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ABSTRACT  

Steric-free Bioorthogonal Labeling of Post-translational Modifications Substrates 

Based on a Fluorine-Thiol/Selenol Displacement Reaction 

Post-translational modifications (PTMs) diversify the functions and control the stability of 

proteins by the covalent addition of chemical groups or proteins. These modifications 

include phosphorylation, acetylation, glycosylation, methylation, ubiquitination, etc. and 

affect all aspects of cellular activities. Dysregulation of PTMs is often linked to aging, 

oncogenesis, and various autoimmune diseases. Proteins involved in the PTM writing, 

removing, and reading process are very important biomarkers and hot therapeutic targets. 

Yet, current chemical methodologies to globally profiling PTM substrates rely on copper-

catalyzed azide-alkyne cycloaddition (CuAAC) reaction in which bulky alkyne or azide 

groups in length and size are used. The intrinsic steric hinderance limits the general 

application of chemical reporters to metabolic incorporation by PTM writers possessing 

spacious active pockets.  

This dissertation will start with the demonstration that the alpha fluorine to amide bond 

was a steric free chemical reporter in protein acetylation. Fluorinated cofactors or 

precursors could be utilized by acetyltransferases to modify peptides and proteins both in 

vitro and in live cells. A novel bioorthogonal reaction named as fluorine thiol displacement 

reaction (FTDR) using thiophenol as the warhead was developed for converting a fluorine 

label in biomolecules to a fluorophore or biotin tag. This whole platform showed great 

potential to label, image, and enrich acetylation substrates.  
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Another goal of this dissertation was the evolution of FTDR to fluorine selenol 

displacement reaction (FSeDR). Aliphatic selenol, aromatic selenol and thiol derivatives 

were compared in parallel in the labelling of fluorinated small molecules and proteins. 

Aliphatic selenol displayed the best reactivity under the mild physiological condition and 

exhibited a high degree of chemical stability. The updated platform was then used in the 

SILAC-based quantitative proteomics study of acetylation in the prostate cancer cell PC-

3. 

The final goal of this dissertation focuses on the study of steric-free bioorthogonal labeling 

of glycosylation substrates based on FSeDR. The fluorine-tag labelled unnatural 

monosaccharides could be utilized by glycotransferases in live cells to modify sialylated 

glycoproteins, N-glycoproteins, and O-GlcNAcylated proteins. With the help of FSeDR, 

the fluorine reporter was further functionalized to fluorescent probes or affinity tags for 

imaging or enrichment studies. The steric-free fluorine reporter has the potential to become 

a powerful chemical reporter for glycan labelling. 
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CHAPTER 1  

INTRODUCTION  

1.1 Post-translational modification: A brief overview 

Translation is known to be the ñfinal stepò in the central dogma of molecular biology, 

whereby ñDNA makes RNA, and RNA makes proteinò.1 In general, the human genome is 

essentially constant across different cell populations while individual cells need different 

proteins at specific timepoints to perform their independent functions and respond to 

environmental stimuli. Scientists have been able to identify around 20,000-25,000 protein 

encoding genes in human,2 whilst the human proteome is estimated to include more than 1 

million proteins. Consequently, additional steps following protein translation are needed 

for achieving diverse protein functions. Post-translational modifications (PTMs) are one 

group of changes that are made to proteins after expression.3 

PTMs refer to the addition of a variety of chemical functional groups to both histone and 

non-histone protein substrates typically mediated by enzymes.4 Most PTMs are dynamic, 

reversible, and regulated by a set of enzymes. While ówriterô and óeraserô enzymes modify 

proteins by adding and removing PTMs, óreaderô proteins recognize these modifications 

and initiate a cascade of downstream signaling. These modifications can occur at any 

timepoint during the whole protein lifespan. For example, the PTMs in nascent proteins 

assist in proper protein folding and then direct the protein to distinct cellular locations. 

Other modifications that occur afterwards may either activate or deactivate a proteinôs 
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catalytic activities. Finally, proteins covalently linked with specific tags (Ubiquitin, SUMO) 

will be terminated through protein degradation.5 

Among 200 different types of PTMs that have been identified so far, phosphorylation, 

acetylation, methylation, lipidation, ubiquitination, SUMOylation, glycosylation are the 

most frequently detected PTMs (Figure 1.1).6 In this dissertation, we focused on studying 

protein acetylation and glycosylation. 

 

 
  

Figure 1.1. Chemical structures of common post-translational modifications (PTMs). 
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1.2 Acetylation 

1.2.1 Basis of protein acetylation 

Protein acetylation consists of N-terminal acetylation and lysine acetylation.7 In humans, 

more than 80% proteins are acetylated at their N-terminus mainly in a co-translational 

manner by ribosome-associated N-terminal acetyltransferases (NATs) and such acetylation 

is found to be irreversible so far. There are six highly conserved NATs that have been 

found in humans: NatA, NatB, NatC, NatD, NatE, and NatF.8 NATs can transfer acetyl 

group from acetyl-coenzyme A (Ac-CoA) to the Ŭ-amino group of N-terminal amino acids 

(Scheme 1.1 top).  

Lysine acetylation is a small but essential post-translational modification that is associated 

with many cellular processes, such as metabolism, signal transduction, gene transcription, 

cell differentiation, and apoptosis.9 The acetylation state of a given protein is fine-tuned by 

two types of enzymes: lysine acetyltransferases (KATs) and lysine deacetylases (KDACs) 

(Scheme 1.1 bottom). KATs can transfer an acetyl group from acetyl-coenzyme A (Ac-

CoA) to the Ů-amino group of lysine residue while lysine deacetylases (KDACs) catalyze 

the removal of an acetyl group. Based on structural and functional similarities of human 

KATs, they can be grouped into three families: Gcn5-related N-acetyltransferases (GNATs, 

including GCN5, PCAF, HAT1), MYST (MOZ, Ybf2, Sas2, and Tip60), and p300/CBP.10 

As for KDACs, based on deacetylation mechanisms, they are grouped into óclassicalô 

histone deacetylases (HDAC 1-11) which have a zinc dependent active site and NAD+ 

dependent sirtuins (SIRT 1-7).11 
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Scheme 1.1. Schematic outline of protein N-terminal and lysine acetylation 

 

 

In 1964, Vincent Allfrey et al first reported the identification of lysine acetylation in histone 

and proposed that the modification played an important role in transcription regulation.12 

In the following 30 years, researchers validated and established fundamental roles of 

reversible histone acetylation in chromatin remodeling and gene transcription (Figure 

1.2).13 On one hand, histone acetylation can neutralize the positive charges on the lysine-

rich histone tails, which weakens the electrostatic interactions between histone and 

nucleotides and leads to the disassembly of the highly compacted nucleosome. Thus, 

transcription activators can bind to the unwound DNA and initiate the gene transcription. 

On the other hand, acetylated lysine can bind with óreaderô protein such as bromodomains 

that could acetylate histones, remodel chromatin, and recruit other factors for transcription. 

On the contrary, histone deacetylases could remove acetyl groups, remodel chromatin to 

closed form, and silence gene transcription.    
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Figure 1.2. Histone acetylation and deacetylation in gene regulation. 

 

During the past two decades, non-histone proteins have been found oftentimes to be 

acetylated and are recognized as the major portion of the acetylome.14 In 2006, Yingming 

Zhao et al developed an anti-acetyl lysine antibody to enrich acetylated peptides at the 

whole-proteome level which were then analyzed by a nano-HPLC/MS/MS system. A total 

of 388 acetylation sites were identified in 195 proteins from Hela cells.15 Subsequently, 

Matthias Mann et al reported 3600 lysine acetylation sites on 1750 proteins using stable 

isotope labeling by amino acids in cell culture (SILAC) based quantitative proteomic 

technique.16 These unbiased proteomic studies showed that non-histone protein acetylation 

was surprisingly common and involved in a serial of cellular pathways.  
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1.2.2 Acetylation in health and disease 

The reversible protein acetylation is critical in the regulation of gene expression and a wide 

variety of signal pathways. Dysfunction in the balance between KATs and KDACs is 

associated with many diseases such as diabetes, neurodegenerative diseases, cancers and 

so on.17 

Insulin receptor substrate 1 (IRS-1) is a signaling adapter protein that plays a key role in 

transmitting signals from the insulin to intracellular PI3K/AKT pathways. Once binds to 

insulin, IRS-1 becomes phosphorylated and activates PI3K/AKT pathways to facilitates 

glucose uptake. HDAC2 can bind to IRS-1 in liver cells, decrease the acetylation and 

subsequently reduce phosphorylation of IRS-1. Specific inhibition of HDAC2 may 

increase insulin sensitivity and represent a new direction in the search for novel therapies 

for type 2 diabetes mellitus.18 

The accumulation of tau protein is one of the hallmarks of Alzheimer's disease. Tau is 

acetylated by p300, and deacetylated by SIRT1. The tau acetylation blocks protein 

ubiquitination at the same lysine site and acetylated tau is prone to accumulate. Due to 

reduced degradation, tau accumulates and contributes to Alzheimer's progression.19   

The abnormal acetylation in non-histone protein is highly relevant with carcinogenesis, 

tumor progression and metastasis.20 p53 gene is the most frequently mutated gene (>50%) 

in most cancer types and p53 protein plays a crucial role in preventing cancer formation. 

p53 transcriptional regulation mediated by acetylation/deacetylation at several sites 

facilitates DNA repair or cell apoptosis when damaged DNA is irreparable.21 Enhancer of 

zeste homolog 2 (EZH2) is a key epigenetic regulator that catalyzes the methylation of 
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H3K27. EZH2 is acetylated by PCAF and deacetylated by SIRT1. The acetylation at 

EZH2-K348 increases EZH2 stability, enhances its capacity in suppression of the target 

genes, and promotes lung cancer cell migration and invasion.22 Microtubules, part of the 

cytoskeleton, are polymers of tubulin that maintain the structure of the cell. Tubulin 

acetylation which is regulated by Ŭ-tubulin acetyltransferase 1 (ATAT1) and HDAC6 is 

associated with stable microtubules. Elevated tubulin acetylation caused by ATAT1 

overexpression enhances the formation of microtentacles and promotes adhesion and 

invasion of breast cancer cells.23 

 

1.2.3 Labeling and analysis of acetylation substrates 

Acetyl group is chemically inert, which renders the direct chemical reaction detecting of 

protein acetylation difficult. Classical methods to detect protein acetylation rely on 

acetylation assays with radiolabeled Ac-CoA24 or Ŭ-Ac-lysine antibody-based25 bioassays. 

Those methods all have satisfying sensitivity, simplicity and reliability in analyzing protein 

acetylation and indeed promote the development of the whole acetylation research area.26 

However, disposal of radioactive waste and safety considerations have made radiometric 

enzyme assays unpopular. Due to the small size of acetyl lysine group, pan- Ŭ-acetyl-lysine 

antibody is much less robust than specific Ŭ-acetyl-lysine antibody. Therefore, acetylation 

substrates enrichment from a global view varies significantly per antibody. Akhilesh 

Pandey et al compared acetylation sites identified by using a polyclonal antibody with a 

cocktail of multiple monoclonal antibodies where each was directed against acetylated 

lysine in different contexts and only 18% shared sites were detected.27 To circumvent these 
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limitations, the development of bioothogonal chemical reporter labeled acetyl-CoA that 

can be used by KATs for labeling substrates has emerged as a solution for acetylation 

enrichment (Figure 1.3A).28 

John S. Blanchardôs group explored the use of Cl-acetyl-CoA to identify protein substrates 

for both yeast acetyltransferase HAT1 and E. coli acetyltransferase RimL.29 The chloro-

acetylated products were further functionalized with TAMRA-cysteamine probe for 

fluorescent imaging in vitro (Figure 1.3B). However, the chlorine-thiol displacement 

reaction is not bioorthogonal since there are tons of thiol nucleophiles in cells which limit 

the applications of the platform. 

Recently, biomolecules labeling with chemical reporters such as azide or alkyne and 

subsequent copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction have gained 

prominent recognition in the chemical biology field.30 Howard C. Hang et al first explored 

using alkyne-acetyl-CoA to identify KAT substrates.31 p300 showed a good activity toward 

4-pentynoyl CoA (4PY-CoA) as the cofactor for substrate labeling, which suggests that 

4PY-CoA serves as a bioorthogonal chemical reporter to study p300 activity. Y. George 

Zhengôs group confirmed Hangôs result and found 5-hexynoyl CoA (5HY-CoA), 6-

heptynoyl CoA (6HY-CoA), and azido-containing analog 3-azidopropanoyl CoA (3Az-

CoA) were also strongly recognized by p300 which has great cofactor promiscuity. Other 

wild-type KATs, such as MOF, TIP60, GCN5, and PCAF cannot use the alkyne- or azido-

containing Ac-CoA analogs to modify protein substrates due to narrow active pocket. To 

solve the problem, Zhengôs group did protein engineering that manually enlarged the 

catalytic pocket of KATs GCN5 and MOF to fit in bulkier synthetic cofactors. After labeled 
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with acyl moiety, substrates were further probed with alkynyl or azido tagged fluorescent 

reporters by óclick reactionô (Figure 1.3C).32 

Frank J. Dekker et al introduced alkenyl-acetyl-CoA to label endogenous acylated proteins 

followed by Heck coupling.33 RAW 264.7 cells were incubated with sodium 4-pentenoate 

which could form intracellular 4-pentenoyl-CoA and used by intrinsic KATs to modify 

acetylation substrates. The alkenyl modified histones were then reacted with phenylboronic 

acid labeled fluorescein or biotin via oxidative Heck reaction (Figure 1.3D). This study 

provides an alternative orthogonal reporter method for metabolic labeling of KAT 

substrates. 
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Figure 1.3. Schematic of protein lysine acetylation using bioorthogonal functional group 

labelled acyl-CoA surrogates. (A) Scheme for lysine acetylation mediated by 

acetyltransferases (KATs, wild type or engineered enzymes) and chemical reporters 

labelled acetyl-CoA derivatives. The chemical reporters are further functionalized to 

fluorophore for imaging and biotin for protein enrichment by bioorthogonal reactions. A 

and B are paired bioorthogonal functional groups. (B) Using nucleophilic reaction between 

chlorine alpha position to amide and aliphatic thiol. (C) Using click reaction between azide 

and alkyne. (D) Using Heck reaction between alkene and phenylboronic acid. 

 

 

 

 



11 

 

1.3 Glycosylation 

1.3.1 Basis of protein glycosylation 

Protein glycosylation is the most abundant and diverse post-translational modification.34 

Proteins are glycosylated by enzymes or through non-enzymatic glycation reaction 

between aldehyde of glucose and lysine/arginine residues in proteins. The advanced 

glycation end products (AGEs) formed after Maillard reaction are biomarkers implicated 

in aging and the development of many degenerative diseases, such as diabetes, chronic 

kidney disease, and Alzheimerôs disease.35 

The enzymatic glycosylation is a form of co-translational and post-translational 

modification that involves around 200 glycosyltransferases.36 Glycosyltransferases are 

enzymes that utilize activated nucleotide sugars as glycosyl donors, and transfer glycosyl 

group to a nucleophilic glycosyl acceptor molecules such as amino acid residues in proteins. 

Those enzymes determine which proteins are to be glycosylated, the glycosylation site on 

proteins, and the glycan structures assembled. With the aid of glycosyltransferases, glycans 

are attached to proteins mainly in two ways: N-linked glycosylation to asparagine (Asn) 

and O-linked glycosylation to serine (Ser), threonine (Thr) or tyrosine (Tyr) (Figure 1.4). 

N-linked glycans all contain a core pentasaccharide of three mannose and two N-

acetylglucosamine (GlcNAc) and are attached to Asn residues at the consensus sequence 

of Asn-X-Ser/Thr37 while no consensus sequences are known for O-linked glycans. Mucin-

type O-glycosylation is predominantly present on membrane and secreted proteins and 

attached to Ser or Thr residues through a N-acetylgalactosamine (GalNAc). 
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Figure 1.4. Common glycan structures. N-linked glycans are attached to Asn residues 

through a core structure formed from two GlcNAc and three Mannose residues; O-linked 

glycans are attached to Ser or Thr residues by GalNAc residues (Mucin-type O-linked 

glycans) or GlcNAc residues (O-GlcNAc glycans). 

 

The glycan structures are highly diverse due to the different compositions, sequences, 

linkages of sugar moieties and length. Nine monosaccharides, including glucose (Glc), 

galactose (Gal), mannose (Man), N-acetyl-D-glucosamine (GlcNAc), N-acetyl-D-

galactosamine (GalNAc), N-acetylneuraminic acid (Neu5Ac or sialic acid), fucose (Fuc), 

glucuronic acid (GlcA) and xylose (Xyl), are used to build the human glycome (Scheme 

1.2). Glycosidic linkage or glycosidic bond is a type of covalent bond that joins one 

monosaccharide to another. Considering monosaccharides have multiple hydroxyl groups, 

various glycosidic linkages are possible. The variability of glycan length and linkages in 

concert with the wide array of monosaccharides turns complex carbohydrates into 

information-rich molecules.  
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Scheme 1.2. Common monosaccharides 

 

 

Enzymatic glycosylation is also reversible. Glycosyltransferases and glycosidases are 

responsible for the assembly, trimming, and turnover of glycans.38 Glycosidases are 

enzymes that catalyze the hydrolysis of glycosidic bonds in complex glycans. Based on the 

stereochemical outcome of the hydrolysis reaction, glycosidases can be classified as 

inverting or retaining glycoside hydrolases. Besides, glycosidases can be divided into more 

than 130 families according to their sequences and folding similarities.  
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1.3.2 Glycosylation in health and disease 

Glycosylation has numerous functions in the secretory pathway (endoplasmic reticulum 

(ER) and Golgi).39 Glycosylation promotes the folding, stability, and solubility of newly 

synthesized proteins. Then glycosylated proteins can be regulated by a complex 

glycoprotein quality control system (GQC) that maintains the fidelity of the secretory and 

transmembrane proteome.40 Glycans can also serve as recognition domains to aid in proper 

trafficking of proteins within the cell. Cell surface glycoproteins help mediate cell adhesion, 

ligand binding, cell-cell communication, and immune responses.41 Changes in 

glycosylation patterns are linked to diseases, highlighting the importance of glycosylation 

to protein function.42  

Congenital disorders of glycosylation (CDGs) are a rapidly expanding group of rare genetic, 

metabolic disorders due to defects in glycosylation.43 CDGs are usually apparent from 

infancy and can vary in severity from mild cases to sever, disabling or life-threatening 

cases. Depending on where the defect in glycosylation occurs, CDG phenotypes can result 

from altered activation, presentation or transport of sugar precursors, altered expression 

and/or activit ies of glycosyltransferases or glycosidases, and altered expression and/or 

activities of proteins that control the glycosylation machinery or maintain the Golgi 

apparatus.44 

Antibody dysregulated glycosylation may induce pathologic modifications and ultimately 

contribute to the development of autoimmune diseases (AIDs).45 Antibody effector 

functions are mostly modulated by two N-glycans linked to Asn 297 on each antibody 

constant fragment (Fc). In addition to conserved Fc glycans, around 15ï25% of serum IgG 
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contains glycans within the variable antigen-binding fragment (Fab). Aberrant antibody 

glycosylation has been detected in patients with rheumatoid arthritis (RA).46 In addition to 

an increased proportion of Gal-deficient Fc glycans, Fab-portion glycans contain high 

amounts of bisecting GlcNAc and core fucose.47 

Cancer cells display a wide range of glycosylation alterations compared with normal 

cells.48 The most frequently occurring cancer associated changes in glycosylation are 

sialylation, fucosylation, O glycan truncation, and N-linked glycan branching. 

Glycosylation can help cancer cells escape from immune surveillance and programmed 

cell death. For example, programmed cell death protein-1 (PD-1) and programmed cell 

death ligand-1 (PD-L1) are key immune checkpoints for tumor immune escape. N-linked 

glycosylation of PD-L1 maintains its protein stability and interaction with PD-1, and in 

turn promotes tumor cells evasion of T-cell immunity.49 Protein glycosylation also helps 

tumor cells to overcome cell-cell adhesion and invade surrounding tissues. Sialylation is 

an important modification in cellular glycosylation. Increased sialylation on cancer cell 

surface antigens promotes cell detachment from the tumor mass through electrostatic 

repulsion of negative charges.50 Glycosylation in the extracellular matrix provides 

mechanical and structural support, as well as spatial context for signaling events that 

promote tumor development and progression.  
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1.3.3 Labeling and analysis of acetylation substrates 

Over the past two decades, many methods have been developed for the analyses of protein 

glycosylation. The classical glycan analyses are carried out by using lectins or antibodies.51 

Lectins are proteins that preferentially recognize and bind sugar groups that are part of 

glycoproteins and even free-floating glycans including monosaccharides. Although 

pretreatment of cell or protein samples with glycosidases to selectively remove 

monosaccharide residues or larger components of extended glycoconjugates can improve 

the performance of affinity molecules, the utility of lectins and antibodies for glycoprotein 

enrichment is still limited by low substrate binding affinities and/or poor specificities. 

Toward addressing these limitations, several new chemical and metabolic approaches have 

been developed for studying glycosylation. Chemical reporters are introduced into 

naturally occurring glycans by oxidation reactions, enzyme catalyzed reactions, and 

metabolic labeling. Sialic acids, a class of Ŭ-keto acid sugars with a nine-carbon backbone, 

can be labeled by periodate oxidation and aniline-catalyzed oxime ligation (PAL) 

method.52 Polyol side chain of sialic acids is oxidation sensitive and hydroxyl group at C-

7 position is selectively converted to aldehyde by treatment with low concentration of 

periodate. Aldehyde is further functionalized to fluorescent or biotin tag by reacting with 

aminooxy or hydrazide probes (Scheme 1.3 top). For galactose labeling, the Paulson group 

developed galactose oxidase and aniline-catalyzed oxime ligation (GAL) method.53 

Galactose oxidase is an enzyme that specifically oxidize hydroxyl group at the C-6 position 

in Gal or GalNAc residues to aldehyde. The second step of GAL is same to PALˈaniline-

catalyzed ligation (Scheme 1.3 bottom). 
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Scheme 1.3. Labeling glycans using PAL and GAL 

 

In recent years, metabolic glycan engineering (MGE) with bioorthogonal functional groups 

labeled monosacchrides in live cells has been a rising strategy for glycosylation study.54 

This approach utilizes the promiscuity of the enzymes involved in the biosynthesis of 

glycans, which allows for the introduction of unnatural sugar building blocks bearing 

bioorthogonal functional groups into specific types of glycans. The chemical reporter could 

be further functionalized to fluorescent probes or affinity tags by bioorthogonal reactions 

for imaging or enrichment of glycoproteins (Figure 1.5). Most metabolic methods have 

been focused on abundant sialic acid, as enzymes involved in its biosynthesis are 

particularly promiscuous.  



18 

 

 

Figure 1.5. Schematic overview of metabolic glycan engineering (MGE). Chemical 

reporters functionalized unnatural monosaccharides could be installed into glycoproteins 

after metabolism in live cells (Step 1). Chemical reporters in proteins could be further 

functionalized to fluorophore for imaging study and biotin for protein enrichment by 

bioorthogonal reactions. 

 

Although incorporating unnatural sugars into cell surface glycans has a long history,55 it 

was Bertozzi group that first introduced the reactive functional group onto labeling cellular 

sialic acids (Figure 1.6).56 N-levulinoylmannosamine (ManLev) was converted into the 

corresponding keto sialic acid on cell surface. The ketone group could be detected by 

aminooxy- or hydrazide-functionalized probes under optimal pH 5ï6. Since then, the MGE 

approach has been applied to multiple monosaccharide building blocks, including 

ManNAc, GalNAc, GlcNAc, fucose, and sialic acid (Scheme 1.4). The cells are cultured 

with media containing desired unnatural sugars to modify cellular glycoconjugates. 

Through acetylation of the hydroxyl groups in monosaccharides, uptake of sugars across 

the membrane bilayer is greatly improved. Once into the cell, peracetylated sugars are 
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deacetylated by cytosolic esterases, leaving the desired metabolites for further processing 

through the cellular machinery. 

Scheme 1.4. Structures of bioorthogonal group-modified monosaccharides 

 

To date, most of the currently available bioorthogonal reactions have already been applied 

in MGE, and many efforts to further extend the application of this platform are ongoing 

(Figure 1.6).57 We envision that MGE will continue to facilitate the understanding of 

important issues that remain to be studied in glycobiology. 

 

Figure 1.6. Timeline of metabolic glycan engineering (MGE) probes history. The first 

example of MGE was introduced by Reutterôs group; Bertozziôs group first applied 

chemical handles incorporated MGE probe. 
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2.1 Previous tools in the study of protein acetylation 

Bioorthogonal reactions have greatly facilitated protein labeling in complex biological 

systems and led to widespread applications including imaging, enrichment, and 

identification, etc.1 Representative bioorthogonal reactions such as azide-alkyne 

cycloaddition,2 Staudinger ligation,3 and tetrazine cycloaddition1b have resulted in the 

successful development of chemical reporters, which in conjunction with detection/affinity 

tags, have advanced our understanding of important biological pathways including protein 

post-translational modifications (PTMs).4 For instance, chemical reporters on acetylation 

have revealed many new protein substrates of p300,5 providing a more robust substrate 

recovery from proteome in comparison to anti-acetyl lysine antibodies.6  Yet, current 

chemical reporters are bulky in length and size, thereby impeding their general applications.  

Even alkyne or azide-based minimalist reporters for copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) are still significantly larger than the inherent carbon-hydrogen 

bond (Figure 2.1A).  This intrinsic steric hindrance has largely limited the application of 

chemical reporters to metabolic incorporation by enzymes possessing spacious active site 

pockets.  For example, alkyne/azide-labelled PTM precursors or cofactors for acetylation7 
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and methylation8 were too bulky to be incorporated by many cognate transferases other 

than p300.  While the ñbump-holeò protein engineering strategy could work for a given 

enzyme, careful balances between mutations, structure folding, and function (potency, 

selectivity, etc.) are required.9 For many acetyltransferases that function as subunits in 

protein complexes, mutations in the ñholeò may alter their substrate specificities, leading 

to results different from in vivo sub-acylome,5a which undermines this approachôs broad 

applications.   

Global profiling of PTM substrates such as those of acetylation can still be achieved by 

antibody-based detections.10 However, the enriched substrates and sites varied 

significantly per antibody.10  In our hands, a list of commercially available anti-acetyl 

lysine antibodies (Table 2.1) revealed different sensitivity and substrate specificity (Figure 

2.1B).  Taken together, these results demonstrate that elucidating the molecular targets of 

PTMs such as acetylation has been thereby compromised, despite being a key step towards 

the systematic dissection of PTMs and their roles in biological and pathology-related 

cellular signaling regulation.7b, 8b, 11  To this end, we asked whether a bioorthogonal reaction 

can be developed to generate reporters for the steric-free labeling of protein substrates and 

thereby allow for the global profiling of molecular targets. 
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Table 2.1. Vendor information of anti-acetyl lysine antibodies 
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Figure 2.1. Acetyl-CoA analogs to label acetylation substrates through acetyltransferase 

assay.  (A) Bond lengths of C-H, C-C¹CH, C-N3, and C-F on acetamide. (B) Global 

profiling of lysine acetylation using anti-acetyl lysine antibodies that are 

commercially available from different vendors (#1-6). (C) Illustration of the 

acetyltransferase assay. (D) Summary of the acetyltransferase assay results with Ac-CoA, 

4-pentynoyl (4PY)-CoA, and F-Ac-CoA analogs, respectively. 
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2.2 A steric-free bioorthogonal labeling strategy 

The fluorine atom attracted our interest due to its orthogonality from biological 

molecules,12 similarity in size to hydrogen,12-13 and the comparable length of the carbon-

fluorine bond to the carbon-hydrogen bond in acetamide, a representative acetylation 

functional group (Figure 2.1A).13b Fluorinated amino acids have been exploited to label 

proteins, bringing in minimal perturbations to protein structure and function.12-13, 14  Using 

acetylation as a proof of concept, we first wanted to investigate whether fluorinated acetyl-

CoA can hijack the CoA metabolism and be used by acetyltransferases to label their protein 

substrates (Figure 2.1C).  Despite the in vivo toxicity of its pro-metabolite fluoroacetate,15 

only the late-stage metabolite fluorocitrate was found accountable, mostly damaging organ 

tissues such as the kidney.15  Fluorinated acetyl-CoA and fluoroacetate havenôt yet been 

found to inhibit any enzyme, and have been successfully used to study metabolisms.16  Ac-

CoA analogs with fluorine (F-Ac-CoA)17 or alkyne (4-pentynoyl (4PY)-CoA)7b functional 

groups were thereby synthesized, and each mixed with key acetyltransferase GCN5, 

MYST2, or TIP60 and their corresponding histone peptide substrates.7b, 18 Mass 

spectrometric analysis (Figure 2.2) indicated successful acetyl or acetyl analog labelling 

after either acetyltransferase was incubated with wild type Ac-CoA or F-Ac-CoA. On the 

contrary, all acetyltransferases failed to incorporate the alkyne-modified 4-PY-CoA, which 

is consistent with previous reports.5a, 7b   

To check if the fluoroacetyl label could be recognized by histone deacetylases, we also 

incubated these fluoroacetylated histone proteins with a few reported deacetylases19. 

Interestingly, most fluoroacetylation can be efficiently removed (Figure 2.3), suggesting 
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that the label could be used as a substrate for deacetylases as well. Taken together (Figure 

2.1D, 2.2, 2.3), fluorine modification on the acetyl group afforded a relatively steric-free 

chemical reporter that can satisfactorily label substrates of acetyltransferases.  

 

Figure 2.2.  ESI-MS results for using acetyl-CoA analogs to label KAT substrates.  (A) 

Acetyl-CoA, (B) 4PY-CoA, and (C) F-Ac-CoA were each mixed with corresponding acetyl 

transferases (GCN5, MYST2, or TIP60) and peptide substrates (H3-20: N-terminal 20-aa 

H3 peptide, exact mass 2182.2771 m/z; or H4-20: N-terminal 20-aa H4 peptide, exact mass 

1990.1885 m/z).  Top row of MS spectra: results with GCN5 KAT and H3 (1-20) peptide.  
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Middle row: results with MYST2 KAT and H4 (1-20) peptide.  Bottom row: results with 

TIP60 KAT and H4 (1-20) peptide. Expected theoretical m/z were shown under each MS 

spectrum.  ñãò indicates the observed m/z matches to the expected values; ñ³ò indicates 

not, which is the case for the assays with 4PY-CoA that only resulted in unmodified wild 

type substrates.    

 

 

Figure 2.3. Western blot assays to evaluate the removal of F-acetyl groups on histone 

substrate by different histone deacetylases (SIRT1 for fluoroacetylated histone H3, 

HDACs 1-3 and SIRT2 for fluoroacetylated histone H4).  Negative control ñ-ò: intact wild 

type H3 or H4; Positive control ñ+ò: fluoroacetylated H3 or H4 after treatment with F-Ac-

CoA and the corresponding acetyltransferases. Other samples lanes are the mixture of 

fluoroacetylated H3 or H4 with different histone deacetylases.   

 

2.3 A novel biorthogonal reaction: fluorine-thiol displacement reaction (FTDR) 

Next, we asked whether we can further modify the resulting fluoroacetamides with other 

tags such as the fluorescent dye ñTAMRAò20 or a biotin affinity probe21 for detection, 

imaging, and future identification of protein substrates.  Despite substantial progress in the 

development of fluorination methodology, there are few efforts aimed towards the 
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replacement of fluorine.  One relevant study22 has incorporated an alpha-fluorinated 

acetophenone moiety (1) into proteins and observed its reaction with a proximal cysteine.  

This led us to hypothesize that fluorinated acetyl groups may react with thiol derivatives, 

even at the small molecule level.  To test this, we reacted a representative thiol compound, 

benzenethiol, with a few fluorinated acetyl substrates in water (Scheme 1).  In the presence 

of a strong base, the primary fluorine alpha to acetophenone (1), ketone (2), and amide (3) 

were all efficiently displaced (> 90% yields).  We also observed a similar conversion with 

the fluoroacetate derivative (4) despite a lower yield, which is likely caused by hydrolysis 

of the ester given the isolated benzene ethanol side product.  The result with 3 particularly 

encouraged us as it is a model fluoroacetamide substrate for fluorinated peptides/proteins.   

Scheme 2.1. Exploration of Fluorinated Substrate   

 

 

To identify the optimal pH range for this reaction, we titrated the pH (Figure 2.4) and found 

that the reaction rate significantly increased with pH, likely due to the increased 

deprotonation of benzenethiol.   
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Figure 2.4. Optimization of the fluorine-thiol displacement reaction (FTDR) by titrating 

the effects of reaction pH values.  Standard nucleophile (thiophenol) and substrate 3 (2-

Fluoro-N-phenethylacetamide) were used.  (A)  Representative LC-MS spectra of reaction 

mixtures after 12 h of reaction under varied pHôs.  (B) Summary plot of the product yields 

at different reaction pHôs.   
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Using the mildly basic condition, pH 8.5, in which the reaction has the best reaction rate, 

we examined substrate 3ôs reactivity with glutathione and cysteine, both as strong intrinsic 

nucleophiles that exist in cellular environments (Figures 2.5, 2.6).  Surprisingly, no reaction 

was observed for both cases upon incubation for 24 h, suggesting that substrate 3 could be 

bioorthogonal to other nucleophilic species. 

 

  

Figure 2.5. Substrate 3 (2-Fluoro-N-phenethylacetamide) is stable upon incubation with 

glutathione.  (A) 1H-NMR spectra of 3 (25 mM in 1:1 mix of deuterated sodium phosphate 

buffer and MeOD, pH 8.5). (B) 1H-NMR spectra of reduced glutathione (GSH) (25 mM in 

1:1 mix of deuterated sodium phosphate buffer and MeOD, pH 8.5).  (C) 1H-NMR spectra 

of the mixture of 3 (25 mM) and GSH (25 mM) in the 1:1 mixed deuterated sodium 

phosphate buffer and MeOD, pH 8.5, after 24 h of incubation at 37 oC under the nitrogen 

atmosphere.      
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Figure 2.6. Substrate 3 (2-Fluoro-N-phenethylacetamide) is stable upon incubation with 

cysteine.  (A) 1H-NMR spectra of 3 (25 mM in 1:1 mix of deuterated sodium phosphate 

buffer and MeOD, pH 8.5). (B) 1H-NMR spectra of reduced glutathione (GSH) (25 mM in 

1:1 mix of deuterated sodium phosphate buffer and MeOD, pH 8.5).  (C) 1H-NMR spectra 

of the mixture of 3 (25 mM) and GSH (25 mM) in the 1:1 mixed deuterated sodium 

phosphate buffer and MeOD, pH 8.5, after 24 h of incubation at 37 oC under the nitrogen 

atmosphere.        
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We then investigated substitution effects on benzenethiol in order to efficiently convert 

fluoroacetamide under the mild physiological reaction condition.23  Exploration of a series 

of benzenethiol derivatives (5-13) found that electron donating groups at the ortho- and 

para- positions facilitate the reaction by increasing the nucleophilicity (Figure 2.7).  Given 

their theoretical pKa values (< 7.0) (Table 2.2), almost all of these derivatives should be 

fully deprotonated.  The most reactive derivative, 13, is a tri-methoxy analog that can reach 

~ 81% reaction conversion within 13 h.  Despite potential issues regarding steric for the 

ortho- substitutions, the superior reactivity of 13 in comparison to the meta- substituted 

derivative 12 indicated that the methoxy groups are not bulky enough to perturb reactivity.  

Likewise, derivative 9 that only bears two substitutions at the electron donating sites ended 

up possessing the same reactivity as 12.  

 

Table 2.2. Summary of the pKa values of the benzenethiol derivatives. The data was 

referred from the SciFinder database.   
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Figure 2.7. Structure-activity relationship study of benzenethiol derivatives. (A) Scheme 

of the benzenethiol derivatives. (B) Plot of the conversion against reaction time. (C) 

Representative LC-MS spectra for analysis of the reaction mixtures undergoing general 

procedure B.  The UV trace was for the reaction between substrate 3 and the nucleophile 

2,4,6-trimethoxybenzenethiol (13) after 13 h of incubation at 37 °C.  Identities of the peaks 

were confirmed by the corresponding ESI-MS analysis.     
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Follow-up kinetics studies based on the reported procedures24 suggested that the 

bimolecular reaction between 3 and 13 followed second order kinetics, and had an observed 

rate constant of (1.03 ± 0.06) x 10-3 M-1 S-1 (Figure 2.8), which is similar in rates to the 

classic Staudinger ligation reaction.24-25 

 

Figure 2.8.  Evaluating the second order rates of FTDR reactions between 3 and 12, 3 and 

13, respectively.  Equal concentrations of both reactants were used, and the assays were 

repeated independently at three different concentrations (40 mM, 80 mM, and 160 mM).  

Plotting 1/[X]t (concentration of either reactant at time t) against time yielded the rate 

constant ((0.37 ± 0.06) x 10-3 M-1 s-1 for 3 and 12, (1.03 ± 0.06) x 10-3 M-1 s-1 for 3 and 13).  

The reported values represented an average of the three independent experiments as 

mentioned above.         
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Moreover, the stability of 13 along with substrate 3 were further evaluated in cell lysates 

(Figure 2.9), where they remained mostly intact (61.8% and 100%, respectively).  On the 

contrary, control 3-Cl possessing the reported chloroacetamide26 was not stable, with only 

0.15% remained.  This result is consistent with previous observations that chloroacetamide 

readily reacted with cellular proteins.27   

 

Figure 2.9. The stability and reactivity evaluations of the halo-acetamide tags and the 

probe 13 in mammalian cell lysates.  (A) The model substrate 3, control 3-Cl, or the probe 

13 was each mixed with the corresponding internal standard and incubated within the 
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HEK293 cell lysates for 14 h under the same FTDR reaction conditions, respectively. The 

compounds were then recovered by extraction and analyzed by LC-MS. (B) Representative 

results of the peak area and m/z information on LC-MS for each group analyzed before and 

after incubation with the cell lysates.  

 

With the aid of LC-MS/MS, the FTDR product of 3 and 13 in cell lysates was confirmed 

(Figure 2.10), further corroborating the bioorthogonality of FTDR.   

 

Figure 2.10. The FTDR reaction in mammalian cell lysates. (A) The model substrate 3 and 

probe 13 were mixed in the presence of HEK293 cell lysates.  After incubation at 37oC for 

5 h, the mixture was extracted and analyzed by LC-MS/MS.  (B) LC-MS (top panel) and 

MS/MS (bottom panel) analysis of the cell lysate mixture identified the FTDR reaction 

product 47.     
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Notably, wild-type Ac-CoA has been regarded as a central metabolite that can be also used 

for ketogenesis, mevalonate pathway, and fatty acid synthesis.28  F-Ac-CoA as a mimic of 

Ac-CoA was demonstrated to be taken up by fatty acid synthetases to make fluoro-fatty 

acids,29 most of which are also classic PTMs. We thereby tested the FTDR reaction 

between probe 13 and the alpha-fluorinated model substrates of fatty acids such as butyrate, 

myristic acid, palmitic acid, malonic acid, and succinic acid, etc. (Figure 2.11).  

Surprisingly, no FTDR reaction was observed with these substrates, suggesting that due to 

the increased steric hindrance the secondary fluorides in these fatty acids may not be as 

readily displaceable as the primary fluoride in fluoroacetamide. On the other hand, these 

observations also indicated the potential uniqueness of fluoroacetamide and its 

orthogonality to other fluorine-substituted natural molecules for FTDR-based detection, 

imaging, and target identification.  

Scheme 2.2 Exploration of other fluorinated PTMs 
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2.4 Steric-free labeling acetylated protein in vitro using FTDR 

Hence, with the most active benzenethiol derivative in hand, we returned to the intriguing 

question of converting fluoroacetamide to functional detection tags such as fluorescent 

dyes and biotin probes.21, 30  We started by constructing a biotin probe (14, Biotin-SH) that 

contains the benzenethiol structure of 13 as the warhead and the glutamic acid building 

block (29) as the connecting unit to improve overall solubility (Schemes 2.3).   

Scheme 2.3 Synthesis of Biotin-SH 
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Due to the convenience of ESI-MS characterization on peptides, we first demonstrated the 

successful conversion of the fluorine label to a biotin tag on the aforementioned histone 

H3-20 peptide substrate (Figure 2.11).  
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Figure 2.11. Biotinylation of fluorinated H3-20 peptide based on the Fluorine-Thiol 

Displacement Reaction.  Shown below the reaction scheme is the ESI-MS spectra of the 

fluorinated H3-20 peptide (A) before and (B) after reacting with Biotin-SH during the 

process of biotinylation. 

 

Next, we examined the whole process of labelling and tagging on histone protein substrates.  

Histone H3.1 and H4 subunit (Figure 2.12) were each incubated with F-Ac-CoA, and the 

corresponding KAT under standard in vitro enzymatic reaction conditions.7b  The mixtures 

were then incubated with the Biotin-SH probe for varied time periods, with subsequent in-

gel fluorescent imaging to detect the biotin tagging.  For both histone proteins, efficient 
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biotinylation occurred within 1 h of incubation, and gradually reached saturation after 3 h.  

Staining with Coomassie brilliant blue (CBB) also revealed a complete change of 

molecular weight, presumably due to the two-step modification. The minimal signal 

observed from the control group without prior fluorination also indicated the relative 

specificity of Biotin-SH. Concurrently, failure of biotinylation was observed for the group 

using CuAAC labeling, which was consistent with literature reports, and confirmed that 

many KATs are incapable of up taking sterically hindered substrates.5a, 7b  

In addition to histones, a growing number of non-histone substrates were recently 

uncovered, with their roles in protein function regulation becoming increasingly 

appreciated.11 For instance, enhancer of zeste homolog 2 (EZH2) was revealed to be 

acetylated by PCAF mainly at lysine 348, which improved EZH2ôs stability and promoted 

the migration of lung cancer cells.31  To evaluate whether our labeling strategy is applicable 

to non-histone substrates, we specifically constructed and expressed the truncated form of 

EZH2 (1-500) in E. coli, with a shake-flask yield of approximately 2 mg/L. The proteinôs 

purity and size were confirmed by SDS-PAGE (Figure 2.12C left).  Reaction of the EZH2 

fragment under the same conditions as those for histone proteins resulted in a similar type 

of tagging.  Taken together, these observations displayed the steric-free in vitro labeling 

and tagging of a range of known protein substrates using the FTDR reaction, which could 

not be achieved by the known CuAAC method. 
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Figure 2.12. FTDR-based tagging of protein substrates with Biotin-SH probe.  (A) 

Reaction scheme; The red star indicates IR dye. (B-C) Labeling of histone protein H3.1, 

H4, and nonhistone substrate EZH2 (1-500), respectively; The top panel for (B) and the 

left panel for (C) are gel images after CBB staining.  The other images are for in-gel 

fluorescent detection of IR dye. ñCò is the positive control for CuAAC, which has been 

prepared by NHS ester labeling of the lysines on EZH2 with the óclick chemistryô tag, 

followed by CuAAC reaction with the corresponding biotin linker.        
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2.5 Steric-free labeling acetylated protein in live cells using FTDR 

For labeling proteins in living cells, azide or alkyne analogs of fatty acids have been 

exploited, which were metabolized intracellularly into CoA derivatives.2-4, 7a  To increase 

their cellular delivery, pro-metabolites with esters masking the polar carboxylate group 

constituted an effective strategy in recent years.32  Nevertheless, the intrinsic steric 

hindrance of these pro-metabolites resulted in varied and suboptimal labeling results,7a, 32 

sometimes requiring extensive structural optimization.32  To explore the utility of our 

probing system for studying acetylation in the cellular level, we designed the fluorinated 

version of pro-metabolite, ethyl fluoroacetate (Figure 2.13).   
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Figure 2.13. Cellular evaluation of FTDR-based tagging with TAMRA-SH probe.  (A) 

Scheme for cellular pro-metabolite incorporation (1 mM, 6 h, at 37 ºC, step 1) and protein 

substrate detection (step 2). (B) Fluorescent microscopy of fixed and permeabilized cells 

that were stained by Hoechst 33342 (blue) and TAMRA probes (red); Scale bars: 25 µm. 
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(C) Cell lysate protein labeling by pro-metabolites and detection by TAMRA probes (red); 

Left panel: PAGE gel stained by CBB; Right panel: In-gel fluorescent detection. ñCò is the 

positive control for CuAAC, which randomly labelled lysines on BSA with azide-NHS 

ester, followed by CuAAC mediated conjugation with TAMRA-Alkyne. ñHATiò indicates 

the addition of HAT inhibitor (A-485) prior to step 1. 

 

Given the in vivo toxicity of fluoroacetate,15 we first evaluated the cell cytotoxicity and 

found that this pro-metabolite exhibited minimal toxicity with doses up to 2 mM after 12 

h of incubation (Figure 2.14).   

 

Figure 2.14.  In vitro cell cytotoxicity assay to confirm the nontoxicity of ethyl ester pro-

metabolites.  Relative cytotoxicity on (A) HeLa cells and (B) HEK293T cells by ethyl 

fluoroacetate or the control ethyl azidoacetate after 12 h of incubation were plotted.  Error 

bars represent SD of three replicates.    
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Additional LC-MS/MS studies indeed confirmed its conversion by enzymes to 

fluoroacetyl-CoA in live cells (Figure 2.15), which, taken together with the observed 

minimal toxicity in cell lines, could support the applicability of ethyl fluoroacetate and its 

CoA metabolite to studies in the cellular level.  

 

Figure 2.15.  LC-MS/MS analysis of fluoroacetyl-CoA formation in HEK293 cells treated 

with the pro-metabolite fluoroacetate.  (A) LC-MS of HEK293 cell extract demonstrating 

the eluted peak specific to fluoroacetyl-CoA (828.1265 m/z).  The cells were treated with 

1 mM ethyl fluoroacetate for 2 h.  (B) LC-MS of extracts from preheated HEK293 lysates 

that was incubated with 1 mM ethyl fluoroacetate for 2 h.  (C) Product ions derived from 

fluoroacetyl-CoA for MS/MS analysis. (D) LC-MS/MS fragmentation analysis of the 

eluted fluoroacetyl-CoA peak.    
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With confidence in the safety profile of our pro-metabolite, we started by treating it with 

two representative cell lines, HeLa and HEK293, followed by subsequent FTDR with the 

TAMRA-SH probe (15) as the second step for fluorescent detection (Figure 2.13A).  

Treatment with the azido modified pro-metabolite32 and the TAMRA-alkyne (16) for 

CuAAC chemistry was performed in parallel as a control, wherein weak signals were 

previously reported.32  Direct microscope imaging studies (Figure 2.13B) revealed much 

stronger intracellular labeling and tagging with TAMRA following the FTDR based 

approach, suggesting a drastically improved and more complete profiling of acetylation 

substrates. We also observed significant fluorescence not only in the nucleus but also in 

the cytoplasm, which may indicate the successful labeling of both histones and non-histone 

proteins. The little background signals emitted from the cells treated with only 15 (step 2) 

further demonstrated the specificity of the developed -SH probes. Following similar 

procedures, we also tested the labeling of the cell lysates after metabolic incorporation of 

fluorine reporters. Lysates following FTDR or CuAAC mediated ligation with TAMRA 

were separated on SDS-PAGE and visualized by CBB to confirm equal amount of protein 

loading (Figure 2.13C).  Yet, multiple labelled protein bands spanning a wide range of 

molecular weights were observed only for the lysates of cells that underwent a complete 

two-step process of FTDR (Figure 2.13C). This discovery was consistent with the 

microscope imaging results.  Furthermore, pretreatment of the cells with A-485 (potent and 

selective p300/CBP inhibitor)33 (Figure 2.13C) before the two-step process of FTDR also 

resulted in weaker labeling intensity, which is consistent with the previously reported 

results using HATi.7a, 32, 34  In addition, we exploited the concurrent incubation with HDAC 

inhibitor cocktails and observed slightly decreased labeling (Figure 2.16), which was 
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consistent to literature reports,6b, 7a, 32 suggesting that incorporation of F-acetylation needs 

prior deacetylation of intrinsically acetylated lysine residues in order to make the lysine 

available. Thus, blocking the removal of wild-type acetylation prevents metabolic 

incorporation of F-acetylation.6b, 7a, 32  Taken together, these observations fully supported 

that FTDR allowed for profiling the proteome-wide substrates of acetylation from the 

cellular contexts.    

 

Figure 2.16. FTDR-based imaging of acetylation after concurrent HDAC inhibition.  (A) 

HEK293 cells treated with the pro-metabolite ethyl fluoroacetate with or without the 

presence of the HDAC inhibitor cocktail (APE x BIO) for 6 h or 12 h, before lysis and 

FTDR reaction.  Left: CBB staining of all the cell lysate samples after FTDR reaction; 

Right: Fluorescent imaging.  (B) The proposed hijacking of intrinsic acetylation.  Under 

the dynamic acetylation-deacetylation equilibrium, the acetylated sites on protein 

substrates could be deacetylated to allow for modification by F-Ac (top row).  With the 

equilibrium blocked by HDACi, the intrinsic acetylation may compete with F-acetylation.    
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2.6 Validation of the FTDR-based labeling of acetylation substrates 

To further validate that the FTDR-based two-step metabolic labeling occurs on acetylation 

protein substrates, we performed histone extraction (Figure 2.17A) and confirmed the 

existence of TAMRA labeling on the primary acetylation substrates, histones (Figure 

2.17B).  As controls, both the treatment with HAT inhibitors and the competition with 

acetate have resulted in decreased TAMRA-SH probe labeling, suggesting that the FTDR-

based two-step labeling is acetyltransferase-dependent, and relies on F-Ac-CoA 

metabolites.  To test if the FTDR-based labeling can be used to enrich these protein 

substrates, we treated cell lysates with the Biotin-SH probe in step 2 and pulled down the 

labelled proteins (Figure 2.17A).  Western blot analysis confirmed the presence of known 

acetylation substrates including histones, and alpha-tubulin35 only in the protein pool 

enriched from the cell lysates that have been subjected to the two-step process (Figure 

2.17C).   Accordingly, pretreatment with HAT inhibitors decreased the number of proteins 

enriched, particularly for H3 and H4.  The level of alpha-tubulin was not significantly 

perturbed, likely due to the fact that certain acetylation sites such as lysine 40 on alpha-

tubulin are mediated by other acetyltransferases (e.g. ŬTAT1)35a that were not targeted by 

the administered HAT inhibitors.    
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Figure 2.17. Validation of the FTDR-based labeling of acetylation substrates. (A) Scheme 

for cellular pro-metabolite incorporation (step 1), protein substrate labeling by TAMRA-

SH (step 2), and extraction of the known acetylation substrates histones; or protein 

substrate labeling by Biotin-SH probe (step 2), enrichment with streptavidin beads, 

followed by western blot analysis of the proteins pulled down to examine the existence of 

alpha-tubulin, histone H3 and H4. (B) The histone extraction results. Top panel: In-gel 

fluorescent detection; Bottom panel: CBB. (C) The western blotting results. ñHATiò 

indicates the addition of anacardic acid and MG149.36 

 

Lastly, to gain insight into the specific labeling sites by our tagging strategy, we extracted 

out histones and pulled down alpha-tubulin from the cells having incorporated the pro-

metabolite ethyl fluoroacetate and carried out proteomics studies (Figure 2.18A).  As 

shown in Figure 2.18B and C, fluoroacetylation has been observed on lysine 30, lysine 34, 

lysine 43, and lysine 57 of histone H2B; lysine 5, lysine 8, lysine 12, lysine 16, lysine 31, 

lysine 44, lysine 59, lysine 77, lysine 79, and lysine 91 of histone H4; lysine 40, lysine 60, 

lysine 163, lysine 164, lysine 166, and lysine 280 of alpha-tubulin.  Almost all of these 
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sites have been consistent with the previous literature reports on acetylation sites,35b, 37 

further demonstrating that this labeling strategy can probe lysine acetylation in a general 

manner.   

 

Figure 2.18. Validation of the fluoroacetyl labeling sites on known protein substrates by 

proteomics analysis.  (A) Scheme for cellular pro-metabolite incorporation, lysis, and the 

histone proteins extraction; or immunoprecipitation of alpha-tubulin after cellular pro-

metabolite incorporation.  (B) Summary of the F-Ac labeling sites (red) on representative 

histone proteins H2B, H4 (PDB: 1kx5), and alpha-tubulin (PDB: 1tub). (C) The proteomics 

analysis of histone H2B (C1), H4 (C2) and alpha-tubulin (C3) which were extracted or 

immunoenriched from HEK293 cells after treatment with pro-metabolite ethyl 

fluoroacetate.  Pink legend: F-acetylation; Purple legend: wild type acetylation.  The N-

terminal amino acid of H2B is proline while H4 is serine.   
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60 

 

2.7 Non-enzymatic acetylation and N-terminal acetylation 

Non-enzymatic lysine acetylation mediated by reactive acetyl-thiol compounds such as 

acetyl-CoA has been reported on human serum albumin, purified histones, lysine-

containing polypeptides, and recombinant bacterial proteins.38 Substitution with the 

electron-withdrawing fluorine indeed endowed a much higher hydrolysis rate to F-Ac-CoA, 

which somehow did not display significantly greater non-enzymatic reactivity (Figure 

2.19).39  
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Figure 2.19.  Chemical reactivity of fluoroacetyl-CoA (F-Ac-CoA) and acetyl-CoA (Ac-

CoA).  (A) Comparison of rates of hydrolysis of 10 µM F-Ac-CoA and 10 µM Ac-CoA at 

100 mM Tris buffer (pH 7.2); The pseudo-first-order rate constants were determined to be 

7.5 x 10-3 s-1 for F-Ac-CoA, and 2.0 x 10-4 s-1 for Ac-CoA, respectively.  (B) The non-

enzymatic acetylation of F-Ac-CoA and Ac-CoA to the model protein bovine serum 

albumin (BSA) at pH 7.0 or pH 8.0, 37 °C; The positive control, ñNHS-Acetateò, was tested 

in parallel, which was supposed to readily modify lysines of BSA with acetates.  Top row: 

western blot for acetyl-lysine or F-acetyl lysine residues on BSA. The MultiMabTM 

antibody (Ac-K-100, Cell Signaling) used for western blots are a mixture of monoclonal 

antibodies that can recognize acetyl-lysine and F-acetyl lysine.  (C) Characterization of the 

non-enzymatic F-acetylation using the TAMRA-SH probe based on FTDR.  The positive 

control, ñNHS-F-Acetateò, was prepared by modifying lysines on BSA with F-acetates.     

 

Notably, N-terminal acetylation has recently drawn significant research interest, which is 

catalyzed by a specific class of N-terminal acetyltransferases using Ac-CoA, and has been 

revealed to play important roles in protein functions and cellular locations, etc.40  During 

the preliminary proteomics studies of histone H2B and H4 (Figure 2.20C), we havenôt been 

able to observe any F-acetylation at the N-terminus. Although N-terminal acetylation is 

widespread and common in human proteins, it may only exist partially within the pool of 

molecules of a given protein substrate,41 and there are many internal lysine acetylation sites 

for each N-terminal protein.40a  Special enrichment techniques40a will be necessary for our 

future studies in order to observe N-terminal acetylation.  More importantly, N-terminal 

acetylation is considered irreversible,40a which could block the incorporation of F-

acetylation to the intrinsic N-terminus.   

Thus, our FTDR-based labeling and imaging may be specific to enzymatic internal lysine 

sites.         
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2.8 Conclusion 

In summary, we have developed a fluorine-thiol displacement reaction (FTDR) and 

demonstrated its use for the steric-free labeling of protein substrates of a representative 

PTM, acetylation.  Along with the benzenethiol derived functional tags, the FTDR-based 

imaging and detection of substrates demonstrated great potential for globally profiling 

acetyl transferasesô substrates, which are of vital significance for understanding the roles 

of acetylation in physiology and disease.  Although the fluorine tag possesses less steric 

hindrance than the alkyne/azide tags commonly used for CuAAC chemistry, our FTDR 

appeared to be slower than CuAAC and tetrazine-based bioorthogonal reactions,42 which 

could limit this methodologyôs certain biological applications such as real-time imaging.  

Thus, future work would focus on improving and optimizing the FTDR reaction conditions 

with the exploitation of more reactive probes.  Nevertheless, this tool kit, together with 

future applications to quantitative proteomics studies, is expected to offer versatile probes 

for identifying targets of acetylation, and possibly many other PTMs that are mediated by 

transferases with restricted active sites.       
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2.9 Experimental section 

Chemical Synthesis 

General Information:   

Chemical reagents and solvents were purchased from commercial resources such as VWR, 

Thermo Fisher, and Sigma Aldrich, and were used directly without further purification.  

Analytical TLC was carried out with Silica Gel 60 F254 plates (EMD Chemicals).  The 

chemicals on TLC were either visualized by UV 254 nm (UV lamp, Chemglass Life 

Sciences) or stained by phosphomolybdic acid or KMnO4 oxidation.  Compound 

purification was performed by normal-phase flash column chromatography on columns 

manually loaded with silica gel grade 60 (230-400 mesh, Fisher Scientific) or by reverse-

phase Combi-Flash on prepacked C18 columns (Teledyne ISCO).  Further purification by 

preparative high-performance liquid chromatography (HPLC) was implemented on Waters 

1525 series that consist of a 2489 UV/vis detector, 1525 binary pump, and an XBridge Prep 

C18 column.  Routine mass spectrometry analysis was done using liquid chromatography-

mass spectrometry (LC-MS) Agilent 1100 series.  High resolution LC-MS analysis was 

performed on an Agilent 6520 Accurate-Mass Quadrupole-Time-of-Flight (Q-TOF) 

coupled with an electrospray ionization source.  For NMR analysis, 1H NMR and 13C NMR 

spectra were recorded on 400 MHz or 500 MHz Bruker Advance.  The raw data were 

processed with MestReNova, and the chemical shifts were reported in parts per million 

(ppm) downfield from the internal standard tetramethylsilane (TMS).            
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General Procedure for Exploration of Fluorinated Substrate: 

 

General Procedure A: The nucleophile thiophenol (0.4 mmol, 44 mg) was mixed with 

0.2 mmol Ŭ-fluorocarbonyl derivative (compounds 1 - 4) in 1 mL water.  Then 0.6 mmol 

DBU (91 mg) or 0.4 mmol potassium carbonate (55 mg) was added to the reaction mixture.  

After stirring at room temperature with indicated time, 5 mL ethyl acetate was added to the 

flask to quench the reaction.  The organic layer was separated, dried with anhydrous 

sodium sulfate, vacuum concentrated, and subsequently purified via flash column 

chromatography to provide the desired thiophenol adduct (compounds 42 - 45).   

 

Optimizing Reaction Conditions - pH Titration:  

 

Substrate 3, 2-Fluoro-N-phenethylacetamide, was dissolved in DMF to make a 1 M stock 

solution.  About 0.75 µL of it was mixed with 5 µL of thiophenol stock (300 mM in DMF), 

and 2 µL of TCEP solution (1.5 M stock in water, pH 7.4).  DMF/Tris buffer were added 

to make a total volume of 30 µL (50% of Tris buffer), during which 2M HCl or NaOH was 

slightly added to adjust the final pH value to 6.5, 7.5, or 8.5.  Thus, the final concentration 
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of substrate 3, thiophenol, and TCEP was 25 mM, 50 mM, and 100 mM, respectively.  The 

mixture was reacted at 37 oC.  Approximately 3 µL of the reaction mixture was taken out 

at indicated time points (12 h) and was mixed with 30 µL 0.5% TFA/ACN to quench the 

reaction.  The samples were analyzed by LC-MS.  To reduce the inter-assay variations and 

errors, the yield of product 44 was determined by comparing the UV peak area ratio of the 

product / (the product + unreacted substrate) in each LC-MS assay with the standard curve.  

The standard curve was plotted by the known concentration ratios of ñ[the product]/([the 

product] + [substrate])ò against the corresponding UV peak area ratios.  The denominator 

of the equation equals the very initial concentration of the substrate (25 mM for the current 

reaction).  

 

 Bioorthogonality of the Fluorine-Thiol Displacement Reaction  

 

The common substrate 2-fluoro-N-phenethylacetamide (compound 3) was dissolved in 

MeOD as a 10x stock solution (250 mM).  Sixty microliter of the stock was mixed with 

another 60 µL of either the reduced glutathione or cysteine 10x stock solution (250 mM in 

D2O).  The mixture was added with additional deuterated solvents (1:1 mix of deuterated 
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sodium phosphate buffer and MeOD) to make a final volume of 600 µL (pH adjusted to 

8.5).  The resulting solution was incubated at 37 oC water bath for 24 h, and then analyzed 

by 1H NMR spectroscopy. 

 

General Procedure for Structure-Activity Relationship Studies of Nucleophiles:  

 

General Procedure B: 2-Fluoro-N-phenethylacetamide (3) (25 mM, 5 µL 0.5 M stock in 

DMF) and substituted benzenethiol (50 mM, 5 µL 1 M stock in DMF) were dissolved in 

40 µL DMF and 43 µL Tris buffer (50 mM, pH 8.5).  Reducing reagent TCEP (100 mM, 

5 µL 2 M stock in water) was added to the mixture and the final pH value was adjusted to 

8.5 by adding 2 µL 6M NaOH solution.  The reaction mixture was incubated at 37ᴈ.  At 

indicated time points, 5 µL of the reaction mixture was taken out and mixed with 30 µL 

0.5% TFA/CH3CN that was expected to quench the reaction.  The sample was analyzed by 

LC/MS, and the relative product yield was determined the same as mentioned in the section 

of pH titration.  

 

Measurement of Reaction Kinetics 

Reaction kinetics were evaluated similarly to reported procedures.25, 43  Stock solutions of 

substrate 3 and nucleophiles were prepared in DMF, while TCEP stock (pH 7.4) was 
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dissolved in H2O.  Equal concentrations (40 mM, 80 mM, or 160 mM) of the substrate and 

the nucleophile (3,4,5-trimethoxybenzenethiol or 2,4,6-trimethoxybenzenethiol) were 

mixed in 40 µL of DMF/Tris buffer (70/30).  Over excess amount of TCEP (100 mM, 200 

mM, or 400 mM) was added, and the final pH of the mixture was adjusted to 8.5 to initiate 

the reaction at 37 oC.  Time dependent measurements were carried out by taking 2 µL of 

the reaction mixture at indicated time points (30 min, 60 min, 90 min, 120 min, 150 min, 

180 min), and mixing it with 18 µL 0.5% TFA/ACN to quench the reaction.  The samples 

were eventually analyzed by LC/MS and the concentrations of product and reactant were 

determined by comparing peak area ratios with those of the standard curves.  Plotting 1/[X]t 

against time yielded the desired rate constant (k), based on the second order rate equation 

ñ1/[X]t = 1/[X]0 + ktò ([X]0 : initial concentration of either reactant; t: reaction time; [X]t : 

concentration of either reactant at time t).   

 

Exploration of other fluorinated PTMs using FTDR 

The attempted FTDR reaction between probe 13 and the alpha-fluorinated model 

substrates of fatty acids including butyrate, malonic acid, succinic acid, myristic acid, and 

palmitic acid. Briefly, probe 13 (50 mM) and a model substrate (25 mM) were dissolved 

in 20 µL of Tris buffer/DMF (60 mM, pH 8.5) which also contained 100 mM TCEP. LC-

MS analysis of the mixture after incubation at 37 °C for 12 h revealed no reaction product, 

presumably due to thesteric hindrance of the secondary fluorides. 
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Compound Characterization:   

 

The fluoroacetyl-CoA (compound 40) was synthesized and purified following the reported 

procedures.17  1H NMR (500 MHz, D2O): ŭ 8.66 (s, 1H), 8.42 (s, 1H), 6.21 (d, J = 5.5 Hz, 

1H), 5.01 (d, J = 46.5 Hz, 2H), 4.87-4.82 (m, 2H), 4.58 (s, 1H), 4.24 (s, 2H), 4.00 (s, 1H), 

3.85-3.82 (m, 1H), 3.59-3.56 (m, 1H), 3.44 (t, J = 6.5 Hz, 2H), 3.35 (t, J = 6.0 Hz, 2H), 

3.08 (t, J = 6.5 Hz, 2H), 2.42 (t, J= 6.5 Hz, 2H), 0.92 (s, 3H), 0.79 (s, 3H).  HRMS (ESI) 

m/z calculated for C23H38FN7O17P3S [M + H]+: 828.1236, found 828.1229.  

 

The 4-pentynoyl CoA (compound 41) was prepared according to the published synthetic 

and purification procedures.7b  1H NMR (500 MHz, D2O): ŭ 8.66 (s, 1H), 8.45 (s, 1H), 6.22 

(d, J = 6.0 Hz, 1H), 4.61 (s, 1H), 4.28 (s, 2H), 4.02 (s, 1H), 3.90-3.86 (m, 1H), 3.65-3.61 

(m, 1H), 3.46 (t, J = 6.5 Hz, 2H), 3.35 (t, J = 6.0 Hz, 2H), 3.03 (t, J = 6.5 Hz, 2H), 2.84 (t, 
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J = 7.0 Hz, 2H), 2.52-2.48 (m, 2H), 2.44 (t, J= 6.5 Hz, 2H), 2.34 (t, J= 2.5 Hz, 2H), 0.94 

(s, 3H), 0.82 (s, 3H).  HRMS (ESI) m/z calculated for C26H41N7O17P3S [M + H]+: 848.1487, 

found 848.1477.  

 

Dried potassium fluoride (580 mg, 10 mmol) was added to a solution of 18-crown-6 (264 

mg, 1 mmol) in anhydrous acetonitrile (6 mL).  After stirred at room temperature for 20 

min, 2-bromoacetophenone (17) (398 mg, 2 mmol) in anhydrous acetonitrile (2 mL) was 

added and then heated to reflux and stirred overnight.  After being concentrated under 

reduced pressure, the mixture was purified via flash column chromatography (hexane/ethyl 

acetate: 6/1) to afford compound 1 as a light yellow oil (210 mg, 1.52 mmol, 76% yield).  

1H NMR (500 MHz, CDCl3): ŭ 7.90 (d, J = 8.0 Hz, 2H), 7.64-7.61 (m, 1H), 7.52-7.48 (m, 

2H), 5.54 (d, J = 47.0 Hz, 2H); 13C NMR (126 MHz, CDCl3): ŭ 193.4 (d, J = 15.5 Hz), 

134.2, 133.7, 129.0, 127.8 (d, J = 2.5 Hz), 83.6 (d, J = 182.8 Hz); 19F NMR (471 MHz, 

CDCl3): ŭ -230.75; GC-MS m/z calculated for C8H7FO [M]+: 138.0 found 138.0.   

 

General procedure A was followed from 1 (28 mg, 0.2 mmol) in the presence of potassium 

carbonate to give 42 (42 mg, 91% yield) as a colorless oil after flash column 

chromatography (hexane/ethyl acetate: 10/1).  1H NMR (500 MHz, CDCl3): ŭ 7.96-7.93 
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(m, 2H), 7.60-7.56 (m, 1H), 7.48-7.44 (m, 2H), 7.40-7.38 (m, 2H), 7.30-7.26 (m, 2H), 7.24-

7.20 (m, 1H), 4.28 (s, 2H); 13C NMR (126 MHz, CDCl3): ŭ 194.1, 135.4, 134.8, 133.5, 

130.6, 129.1, 128.7, 127.2, 41.3; MS (ESI) m/z calculated for C14H13OS [M + H]+: 229.1, 

found 229.1. 

 

 

To a solution of pent-4-yn-1-ylbenzene (18) (455 µL, 3 mmol), trimethylsilyl azide (788 

µL, 6 mmol), water (108 µL, 6 mmol), DMSO (10 mL), and silver carbonate (83 mg, 0.3 

mmol) were added.  The mixture was then stirred at 80 oC for 1h.  After cooled down to 

room temperature, water was added. The aqueous phase was extracted with ethyl acetate. 

The combined organic phase was washed with brine, then water, dried over anhydrous 

sodium sulfate and concentrated under reduced pressure. The residue was purified by flash 

column chromatography (100% hexane) to provide the desired compound 19 as a colorless 

oil (338 mg, 1.8 mmol, 60% yield). 1H NMR (500 MHz, CDCl3): ŭ 7.31-7.28 (m, 2H), 

7.22-7.18 (m, 3H), 4.67-4.66 (m, 2H), 2.64 (t, J = 7.5 Hz, 2H), 2.11 (t, J = 7.5 Hz, 2H), 

1.86-1.79 (m, 2H); 13C NMR (126 MHz, CDCl3): ŭ 146.5, 141.8, 128.5, 128.4, 125.9, 98.4, 

35.0, 33.2, 28.9; HRMS (ESI) m/z calculated for C11H14N3 [M + H]+: 188.1182, found 

188.1180. 
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Vinyl azide (19) (187 mg, 1 mmol) was added to a suspension of Selectfluor (480 mg, 1.5 

mmol), sodium bicarbonate (168 mg, 2 mmol), and water (36 µL, 2 mmol) in acetonitrile 

(10 mL).  The resulting mixture was stirred at room temperature overnight. After 

concentrated under reduced pressure, the residue was purified by flash column 

chromatography (hexane/ethyl acetate: 20/1) to give compound 2 as a colorless oil (86 mg, 

0.48 mmol, 48% yield).  1H NMR (500 MHz, CDCl3): ŭ 7.31-7.27 (m, 2H), 7.22-7.17 (m, 

3H), 4.75 (d, J = 48 Hz, 2H), 2.66 (t, J = 7.5 Hz, 2H), 2.55 (dt, J = 7.5, 2.5 Hz, 2H), 1.97 

(quint, J = 7.5 Hz, 2H); 13C NMR (126 MHz, CDCl3): ŭ 206.8 (d, J = 20.2 Hz), 141.2, 

128.48, 128.47, 126.1, 85.0 (d, J = 185.2 Hz), 37.4, 35.0, 24.1 (d, J = 1.8 Hz); 19F NMR 

(471 MHz, CDCl3): ŭ -227.52;  MS (ESI) m/z calculated for C11H14FO [M + Na]+: 203.0, 

found 203.1. 

 

General procedure A was followed from 2 (36 mg, 0.2 mmol) in the presence of DBU to 

give 43 (53 mg, 98% yield) as a colorless oil after flash column chromatography 

(hexane/ethyl acetate: 10/1).  1H NMR (500 MHz, CDCl3): ŭ 7.37-7.16 (m, 10H), 3.68 (s, 

2H), 2.63 (t, J = 7.5 Hz, 2H), 2.62 (t, J = 7.5 Hz, 2H), 1.94 (quint, J = 7.5 Hz, 2H); 13C 

NMR (126 MHz, CDCl3): ŭ 205.4, 141.5, 134.9, 129.6, 129.2, 128.5, 128.4, 126.9, 126.0, 

44.0, 39.8, 35.0, 25.2;  MS (ESI) m/z calculated for C17H19OS [M + H]+: 271.1, found 

271.1. 
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Sodium fluoroacetate (100 mg, 1 mmol) was mixed with 1-[Bis(dimethylamino) 

methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) (456 

mg, 1.2 mmol) and DIPEA (209 µL, 1.2 mmol) in DMF (5 mL).  After the mixture was 

stirred at room temperature for 20 min, phenethylamine (20) (251 µL, 2 mmol) was added 

dropwisely.  The resulting mixture was continuously stirred at room temperature overnight, 

and then quenched by water.  Ethyl acetate was added to extract the product from aqueous 

layer.  The organic layer was dried with anhydrous sodium sulfate and concentrated under 

vacuum. The crude mixture was then purified via flash column chromatography 

(hexane/ethyl acetate: 3/1) to afford compound 3 as a white solid (147 mg, 0.81 mmol, 81% 

yield).  1H NMR (500 MHz, CDCl3): ŭ 7.36-7.33 (m, 2H), 7.28-7.22 (m, 3H), 6.37 (br, 1H), 

4.79 (d, J = 47.5 Hz, 2H), 3.62 (q, J = 6.5 Hz, 2H), 2.89 (t, J = 7.5 Hz, 2H); 13C NMR (126 

MHz, CDCl3): ŭ 167.5 (d, J = 17.1 Hz), 138.4, 128.8, 128.7, 126.7, 80.3 (d, J = 186.1 Hz), 

40.0, 35.6; 19F NMR (471 MHz, CDCl3): ŭ -227.23;  HRMS (ESI) m/z calculated for 

C10H13FNO [M + H]+: 182.0976, found 182.0980. 
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General procedure A was followed from 3 (37 mg, 0.2 mmol) in the presence of DBU to 

generate 44 (50 mg, 93% yield) as a white solid after flash column chromatography 

(hexane/ethyl acetate: 2/1).  1H NMR (500 MHz, CDCl3): ŭ 7.30-7.17 (m, 8H), 7.06-7.04 

(m, 2H), 3.61 (s, 2H), 3.51 (q, J = 7.0 Hz, 2H), 2.73 (t, J = 6.5 Hz, 2H); 13C NMR (126 

MHz, CDCl3): ŭ 167.7, 138.5, 134.7, 129.3, 128.70, 128.66, 127.8, 126.58, 126.55, 40.9, 

37.2, 35.5; MS (ESI) m/z calculated for C16H18NOS [M + H]+: 272.1, found 272.1. 

 

2-Phenylethanol (21) (359 µL, 3 mmol) was dissolved in DCM (10 mL), and mixed with 

potassium carbonate (828 mg, 6 mmol) in 2 mL water.  The mixture was cooled in an ice 

bath, and a solution of bromoacetyl bromide (392 µL, 4.5 mmol) in DCM (3 mL) was 

dropwisely added.  After 30 min of stirring, the reaction solution was warmed to room 

temperature and continuously stirred for another 2 h.  The aqueous layer was then separated 

and extracted with DCM.  The combined organic phase was washed with brine and water.  

After drying with anhydrous sodium sulfate, the organic layer was vacuum concentrated to 

yield an oily intermediate.  After resuspension in THF, the oily intermediate was mixed 

with TBAF (6 mL, 6 mmol, 1 M in THF), refluxed for 1h, and concentrated under reduced 

pressure.  The crude mixture was purified via flash column chromatography (hexane/ethyl 



74 

 

acetate: 15/1) to afford colorless oil-like compound 4 (337 mg, 1.85 mmol, 62% yield over 

two steps).  1H NMR (500 MHz, CDCl3): ŭ 7.33-7.29 (m, 2H), 7.26-7.20 (m, 3H), 4.81 (d, 

J = 47.0 Hz, 2H), 4.43 (t, J = 7.5 Hz, 2H), 2.98 (t, J = 7.0 Hz, 2H); 13C NMR (126 MHz, 

CDCl3): ŭ 167.8 (d, J = 21.8 Hz), 137.2, 128.9, 128.6, 126.8, 78.3 (d, one peak overlap 

with CDCl3), 65.8, 35.0;  19F NMR (471 MHz, CDCl3): ŭ -229.98.  HRMS (ESI) m/z 

calculated for C10H12FO2 [M + H]+: 183.0816, found 183.0862. 

 

General procedure A was followed from 4 (37 mg, 0.2 mmol) in the presence of potassium 

carbonate to afford 45 (8 mg, 14% yield) as a colorless oil after flash column 

chromatography (hexane/ethyl acetate: 20/1).  1H NMR (500 MHz, CDCl3): ŭ 7.38-7.35 

(m, 2H), 7.30-7.26 (m, 4H), 7.24-7.17 (m, 4H), 4.32 (t, J = 7.5 Hz, 2H), 3.63 (s, 2H), 2.90 

(t, J = 7.0 Hz, 2H); 13C NMR (126 MHz, CDCl3): ŭ 169.7, 137.5, 135.0, 129.9, 129.1, 

128.9, 128.6, 127.0, 126.6, 66.0, 36.7, 34.9; MS (ESI) m/z calculated for C16H17O2S [M + 

H]+: 273.1, found 273.1. 
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Bromine (774 µL, 15 mmol) was slowly added to the saturated solution of sodium bromide 

in methanol (10 mL) at 0 oC.  After stirring for 15 min, the solution was added dropwisely 

to a mixture of 2,6-dimethoxypheno1(22) (1.54 g, 10 mmol) and potassium thiocyanate 

(1.46 g, 15 mmol) in 0 oC methanol (30 mL).  The reaction was left on for 1h, and then 

quenched by water.  The methanol in the mixture was evaporated under reduced pressure, 

and the remaining aqueous phase was extracted with ethyl acetate.  The combined organic 

layer was washed with brine, and water, dried with anhydrous Na2SO4, and eventually 

concentrated to afford an orange colored oil-like mixture.  The crude mixture was purified 

via flash column chromatography (hexane/ethyl acetate: 5/1) to result in compound 23 as 

an orange colored solid (1.14 g, 5.4 mmol, 54% yield).  1H NMR (500 MHz, CDCl3): ŭ 

6.80 (s, 2H), 5.74 (s, 1H), 3.91 (s, 6H); 13C NMR (126 MHz, CDCl3): ŭ 147.9, 136.9, 112.7, 

111.6, 109.3, 56.8;  MS (ESI) m/z calculated for C9H10NO3S [M + H]+: 212.0, found 212.0. 

 



76 

 

 

Potassium carbonate (276 mg, 2 mmol) and intermediate 23 (211 mg, 1 mmol) were 

dissolved in DMF (20 mL) and cooled to 0 oC.  Methyl iodide (125 µL, 2 mmol) was added 

dropwisely, after which the reaction was stirred at room temperature until TLC analysis 

confirmed the completion of reaction.  The mixture was then diluted with ethyl acetate and 

water.  After extraction and separation, the organic layer was washed with brine and water, 

dried with anhydrous sodium sulfate, and finally concentrated under reduced pressure to 

afford the methylated intermediate.  The crude mixture was dissolved in THF (20 mL), 

added with the aqueous solution of lithium hydroxide (1M, 2 mL).  After stirring at room 

temperature for 2h, the reaction was quenched by water, and the crude product was 

extracted by ethyl acetate.  The organic layer was dried with anhydrous sodium sulfate, 

vacuum concentrated, and subsequently purified via flash column chromatography 

(hexane/ethyl acetate: 5/1) to afford compound 12 in yellow colored solid form (72% yield 

over two steps).  1H NMR (500 MHz, CDCl3): ŭ 6.73 (s, 2H), 3.81(s, 3H), 3.80 (s, 6H); 13C 

NMR (126 MHz, CDCl3): ŭ 153.4, 138.0, 132.0, 106.5, 60.9, 56.2;  MS (ESI) m/z 

calculated for C9H13O3S [M + H]+: 201.0, found 201.1. 
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Prepared according to General Procedure B using 3,4,5-trimethoxybenzenethiol (12) (20 

mg, 0.1 mmol) to give product 46 (16 mg, 88% yield) as white solid after flash column 

chromatography (hexane/ethyl acetate: 1/1).  1H NMR (500 MHz, CDCl3): ŭ 7.25-7.17 (m, 

3H), 7.07-7.05 (m, 2H), 6.77 (t, J = 6.0 Hz, 1H), 6.45 (s, 1H), 3.82(s, 3H), 3.81 (s, 6H), 

3.59 (s, 2H), 3.52 (q, J = 7.0 Hz, 2H), 2.75 (t, J = 7.0 Hz, 2H); 13C NMR (126 MHz, CDCl3): 

ŭ 167.9, 153.7, 138.5, 129.5, 128.66, 128.64, 126.6, 105.37, 105.34, 61.0, 56.2, 41.0, 37.9, 

35.6;  HRMS (ESI) m/z calculated for C19H24NO4S [M + H]+: 362.1421, found 362.1413. 

 

To a solution of 2,4,6-trimethoxybenzene (24) (504 mg, 3.0 mmol) in THF (10 mL), n-

butyllithium in hexane (2.5 M, 1.2 mL, 3.0 mmol) was added at 0 °C, followed with a 

catalytic amount of tetramethylethylenediamine (TMEDA) (23 µL, 0.15 mmol).  The 

reaction mixture was warmed up to room temperature, and stirred for 1 h until the 

suspension turned an orange color.  Elemental sulfur (96 mg, 3 mmol) in warm toluene (3 

mL) was added dropwisely, and the reaction mixture was stirred at room temperature.  

Upon reaction completion as monitored by TLC, 10 mL of water was added to quench the 

reaction, and the aqueous layer was acidified by 1 M HCl.  The products were extracted by 
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ethyl acetate, washed with water, brine, and dried over sodium sulfate.   After vacuum 

concentration, the crude mixture was purified via flash column chromatography 

(hexane/ethyl acetate: 4/1) to afford the final product 13 as a crystalline yellow solid (360 

mg, 60% yield).  1H NMR (500 MHz, CDCl3): ŭ 6.17 (s, 2H), 3.87(s, 6H), 3.80 (s, 3H), 

3.77 (s, 1H); 13C NMR (126 MHz, CDCl3): ŭ 158.7, 156.2, 99.7, 91.2, 56.1, 55.5;  MS (ESI) 

m/z calculated for C9H13O3S [M + H]+: 201.1, found 201.1.   

 

Prepared according to General Procedure B using 2,4,6-trimethoxybenzenethiol (13) (20 

mg, 0.1 mmol) to generate product 47 (15 mg, 83% yield) as white solid after flash column 

chromatography (hexane/ethyl acetate: 2/1).  1H NMR (500 MHz, CDCl3): ŭ 7.88 (s, 1H), 

7.30-7.27 (m, 2H), 7.23-7.20 (m, 1H), 7.18-7.16 (m, 2H), 6.10 (s, 2H), 3.82(s, 3H), 3.78 

(s, 6H), 3.47 (s, 2H), 3.44 (q, J = 7.0 Hz, 2H), 2.76 (t, J = 7.0 Hz, 2H); 13C NMR (126 

MHz, CDCl3): ŭ  169.1, 162.4, 161.5, 139.1, 128.7, 128.6, 126.4, 100.1, 91.2, 56.1, 55.5, 

41.3, 38.6, 35.9;  HRMS (ESI) m/z calculated for C19H24NO4S [M + H]+: 362.1421, found 

362.1415. 
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Boc-L-glutamic acid 1-benzyl ester (25) (6.0 g, 17.7 mmol) and sodium bicarbonate (3.68 

g, 26.7 mmol) were dissolved in DMF (60 mL) and cooled to 0 oC.  Methyl iodide (2.21 

mL, 35.6 mmol) was added dropwisely, after which the reaction was stirred at room 

temperature until TLC analysis confirmed reaction completion.  Upon completion, the 

reaction mixture was diluted 10-fold with water and extracted with ethyl acetate.  The 

organic layer was washed with a 10% sodium bicarbonate solution, followed by brine and 

was subsequently dried with anhydrous sodium sulfate.  After vacuum concentration, the 

crude mixture was purified via flash column chromatography (hexane/ethyl acetate: 2/1) 

to afford compound 26 as a clear oil (6.25 g, quantitative yield).  1H NMR (500 MHz, 

CDCl3): ŭ 7.38-7.31 (m, 5H), 5.16 (d, J = 4.0 Hz, 2H), 5.12 (m, 1H), 4.37 (d, J = 5.0 Hz, 

1H), 3.66 (s, 3H), 2.44-2.31 (m, 2H), 2.23-2.17 (m, 1H), 2.00-1.92 (m, 1H), 1.42 (s, 9H); 

13C NMR (126 MHz, CDCl3): ŭ  173.2, 172.1, 155.4, 135.3, 128.7, 128.5, 128.3, 80.1, 67.3, 

53.0, 51.8, 30.1, 28.3, 27.8;  MS (ESI) m/z calculated for C18H25NNaO6 [M + Na]+: 374.2, 

found 374.2. 
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To a solution of intermediate 26 (6.25 g, 17.7 mmol) and 4-dimethylaminopyridine 

(DMAP)(435 mg, 3.5 mmol) in acetonitrile was added di-tert-butyl dicarbonate (7.76 g, 

35.4 mmol).  The reaction mixture was stirred overnight and directly vacuum concentrated 

upon completion as monitored by TLC.  The concentrated crude mixture was purified via 

flash column chromatography (hexane/ethyl acetate: 4/1) to afford compound 27 as a clear 

oil (7.63 g, 95% yield).  1H NMR (500 MHz, CDCl3): ŭ 7.33-7.27 (m, 5H), 5.14 (d, J = 2.5 

Hz, 2H), 4.97 (q, J = 5.0 Hz, 1H), 3.66 (s, 3H), 2.53-2.46 (m, 1H), 2.43-2.35 (m, 2H), 2.24-

2.16 (m, 1H), 1.44 (s, 18H); 13C NMR (126 MHz, CDCl3): ŭ  173.1, 170.2, 152.0, 135.6, 

128.5, 128.2, 128.0, 83.3, 66.9, 57.5, 51.7, 30.6, 27.9, 24.8; MS (ESI) m/z calculated for 

C23H33NNaO8 [M + Na]+: 474.2, found 474.2. 

 

 

In a flame dried flask under a nitrogen atmosphere, a solution of intermediate 27 (7.63 g, 

16.9 mmol) in THF (80 mL) was cooled to -80 oC.  Diisobutylaluminum hydride solution 

(DIBAL)(1.0 M in hexanes) (33.8 mL) was added dropwisely over 30 min. The reaction 

mixture was stirred at -80 oC for at least 2 h.  Upon completion as monitored by TLC, the 
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reaction was quenched with a saturated Rochelle salt solution in water (200 mL), and was 

stirred at room temperature overnight.  On the next day, the reaction mixture was diluted 

further with water (100 mL) and extracted with ethyl acetate.  The organic layer was then 

dried with sodium sulfate and vacuum concentrated.  The crude reaction mixture was 

purified via flash column chromatography (hexane/ethyl acetate: 2/1) to afford compound 

28 as a clear oil (5.0 g, 70% yield).  1H NMR (500 MHz, CDCl3): ŭ 7.34-7.29 (m, 5H), 

5.14 (q, J = 12.5 Hz, 2H), 4.91 (d, J = 9.5, 5.5 Hz, 1H), 3.66 (t, J = 6.5 Hz, 2H), 2.28-2.21 

(m, 1H), 1.99-1.91 (m, 1H), 1.66-1.1.62 (m, 2H), 1.44 (s, 18H); 13C NMR (126 MHz, 

CDCl3): ŭ  170.8, 152.3, 135.7, 128.5, 128.1, 128.0, 83.2, 66.8, 62.3, 58.0, 29.4, 27.9, 26.0; 

HRMS (ESI) m/z calculated for C12H18NO3 (without di-Boc) [M + H]+: 224.1281, found 

224.1279. 

 

 

Intermediate 28 (5.0 g, 11.8 mmol), triphenylphosphine (4.64 g, 17.7 mmol), and imidazole 

(1.2 g, 17.7 mmol) were dissolved in DCM (60 mL) and stirred.  Once dissolved, iodine 

(5.99 g, 23.6 mmol) was added, and the reaction mixture was stirred overnight.  Upon 

completion, the reaction was quenched with saturated sodium sulfite (75 mL), and the 

organic products were extracted with dichloromethane.  The organic layer was dried with 

anhydrous sodium sulfate, concentrated under reduced pressure; and the resulting crude 
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mixture was purified using flash column chromatography (hexane/ethyl acetate: 4/1).  

Compound 29 was finally obtained as a clear oil (5.04 g, 80% yield).  1H NMR (500 MHz, 

CDCl3): ŭ 7.39-7.27 (m, 5H), 5.15 (q, J = 12.5 Hz, 2H), 4.90 (q, J = 5.0 Hz, 1H), 3.27-3.14 

(m, 2H), 2.27-2.19 (m, 1H), 2.09-2.01 (m, 1H), 1.95-1.85 (m, 2H), 1.46 (s, 18H); 13C NMR 

(126 MHz, CDCl3): ŭ 170.4, 152.2, 135.6, 128.5, 128.2, 128.0, 83.3, 66.9, 57.2, 30.5, 30.2, 

28.0, 5.7; HRMS (ESI) m/z calculated for C22H33INO6 [M + H]+: 534.1347, found 

534.2258. 

 

 

To a solution of N-chlorosaccharin (5.15 g, 23.7 mmol) in dichloromethane (90 mL) was 

added silver thiocyanate (3.93 g, 23.7 mmol).  A white solid crashed out upon addition and 

the reaction mixture was kept stirring for 1 h.  3,5-dimethoxyphenol (compound 30, 3.04 

g ,19.6 mmol) was then added, and the reaction mixture was stirred for another 3 h, at 

which point the reaction was confirmed to be complete by TLC analysis.  The dark red 

heterogeneous mixture was vacuum filtered, and the filtrate was vacuum concentrated to 

afford a dark red oil.  The crude oil mixture was purified via flash column chromatography 

(hexane/ethyl acetate: 3/1) to afford compound 31 as an orange solid (2.50 g, 60% yield).  

1H NMR (500 MHz, CDCl3): ŭ 6.10 (s, 2H), 3.84 (s, 6H); 13C NMR (126 MHz, CDCl3): ŭ 
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161.5, 160.9, 112.6, 92.9, 89.1, 56.4; MS (ESI) m/z calculated for C9H10NO3S [M + H]+: 

212.0, found 212.0. 

 

 

Intermediate 29 (5.0 g, 9.37 mmol), 31 (3.96 g, 18.7 mmol) and potassium carbonate (1.94 

g, 14.0 mmol) were dissolved in DMF (50 mL) and stirred at room temperature for 8 h.  

Upon reaction completion, the mixture was diluted 10-fold with water, and the organic 

products were extracted by ethyl acetate.  The organic layer was dried with sodium sulfate, 

vacuum concentrated; and the crude oil was purified via flash column chromatography 

(hexane/ethyl acetate: 3/1) to afford compound 32 as a yellowish oil (4.05 g, 70% yield).  

1H NMR (500 MHz, CDCl3): ŭ 7.34-7.28 (m, 5H), 6.13 (s, 1H), 5.15 (q, J = 12.5 Hz, 2H), 

4.95 (dd, J = 9.5, 5.5 Hz, 1H), 4.00 (t, J = 6.0 Hz, 2H), 3.89 (s, 6H), 2.38-2.30 (m, 1H), 

2.12-2.05 (m, 1H), 1.91-1.84 (m, 2H), 1.45 (s, 18H); 13C NMR (126 MHz, CDCl3): ŭ  170.6, 

163.6, 161.4, 152.3, 135.6, 128.5, 128.2, 128.0, 111.9, 91.8, 83.3, 67.6, 66.9, 57.8, 56.4, 

27.9, 26.0, 26.0; HRMS (ESI) m/z calculated for C31H41N2O9S [M + H]+: 617.2527, found 

617.2522. 
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Intermediate 32 (4.0 g, 6.49 mmol) and triisopropylsilane (1.59 mL, 7.78 mmol) were 

dissolved in trifluoroacetic acid / dichloromethane (10 mL/10 mL) and stirred for 2 h.  The 

reaction mixture was directly vacuum concentrated.  The resulting crude oil was suspended 

in water and basified to pH=8 with saturated sodium bicarbonate (~ 40 mL).  The organic 

products were extracted with ethyl acetate and dried with anhydrous sodium sulfate.  The 

organic layer was concentrated under reduced pressure, and the crude oil was purified via 

flash column chromatography (dichloromethane/methanol: 50/1) to afford compound 33 

are an orange oil (2.16 g, 80% yield).  1H NMR (500 MHz, CDCl3): ŭ 7.30-7.27 (m, 5H), 

6.05 (s, 2H), 5.09 (s, 2H), 3.91 (t, J = 6.0 Hz, 2H), 3.81 (s, 6H), 3.51-3.48 (m, 1H), 1.89-

1.71 (m, 4H);  13C NMR (126 MHz, CDCl3): ŭ 175.7, 163.7, 161.5, 135.7, 128.8, 128.6, 

128.4, 112.0, 91.9, 67.9, 66.9, 56.5, 543, 31.2, 25.5;  HRMS (ESI) m/z calculated for 

C21H25N2O5S [M + H]+: 417.1479, found 417.1469. 
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Intermediate 35 was synthesized according to published procedures.44  Briefly, a solution 

of D-biotin (2.5 g, 10.2 mmol) (compound 34) in DMF (60 mL) was stirred and heated at 

60 oC until fully dissolved.  The coupling reagent 1,1ǋ-Carbonyldiimidazole (CDI)(3.32 g, 

20.5 mmol) was then added, and the reaction mixture was kept stirrring at 60 oC for 3 h, 

after which the linker 2,2ô-(Ethylenedioxy)bis(ethylamine) (5.96 mL, 40.9 mmol) was 

added.  The reaction mixture was stirred overnight at room temperature, and then vacuum 

concentrated.  The crude oil was purified via flash column chromatography 

(dichloromethane/methanol: 5/1, plus 1% triethylamine) to render compound 35 (3.65 g, 

95% yield) as a yellowish oil.  1H NMR (500 MHz, D2O): ŭ 4.49 (dd, J = 8.0, 5.0 Hz, 1H), 

4.30 (dd, J = 7.5, 4.5 Hz, 1H), 3.59-3.50 (m, 7H), 3.41 (t, J = 5.5 Hz, 1H), 3.37 (t, J = 5.5 

Hz, 1H), 3.23-3.19 (m, 1H), 2.93 (dd, J = 13.0, 5.0 Hz, 1H), 2.86 (t, J = 5.0 Hz, 2H), 2.70 

(d, J = 13.0 Hz, 1H), 2.22 (t, J = 7.5 Hz, 2H), 1.78-1.56 (m, 4H), 1.47-1.41 (m, 2H). MS 

(ESI) m/z calculated for C16H31N4O4S [M + H]+: 375.2, found 375.2. 
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The coupling agent HATU (8.38 g, 22.0 mmol) was mixed with the commercially available 

building block (4R,5R)-5-(Methoxycarbonyl)-2,2-dimethyl-1,3-dioxolane-4-carboxylic 

acid (3.0 g, 14.7 mmol) in 40 mL DMF.  Compound 35 (8.25 g, 22.0 mmol) was added, 

and the reaction mixture was stirred for 10 minutes, followed by the addition of N,N-

Diisopropylethylamine (5.12 mL, 29.4 mmol) and the reaction mixture was stirred 

overnight. The reaction mixture was directly vacuum concentrated and purified via flash 

chromatography (dichloromethane/methanol: 20/1) to afford compound 36 as an orange 

oil (6.16 g, 75% yield).  1H NMR (500 MHz, CD3OD) ŭ 4.72 (s, 2H), 4.51 (dd, J = 8.0, 4.5 

Hz, 1H), 4.32 (dd, J = 8.0, 4.5 Hz, 1H), 3.82 (s, 3H), 3.67-3.62 (m, 4H), 3.61 (t, J = 5.5 Hz, 

2H), 3.56 (t, J = 5.5 Hz, 2H), 3.53-3.47 (m, 1H), 3.46-3.41 (m, 1H), 3.38 (q, J = 6.0 Hz, 

2H), 3.25-3.21 (m, 1H), 2.94 (dd, J = 13.0, 5.0 Hz, 1H), 2.72 (d, J = 13.0 Hz, 1H), 2.24 (t, 

J = 7.5 Hz, 2H), 1.80-1.58 (m, 4H), 1.50 (s, 3H), 1.47 (s, 3H), 1.12 (d, J = 6.5 Hz, 4H); 13C 

NMR (126 MHz, CD3OD) ŭ 174.8, 170.8, 170.5, 164.7, 113.3, 78.0, 77.2, 69.9, 69.9, 69.2, 

69.0, 62.0, 60.2, 55.6, 51.8, 41.3, 39.6, 38.9, 38.6, 35.3, 28.4, 28.1, 25.5, 25.2, 22.1; HRMS 

(ESI) m/z calcd for C24H41N4O9S [M + H]+ 561.2589, found 561.2583. 
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Lithium hydroxide (2 M, 3.2 mL) was slowly added into a solution of compound 36 (3.0 

g, 5.35 mmol) in 20 mL methanol at 0 oC.  The reaction mixture was stirred for 2 h and 

acidified with 1 M HCl (~5 mL).  The crude mixture was vacuum concentrated and purified 

via high-performance liquid chromatography (HPLC) to afford compound 37 (2.62 g, 90% 

yield) as a white solid.  For HPLC purification (flow rate: 10 mL/min), solvent A is 0.1% 

TFA containing water while solvent B is 0.1% TFA containing acetonitrile.  After the 

initial 5 min post sample injection, solvent B percentage was increased linearly to 100% 

within 35 min.  The system was continuously flushed with 100% solvent B for another 5 

min before the run stopped.  Compound peak retention time on HPLC: ~ 21 min.  1H NMR 

(500 MHz, CD3OD): ŭ 4.58 (dd, J = 6.0 Hz, 2H), 4.39 (dd, J = 8.0, 4.5 Hz, 1H), 4.21 (dd, 

J = 8.0, 4.5 Hz, 1H), 3.54-3.50 (m, 4H), 3.49 (t, J = 5.5 Hz, 2H), 3.44 (t, J = 5.5 Hz, 2H), 

3.41-3.36 (m, 1H), 3.34-3.29 (m, 1H), 3.26 (t, J = 5.5 Hz, 2H), 3.13-3.09 (m, 1H), 2.83 (dd, 

J = 13.0, 5.0 Hz, 1H), 2.60 (d, J = 12.5 Hz, 1H), 2.13 (t, J = 7.5 Hz, 2H), 1.68-1.47 (m, 

4H), 1.38(s, 3H), 1.36 (s, 3H); 13C NMR (126 MHz, CD3OD): ŭ 174.8, 172.2, 170.9, 164.7, 

112.9, 77.9, 77.3, 69.92, 69.88, 69.2, 69.0, 62.0, 60.2, 55.6, 39.6, 38.9, 38.7, 35.3, 28.4, 

28.1, 25.4, 25.2; HRMS (ESI) m/z calculated for C23H39N4O9S [M + H]+: 547.2432, found 

547.2424. 
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Compound 37 (2.0 g, 3.66 mmol) and HATU (2.1 g, 5.49 mmol) were dissolved in DMF 

(18 mL).  Intermediate 33 (0.91 g, 2.19 mmol) was then added and the reaction mixture 

was stirred for 10 min, followed by the addition of N, N-diisopropylethylamine (DIPEA) 

(0.57 mL, 3.29 mmol).  The reaction mixture was stirred overnight.  Upon completion, the 

mixture was diluted 10-fold with water, and the organic products were extracted with ethyl 

acetate.  The organic layer was dried with sodium sulfate, vacuum concentrated; and the 

crude mixture was eventually purified via flash column chromatography 

(dichloromethane/methanol: 30/1)) to afford compound 38 in light-orange solid form (1.64 

g, 80% yield).   1H NMR (500 MHz, CD3OD): ŭ 7.58 (d, J = 8.5 Hz, 1H), 7.36-7.29 (m, 

5H), 6.67 (t, J = 5.5 Hz, 1H), 6.11 (s, 2H), 5.21-5.12 (m, 2H), 4.75-4.70 (m, 1H), 4.63 (d, 

J = 6.5 Hz, 1H), 4.54 (d, J = 6.5 Hz, 1H), 4.48-4.45 (m, 1H),4.29-4.26 (m, 1H), 3.97 (t, J 

= 6.0 Hz, 2H), 3.87 (s, 6H), 3.59-3.50 (m, 8H), 3.42-3.37 (m, 2H), 3.13-3.08 (m, 1H), 2.88-

2.84 (m, 1H), 2.69 (d, J = 13.0 Hz, 1H), 2.20 (t, J = 7.5 Hz, 2H), 2.14-2.08 (m, 2H), 1.95-

1.88 (m, 1H), 1.86-1.76 (m, 2H), 1.73-1.61 (m, 5H), 1.47 (s, 3H), 1.45 (s, 3H); 13C NMR 

(126 MHz, CD3OD): ŭ 173.8, 171.4, 170.2, 169.9, 164.0, 163.5, 161.4, 135.1, 128.7, 128.6, 

128.4, 112.9, 111.9, 91.8, 70.1, 70.0, 69.6, 67.5, 67.3, 61.8, 60.3, 56.4, 55.5, 55.4, 53.5, 

51.7, 50.7, 40.5, 39.2, 39.1, 35.8, 28.9, 28.1, 28.0, 26.2, 26.1, 25.6, 25.0; HRMS (ESI) m/z 

calculated for C44H61N6O13S2 [M + H]+: 945.3733, found 945.3722. 
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Compound 38 (1.0 g, 1.06 mmol) was dissolved in acetic acid/water (9 mL/1 mL) and 

refluxed for ~ 24 h, at which point the complete diol deprotection was confirmed by LC-

MS analysis.  The reaction mixture was then vacuum concentrated to afford the diol 

intermediate as a white solid.  The diol intermediate was resuspended in THF (8 mL) at 0 

oC, and 2 M lithium hydroxide (2.09 mmol, ~ 1.1 mL) in water was added dropwisely.  The 

reaction mixture was stirred for ~ 2 h, at which point the hydrolysis was confirmed 

complete by TLC.  The mixture was acidified with 1 M HCl (~ 3 mL), vacuum concentrated, 

and finally purified by HPLC.  The HPLC purification utilized water (0.1% TFA) as 

solvent A and acetonitrile (0.1% TFA) as solvent B.  The flow rate was 10 mL/min.  For 

the first 5 min post injection, 100% solvent A was used in the program.  After that, solvent 

B percentage was linearly increased to 50% within 55 min.  Then the HPLC flow was 

changed to 100% solvent B within the next 20 min, followed by additional 5 min flushing 

with solvent B percentage remaining at 100%.  Compound peak retention time on HPLC 

was ~ 58 min.  The eluted fraction was lyophilized to afford compound 14 as a white solid 

(334 mg, 40% yield).  1H NMR (500 MHz, DMSO-d6): ŭ 7.84 (t, J = 5.5 Hz, 1H), 7.80 (d, 

J = 8.0 Hz, 1H), 7.64 (t, J = 6.0 Hz, 1H), 6.29 (s, 2H), 4.35-4.28 (m, 3H), 4.24 (d, J = 2.0 

Hz, 1H), 4.12 (dd, J = 7.5, 4.5 Hz, 1H), 3.97 (t, J = 6.0 Hz, 1H), 4.48-4.45 (m, 1H),4.29-

4.26 (m, 1H), 3.97 (t, J = 6.0 Hz, 2H), 3.80 (s, 6H), 3.53-3.48 (m, 4H), 3.44 (t, J = 6.0 Hz, 
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2H), 3.39 (t, J = 6.0 Hz, 2H), 3.35-3.28 (m, 1H), 3.26-3.22 (m, 1H), 3.21-3.14 (m, 2H), 

3.13-3.07 (m, 1H), 2.82 (dd, J = 7.5, 5.0 Hz, 1H), 2.59-2.54 (m, 1H), 2.07-2.04 (m, 2H), 

1.97-1.91 (m, 1H), 1.83-1.75 (m, 1H), 1.74-1.67 (m, 2H), 1.63-1.56 (m, 1H), 1.52-1.41 (m, 

3H), 1.33-1.28 (m, 2H); 13C NMR (126 MHz, DMSO-d6): ŭ 173.6, 172.6, 172.3, 172.3, 

163.2, 158.0, 156.0, 92.5, 73.0, 72.8, 70.0, 69.7, 69.4, 67.7, 61.5, 59.7, 56.6, 55.9, 54.1, 

51.8, 38.9, 38.8, 35.6, 28.7, 28.5, 25.7, 25.4, 18.6, 17.2; HRMS (ESI) m/z calculated for 

C33H52N5O13S2 [M + H]+: 790.2998, found 790.2988. 

 

 

5-carboxytetramethylrhodamine (5-TAMRA, compound 39, Thermo Fisher, 43 mg, 0.10 

mmol) was dissolved in 2 mL DMF, and mixed with HATU (46.0 mg, 0.12 mmol).  The 

reaction mixture was stirred for 10 min to ensure it was fully dissolved.  The previously 

prepared 33 (42.0 mg, 0.10 mmol) was added to the solution, followed by DIPEA (53.0 

ɛL, 0.30 mmol).  The resulting mixture was stirred at RT for 3 h and was vacuum 

concentrated upon completion as confirmed by TLC.  The crude mixture was purified via 

flash column chromatography (dichloromethane/methanol: 20/1) to afford the conjugated 

intermediate as purple oil, which was directly dissolved in THF (2 mL) and cooled down 
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to 0 oC.  Lithium hydroxide (2 M, 0.06 mL) in water was added dropwisely, and the solution 

was stirred at RT for 2 hours at which point the hydrolysis was near complete as confirmed 

by TLC.  The mixture was then acidified with 1M HCL (~ 200 ɛL), and vacuum 

concentrated.  The crude mixture was purified via HPLC that implemented water (0.1% 

TFA) as solvent A and acetonitrile (0.1% TFA) as solvent B, with a flow rate of 10 mL/min.  

The purification program was run as the following: 5.0% solvent B for the first minute, 

followed by a liner progression to 70.0% solvent B for the next 39 minutes, ending with 

the last 5 minutes of 100.0% solvent B for a total of 45 minutes per HPLC run.  The product 

peak came out at 40 min, and lyophilization of the collected fraction rendered compound 

15 (39.6 mg, 56% yield) as a pink solid.  1H NMR (500 MHz, CD3OD): ŭ 8.76-8.74 (m, 

1H), 8.23-8.19 (m, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.14-7.10 (m, 2H), 7.06-7.03 (m, 2H), 

6.97-6.93 (m, 2H), 6.25 (s, 2H), 4.78-4.73 (m, 1H), 4.10-4.04 (m, 2H), 3.80 (s, 6H), 3.28 

(s, 12H), 2.30-2.22 (m, 1H), 2.12-2.03 (m, 1H), 2.00-1.94 (m, 2H); 13C NMR (126 MHz, 

CD3OD): ŭ 175.3, 168.4, 167.3, 160.7, 159.2, 159.1, 159.0, 157.3, 138.3, 137.3, 132.8, 

132.5, 132.0, 132.0, 131.9, 131.6, 115.6, 114.7, 101.2, 97.4, 93.1, 68.5, 56.6, 54.3, 40.9, 

29.2, 27.1;  MS (ESI) m/z calculated for dimerized probe C76H78N6O18S2 [M + 2H]2+: 

713.2402, found 713.2416.  
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Compound 39 (43.0 mg, 0.10 mmol) was mixed with HATU (46.0 mg, 0.12 mmol) in 2 

mL DMF, and the mixture was stirred for 10 min.  N-(2-aminoethyl)pent-4-ynamide (17.0 

mg, 0.12 mmol) was then added, followed by 53.0 ɛL of N,N-diisopropylethylamine (0.30 

mmol).  The reaction mixture was stirred for 3 h and was vacuum concentrated upon 

completion by TLC.  The crude reaction mixture was purified by HPLC using water (0.1% 

TFA) as solvent A and acetonitrile (0.1% TFA) as solvent B.  The flow at a rate of 10 

mL/min used the program same as that used for purifying compound 15.  Compound 16 

(38.6 mg, 70% yield) was eventually obtained as a pink solid with a retention time of 30 

min. 1H NMR (500 MHz, CD3OD): ŭ 8.67 (d, J = 1.5 Hz, 1H), 8.15 (dd, J = 8.0, 1.5 Hz, 

1H), 7.43 (d, J = 8.0 Hz, 1H), 7.04 (d, J = 9.5 Hz, 2H), 6.96 (dd, J = 9.5, 2.5 Hz, 2H), 6.88 

(d, J = 2.0 Hz, 2H), 3.50-3.47 (m, 2H), 3.42-3.38 (m, 2H), 3.21 (s, 12H), 2.40-2.36 (m, 

2H), 2.35-2.31 (m, 2H), 2.16 (t, J = 2.5 Hz, 1H); 13C NMR (126 MHz, CD3OD): ŭ 174.7, 

168.5, 167.5, 160.7, 159.1, 159.0, 138.1, 137.6, 133.1, 132.3, 131.94, 131.91, 131.3, 115.6, 

114.7, 97.4, 83.5, 70.3, 41.3, 40.9, 39.9, 36.1, 15.7;  MS (ESI) m/z calculated for 

C32H33N4O5 [M + H]+: 553.2445, found 553.2446.  
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Biological Experiments  

Antibody-Based Global Profiling of Acetylation  

HEK293 cells (American Type Culture Collection) were maintained in 10 cm cell culture 

dishes with DMEM media and 10% FBS, 100 IU/mL penicillin, and 100 µg/mL 

streptomycin.  Deacetylase inhibitor cocktail (100x, APExBIO) was added to the media 

overnight, after which the cells were washed with PBS and lysed in the CelLytic M buffer 

(Sigma Aldrich) that was pre-mixed with protease inhibitor cocktail (EDTA-free, Roche) 

and the deacetylase inhibitor cocktail (APExBIO).  The cell mixture was sonicated for 18s 

(3s on, 7s off, 20% amplitude) on ice, and subsequently centrifuged at 15000 rpm at 4oC 

for 10 min.  The resulting supernatants were collected and the protein concentration was 

determined by BCA assay (Pierce, Thermo Fisher) to be ~ 3 mg/mL.  Approximately 50 

µg of cell lysates were loaded for each lane and separated by 4-12% Bis-Tris SDS PAGE 

(Thermo Fisher), which were then transferred to PVDF membranes using a semi-dry 

blotting apparatus (Bio-Rad).  Each lane on the membrane was carefully cut and blocked 

with 3% BSA in TBST (with 0.1% Tween-20) for 1 h.  The piece of the membrane that 

contained one sample lane was then incubated with a specific anti-acetyl lysine antibody 

(from Ab21623, Ab190479, Ab80178, Ab61257, Abcam; or CST9441, CST9814, Cell 

Signaling Technology) overnight at 4 oC, followed by washings and subsequent incubation 

with the IRDye® 680RD secondary antibody (Li-Cor).  After extensive washing, protein 

bands were detected via near-infrared fluorescence on the LI-COR Odyssey FC Imaging 

System (700 nm channel scanning, Ex 685 nm/Em 730 nm).   
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Enzymatic Peptide Substrate Modifications with Fluorine  

The PCAF assay cocktail was prepared by mixing 4 µL of 5x histone acetyltransferase 

(HAT) assay buffer (250 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 5 mM DTT), 1 µL of 2 

mM histone H3-20 peptide (AnaSpec), 4.7 µL of 2.1 mM acetyl-CoA (Fisher Scientific) 

or acetyl CoA analogs, and 5.3 µL H2O, in a total volume of 15 µL.  After 5 µL of 1.3 µM 

PCAF enzyme (Cayman Chemical) was added, the reaction mixture was incubated at 30°C 

for 3h. The sample was then subjected to high resolution LC-MS analysis.    

The MYST2 assay cocktail was prepared by mixing 4 µL of 5x HAT assay buffer, 0.5 µL 

of 2 mM histone H4-20 peptide solution (AnaSpec), 4.7 µL of 2.1 mM acetyl-CoA (Fisher 

Scientific) or acetyl CoA analogs, and 0.8 µL H2O, at a total volume of 10 µL.  After the 

addition of 10 µL 0.9 µM KAT7 enzyme (SignalChem), the reaction mixture was incubated 

at 30°C for 3h. The sample was then subjected to high resolution LC-MS analysis. 

The TIP60 assay cocktail was prepared by mixing 0.5 µL of 2 mM histone H4-20 peptide 

(AnaSpec), 4.7 µL of 2.1 mM acetyl-CoA or related analogs, and 2.5 µL Tris buffer (50 

mM, pH 8.0).  Approximately 2.3 µL of 4.3 µM Tip60 (Cayman Chemical) in the stock 

buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol) was then added and the 

reaction mixture was incubated at 30°C for 5h.  The sample was finally analyzed by high 

resolution LC-MS.    
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Hydrolysis of Acetyl CoA and Fluoroacetyl CoA  

The hydrolysis rate of acetyl-CoA and fluoroacetyl CoA were measured in a similar 

manner to reported procedures.39, 45  Briefly, 10 µM of the acetyl or fluoroacetyl CoA was 

incubated in 100 mM Tris buffer mixed with 0.5 mM DTNB, pH 7.2.  The increase in the 

solutionôs absorbance at 412 nm was recorded, as a result of the reaction between DTNB 

and the free thiol in the released CoA hydrolysis product.   A CoA standard curve was 

generated by measuring the absorbance of serially diluted CoA stock (200 µM) in the same 

assay buffer.    

 

Non-Enzymatic Acetylation on Bovine Serum Albumin  

Following the reported procedures for acyl-CoAs,39 bovine serum albumin as a model 

protein (1 mg/mL) was dissolved in 50 mM HEPES and 150 mM NaCl, pH 8.0 or 7.0.  For 

western blot analysis, acetyl-CoA or fluoroacetyl CoA at the desired final concentrations, 

the buffer as a negative control, or the Sulfo-NHS-acetate (Pierce, Thermo Fisher) as a 

positive control were added to separate solutions, with the final pH adjusted to pH 8.0 or 

7.0.  For FTDR-based detection, the aforementioned reagents, the buffer as a negative 

control, or the NHS-fluoroacetate as a positive control were added to separate solutions of 

bovine serum albumin.  Next, all the reaction mixtures were incubated at 37 oC for 6 h.  

The reaction samples (2 µL each) were then separated by SDS-PAGE, transferred to PVDF 

membrane, blocked and washed the same way as the aforementioned anti-acetylation 

western blot assays.  The blot was probed with the MultiMabTM antibody (Ac-K-100, 

CST9814, Cell Signaling) that is comprised of mixed monoclonal antibodies for 



96 

 

recognition of both acetyl-lysine and F-acetyl lysine.  For FTDR detection, 20 µL of each 

reaction sample was further treated with 5 mM TAMRA-SH and 10 mM TCEP, and was 

incubated at pH 8.5 for 8h.  After SDS-PAGE separation of 2 µg of each sample, in-gel 

fluorescence detection was achieved on the LI-COR Odyssey FC imager (600 nm channel, 

Ex 546 nm/Em 579 nm).       

 

Stability and Reactivity of Model Substrates and Probes in Cell Lysates   

The cell lysate experiments were performed similarly to those reported for other previously 

established bio-orthogonal reactions.46  In general, 5 µL of substrate compound 3, 3-Cl, or 

the probe 13 mixed with their corresponding internal standards (3ô or 13ô) in DMSO (10 

mM stock concentration) were added to 25 µL HEK293 cell lysates (~ 3 mg/mL protein 

concentration).  TCEP (5 µL, 60 mM stock concentration) was added to each reaction 

group (A, B, or C, respectively, Figure S10A) to maintain a reducing environment.  The 

final reaction pH was adjusted to 8.5, and water was added to make a final volume of 50 

µL.  After incubation at 37 °C for 14h, the reaction mixtureôs pH was adjusted to ~ 6.   

The solution was extracted with ethyl acetate three times and concentrated in vacuo.  The 

resulting residues were dissolved in methanol and analyzed by high resolution LC-MS 

(Wistar Institute) on a ThermoFisher Scientific Q Exactive HF-X mass spectrometer 

equipped with a HESIII probe and coupled to a ThermoFisher Scientific Vanquish Horizon 

UHPLC system.  Compounds were separated on a SynergiTM Polar RP column (4 µm, 150 

x 1 mm, Phenomenex).  After LC-MS analysis, the peak area for each compound was 

integrated, and the percent recovery yield was calculated versus the internal standard.  The 
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FTDR reaction in cell lysate was carried out using the same procedure except that the 

incubation time was 5 h, and the extracts were analyzed by LC-MS/MS analysis.         

 

Biotinylation of Labelled Peptides based on the Fluorine-Thiol Displacement 

Reaction  

The histone peptide H3-20 that previously underwent fluoroacetylation was lyophilized 

and resuspended in water (~ 400 µM).  About 1 µL of this stock solution was mixed with 

1 µL Tris buffer (1M) and 4 µL H2O. Then, 1 µL of the Biotin-SH probe stock in DMF (40 

mM) was added, along with 1 µL of 50 mM TCEP aqueous solution.  After adjusting the 

pH to 8.5 (with 2 µL of 1 M NaOH solution), the final concentrations of H3-20 substrate, 

Biotin-SH probe, and TCEP were 40 µM, 4 mM, and 5 mM, respectively.  The reaction 

was incubated at 37 °C overnight, and the sample was subjected to high resolution LC-MS 

analysis. 

 

Fluorination and Biotinylation of Known Protein Substrates by Acetyltransferase 

Assay and FTDR 

The protein substrates of acetylation such as human histone H3.1 (New England Biolabs) 

or histone H4 (New England Biolabs) was dissolved in the aforementioned HAT buffer at 

a final concentration of 15 µM, and was mixed with acetyl-CoA analogs (450 µM) and the 

corresponding acetyl transferase (1.3 µM) (PCAF (Cayman Chemical) for histone H3.1; 
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MYST2 (SignalChem) for histone H4).  The reaction mixture was incubated at 30 oC, pH 

7.2 for 6h, and was quenched by lyophilization.    

For biotinylation, the fluorinated protein mixture was redissolved in water (final 

concentration ~ 35 µM), added with 1.75 mM Biotin-SH probe and 2 mM TCEP.  The pH 

was adjusted to 8.5 and the mixture was incubated at 37 oC for indicated time period (1 h, 

3 h, or 6 h).  Samples after this reaction were then loaded on gels for SDS-PAGE analysis.  

The control protein mixture (previously treated with 4PY-CoA) was reacted with biotin-

azide probe (Thermo Fisher) following the reported copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) procedures,7b and was analyzed by SDS-PAGE in parallel to other 

samples.    

For in-gel fluorescent imaging, the separated proteins on the PAGE gels were fixed with 

50% isopropanol/45% water/5% acetic acid for 15 min at RT.  The gel was washed and 

incubated for 1 h at RT in biotin-free Casein blocking buffer (Sigma Aldrich).  The blocked 

gel was then probed with streptavidin-IRDye 680RD (LI-COR) at a dilution of 1/2000 for 

45 min at RT, followed by multiple washings with PBST (containing 0.1% Tween-20).  

Those biotinylated proteins were finally visualized by near-infrared fluorescence detection 

through the LI-COR Odyssey FC Imaging System (700 nm channel, Ex 685 nm/Em 730 

nm).    
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Removal of Fluoroacetylation on Protein Substrates by Histone Deacetylases   

A 5x histone deacetylase assay buffer was prepared, containing 250 mM Tris-HCl (pH 8.0), 

685 mM NaCl, 5 mM MgCl2, 13.5 mM KCl, and 5 mM DTT.  The fluoroacetylated histone 

substrate (~ 20 µM final concentration) was mixed with the corresponding histone 

deacetylase (SIRT1 (R&D Systems) for fluoroacetylated H3; HDAC1, HDAC2, HDAC3, 

or SIRT2 (BPS Bioscience) for fluoroacetylated H4), and 2 µL of the 5x assay buffer.  For 

assays involving sirtuins, nicotinamide adenine dinucleotide (NAD+, Fisher Scientific) 

was added at a final concentration of 1 mM.  The reaction mixtureôs pH was adjusted to 

8.0, with water added to make a final volume of 10 µL.  The mixture was incubated at 37 

oC for 6h, and subsequently treated with Biotin-SH to initiate FTDR reaction on any 

remaining fluoroacetylation.  All the samples were finally separated on SDS-PAGE, 

transferred to PVDF membranes, and probed by streptavidin-IRDye 680RD (LI-COR) as 

mentioned before.       

 

Expression, Purification and Characterization of EZH2 Protein  

The plasmid expressing GST-fused EZH2 N-terminal domain (1-500) was constructed 

based on the parent plasmid pGEX-EZH2 that was a gift from Prof. Min-Chie Hung 

(Addgene plasmid # 28060).47  The C-terminal sequence (501-745) was deleted using Q5® 

Site-Directed Mutagenesis Kit (New England Biolabs) and customized primers (Integrated 

DNA Technologies).  The sequences of the resulting pGEX expression vector were 

confirmed by DNA sequencing (GENEWIZ).  The final vector was transformed into BL21 

competent cells via electroporation.  The resulting cells were recovered in SOC medium 
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and plated onto an ampicillin-containing LB agar plate.  After overnight incubation at 37 

oC, the colonies were picked, amplified and mixed with 50% glycerol as cell stock for 

EZH2 (1-500) protein expression.  On the day of expression, BL21 stock was inoculated 

in LB medium supplemented with 100 µg/mL ampicillin, and shaken at 250 rpm, 37 oC 

(MaxQ 8000, Thermo Scientific).  When OD600 reached 0.8, 0.5 mM IPTG was added to 

induce protein expression.  The cell culture was left for ~ 12 h at 25 °C, 250 rpm (MaxQ 

8000, Thermo Scientific).  Cells were then harvested and frozen at -80 °C overnight.   

The bacteria pellets were lysed in lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 

mM EDTA, 20% sucrose, 0.2% TritonX-100, and 5% glycerol) that also contained 1 

mg/mL lysozyme (VWR) and protease inhibitor cocktail (Roche cOmplete).  After shaking 

at 250 rpm, 25 oC for 1.5 h, the cell lysate were centrifuged at 9000 rpm for 40 min (FX6100 

Rotor, Beckman Coulter), and was filtered through a 0.2 µm filter to remove debris.  The 

filtrate was passed through affinity columns packed with glutathione resin (GenScript), 

which was later washed with 20 mL PBS buffer (0.02% tween-20).  Finally, 15 mL of 

elution buffer (10 mM glutathione, 50 mM Tris-HCl, pH 8.0) was added, and the eluted 

EZH2 (1-500) protein was buffer exchanged into storage buffer (50 mM Tris-HCl, pH 8.0, 

10% glycerol, 1 mM DTT, 0.1 mM EDTA) by Amicon® Ultra Centrifugal Filters 

(MilliporeSigma).  The protein purity and identity was confirmed by SDS-PAGE.   

The fluorination and biotinylation on EZH2 protein were performed following the 

aforementioned procedures (acetyltransferase assay and FTDR using Biotin-SH probe) for 

histone substrates.  The acetyltransferase used for EZH2 was PCAF (Cayman Chemical).  

To prepare the positive control for CuAAC (ñCò), azidoacetic acid NHS ester (N3-NHS) 
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was synthesized according to published procedures.48  Briefly, 30 µL of EZH2 protein 

(0.65 mg/mL in DPBS with 0.25 mM TCEP added, pH 7.2) was first reacted with 2.5 µL 

of N3-NHS (1mM, DPBS buffer, pH 7.2) at room temperature for 1h.  To the resulting 

EZH2 mixture with lysines conjugated by azide, 1 µL of THPTA (10 mM), 1 µL of sodium 

ascorbate (50 mM), 0.5 µL of biotin-alkyne linker (5 mM), and 1 µL of CuSO4 (5 mM) 

were added to initiate the CuAAC-based modification of EZH2 by biotin.  The reaction 

mixture was incubated at room temperature for 2h, before loading to SDS PAGE for 

analysis in parallel to other samples.    

 

Cell Cytotoxicity Studies of Cofactor Analogs  

HeLa cells were obtained from American Type Culture Collection (ATCC), and were 

cultured similarly to the aforementioned HEK293 cell line in DMEM medium 

supplemented with 10% FBS, 100 IU/mL penicillin, and 100 µg/mL streptomycin.  Both 

cells were maintained in a cell-culture incubator at 37 oC, with 5% CO2.  On the night 

before the assay, these cell lines were plated into 96-well cell culture plates (white, flat 

bottom, Costar) at 5,000 cells, 90 µL media per well.  The next day, cofactor analogs 

(azido-ethyl acetate, fluoro-ethyl acetate, or DMSO carrier control) were serially diluted in 

culture media as 10x stock solutions, and then added to the pre-plated cells at 10 µL/well.  

The final treatment concentrations are 62.5, 125, 250, 500, 1000, and 2000 µM.  After 

thorough mixing, the samples were incubated in the cell culture incubator for 12h at 37 oC, 

under 5% CO2.  At the end of the treatment, the plates were taken out and cooled down to 

room temperature.  Cell viability was measured by CellTiter Glo assay (Promega) 
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following the published procedure.49  Data were processed and plotted using Graphpad 

Prism (GraphPad Software).  Viability of the cells treated with DMSO control was adopted 

as 100% viability control. 

 

Cellular Metabolism Study of Ethyl Fluoroacetate   

HEK293 cells were cultured in a 100 mm x 20 mm tissue culture dish (Corning Costar) up 

to ~ 80% confluence.  The pro-metabolite ethyl fluoroacetate was added at a final 

concentration of 1 mM, and the culture was incubated at 37 oC for 2 h.  The acyl-CoA 

extraction was performed following the reported procedures.50  Briefly, the cells were 

gently scraped down into the media, and spun down at 1,000 g.  The cells were resuspended 

in 1 mL ice-cold extraction solution (10% trichloroacetic acid in milliQ water), and 

sonicated on ice for 30s (1 pulse per second).  The resulting cell lysate was centrifuged at 

15,000 g, 4 oC for 5 min to precipitate the debris.  In the meanwhile, Oasis HLB SPE 

columns (Waters) were conditioned by 1 mL methanol and equilibrated with 1 mL water.  

The supernatant of the cell lysate was loaded to the column, with subsequent washing of 

the column with water.  The potential CoA extracts were eluted by 0.5 mL elution solution 

(25 mM ammonium acetate in methanol), dried in vacuo, and resuspended in 50 uL 5% 5-

sulfosalicyilic acid for LC-MS/MS analysis.  As a control, the HEK293 cell lysate was 

heated at 90 oC for 10 min, and then mixed with 1 mM ethyl fluoroacetate at 37 oC for 2 h.  

The follow-up extraction and LC-MS/MS analysis were carried out the same as mentioned 

above.   
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Intracellular Fluorination of Protein Substrates    

HeLa or HEK293 cells were seeded at a density of 20,000 cells/well in a 12-well flat 

bottom cell culture plate (Corning Costar).  When they reached ~ 80% confluence, cells 

were incubated with 1 mM ethyl azidoacetate (for ñclick chemistryò), ethyl fluoroacetate 

(for fluorination), or DMSO control at 37 °C in standard medium for 6 h, similar to reported 

procedures.32  The cells were then ready for follow-up intracellular imaging.  

 

Intracellular Dye Labeling and Imaging of Protein Substrates   

After incubation with azido- or fluoro-modified ethyl acetate precursors, cells were rinsed 

three times with DPBS buffer, and fixed with 3.2% paraformaldehyde for 10 min at RT.  

With another round of rinses, cells were permeabilized with 0.1% Triton-100 in PBS buffer 

for 10 min at RT, after which point the intracellular proteins became ready for labeling by 

TAMRA dyes.    

The ñclick chemistryò labeling on control groups was performed according to published 

procedures.51  Cells previously treated with azidoacetate or DMSO were incubated with 

100 µM TAMRA -alkyne probe (compound 16) in the standard medium that also contained 

200 µM CuSO4, 500 µM BTTES, and 2.5 mM freshly prepared sodium ascorbate.  The 

mixture was reacted at 37 oC for 1 h, followed by PBS washing, and a subsequent nucleus 

staining with 1 µg/mL Hoechst 33342 (Fisher Scientific).  For fluorine-thiol displacement 

labeling, cells previously treated with fluoroacetate or DMSO were washed twice with PBS 

buffer (pH 8.0) that contained 5 mM TCEP.  Each round of washing consisted of a 10 min 
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incubation period. The cells were then incubated with 1 mM TAMRA-SH probe 

(compound 15), and 5 mM TCEP (pH 8.5) in the standard medium to ensure the complete 

displacement of fluorinated intracellular proteins.  After an incubation of 6 h at 37 oC, cell 

samples were washed with TCEP containing PBS buffer for three times, and then stained 

with Hoechst 33342 dye at RT for 10min.  All cell samples were briefly washed after 

nucleus staining, and examined using the ZOE fluorescent microscope imager (Bio-Rad 

Laboratories).   

 

In -Gel Fluorescent Imaging of Protein Substrates Labelled from Cell Lysates       

HEK293 cells were seeded at 20,000 cells/dish in a 100 mm x 20 mm cell culture dish 

(Corning).  Upon ~ 80% confluence, cells were incubated with 1 mM ethyl azidoacetate 

(for ñclick chemistryò), ethyl fluoroacetate (for fluorination), or DMSO as a control at 37 

oC for 6 h.  For HAT inhibition assay, cells were preincubated with 10 µM anacardic acid 

and 10 µM MG149 (Selleckchem) or 200 nM A-485 (Selleckchem) for 6h before the 

addition of pro-metabolite ethyl fluoroacetate for fluorination.  After these treatments, cells 

were rinsed three times with DPBS buffer.  Each cell sample was immediately lysed, 

centrifuged, with supernatants collected and the protein concentration measured as 

mentioned before.   

For ñclick chemistryò labeling of the azido-modified proteins in cell lysates, approximately 

300 µL supernatant of each cell lysate (~ 2 mg/mL) was incubated with 1 mM TCEP, 100 

µM TBTA, 1 mM CuSO4, and 100 µM TAMRA-alkyne probe (compound 16) according 

to published procedures.32, 52  To prepare the positive control (ñCò) for ñclick chemistryò 
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labeling, BSA control protein (3 mg/mL in PBS, pH 8.0) was mixed with 30 equivalents 

of the aforementioned N3-NHS ester.  The reaction mixture was rotated at room 

temperature for 4h, and the BSA protein was purified by methanol precipitation twice.  The 

protein pellet was redissolved in PBS buffer and modified with TAMRA-alkyne probe (16) 

following the similar CuAAC reaction conditions as mentioned above.  For fluorine-thiol 

displacement labeling, approximately 300 µL supernatant of each cell lysate (~ 2 mg/mL) 

was treated with 5 mM TCEP and 2 mM TAMRA-SH probe (compound 15) at pH 8.5 for 

6 h to ensure the complete displacement.  All the protein samples after reaction each had 1 

mL of cold acetone added to precipitate out proteins.  Proteins were then resuspended in 

PBS buffer, re-precipitated with methanol, and pelleted by centrifuging at 15,000g, 4 oC 

for 10 min.  Each protein pellet was redissolved in 100 µL PBS buffer that comprised of 

1% SDS and 10% glycerol.  Approximately ~ 30 µg of each protein sample was mixed 

with SDS-PAGE sample buffer, and separated by 4%-12% gradient SDS-PAGE analysis.  

Approximately 1 Õg of the BSA positive control ñCò was loaded in parallel.  In-gel 

fluorescence detection of the labelled TAMRA dye was achieved by scanning the gel with 

the LI-COR Odyssey FC Imaging System (600 nm channel, Ex 546 nm/Em 579 nm).    

 

FTDR-Based Labeling and Imaging of Protein Substrates with Concurrent HDAC 

Inhibition  

HEK293 cells were cultured and treated with the pro-metabolite ethyl fluoroacetate, or 

DMSO control as mentioned above.  To probe the effect of HDAC inhibition, 1x 

deacetylase inhibitor cocktail (APExBIO) was added to the medium concurrently with the 
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addition of the pro-metabolite and was incubated for the indicated time (6h and 12h, 

respectively).  The cell samples were then lysed, with the proteins labelled by the TAMRA-

SH probe based on FTDR.  Subsequently, each sample was purified, loaded to SDS-PAGE, 

and imaged the same as mentioned above.   

 

Histone Extraction  

HEK293 cell samples were prepared as mentioned above.  For the competition assay, 10 

mM ethyl acetate was added to the media concurrently with the pro-metabolite ethyl 

fluoroacetate.  After cell lysis and FTDR, histones were extracted with the EpiQuik Total 

Histone Extraction kit (Epigentek) following the manufacturerôs instructions.  

Approximately 3 µg of each histone extract was mixed with the sample loading buffer and 

separated on 12% SDS-PAGE, followed by subsequent in-gel fluorescent imaging and 

CBB staining as mentioned before.   

 

FTDR-Based Pull Down of Protein Substrates Followed by Western Blot Analysis  

HEK293 cells after step 1 treatment (Figure 5A) was lysed and the resulting proteome (~ 

2 mg/mL, pH 8.5) was added with 100 mM TCEP, 4 mM Biotin-SH probe (compound 14).  

The reaction mixture was incubated at 37  for 6 h, with the unconjugated probes removed 

by subsequent methanol precipitation twice.  The protein pellet was redissovled in PBS 

buffer (0.1% SDS, pH 7.2).  Approximately 100 µL of the proteins (1 mg/ml) were mixed 

with 100 µL streptavidin magnetic beads (New England BioLabs) at room temperature for 
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1h.  The beads were sequentially washed with PBS buffer (0.1% SDS, pH 7.2), PBS buffer 

(0.2% SDS and 4M urea, pH 7.2), and PBS buffer (0.2% SDS, pH 7.2).  After the final 

washing with pure PBS buffer three times, the beads were incubated with the elution buffer 

(10 mM sodium periodate in PBS) for 30 min in the dark.  The elution was repeated three 

times and the combined elute was concentrated on a lyophilizer.  The eluted protein 

samples were finally separated by 4-12% Bis-Tris SDS-PAGE and transferred onto PVDF 

membranes.  The blot was blocked with 3% BSA in TBST for 1h, followed by the 

incubation with the anti-Histone H3 antibody (HRP Conjugate, CST#12648), anti-Histone 

H4 antibody (HRP Conjugate, abcam#ab197517), and the anti-alpha-Tubulin antibody 

(CST#2144) at 4 .  After overnight incubation, the blot was washed with TBST three 

times and was further incubated with an anti-rabbit secondary antibody (HRP conjugated) 

for the detection of alpha tubulin.  After 30 min incubation at room temperature, the blot 

was washed with TBST and imaged using the Clarity Max Western ECL substrate. 

 

Proteomics Study of Fluoroacetylated Histones and Alpha-tubulin  

HEK293 cells were treated with ethyl fluoroacetate (Figure 6A), with subsequent histone 

extraction carried out the same as mentioned above.  The histone proteins were desalted 

using the C4 columns (The Nest Group), lyophilized, and redissolved in the incubation 

buffer (50 mM Tris-HCl, 5 mM CaCl2, 2 mM EDTA, pH 7.6-7.9) for in-solution digestion.  

After the addition of Arg-C (Promega), the digestion was activated with the 10x activation 

buffer (50 mM Tris-HCl, 60 mM DTT, 2 mM EDTA, pH 7.6-7.9) that was added to a final 

concentration of 1x.  The reaction mixture was incubated at 37  for 7 h, followed by 
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purification using C18 columns (The Nest Group). The elutions were collected, lyophilized, 

and redissolved in water to be injected into LC-MS/MS system.  For immuno-enrichment 

of endogenous alpha tubulin, 100 µL of each cell lysate was gently mixed with 10 µL of 

anti-alpha-tubulin antibody (Cell Signaling, CST3873S) and incubated overnight at 4 .  

Approximately 50 µL of Dynabeads Protein G (Invitrogen) was then added and the mixture 

was incubated at 4  for 1 h.  The Dynabeads were pulled down and washed with 300 ÕL 

PBS buffer (0.05% Tween-20) three times.  The targeted proteins were eluted by heating 

the beads at 90  for 10 min within the LDS samples loading buffer (GenScript).  The 

resulting supernatants were loaded onto a 10% SurePAGE Bis-Tris gel (GenScript).  After 

staining by Coomassie brilliant blue R-250, the bands at 50 kDa were cut off for in-gel 

digestion by Glu-C (Promega).  Liquid chromatography tandem mass spectrometry (LC-

MS/MS) analysis was performed as previously described53 using a Q Exactive HF mass 

spectrometer (ThermoFisher Scientific) coupled with a Nano-ACQUITY UPLC system 

(Waters).  Peptide sequences were identified using MaxQuant v1.6.15.0.54  MS/MS spectra 

were searched against a UniProt human protein database (10/10/2019) using full enzyme 

specificity with up to two missed cleavages, static carboxamidomethylation of Cys, and 

variable Met oxidation (+15.9949 Da), Asn deamidation (0.9840 Da), Lys acetylation 

(+42.0106 Da) and Lys F-acetylation (+60.0011 Da).  Consensus identification lists were 

generated with false discovery rates of 1% at protein, peptide and site levels.   
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1H-, 13C-, and 19F NMR Spectra for New Compounds 
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