission 506 nm with 5 nm slit, 0.1 sec integration 

time, and 2 sec increments). Fluorescence measurements for each trial were run until a 

constant emission intensity indicative of a complete reaction was obtained. A 

unimolecular rate constant was obtained for each concentration and all six unimolecular 

rate constants were used to obtain a bimolecular rate constant. 

 

Assay of sTCO concentration in supernatant of sub-stoichiometric additions 

The buffer samples from the sub-stoichiometric reactions described above were 

centrifuged (2000 rcf, 5 min) and 200 µL of supernatant was removed for analysis. To 

assay the concentration the supernatant was reacted with excess purified GFP-Tet-v2.0 

and the fluorescence increase of the GFP-Tet-v2.0 was compared to a standard curve. 

To generate the standard curve 10 µL GFP-Tet-v2.0 was added to 2990 µL PBS. 

Known amounts of pure sTCO (10-1000 pmol) were added in volumes of 10-50 µL. 

The increase in fluorescence of the GFP-Tet-v2.0 was measured and the dilution factor 

was accounted for to result in an adjusted fluorescence increase. The quantity of sTCO 

was plotted against the adjusted increase and the data were fit with a least squares 

regression line (R2 = 0.9969) (Fig 2.9). The adjusted fluorescence increases were 

measured for 20-50 µL additions of supernatant from the PBS, GFP-Tet-v2.0 cells, and 

the minus amino acid cells. GFP-Tet-v2.0 cells had significant background due to trace 

amounts of GFP in the supernatant. The background was accounted for by subtracting 

the adjusted fluorescence increase from addition of the supernatant to 3000 µL PBS 

buffer alone. The standard curve was used to determine quantities and concentrations 

of sTCO present in the supernatants and error was determined as the error in the 

standard curve. 
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Fig 2.9. Calibration Curve for Determining sTCO Concentration.  

The adjusted fluorescence increase of additions of sTCO to GFP-Tet-v2.0 were plotted against the 

amount of sTCO. Unknown concentrations of sTCO were then added and the resulting adjusted 

fluorescence increase was used to determine the concentration of the unknown values. 

 

Synthesis of TAMRA linked sTCO 

(Fig 2.10) A dry 25 mL pear shaped flask was charged with (19.7 mg, 31.3 µmol) 

tetramethylrhodamine 5-(and 6)-carboxamide cadaverine TFA salt that was partially 

dissolved in anhydrous dichloromethane (1 mL, 15 mmol). Diisopropylethylamine 

(20.6 uL, 0.118 mmol) was added and resulted in the complete dissolution of 

tetramethylrhodamine 5-(and 6)-caboxamide cadaverine. A solution was prepared of 

(activated sTCO) (18.8 mg, 59.2 µmol) in dichloromethane (1 mL, 15 mmol) and was 

added to the mixture. The reaction was allowed to proceed at room temperature under 

argon for 16 hours. The mixture was dried under reduced pressure and purified using 

silica gel flash column chromatography (9:1 dichloromethane:methanol) to yield 

TAMRA-sTCO (13.2 mg, 61%), a red solid. 1H NMR (400MHz, C2D6OS) 1H 

NMR(400MHz, DMSO D6) δ  8.82 (t, 1H), 8.69 (t, 1H), 8.44 (s, 1H), 8.22 (d, 1H), 8.17 

(d, 1H), 8.06 (d, 1H), 7.63 (s, 1H), 7.32 (d, 1H), 7.08 (m, 2H), 5.776 (m, 2H), 5.067 
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(m, 2H). MS (ESI) [M+H] calcd. for C41H49N4O6+, [M+H]:  693.36 ; found: 693.40 

(Fig 2.11). 

 

Fig 2.10. Synthesis of TAMRA linked sTCO. 

 

Fig 2.11. 1H NMR of TAMRA-sTCO. 

 

SDS-PAGE analysis of GFP-Tet-v2.0 incorporation and reactivity 

DH10B cells expressing GFP-Tet-v2.0 from 50 mL autoinducing media with 1 mM 

Tet-v2.0 were washed 3 times with 5 mL PBS and resuspended in 5 mL PBS. The cells 

were incubated at 37°C for 3 hours. Cells were aliquotted into 1 mL samples and 

centrifuged (2000 rcf, 5 min) and stored at -80°C. Similarly, WT-GFP expressed cells 
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and cells expressed in the absence of Tet-v2.0 were also aliquotted and centrifuged. 

TAMRA-sTCO (173 µL, 1 mM) was added to a WT-GFP and GFP-Tet-v2.0 aliquot 

and allowed to react overnight. Additionally, sTCO was added to an aliquot of GFP-

Tet-v2.0 and allowed to react overnight. The aliquots were subsequently lysed and 

purified using BD-TALON cobalt ion exchange chromatography eluting into 0.5 mL. 

Equal volumes of purified protein were mixed with 2x Laemmli Buffer and heated at 

95°C for 20 min. Samples were analyzed using SDS-PAGE (7 µL sample, 15% 

Acrylamide gel, 180 V, 70 min). The gel was fluorescently imaged prior to staining 

with Coomassie. After staining and destaining, the gel was imaged again and the 

fluorescent image was aligned with the Coomassie-stained image using the ladders 

visible in the unstained image. Fluorescent signal from the TAMRA label was only 

present when the dye was reacted with GFP-Tet-v2.0 (Fig 2.12).  

 

Fig 2.12. SDS-PAGE analysis of GFP-Tet-v2.0 reactivity. 

 Reaction of TAMRA-sTCO with GFP-Tet-v2.0 resulted in a slight upward gel shift in comparison to 

the unreacted and sTCO reacted forms. In addition a fluorescent band was visible for the TAMRA-sTCO 

reacted GFP-Tet-v2.0. No shift was present or fluorescence was observed for WT GFP incubated with 

TAMRA-sTCO. 

 

TAMRA labeling of GFP-Tet-v2.0 in cell lysate 

GFP-Tet-v2.0 expressing E. coli cells were resuspended in PBS and lysed. The lysate 

was clarified via centrifugation (21036 rcf, 45 min) and the supernatant was decanted 

and stored at 4°C. A mixture of protease inhibitors (400 µL) were added to 20 mL of 

supernatant. The clarified lysate was divided into 8 x 1 mL aliquots. TAMRA-sTCO 

(1 mg/mL in methanol, 0-100 µL) was added to each aliquot. Each sample was allowed 

to react for 1 hr at room temperature. The samples were mixed with 2x Laemmli Buffer 



38 
 

 

and heated at 95°C for 20 min. The samples were analyzed via SDS-PAGE (10 µL 

sample, 15% Acrylamide gel, 200V, 50 min). The dye front was not allowed to run off 

the gel. Samples were fluorescently imaged prior to staining with Coomassie (Fig 2.13). 

 

Fig 2.13. Fluorescent SDS-PAGE analysis of GFP-Tet-v2.0 reaction.  

Reaction of TAMRA-sTCO with GFP-Tet-v2.0 resulted in two prominent fluorescent bands. The bands 

correspond to migration of TAMRA-sTCO reacted with GFP-Tet2.0 and unreacted TAMRA-sTCO. 

 

 We compared the ability of the reaction between sTCO and tetrazines to label 

GFP-Tet-v2.0 and GFP-Tet-v1.0 with a fluorescent dye in cell lysate. In order to 

analyze the reactions quantitatively, we evaluated two different methods of quenching 

the reaction. The first method involved addition of excess 3,6-Di-2-pyrimidal-1,2,4,5-

tetrazine to react with and remove unreacted sTCO from solution. The second method 

of quenching involves the addition of an excess amount of sTCO to remove unreacted 

tetrazine functional groups from solution. The effectiveness of these quenching 

methods was tested by reacting GFP-Tet-v1.0 and GFP-Tet-v2.0 in cell lysate with 

TAMRA-sTCO and quantifying the relative fluorescent intensities of their 

corresponding bands using SDS-PAGE. Cell lysate containing GFP-Tet-v1.0 and GFP-

Tet-v2.0 (20 µL, ~1.25 µM GFP), as well as WT GFP (20 µL, ~1.25 µM GFP) was 
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quenched via the addition of either sTCO (1 mM in 5 µL methanol) or 3,6-Di-2-

pyrimidal-1,2,4,5-tetrazine (1 mM in 5 µL dimethylformamide) and after 1 min reacted 

with ~.33 equivalents of TAMRA-sTCO in 5 µL mehtanol. As a negative control, 

samples were run without the addition of TAMRA-sTCO, and as a positive control, 

samples were reacted with TAMRA-sTCO 1 min prior to addition of the 3,6-Di-2-

pyrimidal-1,2,4,5-tetrazine quenching agent (1mM in 5 µL dimethylformamide). 

Samples were allowed to react 1 min after the addition of the last reagent before mixing 

with 30 µL 2x Laemmli Buffer and heating for 10 min at 99.5 °C. The samples were 

analyzed via SDS-PAGE (10 µL sample, 15% Acrylamide gel, 200V, 40 min). Samples 

were fluorescently imaged prior to staining with Coomassie (Fig 2.14). Both the 

absence of fluorescent bands at the expected molecular weight outside of the positive 

control indicates that the addition of excess sTCO and excess tetrazine are sufficient to 

quench this reaction. In addition, the absence of fluorescently labeled bands outside of 

GFP and the dye front indicate that this reaction is selective towards Tet-v2.0. To 

further demonstrate this we have increased the brightness on the fluorescently imaged 

gel to the point where there is a clear halo effect around the two observed bands and 

from the dye front at the bottom of the image. Even with this bright image, no bands 

corresponding to side reactions other cellular components are observed. 
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Fig 2.14. Quenching of the reaction between tetrazine and sTCO.  

(A) SDS-PAGE of WT GFP, GFP-Tet-v1.0, and GFP-Tet-v2.0 reacted with TAMRA-sTCO in cell 

lysate. (B) Rhodamine fluorescence of the above gel. Bands are present at the expected molecular weight 

of GFP only when TAMRA-sTCO is added prior to the addition of the quenching agent. (C) Structure 

of 3,6-Di-2-pyrimidal-1,2,4,5-tetrazine. 
 

 GFP-Tet-v1.0 and GFP-Tet-v2.0 (20 µL, ~1.25 µM GFP in cell lysate) were 

then reacted with various concentrations of TAMRA-sTCO spanning from 0.07 to 1.33 

equivalents. The reactions were quenched through the addition of 3,6-Di-2-pyrimidal-

1,2,4,5-tetrazine (1 mM, 5 µL in dimethylformamide) after 15 secec and 15 min, and 

analyzed using SDS-PAGE. The fluorescent intensity of bands corresponding to 

reaction of tetrazine-GFP and sTCO-TAMRA was quantitated. After 15 min of 

reaction, GFP-Tet-v1.0 and GFP-Tet-v2.0 had similar intensities when labeled with the 

same amount of TAMRA-sTCO (Fig 2.15). Both Tet-v1.0 and Tet-v2.0 underwent sub-

stoichiometric labeling. However, after shorter 15 s reactions, Tet-v2.0 reacted to 

completion at sub-stoichiometric quantities of label whereas Tet-v1.0 did not 

completely react (Fig 2.16). 
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Fig 2.15. 15 min reaction between sTCO-TAMRA and GFP-tetrazine.  

(A) Fluorescent SDS-PAGE analysis of GFP-Tet-v1.0, and GFP-Tet-v2.0 reacted with TAMRA-sTCO 

in cell lysate. Bands are only observed at the expected molecular weight of GFP and at the dye front. (B) 

Coomassie staining of the above gel. (C) Quantitation of the fluorescent intensity of the gel in A at the 

position of GFP. As the concentration of TAMRA-sTCO increases, both Tet-v1.0 and Tet-v2.0 react 

completely. Fluoresence intentsity is normalized to the highest observed intensity. 

 

 

Fig 2.16. 5 min reaction between sTCO-TAMRA and GFP-tetrazine.  

(A) Fluorescent SDS-PAGE analysis of GFP-Tet-v1.0, and GFP-Tet-v2.0 reacted with TAMRA-sTCO 

in cell lysate. Bands are only observed at the expected molecular weight of GFP and at the dye front. (B) 

Coomassie staining of the above gel. (C) Quantitation of the fluorescent intensity of the gel in A at the 

position of GFP. As the concentration of TAMRA-sTCO increases, only Tet-v2.0 is observed to react 

completely. Partial reaction is seen for Tet-v1.0. Fluoresence intensity is normalized to the highest 

observed intensity. 
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Stability assessment of Tet-v2.0 in aqueous solutions.  

A solution of Tet-v2.0 (5 mM) in deuterated PBS was created. 1H NMRs were obtained 

after 0 and 10 days (Fig 2.17). The sample showed no significant degradation over time. 

 

Fig 2.17. 1H NMR of Tet-v2.0 in dPBS..  

(A) 1H NMR of Tet-v2.0 upon dissolution in deuterated PBS. (B) 1H NMR of Tet-v2.0 in deuterated 

PBS after 10 days. Tet-v2.0 shows no significant degradation after 10 days. 
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Results 

 

We site-specifically encoded the first tetrazine amino acid (Tet-v1.0) into proteins 

showing this functionality is compatible with genetic code expansion (Fig 2.18A).17,111 

The in cellulo reaction rate of Tet-v1.0 with sTCO was faster than most bioorthogonal 

ligations at 880 M-1s-1, but was not fast enough to probe biological processes as an ideal 

bioorthogonal reaction. A maximum synthetic yield of 3% and low levels of hydrolysis 

at the amine linkage are additional weaknesses of Tet-v1.0 that ultimately limit its 

utility. To overcome these shortcomings and push the limits of in vivo bioorthogonal 

reaction rates, we generated a second tetrazine amino acid (Tet-v2.0) using a robust 

synthetic route. We genetically incorporated Tet-v2.0 into proteins and characterized 

the reactivity of Tet-v2.0-GFP in cellulo to show that it qualifies as an ideal 

bioorthogonal ligation.  
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Fig 2.18. Genetic incorporation of Tet-v2.0, into proteins and labeling with sTCO. 

 (A) Structure of Tet-v1.0 (B) Reaction of Tet-v2.0 with sTCO to form the stable conjugate Tet-sTCO. 

(C) SDS-PAGE analysis of site-specific incorporation of Tet-v2.0 in response to the amber codon. Lane 

2 shows expression levels of GFP-wt from pBad-GFP-His6. Lanes 3 and 4 show the Tet-v2.0 dependent 

production of GFP-Tet-v2.0 (D) Excitation at 488 nm produces low fluorescence for GFP-Tet, while the 

reaction forming GFP-Tet-TCO produces full fluorescence for GFP. (E) ESI-Q MS analysis of GFP-

Tet-v2.0 shows a single major peak at 27953.3 ±1 Da. In cellulo reaction of GFP-Tet-v2.0 with sTCO 

shows a single major peak at 28077.1 ±1 Da consistent with the expected mass increase from specific 

and quantitative reaction with sTCO. Each sample did show +22 ±1 Da and -131 ±1 Da peaks consistent 

with the mass of a sodium adduct and the removal of N-terminal methionine. No other peaks were 

observed that would correlate with background incorporation of natural amino acids 

 

We predicted that removing the amine linkage of Tet-v1.0 would increase the tetrazine 

reaction rate and prevent hydrolysis at that junction. Replacing the strongly electron 

donating secondary amine linkage with the weakly donating phenyl substituent is 

expected to significantly accelerate the IED-DA reaction.62 Additional rate 

enhancement is achieved by removing the polar amine linkage because “enforced 

hydrophobic interactions” are improved.114 Using a nickel triflate catalyst for 

generating tetrazines from nitriles,115 we were able to produce 4-(6-methyl-s-tetrazin-

3-yl)phenylalanine (Tet-v2.0) in two steps in a 57% yield from commercially available 

starting materials (Fig 2.1). Tet-v2.0 proved to be highly stable in PBS exhibiting no 
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degradation over 10 days in contrast to 3-phenyl-s-tetrazine and 3,6-(dipyridin-2-yl)-s-

tetrazine which show 50% loss after 1 day (Fig 2.14).37,38 

In order to genetically incorporate Tet-v2.0 into protein and test its in cellulo activity 

with sTCO (Fig 2.18B), we evolved an orthogonal Methanococcus jannaschii (Mj) 

tyrosyl tRNA synthetase (RS)/tRNACUA pair capable of incorporating Tet-v2.0 in E. 

coli (see Supporting information for details).116 RS plasmids from surviving clones 

were transformed into cells with a plasmid containing a GFP gene interrupted with an 

amber codon.117,118 Ninety-six colonies assessed for Tet-v2.0-dependent expression of 

GFP, contained seven clones that had significant GFP-Tet-v2.0 expression in the 

presence of Tet-v2.0 and no detectable GFP fluorescence over background in the 

absence of Tet-v2.0 (Fig 2.5). Sequencing revealed that all seven RS sequences were 

unique (Table 2.2). 

To facilitate robust expression of site-specifically encoded Tet-v2.0 containing 

proteins, the top performing Tet-RS was cloned into a pDule vector that contains one 

copy of Mj tRNACUA to create pDule-Tet2.0.117–119 Expression of a GFP gene 

interrupted by an amber codon at site 150 in the presence of pDule-Tet2.0 was efficient 

and dependent on the presence of Tet-v2.0 (Fig 2.18C).  Using 1 mM Tet-v2.0, 13.0 

mg of GFP-Tet-v2.0 was purified per liter of medium, while GFP-wt yielded 161 mg/L 

under similar conditions (no GFP was produced in the absence of Tet-v2.0). To 

demonstrate that Tet-v2.0 can be stably incorporated into recombinant proteins using 

pDule-Tet2.0, we compared the masses of GFP-Tet-v2.0 to GFP-wt using ESI-Q mass 

analysis. The native GFP-wt has the expected mass of 27827 ±1 Da and GFP-Tet-v2.0 

exhibits the expected mass increase to 27955 ±1 Da, verifying that Tet-v2.0 is 

incorporated at a single site (Fig 2.18E and Fig 2.7A). Overall, the results of protein 

expression, MS analysis and SDS PAGE demonstrate the cellular stability and efficient, 

high fidelity incorporation of Tet-v2.0 into proteins using a pDule system.  

Previously, we showed that tetrazine amino acids quench GFP fluorescence when 

encoded close to its chromophore, and fluorescence returns when reacted with TCO-

labels (Fig 2.18D). This increase in fluorescence exhibited by GFP-Tet-v2.0 upon 

reaction enables quantification of labeling reactions and reaction rates in vitro and in 

cellulo. Incubation of GFP-Tet-v2.0 (1.25 M) with 13 M sTCO in PBS buffer 
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showed a complete return of fluorescence in less than 10 seconds indicating that GFP-

Tet-v2.0-sTCO was formed. ESI-Q of the desalted reaction mixture confirmed the 

quantitative conversion of GFP-Tet-v2.0 (expected 27954.5 Da; observed 27955.7±1 

Da) to GFP-Tet-v2.0-sTCO (expected 28078.7 Da; observed 28078.3 ±1 Da) (Fig 

2.7A). This demonstrates, the reaction between GFP-Tet-v2.0 and sTCO is quantitative 

in vitro.  

To determine if this bioorthogonal ligation is also quantitative in cellulo, E. coli cells 

containing expressed GFP-Tet-v2.0 were incubated with 3.3 M sTCO in PBS buffer 

at room temperature.  Complete fluorescence returned in less than 10 seconds, 

indicating that GFP-Tet-v2.0-sTCO had been formed. After incubation at room 

temperature for 24 hours the cells were lysed, GFP-Tet-v2.0-sTCO-His6 was affinity 

purified and analyzed by ESI-Q MS. The resulting molecular mass matched the 

expected molecular mass of GFP-Tet-sTCO (Fig 2.18E). This verifies that the in cellulo 

reaction is facile, quantitative, and produces a stable conjugated product. 

An ideal bioorthogonal reaction requires an in cellulo rate of >104 M−1s−1 to reach 

completion in seconds to minutes at biological concentrations (μM to nM) of both 

biomolecule and label. To determine if reactions of Tet-v2.0 on a protein are fast 

enough to meet these rates, the reaction of GFP-Tet-v2.0 with sTCO was measured. 

The kinetics of the reaction were performed under pseudo-first-order conditions as 

verified by a single exponential fit for return of product fluorescence. The in vitro 

second order rate constant for GFP-Tet-v2.0 with sTCO was calculated to be 

87,000±1440 M-1s-1 (Fig 2.19A). Surprisingly the site-specific Tet-v2.0-protein 

reaction with sTCO is two orders of magnitude faster than Tet-v1.0. 
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Fig 2.19. In vitro and in cellulo rate constant determination for reaction of GFP-

Tet-v2.0 with sTCO. 
(A) Kinetics of GFP-Tet-v2.0 with sTCO in vitro resulted in a rate constant of k= 87,000±1440 M-1s-

1 in a PBS buffer at pH 7 at 21°C. (B) Kinetics of GFP-Tet-v2.0 with sTCO in cellulo resulted in a rate 

constant of k=72,500±1660 M-1s-1. For both experiments, unimolecular rate constants were calculated 

by fitting the rate of product formation to a single exponential at different concentrations of sTCO, and 

the bimolecular rate constant was determined using the observed unimolecular rate constants 

(kobs=k[TCO]). 
 

To date, no bioorthogonal rate constants greater than 103 M-1s-1 have been measured 

in cellulo.41,55 To determine the rate constant for this reaction inside live cells, E. coli 

expressing GFP-Tet-v2.0 was washed, resuspended in PBS buffer, and reacted with 

sTCO. The in cellulo bimolecular rate constant for this reaction is 72,500±1660 M-1s-1 

and is fast enough to meet the needs of the ideal bioorthogonal ligation (Fig 2.19B). 

This in cellulo reaction rate will allow 95% labeling in less than a minute at 1 μM Tet-

v2.0-protein and sTCO label. The short reaction time is enabled by a t1/2 of 12-14 

seconds. Ideal bioorthogonal reaction rates eliminate the need for time consuming 

washing steps prior to cell analysis and allow for immediate monitoring of cellular 

events since the labeling reaction is rapidly completed at stoichiometric concentrations 

of label. 

To verify that the Tet-v2.0-protein/sTCO reaction rate is sufficient to effectively use 

sub-stoichiometric concentrations of label in live cells, we reduced the amount of sTCO 

added to E. coli cells containing GFP-Tet-v2.0 (Fig 2.20A). For comparison, traditional 

labeling conditions using an excess of sTCO show complete labeling in ~ 1 minute (red 

trace). The green trace shows four additions of sTCO to cells containing GFP-Tet-v2.0. 
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The first three sTCO additions are 1/5th the molar amount of GFP-Tet-v2.0 and the 

fourth addition is an excess of sTCO. The sub-stoichiometric labeling reproducibly 

showed complete labeling within 1 minute. When reacting sTCO with Tet-v2.0-protein 

sub-stoichiometrically in cellulo, all sTCO-label should bind to Tet-v2.0-protein in 

cellulo leaving none in extracellular solution. To verify that this was the case in our 

experiment, we assayed samples of the solution for sTCO after fluorescence plateau 

from each sTCO addition (points 1-4 Fig 2.20A). Following sub-stoichiometric 

additions of sTCO, (points 1-3) negligible concentrations of sTCO were detected in 

solution (Fig 2.20B). This contrasts with the stepwise increase in concentration of 

sTCO detected in solution when identical amounts of sTCO were added to PBS buffer 

in the absence of Tet-v2.0-protein. This feature of Tet-v2.0 thus eliminates the need for 

a wash out step when labeling protein in vivo if sTCO is conjugated to a fluorescent 

dye.  
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Fig 2.20. Sub-stoichiometric characterization of GFP-Tet-v2.0 reaction with 

sTCO. 

(A) Red trace shows fluorescent change from sTCO added in excess. Green trace shows fluorescent 

change from the first three additions of 1/5 eq. of sTCO and the fourth addition of excess sTCO. (B) 

Concentrations of sTCO in medium were determined for samples removed after sTCO additions 1-3. 

Concentrations of sTCO were determined for identical additions of sTCO to buffer alone. (C) Structure 

of TAMRA-sTCO (D) Sub-stoichiometric labeling of E. coli lysate containing expressed GFP-Tet-v2.0 

with TAMRA-sTCO. Lysate incubated with TAMRA-sTCO was separated on SDS-PAGE and imaged 

fluorometrically. Displayed regions correspond to GFP and dye front migration with their relative band 

intensities. The red box highlights the point of 100% protein labeling.  
 

To demonstrate that the wash out step of a conjugated dye is nonessential when 

reaction rates of this magnitude are employed, a tetramethyl-rhodamine (TAMRA)-

linked sTCO label was synthesized (Fig 2.20C). TAMRA-sTCO was incubated with 

purified GFP-Tet-v2.0 in vitro and analysis by SDS-PAGE demonstrated a reaction 

between GFP-Tet-v2.0 and TAMRA-sTCO (Fig 2.12). Fluorescence imaging of the gel 

showed a band present only when TAMRA-sTCO and GFP-Tet-v2.0 were present. 

Labeling of protein in living cells with low concentrations of dyes is often slow and 

incomplete because dye diffusion into cells at these concentrations and timescales is 

limiting.120 Conjugated TAMRA dyes have previously been shown to enter mammalian 



50 
 

 

cells, but slower bioorthogonal reaction rates required higher concentrations of 

TAMRA-labels and longer reaction times.17,121 As suggested by others, improved 

fluorescent dyes are needed to overcome the rate limiting steps of cellular uptake with 

fast bioorthogonal ligations.120 To circumvent this problem for this sub-stoichiometric 

demonstration, we reacted TAMRA-sTCO with E. coli lysate containing GFP-Tet-v2.0 

at quantities of TAMRA-sTCO ranging from 5-500% of the total GFP-Tet-v2.0 

concentration. The lysate was analyzed by SDS-PAGE and showed two rhodamine 

fluorescence bands; a ~27 kDa band corresponding to GFP-Tet-v2.0 conjugated to 

TAMRA-sTCO and a dye front migrating band corresponding to unreacted TAMRA-

sTCO (Fig 2.20D). As expected, the fluorescent TAMRA-GFP band increased 

incrementally in intensity with additions of TAMRA-sTCO until the intensity 

plateaued at ~100% labeled GFP-Tet-v2.0 (20 µg TAMRA-sTCO Fig 2.20D). While 

TAMRA-sTCO was added to the full lysate, only Tet-v2.0-GFP was labeled and 

TAMARA dye did not accumulate at the dye front of the gel until GFP-Tet-v2.0 was 

completely labeled (Fig 2.13).  After this point, TAMRA fluorescence at the dye front 

increased rapidly with the amount of TAMRA-sTCO added as would be expected from 

a reaction with excess label. The low background signal detected at the dye front in the 

sub-stoichiometric reactions likely resulted from incomplete purification of TAMRA-

sTCO from isomerized cyclopropane-fused cis-cyclooctene-linked-TAMRA and 

unreacted TAMRA starting materials. Together these data indicate that efficient sub-

stoichiometric reactions of protein-Tet-v2.0 with TAMRA-sTCO are possible in the 

presence of cellular components. 

 

Discussion 

 

In summary, we have developed an in cellulo bioorthogonal reaction based on a 

genetically encodable tetrazine amino acid that meets the demands of an ideal 

bioorthogonal ligation. GFP-Tet-v2.0 does not cross-react with any cellular 

components or degrade in the cellular environment as demonstrated with mass 

spectrometry. Tet-v2.0 is small enough that it does not perturb the structure of GFP 

when positioned at site 150. The on-protein bimolecular rate constant of 87,000±1440 

M-1s-1 gives this robust reaction the speed it needs to compete with cellular processes. 
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The same attributes that make this reaction ideal open the door to a variety of 

applications. The bimolecular rate constant is a significant improvement over previous 

in vivo bioorthogonal ligations. This speed affords complete labeling of Tet-v2.0-

protein in minutes even with low concentration of the sTCO label or concentrations 

below that of the protein being labeled. A sub-stoichiometric in vivo bioorthogonal 

ligation has applications towards drug-antibody conjugates where it could minimize 

the clearance time of drugs or radioactive labels targeted to specific cells. Additionally, 

the high rate combined with in cellulo reactivity enable one to probe various pathways 

on a biologically relevant time scale. To our knowledge, this is the first demonstration 

of a bioorthogonal ligation with sufficient selectivity and a high enough reaction rate 

to sub-stoichiometrically label proteins in live cells, thereby eliminating the need to 

wash out excess label prior to imaging. At this point, the ability of the fluorescent probe 

to enter the cytosol is the limiting factor to in cellulo sub-stoichiometric labeling. 

Combining the flexibility of genetic code expansion with the diversity of labels in live 

cells allows for numerous creative applications that modulate cellular function. 
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Chapter 3 
 

Tetrazine Incorporation and Reaction in Eukaryotic Cells 
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Introduction 
 

 Ideal bioorthogonal ligations, while useful in E. coli have the ability to truly 

shine when used in eukaryotic cells (Fig 3.1 A). In eukaryotic cells there are numerous 

cellular pathways relevant to human health and disease that require a more complete 

understanding. Selective inhibition of a particular protein or activation of a protein 

through dimerization are useful tools for exploring protein function, that while possible 

with ideal bioorthogonal reactions in E. coli, would be at their greatest potential in live 

human cells. 

 

Fig 3.1: Eukaryotic Incorporation of Tetrazines Enables Control of Proteins 

A) Reactions of tetrazines in live eukaryotic cells enables modification of proteins. B) Addition of an 

inhibitor to an enzyme via bioorthogonal ligations enables the selective inhibition of the protein of 

interest over other cellular proteins. C) Homodimerization of proteins results in activation and DNA 

binding. D) Structure of sTCO and Tet-v2.0. E) Reaction of tetrazines with sTCO. F) Structures of Tet-

v3.0 amino acids. 

 Bioorthogonal ligations have been genetically encoded in eukaryotic cells for 

the purposes of fluorescent microscopy4 and protein inhibition28. Common 

bioorthogonal functional groups that have been incorporated include TCOs122, BCN17, 

and alkynes3. Such labeling reactions tend to use an excess of label followed by 

thorough washing steps18,34,51, though fluorogenic reactions have been used such that 

no washing step is required123. Any secondary step increases the overall time the 

experiment takes and as such decreases the temporal resolution of events that can be 

observed. Additionally, requiring an excess of labeling reagent locks the user into 
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labeling the biomolecule of interest completely as opposed to a defined sub-

stoichiometric reaction such that a fraction of the cellular protein could be modified. 

There is room for improvement.  

 Difficulties in eukaryotic cell work are not limited to bioorthogonal chemistry. 

The most common method for introducing tRNAs, aaRSs, or amber codon interrupted 

genes is through transient transfection. Doing so results in modification of a fraction of 

available cells. Even when successfully transfected, these genes can suffer a variety of 

problems not found in bacterial systems including nonsense mediated decay of 

mRNA124, nuclear importation of the PylRS125, or ratios of tRNA to aaRS that are not 

ideal126. While steps can be taken to minimize these effects, ideal conditions for 

eukaryotic expression of GCE components are still under investigation. 

 Many of the difficulties of E. coli labeling of protein are also applicable in 

eukaryotic cells including cell permeability to dyes. In E. coli it was found that 

TAMRA-sTCO is not permeable to the membrane. In general, many of the fluorescent 

reporters that are suitable in vitro are not suitable in cells127. This is an important hurdle 

to overcome with respect to fluorescent labeling of tetrazine containing cells.  

Results/Discussion 
 

 

 The Tet-v2.0 amino acid was an obvious starting point since this tetrazine 

amino acid exhibited ideal bioorthogonal reactivity on protein in E. coli cells. To 

identify an orthogonal Methanosarcina barkeri pyrrolysyl tRNA synthetase/tRNACUA 

pair (Mb-PylRS/tRNA) able to incorporate Tet-v2.0 in response to an amber codon, we 

screened three libraries of MbPylRS variants in which five active-site residues were 

randomly mutatedto all 20 amino acids (Table 3.1). Each codon was mutated to all 32 

sequences following an NNK motif where N is any nucleotide and K is guanine or 

cytosine resulting in 3.35 * 107 Mb-PylRS members per library (Fig 3.2). Selections 

were performed by performing using alternating rounds of positive and negative 

selection using chloramphenicol acetyl transferase and barnase, respectively76,103.  

While control selections performed in parallel with a smaller aromatic ncAA, 3-

nitroTyrosine, resulted in functional tRNA/aaRS pairs, no mutant tRNA/aaRS pairs 
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capable of suppressing amber codons with Tet-v2.0 were identified from multiple 

attempts with these three aaRS libraries. 

 

Library Library Residues (M. mazei / M. barkeri) 

A L305/L270 Y306/Y271 L309/L274 N346/N311 C348/C313 

B M276/M241 A302/A267 Y306/Y271 L309/L274 C348/C313 

C N346/N311 C348/C313 V401/V366 W417/W382 G421/G386 

Table 3.1: Mutants of the PylRS Libraries 

 

Fig 3.2. Amino acid libraries of PylRS active sites.   

A) Structure of M. mazei PylRS with mutants of the library A. B) Structure of M. mazei PylRS with 

mutants of the library B. Structure of M. mazei PylRS with mutants of the library C. 

  

 The crystal structure of M. mazei synthetase was evaluated using Tet-v2.0 

docked in the active site to identify key interactions that might improve the selection 

process (Fig 3.3) 128. Tet-v2.0 was superimposed in place of the backbone of the native 

pyrrolysine substrate (Fig 3.3A). Potential clashes were identified with the side chains 

of W417, N346, and C348 as well as with backbones of G419 and I418 (Fig 3.3B). 

Unfortunately, potential clashes with the peptide backbone of the beta-strand in the RS 

active side with the methyl substituent and tetrazine ring were observed. Since the aaRS 

libraries are not designed to restructure the peptide backbone in the aaRS active-site 
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this conflict was believed to be the reason no successful selections were possible with 

Tet-v2.0 and these RS libraries.   

Fig 3.3. Structures of Tetrazine Amino Acids in PylRS 

A) Tet-v2.0 and Tet-v3.0 superimposed upon Pyrrolysine (white) in the PylRS active site (2ZCE). B) 

Potential clashes between Tet-v2.0 and the side chains of active site residues (light green) as well as 

potential clashes with the backbone of active site residues (dark green). C) Potential clashes between 

Tet-v3.0 and the side chains of active site residues (light green). D) Mutations found in R2-84 synthetase 

(light green) widen the active site to accommodate Tet-v3.0. 

 Instead of generating new active site libraries to accommodate Tet-v2.0, we 

decided to alter the structure of the tetrazine amino acid to limit overlap with the protein 

backbone. One option would be a shorter tetrazine amino acid without a first aromatic 

ring.While this structural change has a good chance of allowing the resulting amino 

acid to fit into the active site it would also result in a tetrazine amino acid more difficult 

to synthesize. Synthesis of tetrazines not substituted by an aromatic ring have lower 

yields115. A second option that should maintain the tetrazine stability and rate constant 

of the IEDDA reaction is shifting the para substituted tetrazine ring on the 

phenylalanine to the meta position. Tet-v3.0 amino acids (Table 3.3) were designed 

such that the meta substituted tetrazine ring would be positioned deeper into the binding 

pocket of the PylRS active site. Additionally, this amino acid has greater flexibility in 

that rotation about the CB-CG bond results in a wider variety of available positions of 

the tetrazine ring. We synthesized the 3-(6-alkyl-s-tetrazin-3-yl)phenylalanine, Tet-
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v3.0 and a series of molecules derived from Tet-v3.0  in two steps using standard 

coupling conditions.  

 Stopped flow measurements were used to determine the rate constants of the 

reaction between the free Tet-v3.0 amino acids and sTCO (Figure 2B).  These 

determined second order rate constants have similar values to Tet-v2.0-methyl with the 

exception of Tet-v3.0-isopropyl that has a rate constant of 5830 M-1s-1. This 80% drop 

in rate constant we attributed to the increased steric bulk of the isopropyl group 

hindering reaction with sTCO since steric hindrance reduced the IEDDA reaction rate 

55. Since Tet-v3.0-methyl, Tet-v3.0-ethyl, Tet-v3.0-butyl have similar reaction rate 

with sTCO as compared to Tet-v2.0 it is expected that when integrated into a protein 

these will also have similar rates. The reported rates for Tet-v2.0 were obtained for 

amino acid in a protein environment, and that IEDDA reactions are known to be solvent 

dependent60. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2: Stopped Flow Rate Characterization of Tet-v3.0 Amino Acids 
 

Name of 

Compounds  

 

Structure Reaction rates 

with sTCO in 

PBS (pH 7.4) 

Tet-v2.0 

 

29450 M-1S-1 

           

Tet-v3.0-

methyl 
 

24780 M-1S-1 

Tet-v3.0-

ethyl 
 

22202 M-1S-1 

Tet-v3.0-

isopropyl 
 

5830 M-1S-1 

Tet-v3.0-

butyl 
 

20569 M-1S-1 



58 
 

 

 Standard selection methods using Tet-v3.0-methyl as the amino acid of interest 

against the aaRS libraries A and B generated many useful synthetases103. Two rounds 

of positive and negative selections were performed before 96 synthetases were screened 

for the ability to suppress an amber codon in a GFP gene. Of the evaluated synthetases, 

15 were found to have degrees of incorporation and were sequenced. Six unique 

sequences were identified (Table 3.2). Of those, the R2-74 and the R2-84 synthetases 

demonstrated the best efficiency and fidelity. Not surprisingly the best functioning Tet-

v3.0-RSs had mutations in N346 and C348 residues, consistent with opening the active 

site in the meta position required for Tet-v3.0 (Fig 3.3C).  

Table 3.3: Sequences of Generated Mb Synthetases 
Residues are listed in both as M. mazei and M. barkeri for reference to the above structural information. 

 Many synthetases generated for genetic code expansion demonstrate 

permissivity, the ability to incorporate ncAAs that have similar structures to the ncAA 

used in selections. We tested the top aaRS variants selected to incorporate Tet-v3.0-

methyl for their ability to incorporate the Tet-v3.0 amino acids (Figure 3.4). All tested 

synthetases demonstrated permissivity towards the Tet-v3.0 amino acids, with similar 

levels of incorporation of the Tet-v3.0 amino acids suggests that a wider variety of 

structural variants of Tet-v3.0 can be incorporated than those tested here. The enables 

Site 

(Mb/Mm) 

R1-8 R1-35 R2-3 R2-40 R2-74 R2-84 

L270/L305 - - G - G G 

Y271/Y306 - - - -  - 

L274/L309 - - - - - - 

N311/N346 A A G G G G 

C313/C348 S V A A S A 

Other (Mb) - - - K296R - R263C 
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the ability to tune the rate constant by substituting Tet-v3.0 with electron donating or 

withdrawing functional groups.  

Fig 3.4: Efficiency of Generated Synthetases for Tet-v3.0 Amino Acids 

Cells expressing synthetases selected for Tet-v3.0-methyl were grown in the presence of 1mM of the 

Tet-v3.0 amino acids. The corresponding fluorescence was measured and reported. 

 

 To verify the efficiency and fidelity of the R2-84 aaRS, GFP150-Tet-v3.0 was 

expressed and purified by affinity chromatography. Site specific incorporation of Tet-

v3.0 as verified by MS analysis (Figure 3.5). The GFP150-Tet-v3.0-methyl protein 

shows a final mass of 27950.1 Da, a 127.1 Da increase relative to WT GFP (Figure 

3.5). This corresponds to the expected mutation from the native asparagine residue to 

Tet-v3.0-methyl. To verify complete reactivity of GFP150-Tet-v3.0-methyl with 

sTCO, an excess of sTCO was incubated with the protein for 30 minutes.  As expected 

the MS analysis of the resulting product GFP150-Tet3.0-methyl-sTCO shows an 

upward shift in mass to 124.2 Da. This shift of 124.2 Da corresponds to reaction of the 

tetrazine ring of Tet-v3.0-methyl with the added sTCO molecule. Similar shifts in the 

molecular weight were observed for Tet-v3.0-ethyl, Tet-v3.0-isopropyl, and Tet-v3.0-

butyl (Table 3.4) No unreacted GFP150-Tet-v3.0 is detected, indicating a quantitative 

reaction. Reactions of Tet-v3.0 amino acids with sTCO on proteins also show complete 

labeling. The reactivity of the incorporated Tet-v3.0 amino acids was also verified by 
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adding sTCO-PEG5000 to purified GFP150-Tet-v3.0 (Fig 3.6). Upon reaction with 

sTCO-PEG5000 an increase in the apparent mobility of GFP150-Tet-v3.0 was observed. 

This shift in mobility corresponds to the formation of GFP150-Tet-v3.0- sTCO-

PEG5000. 

   

 
Fig 3.5: Mass Spectra of Tetrazine GFP and Reactions 

A) WT GFP was reacted with sTCO without change to the molecular weight. B) GFP150-Tet-v3.0-

methyl upon reaction with sTCO resulted in an increase in the protein molecular weight of 124.2 Da 

compared to an expected molecular weight increase of 124.2 Da. C) GFP150-Tet-v3.0-ethyl upon 

reaction with sTCO resulted in an increase in the protein molecular weight of 124.2 Da compared to an 

expected molecular weight increase of 124.2 Da. D) GFP150-Tet-v3.0-butyl upon reaction with sTCO 

resulted in an increase in the protein molecular weight of 124.2 Da compared to an expected molecular 

weight increase of 124.2 Da. Prominent peaks are detectable that correspond to cleavage of the 

N-terminal methionine. Incorporation of Tet-v3.0 variants at site 150 results in the expected 

masses, but no peaks consistent with mis-incorporation of canonical amino acids. 
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Table 3.4: Observed Masses of Tet-v3.0 containing GFP 
While GFP masses were approximately 4 Da less than expected, WTGFP also showed this mass 

difference, and the difference in mass between WTGFP and the GFP150-Tet-v3.0 molecules were 

approximately what was expected. 

  

Protein Observed 

Mass 

Expected 

Mass 

Mass Above 

WT 

Expected 

Mass Above 

WT 

WTGFP 27823.0 27827.3 0 0 

WTGFP 

+sTCO 

27823.0 27827.3 0 0 

GFP150-Tet-

v3.0-methyl 

27950.1 27954.4 127.1 127.1 

GFP150-Tet-

v3.0-ethyl 

27967.2 27968.4 144.2 141.1 

GFP150-Tet-

v3.0-butyl 

27991.9 27996.5 168.9 169.2 

GFP150-Tet-

v3.0-methyl 

+sTCO 

28074.3 28078.6 251.3 251.3 

GFP150-Tet-

v3.0-ethyl 

+sTCO 

28088.5 28092.6 265.5 265.3 

GFP150-Tet-

v3.0-butyl 

+sTCO 

28116.9 28120.7 293.9 293.4 
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Fig 3.6: Mobility Shift Assay of GFP150-Tet-v3.0 

GFP150-Tet-v3.0 amino acids were reacted with sTCO-PEG5000 and analyzed via SDS-PAGE. An 

upwards shift in mobility is observed consistent with reaction. A small unshifted band remains. 

 

 The reaction of tetrazine amino acids in proteins can be monitored when a 

tetrazine amino acid is incorporated at site 150 on GFP. The presence of a tetrazine 

amino acid quenches GFP fluorescence. Full fluorescence is returned by reaction of the 

tetrazine.111 Upon reaction of GFP150-Tet-v3.0 and sTCO a 4-6 fold increase in 

fluorescence  is observed. Using this fluorescence increase upon reaction the reaction 

rates of GFP-Tet-v3.0 amino acids with sTCO were measured. (Fig 3.7). The observed 

rates are significantly faster than the rates observed between the reactions of the free 

amino acids and sTCO. The differences in rate may be attributable to differences in 

polarity between the protein environment and buffer. Once again, the rate constant of 

the reaction between Tet-v3.0-isopropyl and sTCO is approximately 25% that of the 

other Tet-v3.0 variants, potentially due to steric hinderance.   
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Fig 3.7: Protein Kinetics of the Reaction between GFP150-Tet-v3.0 and sTCO 

Kinetic Characterization of the reaction rates between GFP150-Tet-v3.0 amino acids and sTCO. 

Individual sTCO concentrations were fit to 1st order exponential equations and the observed rate 

constants were plotted against the sTCO concentration. The reaction rates are similar to the reaction 

between Tet-v2.0 and sTCO on proteins with the exception of the reaction between sTCO and Tet-v3.0-

isopropyl. 

  The Tet-v3.0 amino acids when incorporated into proteins maintain the 

reactivity and stability components to match that of the ideal reactivity of Tet-v2.0. 

The synthetases R2-74 and R2-84 were codon optimized for mammalian cells 

and cloned into the pAcBac1 plasmid129 This plasmid contains four genes 

corresponding to the orthogonal tRNA as well as the synthetase gene. A corresponding 

pACBAC plasmid containing four tRNA genes as well as a TAG interrupted GFP gene 

was used in conjunction with synthetase pACBAC. 
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 The resulting pAcBac1-R2-84 plasmid and pAcBac1-R2-74 plasmid were 

independently cotransfected into HEK293T cells with the reporter pAcBac1-sfGFP-

TAG150 plasmid. A positive control for full expression efficiency was evaluated using 

pAcBac1-sfGFP untinterrupted by amber stop codons. The Tet-v3.0 amino acids 

showed HEK293 cell toxicity when added to the media at the 1 mM ncAA 

concentration used for the E. coli expression. To identify the maximum allowable Tet-

v3.0 concentration, cell toxicity was evaluated for decreasing amounts of each Tet-v3.0 

amino acid (Fig 3.8).  

Fig 3.8: Toxicity of Tet-v3.0 Amino Acids 

Cells incubated with varying concentrations of Tet-v3.0 amino acids for 72 hours were assayed with a 

CellTiter Glo Imaging Kit to test viability. Decreases in viability are observed at concentrations at or 

above 100 µM. 

Since HEK293 cells could only tolerate up to 0.1 mM Tet-v3.0 amino acid we 

predicted that the reduced concentration of the ncAA in the media could result in lower 

suppression efficiency. To assess the concentration dependence of R2-74 and R2-84 

for the Tet-v3.0 series we measured GFP-150-Tet-v3.0 incorporation efficiency in E. 

coli at reduced concentrations of Tet-v3.0. Doing so generated an ncAA dependency 

relationship for each aaRS (Fig 3.9). Consistent high cellular GFP-Tet-v3.0 

fluorescence at above 0.2 mM ncAA indicated that all Tet-v3.0 amino acids were good 

substrates for both Tet-v3.0RSs at these concentrations. At concentrations below 100 

µM Tet-v3.0 the efficiency of the two Tet-3.0 RSs was different for producing GFP-

Tet-v3.0. Notably, the R2-84-RS was more effective at producing protein at low 
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substrate concentrations and the Tet-v3.0-butyl ncAA was the most effective substrate at 

low concentrations.  

Fig 3.9: Concentration Dependence Curves of Tet-v3.0 

A) Concentration dependence of Tet-v3.0 amino acids on expression of GFP150 with the R2-84 

synthetase in E. coli. B) Concentration dependence of Tet-v3.0 amino acids on expression of GFP150 

with the R2-74 synthetase in E. coli. The R2-84 synthetase was found to be able to produce more GFP 

at lower concentrations of Tet-v3.0-butyl than the other Tet-v3.0 derivatives. 

 

 

 

 

 

 

Table 3.5: UP50 values for the R2-84 and R2-74 Synthetases 
UP50 values consist of the concentration at which the half-maximal amount of GFP was 

 produced. 

 

Using the maximum concentration of 0.1 mM Tet-v3.0 amino acid tolerated by 

HEK293 cells, we assessed the incorporation efficiency and fidelity of the top 

performing Tet-v3.0-RSs (R2-74 and R2-84) using the GFP-TAG interrupted reporter. 

The amber codon suppression in HEK293 cells was evaluated for all four different Tet-

v3.0 amino acid structures using both Tet-v3.0 tRNA/aaRS pairs (Fig 3.10). The 

fidelity for both Tet-3.0-aaRSs was the same, showing no background incorporation of 

natural amino acids. HEK293 cells suppression efficiency varied considerably for the 

different Tet-v3.0 amino acids with the longest ncAA Tet-v3.0 butyl showing clear 

Amino Acid R2-84 R2-74 

Tet-v3.0-methyl 25.7 µM 163.5 µM 

Tet-v3.0-ethyl 17.4 µM 140.0 

Tet-v3.0-isopropyl 32.4 µM 251.0 µM 

Tet-v3.0-butyl 13.5 µM 43.5 µM 
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preference over the shortest Tet-v3.0 methyl in agreement with the concentration 

dependence seen in E. coli. 

 

 

   

Fig 3.10: HEK293T Cell Production of GFP150-Tet-v3.0 

HEK293T cells were grown in the presence of 30 µM of Tet-v3.0 amino acids. Expression was observed 

for each of the Tet-v3.0 amino acids, though low levels of expression were observed for Tet-v3.0-methyl. 

Tet-v3.0-butyl was observed to have the greatest level of fluorescence. 

 

 In an effort to improve yields, nuclear export sequences were cloned N-terminal 

to the counteract nuclear importation present natively in the PylRS. Transfection of 

HEK293T cells in with a nuclear exportation fused PylRS resulted in greater 

fluorescence than in the absence of the nuclear exportation sequence (Fig 3.11). 
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Fig 3.11: The Effect of a Nuclear Export Sequence on GFP Production 

Nuclear export sequences fused to R2-84 results in improved expression of GFP-Tet-v3.0-butyl in cells. 

 To assess in cellulo reactivity, GFP expressed in HEK cells was labeled with 

TAMRA-sTCO. The previously synthesized TAMRA-sTCO molecule (Chapter 2) was 

used to as the label of choice due to the ability of TAMRA-fluorophores to diffuse 

through cell membranes127. TAMRA-sTCO was incubated with HEK293T cells 

expressing GFP150-Tet-v3.0-butyl that had been washed to remove the free tetrazine 

amino acid. While the expected result of TAMRA fluorescence for cells expressing 

GFP150-Tet-v3.0-butyl was observed, fluorescence was also observed for transfected 

cells in a non-specific labeling reaction. This non-specific labeling may be a result of 

either reactions between the sTCO and cellular components or non-covalent 

interactions between the TAMRA-sTCO molecule and the cell.  

 To further characterize this interaction, untransfected HEK293T cells were 

labeled with TAMRA-sTCO as well as the free TAMRA acid (Fig 3.12). In addition, 

an unreactive isomerized version of the TAMRA-sTCO molecule (TAMRA-sCCO) 

(Fig 3.12) was synthesized and used to label untransfected cells. Cells were analyzed 

via flow cytometry. Whereas the free TAMRA acid showed no to little nonspecific 

labeling of cells, both the TAMRA-sTCO and TAMRA-sCCO showed significant 

labeling of the cells in a concentration dependent manner. As TAMRA-sCCO is 

unreactive, this result indicates that non-covalent interactions are responsible for 

observed non-specific interactions. In addition, TAMRA-dTCO and TAMRA-oxoTCO 

were incubated with untransfected HEK293T cells with some degree of non-specific 
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adhesion. These compounds are less reactive than the TAMRA-sTCO molecule. 

Though non-covalent interactions may differ from the TAMRA-sTCO molecule as 

well. 

  

Fig 3.12. Flow Cytometry of TAMRA labeled HEK293T cells. 

A) Structures of TAMRA molecules used to label cells. B) Flow cytometry of TAMRA treated cells 

shows adhesion of TAMRA-sTCO and TAMRA-sCCO to HEK293T cells. C) Structures of TAMRA-

oxoTCO and TAMRA dTCO. D)TAMRA-dTCO and TAMRA-oxoTCO show moderate levels of 

adhesion to HEK293T cells. 

 HEK293T cells expressing GFP150-Tet-v3.0-butyl were washed and labeled 

with the TAMRA dyes. The labeled cells were then subject to two-dimensional flow 

cytometry measuring both the TAMRA fluorescence and the GFP fluorescence. For 

each set of cells GFP fluorescence can be broken down into two distinct subsets: Cells 

that have not been successfully transfected resulting in low fluorescence, and cells 

expressing GFP. Upon labeling with TAMRA acid, no fluorescence increase is 

observed in either subset of cells (Fig 3.13). Labeling with the unreactive TAMRA-

sCCO results in fluorescence labeling of all cells regardless of GFP expression. When 

the cells were labeled with TAMRA-sTCO, all cells were labeled with TAMRA 

fluorescence, though cells expressing GFP150-Tet-v3.0-butyl were labeled to a higher 

degree. This indicates that labeling of cells with TAMRA-sTCO results in reaction with 

GFP-Tet-v3.0-butyl, though there is a high degree of non-specific labeling.  
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Fig 3.13. Two-Dimensional Flow Cytometry of Tet-v3.0 Expressing HEK293T 

Cells. 
HEK293T cells expressing GFP150-Tet-v3.0-butyl were incubated for 30 min with varying 

concentrations of TAMRA fluorophores. Cells were washed and GFP and TAMRA fluorescence 

measured via flow cytometry. GFP fluorescent is exhibits as two distinct groups of cells: A head of cells 

that are either untransfected or not expressing GFP and a tail of cells expressing GFP-Tet-v3.0-butyl to 

varying degrees. TAMRA fluorescence as measured on the y-axis largely increases with the 

concentration of TAMRA fluorophores with the exception of the addition of TAMRA acid. With 

TAMRA-sTCO incubation, the TAMRA fluorescence of cells expressing GFP150-Tet-v3.0-butyl 

increases more than non-expressing cells. This behavior is seen to a slight degree in TAMRA-dTCO and 

TAMRA-oxoTCO. 
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 To verify that cellular TAMRA labeling is not labeling cellular proteins non-

specifically, cells expressing GFP150-Tet-v3.0-butyl were labeled with TAMRA-

sTCO and washed to remove unreactive label. The cells were then treated with an 

excess of the Tet-v2.0 amino acid to react with any unreacted sTCO functional groups. 

A subset of cells was pre-incubated with the Tet-v2.0 amino acid and subsequently 

labeled with TAMRA-sTCO. The cells were lysed, and the lysate was analyzed via 

SDS-PAGE. Fluorescent imaging of the gels shows that solely the GFP150-Tet-v3.0-

butyl was labeled with TAMRA-sTCO and that no non-specific protein labeling 

occurred (Fig 3.14). Further, TAMRA-sCCO labeling of GFP150-Tet-v3.0-butyl was 

non-existent. 

Fig 3.14. Background Reactions of TAMRA Fluorophores on HEK Cell Lysate. 

HEK293T cells were labeled with TAMRA-sTCO and TAMRA-sCCO after being pre-quenched with 

Tet-v2.0. GFP150-Tet-v3.0-butyl expressing cells were labeled with TAMRA-sTCO and TAMRA-

sCCO. Cells not pre-quenched with Tet-v2.0 were quenched after labeling with TAMRA dyes. The cells 

were then lysed and analyzed via SDS-PAGE. A) GFP fluorescence of cell lysates. B) TAMRA 

fluorescence of labeled cell lysates. It is of note that no non-specific labeling of proteins occurred except 

for a large band at the dye front and a set of small bands corresponding to GFP. No TAMRA labeling 

was observed in pre-quenched cells. GFP fluorescence is greatest in cells that were successfully reacted 

with TAMRA-sTCO. This may be due to the fluorescence increase upon reaction observed in GFP150-

Tet-v3.0-butyl or bleed-through of the TAMRA fluorescence. 



71 
 

 

 An alternative method to assess the in cellulo reaction of the labeled protein, 

utilizes the tetrazine quenching of GFP used to evaluate the rate of the reaction. 

HEK293T cells expressing GFP150-Tet-v3.0-butyl were reacted with TAMRA-sTCO 

and sTCO-OH. SDS-PAGE was performed on the lysate of the reacted cells (Fig 3.15). 

An increase in the fluorescence of the GFP in a sTCO and TAMRA-sTCO dependent 

manner was observed. Additionally, the increase in GFP fluorescence corresponds to 

the increase in the TAMRA fluorescence for the TAMRA-sTCO labeled cells. This 

demonstrates that the reaction between Tet-v3.0-butyl and sTCO can be used for 

labeling reactions in live eukaryotic cells.  

 
Fig 3.15. In Cell Fluorescence Increase of GFP150-Tet-v3.0-butyl upon Reaction. 

A) WT GFP expressing cells and cells expressing GFP-Tet-v3.0 were labeled with sTCO-OH. 

Fluorescence increase was observed upon reaction. B) GFP150-Tet-v3.0-butyl expressing cells were 

labeled with TAMRA acid, TAMRA-sTCO, and TAMRA-sCCO dyes. Only TAMRA-sTCO showed 

notable labeling at any concentration. GFP Fluorescence was also observed. C) Quantitation of GFP 

fluorescence upon reaction with sTCO-OH in A). D) Quantitation of GFP fluorescence upon reaction 

with TAMRA-sTCO in B). E) Quantitation of TAMRA fluorescence upon reaction with TAMRA-sTCO 

in B). 

 

 Many proteins form homodimers in vivo as a method of regulating activity130. 

While methods exist to mimic dimer formation and study this regulation131, site specific 

GCE for the introduction of bioorthogonal ligations is an excellent tool that would 

allow the controlled formation of artificial homodimers with minimal perturbance to 

native protein structure and function. To perform such dimerization reactions double-

headed sTCO molecules with 100 Da and 500 Da PEG linkers (dh-sTCOPEG100 and 

dh-sTCOPEG500) were synthesized. Cells expressing GFP150-Tet-v3.0-butyl were 
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reacted with these linkers as well as sTCO-PEG1000 and sTCO-PEG5000 labels. The cells 

were quenched, lysed, and analyzed via SDS-PAGE. Fluorescent analysis shows that 

while the double-headed PEG linkers were capable of dimerizing GFP, the sTCO-

PEG1000 and sTCO-PEG5000 label failed to shift the apparent molecular weight of 

intracellular GFP (Fig 3.16). This suggests that the double-headed linkers were able to 

pass through the cell membrane while the sTCO-PEG1000 and sTCO-PEG5000 were not. 

 

Fig 3.16. Mobility Shift of HEK293T cell expressed GFP150-Tet-v3.0-butyl. 

Cells expressing GFP150-Tet-v3.0-butyl were reacted with sTCO-PEG compounds and the cell lysate 

was analyzed by SDS-PAGE. No mobility shift was observed for sTCO-PEG1000 or sTCO-PEG5000. 
Dimerization was observed for both dh-sTCOPEG100 and dh-sTCOPEG500. 

 Reactions between excess dh-sTCO linkers and GFP150-Tet-v3.0-butyl would 

only be expected to form dimers if the dh-sTCO linker is limiting. Excess of the dh-

linker would result in the majority of GFP150-Tet-v3.0-butyl reacted with a dh-sTCO 

molecule that is not linked to a second protein. If diffusion through the cell membrane 

is limiting, reaction of dh-sTCO-PEG linkers would remain limiting in cellulo for the 

duration of the reaction. This enables investigation of the diffusion through HEK cell 

membranes by reacting expressed GFP-150-Tet-v3.0-butyl with excess linker. When 

dh-sTCOPEG100 and dh-sTCOPEG500 were titrated into cells expressing GFP150-Tet-

v3.0-butyl, low concentrations of both linkers showed low levels of dimer formation 

(Fig 3.17). As the linker concentrations rose, the amount of dimer formed increased. 

Large excess of linker resulted in a drop in dimer formation for the dh-sTCOPEG100 
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whereas the dh-sTCOPEG500 showed no such concentration dependent decrease. This 

shows differential rates of diffusion between the two linkers such that the rate of dh-

sTCOPEG500 diffusion across the cell membrane is limiting. This suggests a size 

dependent diffusion rate. As additional evidence neither the sTCO-PEG1000 and sTCO-

PEG5000 showed any cellular diffusion. 

 

Fig 3.17. Concentration Dependent Dimerization of GFP150-Tet-v3.0-butyl. 

A) HEK293T cells expressing GFP150-Tet-v3.0-butyl were expressed and reacted with varying 

concentrations of sTCO-PEG100. B) HEK293T cells expressing GFP150-Tet-v3.0-butyl were expressed 

and reacted with varying concentrations of sTCO-PEG500. C) Quantitation of dimer fluorescence of A). 

D) Quantitation of dimer fluorescence of B). 

 

 

Conclusion 

 

 In total, a tetrazine containing amino acid has been generated that both has the 

ideal properties demonstrated with Tet-v2.0 and is capable of being expressed in 

proteins in eukaryotic cells. This can enable modification of proteins in live eukaryotic 

cells within a matter of minutes and can potentially be used for sub-stoichiometric 

labeling reactions. While the benefit of an ideal reaction is enormous, the amino acid 

used here is not without drawbacks. The Tet-v3.0 derivatives show toxicity to 

eukaryotic cells that may alter native metabolism. Additionally, concentrations of Tet-

v3.0 used to overcome this toxicity result in limited production of protein incorporating 

Tet-v3.0 compared to WT controls. Finally, many of the experiments may be limited 

by poor cellular diffusion or by fluorescence adhesion to cells. Better fluorophores that 
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show limited cellular adhesion should be developed to enable sub-stoichiometric 

protein labeling.  

 

Materials and Methods 

 

General Synthetic Methods:  

All purchased chemicals were used without further purification. Anhydrous 

dichloromethane was used after overnight stirring with calcium hydride and distillation under 

argon atmosphere. Thin-layer chromatography (TLC) was performed on silica 60F-254 plates. 

The TLC spots of alkene were charred by potassium permanganate staining. Flash 

chromatographic purification was done on silica gel 60 (230-400 mesh size). 1H NMR spectra 

were recorded at Bruker 400MHz and 700 MHz and 13C NMR spectra were recorded at 175 

MHz. Coupling constants (J value) were reported in hertz. The chemical shifts were shown in 

ppm and are referenced to the residual non-deuterated solvent peak CDCl3 (δ =7.26 in 1H NMR, 

δ = 77.23 in 13C NMR), CD3OD (δ =3.31 in 1H NMR, δ = 49.2 in 13C NMR), d6-DMSO (δ =2.5 

in 1H NMR, δ = 39.5 in 13C NMR) as an internal standard. Splitting patterns of protons are 

designated as follows: s-singlet, d-doublet, t-triplet, q-quartet, quin-quintet, sext-sextet, sept- 

septet, m-multiplet.   

 

 

 

 

 

 

 

 

 

 

 Fig 3.18. Synthesis of s-tetrazine derivatives of phenylalanine (Tet-v3.0). 
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Synthetic Procedure 

 

1. General Synthetic Procedure of Boc-protected Tet-v3.0 Derivatives 

The starting material Boc-protected 3-cyano phenylalanine (1.0 eqv.) was taken in a dried 

heavy walled reaction tube under argon atmosphere. Maintaining inert atmosphere inside the 

reaction vessel, catalyst Ni(OTf)2 (0.5 eqv.) and corresponding nitrile derivatives (7 - 10 eqv.) 

were added. Then anhydrous hydrazine (50 eqv.) was added slowly to reaction mixture using 

a glass syringe and under stirring condition. Purged argon for another 10 minutes and 

immediately sealed the tube. The reaction vessel was immersed into the preheated oil bath at 

50- 55 °C for 24 hours. After that, the reaction vessel was lifted from the oil bath and allowed 

to come at room temperature. The reaction mixture was poured into a beaker and added 10 eqv. 

2M NaNO2 aqueous solution and 5 mL water. The aqueous phase was washed with ethyl 

acetate (20 ml) to remove the homo coupled byproduct. Then the aqueous phase was acidified 

with 4M HCl (pH~2) under ice-cold condition with homogeneous mixing and extracted with 

ethyl acetate (3x 20 mL). The combined organic layer was washed with brine, dried with 

anhydrous Na2SO4 and concentrated under reduced pressure. Silica gel flash column 

chromatography (20-25% ethyl acetate in hexanes with 1% acetic acid) yielded desired 

tetrazine derivatives in the form of a pinkish red gummy material. 

       

2. General Procedure of Boc-deprotection of Tet 3.0 Derivatives 

In a dry RB, Boc-protected Tet-v3.0 derivatives were dissolved in 3 mL ethyl acetate and 

1 mL HCl gas saturated 1,4 Dioxane was added to the solution under argon atmosphere. The 

reaction mixture was stirred at room temperature until the starting materials were consumed 

monitoring by TLC (normally 3 to 4 h). After completion the Boc-deprotection, remove the 

solvent under reduced pressure and re-dissolved in ethyl acetate (2x 10 ml) and similarly 

concentrated to remove excess HCl gas. Finally, added 5 mL pentane and dried which made 

the pink color solid material of chloride salt of Tet-v3.0 derivatives in quantitative yield (~ 97-

98%).   

 

(S)-2-((tert-butoxycarbonyl)amino)-3-(3-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic 

acid (2a): Following the general synthetic procedure 1, starting from 0.30 g (1.03 mmol) of 

Boc-protected 3-cyano phenyl alanine 4 and 0.53 mL (10.3 mmol) of acetonitrile afforded 

0.274 g (0.76 mmol) of the title compound 2a (methyl derivative of Tet -v3.0) as a pink gummy 

material. Yield 74%. 1H NMR (400MHz, CDCl3) δ 8.41 (2H, t, J = 7.2 Hz), 7.51-7.44 (2H, m), 
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5.17 (1H, d, J = 7.4), 4.71 (1H, d, J = 5.2), 3.33 (1H, dd, J = 13.6, 5.2 Hz), 3.21 (1H, dd, J = 

13.2, 6.4 Hz), 3.07 (3H, s), 1.39 (9H, s). 13C NMR (175MHz, CDCl3) δ 175.6, 167.3, 164.1, 

155.5, 137.7, 133.8, 132.1, 129.5, 129.1, 126.7, 80.4, 54.4, 38.1, 28.4, 21.1.  

 

Chloride salt of (S)-2-amino-3-(3-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid 

(1a): Following the general procedure 2, 0.274 gm (0.76 mmol) of Boc-protected methyl 

derivative of Tet -v3.0 2a yielded 0.218 gm (0.74 mmol) of the title compound 1a. Yield 97%. 

1H NMR (400MHz, CD3OD) δ 8.52-8.49 (2H, m), 7.66-7.60 (2H, m), 4.38 (1H, dd, J =7.2, 6 

Hz), 3.46 (1H, dd, J = 14.4, 5.6 Hz), 3.35 (1H, dd, J = 14.4, 7.2 Hz), 3.05 (3H, s). 13C NMR 

(175 MHz, CD3OD) δ 171.1, 169.1, 165.2, 137.1, 134.7, 134.4, 131.2, 129.8, 128.4, 55.1, 37.3, 

21.1. ESI-MS calculated for C12H14N5O2 ([M + H]+) 260.1142, found 260.1133. 

       

    

(S)-2-((tert-butoxycarbonyl)amino)-3-(3-(6-ethyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic 

acid (2b): Following the general synthetic procedure 1, starting from 0.30 g (1.03 mmol) of 

Boc-protected 3-cyano phenyl alanine 4 and 0.72 mL (10.3 mmol) of propionitrile afforded 

0.294 g (0.79 mmol) of the title compound 2b (ethyl derivative of Tet -v3.0) as a pink gummy 

material. Yield 72%. %. 1H NMR (400MHz, CDCl3) δ 8.45 (1H, d, J = 7.6 Hz), 8.41 (1H, s),  

7.50 (1H, t, J = 7.6 Hz), 7.45 (1H, d, J = 7.6 Hz), 5.14 (1H, d, J = 7.6 Hz), 4.70 (1H, d, J = 5.6 

Hz), 3.38 (2H, q, J = 7.6 Hz), 3.32 (1H, d, J = 4.4 Hz), 3.19 (1H, dd, J = 12.8, 5.6 Hz), 1.53 

(3H, t, J = 7.6 Hz), 1.39 (9H, s). 13C NMR (175MHz, CDCl3) δ 176.1, 171.1, 164.3, 155.5, 

137.6, 133.8, 132.3, 129.6, 129.1, 126.8, 80.5, 54.5, 38.1, 28.5, 28.4, 12.4.  

 

Chloride salt of (S)-2-amino-3-(3-(6-ethyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid (1b): 

Following the general procedure 2, 0.270 gm (0.72 mmol) of Boc-protected ethyl derivative of 

Tet -v3.0 2b yielded 0.220 gm (0.71 mmol) of the title compound 1b. Yield 98%. 1H NMR 

(400MHz, CD3OD) δ 8.52 (1H, s), 8.51 (1H, d, J = 1.6 Hz), 7.66-7.61 (2H, m), 4.38 (1H, d, J 

= 6 Hz), 3.47 (1H, dd, J = 14.8, 5.6 Hz), 3.37 (3H, q, J = 7.6 Hz), 1.53 (3H, t, J = 7.6 Hz). 13C 

NMR (175 MHz, CD3OD) δ 172.3, 165.4, 137.2, 134.7, 134.3, 131.2, 129.9, 128.3, 55.3, 37.3, 

29.2, 12.4. ESI-MS calculated for C13H16N5O2 ([M + H]+) 274.1299, found 274.1290. 
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(S)-2-((tert-butoxycarbonyl)amino)-3-(3-(6-isopropyl-1,2,4,5-tetrazin-3-

yl)phenyl)propanoic acid (2c): Following the general synthetic procedure 1, starting from 0.20 

g (0.69 mmol) of Boc-protected 3-cyano phenyl alanine 4 and 0.62 mL (6.9 mmol) of 

isobutyronitrile afforded 0.152 g (0.39 mmol) of the title compound 2c (isopropyl derivative 

of Tet -v3.0) as a pink gummy material. Yield 57%. 1H NMR (400MHz, CDCl3) δ 8.47 (1H, 

d, J = 7.6 Hz), 8.42 (1H, s),  7.52 (1H, t, J = 7.6 Hz), 7.45 (1H, d, J = 7.6 Hz), 5.08 (1H, d, J = 

6.4 Hz), 4.69 (1H, d, J = 4 Hz), 3.68 (1H, sept, J = 6.8 Hz), 3.35 (1H, dd, J = 13.2, 4.4 Hz), 3.2 

(1H, dd, J = 12.8, 5.6 Hz), 1.55 (6H, d, J = 7.2 Hz), 1.39 (9H, s). 13C NMR (175MHz, CDCl3) 

δ 175.8, 173.8, 164.3, 155.5, 137.5, 133.7, 132.4, 129.7, 129.1, 126.7, 54.5, 38.1, 34.4, 28.4, 

21.4. 

 

Chloride salt of (S)-2-amino-3-(3-(6-isopropyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid 

(1c): Following the general procedure 2, 0.150 gm (0.39 mmol) of Boc-protected isopropyl 

derivative of Tet -v3.0 2c yielded 0.122 gm (0.38 mmol) of the title compound 1c. Yield 97.5%. 

1H NMR (400MHz, CD3OD) δ 8.52 (1H, s),8.51 (1H, d, J = 6.4 Hz),  7.66-7.62 (2H, m), 4.36 

(1H, bs), 3.65 (1H, sept, J = 6.8 Hz), 3.46 (1H, dd, J = 14, 4.4 Hz), 3.4 (1H, dd, J = 12.8, 4 

Hz), 1.54 (6H, d, J = 7.2 Hz). 13C NMR (175MHz, CD3OD) δ 175.1, 165.4, 137.3, 134.7, 134.4, 

131.2, 129.9, 128.3, 55.6, 37.4, 35.5, 21.5. ESI-MS calculated for C14H18N5O2 ([M + H]+) 

288.1455, found 288.1451. 

  

(S)-2-((tert-butoxycarbonyl)amino)-3-(3-(6-butyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic 

acid (2d): Following the general synthetic procedure 1, starting from 0.40 g (1.37 mmol) of 

Boc-protected 3-cyano phenyl alanine 4 and 1.4 mL (13.3 mmol) of valeronitrile afforded 0.43 

g (1.07 mmol) of the title compound 2d (butyl derivative of Tet -v3.0) as a pink gummy 

material. Yield 78%. 1H NMR (400MHz, CDCl3) ) δ 8.46 (1H, d, J = 7.6 Hz), 8.42 (1H, s),  

7.51 (1H, t, J = 7.6 Hz), 7.46 (1H, d, J = 7.6 Hz), 5.12 (1H, d, J = 6.8 Hz), 4.7 (1H, d, J = 4 

Hz), 3.34 (3H, t, J = 7.6 Hz), 3.20 (1H, t, J = 6.4 Hz), 1.95 (2H, quin, J = 7.6 Hz), 1.47 (2H, 

sext, J = 7.6 Hz), 1.39 (9H, s), 0.98 (3H, t, J = 7.2 Hz). 13C NMR (175MHz, CDCl3) δ 175.8, 

170.4, 164.2, 155.5, 137.7, 133.7, 132.3, 129.7, 129.1, 126.8, 80.5, 54.5, 38.2, 34.6, 30.4, 28.4, 

22.4, 13.8.   

 

(S)-2-((tert-butoxycarbonyl)amino)-3-(3-(6-butyl-1,4-dihydro-1,2,4,5-tetrazin-3-yl)phenyl) 

propanoic acid (3d): Synthetic procedure is quite similar to the general procedure 1 except 
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oxidation step. So, after completion the reaction it was poured into a beaker. Then 10 mL water 

and 10 mL ethyl acetate were added to the beaker to disconnect the contact of air with reaction 

mixture. Then acidification was done with (4N) HCl (pH~2) under ice-cold and stirring 

condition. The aqueous phase was extracted with ethyl acetate (3 times). The combined organic 

layer was washed with brine, dried with anhydrous Na2SO4 and concentrated under reduced 

pressure. Silica gel flash column chromatography (40-45% ethyl acetate in hexanes with 1% 

acetic acid) yielded dihydro-tetrazine derivative 3d in the form of a yellowish gummy material. 

During column purification 15-20% product was oxidized. We got 55-60% dihydro-tetrazine 

compound. 1H NMR (400MHz, CDCl3) δ 7.52 (2H, d, J = 7.2 Hz), 7.36 (1H, t, J = 7.6 Hz), 

7.31 (1H, s), 5.34 (1H, d, J = 8 Hz), 4.68 (1H, q, J = 5.2 Hz), 3.27-3.13 (2H, dd, J = 13.6, 5.2 

Hz), 2.23 (2H, t, J = 8 Hz), 1.55 (2H, quin, J = 7.6 Hz), 1.41 (9H, s), 0.98 (2H, sext, J = 7.2 

Hz), 0.90 (3H, t, J = 7.2 Hz). 

 

Chloride salt of (S)-2-amino-3-(3-(6-butyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid (1d): 

Following the general procedure 2, 0.400 gm (0.99 mmol) of Boc-protected butyl derivative of 

Tet -v3.0 2d yielded 0.326 gm (0.97 mmol) of the title compound 1d. Yield 98%. 1H NMR 

(400MHz, CD3OD) δ 8.52 (1H, s),8.51 (1H, d, J = 6 Hz),  7.66-7.61 (2H, m), 4.38 (1H, t, J = 

6.4 Hz), 3.46 (1H, dd, J = 8.8, 5.6 Hz), 3.35 (3H, dd, J = 15.6, 8 Hz), 1.96 (2H, quin, J = 7.6 

Hz), 1.47 (2H, sext, J = 7.2 Hz), 1.02 (3H, t, J = 7.8 Hz). 13C NMR (175MHz, CD3OD) δ 171.7, 

165.3, 137.2, 134.7, 134.3, 131.2, 129.9, 128.4, 55.2, 37.3, 35.4, 31.3, 23.4, 14.1. ESI-MS 

calculated for C15H20N5O2 ([M + H]+) 302.1612, found 302.1604. 

  

(S)-2-((tert-butoxycarbonyl)amino)-3-(3-(6-phenyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic 

acid (2e): Following the general synthetic procedure 1, starting from 0.25g (0.86 mmol) of 

Boc-protected 3-cyano phenyl alanine 4 and 0.62 mL (6.1 mmol) of benzonitrile afforded 0.156 

g (0.37 mmol) of the title compound 2e (phenyl derivative of Tet -v3.0) as a pink gummy 

material. Yield 43%. 1H NMR (700MHz, CDCl3) δ 8.63 (2H, bs), 8.51-8.46 (2H, m), 7.6 (3H, 

bs), 7.52-7.47 (2H, m), 5.14 (1H, bs), 4.72 (1H, bs), 3.47-3.11 (2H, m), 1.42 (9H, s). 13C NMR 

(175MHz, CDCl3) δ 174.9, 164.1, 163.9, 155.6, 137.6, 134.1, 132.9, 132.2, 131.9, 129.8, 129.5, 

129.1, 128.2, 126.9, 80.7, 54.5, 38.1, 28.4. 

 

Chloride salt of (S)-2-amino-3-(3-(6-phenyl-1,2,4,5-tetrazin-3-yl)phenyl)propanoic acid 

(1e): Following the general procedure 2, 0.150 gm (0.36 mmol) of Boc-protected phenyl 

derivative of Tet -v3.0 2e yielded 0.125 gm (0.35 mmol) of the title compound 1e. Yield 97%. 
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1H NMR (700MHz, d6-DMSO) δ 8.55 (2H, d, J = 8.4 Hz), 8.49 (1H, s), 8.46 (1H, d, J = 6.3 

Hz), 7.73-7.68 (3H, m), 7.67 (1H, t, J = 7.7 Hz), 7.64 (1H, d, J = 7.7 Hz), 4.32 (1H, bs), 3.32 

(2H, dd, J = 6.3, 3.5 Hz). 13C NMR (175MHz, d6-DMSO) δ 170.3, 163.5, 163.4, 136.5, 134.1, 

132.8, 132.2, 131.9, 129.9, 129.6, 128.8, 127.7, 126.7, 53.1, 35.7. ESI-MS calculated for 

C17H16N5O2 ([M + H]+) 322.1299, found 322.1303. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.19. Synthesis of TAMRA linked strained alkenes (sCCO, sTCO, dTCO and 

oxoTCO). 
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(Z)-bicyclo[6.1.0]non-4-en-9-ylmethanol (sCCO, 9): Synthetic procedure,1 1H NMR 

(700MHz, CD3OD) δ 5.64-5.60 (2H, m), 3.38 (2H, d, J = 7 Hz ), 2.30-2.26 (2H, m), 2.19-2.15 

(2H, m), 2.09-2.04 (2H, m), 1.73-1.43 (2H, m), 0.79-0.74 (2H, m), 0.58-0.55 (1H, m). 

 

(E)-bicyclo[6.1.0]non-4-en-9-ylmethanol (sTCO, 10): Synthetic procedure,2 1H NMR 

(700MHz, CD3OD) δ 5.89-5.84 (1H, m), 5.15-5.10 (1H, m),  3.44-3.39 (2H, m ), 2.37 (1H, d, 

J = 13.3 Hz), 2.27 (1H, dt, J = 12.6, 4.2 Hz),  2.25-2.23 (1H, m), 2.19-2.15 (1H, m), 1.94-1.87 

(2H, m), 0.92-0.87 (1H, m), 0.64-0.58 (1H, m), 0.50-0.46 (1H, m), 0.37-0.31 (2H, m).   

 

(E)-bicyclo[6.1.0]non-4-en-9-ylmethyl (4-nitrophenyl) carbonate (11): In a dry round-bottom 

flask, sTCO 10 (0.3 gm, 1.97 mmol) was dissolved in anhydrous dichloromethane (DCM) 

under inert atmosphere. Subsequently, trimethylamine (Et3N) (650 µL, 4.9 mmol) and 4-

Nitrophenyl chloroformate (0.43 gm, 2.16 mmol) were added to the solution and stirred at 30-

35 °C for 2-3 hrs. After consumption of all starting material (monitored by TLC), added 15 mL 

DCM to the reaction mixture and washed with water. The aqueous layer was re-extracted twice 

with DCM. The organic layers were combined, dried with anhydrous Na2SO4, concentrated 

using rotary evaporator. Purification was done using silica gel flash column chromatography 

(5% ethyl acetate in hexane) yielded yellowish white solid material 11 (0.51 gm, 1.6 mmol). 

Yield 81%. 1H NMR (400MHz, CDCl3) δ 8.27 (2H, d, J = 9.6 Hz), 7.37 (2H, d, J = 9.6 Hz),   

5.88-5.82 (1H, m), 5.18-5.14 (1H, m), 4.18 (2H, d, J = 7.2 Hz), 2.43-2.39 (1H, m), 2.35-2.22 

(3H, m), 1.96-1.90 (2H, m), 0.94-0.83 (1H, m), 0.69-0.64 (1H, m), 0.62-0.49 (3H, m).  

 

3. General synthetic procedure of TAMRA linked strained alkenes:  

A dry 10 mL round-bottom flask was charged with Tetramethylrhodamine 5 - (and - 6) - 

carboxamide cadaverine (TAMRA) and activated ester of strained alkene (11, 12, 13, 14) (2 

eqv.)  under N2 atmosphere. Anhydrous dichloromethane (2 mL) and N,N-

diisopropylethylamine (DIPEA) (3 eqv.) were added to the reaction mixture and allowed to 

stirrer at room temperature for 18 hours. After that, solvent was concentrated onto silica gel 

under reduced pressure and directly loaded on the silica gel column chromatography for 

purification. Using the solvent gradient 30-35% methanol in dichloromethane isolated desired 

molecules as a red solid material. Yield 46-57%.     

 

TAMRA linked sCCO (5): Using general procedure 3, 5 mg (9.7 µmol) of 5(6) - TAMRA 

cadaverine yielded 3.4 mg (4.9 µmol) of the title compound (5). Yield 51%. 1H NMR (400MHz, 
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CD3OD) δ 8.14 (1H, d, J = 7.2 Hz), 8.07 (1H, dd, J = 8.0, 1.6 Hz), 7.69 (1H, d, J = 2.0 Hz), 

7.27 (1H, s), 7.25 (1H, s), 7.03 (1H, d, J = 2.4 Hz), 7.01 (1H, d, J = 2.4 Hz), 6.92 (2H, d, J = 

2.4 Hz), 5.62-5.58 (2H, m), 3.82 (2H, d, J = 7.6 Hz), 3.38 (2H, t, J = 7.2 Hz), 3.28 (12H, s), 

3.08 (2H, t, J = 7.2 Hz),  2.27-2.22 (2H, m), 2.16-2.02 (3H, m), 1.67-1.59 (2H, m), 1.56-1.49 

(2H, m), 1.42-1.34 (5H, m), 0.83-0.78 (2H, m), 0.64-0.59 (1H, m). 

 

TAMRA linked sTCO (6): Using general procedure 3, 10 mg (0.019 mmol) of 5(6) - TAMRA 

cadaverine yielded 7.5 mg (0.010 mmol) of the title compound (6). Yield 57%. 1H NMR 

(400MHz, CD3OD) δ 8.50 (1H, s), 8.05 (1H, t, J = 8.4 Hz), 7.35 (1H, d, J = 7.2 Hz), 7.25 (2H, 

dd, J = 8.8, 4.0 Hz), 7.01 (2H, d, J = 9.2 Hz), 6.91 (2H, s), 5.89-5.78 (1H, m), 5.16-5.04 (1H, 

m), 3.90 (1H, bs), 3.61 (1H, s), 3.49-3.42 (2H, m), 3.27 (12H, s), 3.16-3.05 (2H, m), 2.37-2.29 

(1H, m), 2.26-2.16 (2H, m), 1.95 (2H, s),  1.92-1.87 (1H, m), 1.74-1.43 (5H, m), 1.35 (3H, d, 

J = 6 Hz ), 0.93-0.82 (1H, m), 0.62-0.50 (1H, m), 0.46-0.36 (1H, m). 

 

 

TAMRA linked dTCO (7):3 Using general procedure 3, 5 mg (9.7 µmol) of 5(6) - TAMRA 

cadaverine yielded 3.2 mg (4.4 µmol) of the title compound (7). Yield 46%.  1H NMR 

(400MHz, CD3OD) δ 8.15 (1H, d, J = 8 Hz), 8.07 (1H, dd, J = 8.0, 1.6 Hz), 7.69 (1H, d, J = 

1.6 Hz), 7.27 (1H, s), 7.25 (1H, s), 7.01 (2H, dd, J = 8.4, 2.0 Hz), 6.92 (2H, d, J = 2.4 Hz), 

5.62-5.53 (2H, m), 4.01-3.96 (2H, m), 3.93-3.88 (1H, m), 3.71 (1H, quin, J = 6.8 Hz), 3.81 

(2H, t, J =6.8 Hz), 3.28 (12H, s), 3.22 (1H, q, J =7.6 Hz), 3.11-3.07 (2H, m), 2.38-2.33 (1H, 

m), 2.24-2.19 (1H, m), 2.15-2.10 (2H, m), 1.96 (2H, bs), 1.76-1.71 (1H, m), 1.66-1.59 (2H, m), 

1.57-1.51 (2H, m), 1.42-1.38 (2H, m), 1.31-1.28 (1H, m).  

 

TAMRA linked oxoTCO (8):4 Using general procedure 3, 5 mg (9.7 µmol) of 5(6) - TAMRA 

cadaverine yielded 3.1 mg (4.5 µmol) of the title compound (8). Yield 47%.   1H NMR 

(400MHz, CD3OD) δ 8.14 (1H, d, J = 8 Hz), 8.06 (1H, dd, J = 8.0, 1.6 Hz), 7.69 (1H, d, J = 

1.6 Hz), 7.27 (1H, s), 7.25 (1H, s), 7.01 (2H, dd, J = 9.2, 2.4 Hz), 6.92 (2H, d, J = 2.4 Hz), 

5.69-5.61 (1H, m), 5.41-5.34 (1H, m),  4.01-3.96 (1H, m), 3.89-3.81 (3H, m), 3.37 (2H, t, J = 

7.2 Hz), 3.23 (12H, s), 3.23-3.19 (1H, m), 3.08 (2H, t, J = 6.8 Hz), 2.45-2.40 (1H, m), 2.30-

2.24 (1H, m), 2.22-2.12 (1H, m), 1.82 (1H, dd,  J = 14, 4.4 Hz), 1.66-1.59 (2H, m), 1.56-1.49 

(2H, m), 1.42-1.38 (3H, m), 1.30-1.27 (1H, m). 
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Fig 3.20. Synthesis of PEGylated sTCO, di-sTCO and TAMRA-sTCO.  

 

PEG192 linked di-sTCO (15): In 3 mL anhydrous dichloromethane, Amino-PEG192-Amine 

(15 mg, 0.07 mmol), the activated ester of sTCO 11 (86 mg, 0.27 mmol) and followed by 

triethylamine (30 µL, 0.212mmol) were added under argon atmosphere. The reaction mixture 

was stirred at room temperature for 24 hours. After that, the solvent was concentrated onto 

silica gel under reduced pressure and purified our desired molecule 15 (25 mg, 0.045 mmol) 

by silica gel column chromatography (10-15% methanol in dichloromethane). Yield 64%. 1H 

NMR (400MHz, CD3OD) δ 5.91-5.83 (2H, m), 5.18-5.10 (2H, m),  3.93(4H, d, J = 6.4 Hz), 

3.66-3.62 (8H, m ), 3.54 (4H, t, J = 5.6 Hz), 3.29 (4H, q, J = 5.6 Hz),  2.36 (2H, dd, J = 14, 2 

Hz), 2.30-2.17 (6H, m),  1.98-1.87 (4H, m), 0.94-0.85 (2H, m), 0.67-0.55 (4H, m), 0.49-0.44 

(4H, m). 

 

PEG550 linked di-sTCO (16): Similarly, using 40 mg of Amino-PEG550-Amine (0.072 

mmol), 80 mg of the activated ester of sTCO 11 (0.254 mmol) and 30 µL of triethylamine 

(0.218 mmol) produced 40 mg of the title molecule 16 (0.042 mmol). Yield 58%. 1H NMR 
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(400MHz, CD3OD) δ 5.90-5.82 (2H, m), 5.16-5.09 (2H, m),  3.91(4H, d, J = 6.0 Hz), 3.65-

3.61 (40H, m ), 3.52 (4H, t, J = 5.6 Hz), 3.26 (4H, t, J = 5.6 Hz),  2.36-2.33 (2H, m), 2.28-2.14 

(6H, m),  1.94-1.87 (4H, m), 0.94-0.83 (2H, m), 0.65-0.56 (4H, m), 0.47-0.42 (4H, m). 

 

mPEG1000 linked sTCO (17): Following the above procedure, using 115 mg (0.115 mmol) 

of mPEG1000-Amine, 43 mg (0.138 mmol) of the activated ester of sTCO 11 and 35 µL 

triethylamine (0.23 mmol) made 98 mg (0.083 mmol) of the title molecule 17. Yield 72%. 

Compound was purified by silica gel column chromatography (5% methanol in 

dichloromethane). 1H NMR (400MHz, CD3OD) δ 5.90-5.82 (1H, m), 5.17-5.09 (1H, m),  

3.91(2H, d, J = 6.8 Hz), 3.63 (82H, bs), 3.55-3.50 (4H, m),  3.35 (3H, s), 3.25 (2H, q, J = 5.6 

Hz), 2.36-2.36 (1H, d, J = 13.6 Hz),  2.28-2.15 (3H, m), 1.98-1.86 (2H, m), 0.94-0.84 (1H, m), 

0.65-0.53 (2H, m), 0.48-0.42 (2H, m). 

 

mPEG5000 linked sTCO (18): Following the above procedure, using 130 mg (0.026 mmol) 

of mPEG5000-Amine, 10 mg of the activated ester of sTCO (0.031 mmol) and 10 µL 

triethylamine (0.052 mmol) produced 104 mg of the title molecule 18 (0.019 mmol). Yield 

74%. Compound was purified by silica gel column chromatography (5% methanol in 

dichloromethane). 1H NMR (400MHz, CD3OD) δ 5.90-5.82 (1H, m), 5.17-5.09 (1H, m),  

3.91(2H, d, J = 6.8 Hz), 3.82-3.79 (3H, m ), 3.63 (411H, bs),  3.54-3.50 (4H, m),  3.45 (2H, t, 

J = 4.8 Hz), 3.35 (3H, s), 3.26 (2H, t, J = 5.6 Hz),  3.16 (2H, q, J = 7.6 Hz), 2.35 (1H, d, J = 

15.2 Hz),  2.27-2.15 (3H, m), 1.97-1.88 (2H, m), 0.95-0.84 (1H, m), 0.66-0.54 (2H, m), 0.48-

0.41 (2H, m). 

 

sTCO linked PEGylated-Amine (19): Following the above procedure, 40 mg of the activated 

ester of sTCO 11 (0.126 mmol), 49 mg (0.252 mmol) of Amino-PEG192-Amine and 26 µL of 

triethylamine (0.189 mmol) made 29 mg (0.078 mmol) of the title molecule 19. Yield 62%. 

Compound was purified by silica gel column chromatography (30-35% methanol in 

dichloromethane).  1H NMR (400MHz, CD3OD) δ 5.91-5.83 (1H, m), 5.18-5.10 (1H, m),  

3.94(2H, d, J = 6.4 Hz), 3.72 (2H, t, J = 5.2 Hz ), 3.69 (4H, bs),  3.67-3.64 (4H, m),  3.54 (2H, 

t, J = 5.6 Hz), 3.30 (2H, t, J = 5.6 Hz),  3.13 (2H, t, J = 5.2 Hz), 2.35 (1H, dd, J = 14, 2.4 Hz),  

2.29-2.19 (3H, m), 1.96-1.89 (2H, m), 0.96-0.85 (1H, m), 0.64-0.56 (2H, m), 0.50-0.43 (2H, 

m). 
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TAMRA linked PEGylated –sTCO (20): In dry DCM (2 mL), (5(6)-Carboxytetramethyl-

rhodamine) (TAMRA Acid) (6mg, 0.014 mmol), 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC.HCl) (4mg, 0.02 mmol) and N-Hydroxysuccinimide (NHS) (2.5 mg, 0.020 

mmol) were added under argon atmosphere and allowed to stirrer for 30 minutes under ice cold 

condition. After that, sTCO linked PEGylated-Amine 19 (5.6 mg, 0.016 mmol) and followed 

by N,N-Diisopropylethylamine (DIPEA) (10 µl, 0.05 mmol) were added to the reaction 

mixture. After 15 minutes ice bath was removed and stirring was continued for another 24 

hours at room temperature. After that, the solvent was concentrated onto silica gel under 

reduced pressure and purified the title compound 20 (4.8 mg, 6.13 µmol) by silica gel column 

chromatography (20-25% methanol in dichloromethane). Yield 44%.   1H NMR (700MHz, 

CD3OD) δ  8.16 (1H, d, J = 8.4 Hz), 8.12 (1H, d, J = 8.4 Hz), 7.74 (1H, s), 7.27 (2H, dd, J = 

13.3, 9.1 Hz), 7.08-7.04 (2H, m), 6.97 (2H, bs), 5.91-5.79 (1H, m), 5.17-5.09 (1H, m),  3.97-

3.87(2H, m), 3.74 (4H, quin, J = 7.0 Hz ), 3.68-3.63 (6H, m),  3.56-3.52 (2H, m),  3.31 (12H, 

s), 3.23 (4H, q, J = 7.7 Hz),  2.49-2.23 (2H, m), 2.28-2.20 (1H, m),  1.44 (2H, q, J = 7.0 Hz), 

1.16-1.06 (1H, m), 0.94-0.84 (2H, m), 0.70-0.53 (2H, m), 0.47-0.36 (1H, m). 

 

Selection of Aminoacyl-tRNA Synthetases Specific for a Representative Tetrazine Amino 

Acid and Bioorthogonal Labeling 

 The D3 library (Leu270, Tyr306, Leu309, Asn346, and Cys348) from the 

Methanosarcina barkeri (Mb) system was chosen for its previously demonstrated ability to 

incorporate large aromatic amino acids into proteins. The D3 library was encoded on a 

kanamycin (Kn) resistant plasmid (pBK, 3000 bp) under control of the constitutive Escherichia 

coli GlnRS promoter and terminator. The aminoacyl synthetase library consists of the codons 

at the aforementioned sites mutated to NNK codons corresponding to all 20 natural amino acids 

where N is A, C, G, or T and K is G or T. The library plasmid, pBK D3 lib, was moved between 

cells containing a positive selection plasmid (pRep pylT) and cells containing a negative 

selection plasmid (pYOBB2 pylT). 

The positive selection plasmid, pRep pylT (10000 bp), encodes a mutant (Mb) 

pyrrolysyl-tRNACUA, an amber codon-disrupted chloramphenicol acetyltransferase, an amber 

codon-disrupted T7 RNA polymerase, a T7 promoter controlled GFP gene, and the tetracycline 

(Tcn) resistance marker.  The negative selection plasmid, pYOBB2 pylT (7000 bp), encodes 

the mutant pyrrolysyl-tRNACUA, an amber codon-disrupted barnase under control of an 

arabinose promoter and rrnC terminator, and the ampicillin (Amp) resistance marker. pRep 
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pylT electrocompetent cells and pYOBB2 pylT electrocompetent cells were made from 

DH10B cells carrying the respective plasmids and stored in 100 μL aliquots at −80 °C. 

 pRep pylT/pBK D3 library cells were prepared by transforming 1.6 µg of the pBK D3 

lib plasmid into freshly prepared pRep pylT competence cells. The transformation yielded 

greater than 1000-fold coverage of the genotypic pRep pylT library (3.36*107 library 

members). Transformed cells (10 mL saturated solution) were used to inoculate 300 mL 2xYT 

containing 50 μg/mL Kn and 25 μg/mL Tcn.  The OD of the 2xYT was monitored until it 

reached 2.8 at which point 250 µL aliquots of media were plated on eleven 15 cm LB-agar 

plates containing 50 μg/mL Kn, 25 μg/mL Tcn, and 40 μg/mL chloramphenicol (Cm).  The 

positive selection agar medium also contained 1 mM Tet-v3.0. After spreading, the surface of 

the plates was allowed to dry completely before incubation (37 °C, 18 h).  To harvest the 

surviving library members from the plates, 5 mL of 2×YT was added to each plate.  Colonies 

were scraped from the plate using a glass spreader.  The resulting solution was incubated with 

shaking (30 min, 37 °C) to wash cells free of agar.  The cells were then pelleted, and plasmid 

DNA was extracted using a Thermo Scientific miniprep kit. The smaller pBK D3 lib plasmid 

was separated from the larger pRep pylT plasmid by agarose gel electrophoresis (1% (w/v) 

agarose gel, 120 V, 40 min) and extracted from the gel using a Thermo Scientific gel extraction 

kit. 

The purified pBK D3 library plasmid was then transformed into pYOBB2 pylT-

containing DH10B electrocompetent cells.  A 100 μL sample of pYOBB2 pylT 

electrocompetent cells was transformed with 5.0 ng of purified pBK D3 lib DNA.  Cells were 

rescued in 1 mL of SOC for 1 h (37 °C, 250 rpm) and the rescue solution was plated on three 

15 cm LB plates containing 100 μg/mL Amp, 25 µg/mL Cm, and 0.2% (w/v) L-arabinose (250 

µL rescue solution per plate).  Cells were scraped and the PBK D3 library DNA was isolated 

as described above for positive selections. At this point, the remaining library was 

retransformed into pREP pylT containing cells to start a second round of positive selections 

and subsequently, a second round of negative selections. After the second round of selections 

DNA from the first and second negative rounds was further evaluated. 

In order to evaluate the success of the positive and negative selections based on 

variation in synthetase efficiency (as opposed to traditional survival/death results) the resulting 

pBK D3 library members were tested with the pALS plasmid.  This plasmid contains the GFP 

reporter with a TAG codon at residue 150 as well as pyrrolysyl-tRNACUA.  When a pBK 

plasmid with a functional synthetase is transformed with the pALS plasmid and the cells are 
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grown in the presence of the appropriate amino acid on autoinduction agar, sfGFP is expressed 

and the colonies are visibly green. 

The pBK D3 library plasmid (70 ng) from the negative selection was used to transform 

100 μL of pALS-containing DH10B cells.  The cells were rescued for 1 hour in 1 mL of SOC 

(37 °C, 250 rpm).  Both 250 μL and 50 μL aliquots of cells from each library were plated on 

autoinducing agar plates with 25 μg/mL Kn and 50 μg/mL Tcn. The plates were further divided 

by the presence or absence of amino acid (1mM Tet-v3.0).  Plates were grown at 37 °C for 24 

hours and then grown on the bench top, at room temperature, for an additional 24 hrs.  

Autoinducing agar plates were prepared by combining the reagents in Table 2.1 with an 

autoclaved solution of 4.5 g of agar in 400 mL water.  Sterile water was added to a final volume 

of 500 mL. 

A total of 72 visually green colonies from the two 1 mM Tet-v3.0 plates and 24 visually 

white colonies from the two plates without Tet-v3.0 were used to inoculate a 96-well plate 

containing 0.5 mL per well non-inducing media (NIM) (Table 2.1) containing 50 μg/mL Kn 

and 25 μg/mL Tcn.  After 24 hours of growth (37 °C, 250 rpm), 50 μL of these non-inducing 

samples were used to inoculate two 96-well plates with 0.5 mL autoinducing media(AIM) 

(Table 2.1) containing 50 μg/mL Kn, 25 μg/mL Tcn. One 96-well plate was created with and 

one 96-well plate was created without 1 mM Tet-v3.0. 

Fluorescence measurements of the cultures were collected 24, 48, and 72 hours after 

inoculation using a BIOTEK® Synergy 2 Microplate Reader.  The emission from 528 nm (20 

nm bandwidth) was summed with excitation at 485 nm (20 nm bandwidth).  Samples were 

prepared by diluting suspended cells directly from culture 4-fold with sterile water.  Fifteen 

colonies were selected for their high fluorescence with Tet-v3.0 present and low fluorescence 

in the absence of ncAAs. Selected hits were grown overnight (37 °C for 24 hours) in LB media 

containing 50 μg/mL Kn and 25 μg/mL Tcn. Grown media (800 µL) was mixed with 80% (v/v) 

glycerol (200 µL) and stored at -80 °C. 

Selections were also performed using the Susan2 library: Asn311, Cys313, Val366, 

Trp382, and Gly 386. However, hits from the Susan2 library demonstrated poorer fidelity and 

were not characterized further. 

Characterization of Efficiency and Fidelity 

 After the completion of the selections, efficiency and fidelity were measured in larger, 

more aerated cultures. Cell stocks were used to inoculate 5 mL of NIM containing 50 μg/mL 

Kn and 25 μg/mL Tcn and allowed to grow overnight (37 °C, 18 hours). Saturated NIM (50 

μL) was then used to inoculate AIM containing 50 μg/mL Kn, 25 μg/mL Tcn, and Tet-v3.0 (1 
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mM).  Fluorescence was measured every 12 hours for 48 hours. The six unique synthetases are 

compared in (Fig 3.4). Fluorescence measurements were collected using a Turner Biosystems 

Picofluor fluorimeter diluting 100 µL cell culture in 1.9 mL water.  

Sequencing of Tet-v3.0 hits 

 The pBK plasmids were sequenced stocks were sequenced. Of the fifteen colonies 

sequenced, six unique sequences were identified, and the sequences can be found in Table 3.2. 

It is of note that the hits termed R2-3 and R2-84 differ only by the mutation Arg263Cys which 

is not predicted to directly contact the amino acid or play an essential role in catalysis. 

Permissivity Screen of Select Synthetases 

 Cell stocks stored at -80 °C containing Tet-v3.0 selection hits in the pBK/pALS 

system, were used to inoculate 5 mL of NIM containing kanamycin (50 µg/mL) and 

tetracycline (25 µg/mL). Cells were grown for 16 hours at 37 °C shaking at 250 rpm. The grown 

NIM cultures were used to inoculate 5 mL cultures of AIM (50 µL inoculate volume) 

containing kanamycin (50 µg/mL) and tetracycline (25 µg/mL). A separate culture was 

inoculated for every amino acid tested and 1 mM amino acid was introduced to those cultures. 

The amino acids tested include Tet-v3.0-methyl, Tet-v3.0-isopropyl, Tet-v3.0-butyl, and Tet-

v3.0-phenyl. All amino acids were dissolved in DMF prior to the addition to media. Upon 

addition to media Tet-v3.0-phenyl had significant precipitation. This alters the effective 

concentration of amino acid in the media but were not able to solubilize Tet-v3.0-phenyl to a 

significant degree via other methods. Cultures were grown for 30-36 hours at 37 °C and 250 

rpm. Fluorescence was assessed every 12 hours by removing 100 µL of media and diluting it 

to 2 mL total volume. Fluorescence was measured using a Turner Biosystems Picofluor 

fluorimeter. 

Expression and purification of GFP-TAG150-Tet-v3.0 

A cell stock of DH10B cells cotransformed with the R2-84 pBK plasmid, and pALS plasmid 

was used to inoculate a 5 mL culture of NIM containing kanamycin (50 µg/mL) and 

tetracycline (25 µg/mL), which was then grown 16 hours at 37 °C shaking at 250 rpm. A 50 

mL AIM culture containing kanamycin (50 µg/mL) and tetracycline (25 µg/mL) was inoculated 

with 0.5 mL of the grown NIM. The AIM was supplemented with 1 mM Tet-v3.0 that was pre-

dissolved in DMF to a concentration of 100 mM. The AIM culture was allowed to grow shaking 

at 250 rpm for 48 hours at 37 °C. Additionally, cultures without amino acid and containing 

only the WT pALS plasmid were grown simultaneously. All cells were harvested by 

centrifugation 5000 rcf for 5 min. Supernatant was decanted and cell pellets were stored at -

80 °C. To purify, cells were resuspended in TALON wash buffer (NaCl 300 mM, NaH2PO4 50 
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mM, pH 7.0). Cells were lysed using a Microfluidics M-110P microfluidizer (18,000 psi) and 

the lysate was collected in TALON wash buffer. The lysate was clarified by centrifugation 

(21036 rcf, 1 hour) and the supernatant was decanted and stored. The pellet was discarded. To 

the cell lysate, 100 µL bed volume TALON resin was added. Lysate was incubated with the 

resin for 1-2 hours gently rocking at 4° C. Resin and lysate were applied to a column and flow 

through was discarded. Resin was washed with 3 x 10 mL TALON wash buffer. Protein was 

eluted with 4 x 250 µL TALON elution buffer (TALON wash buffer containing imidazole 250 

mM). Protein concentration was measured using a Bradford assay. Protein purity was assessed 

using SDS-PAGE. 

Mass spectra of GFP-Tet-v3.0 from different synthetases 

 GFP-TAG150-Tet-v3.0 was expressed and purified as described above from each of 

the R2-40, R2-74, and R2-84 synthetases. Protein was diluted to 10 µM and desalted on C4 zip 

tips and analyzed using an FT LTQ mass spectrometer at the Oregon State University mass 

spectrometry facility. Of the six synthetases identified, three (R2-40, R2-74, and R2-84) 

produced GFP-TAG150-Tet-v3.0 that appears as a single peak of the expected molecular 

weight. 

Measuring the impact of amino acid concentration on GFP production 

 Auto-induction media (3 mL, tetracycline 25 ng/µL, kanamycin 50 ng/µL) was 

inoculated using 30 µL of non-induction media cultures of DH10B cells cotransformed with 

the pALS plasmid and a pBK plasmid corresponding to the synthetases of R2-84 and R2-74. 

Autoinduction media contained various amounts of the amino acid of interest ranging from 0-

1 mM. Cultures were grown at 37 °C and shaking at 250 rpm. OD600 and fluorescence 

measurements were taken every 12 hours and the fluorescence was normalized to the OD. 

Measuring Tet-v3.0 kinetics 

Fluorescence of 1.9 nmol of purified GFP-Tet-v3.0 diluted in 3 mL of PBS was measured (488 

nm excitation, 509 nm emission, 5 points/second) for 60 seconds prior to the addition of various 

quantities (2 nmol-200 nmol) of sTCO. Fluorescence was measured until no fluorescence 

increase was observed. Curves were fit using the curve-fitting program Igor to determine 

kinetic constants. 

Cloning into pDule1/2 

The primers 5’- 

GAGTTTACGCTTTGAGGAATCCCCCATGGATAAAAAACCGCTGGATG-3’ (Forward 

primer) and 5’- CCTCTTCTGAGATGAGTTTTTGTTCTTACAGGTTCGTGCTAATGC-3’ 

(Reverse primer) were used to amplify the synthetase gene from the pBK plasmid. The 
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amplified fragment was gel purified and cloned into the pDule1/pDule2 plasmid using a SLICE 

reaction. 

Cloning into pACBac 

A G-block was ordered of the mammalian codon optimized pylRS synthetases R2-74 and R2-

84. The primers 5’-CTTCCTGGAAATCAAGAGCCCCATCCT-3’ (Forward primer) and 5’-

GTTCCAGGTCGCCGTGCATGATGT-3’ (Reverse primer) were used to amplify the 

synthetase gene from the G-block. The PCR products as well as a pUC plasmid backbone were 

digested with the restriction enzymes EcoR1 and Xho1. The desired fragments were gel 

purified and a ligation reaction was performed between the pUC backbone and the synthetase 

genes. The ligated product was sequenced to confirm identity. 

The pUC plasmids containing both the R2-74 and R2-84 synthetases, as well as pACBac 

plasmid with no insert were digested using the restriction enzymes Nhe1 and EcoR1. The 

fragments containing the synthetase gene from the pUC plasmids and the fragments containing 

the pACBac backbone were gel purified. A ligation reaction was performed between individual 

synthetase genes and the pACBac backbone. Identity of ligation products was confirmed by 

sequencing. 

Mobility Shift Assay 

 Purified GFP was diluted to 50 µM in PBS. The protein was reacted with excess sTCO-

PEG5000 (250 µM) for 30 minutes in PBS. Reactions were not quenched. Protein was denatured 

through the addition of Laemmli buffer and heating at 95 °C for 15 minutes. Samples were then 

analyzed using SDS-PAGE.  

Sequences of Genes Used  

WT GFP:  

Protein: 

MVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVP

WPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEV

KFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHN

VEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTA

AGITHGMDELYKGSHHHHHH 

DNA: 

ATGGTTAGCAAAGGTGAAGAACTGTTTACCGGCGTTGTGCCGATTCTGGTGGAAC

TGGATGGTGATGTGAATGGCCATAAATTTAGCGTTCGTGGCGAAGGCGAAGGTG

ATGCGACCAACGGTAAACTGACCCTGAAATTTATTTGCACCACCGGTAAACTGCC

GGTTCCGTGGCCGACCCTGGTGACCACCCTGACCTATGGCGTTCAGTGCTTTAGC
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CGCTATCCGGATCATATGAAACGCCATGATTTCTTTAAAAGCGCGATGCCGGAAG

GCTATGTGCAGGAACGTACCATTAGCTTCAAAGATGATGGCACCTATAAAACCC

GTGCGGAAGTTAAATTTGAAGGCGATACCCTGGTGAACCGCATTGAACTGAAAG

GTATTGATTTTAAAGAAGATGGCAACATTCTGGGTCATAAACTGGAATATAATTT

CAACAGCCATAATGTGTATATTACCGCCGATAAACAGAAAAATGGCATCAAAGC

GAACTTTAAAATCCGTCACAACGTGGAAGATGGTAGCGTGCAGCTGGCGGATCA

TTATCAGCAGAATACCCCGATTGGTGATGGCCCGGTGCTGCTGCCGGATAATCAT

TATCTGAGCACCCAGAGCGTTCTGAGCAAAGATCCGAATGAAAAACGTGATCAT

ATGGTGCTGCTGGAATTTGTTACCGCCGCGGGCATTACCCACGGTATGGATGAAC

TGTATAAAGGCAGCCACCATCATCATCACCAT  

R2-84 PylRS: 

Protein: 

MDKKPLDVLISATGLWMSRTGTLHKIKHHEVSRSKIYIEMACGDHLVVNNSRSCRTA

RAFRHHKYRKTCKRCRVSDEDINNFLTRSTESKNSVKVRVVSAPKVKKAMPKSVSR

APKPLENSVSAKASTNTSRSVPSPAKSTPNSSVPASAPAPSLTRSQLDRVEALLSPEDK

ISLNMAKPFRELEPELVTRRKNDFQRLYTNDREDYLGKLERDITKFFVDRGFLEIKSPI

LIPAEYVERMGINNDTELSKQIFRVDKNLCLCPMLAPTGYNYLRKLDRILPGPIKIFEV

GPCYRKESDGKEHLEEFTMVGFAQMGSGCTRENLEALIKEFLDYLEIDFEIVGDSCM

VYGDTLDIMHGDLELSSAVVGPVSLDREWGIDKPWIGAGFGLERLLKVMHGFKNIK

RASRSESYYNGISTNL 

DNA: 

ATGGATAAAAAACCGCTGGATGTGCTGATTAGCGCGACCGGCCTGTGGATGAGC

CGTACCGGCACCCTGCATAAAATCAAACATCATGAAGTGAGCCGCAGCAAAATC

TATATTGAAATGGCGTGCGGCGATCATCTGGTGGTGAACAACAGCCGTAGCTGCC

GTACCGCGCGTGCGTTTCGTCATCATAAATACCGCAAAACCTGCAAACGTTGCCG

TGTGAGCGATGAAGATATCAACAACTTTCTGACCCGTAGCACCGAAAGCAAAAA

CAGCGTGAAAGTGCGTGTGGTGAGCGCGCCGAAAGTGAAAAAAGCGATGCCGA

AAAGCGTGAGCCGTGCGCCGAAACCGCTGGAAAATAGCGTGAGCGCGAAAGCG

AGCACCAACACCAGCCGTAGCGTTCCGAGCCCGGCGAAAAGCACCCCGAACAGC

AGCGTTCCGGCGTCTGCGCCGGCACCGAGCCTGACCCGCAGCCAGCTGGATCGT

GTGGAAGCGCTGCTGTCTCCGGAAGATAAAATTAGCCTGAACATGGCGAAACCG

TTTCGTGAACTGGAACCGGAACTGGTGACCCGTCGTAAAAACGATTTTCAGCGCC

TGTATACCAACGATCGTGAAGATTATCTGGGCAAACTGGAACGTGATATCACCA

AATTTTTTGTGGATCGCGGCTTTCTGGAAATTAAAAGCCCGATTCTGATTCCGGC
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GGAATATGTGGAACGTATGGGCATTAACAACGACACCGAACTGAGCAAACAAAT

TTTCCGTGTGGATAAAAACCTGTGCCTGTGTCCGATGCTGGCCCCGACCGGTTAT

AACTATTTGCGTAAACTGGATCGTATTCTGCCGGGTCCGATCAAAATTTTTGAAG

TGGGCCCGTGCTATCGCAAAGAAAGCGATGGCAAAGAACACCTGGAAGAATTCA

CCATGGTTGGTTTTGCTCAAATGGGCAGCGGCTGCACCCGTGAAAACCTGGAAGC

GCTGATCAAAGAATTCCTGGATTATCTGGAAATCGACTTCGAAATTGTGGGCGAT

AGCTGCATGGTGTATGGCGATACCCTGGATATTATGCATGGCGATCTGGAACTGA

GCAGCGCGGTGGTGGGTCCGGTTAGCCTGGATCGTGAATGGGGCATTGATAAAC

CGTGGATTGGCGCGGGTTTTGGCCTGGAACGTCTGCTGAAAGTGATGCATGGCTT

CAAAAACATTAAACGTGCGAGCCGTAGCGAAAGCTACTATAACGGCATTAGCAC

GAACCTGTAA 

Toxicity Screen of Tetrazines 

 HEK293T cells plated in a 96-well plate at approximately 40% confluency. Cells were 

incubated for 48 h with tet3.0 butyl or 1% DMSO, and the cell viability was measured using 

CellTiter Glo assay kit (Promega) according to the manufacturer’s instruction. Briefly, 25 µl 

of CellTiter Glo reagent was added to each well and incubated for 10 min at RT. The signal 

was measured for 1 sec using TR717 microplate luminometer (Berthold, Germany) and 

WinGlow software version 1.25 (Berthold Technologies). The data was normalized to vehicle 

control and fitted to a curve using non-linear regression method using GraphPad Prism 5. n = 

3 ± SEM 

Transfection of HEK cells 

 HEK293T cells were plated in a 24-well plate at about 40% confluency so that they 

reach 70% ~ 90% confluency at the time of transfection. Cells were transfected using 

Lipofectamine 2000 (Thermo Fisher) using the manufacturer’s protocol with minor 

modification. Briefly, 600 ng of plasmid DNA was diluted in 25 µl of serum free DMEM and 

1.8 µl of Lipofectamine 2000 reagent was diluted in 25 µl of serum free DMEM. They were 

combined and incubated for 10 min at RT before adding to cells. Tet3.0 amino acid was added 

to the cells immediately and incubated for 24 h ~ 48 h.  

Reaction with TAMRA-strained alkenes 

 

 To assess the background staining untransfected HEK293T cells were 

incubated for 30 min with TAMRA acid, TAMRA-sCCO, TAMRA-dTCO, TAMRA-

oxoTCO, or TAMRA-sTCO. Cells were washed once with PBS and dissociated into 

single cells by 0.05% trypsin/0.53 mM EDTA. Cells were washed twice with PBS and 
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subjected to flow cytometry as described below to analyze the level of TAMRA 

staining. 

 

Flow Cytometry Assessment (Include 2D) 

 HEK293T cells were transfected as described above with R2 84 RS pAcBac1 

and sfGFP-TAG150 pAcBac1 for 24 h. GFP expression and fluorescence was 

confirmed by fluorescence microscope. Adherent cells were washed three times with 

ncAA-free DMEM supplemented with 10% FBS and penicillin/streptomycin. Cells 

were incubated for 30 min with TAMRA acid, TAMRA-sCCO, TAMRA-dTCO, 

TAMRA-oxoTCO, or TAMRA-sTCO. Cells were washed once with PBS and 

dissociated into single cells by trypsin/EDTA. To analyze the expression of GFP 

protein and its labeling with TAMRA-strained alkenes, cells were analyzed by flow 

cytometry using CytoFLEX flow cytometer and CytExpert software version 2.2 

(Beckman Coulter). GFP and TAMRA signal was collected on FL1-H FITC and FL10-

H PE channel, respectively. Doublets were identified by plotting FSC-H versus FSC-

A, and excluded from the subsequent analysis. In the scatter plot of GFP versus 

TAMRA, the basal level of GFP or TAMRA signal was determined from untransfected 

cells or no ncAA control cells. Any cells that have higher level of GFP than negative 

control were defined to be a GFP expressing cells. Background TAMRA staining level 

was determined from GFP-negative cell population. Any GFP expressing cells that 

have higher TAMRA signal than the background TAMRA singal were regarded as 

TAMRA-labeled cell population. On the other hand, any GFP expressing cells that 

have same TAMRA signal as the background TAMRA signal were regared as non-

labeled cell population. The relative ratio of the two-cell population and mean 

fluorescence intensity were calculated by using FlowJo or CytExpert software.  

In cellulo Reactions (Dimerization/sTCO-PEG1000) 

 HEK293T cells were transfected as described in the flow cytometry assessment 

section. To evaluate the feasibility of protein dimerization, transfected cells were 

washed three times with DMEM supplemented with 10% FBS and 

penicillin/streptomycin followed by 30 min incubation with di-sTCO-PEG100 or di-

sTCO-PEG500. The reactive dimerization agents were quenched by reacting excessive 
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amount of tet2.0 methyl for 10 min at 37C. Cells were washed with PBS and lysed in 

beta-mercaptoethanol-free Laemmli buffer. Without heat denaturation, the lysates were 

analyzed by SDS-PAGE on 12% gel. The GFP fluorescence image was captured using 

ChemiDoc imaging system (Bio-Rad) using UV transillumination and the standard 

emission filter of 580/120 nm. Equal amount of protein loading was confirmed by 

staining the gel with Coomassie Brilliant Blue R.  

To further evaluate the in cellulo labeling of GFP-Tet-v3.0 protein in HEK293T cells, 

transfected HEK293T cells were washed three times with DMEM, 10% FBS, pen/strep, 

and incubated for 30 min with sTCO-PEG1000 or sTCO-PEG5000. In gel fluorescence 

was performed to visualize the mobility shift of GFP-Tet-v3.0 protein that reacted with 

the agent as described above. (Neither agent worked) 

Cell Lysis and Fluorescence Gels 

 HEK293T cells were washed with PBS and lysed in beta-mercaptoethanol-free 

Laemmli buffer. Without thermal denaturation, the lysates were separated by 12% 

SDS-PAGE. The fluorescence images were captured using ChemiDoc imaging system 

(Bio-Rad). UV transillumination and the emission filter of 580/120 nm were used to 

visualized GFP, and green epi  illumination and the emission filter of 605/50 nm were 

used to detect TAMRA labeled protein band. 

Densitometry Analysis 

 The images were analyzed using ImageJ software 1.52a (NIH) to detect and 

quantify the band. Briefly, the lane was manually defined using rectangle tool and the 

densitogram was generated using the same tool. The specific protein peak above the 

base line was manually set using a straight-line tool. The band intensity was calculated 

by the software. The signal was normalized to the no labeling control.  
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Chapter 4 

 

Side Reactions of Tetrazines 
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Introduction 
 

 

 The reactions of tetrazines with sTCO molecules have been demonstrated to 

have near ideal reactions in that: 1) The rate constant of the reactions is extremely fast 

to the degree that the reaction can reach 99% completion in under a minute with sub-

stoichiometric concentrations. 2) The reaction reaches completion such that no 

unreacted protein is observed via mass spectrometry. 3) The functional groups are non-

toxic and stable in vivo during the timescale of reaction. However, instances of 

incomplete reaction have been observed. Mobility shift assays show a portion of protein 

that remains unreacted (Fig 3.7). Stability of the tetrazine and sTCO functional groups 

is not absolute. Isomerization of sTCO112 as well as reduction of tetrazines132 have 

previously been observed. These side reactions must be characterized and controlled. 

 While isomerization of the functional group used as a label can be minimized 

through short exposure times in vivo, the incorporated functional group must be stable 

in vivo. The incorporation of tetrazines in proteins required further characterization of 

tetrazine side reactions. The most prominent side reaction of tetrazines is the reduction 

of tetrazines to form dihydro-tetrazines. This reaction takes place when a tetrazine is 

exposed to reducing agents (commonly thiols). The tetrazines may be reoxidized with 

reagents such as sodium nitrite115 or by exposure to atmospheric oxygen. Given that 

cellular environments are reducing in nature, this reaction may be relevant for in vivo 

labeling reactions. 

 

Results/Discussion 

 

 Previously change in GFP fluorescence has been used to characterize the rate 

of the labeling reaction of an encoded Tet-v2.0 amino acid at site 150 with strained 

alkenes. The presence of an oxidized tetrazine on the surface of GFP results in 

fluorescence quenching of the GFP molecule. The GFP fluorescence can be restored 

through reaction of the GFP with sTCO or other strained alkenes (Fig 4.1A). Using this 

method, the reactivity of Tet-v2.0 has been assessed in cello. However, separate in 

cellulo preparations of proteins show inconsistencies in the degree of fluorescence 

return. This can result in difficulty interpreting results due to the incomplete reaction. 
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Yet, upon purification, expressed GFP-Tet-v2.0 always shows complete labeling via 

mass spectrometry when reacted with strained alkenes. 

 

Fig 4.1. Time Dependent Mobility Shift Assay of GFP150-Tet-v2.0. 

A) Reaction of GFP150-Tet-v2.0 with sTCO-PEG5000 results in a fluorescence increase and a protein 

with greater molecular weight. B) Mobility shift assay of reactions of GFP150-Tet-v2.0 expressions 

varying by the expression time. The 35-hour expression results in a larger unshifted band. 

 Similar to Tet-v2.0, Tet-v3.0-methyl has been shown to demonstrate many 

properties of ideal reactions (Chapter 3). Upon reaction with sTCO in E. coli, Tet-v3.0-

methyl shows an increase in cellular fluorescence (Fig 4.2). Traces of this fluorescence 

increase vary from the fluorescence increase observed for the reaction of GFP150-Tet-

v3.0-methyl in vitro. When the reaction curves corresponding to the reaction between 

sTCO and GFP150-Tet-v3.0-methyl in cellulo are fit to exponential equations from the 

expected model, patterned residuals occur (Fig 4.3) indicating that the reaction does 

not follow the expected pseudo 1st order reaction kinetics. In contrast, no pattern is 

observed in the residuals of reactions of Tet-v2.0 (Fig 4.3). These data suggest a more 

complex phenomenon is occurring in the reaction between tetrazines and sTCO in E. 

coli. 
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Fig 4.2. Tet-v3.0-methyl Kinetic Comparison. 

A) Fluorescent traces of the pseudo 1st order reaction between GFP150-Tet-v3.0-methyl and sTCO in 

vitro at varying sTCO concentrations. The reactions occur as expected and fit well to exponential 

equations. B) Fluorescent traces of the reaction between GFP150-Tet-v3.0-methyl and sTCO in cellulo 

at varying sTCO concentrations. In addition to only partially reacting, the concentration dependence of 

the reaction is relatively weak and does not fit well to exponential equations. 

Fig 4.3. Fitting of In cellulo Reactions to 1st Order Equations. 

A) Curve fit of the reaction between GFP150-Tet-v2.0 and excess sTCO to an exponential equation. 

Residuals are small and show no patterns demonstrating that this reaction fits well to a 1st order equation. 

B) Curve fit of the reaction between GFP150-Tet-v3.0-methyl and excess sTCO to an exponential 

equation. Residuals show a clear pattern indicating that model of fit is not appropriate. This suggests that 

this reaction is not a pseudo 1st order reaction. 

  

 While using mass spectrometry, GFP150-Tet-v2.0 protein was shown to 

undergo complete labeling when reacted with sTCO. When monitored using mobility 

shift assays, an incomplete reaction is observed (Fig 4.1). This incomplete reaction 

varied from preparation to preparation. Some protein preparations resulted in near 

100% labeling as measured by complete upward shift of the GFP-Tet-v2.0 band to a 

higher molecular weight consistent with the addition of sTCO-PEG5000 (Fig 4.1B). 



98 
 

 

Others showed 80-90% completion when reacted with a large excess of sTCO-PEG5000 

(Fig 4.1C).  The unreacted protein could be a result of a low fidelity aaRS resulting in 

misincorporation of natural amino acids at the amber codon site. However, mass 

spectrometry analysis of the purified GFP150-Tet-v2.0 has revealed no natural amino 

acid incorporation as would be indicated by proteins with lower molecular weights. 

Further, expression of amber codon interrupted protein in the absence of ncAA results 

in the production of little to no full-length protein, as determined by purification using 

a C-terminal His Tag.  

 Together these results suggest that the tetrazine functionality on proteins was 

becoming unreactive either through reduction to the corresponding dihydro-tetrazine 

or through reaction with other species, making it unreactive to strained alkenes such as 

sTCO. Given the prevalence of oxidation and reduction reactions of tetrazines in 

literature132, these reactions are an obvious starting point for investigating potential 

causes of limited reactivity. Using cyclic voltammetry, the ability of the tetrazine amino 

acids to undergo oxidation and reduction reactions was assessed. It was found that Tet-

v2.0 undergoes irreversible oxidation and reduction events at potentials of     -380 mV 

and 45 mV (Table 4.1). In comparison, Tet-v3.0-methyl has similar potentials, though 

it is slightly more susceptible to reduction and less susceptible to oxidation than Tet-

v2.0. These values appear to be relevant in vivo as common cellular redox pairs can 

have potentials on the range of -80 to -400 mV133. Determination of the cellular redox 

state of tetrazines is not possible with these values as the cellular environment does not 

exist at a fixed redox potential because individual cellular redox pairs are not in 

equilibria with each other133. However, this suggests that some amount of GFP150-Tet-

v3.0 and even GFP150-Tet-v2.0 may exist as dihydro-tetrazines in vivo. 
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Table 4.1. Reduction Potentials of Tet-v2.0 and Tet-v3.0. 
 

 Efforts to address the reduction reactions of tetrazines by the Joseph Fox132 have 

shown that photooxidation of dihydro-tetrazines is possible. These reactions use 

photoreactive dyes such as methylene blue, Rose Bengal, or fluorescein in combination 

with visible light of varying wavelengths to form oxidized tetrazines.  To evaluate the 

ability to oxidize tetrazines on proteins, the reduced state of the proteins must be 

characterized. GFP150-Tet-v2.0 was treated with tris(2-carboxyethyl)phosphine 

(TCEP). The reaction with excess TCEP generated GFP-dihydro-Tet-v2.0. An increase 

in the fluorescence of GFP was observed upon treatment with TCEP consistent to the 

fluorescence increase observed upon reaction of GFP150-Tet-v2.0 with sTCO (Fig 

4.4). This corresponds to the loss of GFP quenching due to tetrazine proximity. Because 

similar levels of fluorescence were observed for reactions of GFP-Tet-v2.0 with TCEP 

and sTCO, it can be inferred that the TCEP is not detrimental to the GFP fluorophore. 

Attempts to oxidize this protein using photooxidation were unsuccessful. This may be 

due to the continued presence of TCEP reducing any oxidized GFP150-dihydro-Tet-

v2.0 prior to the ability to measure fluorescence. This shows that while GFP-Tet-v2.0 

is largely oxidized when purified, it can be readily reduced. In cells, the oxidation state 

of Tet-v2.0 is less apparent and more difficult to manipulate as cellular treatment with 

Name of 

Compounds  

 

Structure Ag/AgCl, 0.13(M) NaCl 
10 % dist. DMF in PBS(pH~7.4) 

Ec red
n (mV) Ea oxd

n(mV) 
Tet-v2.0 Me 

 

     -380/-380 +45/+40 

Tet-v3.0 Me 

 

     -370 +15 
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TCEP will not necessarily have the same impact on the intracellular redox environment 

as it does in vitro. 

Fig 4.4. Reaction of Purified GFP150-Tet-v2.0 with TCEP. 

GFP150-Tet-v2.0 reacted with TCEP results in an increase in fluorescence similar to the reaction of 

sTCO as measured via increase in fluorescence. 

 To determine whether tetrazines becomes reduced in cellulo, E. coli cells 

expressing GFP150-Tet-v2.0 and GFP150-Tet-v3.0-methyl were treated with 

methylene blue and red light (Fig 4.5). A decrease in fluorescence was observed 

consistent with the oxidation of dihydro-tetrazines. When light is removed, and the 

same cells are treated with sTCO an increase in fluorescence was observed consistent 

with the reaction of oxidized tetrazines with sTCO. When cells were treated with 

methylene blue or red light alone, no fluorescence decrease corresponding to oxidation 

was observed. Upon addition of sTCO, photooxidized cells show a fluorescence 

equivalent to unoxidized cells treated with excess sTCO. Together this data indicates 

that in cells expressing Tet-v2.0, a mixture of oxidized and reduced Tet-v2.0 is present. 

In contrast, Tet-v3.0-methyl is predominantly in the reduced state. This may be due to 

the observed differences in reduction potential of the free amino acids.  
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Fig 4.5. Photooxidation of Tet-v2.0 and Tet-v3.0 in E. coli. 

A) Photooxidation of GFP with methylene blue and red light. Oxidized tetrazine quenches GFP until 

reduced. Photooxidation results in further quenching. B) Photooxidation of cells expressing GFP150-

Tet-v2.0 for 24 hours. The cells were incubated for 2 hours with high aeration prior to use. Upon addition 

of sTCO, sTCO treated cells (black) and Methylene blue treated cells (green) increase in fluorescence 

corresponding to the IEDDA reaction. Cells treated with red light (blue) show an increase in fluorescence 

signal upon application of light, and a corresponding decrease upon removal. Cells treated with 

methylene blue and red light (red) decrease in fluorescence upon exposure to red light. Subsequent 

reaction with sTCO results in a return in fluorescence to the level of untreated cells. C) Photooxidation 

of cells expressing GFP150-Tet-v2.0 for 48 hours. The cells were incubated for 2 hours with high 

aeration prior to use. D) Photooxidation of cells expressing GFP150-Tet-v2.0 for 24 hours without an 

additional incubation step. E) Photooxidation of cells expressing GFP150-Tet-v2.0 for 48 hours without 

an additional incubation step. F) Photooxidation of cells expressing GFP150-Tet-v3.0-methyl for 48 

hours. The cells were incubated for 2 hours with high aeration prior to use. Reaction with sTCO in the 

absence of methylene blue and red light shows little increase in fluorescence corresponding to reaction. 
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  The dihydro-Tet-v2.0 can be oxidized through photooxidation such that 

subsequent reaction with sTCO returns it to a level of fluorescence that is equivalent to 

untreated cells reacted with sTCO. As these cells must undergo a greater fluorescence 

increase to return to the same level upon reaction with sTCO, more of the protein must 

be oxidized to allow for such a reaction. Cells were compared based on expression 

time. It was found that shorter expression lengths resulted in a greater proportion of the 

GFP-Tet-v2.0 that was in the dihydro state (Fig 4.5). 

  An important step in the preparation of cells for reaction with sTCO is an 

aeration step in which the expressed and washed cells are incubated in buffer with high 

levels of aeration. When the effect of this treatment on in cellulo oxidation state was 

evaluated it was found that in absence of the extended wash step photooxidation 

resulted in a decrease in fluorescence, but full fluorescent return to an equivalent level 

to untreated cells is dependent on this extended wash step (Fig 4.5 D,E). Additionally, 

a time dependence was observed for reactivity of these proteins towards sTCO in the 

absence of photooxidation. Cells that were expressed for 24 hours showed limited 

reaction with sTCO in comparison to cells expressed for 48 hours. This suggests that 

the oxidation state of the cellular environment varies over the course of an expression.  

 While differences were observed in the cellular abundance of oxidized and 

reduced tetrazines at 24 and 48 hours after the start of an expression, limited data exists 

describing how the reduction of Tet-v2.0 changes over course of an expression. Such 

measurements would detail the oxidation state of Tet-v2.0 during translation. When the 

fluorescence of GFP150-Tet-v2.0 producing cells is measured an increase in the 

fluorescence occurs corresponding to production of protein (Fig 4.6). Overtime this 

fluorescence decreases, seeming to indicate a loss of GFP. However, it is possible that 

this decrease in fluorescence corresponds to an oxidation event resulting in quenching 

of the GFP fluorescence. When the protein in the cells are reacted with excess sTCO, 

an increase in the fluorescence is observed corresponding to reaction of oxidized 

tetrazine to form a high fluorescent product (Fig 4.6). As this fluorescence does not 

decrease as a factor of expression time, this data suggests that the drop in GFP 

fluorescence of the unmodified cells corresponds to oxidation. As a control, the 

samples were also treated with methylene blue and red light to ensure that the amino 
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acid was in the oxidized state. As this treatment resulted in a steady lower limit of 

fluorescence (Fig 4.6), the fluorescence of the unmodified culture approximates the 

amount of protein in the oxidized (methylene blue treated) or reduced/reacted (sTCO 

treated) states. When GFP150-Tet-v3.0-methyl expressing cells were subject to the 

same treatment, similar results were observed. It is notable that the Tet-v3.0-methyl 

cells do not result in a continuing drop in GFP fluorescence, but rather level off after 

28 hours. 

 

Fig 4.6. Time Dependent Photooxidation. 

A) The fluorescence of cultures expressing GFP150-Tet-v2.0 or GFP150-Tet-v3.0-methyl were 

measured every four hours. A subset of cells was reacted with sTCO or methylene blue prior to 

measurement. B) Fluorescence of GFP150-Tet-v2.0 shows greatest fluorescent in cells treated with 

sTCO and least fluorescence in cells that were photooxidized. Untreated cells decrease in fluorescence 

overtime after fully expressed. C) Fluorescence of GFP150-Tet-v3.0-methyl exhibits many of the same 

behaviors as Tet-v2.0. Untreated cells do not show as significant of a decrease in fluorescence. 

 

 When the greatest increase in protein fluorescence occurs during an expression, 

the fluorescence of the untreated cells approximates that of those cells treated with 

sTCO. This suggests that newly expressed protein contains tetrazine in the high 

fluorescent reduced state. There are two options consistent with this result; the amino 

acid undergoes translation in the oxidized state and the resulting tetrazine protein is 

oxidized but becomes reduced soon after expression, or counter to our previous 
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understanding, the Tet-v2.0 and Tet-v3.0-methyl amino acids undergo translation in 

the reduced state. This would indicate that the evolved aaRSs load the dihydro-tetrazine 

amino acids and that the newly translated protein contains tetrazine in the dihydro form. 

Subsequently the dihydro-tetrazine on protein can equilibrate with the oxidized form 

in cellulo. Over the course of an expression, that equilibrium changes resulting in a 

higher abundance of oxidized tetrazine later in the expression. This shift in oxidation 

is potentially a result in metabolic changes of the E. coli over the course of the 

expression.  

 To verify that the reduced tetrazine amino acid is the substrate for the 

orthogonal tRNA/RS pairs that were evolved for the incorporation of Tet2.0 and Tet-

v3.0-methyl, the D12 Tet-v2.0 aaRS was kinetically characterized in vitro. The R2-84 

Tet-v3.0-methyl aaRS was not similarly characterized due to difficulty in 

overexpression of the M. barkeri PylRS. The D12 aaRS was cloned into the pBAD 

expression plasmid with a His tag for purification. The D12 aaRS was expressed and 

purified. The corresponding orthogonal tRNA was produced via in vitro transcription 

using T7 RNA polymerase. Additionally, the dihydro form of Tet-v2.0 was 

synthesized. In an anaerobic environment, the D12 aaRS was assayed for its ability to 

aminoacylate the corresponding tRNA with both the dihydro-Tet-v2.0 and the oxidized 

Tet-v2.0. The dihydro-Tet-v2.0 was found to be a substrate for the D12 enzyme at an 

amino acid concentration of 5 µM (Fig 4.7).  In contrast at concentrations of Tet-v2.0 

as high as 240 µM, no activity was found for aminoacylation of the corresponding 



105 
 

 

tRNA with the oxidized form of Tet-v2.0. With the dihyrdo-Tet-v2.0 it was found that 

up to 70% of tRNA was aminoacylated by the D12 aaRS.   

Fig 4.7. In vitro Aminoacylation of tRNA. 

At varying concentrations of reduced and oxidized Tet-v2.0, the percent of tRNA that was aminoacylated 

was measured. The dihydro-Tet-v2.0 acts as a substrate where the oxidized form does not. 

 The selectivity of the D12 aaRS for the dihydro-Tet-v2.0 suggests that the 

dihydro-Tet-v2.0 rather than the oxidized form is the primary substrate for the D12 

aaRS in cellulo. This is corroborated by the fact that during protein expression, the 

majority of newly produced protein shows limited to no reactivity with sTCO as would 

be expected of dihydro-tetrazines (Fig 4.6). Given that the D12 aaRS was selected for 

the oxidized form of the amino acid rather than the reduced, it would be expected that 

the amino acid becomes reduced in cellulo during the selection process. Additional 

selections would be expected to result in aaRSs specific for the reduced form. To 

generate an aaRS that can use the oxidized form of tetrazines as a substrate an 

alternative structure is required. Tetrazines with a more negative reducing potential 

would more strongly favor the oxidized state, enabling selections for a perpetually 

oxidized tetrazine amino acid. 

 Given that the dihydro-Tet-v2.0 is the substrate for the D12 aaRS, it is unclear 

whether the addition of the dihydro-Tet-v2.0 to media is more effective at producing 

protein as opposed to the addition of the oxidized amino acid. To test this, cultures 
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expressing the D12 aaRS and an amber codon interrupted GFP gene were 

supplemented with Tet-v2.0 and dihydro-Tet-v2.0. No major differences in GFP 

expression or cell growth were observed (Fig 4.8) indicating that the amino acids 

undergo reduction and oxidation readily such that the reduction state of the 

supplemented amino acid is not limiting. 

 

Fig 4.8. Effect of Dihydro-Tet-v2.0 on Cellular Expression. 

A) Optical density of cells expressing GFP150-Tet-v2.0 in the presence of 1 mM Tet-v2.0 and dihydro-

Tet-v2.0. No change in growth is observed. B) Fluorescence of cells expressing GFP150-Tet-v2.0 in the 

presence of 1 mM Tet-v2.0 and dihydro-Tet-v2.0. 

 

 Indeed, in cultures, it is observed that dihydro-Tet-v2.0 oxidizes in the presence 

of atmospheric oxygen as observed by a color change characteristic to both molecules. 

This suggests that atmospheric oxygen is sufficient to oxidize Tet-v2.0. However, even 

purified protein shows incomplete reaction with sTCO when measured using mobility 

shift assays (Fig 4.1). By performing mobility shift assays on protein purified 

throughout an expression it was shown that the unreacted protein accumulates as a 

product of expression time (Fig 4.9). This suggests that the cause of the unreacted 

protein is not GFP150-dihydro-Tet-v2.0, but rather a separate side reaction of Tet-v2.0 

that results in a product that is unreactive to sTCO. Three possibilities exist as to what 

this modification may consist of: The modification could be the misincorporation of 

natural amino acids in place of the amber stop codon. The lack of reactivity could be 

due to degradation of the tetrazine ring to a smaller byproduct. Finally, the modification 

could be an addition reaction of the tetrazine functional groups with cellular 
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components. While the exact reaction causing this effect is unclear, insight in to the 

nature of this modification will enable steps to minimize its occurrence. 

Fig 4.9. Expression Dependent Gel Shift of GFP150-Tet-v2.0. 

A) An expression of GFP150-Tet-v2.0 was sampled every 2 hours. Purified protein was reacted with the 

sTCO-PEG5000. Accumulation of unreacted protein increased with expression time. B) Optical density 

of harvested cells as a function of expression time. C) Fluorescence of harvested cells as a function of 

expression time. Fluorescence follows the same pattern as found in Fig 4.6. D) Densitometry of the 

unshifted band shows an increase in the amount of GFP that remains unreactive overtime. 
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 To determine the nature of the reaction with GFP-Tet-v2.0, a peptide containing 

the unreactive tetrazine was purified for mass spectrometry analysis. To isolate 

specifically the protein that is unreactive to sTCO, sepharose resin displaying an sTCO 

functional group was generated through a coupling reaction of amine-functionalized 

sTCO with commercially available NHS resin (Fig 4.10). The resin was washed to 

remove unreacted amine-functionalized sTCO. GFP-Tet-v2.0 was expressed for 72 

hours to increase the proportion of the protein that was unreactive to sTCO. This protein 

was purified via His-tag, buffer exchanged into ammonium bicarbonate buffer, and 

applied to the generated sTCO resin. In doing so, the portion of protein reactive to 

sTCO was expected to bind to the resin. The remaining protein was collected and 

analyzed via mass spectrometry (Fig 4.11). The protein was found to consist of a set of 

higher molecular weight adducts with masses between 100 to 400 Da (Fig 4.11). While 

the resolution is of too low of quality to identify these peaks, a tryptic digestion was 

performed on the purified protein. The resulting peptide was analyzed using a Thermo 

Scientific Orbitrap Fusion Lumos Mass Spectrometer. The collected data suggests that 

no adducts are forming and that the majority of the unreacted bands consist of 

misincorporation of canonical amino acids at the amber codon. 

Fig 4.10. Purification of the Unreactive Protein. 

GFP150-Tet-v2.0 that shows limited reactivity via mobility shift assays was reacted with an sTCO resin 

generated by reacting sTCO-amine with NHS-Sepharose. The GFP that was not reacted was collected 

and proteolytically digested with trypsin for mass spectrometry analysis. 



109 
 

 

 

Fig 4.11. Mass Spectra of the Unreactive Protein. 

In contrast to GFP150-Tet-v2.0, the unreactive protein appears to consist of several higher molecular 

weight adducts. 

 

 Substitution of the tetrazine amino acid can result in tetrazines with vastly 

different chemical properties. In general, tetrazines with more electron withdrawing 

substituents are expected to result in tetrazines with faster reaction rates as well as 

reaction equilibria that disfavors the oxidized state62. Thus, by modifying the tetrazine, 

there exists the potential to change the oxidation state of the amino acid in living 

systems. There are two routes to control the reduction reaction. A tetrazine that is less 

susceptible to reduction can be generated such that the amino acid is stable in cellulo 

in the oxidized form, or a tetrazine can be generated that is more susceptible to 

reduction and more stable in the reduced state such that it can be photooxidized in a 

controlled manner to trigger reaction with strained alkenes. Given that we see an 

accumulation of unreactive tetrazines over the course of protein expression that 

corresponds to the proportion of the protein in the oxidized state, a reasonable 

hypothesis would be that the oxidized state of tetrazines is responsible for the 

irreversible reactions that result in the formation of unreactive protein. Therefore, by 

generating a tetrazine that is stable in and predominately found in the reduced state, off 

target reactions can be reduced or eliminated. 
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 Two amino acids were synthesized with a greater predicted stability in the 

reduced state (Fig 4.12A). Both the fluoro-Tet-v2.0 and the Tet-v2.0-acetyl are 

predicted to favor the dihydro state due to the electron withdrawing character of their 

substituents.  

Fig 4.12. Incorporation of Tet-v2.0 Derivatives. 

A) Structures of Fluoro-Tet-v2.0 and Tet-v2.0-Acetyl. B) Permissivity of select Tet-v2.0 aaRSs for 

Fluoro-Tet-v2.0 and Tet-v2.0-Acetyl. The C8 aaRS was most effective at incorporating the new amino 

acids. 

 To determine if protein can be produced with these amino acids, an aaRS 

capable of incorporating these amino acids must be generated. Rather than performing 

selections. we evaluated the Permissivity of existing Tet-v2.0 aaRSs. Previously Tet-

v2.0 aaRSs have been shown to incorporate other amino acids63 which suggests that 

they may be able to incorporate our amino acids of interest. Cells contransformed with 

a pBK plasmid containing Tet-v2.0 aaRSs as well as a pALS plasmid containing an 

amber codon suppressed GFP gene were grown in the presence of Tet-v2.0, fluoro-Tet-

v2.0, and Tet-v2.0-acetyl (Fig 4.12B). The C8 aaRS was shown to be permissive to 

both the fluoro-Tet-v2.0 and Tet-v2.0-acetyl, though with significantly lower 

efficiency compared to the Tet-v2.0 amino acid.  

Conclusion 

 

 While tetrazines are useful as bioorthogonal ligations, they may be limited by 

some of the off-target reactions that they undergo. Reduction to form the dihydro-

tetrazine is the most well characterized of these reactions. This reaction is especially 

relevant in vivo where the reducing cellular environment often favors the dihydro-

tetrazine as opposed to the oxidized form. Tools exist to address this problem in the 

form of photooxidation as well as the development of tetrazines with altered redox 
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activity. Photooxidation, can be a powerful tool, not just for enabling control of when 

a reaction occurs. Some of the most reactive tetrazines, that can have limited in vivo 

half-lives, may be stable in the dihydro state. Photooxidation enables the use of these 

tetrazines in cellulo such that higher rates of reaction are possible. Photooxidation can 

also result in the spatial control of the reaction, which has utility in performing reactions 

in live organisms as well as spatial control for microscopy work.  

 While evidence exists for other irreversible side reactions that tetrazines 

undergo, this evidence is not absolute. The lack of complete reaction observed in 

mobility shift assays could be due to reaction with small molecules in cells, or it could 

be due to misincorporation of canonical amino acids. Investigation into the nature of 

this unreacted protein is necessary to not only make the reaction between tetrazines and 

strained alkenes more accessible but may have implications to genetic code expansion 

as a whole. 

Materials and Methods 

 

Mobility Shift Assay 

 Purified protein was diluted in PBS to a concentration of 50µM. Protein was 

reacted with an excess of sTCO-PEG5000 (250 µM) for 30 minutes. No quenching 

reaction was performed. Samples were mixed with Laemmli buffer and heated to 95 °C 

for 15 minutes to denature. Samples were run on SDS-PAGE. 

GFP-Tet-v2.0/3.0 Cell Expression 

 Cultures of non-inducing media (5 mL, Table 2.1) containing tetracycline (25 

µg/mL) and ampicillin (100 µg/mL) was inoculated with cells co-transformed with the 

pBAD-GFP-TAG150 plasmid containing a GFP gene interrupted at site 150 by an 

amber stop codon and an ampicillin resistance gene as well as a pDule1 plasmid 

containing the D12 aaRS gene and a tetracycline resistance gene. For expression of 

GFP150-Tet-v3.0, the pDule1 plasmid contained the R2-84 aaRS gene. Cells were 

grown for 16-24 hours at 37 °C. 

 The grown non-inducing media (0.5 mL inoculation volume) was used to 

inoculate 50 mL cultures of auto-inducing media (Table 2.1) containing tetracycline 

(25 µg/mL) and ampicillin (100 µg/mL). Amino acid was added to the media to a 
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concentration of 0.5 mM from a stock solution of 100 mM amino acid in DMF. For 

expression of GFP150-Tet-v2.0, the amino acid Tet-v2.0 was added. For expression of 

GFP150-Tet-v3.0-methyl, the Tet-v3.0-methyl amino acid was added. Cultures were 

grown for 24-72 hours at 37 °C. Cells were harvested through centrifugation at 5000 

rcf for 10 minutes. Cell pellets were stored at -80 °C until use.  

 For the generation of purified protein, stored cells were thawed and resuspended 

in 5 mL of TALON wash buffer (300 mM NaCl, 50 mM Na2HPO4, pH 7.0). The 

resuspended cells were lysed using a Microfluidics M-110P microfluidizer. Lysed cells 

were clarified via centrifugation at 20000 rcf for 1 hour. The pellet was discarded. 

TALON resin (100 µL bed volume per 50 mL culture) was incubated with the 

supernatant for 1 hour at 4 °C with gentle rocking. The mixture of supernatant and resin 

was applied to a column and the flow through was discarded. The resin was washed 

with 3 x 10 mL of TALON wash buffer. Protein was eluted with 4 x 250 µL TALON 

elution buffer. The elutions were subsequently pooled. Purified proteins were buffer 

exchanged into PBS using GE Healthcare PD-10 columns. Buffer exchanged protein 

was concentrated using a VWR 3 kDA cutoff centrifugal filter. 

Preparation of Cells for Reaction 

 Expressed cells were washed prior use in in cellulo labeling experiments. Cells 

from a 50 mL culture were resuspended in 5 mL of PBS and aliquoted into 5 x 1 mL 

aliquots. Aliquots were pelleted through centrifugation for 5 minutes at 2000 rcf. The 

supernatant was discarded. The pellet was washed an additional two times via 

resuspension in 1 mL PBS and centrifugation. After the third wash the pellet was 

resuspended in 1 mL PBS. Some pellets were subjected to an additional aeration step 

in which the cells resuspended in PBS were placed into an aerated culture tube. The 

cells were incubated for 2 hours at 37 °C. The aerated cells were stored on ice until 

ready for use. 

In cellulo Reactions (Kinetics) 

 Cells containing GFP150-Tet-v3.0 derivatives were added to a quartz cuvette 

and diluted to a volume of 3 mL in PBS. Fluorescence was monitored over time in a 

PTI Quntamaster fluorimeter (Excitation 488 nm, Emission 509 nm). To the cuvette, 

sTCO was added at final concentrations ranging from 133 nM to 3.32 µM. An increase 
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with fluorescence was observed and individual runs were stopped when no additional 

fluorescence increase was observed. Curves corresponding to the reaction were fit to 

exponential equations using the program Igor. From the fit, pseudo 1st order rate 

constants were obtained for each run. Pseudo 1st order rate constants were plotted 

against the concentration of sTCO to obtain a linear curve. The slope of the linear curve 

was taken as the second order rate constant. 

TCEP Reduction in vitro 

 GFP150-Tet-v2.0 was diluted to a concentration of 50 µM in PBS. TCEP was 

added to a concentration of 1 mM or sTCO was added to a concentration of 250 µM. 

Reactions were allowed to proceed at room temperature for 30 minutes prior to 

detection. A Biotek Synergy2 microplate reader was used to make measurements. 

Approximately 10 minutes elapsed in between the end of the reaction and when 

measurements were taken. 

Photooxidation and Reaction in cells 

 Cells containing GFP150-Tet-v2.0 and GFP150-Tet-v3.0-methyl were added to 

a quartz cuvette and diluted to a volume of 3 mL in PBS containing 1 µM methylene 

blue. Fluorescence was monitored over time in a PTI Quantamaster fluorimeter 

(Excitation 488 nm, Emission 509 nm). Samples were irradiated using a Luxeon Rebel 

Color LED (660 nm, 300 mW) for 10 minutes. After irradiation was complete, the light 

source was removed and 1 minute was allowed to establish a post-irradiation baseline. 

A solution of sTCO (2 mM, 10 µL) in methanol was then added to the cuvette for a 

final sTCO concentration of 6.64 µM. Samples were allowed to react until no increase 

in fluorescence was observed. 

Cultured Cells Photooxidation 

 Non-inducing media cultures of E. coli cells containing a pBAD plasmid 

encoding a GFP-TAG150 gene and a pDule1 plasmid encoding either the D12 

synthetase (Tet-v2.0) or R2-84 synthetase (Tet-v3.0-methyl) genes were used to 

inoculate 2 x 50 mL auto-inducing media containing ampicillin (100 µg/mL) and 

tetracycline (25 µg/mL). The amino acid of interest (1 mM) was added to the media 

and the OD600 and the fluorescence of the cultures were measured every 4 hours for 48 

hours. Fluorescent measurements were made by taking 50 µL of media and mixing 
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with either 50 µL H2O, 50 µL of 20 µM methylene blue, or 50 µL of 2 mM sTCO in 

methanol. Samples that were mixed with methylene blue were also irradiated with a 

Luxeon Rebel Color LED (660 nm, 300 mW) for 10 minutes prior to measurement of 

fluorescence. The final samples consisting of 100 µL total volume were mixed with 

H2O to a final volume of 2 mL and the fluorescence was measured using a Turner 

Biosystems Picofluor fluorimeter. 

Expression and Purification of D12 synthetase 

 BL21AI cells were transformed with a kanamycin resistant pET28 plasmid 

encoding a His-tagged D12 aaRS gene. The transformed cells were plated on LB agar 

containing kanamycin (50 µg/mL) and grown overnight at 37 °C. Colonies from the 

transformation were used to inoculate 5 mL of non-inducing media containing 

kanamycin (50 µg/mL). Non-inducing media cultures were grown for 24 hours shaking 

at 37 °C. Auto-inducing media cultures 2 x 500 mL were inoculated with 500 µL of 

grown non-inducing culture. The auto-inducing media was supplemented with 50 

µg/mL kanamycin and 0.2 % (w/v) lactose. These cultures were expressed for 24 hours 

before pelleting cells through centrifugation (5000 rcf, 10 minutes). The supernatant 

was discarded, and cell pellets were stored at -80 °C until needed. 

 Cell pellets were thawed and resuspended in 5 mL of TALON wash buffer. 

Cells were lysed using a Microfluidics M-110P microfluidizer. Lysate was clarified via 

centrifugation (1 hour, 20000 rcf). Clarified lysate was filtered through 0.2 µm sterile 

filters and His-tag purified on an Äkta Explorer using a 5 mL HisTrap column. Purified 

protein was buffer exchanged into 20 mM Tris, 50 mM NaCl, 10 mM β-

mercaptoethanol at pH 8.5. The protein was then concentrated in a VWR 3 kDA cutoff 

centrifugal filter to a concentration of 680 µM. Protein was flash frozen in liquid 

nitrogen until use. 

Dihydro-Tet-v2.0 Toxicity and Oxidation Measurements 

 Cells containing the pBAD and pDule1 plasmids used above was used to 

inoculate a non-inducing media culture containing ampicillin (100 µg/mL) and 

tetracycline (25 µg/mL). The culture was grown at 37 °C for 24 hours shaking at 250 

rpm. Autoinduction media cultures (300 mL) containing ampicillin (100 µg/mL) and 

tetracycline (25 µg/mL) were inoculated with 0.5 mL of grown non-inducing media. 
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Cells were grown at 37 °C with shaking at 250 rpm until an OD600 of 1.0 was observed. 

At this point the culture was split into 6 x 50 mL cultures and each culture was 

supplemented with either DMF (0.5 mL), 1 mM Tet-v2.0 (in 0.5 mL DMF), or 1 mM 

dihydro-Tet-v2.0 (in 0.5 mL DMF). Fluorescence and OD600 of these cultures was 

measured every 2 hours for 12 hours. 

Expression Dependent Mobility Shift 

 Cells cotransformed with an ampicillin resistant pBAD plasmid containing an 

amber codon interrupted GFP gene as well as a tetracycline resistant pDule1 plasmid 

containing the gene for the D12 synthetase were used to inoculate a 5 mL culture of 

non-inducing media. The culture was grown for 24 hours at 37 °C while shaking at 250 

rpm. An auto-inducing media culture (1 L, 100 µg/mL ampicillin, 25 µg/mL 

tetracycline) was inoculated with 1 mL of grown non-inducing media culture. The auto-

inducing media contained 100 µg/mL ampicillin, 25 µg/mL tetracycline, and 1 mM 

Tet-v2.0. The OD600 of the culture was monitored. When an OD600 of 1.0 was observed, 

the 1 L culture was divided into 20 x 50 mL cultures. Five hours after an OD600 of 1.0 

was observed and subsequently every two hours for 40 hours, the OD600 and 

fluorescence of one of the cultures was measured and the culture was harvested via 

centrifugation (5000 rcf, 10 minutes). Cell pellets were stored at -80 °C until purified 

as described above. 

 Once purified the GFP150-Tet-v2.0 was allowed to oxidize at 4 °C to ensure 

that no dihyrdo-Tet-v2.0 was present. The concentrations of GFP150-Tet-v2.0 from all 

samples were measured and the samples were diluted to a final concentration of 30 µM 

protein. Each sample was reacted with 100 µM sTCO-PEG5000 for 30 minutes at room 

temperature. Samples were denatured with Laemmli buffer and heated at 95 °C for 15 

minutes prior to analysis via SDS-PAGE. 

NHS resin purification/Unshifted Purification 

 NHS-sepharose resin (1.5 mL bed volume) was reacted with reacted with 480 

µL of sTCO-amine. The reaction was allowed to proceed for 4 hours gently rocking at 

4 °C. The resin was pelleted via centrifugation (900 rcf, 2 minutes). The unreacted 

supernatant was removed. The resin was washed three times using addition of 3 mL 

100 mM ammonium bicarbonate buffer (100 mM, pH 8.5). Resin was pelleted via 
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centrifugation (900 rcf, 2 minutes) in between wash steps to remove ammonium 

bicarbonate buffer. The resulting product is an sTCO-resin. 

 GFP150-Tet-v2.0 (100 µL, 800 µM) was reacted with 250 µL bed volume of 

generated sTCO-resin. Reaction was allowed to proceed for 15 minutes at 4 °C. Resin 

was pelleted via centrifugation (900 rcf, 2 minutes) and unreacted GFP supernatant was 

saved. The supernatant was then applied sequentially to 3 x 250 µL bed volume of resin 

to ensure that no unreacted GFP150-Tet-v2.0 remained. The final supernatant was 

fluorescent indicating the presence of GFP, though most GFP appeared to adhere to the 

first set of resin. 

Trypsin Digestion/Peptide Purification 

 GFP that was purified using sTCO-resin above was diluted to a concentration 

of 100 µM in ammonium bicarbonate buffer (100 mM, pH8.5). The protein was heated 

to 90 °C for 30 minutes to denature the GFP. The sample was cooled on ice for 

approximately 15 seconds before the addition of 5 µM trypsin. The mixture of GFP 

and trypsin was incubated at 37 °C for 16 hours. Upon completion of the digestion 

reaction, the mixture was analyzed by SDS-PAGE to ensure complete digestion (Data 

not shown).  

 The trypsin digested protein was diluted to 1 mL final volume in equilibration 

buffer (99.9% MS-grade H2O, 1% MS-grade trifluoroacetic acid). The pH of the 

corresponding solution was confirmed to be 0 by pH test strips. An Oasis 10 mg 

Extraction Cartridge was wetted through the addition of 2 x 1 mL wetting buffer (99.9% 

MS-grade acetonitrile, 0.1% trifluoroacetic acid). The column was then washed with 3 

x 1 mL equilibration buffer. Acidified sample was the applied to the column. The 

column was washed with 3 x 1 mL equilibration buffer prior to elution with 4 x 250 µL 

elution buffer (70% MS-grade acetonitrile, 29.9% MS-grade H20, 0.1% MS-grade 

formic acid). The eluted sample was freeze dried prior to MS analysis. 

(S)-2-((tert-butoxycarbonyl)amino)-3-(4-(6-methyl-1,2-dihydro-1,2,4,5-tetrazin-3 

yl)phenyl)propanoic acid: In a dry, 15 mL heavy walled reaction tube containing Boc-

protected 4-CN phenylalanine (200 mg, 0.688 mmol) was charged with Ni(OTf)2 (122 

mg, 0.344 mmol) and acetonitrile (0.36 ml, 6.8 mmol) under argon atmosphere. Then 

anhydrous hydrazine (1.1 mL, 34.4 mmol) was added to the reaction mixture and 
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purged with argon for 5 minutes and immediately sealed the tube. The reaction mixture 

was heated to 50 oC for 24 hr. Then the reaction mixture was cooled in ice bath, opened 

slowly and added 5 ml of water and ethyl acetate. Under ice cooled condition reaction 

mixture was acidified by 4 N HCl (pH~3). The aqueous part was extracted by ethyl 

acetate (3 times) and combined organic layer was dried with MgSO4 and concentrated 

under reduced pressure. Silica gel flash column chromatography (45 % ethyl acetate in 

hexanes with 1% acetic acid) yielded 150 mg of title compund (0.417 mmol) in the 

form of a yellowish red gummy material. Yield 60%. 1H NMR (400MHz, CDCl3) δ 

7.50 (d, 2H), 7.22 (d, 2H), 5.31 (d, 1H), 4.59 (m, 1H), 3.20-3.06 (m, 2H), 1.93 (s, 3H), 

1.40 (s, 9H). 

 

Hydrochloride salt(S)-2-amino-3-(4-(6-methyl-1,2-dihydro-1,2,4,5-tetrazin-3-

yl)phenyl) propanoic acid: In a dry round bottom flak (RB), Boc protected dihydro 

tetrazene amino acid (120 mg, 0.33 mmol) was charged with 1 mL dioxane-HCl 

(dioxane saturated with HCl gas) and 3 mL ethyl acetate under argon atmosphere. The 

reaction mixture was allowed to stirrer at room temperature for 2 hr. After completion 

of deprotection, the reaction mixture was concentrated under reduced pressure and re-

dissolved in ethyl acetate (2 times) and subsequently concentrated to remove excess 

HCl gas which afforded solid yellowish red material in quantitative yield. 1H NMR 

(700MHz, MeOD) δ 7.40 (d, 2H), 7.10 (d, 2H), 3.97 (t, 1H), 3.03- 2.89 (ddd, 2H), 1.76 

(s, 3H). 13C NMR (175MHz, MeOD) δ 171.1, 159.8, 154.0, 141.1, 131.2, 129.1, 128.6, 

68.3, 54.9, 37.1, 14.7. 

 

Hydrochloride salt of (S)-2-amino-3-(4-(6-(fluoromethyl)-1,2,4,5-tetrazin-3-

yl)phenyl) propanoic acid: The starting material Boc-protected 4-cyano 

phenylalanine (200 mg, 0.68 mmol) was taken in a dried heavy walled reaction tube 

under argon atmosphere. Maintaining inert atmosphere of the reaction vessel, catalyst 

Ni(OTf)2 (0.5 eqv.) and fluoroacetonitrile (6.8 mmol) were added. Then anhydrous 

hydrazine (50 eqv.) was added very slowly to reaction mixture under stirring condition 

at 0 oC. Purged argon for another 10 minutes and immediately sealed the tube. The 

reaction vessel was immersed into the preheated oil bath at 50 oC for 24 hours. After 
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that, the reaction vessel was lifted from the oil bath and allowed to come at room 

temperature. The reaction mixture was poured into a beaker and added 10 eqv. 2M 

NaNO2 aqueous solution and 5 mL water. Then the aqueous phase was acidified with 

4M HCl (pH~2) under ice-cold condition with homogeneous mixing and extracted with 

ethyl acetate (3x 20 mL). The combined organic layer was washed with brine, dried 

with anhydrous Na2SO4 and concentrated under reduced pressure. Silica gel flash 

column chromatography (30 % ethyl acetate in hexanes with 1% acetic acid) yielded 

desired Boc-porotected tetrazine amino acid derivative (155 mg, 0.303 mmol) in the 

form of a pinkish red gummy material. Yield 44%. Similar way, Boc- group was 

deprotected using the dioxane-HCl (mentioned above) and formed the title amino acid 

as a pinkish solid material in quantitative yield (~ 97-98 %).     

 

Hydrochloride salt of (S)-3-(4-(6-acetyl-1,2,4,5-tetrazin-3-yl)phenyl)-2-

aminopropanoic acid: Following the synthetic procedure of fluoromethyl derivative, 

starting from 0.25 g (0.86 mmol) of Boc-protected 4-cyano phenyl alanine and 0.61 

mL (8.6 mmol) of pyruvonitrile afforded Boc-protected version of the title amino acid 

(0.140 g, 0.36 mmol). Yield 42%. Then Boc group was deprotected using same method 

(dioxane -HCl) which made chloride salt of the title amino acid as a pinkish solid in 

quantitative yield (~ 97-98 %).     

Permissivity Acetyl Tet/FluoroTet 

 Cells containing both pBK plasmids encoding a M. jannaschii derived TyrRS 

gene with a kanamycin resistance gene as well as a pALS plasmid encoding an amber 

codon interrupted GFP gene and a tetracycline resistance gene were used to inoculate 

5 mL of non-inducing media containing kanamycin (50 µg/mL) and tetracycline (25 

µg/mL). Three different sets of cells (D12, A10, C8) each encoding a separate M. 

jannaschii TyrRS sequence that was selected for incorporation of Tet-v2.0 were used 

to start these cultures. The non-inducing cultures were grown for 24 hours at 37 °C. 

Auto-inducing media cultures 36 x 5 mL containing kanamycin (50 µg/mL) and 

tetracycline (25 µg/mL) were each inoculated with 50 µL of one of the non-inducing 

media cultures. Each of the A10, C8, and D12 cultures were used to inoculate 12 

cultures. These 12 cultures were then supplemented with 50 µL of DMF, 1 mM Tet-
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v2.0 in DMF, 1 mM fluoro-Tet-v2.0 in DMF, or 1 mM Tet-v2.0-acetyl in DMF (3 

cultures per condition). The fluorescence and OD600 were measured every 24 hours for 

72 hours. Data reported consists of fluorescence and OD600 after 48 hours. 
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Chapter 5 
 

 

Conclusions and Outlook 
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Summary 
 

 This dissertation explored reactions between tetrazines and strained alkenes in 

vivo for generating tools for the imaging of proteins and manipulation of their activities 

in live cells and organisms. In chapter 2, ideal bioorthogonal reactions are described as 

having four qualities:  

 

1) Fast reaction rates  

2) Functional groups selective for their reaction with each other  

3) Functional groups stable to degradation in vivo  

4) Small functional groups 

 

These qualities can, to an extent, describe the reactions between Tet-v2.0 or Tet-v3.0 

and sTCO.  These reactions occur with second order rate constants in the range of 

70,000-90,000 M-1s-1 if Tet-v3.0-isopropyl is excluded. While these reactions are fast 

relative to the bioorthogonal reactions of SPAAC or CUAAC (10-1 to 200 M-1s-1) the 

rate constants are orders of magnitude lower than the ideal rate constant of diffusion 

limited reactions (~109 M-1s-1). The second and third criteria relate to the selectivity 

and stability of the sTCO and tetrazine functional groups. These groups are selective 

enough that minimal off-target reactions are observed via protein mass spectrometry 

and stable enough that after 48 hours of expression in E. coli approximately 85% of 

tetrazines are still reactive with sTCO molecules. Nonetheless there is room for 

improvement. Reduction of tetrazines to dihydro-tetrazines can compete with in cellulo 

labeling of tetrazines and approximately 15% of tetrazines lose reactivity after 48 

hours. The ideal bioorthogonal ligation would not suffer these drawbacks. Finally, the 

tetrazine functional group consists of just six atoms. While azides and alkynes present 

smaller functional groups of 2-3 atoms, the reactions of these functional groups are not 

as fast, selective, and stable as the IEDDA reaction. 

 In E. coli, proteins incorporating Tet-v2.0 were labeled with sTCO in a reaction 

with high rate constants and excellent selectivity. Attempts to label proteins with a 

fluorophore in the form of TAMRA-sTCO were limited by adhesion of TAMRA-sTCO 

to E. coli cells. This labeling reaction was performed successfully in cell lysate. We 
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predict that this adhesion is due to hydrophobic interactions between the TAMRA-

sTCO molecule and cellular components. To overcome potential interactions sTCO can 

be coupled to other fluorophores known to diffuse across membranes such as BODIPY 

fluorophores127 or more hydrophilic linkers could be generated. While E. coli is an 

excellent system for testing this IEDDA reaction, performing the IEDDA reaction in 

eukaryotic cells would be more relevant for studying human diseases. 

 The first challenge to overcome towards performing IEDDA reactions in 

eukaryotic cells is the generation of an aaRS that is both specific for incorporation of a 

tetrazine amino acid and orthogonal to translational machinery in eukaryotes. The Tet-

v2.0 synthetases used in Chapter 2 lack orthogonality to eukaryotes. While the M. 

barkeri tRNA/aaRS pair is orthogonal to eukaryotic cells, no synthetases specific for 

Tet-v2.0 were generated. To overcome this, the Tet-v3.0 amino acids were synthesized 

and effective synthetases were selected. Once tetrazines were incorporated onto 

proteins in HEK293T cells, labeling of protein with TAMRA-sTCO was attempted. As 

with E. coli cells, TAMRA-sTCO was found to adhere to cells and the ability to assess 

fluorescent labeling reactions was limited. This adhesion was found to be independent 

of sTCO reactivity suggesting that hydrophobic interactions are responsible for 

labeling. Though fluorescent labeling was limited, dimerization of proteins with 

double-headed sTCO molecules was found to be effective in HEK293T cells. Even so, 

larger dimerizing agents were shown to be limited by diffusion into cells. In both E. 

coli and HEK293T cells non-specific adhesion of sTCO to cells as well as cellular 

diffusion of sTCO labels are problems that must be addressed before this technology 

can be used to study meaningful biological systems. 

 In E. coli, tetrazines undergo side reactions with reducing agents to form 

dihydro-tetrazines, as well as side reactions that result in a subset of protein that is 

unreactive to sTCO as measured by mobility shift assays. The formation of dihydro-

tetrazines is dominant in cells to the degree that the aaRS developed to incorporate Tet-

v2.0 was found to be specific for dihydro-Tet-v2.0. Tools to address the reduction of 

tetrazines have been developed in the form of photooxidation reactions. These reactions 

can be used in cellulo to oxidize dihydro-tetrazines. With respect to other side reactions 

of tetrazines, the cause of these reactions remains unclear. Data suggests that this 
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reaction accumulates as oxidized tetrazine builds up in cells and that the reaction takes 

the form of an addition reaction. A potential solution to this problem is the development 

of tetrazine-containing amino acids that are stable in cells as dihydro-tetrazines. These 

amino acids can then be photooxidized and reacted at will. 

  

Future Experiments 
 

 In both E. coli and HEK293T cells diffusion and adhesion of sTCO labels limit 

the use of this technology. Larger and more hydrophobic labels show non-specific 

adhesion to cells. To alleviate this, the structure of the linker will be varied and the 

adhesion of synthesized linkers to cells will be measured with flow cytometry. 

Preliminary data suggests that the addition of more polar or charged functional groups 

to TAMRA-sTCO labels results in less adhesion (Data not shown). An additional way 

to address this problem is to create an sTCO-fluorophore that consists of a non-

TAMRA fluorophore such as BODIPY or the Alexa series of fluorophores. While 

TAMRA has been shown to easily diffuse across cell membranes127, the TAMRA-

sTCO molecule does not share this property.  

 Unlike TAMRA-sTCO, doubleheaded-sTCO-PEG100 shows no signs of 

adhesion to cells. The addition of this molecule to cells can be used to create artificial 

protein homodimers. This is an ability shared with a technique called chemical induced 

dimerization131. In chemical induced dimerization, two proteins are genetically fused 

to dimerization domains (Fig 5.1A). A small molecule linker is added that binds to both 

dimerization domains. In this way, the two proteins of interest associate by proximity. 

The use of bioorthogonal ligation reactions to achieve this result, would have the 

advantage of not requiring the use of dimerization domains which may affect the 

activity of the protein of interest (Fig 5.1B). STAT1 is an excellent candidate molecule 

for this experiment. STAT1 natively forms both an inactive and active homodimer. 

Upon phosphorylation in vivo, STAT1 switches from the inactive to active homodimer, 

migrates to the nucleus, and regulates transcription134. A key question in the field is 

whether phosphorylation or dimerization is responsible for nuclear importation and 
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changes in activity. Selectively inducing the formation of one of these dimerization 

states, could enable not just controlled activation, but controlled regulation as well. 

Fig 5.1. Dimerization with Bioorthogonal Ligations. 

A) Chemically Induced Dimerization uses genetically attached binding domains to bind to a small 

molecule dimerizing agent. B) Dimerization with GCE uses bioorthogonal ligations that consist of the 

addition of a single amino acid to proteins. Dimerization is induced via a double-headed bioorthogonal 

linker. 

 The question of the unknown side reaction of Tet-v2.0 that accumulates over 

time remains. As this amount of side product increases over the course of an expression, 

modification to an existing tetrazine-containing protein appears to be occurring. 

Similarly, whole-protein mass spectrometry of the side product indicates that several 

higher molecular weight adducts are being formed over the course of an expression. 

Finally, peptide mass spectrometry suggests that no adducts are being formed but rather 

misincorporation of canonical amino acids at site 150 is responsible for the unreacted 

protein. Given that the peptide mass spectrometry and the whole protein mass 

spectrometry differ, future experiments will be directed towards resolving this 

difference. These experiments will consist of performing high resolution whole-protein 

mass spectrometry on the same sample that is then trypsin digested and subjected to 

high resolution peptide mass spectrometry. Additionally, more controls are necessary 

including high resolution mass spectrometry of untreated GFP150-Tet-v2.0, to ensure 

that the purification of the unreacted protein is not removing any relevant proteins. 

Finally, to confirm that this band is not a byproduct of genetic code expansion 

techniques an experiment in which another genetically encoded amino acid will be 
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incorporated at site 150 and subject to whole protein and peptide mass spectrometry. 

As infrequent peptides and proteins may be difficult to detect among large quantities 

of peptides and proteins without misincorporation, a bioorthogonal amino acid should 

be used to enrich the sample with potentially misincorporated peptides and proteins. 

This can be performed through reaction with resin as was performed for Tet-v2.0. In 

addition to providing insight to side reactions that tetrazines undergo in cellulo, these 

experiments may provide insight into the degree and nature of translational errors 

caused by GCE. 

Potential Research Directions 
 

 Substitution of tetrazines with more electron withdrawing and electron donating 

groups changes the rate of reactions with strained alkenes. More electron withdrawing 

groups result in higher rate constants. More electron donating group results in lower 

reaction rates. Electron withdrawing groups should also result in a less negative 

reduction potential and electron donating groups should result in a more negative 

reduction potential. Substitution with functional groups such as pyrimidine and 

pyridine, may result in tetrazines with greater reaction rates, that are stable in cells in 

the dihydro state (Fig 5.2). Upon photooxidation, these tetrazines could then react with 

rate constants up to 106 M-1s-1. Currently such amino acids are unusable to due toxicity 

and stability issues that are associated with the oxidized state. Additionally, more 

electron-rich tetrazines such as ether substituted tetrazines may be stable in the oxidized 
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state even in cells (Fig 5.2). These tetrazines would not reduce and could be reacted 

without the need for an extensive aeration step. 

Fig 5.2. Future Routes of Tetrazine Synthesis. 

A) Synthesis of tetrazines with electron withdrawing and donating functional groups enables stable 

tetrazines in the reduced and oxidized states. B) Tetrazines substituted by aromatic amines should 

undergo a pH dependent transition in reactivity. C) Triazines are reactive with sTCO, but unreactive to 

cyclopropenes. Sterically hindered tetrazines undergo reactions with cyclopropenes but may have 

limited reactivity with sTCO. 

 Another possibility is a tetrazine amino acid that can switch between degrees of 

reactivity. An amine substituted tetrazine such as amino-Tet-v2.0 or 4-amino-phenyl-

Tet-v2.0 would be expected to be electron rich and thus be only mildly reactive (Fig 

5.2). As aniline has a pKa of 4.6, these tetrazines would be susceptible to protonation 

in biological environments. Upon protonation, the amine is expected to be highly 

electron withdrawing. This would result in a pH dependent reaction with strained 

alkenes that would result in a bioorthogonal reaction that functions only in select 

organelles.  

 The concept of a set of bioorthogonal reactions that are orthogonal to each other 

remains desirable. These orthogonal bioorthogonal reactions typically involve two 

separate reaction chemistries. While it would be ideal to use two IEDDA reactions due 

to the high rate of reaction, this is limited by cross reactivity. Sterically hindered 

IEDDA functional groups that lack the ability to react with each other is a possibility 

(Fig 5.2). A sterically hindered tetrazine could be unreactive to sTCO, but reactive to 

smaller cyclopropenes or spirohexenes. These functional groups are known to be 
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unreactive to triazine amino acids63. The triazines would then be reactive with sTCO 

or TCO functional groups. In this way orthogonal functional groups that all react 

rapidly could be achieved using IEDDA reactions. 

 

Directions of the Field 
 

 Bioorthogonal reactions are seeing increased use in labeling reactions in tissues 

of live animals. This live animal work is largely directed towards the generation of pre-

targeted antibody drug conjugates109 and radioactive labeling38. Concentrations of label 

are often low and rapid bioorthogonal reactions with minimal off-target reactions are 

required. IEDDA reactions between tetrazines and strained alkenes meet these 

requirements. The continued interest of pharmaceutical communities in antibody drug 

conjugates and radiolabeling suggests that IEDDA reactions will become increasingly 

relevant. 

 The development of bioorthogonal reactions has been a popular topic in 

chemical biology since the introduction of the concept by Carolyn Bertozzi1, and an 

important class of amino acids since the first bioorthogonal amino acid was 

incorporated into proteins by the Schultz lab135. In recent years, much of the work 

focused on developing bioorthogonal chemistry has been related to the development of 

faster IEDDA reactions65 or the development of orthogonal bioorthogonal reactions42. 

To date, no bioorthogonal reactions have been developed with higher second order rate 

constants than IEDDA reactions. Therefore, understanding the side reactions of 

bioorthogonal reactions is relevant not only to understanding limitations of existing 

IEDDA reactions, but also for the development of future bioorthogonal reactions.  
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