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My research in the Fox lab has focused on new small molecule tetrazine and 

trans-cyclooctenes (TCOs) for the purpose of carrying out new chemical reactions in 

biological settings with broad interest to the field of chemical biology and related 

disciplines. Central to my work is the reaction between TCOs and tetrazines, the 

fastest known bioorthogonal reaction to date and leveraging their unique structural 

characteristics for designing new function while preserving their speed and specificity 

as bioorthogonal reagents. Chapter 1 is intended as a brief overview of bioorthogonal 

chemistry and the most popular reactions that use non-natural fragment pairs. 

 

Described in Chapter 2 is how we use TCOs as molecules designed to trap 

sulfenic acids (R-SOH) on proteins in a cellular setting. Sulfenylation (RSH Ÿ 

RSOH) is a post-translational protein modification associated with cellular 

mechanisms for signal transduction and the regulation of reactive oxygen species. 

Protein sulfenic acids are challenging to identify and study due to their electrophilic 

and transient nature. Described here are sulfenic acid modifying trans-cycloocten-5-ol 

(SAM-TCO) probes for labeling sulfenic acid functionality in live cells. These probes 

enable a new mode of capturing sulfenic acids via transannular thioetherification, 

whereas "ordinary" trans-cyclooctenes react only slowly with sulfenic acids. SAM-

TCOs combine with sulfenic acid forms of a model peptide and proteins to form stable 

adducts. Analogously, SAM-TCO with the selenenic acid form of a model protein 
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leads to a selenoetherification product. Control experiments illustrate the need for the 

transannulation process coupled with the activated trans-cycloalkene functionality. 

Bioorthogonal quenching of excess unreacted SAM-TCOs with tetrazines in live cells 

provides both temporal control and a means of preventing artifacts caused by cellular-

lysis. A SAM-TCO biotin conjugate was used to label protein sulfenic acids in live 

cells, and subsequent quenching by tetrazine prevented further labeling even under 

harshly oxidizing conditions. A cell-based proteomic study validates the ability of 

SAM-TCO probes to identify and quantify known sulfenic acid redox proteins as well 

as targets not captured by dimedone-based probes. 

 

In Chapter 3, I describe the use of pyridyl-tetrazines for applications in protein 

affinity purification and conjugation. The site-selective functionalization of proteins 

has broad application in chemical biology but can be limited when mixtures result 

from incomplete conversion or the formation of protein containing side products. It is 

shown here that when proteins are covalently tagged with pyridyl-tetrazines, the Ni-

IDA resins commonly used for His-tags can be directly used for protein affinity 

purification. These Affinity Bioorthogonal Chemistry tags (ABC-tags) serve a dual 

role by enabling affinity-based protein purification through metal chelation and still 

maintain their rapid kinetics in bioorthogonal reactions. ABC-tagging can be applied 

in conjunction with a range of site-selective bioconjugation methods and is 

demonstrated for a range of proteins tagged at the C-terminus, N-terminus or at 

internal positions. ABC-tagged proteins can also be purified from complex mixtures 

including cell lysate. Importantly, the combination of site-selective conjugation and 
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clean-up with ABC-tagged proteins also allows for facile on-resin reactions for cleanly 

preparing protein-protein conjugates in minutes. 

 

In Chapter 4, the use of site-selective protein conjugates bearing a tetrazine or 

TCO can be used for material-protein conjugation applications. These applications 

include   the use of model proteins to visualize and characterize fibers or hydrogels 

formed through interfacial bioorthogonal characterization. Also described is the use of 

genetically encoded protease degradable motifs that can be used for cell-mediated 

release of proteins from hydrogels. The work described and methods used are now 

routinely being applied in our lab by other members.
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Chapter 1 

INTRODUCTION TO BIOORTHOGONAL CHEMISTRY  

1.1  Bioorthogonal Chemistry  

Chemical tools for the study of biological processes with molecular detail are 

foundational to modern approaches to studying biological problems in living systems. 

The advent of recombinant protein expression brought forth the ability to actively track 

protein dynamics in living systems using fluorescent proteins and antibodies.1, 2  

Undoubtedly selective and important for studying intricate protein systems, these tools 

are limited by their large size and not easily translated to nonprotein biomolecules. 

Glycans, lipids, and nucleic acids are only a subset of important biomolecules requiring 

an obvious need for chemistry-based strategies to study. The ideal approach would be to 

develop probe molecules of unique functionality, capable of bond formation reactions 

that go undetected or unperturbed by nature. This idea was made reality by Bertozzi and 

co-workers with a landmark paper detailing an azide-tagged glycan that is metabolically 

incorporated in a living system and undergoes a bioorthogonal Staudinger ligation with a 

phosphine reporter molecule.3 Since its inception, bioorthogonal chemistry has become 

an essential tool for studying biology and everyday new chemistry is being developed to 

meet these demands. 

 

Bioorthogonal reactions are designed to not engage in side reactions with 

endogenous biological functional groups. These reactions must readily proceed in 

aqueous environments at biocompatible pH, temperature, and be non-toxic under useful 
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conditions. Important to these parameters is the rate of reaction, as they will follow 

second-order kinetics and be dependent on their concentration. An ideal bioorthogonal 

reaction would approach diffusion limits (109 M-1s-1), allowing for rapid and quantitative 

reactions at low concentrations. A second intrinsically important parameter is the size of 

the reaction partners, whereby certain applications can be sensitive to bulky chemical 

groups and perturb a biomoleculeôs native function. Lastly, it is important for all reagents 

to be chemically stable under biological conditions to ensure the integrity of their 

reaction and maintain bioorthogonality. 

 

1.2  Bioorthogonal Chemistry Reactions with Natural Fragments 

Significant reactions for the field of bioorthogonal chemistry have been developed 

using natural fragments for protein tagging. Genetically encoded tetracysteine motifs 

CCXXCC react selectively with biarsenical-functionalized fluorescent dyes.4 Similarly, 

bis-boronic acid compounds react selectively with tetraserine motifs SSXXSS.5 Another 

approach uses enzymatic modifications of proteins with encoded peptide sequences as a 

method of creating covalent bonds to exogenously added molecules with high selectivity.  

Here, engineered enzymes enable site-selective modifications at the C-terminus (e.g. 

sortases, tyrosine tubulin ligases),6, 7  N-terminus (e.g. subtiligases, N-

myristoyltransferases),8, 9 or internal positions (e.g. lipoic acid ligase, biotin ligase).10, 11 

Glycosyltransferases have been used for selective chemoenzymatic modification of 

glycans.12 Directed evolution has also been used to develop fusion proteins for the 

covalent self-labeling of probe molecules, including ñSNAP-tagò13 based on O6-

alkylguanine-transferase, ñHalo-tagò14 based on bacterial haloalkane dehalogenase.  The 

ñSpy-Catcher/Spy-Tagò system based on FbaB protein from Streptococcus pyogenes can 

be used to fuse a small 12.3 kDa protein to a 13-amino acid sequence.15     

 

https://en.wikipedia.org/wiki/Streptococcus_pyogenes
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For chemical protein synthesis and bioconjugation, a significant body of work has 

focused on selective reactivity at the protein N-terminus.  Native chemical ligation (NCL) 

involves the ligation of a peptide bearing a C-terminal thioester with second peptide with 

an N-terminal cysteines.16 Expressed protein ligation (EPL) is a variant of NCL where the 

fragment containing the C-terminal thioester is created through protein expression.17 

These methods are powerful tools for the synthesis and semi-synthesis of proteins that are 

too large to make by automated peptide synthesis and also provides a way to create to 

proteins bearing site-specific post-translational modifications (e.g. glycoproteins). Other 

approaches for the selective modification at the amino N-terminus of a protein include 

the direct condensation of N-terminal serine18, cysteine19 and tryptophan20 side chains 

with aldehydes to form cyclic products. Inspired by luciferin biosynthesis, N-terminal 

cysteine can also rapidly react with 2-cyanobenzothiazole derivatives in vitro or in live 

cells.21 Transamination reactions with pyridoxal-5ô-phosphate22 or Rapoportôs salt23 

convert the N-terminus into a ketone or aldehyde capable of oxime formation. One-step 

N-terminal conjugation can be also achieved with 2-pyridinecarboxaldehyde derivatives 

to form a cyclic imidazolidinone product.24   

 

1.3  Bioorthogonal Chemistry Reactions with Non-Natural Fragment Pairs 

 

1.3.1 Oxime and Hydrazine Ligation 

Bioorthogonal reactions occurring with non-natural fragment pairs, whose roots 

begin with Bertozziôs Staudinger ligation, have exemplified how reaction design and 

mechanism are essential for developing new chemical tools to study biology. One of the 

earliest reactions used for ligation reactions in biological settings is the formation of an 

oxime/hydrazone linkage as the product between a carbonyl and alkyoxyamine or 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/c-terminus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/n-terminus
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hydrazines.25 The oxime product is the most stable towards hydrolysis and under acidic 

environments (pH 5-7), these ligation reactions are reversible.26 The second-order rate 

constant (k2) for these reactions is 0.01 M-1s-1 but can be improved by the addition of 

aniline catalysts or amine buffers (0.1 M-1s-1). This method has led to bioconjugation 

strategies for N-terminal labeling through the chemical oxidation of serine and 

threonine27 to aldehydes or with internal sites by chemoenzymatic transformation of 

cysteine to aldehydes with formylglycine-generating enzyme.28 Additionally, numerous 

chemoenzymatic, genetic code expansion, and chemical ligation methods have also been 

developed.29 In addition to proteins, DNA can be selectively tagged30 as well as 

glycoproteins in live cells.31  

 

 

Figure 1.1: Oxime and hydrazine ligation occur between a carbonyl group and a 

hydroxylamine or hydrazine. 

 

1.3.2  Staudinger-Bertozzi Ligation 

The Staudinger reaction was first reported as a mild reduction of azides with 

triarylphosphines in 1919.32 Bertozzi and co-workers used this knowledge to develop 

what is commonly known as the Staudinger-Bertozzi ligation.3 The introduction of a 

methyl ester to the triarylphosphine serves as an electrophilic trap for the 

iminophosphorane intermediate and was the key chemistry for this bioorthogonal 
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reaction. This ligation reaction has found widespread for targeting proteins,33 nucleic 

acids,34 glycans,3 and lipids.35 The rate of this reaction proceeds with a second-order rate 

constant of 10-3 M-1s-1.36 Despite its slow kinetics, this reaction is capable of traceless 

bond formation. The ótracelessô version of this reaction, ultimately leading to amide bond 

formation between two substrates, was developed by Raines37 and Bertozzi38 and has 

been applied to peptide and protein synthesis.39, 40 Additionally, fluorogenic substrates 

have also been developed as water-soluble probes for imaging.41, 42 

 

 

Figure 1.2: The original and traceless Staudinger ligations enable native amide bond  

formation between an azide and carbonyl group using triarylphosphines. 

 

1.3.3 Copper Catalyzed Azide-Alkyne Cycloaddition (CuAAC) 

One of the most popular bioorthogonal reactions to date includes the copper 

catalyzed azide-alkyne cycloaddition (CuAAC). The Huisgen 1,3-dipolar cycloaddition 

between azides and alkynes to give 1,2,3-triazole is too slow as a bioorthogonal 

chemistry reaction; the inclusion of copper(I) catalysts were reported independently by 
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Meldal and Sharpless which significantly improved the reaction kinetics with rates as 

high as 104 M-1s-1 that are dependent on the copper concentration in solution. Because the 

rate of this reaction is closely dependent on copper(I), this has driven investigation into 

new catalysts such as copper binding ligands.43 The inclusion of copper with this reaction 

does not come without biological implications, because of its ability to form reactive 

oxygen species additives such as aminoguanidine are often employed.44 Among all 

bioorthogonal reactions, the size of these reaction partners is among the smallest, a highly 

attractive feature when concerned with biological systems. The CuAAC reaction has 

found widespread use in organic synthesis, material science, drug discovery, chemical 

biology and has spurred the development of copper-free cycloaddition reactions. 

 

 

Figure 1.3: Reaction between an azide and alkyne enabled by copper-based catalysis 

route to afford a triazole product and example ligands used. 
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1.3.4 Strain Promoted [3+2] Cycloadditions 

Strain promoted [3+2] cycloadditions were first reported between cyclooctynes 

and azides.45 Key to the success of this reaction is the release of cyclooctyne strain 

energy upon reaction with an azide and is popularly termed as a stain-promoted azide 

alkyne cycloaddition (SPAAC). While the rates of these reactions are modest (k2 <1 M-1s-

1), they do circumvent the need for copper catalysts in living systems.46 Cyclooctynes 

have for SPAAC chemistry have been further developed to enhance reactivity and have 

also been demonstrated to react more readily with other dipoles such as nitrones,47, 48 

diazo compounds49 and nitrile oxides.50 Together, these reactions have been attractive 

reagents for cell imaging,51 protein conjugation,52 and PET imaging.53 

 

 

Figure 1.4: Strained alkyne cycloadditions with dipoles such as azides, nitrones, or diazos 
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1.3.5 Photoinducible Bioorthogonal Chemistry 

Photoinducible bioorthogonal chemistry encompasses bioorthogonal reactions 

that can be induced upon the addition of light to the system. The first of these reactions, 

often termed ñphotoclick chemistryò, refers to the reaction between a 2,5-diaryltetrazole 

and alkene with UV light (302 nm) as the trigger. The kinetics for these reactions can 

reach 104 M-1s-1 and despite using UV light have been used for protein modification54 and 

live-cell imaging in bacteria.55 Improvements to the tetrazole structure allow for 

activation using a 405 nm laser56 or near-IR femtosecond laser,57 enhancing spatio-

temporal control of this reaction. Photo-induced reactions have also been demonstrated 

by the decarbonylation of dibenzocyclopropenone photoirradiation at 350 nm to generate 

dibenzocyclooctynes for SPAAC reactions58 or tetrazine ligation; this has been successful 

for glycan labeling58, surface immobilization,59 and protein labeling.60 

 

 

Figure 1.5: Two examples of photoclick chemistry using a photoinducible tetrazole-

alkene 1,3-dipolar cycloaddition and a photo-triggered alkyne-azide 

cycloaddition 
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1.3.6 Tetrazine Ligation 

The tetrazine ligation is defined as an inverse electron demand Diels Alder 

(IEDDA) reaction between a 1,2,4,5-tetrazine (diene) and an alkene or alkyne 

(dienophile) that proceeds via a [4+2]/retro [4+2] cycloaddition to provide a 

dihydropyridazine or pyridazine conjugate with the elimination of nitrogen as an 

inoffensive byproduct. Introduced by the Fox lab in 200861 as a bioorthogonal reaction, 

the reaction between trans-cyclooctene (TCO) derivatives and dipyridyl 1,2,4,5-tetrazine 

proceeds with a second order rate constant of 2,000 (+ 400) M-1s-1 in 9:1 methanol/water. 

Shortly after, Weissleder and Hilderbrand demonstrated the use of norbornene as a 

dienophile in a bioorthogonal reaction with a mono-substituted 1,2,4,5-tetrazine with 

rates of 1.9 M-1s-1 in phosphate-buffered saline.62 Since these initial publications, there 

has been a growing diversity of chemical richness for both tetrazines and their dienophile 

reaction partners.  

 

 

Figure 1.6: Tetrazine ligation involving an inverse-electron demand [4+2] addition 

between a tetrazine and dienophile 
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Our group has developed methods for accessing TCO derivatives through flow 

photochemistry63-65 that has been critical to achieving their widespread use.  

Computationally guided approaches have helped design variants that react with tetrazines 

in the fastest know bioorthogonal reactions ï with k2 = 104-106 M-1s-1 ï under aqueous 

conditions.66-69 Other widely used dienophiles adopted by the field include strained 

cyclooctynes such as bicyclo[6.1.0]nonyne (BCN) which also react rapidly (k2 =102-103 

M-1s-1) to give fully aromatic conjugates70, norbornenes which are readily available at a 

low cost,  and cyclopropenes (k2 = 1-104 M-1s-1) which offer a complementary approach 

for when small size and stability are needed.71  Dienophiles such as cyclobutenes, 

azetidines, unstrained olefins, and isonitriles also react with tetrazines, but require large 

excess of one reagent because of their slower kinetics.72-76 In addition to the chemical 

diversity of dienophiles, work by Dr. Xie and Dr. Lambert from our group have expanded 

access to an array of unsymmetrical and monosubstituted tetrazine derivatives on gram 

scale and safer reaction conditions.77, 78 

 

Another useful feature of the tetrazine ligation is that many tetrazine-fluorophore 

conjugates are fluorogenic. Resonant energy transfer to the tetrazine reduces 

fluorescence, but upon reaction with a dienophile the fluorescence is óswitchedô on with 

up to an 11,000-fold increase in fluorescence intensity.79-81 Fluorogenic tetrazine-

fluorophores have found particularly strong use in the field of live-cell microscopy, and 

the area is actively growing with a focus on improving the signal noise ratio that can 

result from background tetrazine reactivity in the intracellular environment.82, 83 External 

cues for temporal control of the tetrazine ligation have been developed for 

photoactivatable cyclooctynes or redox activation of dihydrotetrazine to tetrazines using 
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electrochemistry, photocatalysts, or enzymes. 84-86 Overall, tetrazine ligation has found 

widespread use in the field of chemical biology for cellular labeling,87-90 in vivo 

imaging,91-94 drug-delivery,95, 96 and proteomics.97, 98 Site-specific incorporation of 

tetrazine substrates for protein labeling has been successfully adopted for chemical,99, 100 

enzyme-catalyzed,87, 88, 101-104 and genetic code expansion techniques.105-107 These 

methods have been instrumental for multi-step preparation of protein-protein108-112 or 

protein-DNA113-115 conjugates utilizing the tetrazine ligation and standard protein 

purification methods. 

 

Described herein are new chemical reactions and uses for trans-cyclooctenes and 

tetrazines as probes for sulfenylation and affinity reagents for protein purification and 

building multi-domain proteins. It is important to mention that their engagement as 

bioorthogonal partners is not compromised but acts in a dual role, this speaks to their 

broad applicability and appeal. 
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DUAL -REACTIVITY TRANS-CYCLOOCTENOL PROBES FOR 

SULFENYLATION IN LIVE CELLS ENABLE TEMPORAL 

CONTROL VIA BIOORTHOGONAL QUENCHING  

 

2.1  Introduction  

Protein oxidation arising from reactive oxygen species (ROS) is often associated 

with damaging effects particularly in cancer, aging, cardiovascular, neurodegenerative 

diseases, and inflammation.1 ROS are mediators of signal transduction pathways through 

their ability to modify redox sensor proteins and thus regulate their protein partners and 

subsequent action.2-5 Cysteine targets of ROS are tightly regulated and depend on both 

their reactivity and cellular location.6, 7 For both healthy and diseased tissues there is a 

continuing need for tools to detect the level of internal oxidative stress and the resulting 

cellular response.8 A central ROS signaling mechanism is the sulfenylation of cysteines 

to sulfenic acids (R-SOH) electrophiles capable of reacting with thiolates to form 

disulfides or with adjacent amide nitrogens to form cyclic sulfenamides.9 Several 

enzymes regulate cellular oxidants through highly reactive sulfenic acids, which are 

resolved through intramolecular disulfide formation.10 The lifetimes of sulfenic acids are 

further governed by other nucleophiles found in the cell including glutathione (GSH).11 

Due to their low intracellular concentrations, high electrophilicity, and rapid turnover, 

sulfenic acids have remained difficult to study.12 Thus, the development of chemical 

probes capable of capturing cellular sulfenic acids in situ is critical for their identification 

within the proteome. 

Chapter 2 
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Figure 2-1: Cysteine oxidation states and common oxidation and reduction pathways. 

 

2.2 Current Methods for Sulfenic Acid Detection 

The two leading chemical approaches for monitoring sulfenylation use either 

indirect or direct methods of detection. Indirect detection methods require the blocking of 

native thiols using alkylating reagents (i.e. iodoacetamide), followed by protein reduction 

and a second alkylation step of the reversibly oxidized thiols with a reporter (i.e. 

iodoacetamide-biotin) (Figure 2-1). While these workflows are simple, they fail to 

capture oxidized cysteine forms -SO2H and -SO3H, have cross-reactivity with oxidized 

thiols, and rely on complete blocking and reduction steps.13 
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Figure 2-2: Schematic detailing the workflow for indirect and direct labeling methods for 

detecting sulfenylation. 

 

In 1974, Benitez and Alison demonstrated direct and selective capture of sulfenic 

acids using dimedone and oxidized GAPDH as a model protein.14 Since this discovery, 

dimedone compounds bearing bioorthogonal, fluorophore, and affinity handles were used 

to characterize sulfenylation in the cellular proteome.15, 16 Linear ɓ-ketoester probes have 

also been developed, although have been limited to gel and Western blot assays.8, 17, 18 

The diketone based probes have seen further expansion through the development of a 

small molecule sulfenic acid model by Carroll.19 This model allowed for the screening of 

over 100 new óC-nucleophileô probes that are structurally unique with rates improved by 

200-fold in comparison to dimedone.19 These new probes have found immediate use in 

chemoproteomics, demonstrated by live-cell capture of unique sulfenic acid protein 

targets in RKO colon adenocarcinoma cells.20 More recently, the Carroll lab has 

developed Wittig reagents for selective capture of sulfenic acids with exceptional rates 
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and have achieved organelle-specific targeting using an extended linker between the 

triphenylphosphonium ylide and reporter handle.21 

King and co-workers have shown that strained BCN derivatives that undergo a 

concerted 1,3-dipolar cycloaddition reaction to give a sulfoxide product.22Although 

tagging by thiolates has also been reported for BCN.23, 24 In 2018, Chalker and co-

workers published an article using norbornene as a probe for sulfenic acids. Initial 

publications relied on LC-MS monitoring of the reaction products between cis-5-

norbornene-endo-2,3-dicarboxylic acid and N-acetylcysteine while varying the presence 

of hydrogen peroxide, although full conversion of thiol-ene product is observed even in 

the absence of hydrogen peroxide.25 In a follow-up article, Chalker and co-workers used 

norbornene probes in live cells and reported successful labeling by Western Blot 

analysis.26 However, norbornene probes have been met with varying success as 

demonstrated by their non-reactivity towards validated small molecule sulfenic acid 

dipeptide models or Gpx3 protein models.27 Dimedone and BCN derivatives have both 

been used to modify sulfenic acids covalently in living cells.22, 28-33  

 

 

Figure 2-3: The most commonly used chemical probes for detecting sulfenylation. 
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A common characteristic of the aforementioned probes, is that they remain active at the 

point of cell lysis, relying on additives to quench sulfenic acids during work up. Ideally, 

sulfenic acid probes could instead be fully quenched in live cells, as cell lysis may 

promote subsequent unwanted redox transformations.31, 34 In recent years, our group has 

demonstrated how trans-cyclooctenes (TCO) can be synthesized and utilized in rapid 

bioorthogonal Diels-Alder reactions with tetrazines. The broad utility and in vivo stability 

of TCO led us to consider if it could be used to probe other processes.  

 

2.3 Seleniranium and Thiiranium Ion Formation with Alkenes 

It is established that alkenes display high reactivity toward electrophilic selenium 

species; Denmark and coworkers have shown that alkene exchange reactions of 

seleniranium ions are instantaneous at -70 °C and can undergo capture from an 

intramolecular nucleophile.35, 36 The ability of alkenes to engage electrophilic selenium 

species, led us to consider electrophilic sulfenic acids for thioetherification reactions for 

bioorthogonal labeling.  

 

 

Figure 2-4: (A) Alkene exchange of cyclooctene with seleniranium ions (B) 

Intramolecular capture of thiiranium ion. 
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2.4 Electrophile Promoted Transannular Reactions with trans-Cyclooctenes 

In 2008, Dr. Royzen demonstrated that 4-aza-trans-cyclooctenes treated with 

bromine, engage in electrophile promoted hydrobromination transannular reactions to 

provide a pyrrolizidine product with >90% isomeric purity (crude 1H NMR analysis, 

Figure 2-5A).37 In 2011, 4-aza-trans-cyclooctenes were used the preparation of 

hyacinthacine A2 via transannular hydroamination reactions with stereocontrol; 

stereocontrol stems from the adopted crown conformation and planar chirality of trans-

cyclooctenes (Figure 2-5B).38 In 2015, Dr. Mike Taylor investigated electrophile 

promoted transannular etherification reactions of oxocene (Figure 2-5C).39 

 

 

Figure 2-5: (A) Transannular bromoamination with 4-aza-cyclooctene (B) Transannular 

hydroamination with to prepare hyacinthacine A2 (C) Transannular 

bromoetherification with oxocene. 
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2.5 Transannular Thioetherification for Irreversible Sulfenic  Acid Capture 

We postulated that TCO may rapidly form thiiranium ions in the cellular 

environment with electrophilic sulfenic acids, but without an internal nucleophile the 

reaction could be reversible.35, 36 Accordingly, we designed probes based on trans-

cycloocten-5-ol (1) that could rapidly and irreversibly capture thiiranium ion 

intermediates via intramolecular thioetherification (Figure 2-6).38, 40 We reasoned that the 

olefinic strain of trans-cyclooctene 1 would make it particularly adept to form a 

thiiranium ion (2), and that the ring system would position a hydroxyl nucleophile for 

subsequent transannular attack (Figure2-6).38, 40, 41 We show that these sulfenic acid 

modifying trans-cycloocten-5-ol (SAM-TCO) probes function for the rapid, selective, 

and stable capture of sulfenic acids in live cells. Unique to this approach, bioorthogonal 

tetrazine ligation can quench SAM-TCO reagents in live cells with temporal control, 

thereby minimizing concerns about redox changes resulting from cell lysis. 

 

 

Figure 2-6: SAM-TCO probes for transannular thioetherification can be quenched by 

tetrazine ligation in live cells with temporal precision. 
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2.6  Results and Discussion 

Initial testing was performed by Dr. Taylor and Dr. Boyd with a selenium 

electrophile N-phenylselenophthalimide (N-PSP). Compound 2-1, containing an axial 

poised nucleophile, efficiently combined with N-PSP at room temperature to give 

selenoether 3 in 82% yield (Figure 2-7). Diol 2-6, which has axial and equatorial 

hydroxyls, gives [3.3.1]oxabicycle 2-7 in 88% yield. Nonobservance of [4.2.1]oxabicycle 

2-8 illustrates the significance of the axial hydroxyl group for efficient capture of the 

seleniranium ion. Consistent with these observations, compound 2-4 with an equatorial 

hydroxyl substituent requires elevated temperatures to react with N-PSP and after 

forming a seleniranium ion (2-4a), must undergo ring flip prior to transannular attack at 

C-2 of 2-4b to give [4.2.1] bicycle 2-5.  

 

 

Figure 2-7: Labeling studies of SAM-TCO with an electrophilic selenium model 

compound. 
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2.6.1 SAM-TCO Reactions with Sulfur Electrophile 

I started my investigation with SAM-TCOs and their ability to react with Carrollôs 

dipeptide cyclic sulfenamide (2-9), which is capable of in situ generation of sulfenic acid 

in 2:1 phosphate buffered saline:acetonitrile (PBS:ACN).19 Reaction of dimedone (2-10) 

with 2-9 forms 2-11 with a second-order rate constant of 11.8 Mī1sī1.19 In competition, 

axial alcohol 2-1 (300 ɛM) and dimedone (300 ɛM) were premixed and then added to a 

limiting solution of 2-9 (30 ɛM). Liquid chromatography mass spectrometry (LC/MS) 

analysis for formation of 2-11 and 2-12 showed that 2-1 reacted 6.5 times faster than 2-10 

at pH 7.4. Equatorial alcohol 4 is less reactive than 2-1, but reacts with a rate similar to 

dimedone. SAM-TCOs also retain reactivity at low pH as is relevant to tumor 

microenvironments of pH 5.8ī7.6. At pH 5.5, 2-1 is 11 times faster than dimedone, 

which is known not to be pH dependent.42 

 

 

Figure 2-8: Labeling studies of SAM-TCO with an electrophilic sulfur dipeptide model. 
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I further tested and confirmed the non-reactivity of compound 2-1 (1 mM) towards 

endogenous glutathione (0.2 mM), S-nitrosoglutathione (0.2 mM) or glutathione disulfide 

(0.2 mM) (Figure 2-9) as evidenced by LC-MS experiments looking for adduct formation 

(Figure 2-15-17). 

 

 

Figure 2-9: SAM-TCO are unreactive towards R-SH, R-SNO, and R-S-S-R . 

 

Control compounds 2-14 (cis-alkene) and 2-15 (acetylated hydroxyl group) gave no 

labeling with 2-9 (Figure 2-10), establishing that the trans-cycloalkene and the axial 

nucleophile are both critical to the efficacy of SAM-TCOs.  
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Figure 2-10: Acetylated SAM-TCOs and cis-isomers are unreactive towards sulfenic acid 

dipeptide models. 

The irreversibility of this reaction was also tested using thioether 2-12 (25 ɛM), and 

demonstrated to be very stable toward strong reductants (250 ɛM dithiothreitol (DTT), 

GSH or tris(2-carboxyethyl)phosphine) after 72 h at room temperature in pH 7.4 PBS 

(Figure 2-11) as evidenced by LC-MS experiments(Figures 2-18,19,20).22, 43 

 

 

 

Figure 2-11: Transannular thioetherification product (2-12) is stables towards reducing 

agents over 72 hours 
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2.6.2 SAM-TCO In Vitro  Protein Labeling 

Testing of SAM-TCOs using in vitro protein assays and Western Blot analysis 

was performed in collaboration with Dr. Oshini Ekanayake from Professor Rozovskyôs 

lab; she was responsible for the production of cysteine and selenenic acid forms of free 

methionine sulfoxide reductase (fRMsr), thioredoxin, glyceraldehyde-3-phosphate, 

fRMsr digestion and peptide analysis, Western Blot workflow, and cell viability assay. 

Several proteins with catalytic cysteine residues have been used for in vitro studies of 

sulfenic acid probes.42 A C84S C94S mutant of fRMsr (2-16) was chosen as a model 

because stable sulfenic acid 2-17 can be generated upon selective oxidation by 

methionine sulfoxide.42 Purified fRMsr-SOH 2-17 was combined with excess SAM-TCO 

2-18 to give thioether 2-20 (Figure 2-12AīC). Because SAM-TCOs can also undergo 

rapid bioorthogonal cycloadditions with tetrazines, 2-18 can be fully quenched at defined 

time points with excess tetrazine 2-19. After quenching with 2-19, samples were reduced 

by DTT converting any remaining 2-17 to 2-16. As fRMsr 2-16 and thioether fRMsr 2-20 

have equal ionization efficiencies (Figure 2-25), electrospray ionization mass 

spectrometry (ESI-MS) could be used to calculate the second-order rate constant (k2) of 

750 ± 150 Mī1sī1 in PBS at 25 °C (Figure 2-12D).8, 42 Site-specific alkylation of 2-17 at 

C118 was verified by digestion and tandem MS (Figure 2-12E). Similar to sulfenic acids, 

selenenic acids also play a role in signal transduction.44 As shown in Figure 2-7, 

transannular selenoetherification of SAM-TCOs by N-PSP is facile. Demonstrating 

selenoetherification in a protein system, selenocysteine-fRMsr (C84S C94S C118U) 2-21 

can be oxidized using methionine sulfoxide and the resulting selenenic acid can be 

quantitatively captured in the presence 2-18 to give adduct 2-22 (Figure 2-12F). 
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Figure 2-12: (A) Oxidation of fRMsr (2-16) gives a stable sulfenic acid 2-17 that can be 

captured by SAM-TCO 2-18. Kinetics were followed by bioorthogonal 

quenching with 2-19 at discrete time points. (B,C) Deconvoluted ESI-MS 

spectra of 2-16 and the reaction mixture of 2-17 and 2-18 after 300 s, 

demonstrating conversion to 2-20. (D) Second-order rate constant (k2) for 

the reaction of 2-17 with 2-18 was determined under pseudo-first-order 

conditions. (E) Tandem MS analysis of GluC digested fMSR shows that 

labeling by 2-18 is site-specific. (F) Deconvoluted ESI-MS spectra of 2-21 

(before) and 2-22 (after) quantitative capture of 2-17 with 2-18. 

 

In competition, SAM-TCO 2-1 and dimedone 2-10 were combined with 2-17 under 

pseudo-first-order conditions; analysis by LC/ MS determined that dimedone was 

outcompeted by 2-1 (Figure 2-29). In contrast to the observed selectivity with fRMsr, 

glyceraldehyde 3-phosphate dehydrogenase was 35% labeled by dimedone (5 mM) in 

H2O2 (0.2 mM), but was not tagged by 2-1 (Figure 2-49). This probe-based selectivity is 

consistent with prior observations by Carroll that structurally divergent probes target 

different protein sulfenic acids.20 Similar to sulfenic acids, selenenic acids also play a role 

in signal transduction.44As shown in Figure 2-7, transannular selenoetherification of 
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SAM-TCOs by N-PSP is facile. Demonstrating selenoetherification in a protein system, 

selenocysteine-fRMsr (C84S C94S C118U) 2-21 can be oxidized using methionine 

sulfoxide and the resulting selenenic acid can be quantitatively captured in the 

presence 2-18 to give adduct 2-22 (Figure 2-12F). 

 

2.6.3  SAM-TCO Live Cell Labeling 

We next explored the intracellular capture of sulfenic acids in live cells using 

SAM-TCO biotin, a probe that can be bioorthogonally quenched in live cells using a 

tetrazine. This ensures that changes resulting from lysis are not falsely attributed to native 

sulfenic acid labeling.45 Cell permeability of SAM-TCO biotin was assessed by 

observance of dose dependent labeling (50ī500 ɛM) in LNCaP prostate cancer cells. 

Live cells were combined with SAM-TCO biotin for 2 h at 37 °C, and subsequently 

quenched by tetrazine 2-19 (5 mM). Cell lysis, sodium dodecyl sulfate polyacrylamide 

gel electrophoresis, and Western blot revealed prominent labeling beyond native 

biotinylation (Figure 4B). Specificity of the labeling reaction was demonstrated by two 

controls: incubating SAM-TCO biotin (100 ɛM) in the presence of 2-18 (5 mM), 

followed by tetrazine quenching; wherein, no labeling was observed by Western blot 

(Figure S-51). The necessity for an internal hydroxyl group to capture low abundant 

sulfenic acids was assessed in live cells. No labeling was observed with TCO biotin 

under conditions that were successful for SAM-TCO biotin (Figure 2-13C). 

https://pubs.acs.org/doi/full/10.1021/jacs.9b01164#fig3
https://pubs.acs.org/doi/full/10.1021/jacs.9b01164#fig3
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Figure 2-13: 4. (A) Live cell labeling with SAM-TCO biotin, illustrating use of 2-19 to 

quench the probe prior to cell lysis and Western blot analysis. (B) Live 

LNCaPs were labeled with increasing amounts of TCO-biotin (0ī500 

ɛM) under native conditions and analyzed by Western blot using HRP-

Streptavidin chemiluminescence and glyceraldehyde 3-phosphate 

dehydrogenase as a loading control. (C) Comparison of SAM-TCO biotin 

100 ɛM and TCO biotin 100 ɛM labeling in live cells. (D) Temporal 

control for quenching of SAM-TCO biotin in live cells with 2-19 was 

assessed by the introduction of H2O2 after bioorthogonal quenching 

(Lane B) and prior to quenching (Lane C) with 2-19. Lane A is a control 

for quenching with 2-19 without additional H2O2 and Lane D is a control 

for increased labeling time. 

 

Evidence for the cell permeability of SAM-TCO biotin was validated by its ability to 

undergo tetrazine ligation in live cells. Here, HEK293T cells expressing a cytosolic 

HaloTag fusion protein were first labeled with a tetrazine-HaloTag ligand. Confocal 

microscopy showed that conjugation with SAM-TCO biotin quenched the protein for 

subsequent reaction with a fluorescent tetramethylrhodamine-TCO reagent (Figure 2-50). 

We next confirmed that tetrazine 2-19 is capable of quenching in live cells. LNCaP cells 

were lifted and labeled by SAM-TCO biotin (500 ɛM) at 37 ÁC. After 30 min, the sample 

was split and labeled AīD (Figure 2-13D). Sample A was quenched with tetrazine 2-19 

(5 mM); sample B with 2-19 (5 mM) for 10 s, followed by H2O2 (1 mM); sample C with 

H2O2 (1 mM); sample D was unmodified. After an additional 30 min, samples C and D 
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were treated with 2-19 (5 mM). Cells were then processed, lysed, and analyzed by 

Western blot (Figure 2-13D). Samples C and D displayed the highest intensity signals as 

they were quenched after 60 min instead of 30 min, with C being much more intense and 

displaying new bands because of the added H2O2. Samples A and B, which were 

quenched by 2-19 after 30 min, displayed equally low band intensity, demonstrating that 

SAM-TCO biotin had been quenched by the tetrazine prior to the addition of H2O2 for 

sample B. Overall, the quenched samples display equal and lower signal intensities than 

unquenched samples, confirming that SAM-TCO probes can be intracellularly quenched 

with temporal control. Cell lysis has been previously reasoned to cause oxidative stress12, 

31, 34 and therefore an active probe could potentially lead to labeling artifacts observed 

through cell lysis mechanisms. Labeling by SAM-TCO biotin in live and lysed cells was 

compared by briefly incubating the probe for 30 min at 4 °C under each condition. 

Overall labeling is higher under lysis conditions in comparison to live cell labeling 

(Figure 2-52).  

 

2.6.4 Chemoproteomics with SAM-TCO Probe 

Carbon-nucleophilic probes have been used for the chemoproteomic profiling of 

sulfenylation in cell lysates.8 As shown in Figure 2-14, transannular thioetherification 

represents a mechanistically distinct tool for the chemoproteomic identification and 

quantification of cellular sulfenic acids. For chemoproteomic profiling with SAM-TCO 

probes, Dr. Jessica Pigga developed a stereospecific method for synthesizing axial-trans-

cyclooctenols which was used to make SAM-TCO-alkyne probes. With Dr. Uthpala 

Seneviratne at Pfizer, HEK293T cell lysates were labeled with 5 mM SAM-TCO-alkyne 

(2-23) for 120 min with or without added H2O2. Intact proteins were then subjected to 

CuAAC using a bifunctional azide-biotin with an acid-cleavable DADPS46 linker 
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followed by enzymatic digestion. Peptides were enriched via streptavidin, released from 

the resin by acid, and then tandem mass tag (TMT) labeled for quantitative LC-MS/MS 

analysis (Figure 5B). A total of 640 sites of sulfenylation were identified (63% 

quantified) on 477 protein targets using 2-23. Of the targets identified by 2-23, 411 (64%) 

were also identified using an analogous dimedone-based probe (DYn2;47 Figure S42). 

The top quantified peptide hits, which are quantitatively compared in the heatmap in 

Figure 5C, include well-known sulfenic acid redox proteins such as peroxiredoxin 6. 

Additionally, 229 (36%) of the identified peptides were unique to SAM-TCO 2-23, 

(Figure 2-62). These proteomic data further illustrate the selective and complementary 

reactivity of SAM-TCO probes for protein sulfenylation. Future efforts will be directed to 

develop a proteomic workflow that will enable sulfenic acid profiling by SAM-TCO 

probes in living cells. 

 

Figure 2-14: SAM-TCO probe labeling of target proteins in HEK293T cell lysate. (A) 

Workflow for proteomic analysis. (B) Tandem MS analysis of 

peroxiredoxin-6 (PRDX6) as a representative example of SAM-TCO 

labeled proteins that were identified and quantified. (C) Heatmap illustrating 

the top quantified peptide hits that were labeled by 2-23, with comparison to 

DYn2. 
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2.7 Conclusion 

In summary, SAM-TCOs are cell permeable and bioorthogonal reagents 

dependent upon an intramolecular nucleophile for transannular thioetherification of 

sulfenic acid species. SAM-TCO selectively labels a model peptide sulfenic acid, and 

also labels the sulfenic acid form of the protein fRMsr with an in vitro rate constant of 

750 Mī1 sī1. We have demonstrated the capture of sulfenic acid species in live cells using 

a biotinylated SAM-TCO probe. Further, SAM-TCO probes can also engage in 

bioorthogonal DielsīAlder reactions with tetrazines, providing a temporally controlled 

method for quenching the activity of the probes in living cells. A cell-based proteomic 

study validates the ability of SAM-TCO probes to identify and quantify known sulfenic 

acid redox proteins as well as targets not captured by dimedone-based probes. We 

anticipate these advantages will facilitate identification of native sulfenic acid species 

present in living systems. 

 

2.8 Experimental  Procedures 

General Synthesis and Characterization  

All reactions were performed in glassware that was flame-dried under vacuum and cooled 

under nitrogen. Flash chromatography was performed using normal phase Silicycle silica 

gel (40-63D, 60Å). An APT pulse was used for 13C NMR spectra, where methylene and 

quaternary carbons appear óupô (u), and methane and methyl carbons appear ódownô (dn). 

Other solvents and reagents were purchased from commercial sources without additional 

purification. High resolution mass spectral data were taken with a Waters GCT Premier 

high-resolution time-of-flight mass spectrometer, or using a Thermo Q-Exactive Orbitrap 

instrument. 
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Electrospray ionization mass spectrometry   Mass spectra of intact proteins were obtained 

using a Xevo G2-S QTOF on a Waters ACQUITY UPLC Protein BEH C4 reverse-phase 

column (300 ¡, 1.7 ɛm, 2.1 mm x 150 mm). An acetonitrile gradient from 5%-95% was 

used with 0.1% formic acid, over a run time of 5 minutes and constant flow rate of 0.5 

mL/min at room temperature. Spectra were acquired from m/z 350 to 2000, at a rate of 1 

sec/scan. Each analysis was 25 minutes under constant flow rate of 0.2 mL/minutes at 

room temperature. Data were acquired from m/z 350 to 2500, at a rate of 1 sec/scan. The 

spectra were deconvoluted using maximum entropy in MassLynx. All data are reported 

within (30 ppm) 0.5 Da of the theoretically determined molecular mass. 

Tandem mass spectrometry   Analysis and sequencing of peptides was carried out using a 

Q Exactive Orbitrap interfaced with Ultimate 3000 LC system. Data acquisition by Q 

Exactive Orbitrap was as follows: 10 ɛL of GluC-digested protein was loaded on an Ace 

UltraCore super C18 reverse-phase column (300 ¡, 2.5 ɛm, 75 mm ³ 2.1 mm) via an 

autosampler. An acetonitrile gradient from 5%-95% was used with 0.1% formic acid, 

over a run time of 90 minutes and constant flow rate of 0.2 mL/minutes at room 

temperature. MS data were acquired using a data-dependent top10 method dynamically 

choosing the most abundant precursor ions from the survey scan for HCD fragmentation 

using a stepped normalized collision energy of 28, 30, 35 eV. Survey scans were acquired 

at a resolution of 70,000 at m/z 200 on the Q Exactive. Theoretical patterns of isotopic 

patterns of peptides were calculated using UCSF MS-ISOTOPE Baker USCF. 

Compounds shown below were prepared by previously described procedures.40, 48 
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rel-(1S, 2S, 5E, pR)-Cyclooct-5-en-1,2-diacetate (2-15) 

 

A dry round bottom flask was sequentially added with rel-(1S, 2S, 5E, pR)-Cyclooct-5-en-

1,2-diol40 (20 mg, 0.14 mmol), 2 mL of anhydrous CH2Cl2, pyridine (44 mL, 0.56 mmol), 

and 4-dimethylaminopyridine (1.7 mg, 0.014 mmol). Acetic anhydride (66 mL, 0.70 mmol) 

was added via syringe and the solution was allowed to stir for 30 minutes at room 

temperature. The mixture was dried by rotary evaporation and purified by normal phase 

chromatography using a gradient (0-15%) of ether in hexanes to yield 29 mg (0.13 mmol, 

92%) of the title compound as a white solid. 1H (400 MHz, CDCl3) ŭ 5.65-5.59 (m, 2H), 

4.72-4.66 (m, 2H), 2.45-2.36 (m, 2H), 2.31-2.21 (m, 4H), 2.03-1.99 (s, 6H), 1.94-1.84 (m, 

2H); 13C (100 MHz, CDCl3) ŭ 170.4 (u), 133.5 (dn), 76.9 (dn), 37.1 (u), 32.5 (u), 20.9 (dn); 

HRMS (ESI+) calculated [M+H]+ for C12H18O4, 227.1278; found 227.1276. 

rel-(1R, 2R, 5E, pR)-2-hydroxycyclooct-5-ene biotinylate (SAM-TCO biotin)  
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A dry round bottom flask was charged with a slurry of KH (4.7 mg, 0.12 mmol) in 100 mL 

of anhydrous DMF and a magnetic stir bar. A 200 mL solution of rel-(1R,2R,5E,pR)-

cyclooct-5-ene-1,2-diol (18, 15 mg, 0.11 mmol) in anhydrous DMF was added via syringe 

and the suspension was allowed to for stir 5 minutes. A solution of d-biotin-4-nitrophenyl 

ester (20 mg, 0.054 mmol, TCI America) in 200 mL of anhydrous DMF was added 

dropwise via syringe. The mixture was allowed to stir for 30 minutes, and the reaction was 

quenched via the addition of a drop of saturated ammonium chloride. The crude product 

purified by reverse phase chromatography (two stacked 12g C18 cartridges, Yamazen 

Science Inc) on an ISCO RediSep automated flash system using a gradient (10%-80%) of 

methanol in water. Fractions were concentrated to yield 10 mg (0.027 mmol, 50%) of the 

title compound as a clear oil.  1H NMR (400 MHz, MeOD)  ŭ 5.71 (ddd, J = 16.2, 10.5, 3.2 

Hz, 1H), 5.63 (ddd, J = 16.1, 11.0, 3.2 Hz, 1H), 5.15 (app dd, J = 8.9, 5.8 Hz, 1H), 4.52 

(dd, J = 7.9, 4.9 Hz, 1H), 4.34 (app dd, J = 7.9, 4.5 Hz, 1H), 4.21 (app dd, J = 8.9, 5.5 Hz, 

1H), 3.24 (dt, J = 9.6, 5.1 Hz, 1H), 2.96 (dd, J = 12.8, 5.0, 1H), 2.74 (d, J = 12.7, 1H), 2.50-

2.42 (t, J = 14.8, 7.3, 2H), 2.41-2.33 (m, 1H), 2.30-2.15 (m, 2H), 2.12-1.87 (m, 4H), 1.85-

1.57 (m, 4H), 1.55-1.42 (m, 2H); 13C NMR (100 MHz, MeOD) ŭ 173.0 (u), 164.7 (u), 133.2 

(dn), 133.1 (dn), 73.2 (dn), 67.8 (dn), 62.1 (dn), 60.2 (dn), 55.6 (dn), 39.6 (u), 35.8 (u), 

33.8 (u), 32.9 (u), 28.5 (u), 28.2 (u), 28.0 (u), 27.3 (u), 24.8 (u); HRMS (ESI+) calculated 

[M+H] + for C18H28N2O4S, 369.1843; found 369.1846. 

TCO biotin  
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A dry round bottom flask was charged with a slurry of biotin (40 mg, 0.164 mmol) in DMF 

1.5 mL. The slurry was heated to 60 °C, once biotin was fully dissolved the solution was 

brought to room temperature. N-(3-dimethylaminopropyl)-Nô-ethylcarbodiimide (EDC) 

HCl (35, 0.183 mmol) was added in a single portion and the resulting mixture was allowed 

to stir for one hour. After an hour, DMAP (2 mg, 0.016 mmol), TEA (36 ml, 0.328 mmol) 

and the equatorial diastereomer of (E)-2-(cyclooct-4-en-1-yloxy)ethanol40 (41 mg, 0.246 

mmol) were added and allowed to stir overnight. The solution was concentrated and the 

crude mixture was purified by reverse phase chromatography (two stacked 12 g C18 

cartridges, Yamazen Science Inc) on an ISCO RediSep automated flash system using a 

gradient (10%-100%) of methanol in water. Fractions were collected to yield 27 mg (0.068 

mmol, 41%) of the title compound as a white solid. 1H NMR (600 MHz, CDCl3) ŭ 5.90-

5.85 (bs, 1H), 5.63-5.55 (m, 1H), 5.42-5.35 (m, 1H), 5.32-5.27 (bs, 1H), 4.54-4.49 (m, 1H), 

4.35-4.30 (m, 1H), 4.22-4.14 (m, 2H), 3.61-3.55 (m, 1H), 3.52-3.47 (m, 1H), 3.20-3.14 (m, 

1H), 3.06-3.01 (dd, J =9.9, 5.1 Hz, 1H), 2.95-2.90 (dd, J = 12.7, 5.1 Hz, 1H), 2.79-2.73 (d, 

J = 13.0, 1H), 2.43-2.34 (m, 4H), 2.29-2.21 (m, 1H), 2.11-2.06 (d, J = 13.5, 1H), 2.03-1.92 

(m, 2H), 1.91-1.85 (m, 1H), 1.85-1.78 (m, 3H), 1.77-1.64 (m, 4H), 1.57-1.40 (m, 4H); 13C 

NMR (100 MHz, CDCl3) ŭ 173.8 (u), 163.7 (u), 135.4 (dn), 132.3 (dn), 86.0 (dn), 66.0 (u), 

63.8 (u), 61.9 (dn), 60.1 (dn), 55.6 (dn), 40.7 (u), 40.6 (u), 34.5 (u), 33.8 (u), 33.0 (u), 31.8 

(u), 28.3 (u), 28.2 (u), 24.8 (u); HRMS (ESI+) calculated [M+H]+ for C20H32N2O4S, 

397.2161; found 397.2152. 

Thioetherification of Cbz-cys-val-OMe  (2-12) 
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A glass vial was charged with rel-(1S, 4E, pR)-cyclooct-4-en-1-ol (2-1) (20 mg, 0.158 

mmol) dissolved in 0.5 mL of a 2:1 mixture of PBS (10 mM, pH 7.4) and ACN. A solution 

of dipeptide 2-919 (11.6 mg, 0.031 mmol) dissolved in 0.5 mL of anhydrous ACN was 

slowly added over 2 h via syringe and allowed to react for 3 h total at room temperature. 

The reaction mixture was concentrated, dissolved in CH2Cl2, and purified by normal phase 

chromatography using a gradient (0-20%) of ethyl acetate in CH2Cl2 to yield 14 mg (0.029 

mmol, 94%) of the title compound as a clear oil. 1H (600 MHz, DMSO-d6) ŭ ŭ 8.30-8.20 

(m, 1H), 7.59-7.50 (m, 1H), 7.39-7.27 (m, 5H), 5.10-4.98 (m, 2H), 4.34-4.25 (m, 1H), 4.22-

4.14 (m, 1H), 3.88-3.82 (m, 1H), 3.80-3.73 (m, 1H),  3.65-3.61 (m, 3H), 3.00-2.92 (m, 1H), 

2.86-2.75 (m, 1H), 2.70-2.56 (m, 1H), 2.29-2.16 (m, 1H), 2.16-1.99 (m, 2H), 1.98-1.87 (m, 

1H), 1.86-1.72 (m, 2H), 1.65-1.30 (m, 5H), 0.93-0.78 (m, 6H) ppm; 13C (100 MHz, DMSO-

d6) ŭ (*= peaks due to rotamers): 172.83 (u), 172.80 (u)*, 171.0 (u), 170.9 (u)*, 156.0 (u), 

155.9 (u)*, 137.06 (u), 137.04 (u)*, 128.4 (dn), 127.8 (dn), 127.7 (dn), 71.3 (dn), 71.2* 

(dn) 65.5 (u), 65.4 (dn), 65.3 (dn)*, 57.4 (dn), 54.9 (dn), 54.5* (dn) 51.8 (dn), 44.7 (dn), 

44.4 (dn)*, 33.2 (u), 30.0 (dn), 29.23 (u), 29.20 (u)*, 25.2 (u), 25.1 (u)*, 24.8 (u), 24.5 (u)*, 

18.9 (dn), 18.3 (dn), 18.2 (dn)*, 16.6 (u), 16.4 (u) ppm. HRMS (ESI+) calculated [M+H]+ 

for C25H37N2O6S, 493.2372; found 493.2366. 

4-((4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)-N-(2-(2-((6-

chlorohexyl)oxy)ethoxy)ethyl)amide (2-24) 

 

A dry round bottom flask was sequentially charged with methyltetrazine-NHS ester (37 

mg, 0.11 mmol, Click Chemistry Tools), anhydrous methylene chloride (1 mL), and N,N-

diisopropylamine (40 mL, 0.23 mmol). To the solution, 2-[2(6-chloro-hexyloxy)-ethoxy]-

ethylammonium hydrochloride (20 mg, 0.077 mmol) was added in a single portion and 

the reaction was stirred overnight at room temperature. The mixture was concentrated 
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onto silica and purified by silica gel chromatography (0-100% ethyl acetate in hexanes) 

to afford the title compound (30 mg, 0.069 mmol, 90% yield) as a pink solid. 1H (400 

MHz, CDCl3) ŭ 8.56-8.52 (d, 2H), 7.52-7.48 (d, 2H), 3.65 (s, 2H), 3.58-3.48 (m, 8H), 

3.47-3.43 (dd, J = 5.4, 10.5 Hz) 2H,  3.43-3.39 (t, J = 6.57, 2H), 3.08 (s, 3H), 1.78-1.71 

(m, 2H), 1.60-1.53 (m, 2H), 1.46-1.39 (m, 2H), 1.37-1.30 (m, 2H); 13C (100 MHz, 

CDCl3) ŭ 170.0 (u), 167.3 (u), 163.9 (u), 139.9 (u), 130.7 (u), 130.2 (dn), 128.3 (dn), 71.3 

(u), 70.3 (u), 70.0 (u), 69.7 (u), 45.0 (u), 43.7 (u), 39.5 (u), 32.5 (u), 29.4 (u), 26.7 (u), 

25.4 (u), 21.2 (dn); HRMS (ESI+) calculated [M+H]+ for C21H31ClN5O3, 436.2115; found 

436.2117. 

Glutathione Control Study with 2-1 

 

 

Compound 2-1 was incubated in excess with glutathione and analyzed by ESI-MS. A 50 

mM stock solution of 2-1 was prepared in acetonitrile. A separate, 5 mM stock of 

glutathione (GSH) was prepared in PBS (25 mM, pH = 7.4). To a 480 mL solution of PBS 

was added 20 mL of stock solution 2-1 and 20 mL of stock GSH solution (final 

concentration 2-1 = 1 mM and GSH = 200 mM) and was allowed to incubate at room 

temperature. After 60 minutes, the sample was analyzed by positive mode UPLC-ESI-

MS. There was no observed adduct formation of 2-1 with GSH.  
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Figure 2-15: Positive mode UPLC-ESI-TIC trace of 0.2 mM GSH (top) and of 2mM in 

the presence of 0.2mM GSH (bottom). 

 

 

S-nitrosoglutathione Control Experiment with 2-1 

 

 

As a control for S-nitrosothiol species, compound 2-1 was incubated in excess with S-

nitrosoglutathione (GSNO, Santa Cruz Biotechnology) and analyzed by ESI-MS. A 50 mM 

stock solution of 2-1 was prepared in acetonitrile. A separate, 10 mM stock solution of 

GSNO was prepared in a 50:50 acetonitrile:PBS (25 mM, pH = 7.4). To a 480 uL solution 

of 50:50 acetonitrile:PBS (25 mM, pH = 7.4) was added 10 mL of stock solution containing 
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2-1 and 10 mL of stock solution containing GSNO (final concentration 2-1 = 1 mM and 

GSNO = 0.2 mM) and was allowed to incubate at room temperature. After 16 hours, the 

sample was analyzed by positive mode ESI-MS. There was no observed adduct formation 

of 1 with GSNO. 

 

 

Figure 2-16: Positive mode UPLC-ESI-TIC trace of 1 (1 mM) in the presence of GSNO 

(0.2 mM) at t = 0 hours and t = 16 hours. 

 

Oxidized Glutathione Control Experiment with 2-1  

 

 

 

As a control for R-SS-R species, compound 2-1 was incubated in excess with oxidized 

glutathione (GSSG, Sigma) and analyzed by UPLC-ESI-MS. A 50 mM stock solution of 

2-1 was prepared in acetonitrile. A separate, 10 mM stock solution of GSSG was 

prepared in a 50:50 acetonitrile:PBS (25 mM, pH = 7.4). To a 480 mL solution of 50:50 
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acetonitrile:PBS (25 mM, pH = 7.4) was added 10 mL of stock solution containing 2-1 

and 10 mL of stock solution containing GSSG (final concentration 2-1 = 1 mM and GSSG 

= 0.2 mM) and was allowed to incubate at room temperature. After 16 hours, the sample 

was analyzed by positive mode UPLC-ESI-MS. There was no observed adduct formation 

of 2-1 with GSSG. 

 

Figure 2-17: Positive mode UPLC-ESI-TIC trace of 1 (1 mM) in the presence of GSSG 

(0.2 mM) at t = 0 hours and t = 16 hours. 

 

Stability of 2-12 Under Reducing Conditions 

 

 

The stability of 2-12 under reducing conditions was assessed using an UPLC-MS time-

course study. A 25 mM stock solution of 2-12 was prepared in DMSO. Separate stock 

solutions of dithiothreitol (DTT), reduced glutathione (GSH), and tris(2-

carboxyethyl)phosphine (TCEP) were prepared in PBS buffer (25 mM, 0.1 mM EDTA, 

pH=7.0) at a final concentration of 250 mM. In three separate experiments, 10 mL of 2-12 

and 10 mL of each reducing agent solution were diluted into 980 mL of PBS buffer (final 

concentration of 2-12 = 25 mM and reducing agent = 250 mM). Aliquots were taken at t= 
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0, 3, 6, 24, 48, and 72 hours and analyzed by positive mode UPLC-ESI-MS. No changes 

were observed for the LC trace or observed m/z signal over the course of 72 hours (Fig 

S01-S03). 

 

Figure 2-18: Positive mode UPLC-ESI-TIC trace of 25 mM 12 in the presence of 250 

mM DTT at 3, 6, 24, 48, and 72 hours. 

 

Figure 2-19: Positive mode UPLC-ESI-TIC trace of 25 mM 12 in the presence of 250 

mM GSH at 3, 6, 24, 48, and 72 hours. 

 

Figure 2-20: Positive mode UPLC-ESI-TIC trace of 25 mM 2-12 in the presence of 250 

mM TCEP at 3, 6, 24, 48, and 72 hours. 
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Control experiment with a cis-cyclooctenol 

  

A 1.5 mM stock solution of rel-(1S,2S,5Z)-cyclooct-5-en-1,2,diol was prepared in PBS (10 

mM, pH 7.4).  A 300 mM stock solution of dipeptide 2-9 was prepared in anhydrous ACN.4 

The dipeptide 2-9 solution (1 mL, 100 mM final concentration) was mixed with the cis-diol 

stock solution (2 mL, 1.0 mM final concentration). At time points (1, 2, 3, 5, 7, 10, and 15 

minutes) 300 mL of the reaction mixture was quenched into a vial containing 100 mL of 

formic acid. Samples were analyzed by positive mode UPLC-ESI-MS. No product 

formation between cis-cyclooctene-diol and dipeptide 2-9 was observed (Fig S-04). 

 

 

Figure 2-21: Positive mode UPLC-ESI-TIC trace of 1.0 mM cis-cyclooctene-diol and 30 

mM dipeptide 2-9 at 1 and 15 minutes. (A = 2-14, B =2- 9, C = disulfide of 

2-9, m/z = 735). 

Control Experiment with trans-cyclooctene lacking a hydroxyl group 
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Stock solutions of 3 mM rel-(1S, 2S, 5E, pR)-cyclooct-5-en-1,2-diacetate (2-15) and 300 

mM dipeptide 2-9 were separately prepared in anhydrous ACN and combined 1:1 to a final 

volume of 200 mL. PBS buffer (400 mL, 10 mM, pH = 7.4) was added and the resulting 

reaction mixture was allowed to react at room temperature (final concentration of 2-15 and 

2-9 were 1 mM and 100 mM, respectively). After 30 minutes the mixture was analyzed by 

positive mode UPLC-ESI-MS. No mass corresponding to product was observed. 

 

Ionization Efficiency of Dipeptide Conjugates 

A solution of2- 11 and 2-12, 50 mM in acetonitrile, was analyzed by positive mode UPLC-

ESI-MS and peak areas were used to determine the relative difference in ionization 

efficiencies for each compound. At equal concentrations, 2-12 ionizes 1.30 times more 

effectively than 2-11. This ratio is used as a conversion factor determining relative amount 

of product formed during competition experiments. 

 

Figure 2-22: Positive mode LC-MS-ESI trace (bottom) for a solution that was 50 mM in 

2-11 and 2-12.  The TIC is shown at the bottom, and ESI peak analysis for 

2-11 (m/z = 507) and 2-12 (m/z= 493) is displayed at the top). Spectra were 

analyzed using MassLynx (Waters Corp.) 
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The competition experiments between dimedone and axial-5-hydroxy-TCO (2-1) or 

equatorial-hydroxyTCO (2-4) were measured under pseudo first order conditions and 

analyzed by positive mode UPLC-ESI-MS. Stock solutions of axial-5-hydroxyTCO (2-1), 

equatorial-5-hydroxyTCO (2-4), and dimedone were prepared at 900 mM in PBS (10 mM, 

pH=7.4) buffer. A stock solution of dipeptide 2-10 was prepared at 90 mM in anhydrous 

ACN. For each competition experiment, 100 mL of the stock TCO solution and 100 mL of 

the stock solution of dimedone were pre-mixed in a sample vial. Then, 100 mL of dipeptide 

2-9 from the stock solution was added, the mixture vortexed, and allowed to react at room 

temperature for 30 minutes (Final concentration of equatorial or axial-5ô-OH-TCO= 300 

mM, Dimedone=300 mM, dipeptide 2-9 = 30 mM). Samples were analyzed by positive 

mode UPLC-ESI-MS and peak areas were used to quantify total product formation in each 

reaction mixture. The difference in thioetherification product between axial-5-hydroxy-

TCO (2-1) and dimedone was 6.5 fold (FIG S-06). In a separate comparison, a 1.2 fold 

difference between equatorial-5-hydroxy-TCO (2-4) and dimedone was observed (FIG S-

07).  Using the reported k2 for dimedone of 11.8 M-1s-1,3 the second order rate constants for 

axial-5ô-OH-TCO and equatorial-5ô-OH-TCO can be calculated to be 76 M-1s-1 and 14 M-

1s-1 respectively for reaction with dipeptide 2-9 in PBS:ACN (2:1).  
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Figure 2-23: Positive mode LC-MS-ESI TIC trace (bottom) for the axial-5ô-OH-TCO (1) 

and dimedone competition reaction. ESI peak analysis for alkylation 

product ([m/z = 507) between dimedone and SOH dipeptide (middle). ESI 

peak analysis for alkylation product (m/z= 493) of axial-5ô-OH-TCO and 

SOH dipeptide (top). Spectrum were analyzed using MassLynx (Waters 

Corp.) 
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Figure 2-24: Positive mode LC-MS-ESI TIC trace (bottom) for the equatorial-5ô-OH-

TCO (4) and dimedone competition reaction. ESI peak analysis for 

alkylation product (m/z = 507) between dimedone and SOH dipeptide 

(middle). ESI peak analysis for alkylation product (m/z= 493) of 

equatorial-5ô-OH-TCO and SOH dipeptide (top). Spectrum were analyzed 

using MassLynx (Waters Corp.) 
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Ionization Efficiency of fRMsr Products 

Three separate 20 mM solutions of native fRMsr, iodoacetamide (IAM) labeled fRMsr 

(fRMsr-IAM), and 2-18 labeled fRMsr (fRMsr-TCO) were prepared in PBS buffer (25 

mM, 0.1 mM EDTA, pH 7.0) as follows. Reduced fRMsr was prepared as above, diluted 

to 20 mM in PBS buffer, and analyzed by ESI-MS. fRMsr-IAM was prepared by reacting 

the reduced protein (above) with 5-fold molar iodoacetamide. fRMsr-TCO was prepared 

by reacting oxidized fRMsr (prepared as above) with 10-fold molar diaxial-diol-TCO for 

10 minutes. Each of the alkylated proteins were separately de-salted by loading onto a 

desalting column (GE Healthcare Nap-5) pre-equilibrated and eluted with phosphate buffer 

(25 mM, 0.1 mM EDTA, pH=7.0), 200 mL fractions were collected, and one fraction was 

diluted to 20 mM and analyzed by ESI-MS. The total ionization count for the de-convoluted 

proteins was plotted on the same spectrum using Prism software (FIG S-10). The ionization 

efficiency was calculated to be a 1.0:1.1:1.0 ratio for 2-18:IAM:Native. 

 

 

Figure 2-25: Combined deconvoluted ESI mass spectrum for fRMsr (native), fRMsr-

IAM, and fRMsr-TCO analyzed at 20 mM. The calculated molecular mass 

of IAM modified fRMsr and diaxial-diol-TCO modified fRMsr is 18777 

Da and 18860 Da respectively.  
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trans-Cyclooctenol and Dimedone Competition Experiment with fRMsr 

Competition between dimedone and trans-cyclooctenol were measured under pseudo first 

order conditions and analyzed by positive mode ESI-MS. A single stock solution 

containing 2-1 and dimedone respectively, at 150 mM in PBS (10 mM, pH=7.4) buffer was 

prepared. The stable sulfenic acid of fRMsr was prepared as described above and diluted 

to a concentration of 30 mM in PBS (10 mM, pH=7.4). A 60 ml aliquot of the stock solution 

containing 2-1 and dimedone (100 mM final concentration) was added to 30 mL of fRMsr 

solution (10 mM final concentration) and allowed to react for 15 minutes.  

 

 

 

Figure 2-26: ESI mass spectrum of reduced fRMsr.  
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Figure 2-27: Deconvoluted ESI mass spectrum for reduced fRMsr, containing a single 

peak at 18720.0 + 0.5 Da. 

 

 

Figure 2-28: ESI mass spectrum of fRMsr following competition experiment between 1 

and dimedone under pseudo-first order conditions.  
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Figure 2-29: Deconvoluted ESI mass spectrum of fRMsr following competition 

experiment between 2-1 and dimedone under pseudo first order conditions. 

The Major peak at 18844.4 + 0.5 Da indicates a successful and complete 

transannular thioetherification of 2-1. No peak was observed for dimedone 

at 18858.1 +0.5 Da. 
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determined by nonlinear regression analysis using Prism software resulting in rate 

constants of 0.01697, 0.02917, and 0.05431 s-1; the rate constants were plotted against final 

concentration to determine the bimolecular rate constant k2 (Fig. S-19) of 750 +  150 M-1s-

1 from the slope of the plot. 

 

 

 

 

 

Figure 2-30: ESI mass spectrum for complete transannular thioetherification of 2-18 

with fRMsr-sulfenic acid. 
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Figure 2-31: Deconvoluted ESI mass spectrum for complete transannular 

thioetherification of 2-18 with fRMsr-sulfenic acid. Contains a single peak 

at 18860.0 + 0.5 Da, indicating complete addition of 2-18.  

 

Figure 2-32: Representative waterfall plot with deconvoluted ESI mass spectra for 

labeling fRMsr (5 mM) with 2-18 (75 mM). 
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Figure 2-33: in vitro MS-kinetics for the alkylation of fRMsr (5 mM) under pseudo-first 

order conditions with 2-18 (A= 25 mM, B=50 mM, C=75 mM). Raw data 

points (red) and the fit curve (blue) for a pseudo first order rate equation 

calculated on Prism software are shown.  

 

 

Figure 2-34: in vitro bimolecular rate determination from three conditions when 2-18 is 

reacted with fRMsr by plotting kobs vs final diaxial-diol-TCO 

concentration. 
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Labeling of fRMsr Sulfenic Acid with a TCO biotin  

The stable sulfenic acid of fRMsr was prepared as previously described and diluted to a 

concentration of 15 mM in PBS (10 mM, pH=7.4). TCO biotin stock solution in methanol 

(20 mM) was added to the fRMsr at a final concentration of 150 mM and allowed to fully 

react (60 min). The sample was then desalted into bicarbonate buffer (pH 8) and analyzed 

by ESI-MS.  

 

 

 

Fig 2-35: ESI mass spectrum for reaction of TCO biotin with fRMsr sulfenic acid. 
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Fig 2-36: Deconvoluted ESI mass spectrum for reaction of TCO biotin with fRMsr-

sulfenic acid. A mixture of products is observed for this reaction, a major peak 

at 19,114.4 + 0.5 Da is consistent with electrophilic substitution by TCO 

biotin, likely as the allylic substitution product. Another minor peak at 

18,843.8 + 0.5 Da is consistent with transannular thioetherification with a loss 

of glycol biotin).    

 

Competition of SAM-TCO biotin vs TCO-Biotin for fRMsr Sulfenic Acid  

Competition between SAM-TCO biotin and TCO biotin were measured under pseudo first 

order conditions and analyzed by ESI-MS. A single stock solution containing SAM-TCO 

biotin and TCO biotin respectively, at 100 mM in PBS (10 mM, pH=7.4) buffer was 

prepared. The stable sulfenic acid of fRMsr was prepared as described above and diluted 

to a concentration of 10 mM in PBS (10 mM, pH=7.4). A 50 mL aliquot of the stock solution 

containing SAM-TCO biotin and TCO biotin (50 mM final concentration) was added to 50 

mL of fRMsr solution (5 mM final concentration) and allowed to fully react.  
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Figure 2-37: ESI mass spectrum for competition of SAM-TCO biotin and TCO biotin for 

fRMsr-sulfenic acid. 
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Figure 2-38: Deconvoluted ESI mass spectrum for competition SAM-TCO biotin and 

TCO biotin for fRMsr sulfenic acid. SAM-TCO biotin completely 

outcompetes TCO biotin for sulfenic acid; only product formation 

(19,086.0 Da) is observed for the thioetherifcation of SAM-TCO biotin 

with fRMsr. 

 

Labeling of oxidized selenocysteine-fRMsr with SAM -TCO added after oxidation  

Selenocysteine-fRMsr was oxidized to the selenenic acid as described above. The prepared 

protein (5 mM) was reacted with 2-18 (25 mM final concentration) in phosphate buffer (10 

mM, pH 7.4) for 25 minutes. DTT (1 mM final concentration) was added to the reaction 

mixture for 10 minutes, followed by iodoacetamide (5 mM final concentration). The 

samples were then analyzed by ESI-MS. Incomplete labeling was observed with 2-18, 

suggesting a competition between the selenoetherification with 2-18 and intermolecular 

diselenide bond formation (Figure S-27). 
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Figure 2-39: ESI mass spectrum of iodoacetamide labeled selenocysteine-fRMsr. 

 

Figure 2-40: Deconvoluted ESI mass spectrum of iodoacetamide labeled selenocysteine-

fRMsr contains a single peak at 18824.0 + 0.5 Da. 
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Figure 2-41: ESI mass spectrum for selenocysteine-fRMsr labeled with 18. 

 

 

 

Figure 2-42: Deconvoluted ESI mass spectrum of selenocysteine-fRMsr labeled with 2-

18. Contains a major peak at 18824.6 + 0.5 Da (selenocysteine-fRMsr-

IAM) and a minor peak at 18907.2 + 0.5 Da, indicating incorporation of 2-

18.  
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Oxidation and Labeling of selenocyseine-fRMsr in the presence of SAM-TCO  

A solution of selenocysteine-fRMsr was reduced for 1 hour with 25 molar excess DTT. 

The reduced protein was then desalted using a NAP-5 column into phosphate buffer (10 

mM, pH 7.4) and placed on ice. To the desalted protein (5 mM) was added 2-18 (25 mM 

final concentration). In the presence of 2-18, selenocysteine-fRMsr was then oxidized with 

a 100 molar excess of methionine sulfoxide and allowed to react for 15 minutes. DTT (1 

mM final concentration) was added to the reaction mixture for 10 minutes, followed by 

iodoacetamide (5 mM final concentration). The samples were then analyzed by ESI-MS. 

When oxidized in the presence of 2-18, a high yield of the selenoetherification adduct 2-

22 was observed and the iodoacetamide adduct was not observed. 

 

 

 

Figure 2-43: Deconvoluted ESI mass spectrum of selenocysteine-fRMsr labeled with 2-

18. Contains a major peak at 18907.0 + 0.5 Da (2-22) indicating 

quantitative incorporation of 2-18. The peak at 18860.0 + 0.5 is a cysteine 

containing fRMsr that is also fully labeled with 2-18. Also present are the 
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free selenocysteine and cysteine- containing fRMsr (less than 5% of all 

species).  

 

Labeling and Digestion of fRMsr C84S C94S 

fRMsr was fully labeled with 2-18 as previously described. After labeling, the sample was 

buffer exchanged into ammonium carbonate buffer (50 mM, pH = 8.0) using a Nap-5 

desalting column. For tandem mass spectrometric analysis, the modified protein sample 

was heat denatured and incubated with 2 mg of endoproteinase GluC overnight at 37 °C. 

Digested peptides were lyophilized and analyzed by Tandem MS. 

 

 

Figure 2-44: Sequencing by tandem-MS of 2-18 labeled fRMsr peptide with the catalytic 

cysteine. The sample was prepared by digestion with the Endoproteinase 

GluC.  

Selenocysteine containing fRMsr (C84,94S) was reduced with 10 mM DTT at room 

temperature and buffer exchanged into 25 mM potassium phosphate containing 0.1 mM 

EDTA (pH 7.0) using a Nap-5 desalting column. Desalted protein was exposed to 

methionine sulfoxide in the presence of 1 mM of 2-18. Upon completion of the reaction, 

the protein was desalted into ammonium bicarbonate (50 mM, pH = 8.0) using a Nap-5 

column. For tandem mass spectrometric analysis, the modified protein sample was heat 

denatured and incubated with 2 µg of endoproteinase GluC overnight at 37 ºC. Digested 

peptides were lyophilized and analyzed by Tandem MS. 
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Figure 2-45: Sequencing by tandem-MS of 2-18-labeled fRMsr peptide with the 

selenocysteine. The sample was prepared by digestion with the 

endoproteinase GluC. 

 

Labeling of GAPDH with Dimedone using Hydrogen Peroxide Oxidant 

An aliquot of GAPDH was reduced for 1 hour using 25 molar excess of DTT at room 

temperature. The solution was desalted into phosphate buffer (50 mM, 0.1 mM EDTA, pH 

7.5) using a pre-equilibrated NAP-5 desalting column. The reduced protein was diluted to 

25 µM, to the protein solution was added 5 mM dimedone followed by 200 µM hydrogen 

peroxide at room temperature. After 30 minutes, the reaction solution was desalted into 

0.1% formic acid and reduced with TCEP at room temperature. The samples were then 

analyzed by ESI-MS. The efficiency of labeling by dimedone was calculated to be 35%.  
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Figure 2-46: ESI mass spectrum of GAPDH. 

 

 

Figure 2-47: Deconvoluted ESI mass spectrum of GAPDH. Contains a single peak at 

37549.0 (+ 0.5 Da). 
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Figure 2-48: ESI mass spectrum of GAPDH labeled with dimedone. 

 

 

 

Figure 2-49: Deconvoluted ESI mass spectrum of GAPDH labeled with dimedone. 

Contains unlabeled GAPDH at 37548.2 + 0.5 Da and dimedone labeled 

GAPDH at 37686.0 + 0.5 Da.  
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General Cell Culture Method 

LNCaP clone FGC (ATCC CRL-1740) cells were purchased from American Tissue 

Culture Collection (ATCC) and cultured in RPMI-1640 supplemented with 5% v/v fetal 

bovine serum (FBS) and 1% v/v Pen-Strep (Invitrogen) at 37 °C and under 5% CO2. 

 

General SDS-PAGE and Western Blot 

Proteins were separated on a 4-20% gradient gel from Invitrogen and transferred onto a 

PVDF membrane (ThermoFisher). The membrane was blocked with 5% BSA in TBST for 

one hour at room temperature and was rinsed with TBST. After blocking, the membrane 

was incubated with high sensitivity streptavidin-HRP conjugate (Pierce) for 2 hours at 

room temperature. The membrane was then washed with TBST (3x20 minutes). Protein 

biotinylation was visualized with Thermo Scientific SuperSignal West Pico 

Chemiluminescent Substrate and imaged with the FluoroChem Q system. The strep-HRP 

was inactivated using 30% H2O2 for 15 minutes at 37 °C and re-blocked with 5% BSA in 

TBST for one hour at room temperature as reported previously.11 The blot was incubated 

with GAPDH antibody (ThermoFisher) at 1:5000 for one hour at room temperature and 

washed with TBST (3x10 minutes). The blot was then incubated with Goat Anti-Mouse 

IgG HRP (ThermoFisher) at 1:20,000 for one hour at room temperature and washed with 

TBST (3x10 minutes). The blot was developed using Thermo Scientific SuperSignal West 

Pico chemiluminescent substrate and imaged with the FluoroChem Q system. 

 

Protocol for Dose-Dependent Labeling 

LNCaPs were briefly lifted using Trypsin (0.25%, with EDTA). Trypsin was deactivated 

with RPMI-1640 buffer (5% v/v FBS), pelleted by centrifugation, and resuspended to a 

final concentration of 1x106 cells/mL in PBS. TCO-Biotin (2-21) was added (50-500 mM) 

and incubated for 2 hours at 37 °C with gentle rocking. After 2 hours, 2-19 was added to 

solution (5 mM final concentration) and allowed to react for 5 minutes. After quenching, 

cells were pelleted by centrifugation and lysed in Pierce Lysis Buffer supplemented with 
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protease inhibitors (Roche) for 30 minutes with rocking at 4 °C. Cell lysates were clarified 

by centrifugation and the supernatant was used for SDS-PAGE and Western blotting. 

 

Protocol for in cellulo Quenching 

LNCaPs were briefly lifted using Trypsin (0.25%, with EDTA). Trypsin was deactivated 

with RPMI-1640 buffer (5% v/v FBS), pelleted by centrifugation, and resuspended to a 

final concentration of 1x106 cells/mL in PBS. SAM-TCO biotin (2-21) was added to treated 

samples to a final concentration of 500 mM and all samples were incubated at 37 °C with 

gentle rocking. Sample A (Main text, Figure 4D) was quenched at 30 minutes by the 

addition of 2-19 (5 mM final concentration. Sample B was quenched at 30 minutes by the 

addition of 2-19 (5 mM final concentration) immediately followed by treatment of H2O2 

(1 mM final concentration). Sample C was treated with H2O2 (1 mM final concentration) 

after 30 minutes, followed by quenching with 2-19 (5 mM final concentration) at 60 

minutes total incubation time. Sample D was quenched after 60 minutes total incubation 

time with 2-19 (5 mM final concentration). After 60 minutes total incubation time, all 

samples were pelleted, lysed, and analyzed by western blot techniques described above. 

 

SAM-TCO-Biotin Permeability Assay 

HEK293T cells were maintained in growth media containing Dulbeccoôs modified eagle 

medium (DMEM, Life Technologies) supplemented with 10% FBS (Atlanta Biologicals), 

1% penicillin and streptomycin (Life Technologies), and GlutaMAX (Life Technologies) 

in a humidified incubator set at 37 ºC/5% CO2. For imaging, cells were grown on glass 

cover slips (#1.5, 22mm, Harvard Apparatus) pre-treated with 50 mg/mL poly-L-lysine 

(Alamanda Polymers, Huntsville, AL). HEK293T cells were transfected with a 3:1 ratio 

of lipofectamine 2000 (Life Technologies):DNA (GAP43-GFP-HaloTag)6 in antibiotic 

growth media at 80-90% confluence. Cells were incubated for 4 hours at 37 ºC/5% CO2 

and media was changed into antibiotic free growth media. After 16-20 hours sample A 

and B were treated with methyl-tetrazine-chloroalkane (2-24) (10 mM) in growth media 

for 30 minutes at 37 ºC/5% CO2. Cells were washed three times (3 x 10 minutes) to 
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remove unbound 2-24 ligand. Sample A was then treated with TCO-Tamra49 (1 mM) for 

30 minutes, followed by three washes (3 x 10 minutes) in DPBS. Sample B was treated 

with SAM-TCO-Biotin (2-21, 500 mM) for 2 hours at 37 ºC/5% CO2, followed by three 

washes (3 x 30 minutes) in growth media. Sample B was then treated with TCO-TAMRA 

(1 mM) for 30 minutes, followed by three washes (3 x 10 minutes) in DPBS. Both 

samples were fixed in 2% paraformaldehyde for 10 minutes and washed with PBS three 

times. After fixing, cells were permeabilized with 1% TritonX-100, and washed with 

PBS (3 x 10 minutes). Cover slips were mounted onto microscope slides using 

Fluoromount-G (Southern Biotech, Birmingham, AL) containing DAPI. Samples were 

analyzed using a Zeiss LSM 810 confocal microscope (Carl Zeiss, Maple Grove, MN).  

 

 

Figure 2-50: HEK293T cells were transiently transfected with a plasmid encoding for the 

cytosolic protein Growth Associated Protein 43 (GAP43) as a fusion with 

GFP and HaloTag (GAP43-GFP-HaloTag) and subsequently tagged with 

2-24. Images are shown for Sample A (no SAM-TCO-Biotin) and Sample 

B (with SAM-TCO-Biotin). Total nuclei were visualized with DAPI and 

are shown in blue (column 1).  Cells expressing the GAP43-GFP-HaloTag 

DAPI GAP43-GFP-HaloTag TAMRA Merge

A

B

HEK293T
transfect

GAP43-GFP-HaloTag MeTz-Halo
TCO-TAMRA

SAM-TCO-Biotin

A

B
TCO-TAMRA24
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fusion were identified by the fluorescent signal of GFP shown in green 

(column 2). TAMRA-labeled protein from the intracellular reaction 

between the TCO-TAMRA reporter and methyl-tetrazine are shown in red 

(column 3). Overlays between the red, green, and blue channels were 

created to demonstrate colocalization (yellow) between the fusion protein 

and reaction between TCO-TAMRA and tetrazine (column 4). A clear red 

signal from TAMRA is observed in Sample A that is also colocalized with 

GFP; this indicates a successful intracellular reaction between TCO-

TAMRA reporter and 2-24. Sample B does not contain a red signal from 

TAMRA (column 3); the lack of red signal indicates that prior to the 

addition of the TCO-TAMRA reporter, SAM-TCO-Biotin was capable of 

intracellularly reacting with the methyl-tetrazine (2-24) on the cytosolic 

GAP43-GFP-HaloTag fusion protein.  

 

In cellulo Specificity of SAM-TCO  

LNCaPs were lifted using Trypsin (0.25%, with EDTA). Trypsin was deactivated with 

RPMI-1640 buffer (5% v/v FBS), pelleted by centrifugation, and resuspended to a final 

concentration of 1x106 cells/mL in PBS. Sample A contained SAM-TCO biotin (2-21) at 

a final concentration of 100 mM, Sample B contained SAM-TCO biotin (2-21) and SAM-

TCO (2-18) at a final concentration of 100 mM and 5 mM, respectively. Both samples were 

incubated at 37 °C with gentle rocking. After 60 minutes total incubation time, all samples 

were quenched, pelleted, lysed and analyzed by western blot techniques described above. 
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Figure 2-51: Western-blot using HRP-Streptavidin chemiluminescent signaling for 

detection of biotinylated proteins. Lane A displays an obvious increase in 

signal in comparison to the control lane and Lane B. Signal intensity for 

lane B is equal to that of the control lane, demonstrating complete loss of 

biotin signal of SAM-TCO biotin in the presence of excess 2-18.  

 

SAM-TCO biotin vs TCO-Biotin in live cell capture of sulfenic acid 

LNCaPs were briefly lifted using Trypsin (0.25%, with EDTA). Trypsin was deactivated 

with RPMI-1640 buffer (5% v/v FBS), pelleted by centrifugation, and resuspended to a 

final concentration of 1x106 cells/mL in PBS. Sample A contained SAM-TCO biotin (2-

21) and Sample B contained TCO biotin, each at a final concentration of 100 mM. Both 

samples were incubated at 37 °C with gentle rocking. After 60 minutes total incubation 

time, all samples were pelleted, lysed, and analyzed by western blot techniques described 

above. 
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Comparison of Live-Cell versus Cell-Lysis Labeling 

LNCaPs were briefly lifted using Trypsin (0.25%, with EDTA). Trypsin was deactivated 

with RPMI-1640 buffer (5% v/v FBS), pelleted by centrifugation, and resuspended to in 

RPMI-1640 devoid of FBS. For each condition, 8 x 105 total cells were pelleted and 

resuspended at 4 °C in 100 mL of either (1) lysis buffer with or without SAM-TCO biotin 

2-21 (500 mM) or (2) in PBS with or without 2-21 (500 mM). Samples were incubated for 

30 minutes, after which samples were quenched by the addition of 2-19 (5 mM final 

concentration). Live-cell labeled samples were pelleted and lysed following above 

procedures. All samples were analyzed using standard BCA analysis for total protein 

content and 30 mg was loaded into each well for SDS-PAGE and western blot analysis 

using procedures described above. 
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Figure 2-52: Live cell versus lysed cell labeling of sulfenic acid was compared by 

western blot using HRP-Streptavidin chemiluminescent detection. Only 

natively biotinylated proteins are observed in each of the control lanes. An 

obvious increase in sulfenic acid labeling is observed under cell lysis 

conditions in comparison to live cells under identical conditions, indicating 

higher levels of oxidative stress.  

 
Figure 2-53: Venn diagram of combined identified peptides from both biological 

replicates of SAM-TCO and DYn2 labeling of HEK293T cell lysates 

without added H2O2. 
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Chapter 3 

 

AFFINITY BIOORTHOGONAL CHEMISTRY (ABC) TAGS FOR SITE -

SELECTIVE CONJUGATION, ON -RESIN PROTEIN-PROTEIN COUPLING, 

AND PURIFICATION OF PROTEIN CONJUGATES  

 

3.1  Introduction to Site-Selective Protein Modification 

The ability to site-selectively modify proteins is important to diverse fields 

including cellular and in vivo imaging,1 proteomics,2 drug-release3 and material science4. 

Vital to any labeling method is the preservation of native biochemical and biophysical 

properties. Chemical and enzyme-catalyzed site-selective labeling methods with amino 

acid specificity are actively being developed to meet this need.5 Several chemical 

methods exploit the lowered pKa of a proteinôs N-terminus for direct labeling or work in 

cohort with terminal amino acid side chains.6 Naturally occurring enzymes have been 

engineered to accept new substrates for N-terminal, C-terminal, and internal labeling of 

proteins bearing an appropriate amino-acid recognition sequence. Advances in genetic 

code expansion of orthogonal systems have been developed for incorporation of 

unnatural amino acids.7 Increasingly, these methods are used to incorporate tags such as 

trans-cyclooctenes and tetrazines as handles that can engage in bioorthogonal chemistry,8 

which in turn dramatically increases the range of molecules that can be conjugated to the 

protein with site-selectivity. 

 

3.2  Lysine Targeting Chemical Modification with trans-Cyclooctenes and 

Tetrazine 

Classical protein modification work focused on the targeting of certain protein 

side chains, most commonly nucleophilic lysine and cysteine residues. Early tetrazine 

and TCO studies involved the labeling of antibody lysine residues using N-

hydroxysuccinimide (NHS) esters for multivalent non-specific conjugation.9 Antibody-
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TCO conjugates have been reacted with a tetrazine counterpart for fluorescence 

microscopy,10 micro-nuclear magnetic resonance imaging,11 and radioimaging.12, 13 The 

use of NHS chemistry has also been used for creating biomolecule sensors or imaging 

agents through protein-DNA or protein-protein conjugates.14-16 Two-step approaches for 

making protein-protein conjugates in vivo have also been developed using Her2 pre-

targeting antibodies labeled with TCO-NHS followed by a later conjugation with Tz-

NHS labeled albumin to promote cell internalization.17 A technique known as DNA-

PAINT, uses antibody-DNA conjugates have as a general labeling platform for 

multiplexed imaging with high resolution; biomarker targeting proteins labeled with 

TCO-NHS are conjugated with Tz functionalized DNA strands for fixed cell super-

resolution imaging.18 

 

3.3  Cysteine Targeting Chemical Modification with trans-Cyclooctenes and 

Tetrazine 

One of the most common strategies for protein labeling has been to utilize the 

unique reactivity of cysteine thiolates to carry out selective nucleophilic addition 

reactions with small molecule electrophiles.19 Another advantage of this strategy is that 

singular, solvent exposed cysteines can be easily engineered onto proteins of interest 

through standard molecular biology and recombinant expression techniques. Conjugation 

of TCO onto thioredoxin bearing a single, solvent exposed cysteine was demonstrated in 

the original 2008 tetrazine ligation paper by Fox and co-workers.20 I have created a 

Clover maleimide-TCO conjugate for imaging of pre-fabricated biomaterial fiber 

surfaces21 or in situ labeling of hydrogels in the presence of live cells.22 This strategy has 

been particularly useful for labeling targeting proteins (i.e. antibodies, affibodies) site-

specifically with a tetrazine or TCO followed by bioorthogonal and temporally controlled 

addition of an imaging agent. 23-25 Dichlorotetrazines are also capable of reacting with 

reduced disulfides or nearby free cysteines for ñstaplingò proteins and peptides.26, 27 
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Figure 3-1: Common TCO and Tetrazine reagents used for labeling or stapling of 

cysteines on proteins. 

 

3.4  Enzyme Mediated Protein Conjugation  

Enzyme-catalyzed bioconjugations to proteins have emerged as an extremely 

useful and simple method for site-specific incorporation of bioorthogonal handles. 

Uniquely reactive peptide tags, recognized by a particular enzyme, can be readily 

incorporated by recombinant means to a choice protein. Labeling reactions typically 

occur under mild physiological conditions, a key characteristic for robust and routine 

labeling strategies. Described below are chemo-enzymatic strategies with successful 

labeling of proteins and antibodies for diverse applications. 

 

3.4.1  Lipoic Acid Ligase Bioconjugation 

Alice Tingôs lab developed a method called PRIME, probe incorporation 

mediated by enzymes, using an Escherichia coli lipoic acid ligase (LplA) mutant for 

covalent attachment of acceptable probes to a recombinant protein containing a 13-amino 

acid LplA recognition sequence (GFEIDKVWYDLDA)). 28 Broader substrate scopes 

were achieved through mutation of a ñgate-keepingò tryptophan residue to valine, LplA 

W37V, facilitating efficient ligation of TCO onto recombinant proteins with an LAP tag 

(Figure 3-2A).29 This work has also extended to site-specific one-pot dual-labeling of 

antibodies with TCO using LplA and azides with microbial transglutaminase (mTG).30 
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The same LplA W37V mutations used for TCO have also been shown to tolerate alkyl 

tetrazines as acceptable substrates for tagging LAP containing recombinant proteins for 

live-cell imaging and building protein-protein conjugates (Figure 3-2B).31, 32 

 

 

Figure 3-2: (A) Equatorial TCO lipoic acid ligand developed by Ting and Fox (B) A 

series of tetrazine, TCO, and norbornene ligands developed by Wombacher. 

 

3.4.2 Self-Labeling Enzymes  

The use of self-labeling enzymes for protein modification was first developed in 

2003 by Johnsson using an engineered O6-alkylguanine-DNA alkyltransferase (hAGT) 

for irreversible transfer of O6-benzylguanine derivatives to its cysteine residue.33 This 

work has sparked development of other self-labeling enzymes such as CLIP-tag and 

HaloTag34; these labeling method are notably strong due to broad substrate scope, 

efficient labeling, and ease of use in living recombinant systems. Tetrazine and TCO 

derivatives have been successfully used as HaloTag ligands for live cell-labeling and 

imaging in multiple cellular compartments for two-step labeling procedures with simple 

fluorophores (Figure 3-3A)35 or  fluorogenic36 Tz derivatives. More recently, catalytic 

activation of dihydrotetrazine halo-tag ligands to reactive tetrazines has been 
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demonstrated with spatiotemporal control (Figure 3-3B).37 Intracellular labeling of two 

orthogonal bioorthogonal reactive handles was explored using a SNAP and CLIP tag 

dual-expression system38 allowing for two separate proteins to be imaged at the same 

time. In addition to imaging, self-labeling enzymes such as Halotag have been used to 

make protein-protein conjugates.39 

 

 

Figure 3-3: (A) Tetrazine, TCO, and sila trans-cyclooheptene HaloTag ligands 

developed by Fox and Johnson (B) Dihydrotetrazine HaloTag ligands 

developed by Fox 

 

3.4.3  Sortase Ligation 

Direct C-terminus bioconjugation can be facilitated using a modified bacterial 

sortase which recognizes the peptide sequence LPXTG and forms an amide bond with the 

N-terminus of a polyglycine substrate. In 2015, Ploegh used an engineered penta-mutant 

sortase A for chemo-enzymatic attachment of a G3-tetrazine onto the C-terminus of 

camelid-derived single-domain VHHs (Figure 3-4A). Tetrazine labeled VHH were 
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reacted with 18F-TCO and used for in vivo radioimaging of class II MHC (VHH7) and 

CD11b (VHHDC13).40 This strategy was also extended to labeling of programmed death 

ligand 1 VHH as an alternative method for detecting brown adipose deposits that is 

independent of metabolic activity.41 Similarly, newer class II MHC VHHs were 

conjugated with a G3-TCO and labeled with an 18F-2-deoxyfluoroglucose-Tz for imaging 

of pancreatic tumors in mice (Figure 3-4A).42 van Delft introduced a C-terminal sortase 

tags onto full-length antibody trastuzumab or proteins cytokine interleukin 2 (IL-2) and 

short-chain variable fragment of UCHT1 (a-CD3 scFv) for quantitative attachment of 

G3-Tz or G3-TCO tags. Cochran demonstrated that a septamutant sortase mutant 

(SrtA7M) allowed for permissive nucleophilic addition of aminoalkyl bioorthogonal 

handles; success was demonstrated using a broad range and proteins for both in vitro and 

in vivo labeling (Figure 3-4B).43 

 

 

Figure 3-4: (A) Tetrazine and TCO polyglycine ligands for sortase ligation developed by 

Ploegh (B) Tetrazine amine used a small molecule surrogate for sortase 

ligation developed by Cochran. 

 



89 

 

3.4.4  Transglutaminase and Farnesyltransferase Bioconjugation 

Microbial transglutaminase (MTG) offers a simple way of modifying accessible 

glutamine residues with amine substrates, with simple expulsion of NH3 as a byproduct. 

Unlike previously mentioned chemoenzymatic reactions, this enzyme has no consensus 

sequence and will often result in mixtures. Pelletier demonstrated labeling of bovine a-

lactalbumina (a-LA) and human dihydrofolate reductase (hDHFR) with a number of 

bioorthogonal handles, with tetrazine conjugation giving the highest labeling yields 

judged by in-gel fluorescence(Figure 3-5A).44 Dual-labeling was also demonstrated using 

a glutamine reactive peptide conjugate bearing azide for labeling K340 of the TCO-

antibody conjugate in a subsequent step.45 Lipoic ligase and MTG have also been used 

for dual-labeling trastuzumab with a TCO and azide(Figure 3-5B).30 

The enzyme protein farnesyltransferase (PFTase) natively tranfers farnesyl 

isoprenoids to a recognized CAAX, where C is a cysteine, A is an aliphatic amino acid, 

and X can be serine, methionine, alanine, or glycine. Distefano has successfully 

synthesized a TCO geranyl diphosphate derivative that can be readily accepted by 

PFTase (Figure 3-5C).46 Quantitative labeling with TCO was achieved with peptide and 

protein labeling using the CVIA recognition sequence. 

 

 

Figure 3-5: (A) Tetrazine ligand for transglutaminase ligation developed by Pelletier (B) 

TCO ligand for transglutaminase ligation developed by Schibli (C) TCO 

ligand for farnesyltransferase ligation developed by Distefano. 
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3.5 Genetic Code Expansion 

Genetic code expansion allows for amino acid specific modifications of 

recombinantly expressed protein. This technique relies on the use of an orthogonal 

aminoacyl-tRNA synthetase and tRNA pair for orchestrating translation in response to an 

amber stop codon. In the context of the tetrazine ligation, this strategy has been useful for 

rapid live cell labeling,47-50 imaging,51-53 materials conjugation,54 and enzyme uncaging.55 

Mehl has developed a system for tetrazine incorporation that uses an evolved 

Methanococcus jannaschii (Mj) tyrosyltRNA synthetase and tRNA pair in response to an 

amber codon (Figure 3-6A).56  Chin has developed a separate system from an evolved 

Methanosarcina barkeri (Mb) pyrrolysyl-tRNA synthetase and tRNA pair for the 

incorporation of TCO amino acids (Figure 3-6B). This work has been expanded on by 

Schultz and Lemke to include other TCO derivatives that have improved stability and 

incorporation (Figure 3-6C).57, 58  

 

 

Figure 3-6: (A) Tetrazine amino acids developed by Mehl (B) TCO amino acid 

developed by Chin and Fox (C) TCO* amino acid developed by Schultz and 

Lemke  
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These methods have been transformative for labeling proteins site-specifically, but 

differences in substrate specificity, reaction kinetics, or even reagent stability may result 

in incomplete labeling and a mixture of inseparable labeled and unlabeled proteins.  

 

 

3.6  Small Molecule Protein Purification Techniques 

The use of genetically encoded affinity tags for purification of complex mixtures 

such as lysates59  or enzyme-catalyzed labeling reactions are limited to removal of a 

single protein species from a mixture.60 Proteins labeled with small molecule affinity 

handles can also be selectively purified by affinity chromatography using binding partner 

interactions such as biotin to avidin61 and lithocholic acid or chromophores to ɓ-

cyclodextrin (Figure 3-7).62, 63 While bioorthogonal chemistry has been used to attach 

affinity tags to proteins2 or to covalently capture proteins on resin,64, 65 this approach 

óspendsô the bioorthogonal group on protein purification rather than on the conjugation of 

functional molecules to the protein target. A wide range of site-selective protein 

conjugation methods could benefit from a small molecule, dual-purpose tag than can both 

facilitate protein purification while serving as a handle for subsequent rapid and 

quantitative bioorthogonal labeling.   
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Figure 3-7: Small molecule ligands for protein enrichment and their binding partner pair 

 

3.7  Pyridyl -Tetrazine Affinity Bioorthogonal Chemistry Tags 

Tetrazines represent a particularly attractive handle because of their ability to 

undergo inverse electron demand Diels-Alder reactions; the most rapid bioorthogonal 

reaction known, with reaction rates as fast as k2 104-106 M-1s-1 when combined with 

trans-cyclooctene (TCO) dienophiles.48, 66-68 Recent improvements to tetrazine synthesis 

have also increased access to smaller and more diverse substrates.69, 70 Tetrazine ligation 

has found widespread use in the field of chemical biology for cellular labeling,37, 51, 71, 72 

in vivo imaging,12, 73-75 drug-delivery,76, 77 and proteomics.78, 79 Site-specific incorporation 

of tetrazine substrates onto proteins has been successfully adopted for chemical,80, 81 

enzyme-catalyzed,71, 72, 82-85 and genetic code expansion techniques.47, 50, 86 These 
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methods have been instrumental for multi-step preparation of protein-protein32, 87-90 or 

protein-DNA91-93 conjugates utilizing the tetrazine ligation and standard protein 

purification methods. 

In addition to their popularity as bioorthogonal chemistry reagents, tetrazines 

have served as ligands in coordination chemistry.  2-Pyridyltetrazines bind to metals in a 

manner analogous to 2,2ô-bipyridineï a group which has been incorporated into peptides 

and proteins94-97 for metal binding. Symmetric, bidentate 3,6-di-(2-pyridyl)- tetrazine 

ligands are known to coordinate metal centers such as Ni2+, Cu2+, Fe2+ and Ag+ in organic 

solvents.98, 99 More recently, 3,6-di-(2-pyridyl)-tetrazine ligands have been used in 

aqueous buffered systems for supramolecular gelation with Fe2+ and Ni2+ salts100 and to 

enhance reactivity of vinylboronic acids dienophiles mediated by boronic acid 

coordination (Figure 3-8A,B).101 Similarly, 6-methyl-3-(2-pyridyl)tetrazine iridium(III) 

complexes were constructed as luminogenic probes for live cell labeling (Figure 3-8C).102 

In addition to their capacity for metal binding, the 2-pyridyl substituent also provides a 

favorable balance of reactivity and stability to tetrazine reagents.103, 104  
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Figure 3-8: (A) Vinylboronic acid coordination with dipyridyl-tetrazine demonstrated by 

Bonger (B) Metal coordination of iron salts with dipyridyl-tetrazine polymers 

for supramolecular gelation demonstrated by Johnson (C) Luminogenic 

pyridyl tetrazine iridium complexes demonstrated by Lo 

3.8 Results and Discussion 

Here, I describe Affinity Bioorthogonal Chemistry tags (ABC-tags) for the dual 

role of facilitating protein purification as well as serving as a handle for subsequent rapid 

and quantitative bioorthogonal labeling (Figure 3-9A). Derivatives of 3-methyl-6-(2-

pyridyl)tetrazine were designed to chelate to immobilized metal-ion affinity 

chromatography (IMAC)-resins commonly used for protein purification (Figure 3-9B). 

These small, dual-purpose tags serve as tools that can work in conjunction with site-

selective protein conjugation methods at the C-terminus, N-terminus or internal residues. 

Because the dihydropyridazine products of tetrazine ligation also maintain affinity for Ni-

IDA resin, protein-protein conjugation reactions can be carried out óon-resinô to provide 

dimeric and heterotrimeric protein conjugates without additional purification steps.   
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Figure 3-9: (A) ABC-tags for Ni(IDA) purification of tagged proteins and bioorthogonal 

reactions (B) Pyridyl-tetrazine tagged proteins chelated to Ni(IDA) resin 

(PDB_ID 3KZY) 

 

3.8.1 ABC-tag Screening and Optimization with Cysteine-tagged Proteins.  

A series of potential ABC tags were designed and evaluated for their ability to 

bind Ni-IDA agarose resin when attached to a model protein (Figure 3-10). Green-

fluorescent protein (GFP) was site-specifically labeled with each of the tags (confirmed 

by ESI-MS) and separated by gel-filtration into pH 6.0 adjusted 2-(N-

morpholino)ethanesulfonic acid (MES) buffer (Figure S15-23). MES buffer was selected 

as a non-coordinating buffer105 and the pH was adjusted to 6.0 to alleviate non-specific 

protein interactions with Ni-IDA resin.106 A 300 ɛL solution containing 100 ɛM labeled 

protein was added by gravity flow to 100 ɛL of Ni-IDA resin. The saturated resin was 

washed with 5 column volumes MES buffer, followed by 5 column volumes MES buffer 

with 10 mM imidazole to remove non-specifically bound protein. Finally, protein was 

eluted with 400 mM imidazole in phosphate buffer and the total bound protein was 

determined by UV-vis spectroscopy (Figure 3-10). Initial findings show the importance 

of the pyridyl substituent as compounds 3-1a-c did not demonstrate any binding (Figure 

3-), whereas pyridyl-Tz 3-1d had the highest binding capacity of 3.4 mg/mL. Attachment 
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of a bis-pyridyl-Tz tag (3-1g) increased the binding capacity to 9 mg/mL, a 2.6-fold 

increase with respect to 3-1d, demonstrating that approaches using multivalent pyridyl-

Tz attachments can be used for increasing binding capacities. Pyridyl-dihydropyridazine 

derivative 3-1f, the product of the reaction between 3-1d and syn-1,2-dihydroxy-5-trans-

cyclooctene, also bound to Ni(IDA) resin but with a weakened binding capacity of 1 

mg/mL (Figure 3-10). Pyridyl-triazole (3-1e), the product of a copper(I) catalyzed azide-

alkyne cycloaddition between an alkyne and pyridyl-azide, also displayed a similar 

binding capacity to 3-1f (Figure 3-10). ABC tags containing a pyridyl-Tz core displayed 

the best binding and were chosen as the lead compounds for testing selective purification 

of site-specifically labeled proteins from chemoenzymatic ligation mixtures.  
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Figure 3-10: GFP (PDB_ID 2B3P) was site-specifically modified at cysteine with a 

panel of tetrazine compounds. Conjugates were used for measuring binding 

capacity to Ni(IDA) resin. *For 3-1c, GFP was modified at the C-terminus 

using sortase ligation. 
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3.8.2 C-Terminal Tagging and Purification  

Enzyme-catalyzed bioconjugations have emerged as a useful and simple method 

for site-specific incorporation of bioorthogonal handles to proteins. The transpeptidation 

reaction catalyzed by sortase A from Staphylococcus aureus is popular for labeling the 

N- or C-terminus of proteins because of its diverse substrate scope, continued 

improvement of sortase A enzymes, and simple reaction conditions.107 For direct C-

terminal labeling, an LPXTG sequence is encoded on the protein of interest (POI), this 

unique sequence is recognized by sortase A and facilitates amide bond formation with the 

N-terminus of an aminoglycine substrate. Recently, the SrtA7M mutant of sortase A was 

demonstrated by Cochran and coworkers to accept a variety of small molecule amine 

compounds.84 A minimal SrtA7M substrate 3-2 was synthesized and used to demonstrate 

the effectiveness of ABC tags for enzyme-catalyzed bioconjugations and purification. A 

diverse panel of eight proteins bearing a C-terminal LPETGG recognition sequence were 

tested for labeling and purification with ABC tag 3-2 using SrtA7M mediated 

bioconjugation. Labeling was conducted using 200 ɛM POI-LPETGG, 10 ɛM SrtA7M, 

and 2 mM 3-2 at room temperature for up to 2 hours. Gel-filtration of the reaction 

mixtures was used to stop the reaction by removing ABC tag 3-2. The percentage of 

labeled POI was determined by ESI-MS (Table 3-1). Consistent with previous reports for 

SrtA7M bioconjugations, the desired conjugates (POI-LPET-pyTz) were obtained in 

good yields for each of the protein reaction mixtures; for all proteins except GFP and 

Her2-affibody, the percentage of labeled protein was greater than 50% by ESI-MS 

analysis (Table 3-1). Also present in the reaction mixtures were impurities consistent 

with protein starting material (POI-LPETGG), SrtA7M enzyme, and/or hydrolyzed 

protein (POI-LPET) ((Figure 3-11). Selective capture and purification of POI-LPET-

pyTz conjugates were achieved on small-scale using 1 mL of Ni-IDA resin and following 

the procedure described previously. To pre-equilibrated Ni-IDA resin in MES buffer, the 

desalted sortase reaction mixture was added at 20% of the resinôs binding capacity. The 
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resin was subsequently washed with MES buffer to remove non-specifically bound 

protein. The flow-through from the loading and washing steps were combined, collected 

and analyzed by ESI-MS. The only observable mass peaks were those consistent with 

protein impurities: no mass peaks containing POI-LPET-pyTz were observed, suggesting 

high retention to the Ni-IDA resin. Following column washing, bound protein was eluted 

with 5 column-volumes of 400 mM imidazole in phosphate buffer. Protein recovery was 

determined by UV-Vis, and purity assessed by ESI-MS. For each elution, only POI-

LPET-pyTz conjugates were observed, with recoveries ranging from 72-95% (Figure 3-

11, Table 3-1). Automated purifications using 12.5 mL Ni-IDA with an AKTA fast-

protein liquid chromatography (FPLC) were also tested with GFP, SnapTag, 5F7 

nanobody, and NanoLuc luciferase. FPLC based purification methods offer a distinct 

advantage in terms of gradient profiling, in-line UV-Vis monitoring, column choice, and 

automated fraction collection. For each of the proteinôs purified by FPLC, recoveries 

were high (> 85%) and contained pure product by ESI-MS (Figure 53-60) 
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Figure 3-11: Purification from complex mixtures: C-terminal Sortase ligation. POI-

LPETGG (200 ɛM) was treated with 2 (2 mM) and SrtA7M (10 ɛM) for 2 

hours at room temperature resulting in a mixture of desired POI-LPET-pyTz 

and undesired POI-LPET, POI-LPETGG, and SrtA7M. The mixture was 

óABC purifiedô to obtain pure POI-LPET-pyTz. ESI-MS of the sortase 

reaction mixture (before ABC) and pure POI-LPET-pyTz (after ABC) are 

shown for GFP, SnapTag, 5F7 nanobody, NanoLuc, HaloTag, FN10, and 

Her2 affibody. 

3.8.3 N-Terminal Tagging and Purification 

Direct N-terminal labeling of proteins is another important method for site-

specific protein labeling which often employs chemical methodology.6, 108 In 2009, 

cyanobenzothiazole (CBT) reagents were shown to react specifically with proteins 
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bearing an N-terminal cysteine under reducing conditions.109 An ABC-tagged CBT 

ligand (3-3) was synthesized for demonstrating direct N-terminal labeling to monomeric 

streptavidin 2 (mSA2). Following established protocols, each protein was labeled under 

reducing conditions (2 mM TCEP) and 1 mM 3-3 for 2 hours at room temperature. 

Labeling was quenched by gel-filtration removal of 3-3 and the percentage of labeled 

protein was determined by ESI-MS (Figure 3-12). In addition to the desired conjugate, 

multiple impurity peaks were observed in the ESI-MS spectrum; impurities are consistent 

with oxidized starting material (Figure S-61). ABC tagged protein was separated from 

these impurities by Ni-IDA purification and the eluted proteins was free from lower 

molecular weight impurities.  The ESI-MS of the purified protein contained a peak 

corresponding to the mSA2-tetrazine conjugate and a minor peak due to a single 

oxidation.  The recovery of the mSA2-tetrazine conjugate was 88% (Figure 3-12).  

 

Figure 3-12: Purification of N-terminal modified mSA2 using CBT ligation. (A) mSA2 

was treated with 3-3 (1 mM) under reducing conditions with TCEP (2 mM) 

and then ABC purified. (B) ESI-MS for the N-terminal ligation mixture 

(before ABC) and purified mSA2 (after ABC) 
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3.8.4 ABC-tags Enable Purification from Complex Mixtures 

Additional experiments were carried out to demonstrate that ABC-tagging is a 

successful purification strategy even when the pyridyltetrazine-tagged POI is only a 

minor component in a mixture of proteins. Enzyme-catalyzed or chemical conjugation 

methods are preferably performed in vitro under user-defined conditions as minor 

impurities can be anticipated for a given reaction. The presence of unknown impurities is 

always of concern, especially as some labeling methods require purification from cell 

lysates where the POI is of low abundance. Purification of low abundant proteins was 

initially tested using the model proteins GFP and thioredoxin (Trx). Each protein was 

labeled site-specifically by pyTz (15 µM, 1 eq) and mixed with unlabeled protein (135 

µM, 9 eq) to produce a 9:1 mixture of unlabeled to labeled protein (Figure 3-13B). GFP-

pyTz does not elute with 10 mM imidazole in pH 6.0 MES, and GFP-pyTz can be cleanly 

separated from unmodified GFP as determined by MS analysis before and after 

purification (Figure 3-13C). As shown in Fig 13D, the same procedure could be used to 

purify unmodified thioredoxin (Trx) from protein that was site-selectively tagged by a 

single pyridyl tetrazine. I then tested ABC purification from a complex mixture of 

unknown proteins, a defined amount of GFP-pyTz was doped at low abundance to a 

bacterial cell lysate mixture (Figure 3-13E). The bacterial lysate was purified by Ni-IDA 

and pure GFP-pyTz (>90%, gel) was recovered in 83% yield. 
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Figure 3-13: (A,B) ABC purification of a pyridyltetrazine-tagged POI is only a minor 

component (<10%) in a mixture of proteins. (C,D) Separation of (C) GFP-

pyTz and (D) Trx-pyTz from a mixture with excess, non-tetrazine tagged 

protein. (E) GFP-pyTz (Lane A) was added to bacterial cell lysate (Lane B) 

and the combined mixture (Lane C) was ABC purified to recover pure 

GFP-pyTz (Lane D); samples were treated with TCO-TAMRA and 

analyzed by SDS-PAGE to identify tetrazine labeled protein by in-gel 

fluorescence and total protein by coomassie stain.   

3.8.5 On-resin Protein-Protein Conjugation 

The ability for pyTz-proteins to bind Ni-IDA resin in situ for purification 

purposes led us to consider if the resin-bound protein could facilitate reactions with a free 

sTCO-protein counterpart for efficient protein coupling. Leading methods for preparing 

site-specific protein-protein conjugates are typically performed in solution with reaction 

times requiring hours for high-conversion. To obtain the desired conjugate, removal of 
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excess or unlabeled protein involves an additional protein chromatography step.32, 90 With 

ABC-tagged proteins, successful conjugates would be formed in minutes, remain resin-

bound through a dihydropyridazine linker (as observed with 3-1f, Figure 3-10) and 

impurities would be washed away. This new methodology would enable efficient protein-

protein conjugation and clean-up in a single step. C-terminal SnapTag conjugates bearing 

an sTCO (3-5) or pyTz (3-6) were prepared via sortase ligation as described above 

(Figure S-61,62). Resin-bound SnapTag-pyTz (3-6) was prepared by loading the sortase 

reaction mixture (100 µL, 40 µM Tz, 1 eq) onto 200 µL Ni-IDA resin and washing away 

unbound impurities. A solution of SnapTag-sTCO (3-5) (100 µL, 120 µM sTCO, 3 

equiv.) sortase mixture was prepared, and without purification directly added to the top of 

the column bed containing 3-6 for on bead coupling. The solution was allowed to flow by 

gravity through the column over the course of 2 minutes, and unreacted protein was 

simply washed away. The successful, C-terminally linked SnapTag conjugates (3-7) 

remained bound to the resin through a dihydropyridazine linker and was cleanly eluted as 

determined by ESI-MS and SDS-PAGE (Figure 3-14A). The use of synthetic linkers 

cannot only enable linear protein conjugations but can expand access to branched 

geometries. To demonstrate this, GFP-(pyTz)2 (3-1g) (100 µL, 40 µM protein, 2 equiv. 

pyTz) was preloaded onto 100 µL Ni-IDA resin (3-8) and a thioredoxin-sTCO conjugate 

(3-9) (338 µL, 71 µM, 6 eq sTCO) was added in excess with respect to tetrazine (3 equiv. 

sTCO per Tz). The reaction was complete by flow and unreacted 3-9 was washed away, 

yielding a branched GFP-(Trx)2 conjugate (3-10) that was cleanly eluted as observed by 

ESI-MS and SDS-PAGE (Figure 3-14B). 
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Figure 3-14: On-resin protein coupling reactions. (A) Reaction mixture of SnapTag C-

terminally modified with sTCO 3-4 by sortase ligation (3-5) was added in 

excess to Ni(IDA) resnin bound SnapTag C-terminally modified with 

tetrazine 3-2 by sortase ligation (3-6). Purified SnapTag dimer 3-7 (3-5 + 3-

6) was analyzed by ESI-MS and SDS-PAGE (coomassie). (B) GFP site-

specifically modified with bis-pyTz (3-1g) was preloaded onto Ni(IDA) 

resin (3-8) and reacted with an excess of sTCO modified Trx (3-9). Purified 

protein trimer GFP-(Trx)2 (3-10) was analyzed by ESI-MS and SDS-PAGE 

(coomassie). 

3.9 Conclusion 

In summary, 2-pyridyl-tetrazine serves as an Affinity Bioorthogonal Chemistry 

(ABC) tag for the dual purpose of enabling protein purification via in situ coordination to 

Ni(IDA) resin and as a handle for bioorthogonal chemistry reactions. This method has 

been successful for obtaining pure, site-specifically modified proteins using C-terminal 

sortase ligation, N-terminal CBT ligation, and cysteine alkylation methods on 9 different 

proteins. On-resin reactions between ABC-tagged proteins and complementary sTCO-



106 

 

tagged proteins, that remain bound through a dihydropyridazine linker, has enabled the 

construction of linear and branched protein conjugates in minutes with defined 

geometries in a single step with high purity. I anticipate ABC-tags will find general use 

for applications requiring pure bioconjugates and rapid in vitro protein assembly. 

 

3.10 Experimental Procedures 

General Considerations for Synthesis and Characterization 

Commercially available chemicals were purchased from Sigma-Aldrich, Combi-

Blocks, Acros Organics, Alfa Aesar, Oakwood Chemical and TCI Chemicals. Anhydrous 

dichloromethane, acetonitrile, and tetrahydrofuran were prepared by an alumina column 

solvent purification system. Deuterated solvents were purchased from Cambridge Isotope 

Laboratories. A Bruker AV400 (1H: 400 MHz, 13C: 101 MHz) was used to record NMR 

spectra. Chemical shifts are reported in ppm and all spectra are referenced to their 

residual non-deuterated solvent peaks. Coupling constants are reported to the nearest 0.1 

Hz. Multiplicities are reported as follows: singlet (s), doublet (d), triplet (t), quartet (q), 

pentet (pent), sextet (sext), heptet (hept), multiplet (m), óbroadô (br), and óapparentô (app). 

13C NMR resonances are proton decoupled and an APT pulse sequence was used to 

determine type of carbon as follows: quaternary and methylene (C or CH2) carbons 

appear as óupô (u) and methine and methyl (CH or CH3) carbons appear as ódownô (dn). 

High resolution mass spectral data were taken with a Waters GCT Premier high-

resolution time-of-flight mass spectrometer or using a Thermo Q-Exactive Orbitrap 

instrument. 

 

Electrospray ionization mass spectrometry of intact proteins were obtained using a Xevo 

G2-S QTOF on a Waters ACQUITY UPLC BEH C4 reverse-phase column (300 Å, 1.7 

µm, 2.1 mm x 150 mm). A gradient of 5-95% acetonitrile (0.1% formic acid) in water 

(0.1% formic acid) over 5 minutes was used with a flow rate of 0.5 mL/min at 40 C̄. 
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Spectra were acquired from 350 to 2000 m/z at a rate of 1 sec/scan. The spectra were 

deconvoluted using maximum entropy in MassLynx.  

 

2-Bromo-N-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)acetamide (3-11) 

 

 

A flame dried round-bottom bottom flask equipped with a magnetic stir bar and nitrogen 

inlet adapter was charged with methyl-tetrazine-amine (Click-Chemistry Tools, 15 mg, 

0.063 mmol). Anhydrous dichloromethane (DCM, 1 mL), N,N-diisopropylethylamine 

(DIPEA, 32 µl, 0.189 mmol), and N-hydroxysuccinimidyl bromoacetate110 (NHS-

bromoacetate, 22 mg, 0.095 mmol) were sequentially added to the flask and the resulting 

mixture was allowed to stir for 30 minutes at room temperature. The reaction was diluted 

with dichloromethane and the organic layer was washed with 1N HCl (3 x 5 mL), and brine 

(1 x 5 mL).  The organic layer was dried with sodium sulfate, filtered, and evaporated to 

dryness. Purification on silica gel using flash chromatography with a gradient of 0-50% 

ethyl acetate in hexanes as the mobile phase yielded the title compound as a pink solid (19 

mg, 0.059 mmol, 94%). 1H NMR (400 MHz, CDCl3) d 8.57 (app d, J = 8.3 Hz, 2H), 7.51 

(app d, J = 8.2 Hz, 2H), 6.92 (br s, 1H), 4.60 (d, J = 6.1 Hz, 2H), 3.99 (s, 2H), 3.10 (s, 3H). 

13C NMR (101 MHz, CDCl3) d 167.48 (u), 165.68 (u), 163.93 (u), 142.27 (u), 131.42 (u), 

128.47 (dn, 2C), 43.98 (u), 29.23 (u), 21.17 (dn). HRMS (ESI+) [M+H]+ Calculated for 

C12H13BrN5O
+ 322.0303; found 322.0305. 

 

 

 

tert-Butyl (2-(2-(6-phenyl-1,2,4,5-tetrazin-3-yl)acetamido)ethyl)carbamate (3-12) 
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A flame dried round-bottom flask equipped with a magnetic stir bar and nitrogen inlet 

adapter was charged with 2-(6-phenyl-1,2,4,5-tetrazin-3-yl)acetic acid111 (50.0 mg, 0.231 

mmol), 1-[Bis(dimethylamino)methylene]-1H-1,2,3,-triazolo[4,5-b]pyridinium 3-oxide 

hexafluorophosphate (HATU, 105 mg, 0.278 mmol) and the flask was vacuum and 

backfilled with nitrogen. Anhydrous DCM (3 mL) and DMF (1 mL) were added to the 

flask, followed by DIPEA (120 µL, 0.693 mmol) and N-Boc-ethylenediamine (74.0 mg, 

0.462 mmol). The mixture was stirred at room temperature. When the reaction was judged 

complete by TLC, the mixture was diluted with ethyl acetate, transferred to a separatory 

funnel, and sequentially washed with 1N HCl, DI water, saturated sodium bicarbonate, and 

brine. The organic layer was dried with sodium sulfate, filtered, and evaporated to dryness. 

Flash chromatography on silica gel with a gradient of 0-5% methanol in DCM as the mobile 

phase gave the title compound as a pink solid (71 mg, 0.198 mmol, 86% yield). 1H NMR 

(400 MHz, CD2Cl2:MeOD 1:1) d 8.59 (m, 2H), 7.64 (m, 3H), 4.29 (2H), 4.24 (s, 2H), 3.35 

(m, 2H), 3.23 (m, 2H), 1.44 (s, 9H). 13C NMR (101 MHz, CD2Cl2:MeOD 1:1) d 169.4 (u), 

166.3 (u), 165.2 (u), 157.9 (u), 133.5 (dn), 132.5 (u), 130.0 (dn), 128.7 (dn), 80.1 (u), 42.6 

(u), 40.7 (u), 40.4 (u), 28.6 (dn). HRMS (ESI+) [M+H]+ Calculated for C17H23N6O3
+ 

359.1832; found 359.1824 

2-bromo-N-(2-(2-(6-phenyl-1,2,4,5-tetrazin-3-yl)acetamido)ethyl)acetamide (3-13) 
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A flame dried round-bottom flask was charged with compound 3-12 (71 mg, 0.199 mmol). 

Anhydrous dioxane (2 mL) was added, followed by dropwise addition of 4N HCl in 

dioxane (2 mL) and the resulting mixture was allowed to stir at room temperature for 2 

hours. The reaction solution was evaporated to dryness, redissolved with dichloromethane, 

and then reevaporated to remove TFA. Anhydrous DCM (2 mL), DIPEA (138 µL, 0.796 

mmol), and NHS-bromoacetate (93 mg, 0.398 mmol) were sequentially added to the flask 

and the mixture was allowed to stir for 30 minutes at room temperature. The mixture was 

diluted with dichloromethane, transferred to a separatory funnel, and sequentially washed 

with 1N HCl (3x), and brine. The organic layer was dried with sodium sulfate, filtered, and 

evaporated to dryness. Flash chromatography on silica gel with a gradient of 0-10% 

methanol in dichloromethane as the mobile phase gave the title compound as a pink solid 

(50 mg, 0.132 mmol, 67% over two steps). 1H NMR (400 MHz, DCM:MeOD 1:1 ) d 8.57 

(app d, J = 7.11 Hz, 2H), 7.63 (m, 3H), 3.82 (d, J = 2.4 Hz, 2H), 3.39 (app s, 4H). 13C NMR 

(101 MHz, DCM:MeOD 1:1) d 169.3 (u), 168.7 (u), 166.1 (u), 165.1 (u), 133.4 (dn), 132.2 

(u), 129.8 (dn), 128.5 (dn), 42.5 (u), 40.1 (u), 39.6 (u), 28.8 (u). HRMS (ESI+) [M+H]+ 

Calculated for C14H16BrN6O2
+ 379.0518; found 379.0517 

2-(6-Phenyl-1,2,4,5-tetrazin-3-yl)ethyl 4-methylbenzenesulfonate (3-14) 
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A flame dried round-bottom flask equipped with a magnetic stir bar and nitrogen inlet 

adapter was charged with 3-phenyl-6-hydroxyethyl-1,2,4,5,-tetrazine111 (120 mg, 0.594 

mmol). Anhydrous DCM (4 mL), pyridine (96 µL, 1.188 mmol), 4-dimethylaminopyridine 

(DMAP, 7 mg, 0.059 mmol) and 4-toluenesulfonyl chloride (170 mg, 0.891 mmol) were 

sequentially added and the resulting mixture was allowed to stir for 3 hours at room 

temperature. The reaction mixture was diluted with DCM, transferred to a separatory 

funnel, and washed with aqueous saturated sodium thiosulfate (2 x 5 mL), 1N HCl (1 x 5 

mL), and brine (1 x 5 mL). The organic layer was dried with sodium sulfate, filtered, and 

evaporated to dryness. Flash chromatography on silica gel with a gradient of 0-25% ethyl 

acetate in hexanes as the mobile phase gave the title compound (163 mg, 0.456 mmol, 77% 

yield). 1H NMR (400 MHz, CDCl3) d 8.58 (m, 2H), 7.71 (app d, J = 8.3 Hz, 2H), 7.63 (m, 

3H), 7.27 (d, J = 8.4 Hz, 2H), 4.73 (app t, J = 6.3 Hz, 2H), 3.72 (app t, J = 6.3 Hz, 2H), 

2.36 (s, 3H)  

 

13C NMR (101 MHz, CDCl3) d 166.2 (u), 164.6 (u), 145.2 (u), 133.0 (dn), 132.6 (u), 131.5 

(u), 129.9 (dn), 129.4 (dn), 128.2 (dn), 127.9 (dn), 67.1 (u), 34.6 (u), 21.7 (dn). HRMS 

(ESI+) [M+H]+ Calculated for C17H17N4O3S
+ 357.1021; found 357.1001 

tert-Butyl (2-((2-(6-phenyl-1,2,4,5-tetrazin-3-yl)ethyl)amino)ethyl)carbamate (3-15) 

 

A flame dried round-bottom flask equipped with a magnetic stir bar and nitrogen inlet 

adapter was charged with 3-14 (163 mg, 0.457 mmol). Anhydrous DCM (2 mL) and N-

Boc-ethylenediamine (293mg, 1.83 mmol) were added and the mixture was allowed to stir 

for 3 hours at room temperature. The reaction solution was diluted with DCM and the 

organic layer was washed with 1N HCl (4 x 2 mL). The organic layer was dried with 

sodium sulfate, filtered, and evaporated to dryness. The title compound was purified by 

reverse-phase chromatography (12 g C18 cartridge, Yamazen Science Inc) on an ISCO 
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RediSep automated flash system with a gradient of 0-90% methanol in water as the mobile 

phase (99 mg, 0.287 mmol, 63%). 1H NMR (400 MHz, CDCl3) d 8.59 (app d, J = 7.1 Hz, 

2H), 7.61 (m, 3H), 4.91 (bs, 1H), 3.53 (app t, J = 6.3 Hz, 2H), 3.29 (app t, J = 6.3 Hz, 2H), 

3.25-3.15 (m, 2H), 2.84-2.76 (m, 2H), 1.41 (s, 9H). 13C NMR (101 MHz, CDCl3) d 168.8 

(u), 164.4 (u), 156.1 (u), 132.7 (dn),  131.7 (u), 129.3 (dn), 128.0 (dn), 79.2 (u), 48.7 (u), 

47.1 (u), 40.1 (u), 35.2 (u), 28.4 (dn). HRMS (ESI+) [M+H]+ Calculated for C17H25N6O2
+ 

345.2039; found 345.2034 

N1-(2-(6-phenyl-1,2,4,5-tetrazin-3-yl)ethyl)ethane-1,2-diamine (3-16) 

 

 

A flame dried round-bottom flask was charged with compound 3-15 (99 mg, 0.287 mmol). 

Anhydrous DCM (2 mL) was added followed by TFA (2 mL) and the resulting mixture 

was allowed to stir at room temperature for 2 hours. The solution was evaporated dryness. 

The crude mixture was redissolved with dichloromethane and evaporated to dryness to 

fully remove TFA. This was repeated three times, after which a pink solid remained (75 

mg, 0.209 mmol, 73% yield) and was used without further purification.  1H NMR (400 

MHz, MeOD) d 8.51 (m, 2H), 7.60 (m, 3H), 3.85 (s, 4H), 3.60-3.55 (m, 2H), 3.50-3.40 (m, 

2H). 13C NMR (101 MHz, MeOD) d 167.6 (u), 166.0 (u), 162.9 (u), 162.6 (u), 162.3 (u), 

161.9 (u), 134.1 (dn), 133.1 (u), 130.3 (dn), 128.7 (dn), 121.9 (u), 119.0 (u), 116.1 (u), 

113.2 (u), 46.4 (u), 46.1 (u), 37.9 (u), 32.1 (u). HRMS (ESI+) [M+H]+ Calculated for 

C12H17N6
+ 245.1515; found 245.1511 

6-(6-Methyl -1,2,4,5-tetrazin-3-yl)pyridin -3-amine (3-17) 
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A flame dried round-bottom flask equipped with a magnetic stir bar was charged with 5-

amino-2-pyridinecarbonitrile (456 mg, 3.84 mmol), nickel(II) triflate (350 mg, 0.96 mmol), 

and the flask was sealed with a rubber septum. The flask was equipped with a venting 

needle, followed by the addition of acetonitrile (2 mL, 39 mmol) and anhydrous hydrazine 

(3 mL, 95 mmol). The venting needle was removed, and the reaction was heated at 60 ºC 

overnight behind a blast-shield. The reaction solution was cooled to room temperature and 

vented carefully with a needle. Water was added to the reaction mixture (40 mL) and 

exhaustively extracted with ethyl acetate. The combined organic layers were dried with 

sodium sulfate and concentrated by rotary evaporation. The solid mixture was re-dissolved 

in DCM (15 mL) and oxidized with Dess-Martin periodinane (DMP). The reaction was 

monitored by TLC and additional DMP was added until the dihydrotetrazine intermediate 

was completely oxidized. The solution was diluted with DCM (30 mL) and washed with 

brine (3 x 10 mL). The organic layer was dried with sodium sulfate, filtered, and 

concentrated by rotary evaporation.  Purification on silica gel using flash chromatography 

with a gradient of 0-100% ethyl acetate in hexanes afforded the title compound as a dark 

red solid (110 mg, 0.541 mmol, 14% yield). (Warning: a side product of this reaction is the 

formation of low molecular weight 3,6-dimethyl-1,2,4,5-tetrazine and care should be taken 

during work-up). 1H NMR (400 MHz, CDCl3) d 8.66 (d, J = 8.66 (d, J = 8.6 Hz, 1H), 8.63 

(d, J = 2.8 Hz, 1H), 7.61 (dd, J =8.6, 2.7 Hz, 1H), 3.15 (s, 3H) 

 

13C NMR (101 MHz, CDCl3) d 168.0 (u), 163.0 (u), 146.4 (u), 142.5 (dn), 140.2 (u), 126.9 

(dn), 124.6 (dn), 21.3 (dn). HRMS (ESI+) [M+H]+ Calculated for C8H9N6
+ 189.0889; 

found 189.0882. 

2-Bromo-N-(6-(6-methyl-1,2,4,5-tetrazin-3-yl)pyridin -3-yl)acetamide (3-18) 
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A flame dried round-bottom flask equipped with a magnetic stir bar and nitrogen inlet 

adapter was charged with compound 3-17 (20 mg, 0.106 mmol). Anhydrous DCM (1 mL) 

was added followed by DIPEA (37 µl, 0.212 mmol) and the flask was cooled by an ice-

bath. A 1.15 M solution of bromoacetyl bromine in anhydrous DCM (138 µL) was added 

dropwise to reaction mixture and allowed to stir for 30 minutes at room temperature. The 

solution was diluted with DCM and the organic layer was washed with 1N HCl (2 x 5 mL) 

and brine (1 x 5 mL). The organic layer was dried with sodium sulfate and filtered. The 

crude mixture was loaded as a dilute solution on silica gel and purified by flash 

chromatography with a gradient of 0-50% ethyl acetate in hexanes to afford the title 

compound as a pink solid (38 mg, 0.123 mmol, 84% yield). 1H NMR (400 MHz, CDCl3) 

d 8.88 (app s, 1H), 8.68 (d, J = 8.6 Hz, 1H), 8.57 (br s, 1H), 8.53 (dd, J = 8.6, 2.2 Hz, 1H), 

4.10 (s, 2H), 3.15 (s, 3H). 13C NMR (101 MHz, CDCl3) d 168.0 (u), 164.4 (u), 163.0 (u), 

146.0 (u), 141.8 (dn), 136.5 (u), 127.6 (dn), 124.5 (dn), 29.1 (u), 21.4 (dn). HRMS (ESI+) 

[M+H] + Calculated for C10H10BrN6O
+ 309.0099; found 309.0103 

 

tert-Butyl(2-((6-(6-methyl-1,2,4,5-tetrazin-3-yl)pyridin -3-yl)amino)-2-

oxoethyl)carbamate (3-19) 
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A flame dried round-bottom flask equipped with a magnetic stir bar and nitrogen inlet 

adapter was charged with Boc-glycine (372 mg, 2.12 mmol) and backfilled with nitrogen. 

Anhydrous THF (3 mL) and NMP (512 µL, 5.31 mmol) were added. The stirred reaction 

mixture was cooled to 0 ̄C and isobutyl-chloroformate (206 µL, 1.59 mmol) was added 

dropwise. A white precipitate formed instantly, and the mixture was stirred for 30 minutes 

before adding pyridyltetrazine 3-17 (100 mg, 0.531 mmol) in one portion. The ice-bath 

was removed and the mixture was allowed to stir at room temperature for 2 hours. After 

completion, the reaction was diluted with ethyl acetate and washed with 1N HCl (3 x 5 

mL), saturated sodium bicarbonate (1 x 5 mL), and brine (1 x 5 mL). The organic layer 

was dried with sodium sulfate and concentrated by rotary evaporation. Purification on silica 

using flash chromatography with a gradient of 0-100% ethyl acetate in hexanes provided 

the title (128 mg, 0.370 mmol, 70% yield). 1H NMR (400 MHz, CDCl3) d 9.84 (br s, 1H), 

8.78 (s, 1H), 8.43 (m, 2H), 8.46 (d J = 8.71 Hz, 1H), 5.81 (s, 1H), 4.03 (d, J = 4.26 Hz, 

2H), 3.08 (s, 3H), 1.40 (s, 9H). 13C NMR (101 MHz, CDCl3) d 169.2 (u), 167.9 (u), 163.0 

(u), 157.1 (u), 145.0 (u), 141.8 (d), 137.5 (u), 127.3 (dn), 124.6 (dn), 81.5 (u), 45.6 (u), 

28.4 (dn), 21.0 (dn). HRMS (ESI+) [M+H]+ Calculated for C15H20N7O3
+ 346.1628; found 

346.1610 

 

2-Amino-N-(6-(6-methyl-1,2,4,5-tetrazin-3-yl)pyridin -3-yl)acetamide (3-2) 
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A flame dried round-bottom flask was charged with compound 3-19 (30 mg, 0.086 mmol). 

Anhydrous DCM (1 mL) was added followed by TFA (1 mL) and the resulting mixture 

was allowed to stir at room temperature for 2 hours. The solution was evaporated dryness, 

redissolved with dichloromethane, and then evaporated to dryness to remove TFA. This 

was repeated twice to afford a red solid (30 mg, 0.083 mmol, quantitative yield) and was 

used without further purification. 1H NMR (400 MHz, MeOD) d 8.95 (d, J = 2.4 Hz, 1H), 

8.55 (d, J = 8.4 Hz, 1H), 8.3 (dd, J = 8.8, 2.4 Hz, 1H), 3.90 (s, 2H), 2.98 (s, 3H). 13C NMR 

(101 MHz, MeOD) d 169.5 (u), 166.6 (u), 163.8 (u), 146.2 (u), 142.3 (dn), 139.2 (u), 128.9 

(dn), 125.5 (dn), 42.4 (u), 21.2 (dn). HRMS (ESI+) [M+H]+ Calculated for C10H12N7O
+ 

246.1103; found 246.1100 

 

2-(2-((6-(6-Methyl -1,2,4,5-tetrazin-3-yl)pyridin -3-yl)amino)-2-oxoethoxy)acetic acid 

(3-20) 

 

A flame dried round-bottom flask fitted with a reflux condenser and nitrogen inlet adapter 

was charged with compound 3-17 (50 mg, 0.27 mmol). Anhydrous THF (5 mL) was added 

followed by diglycolic anhydride (37 mg, 0.32 mmol). The reaction mixture was heated at 
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40 ̄ C, allowed to stir for 16 hours, after which a pink precipitate had formed. The pink 

precipitate was captured via vacuum filtration, washed with dichloromethane (3 x 5mL), 

and dried over nitrogen to afford the title compound as a pink solid (75 mg, 0.25 mmol, 

93% yield). 1H NMR (400 MHz, DMSO-d6) d12.89 (br s, 1H), 10.50 (s, 1H), 9.08 (d J = 

2.31 Hz, 1H), 8.52 (d J = 8.84 Hz, 1H), 8.44 (dd J = 8.63, 2.48 Hz, 1H), 4.28 (s, 2H), 4.25 

(s, 2H), 3.02 (s, 3H). 13C NMR (101 MHz, DMSO-d6) d171.8 (u), 169.2 (u), 167.3 (u), 

162.8 (u), 144.7 (u), 141.7 (dn), 137.5 (u), 139.6 (dn), 124.2 (dn), 70.3 (u), 68.1 (u), 21.0 

(dn). HRMS (ESI+) [M+H]+ Calculated for C12H13N6O4
+ 305.0998; found 305.1000 

 

tert-Butyl (1-((2-cyanobenzo[d]thiazol-6-yl)amino)-1,4,7-trioxo-12,15,18-trioxa-3,8-

diazahenicosan-21-yl)carbamate (3-21) 

 

 

A flame dried round-bottom flask equipped with a magnetic stir bar and nitrogen inlet 

adapter was charged with N-Boc-N-succinimidyl-4,7,10-trioxatridecane-1,13-diamine112 

(100 mg, 0.238 mmol), HATU (100 mg, 0.261 mmol) and the flask was vacuum and 

backfilled with nitrogen. Anhydrous DCM (3 mL) followed by DIPEA (120 µL, 0.693 

mmol) and a solution of glycine-6-amino-cyanobenzothiazole113 (50 mg in 1 mL anhydrous 

DMF, 0.215 mmol) were sequentially added. The mixture was allowed to stir at room 

temperature for 3 hours. After completion, the reaction solution was diluted with DCM (10 

mL) and washed with saturated sodium bicarbonate (2 x 5 mL) and brine (1 x 5 ml). The 

organic layer was dried with sodium sulfate and concentrated by rotary evaporation.  

Purification by silica using flash chromatography with a gradient of 0-70% acetone in 

DCM as the mobile phase provided the title compound as a white solid (95 mg, 0.150 

mmol, 70% yield). 1H NMR (400 MHz, DMSO-d6) d 10.29 (s, 1H), 8.77 (s, 1H), 8.40 (t, J 

= 5.6 Hz, 1H), 8.20 (d, J = 9.4 Hz, 1H), 7.93 (t, J = 5.3 Hz, 1H), 7.87 (d, J = 9.3 Hz, 1H), 
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6.80-6.68 (m, 1H), 3.93 (d, J = 5.8 Hz, 2H), 3.49 (m, 4H), 3.46 (m, 4H), 3.38 (m, 4H), 3.10 

(app q, J = 6.4 Hz, 2H), 2.95 (app q, J = 6.5 Hz, 2H), 2.39 (s, 4H), 1.67-1.53 (m, 4H), 1.37 

(s, 9H). 13C NMR (101 MHz, DMSO-d6) d 172.83 (u), 172.06 (u), 169.27 (u), 156.03 (u), 

148.12 (u), 139.82 (u), 137.13 (u), 135.49 (u), 125.20 (dn), 121.33 (dn), 114.04 (u), 111.83 

(dn), 77.86 (u, 2 carbons), 70.21 (u, 2 carbons), 69.69 (u), 68.54 (u), 68.50 (u), 43.46 (u), 

37.68 (u), 36.40 (u), 31.16 (u), 31.05 (u), 30.17 (u), 29.79 (u), 28.7 (dn). HRMS (ESI+) 

[M+H] + Calculated for C29H43N6O8S
+ 635.2863; found 635.2860 

 

N1-(2-((2-Cyanobenzo[d]thi azol-6-yl)amino)-2-oxoethyl)-N4-(1-((6-(6-methyl-1,2,4,5-

tetrazin-3-yl)pyridin -3-yl)amino)-1,5-dioxo-3,10,13,16-tetraoxa-6-azanonadecan-19-

yl)succinamide (3-3) 

 

 

A flame dried round-bottom flask equipped with a magnetic stir bar and nitrogen inlet 

adapter was charged with Compound 3-21 (45 mg, 0.071 mmol). Anhydrous DCM (1 mL) 

and TFA (1 mL) were sequentially added and the resulting mixture was allowed to stir at 

room temperature. The reaction progress was monitored by TLC. Upon completion, the 

reaction solution was evaporated dryness, washed with dichloromethane, and evaporated 

to dryness once more. To this, a 1 mL solution of 3-20 (26 mg, 0.0852 mmol) in DMF that 

was preactivated for 30 minutes with pyridine (27 µL, 0.33 mmol) and pentafluorophenyl 

trifluoroacetate (13.5 µL, 0.094 mmol) was added directly and the resulting mixture was 

allowed to stir overnight at room temperature. The reaction solution was diluted with DCM 

and washed with saturated sodium bicarbonate (1 x 5 mL), water (1 x 5 mL) and brine (1 

x 5 mL). The organic layer was dried with sodium sulfate and concentrated by rotary 

evaporation. Purification by reverse-phase chromatography (12 g C18 cartridges, Yamazen 

Science Inc) on an ISCO RediSep automated flash system with a gradient of 0-90% 


