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ABSTRACT

Steric-free Bioorthogonal Labeling of Posttranslational Modifications Substrates

Based ona Fluorine-Thiol/Selenol Displacement Reaction

Posttranslational modification@TMs) diversify the functionandcontrolthe sability of

proteins bythe covalent addition ofhemical groups or proteinghese modifications
include phosphorylation, acetylation, glycosylation, methylation, ubiquitination asit

affect all aspects of cellular activities. Dysregulation of PTi#lsften linked toaging,
oncogenesis, and various autoimmune diseases. Proteins involtteglRMM writing,
removing, and reading process are very important biomarkers and hot therapeutic targets.
Yet, current chemical methodologies to globally profilingMPSubstrates rely on copper
catalyzed azidalkyne cycloaddition (CUAAC) reaction which bulky alkyne or azide
groups in length and size are used. The intrinsic steric hinderance tlmitgeneral
application of chemical repams to metabolic incorpot@n by PTM writers possessing

spacious active pockets.

This dissertation will start with the demonstratitiat thealpha fluorine to amide bond
was a steric free chemical reporter in protein acetylation. Fluorinated cofactors or
precursors could betilized by acetyltransferaséo modify peptides and proteib®th in

vitro and in live cells. A novel bioorthogonal reaction narasfiLiorine thiol displacement
reaction (FTDR) using thiophenol as the warhead was developed for conedltiogne

labd in biomoleculego a fluorophore or biotin tag. Tik whole platform showd great

potential to labelimage, and enrich acetylation substrates.



Another goal of this dissertation was the evolution of FTDR to fluorine selenol
displacement reaction (FSeDRliphatic selenol, aromatic selenol and tha@rivatives
were compared in parallel ithe labelling of fluorinated small molecideand proteis.
Aliphatic selenol displayed the best reactivity unttexmild physiological conditiorand
exhibited a high égree of chemical stabilityfhe updated platform wakenused in the
SILAC-basedquantitative proteomics study of acetylatiorthie prostate cancer cell RC

3.

The final goal of this dissertation focuses on the study of drexécbioorthogonal labeling

of glycosylation substrates based on FSeDR. The fludaigelabelled unnatural
monosaccharides could bélized by glycotransferasen live cells to modify sialylated
glycoproteins N-glycoproteins and OGIcNAcylated proteins. With the help of FSeDR,
the fluorine reporter was further functionalized to fluorescent probes or affinity tags for
imaging or enrichment stiek Thestericfree fluorinereporterhas the potential toecome

a powerfulchemical reporter for glycan labelling.
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CHAPTER 1

INTRODUCTION

1.1 Posttranslational modification: A brief overview

Translation is known to be the #dAfinal st ej
whereby ADNA makes RNAt! éigemataliiehusanrgenknee ss
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. @entists have been able to identify around 20:28@00 protein

encoding genes in humamyhilst thehuman proteome is estimated to include more than 1

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

for achievingdiverseprotein tunctiors. Posttranslational modifications (PTMs) are one

groupof changes that are made to proteins after expredsion.

PTMs refer to the addition @ variety of chemical functional groups to both histone and
non-histone protein substratggically mediated by enzymésdviost PTMs are dynamic,
reversible,andregl at ed by a set of enzymes. While 0
proteins by adding and removing PTMs, Or ea
and initiate a cascade of downstream signaling.s&heodifications caroccur at any

timepoint dumg the whole protein lifespan. For example, the PTMs in nascent rotein

assist in propeprotein folding andhendirect the protein to distinct cellular locations.

Other modificationghat occur afterwards magither activate or deactivata proteints



cdalytic activiies Finally, proteins covalently linked with specific tags (Ubiquitin, SUMO)

will be terminated througprotein degradatioh.

Among 200 diffeent types of PTMs that have been identified so far, phosphorylation,
acetylation, methylation, lipidation, ubiquitination, SUMOylation, glycosylation are the
most frequeny detected PTM$Figure 1.1 In this dissertation, we focused on studying

protein acetylation and glycosylation.
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Figure 1.1 Chemical structures of common pasinslational modifications (PTMs).



1.2 Acetylation
1.2.1 Basis of protein acetylation

Protein acetylation consists oftrminal acetylation and lysine acetylatiom humans,

more than 80% proteins are acetylated at theierinus mainly in a ctranslational
manner byibosomeassociated Nerminal acetyltransferaséNATS) andsuch acetylation

is found to be irreversible so far. There are six highly conserved NATs that have been
found in humansNatA, NatB,NatC, NatD, NatE, and NatP® NATs can transfer acetyl
group from acetytoenzyme A (AeCoA) to theU-amino group of Nerminal anino acids

(Scheme 1.1 top)

Lysine acetylation is a smddutessential postranslational modification thas associated

with many cellular processes, such as metabolism, signal transduction, gene transcription,
cell differentiation, and apoptosig.he acetylation state of a given protein is fineed by

two types of enzymes: lysine acetyltransferases (KAamd)lysine deacetylases (KDACS)
(Scheme 1.1 bottomKATs can transfean acetyl group from acetydoenzyme A (Ae

CoA) to thelamino group ofysine residue while lysine deacetylases (KDACSs) catalyze
the removal ofinacetyl group. Based on structural and functional simigariof human

KATSs, theycan be grouped into three families: Gaefated Nacetyltransferases (GNATS,
including GCN5, PCA&, HAT1), MYST MOZ, Ybf2, Sas2, andip60),andp300/CBP°

As for KDACs, based on deacetylation mechamistney are groupednt o 6 cl assi ¢
histone deacetylases (HDAT11) which have a zinc dependent active site and NAD

dependent sirtuins (SIRT-2).1!



Scheme 1.1Schematic outline gfrotein Nterminal and lysine acetylation
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In 1964, Vincent Allfrey et al first reported the identification of lysine acetylation in histone
and proposed that the modification played an important rdi@mscription regulatiof?

In the following 30 years, researchers validated and established fundamergaifrole
reversible histone acetylation in chromatin remwdeland gene transcriptiofFigure

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 themgundDNA and initiate the gene transcription.

On the other hand, acetylated | ysinms can
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.



Closed Chromatin Relaxed Chromatin

Nonhistone
proteins (p53,

tubulin)

Decreased Gene Transcription  Cell Motility, Apoptosis inhibition  Increased Gene Transcription

Proliferation Cell cycle
Migration Cell death

Figure 1.2 Histone acetylation and deacetylation in gene regulation.

During the past two decades, roistone proteindhave beerfound oftentimesto be
acetylated andrerecognized as the major portion of the acetyléfia.2006, Yingming
Zhao et al developed an aatietyllysine antibody to enrich acetylated peptides at the
whole-proteome level which were then analyzedalmaneHPLC/MS/MS systemA total

of 388 acetylation sites were identified in 195 proteins from Hela CeBsbsequently,
Matthias Mann et al reported 3600 lysine acetylation sites on 1750 proteins tafileg s
isotopelabeling byamino acids incell culture (SILAC) based quantitative proteomic
techniquet® These unbiased proteomic studies showed thahistane protein acetylation

was surprisingly common and involved in a serial of cellular pathways.



1.2.2 Acetylation in halth and disease

The reversible protein acetylatiencriticalin 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, neurodegerisathse cances and

so on’

Insulin receptor sulate 1 (IRS1) 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, IRS1 becomes phosphorylated and actis&®8K/AKT pathways to facilitates
glucose upke. HDAC2 can bind to IR in liver cells, decrease the acetylation and
subsequentlyreduce phosphorylation of IRS. Specific inhibition of HDAC2 may
increase insulin sensitivity amdpresent a new direction in the search for novel therapies

for type 2diabetes mellitug®

The accumulation ofau proteinis one of the hallmarks of Alzheimer's disea$au is
acetylated by p300, and deacetylated by SIRTHe tau acetylation blocks protein
ubiquitination at the same lysine site and acetylated tau is prone to datinue to

reduced degradation, tau accumulates and contributdgheimer's progressiot?

The abnormal acetylation in nemistone protein is highly relevant with carcinogenesis,
tumor progression and metasta&8ip53 gene is the most frequently mutated gene (>50%)

in most cancer tyeand p53 protein plays a crucial role in preventing cancer formation.
p53 transcriptional regulation mediated by aceiytddeacetylation at several sites
facilitatesDNA repair or cell apoptosis when damaged DNA is irrepardtfmhancer of

zeste homolog 2 (EZH2) is a key epigenetic regulator that catalyzes the methylation of

6



H3K27. EZH2 is acetyled 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 inv&sMitrotubules, part of the
cytoskeleton, are polymers of tubulin that maintain the structure of the cell. Tubulin
acetylation which is regulated lytubulin acetyltransferase 1 (ATAT1) and HDACS6 is
associated with stable microtubules. Elevated tubulirtylt®n caused by ATAT1
overexpression enhancélse formation of microtentacles and promotes adhesion and

invasion of breast cancer ceifs.

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-BoA?* or U-Ac-lysine antibodybased® bioassays.
Those methods all have satisfying sensitivity, simplicity and réliabi analyzing protein
acetylation and indeed promote tevelopment of thevhole acetylation research aréa.
However, disposal of radioactive waste and safety considerations have made radiometric
enzyme assays unpopular. Due to the small size of acetyl lysine group;guatytlysine
antibody is much less robust than spedifiacetytlysine antibody. Thereforacetylation
substrates enrichment from a global view vase@nificantly 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 directathsigacetylated

lysine in different contexts and only 18% shared sites were defédtedircumvent these



limitations, the development of bioothogonal chemical reporter labeled -&@Aykhat
can be used by KATs for labeling substrates has emerged as a solution for acetylation

enrichmen{(Figure 1.3A)?®

John S.Blanchafds gr oup e x p |l-azatyBCdA to itlertify pretean sobktrat€sl
for both yeast acetyltransferase HAT1 and E. coli acetyltransferase 2Rifie. chlore
acetylated products were further functionalized with TAMBAteamine probe for
fluorescent imaging in vitrdFigure 1.3B) However, the chlorinéhiol displacement
reaction is not bioorthogonal sintteere 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 coppeatalyzed azidalkyne cycloaddition (CUAAC) reaction have el
prominent recognition in the chemical biology fiéfddoward C. Hang et al first explored
using alkyneacetytCoA to identify KAT substrate¥.p300 showed a good activity toward
4-pentynoyl CoA (4P¥CoA) as the cofactor for substrate labeling, which suggests that
4PY-CoA serves as a bioorthogonal chemical reporter to study p300 activiBeorge
Zhend s gr oup Hao g&sidtrame fdund Hexynoyl CoA (5H¥Co0A), 6
heptynoyl Cé (6HY-CoA), and azidecontaining analog -&zidopropanoyl CoA (3Az

CoA) were also strongly recognized by p300 which has great cofactor promiscuity. Other
wild-type KATSs, such as MOF, TIP60, GCN5, and PCAF cannot use the alkyaedo
containing AeCoA analogs to modify protein substratéige tonarrowactive pocket. To
solve the probl em, Zhengdéds group did prot

catalytic pocket of KATs GCN5 and MOF to fit in bulkier synthetic cofactors. After labeled



with acyl moety, substrates were further probed with alkynyl or azido tagged fluorescent

reporters byFigorel3Cfk reactiond

Frank J. Dekkeet al introduced alkemydcetytCoA to label endogenous acylated proteins
followed by Heck coupling® RAW 264.7 cells were incubated with sodiurp@ntenoate

which couldform intracellular 4pentenoyiCoA 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 reaciigure 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 acylCoA surrogates.(A) Scheme for lysine acetylation mediated by
acetyltransferases (KATs, wild type or engineered enzymes) and chemical reporters
labelled acetylCoA derivatives. The chemical reporters are further functionalized to
fluorophore for imaging and biotin for gean 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 Hedleaction between alkene apdenylboronic acid
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1.3 Glycosylation
1.3.1 Basis of protein glycosylation

Protein glycosylation is the most abundant and diversetmostlational modificatiof?
Proteins are glycosylated by zmmes or through neanzymatic glycation reaction
between aldehyde of glucose and lysine/arginine residues in proteins. The advanced
glycation end products (AGEs) formed after Maillard reaction are bionsrkeficated

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

kidney disease, &hd Al zheimerodos disease.

The enzymatic glycosylation is a form of -tanslational and pogtanslational
modification that involve around 200 glycosyltransferasé€sGlycosyltransferases are
enzymes that utilize activated nucleotide sagarglycosyl donors, and transfer glycosyl
group to a nucleophilic glycosyl acceptor molecules such as auidioesidusin 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 waysliked glycosylationto asparagine (Asn)

and QGlinked glycosylationto serine (Ser), threonine (Thr) or tyrosine (Tyr) (Figure 1.4).
N-linked glycans all contain a core pentasaccharide of three mannose arid- two
acetylglucosamine (GIcNA@nd are attachet Asn residues at the consensus sequence
of Asn-X-Ser/Th#’ while no consensus sequences are known {fiankad glycans. Mucin

type Oqglycosylation is predominantly @sent on membrane and secreted proteins and

attached to Ser or Thr residues throuditracetylgalactosamine (GalNAc)
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Figure 1.4. Common glycan structuresl-linked glycans are attached to Asn residues
througha core structure formed from two GICNAc and thkéannose residue®-linked
glycans areattached taSer or Thr residueby GalNAc residuesMucin-type Olinked
glycang or GIcNAc residuesd@-GIcNAc glycans).

The glycan structures are highly diverse dodhte different compositions, sequences,
linkages of sugar moieties and length. Nine monosacchar#sding glucose (Glc),
galactose (Gal), mannose (Man),-aetytD-glucosamine (GIcNAc), McetytD-
galactosamine (GalNAc), ddcetylneuraminic acid (Neé& or sialic acid), fucose (Fuc),
glucuronic acid (GlcAand 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. Considerirgnosacchades have multiple hydroxyl groups,
various glycosidic linkages are possiblée variability of glycan lengthandlinkages in
concert with the wide array of monosaccharidesss complex carbohydratesto

informationrich molecules.
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Scheme 1.2Common monosaccharides
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Enzymatic glycosylation is also reversibl8lycosyltransferaseand glycosidases are
responsible for the assemblygjmming, and turnover of glycan$ Glycosidases are
enzymes that catalyze the hydmilyof 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 aceding to their sequens@nd folding similarities.
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1.3.2 Glycosylation in health and disease

Glycosylation hasiumerousfunctionsin the secretory pathway (endoplasmic reticulum
(ER) and Golgif® Glycosylationpromotesthe folding, stability, andsolubility of newly
synthesizedproteirs. Then glycosylated proteins can be regulated by a complex
glycoprotein quality control system (GQC) timaaintains the fidelity of the secretory and
transmembrane proteorf®Glycans camlsoserve as recognition domains td ai proper
trafficking of proteins within the celCell surface tycoproteinshelp mediate cell adhesipn
ligand binding, celcell communication, and immune responsés. Changes in
glycosylation patterns are linked to diseases, highlighting the importance of glycosylation

to protein functiorf?

Congenital disorders of glycgiation (CDGSs) are a rapidly expandiggpup ofrare genetic,
metabolic disorders due to defects in glycosylatio8DGs are usually apparent from
infancy and can varyni severity from mild cases to sever, disabling orthieeatening

cases. Depending on where the defect in glycosylation occurs, CDG phenotypes can result
from altered activation, presentation or transport of sugar precuasta®d expression
and/or advities of glycosyltransferases or glycosidasard altered expression and/or
activities of proteins that control the glycosylation machinery or maintain the Golgi

apparatus?

Antibody dysregulated glycosylation may induce pathologic modifications and ultimately
contribute to the development of autoimmune diseases (AtD&htibody effector
functions are mostly modulated by twegWcans linked to Asn 297 on each antibody

constant fragment (Fdn addition to onserved Fc glycanaround 15/ 25% of serum IgG
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contains glycans within the variabdetigenbinding fragment (Fab). Aberrant antibody
glycosylation has been detected in patients wittumatoid arthritis (RA® In addition to
an increased proportion of Gaéficient Fc glycans, Faportion glycans contain high

amounts of bisecting GIcNAc and core fuctSe.

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

cells®® The most frequently occurring cancer

a

sialylation, fucosyl at i o-finked @ycanl lyyanching. t r un

Glycosylation can help cancer cells escape from immune surveillance agrdmnoed

cell death. For examplerggrammed cell death protein(PD-1) and programmed cell
death ligandl (PD-L1) are key immune checkpoints for tumor immune esdsdaked
glycosylation of PBL1 maintains its protein stability and interaction with-BDand in

turn promotegumor cellsevasion ofT-cell immunity?® Protein glycosylation also help
tumor cells to overcome cadkell adhesion and invade surrounding tissi®alylation is

an important modificatio in cellular glycosylation. Increased sialylation on cancer cell
surface antigesipromotes cell detachment from the tumor m#ssugh electrostatic
repulsion of negative charg®s.Glycosylation in the xracellular 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 methw® been developed for the analysegsrotein
glycosylation. The classical glycan analyses are carrigoyaigting lectins or antibodies.
Lectins are proteins that preferentially recognize and bind sugar groups that are part of
glycoproteins and even frdmating glycans including monosaccharideslthough
pretreatmentof cell or protein samples with glycosidases to selectively remove
monosaccharide residues larger components of extended glycoconjugesesimprove

the performance of affinity moleculdbge utility of lectins and antibodidsr glycoprotein

enrichment isstill limited by lowsubstrate binding affinities and/or pogesificities.

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 reac8prenzyme catalyzed retons, and
metabolic labeling. Sialic acids, a clasdeto acid sugars with a nirgarbon backbone,

can be labeled byeriodate oxidation and anilirmatalyzed oxime ligation (PAL)
method>? 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 reagting
aminooxy or hydrarieprobegScheme 1.3 top}J-or galactose labeling, the Paulson group
developedgalactose oxidase and anilinatalyzed oxime ligation (GAL)method>?
Galactose oxidase imanzyme that specifically oxidize hydroxyl group at thé gosition

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

catalyzed ligatia (Scheme 1.3 bottom)
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Scheme 1.3Labeling glycans using PAL and GAL
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In recent years, metabolitycan engineering (MGEJith bioorthogonal functional groups

labeled monosacchridés live cellshas been a rising strategy fglycosylationstudy>*

This approackhutilizes the promiscity of the enzymes involved in the biosynthesis of

glycans, which allows for the introductiasf unnaturalsugar building blockdearing

bioorthogonal factional groups intgpecific types of glycand he chemical reporteould

be further functionalized to fluorescent probes or affinity tags by bioorthogonal reactions
for imaging or enrichmenf glycoproteins(Figure 1.5) Most metabolic methods have

been focused onabundant sialic acidas enzymes involved in its biosynthesis are

particularly promiscuous.
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Figure 1.5. Schematic overview of metabolic glycan engineering (MGE)emical
reporters functionalized unnatural monag@rides could be installed into glycoproteins
after metabolism in live cells (Step 1). Chemical reporters in proteins could be further
functionalized tofluorophore for imaging study and biotin for protein enrichment by
bioorthogonal reactions.

Althoughincorporating unnatural sugars into cell surface glycans has a long Risiiory,

was Bertozzi groufhatfirst introduced the reactive functional group onto labeling cellular
sialic acids(Figure 1.6)® N-levulinoylmannosamine (ManLewyas converted into the
corresponding keto sialic acid on cell surfatae ketone group coulde detected by
aminooxy or hydrazidefunctionalized probes under optimal pHe5 Sinceghen theMGE
approach has been applied taultiple monosaccharide building block$ncluding
ManNAc, GalNAc, GIcNAc, fucose, and sialic agil8icheme 1.4)The cells are cultured

with media contaimg desired unnatural sugars to modify cellular glycoconjugates.
Through acetylation of the hydroxyl groups in monosaccharides, uptake of sugars across

the membrane bilayer is greatly imprové&ahce iro the cell, peracetylated sugars are
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deacetylated byytosolic esterases, leavitige desired metabolgdor further processing

through the cellular machinery

Scheme 1.4Structures of bioorthogonal groupodified monosaccharides
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OAc OAc R o
R R
AcyManNR Ac,GaINR Ac,sGIcNR Acy4RFuc sialic acid derivatives
R = bioorthogonal functional groups, including alkyne, azide, cyclopropene, etc...

To date, mosof the currently availablbioorthogonateactions have already been applied
in MGE, and many efforts to furéin extend the application of this platform are ongoing
(Figure 1.6" We envision that M& will continue to faciitate theunderstandingpf

important issues that remain to be studieglyobiology.
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CHAPTER 2
STERIC-FREE BIOORTHOGONAL LABELING OF ACETYLATION SUBSTRATES

BASED ON A FLUORINE -THIOL DISPL ACEMENT REACTION S

Reproduced with permission froln Am. Chem. So2021, 143, 3, 1341347
ACS Articles on Requedink:

http://pubs.acs.org/articlesonrequest/ AWBR3PHFEKUDWHMHB9BEZ
Copyright 2021 American Chemical Society

2.1 Revious 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. Representative bioorthogonal reactions such as -afkyee
cycloaddition? Staudinger ligatiod,and tetrazine cycloadditiéhhave resulted in the
successful development of chemical reporters, which in conjunction with detection/affinity
tags, have advanced our understanding of important biological pathways inglcatigig
posttranslational modifications (PTM&)For instance, chemical reporters on acetylation
have revealed many new protein substrates of p300yiding a more robust substrate
recovery from proteome in comparison to @tetyl lysine antibodie$. Yet, current
chemcal reporters are bulky in length and size, thereby impeding their general applications.
Even alkyne or azidbased minimalist reporters for copgmtalyzed azidalkyne
cycloaddition (CuAAC) are still significantly larger than the inherent catiyalrogen

bond (Figure2.1A). 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/azidéelled PTM precursors or cofactdes acetylation
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and methylatiohwere too bulky to be incorporated by many cognate treasds other

t han p300. Woille®e Pphetdbomepngineering stre
enzyme, careful balances between mutations, structure folding, and function (potency,
selectivity, etc) are required.For many acetyltransferases that function as subunits in
protein complexes, mutations in thengihol eo
to results different from in vivo subicylome3*whi ch under mi nes thi s

applications.

Global profiling of PTMsubstrates such as those of acetylation can still be achieved by
antibodybased detections® However, the enriched substrates and sites varied
significantly per antibody® In our hands, a list of commercially available eatetyl
lysineantibodieqTable 2.1yevealed different sensitivity andlsstrate specificity (Figure

2.1B). Taken togethethese results demonstrate tehtcidating the molecular targets of

PTMs such as acetylation has been thereby compromised, despite being a key step towards
the systematic dissection of PTMs and theiesoin biological and pathologglated

cellular signaling regulatioff:®>1! To this end, we asked whether a bioorthogonal reaction

can be developed to generate reporters for the $teadabeling of protein substrates and

thereby allow for the global profiling of molecular targets.
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Table 2.1 Vendor infomation of antiacetyl lysine antibodies

Antibody Catalog number Immunogen Clonality
1 Anti-acetyl Lys;t::dz;ntlbody - Chip Ab21623 Acetylated KLH conjugates Polyclonal
. . . Synthetic peptide corresponding to
2 Recombinant A‘mtl-acetyl Lysine Ab190479 acetyl Lysine conjugated to bovine Monoclonal
antibody .
serum albumin
3 Anti-acetyl Lysine antibody Ab80178 Acetylated KLH conjugates Polyclonal
Synthetic acetylated peptide derived
4 Anti-acetyl Lysine antibody Ab61257 from Lysine-acetlyated proteins (G-A-  Polyclonal
KA-KA-KA-KA-KA-KA).
9 Acetylated-Lysine Antibody CST9441S Synthetic acetylatec_i lysine-containing Polyclonal
peptide.
6 Acetylated-Lysine (Ac-K2-100) CST9814S Combining individual rabbit monoclonal Monoclonal

MultiMab™ Rabbit mAb mix

clones in optimized ratios
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Figure 2.1 AcetylCoA analogs to label acetylation substrates through acetyltransferase
assay. (A) Bond lengths of €H, C-C1 CH, CGNs, and GF on acetamide(B) Global
profiing of lysine acetylation usingantiacetyl lysine antibodies that are
commercially available from different vendors {&L (C) lllustration of the
acetyltransferase assaip)(Summary of the acetyltransferase assay results wHGa¥g,
4-pentynoyl (4PY)CoA, and FAc-CoA analogs, respévely.
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2.2 A stericfree bioorthogonal labeling strategy

The fluorine atom attracted our interest due to its orthogonality from biological
molecules? similarity in size to hydroget?!® and the comparable length of the carbon
fluorine bond to the carbemydrogen bond in acetamide, a representative acetylation
functional group (Figur@.1A).2*® Fluorinated amino acids have been exploited to label
proteins, bringing in minimal perturbations to protein structure and funtiérit? Using
acetylationasa 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 (Figur2.1C). Despite the in vivo toxicity of its prmetabolite fluoroaetate!®

only the latestage metabolite fluorocitrate was found accountable, mostly damaging organ
tissues such as the kidn®y Fluorinated acetytCo A and fl uoroacetat e
found to inhibit any enzyme, and have been successfully used to study metabfokems.

CoA analogs with fluorine @c-CoA)!’ or alkyne (4pentynoyl (4PY)CoA)™ functional

groups were thereby synthesized, and each mixed with key acetyltransferase GCNS5,
MYST2, or TIP60 and their corresponding histone peptide substfatésMass
spectrometric analysis (Figug2) indicated successful acetyl or acetyl analog labelling
after either acetyltransferase was incubated with wild typ€@& or FAc-CoA. On the
contrary, all acetyltransferases failed to incorporate the alkyodified 4PY-CoA, which

is consistent with previaureports? 7°

To check if the fluoroacetyl label could be recognized by histone deacetylases, we also
incubated these fluoroacetylated histone proteins with a few reported deac&tylases

Interestingly, most fluoroacetylation can be efficiently removed (Figug suggesting
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that the label could besal asa substrate for deacetylases as welken together (Figure

2.1D, 2.2, 2.3, fluorine modification on the acetyl group afforded a relatively sfesie

chemical reporter that can satisfactorily label substrates of acetyltransferases.
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Figure 2.2 ESIMS results for using acetfloA analogs to label KAT substrategA)
Acetyl-CoA, (B) 4PY-CoA, and (C) FAc-CoA were each mixed with corresponding acetyl
transferases (GCN5, MYSTZ2, or TIP60) and peptide substrate2qHS-terminal 20aa
H3 peptide, exact mass 2182.2771 m/z; o1284N-terminal 20aa H4 peptide, exact mass
19901885 m/z). Top row of MS spectra: results with GCN5 KAT and H30)1peptide.
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Middle row: results with MYST2 KAT and H4 {20) peptide. Bottom row: results with

TIP60 KAT and H4 (120) peptide. Expected theoretical m/z were shown under each MS
spectrin. a0 fii ndi cates the observed mMdzi mdit caes:
not, which is the case for the assays with 4B0A that only resulted in unmodified wild

type substrates.

Histone H3
Coomassie Blue Fluorescence Scan
Controls SIRT1 Controls SIRT1
-+ -+
a4 -
Histone H4
Coomassie Blue Fluorescence Scan
Controls HDAC
Controls HDAC SIRT2 SIRT2
-+ 1 2 - -+ 1 2 3

Figure 2.3 Western blot assays to evaluate the removal-afelyl groups on histone

substrate by different histone deacetylag¢8fRT1 for fluoroacetylated histone H3,
HDACs 13 and SI RT2 for fluoroacet yd:atiendt ahdts twi
type H3 or H4; Positive ¢tdaftarreatinentivitoic- f | uor
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: fuorine-thiol displacement reaction(FTDR)

Next, we asked whether we can further modify the resulting fluoroacetamides with other
tags such as the f2 ara biairs affieity prob# foredetéctio’d, MR A 0
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 offluorine. One relevant stud has incorporated an alpffiaorinated
acetoplenone moiety) into proteins and observed its reaction with a proximal cysteine.
This led usto hypothesize that fluorinated acetyl groups may react with thiol derivatives,
even at the small molecule level. To test this, we reacted a representatigertipound,
benzenethiol, with a few fluorinated acetyl substrates in water (Scheme 1). In the presence
of a strong base, the primary fluorine alpha to acetophedgnee(one 2), and amide3)

were all efficiently displaced (> 90% vyields). We alsgetved a similar conversion with

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

of the ester given the isolatbénzene ethanside product. The result withparticularly

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

Scheme2.1. Exploration of Fluorinated Substrate

(o) e DBU or K,CO o
or K,CO3
+ - < 5 SPh
RJK/F @ H,0, rt R/U\/

@)1/F wp QﬁHLF QAOLF

2h, 91% 0.5h, 98% 0.5 h, 93% 18 h, 14%

To identify the optimal pH range for this reaction, we titrated the pH (F&ydrand found
that the reaction rate significantly increased with pH, likely due to the increased

deprotonation of benzenethiol.

32



|\ 1 pH 6.5, 12h

H =
ot O,
- » VB
L& A
| \
= "
‘ | g B _
) _
- I‘ \ pH 7.5, 12h
|
|
|
.
|
I\ | S -
= M pH 8.5, 12h
\
[ |
| (
\ o
) —
B. pH Titration of the FTDR
16% -
14% 4
12%
£ 10% -
[ =
g 8% 4 m12h
g
€ 6% A
Q
4%
2% ] .
0%
pH 6.5 pH7.5 pH 8.5

Figure 2.4 Optimization of the fluoringhiol displacement reaction (FTDR) by titrating

the effects of reaction pH valuesStandard nucleophile (thiophenol) and subs@gt2
Fluoro-N-phenethylacetamide) were used. (A) RepresentativMBGpectra of reaction

mixtures after 12 h of reactiomuwd er vari ed pHO6s. (B) Summar
at different reaction pHOs.
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Using the mildly basic condition, pH 8.5, in which the reaction has the best reaction rate,

we examined substraB® s

reactivity

wi t h gdsuongintrinsico n e

nucleophiles that exist in cellular environments (Fig@rs2.§. Surprisingly, no reaction

was observed for both cases upon incubation fdr, 2liggesting that substra&eould be

bioorthogonato other nucleophilic species.

A.
A /n ~~E
S
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B.
o o 1'5"H ]
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Figure 2.5 Substrate 3 (Eluoro-N-phenethylacetamide) is stable upon incubation with
glutathione.(A) *H-NMR spectra o8 (25 mM in 1:1 mix of deuterated sodium phosphate
buffer and MeOD, pH 8.5). (BH-NMR spectra of reduced glutathione (GSH) (25 mM in

1:1 mix of deuterated sodium phosphate buffer and MeOD, pH 8.5}H(SMR spectra

of the mixture of3 (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 &€ 3ihder the nitrogen

atmosphere.
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Figure 2.6. Substrate 3 (Eluoro-N-phenethylacetamide) is stable upon incubation with
cysteine. (A) *H-NMR spectra of3 (25 mM in 1:1 mix of deuterated sodium phosphate
buffer and MeOD, pH 8.5). (BH-NMR spectra of reduced glutathione (GSH) (25 mM in
1:1 mix of deuterated sodium phosphate buffer and MeOD, pH 8.5}H(EMR spectra

of the mixture of3 (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 &t ihder the nitrogen
atmosphere.
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We then investigated substitution effects on benzenethiol in ordefi¢cently convert
fluoroacetamide under the mild physiological reaction condffidBxploration of a series

of benzenethiol derivative$-3) found that electron donating groups at the ortnud

para positions facilitate the reaction by increasing the nucleophilicity (Figuje &iven

their theoretical pKa values (< 7.0J4¢ble 2.3, almost all of these derivatives should be
fully deprotonated. The most reactive derivath&,is a trtmethoxy analog that can reach

~ 81% reaction conversion within 13 h. Despite potential issues regatdimgfsr the
ortho substitutions, the superior reactivity b8 in comparison to the metaubstituted
derivativel2indicated that the methoxy groups are not bulky enough to perturb reactivity.
Likewise, derivatived that only bears two substitutionistae electron donating sites ended

up possessing the same reactivitylas

Table 2.2 Summary of the pKa values of the benzenethiol derivatives. The data was
referred from the SciFinder database

SH SH SH SH SH

@ <> i i i OMe
NO, N OMe OMe
Benzenethiol 4-Nitrobenzenethiol 4-(Dimethylamino)benzenethiol 4-Methoxybenzenethiol 3,4-Dimethoxybenzenethiol
5 (6) @) (®)
pKa  6.61+0.10 4.68£0.10 10.14£0.24 6.76 £0.10 6.52+0.10
SH SH SH SH SH
<>/0Me MeO oMe /@\ Me0\<>/0Me
MeO OMe
MeO oM
OMe © © OMe OMe

2,4-Dimethoxybenzenethiol 3,5-Dimethoxybenzenethiol 2,6-Dimethoxybenzenethiol 3,4,5-Trimethoxybenzenethiol 2,4,6-Trimethoxybenzenethiol
(12)

pKa 6.75%0.48 6.14+£0.11 6.61 £ 0.50 6.29+0.15 6.74 £ 0.50
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Figure 2.7. Structureactivity relationship study of benzenethiol derivativgs) Scheme

of the benzenethiol derivatives. (B) Plot of the conversion against reaction(@ne.
Representative LGS spectra for analysis of the reaction mixtures undergoing general
procedure B. The UV trace was for the reaction between sub&ate the nucleophile
2,4, 6trimethoxybenzenethioll@) after 13 h of incubation at 3. Identities of the peaks
were confirmed by the corresponding B&$ analysis.
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Follow-up kinetics studies based on the reported procedusesygested that the
bimolecular reaction betwe&andl13followed second order kinetics, and had an observed
rate constant of (1.03 +0.06) x oM S* (Figure 2.8), which is similar in rates to the

classic Staudinger ligation reactiétf®
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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 the assays were
repeated independently at three different concentrations (40 mM, 80 mM, GmaM)6
Plotting 1/[X} (concentration of either reactant at timegpinst time yielded the rate
constant ((0.37 +0.06) x 1M st for 3and12, (1.03 +0.06) x 1 M1s? for 3and13).

The reported values represented an average of the threpemdkent experiments as
mentioned above.
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Moreover, the stability 013 along with substrat8 were further evaluated in cell lysates
(Figure2.9), where they remained mostly intact (61.8% and 100%, respectively). On the
contrary, controB-Cl pos®ssing the reported chloroacetamfoeas not stable, with only
0.15% remained. This result is consistent with previous observations that chloroacetamide

readily reacted with cellular proteirs.
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Figure 2.9 The stability and reactivity evaluations of the hatetamide tags and the
probe 13 in mammalian cell lysatg#) The model substrat& control3-Cl, or the probe
13 was each mixed with the corresponding internal standaddincubated within the
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HEK293 cell lysates for 14 h under the same FTDR reaction conditions, respedthely.
compounds were then recovered by extraction and analyzed-M3.(B) Representative
results of the peak area and m/z information oAMLE for each group analyzed before and
after incubation with the cell lysates.

With the aid of LEMS/MS, the FTDR product & and13in cell lysates was confirmed

(Figure2.10), further corroborating thieioorthogonalityof FTDR.
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Figure 2.10.The FTDR reaction in mammalian cell lysat@s. The model substratand
probel3were mixed in the presence of HEK293 cell lysates. After incubatiorf@tf@i7

5 h, the mixture was extracted and analyzed 6yMS/MS. (B) LGMS (top panel) and
MS/MS (bottom panel) analysis of the cell lysate mixture identified the FTDR reaction
product4?.
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Notably, wildtype AcCoA has been regarded as a central metabolite that can be also used
for ketogenesis, mevalongtathway, and fatty acid synthedfsF-Ac-CoA as a mimic of
Ac-CoA was demonstrated to be takgmby fatty acid synthetases to make fludatty

acids?® most of which are also classic PTM&le thereby tested the FTDR reaction
between prob&3and the alphdl uorinated model substrates of fatty acids such as butyrate,
myristic acid, palmitic acid, malonic acid, and succinic acid, €kgure 2.11).
Surprisingly, no FTDR reaction was observed with these substrates, suggesting that due to
the increased steridridrance the secondary fluorides in these fatty acids may not be as
readily displaceable as the primary fluoride in fluoroacetantishethe other hand, these
observations also indicated the potential uniqueness of fluoroacetamide and its
orthogonality to ther fluorinesubstituted natural molecules for FTERsed detection,

imaging, and target identification.

Scheme 2.ZExploration of other fluorinated PTMs

o SH TCEP, pH 8.5 o MeQ
E MeO OMe  Tris buffer/DMF Lys/Gl )HAS OMe
Lys/Gly + e R
R MeO

OMe

Model substrates

of fatty acids Probe 13
0 o o o
OH
PN Ao A
F F F O
OH H
AcHN AcHN OH ACHN o
o o o
Butyrylation Malonylation Succinylation

Myristoylation Palmitoylation

41



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
guestion of converting fluoroacetamide to functional detection tags such as fluorescent
dyes and biotin probe&s$.2° We started by constructing a biotin prdfid, Biotin-SH) that
contains the benzenethiol structurel@fas the warhead and the glutamic acid building

block (29) as the connecting unit to improve overall solubilBgi{eme<.3).

Scheme 2.3Bynthesis of Biotin-SH
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Due to the convenience of EBIS 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 (Figu2ell).
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Figure 2.11 Biotinylation of fluorinated H20 peptide based on the Fluorhkiol
Displacement ReactionShown below the reaction scheme is the-ESl spectra of the
fluorinated H320 peptide (A) before and (B) after reacting with BigdH during the
process of bibnylation.

Next, we examined the whole process of labelling and tagging on histone protein substrates.
Histone H3.1 and H4 subunit (Figu2el? were each incubated withAc-CoA, and the
corresponding KAT under standard in vitro enzymatic reactionitions.”® The mixtures

were then incubated with the BiotBH probe for varied time periodsith subsequent in

gel fluorescent imaging to detect the biotin tagging. For both histone proteins, efficient
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biotinylation occurred within h of incubation, and gradually reached saturation after 3
Staining with Coomassiebrilliant blue (CBB) also revealed a complete change of
molecular weight, presumably due to the {step modification.The minimal signal
observed from the control group without prior fluorination also indicated the relative
specificity of BiotinSH. Conaurrently, failure of biotinylation was observed for the group
using CuAAC labeling, which was consistent with literature reports, and confirmed that

many KATSs are incapable ap takingsterically hindered substrateis’”

In addition to histones, a growing number of flostone substrates were recently
uncovered, with their roles in protein functiomgulation beoming increasingly
appreciated! For instance, erdncer of zeste homolog 2 (EZH2) was revealed to be
acetylated by PCAF mainly at | ysine 348, w
the migration of lung cancer ceffs To evaluate whether our labeling strategy is applicable

to norrhistone substratese specifically constructed and expressed the truncated form of

EZH2 (1-:500) inE. coli, withashakd | ask yi el d of approxi matel
purity and size were confirmed by SIPAGE (Figure2.12C lef). Reaction of the EZH2

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

of tagging. Taken together, these observations displayed thefteria 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 Bi&H probe. (A)

Reaction scheme; The red star indicates IR dyeC)Babeling of histone protein H3.1,

H4, and nonhistone substrate EZH25Q0), respectively; The top panel for (B) and the

left panel for (C) are gel images after CBB staining. The other images aredel in
fluorescent detection of IR dye. ACO 1 s th
prepared by NHS ester labeling ofthey si nes on EZH2 with the ¢
followed by CuAAC reaction with the corresponding biotin linker.
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2.5 Steric-free labeling acetylated protein inlive cellsusing FTDR

For labeling proteins in living cells, azide or alkyne analogsattl facids have been
exploited, which were metabolized intracellularly into CoA derivatie& To increase
their cellular deliery, premetabolites with esters masking the polar carboxylate group
constituted an effective strategy in recent yéarsNevertheless, the intrinsic steric
hindranceof these prametabolites resulted in varied and suboptimal labeling reSuits,
sometimes requiring extensive sttural optimizatior?? To explore the utility of our
probing system for studygnacetylation in the cellular level, we designed the fluorinated

version of premetabolite, ethyl fluoroacetate (Figuzel3).
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Figure 2.13 Cellular evaluation of FTD®Rased tagging with TAMRASH probe. (A)
Scheme for cellular pranetabolite incorpotgon (1 mM, 6h, at 37 €, 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 pm.
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(C) Cell lysate protein labelingylpro-metabolites and detection by TAMRA probes (red);

Left panel: PAGE gel stained by CBB; Rightpanelgle | f | uor escent det e
positive control for CUAAC, which randomly labelled lysines on BSA with akltkS

ester, followed by CUAAC méaked conjugation with TAMRAAIkyne. A HATI 0 i ndi c
the addition of HAT inhibitor (A485) prior to step 1.

Given the in vivo toxicity of fluoroacetaté we first evaluated the cell cytotoxicity and
found that this pranetabolite exhibited minimal toxicity with doses up to 2 mM after 12

h of incubation (Figur@.14).
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Figure 2.14. In vitro cell cytotoxicity assay to confirm the nontoxicity of ethyl ester pro
metabolites. Relative cytotoxicity on (A) HelLa cells and (B) HEK293T cells by ethyl
fluoroacetate or the control ethyl azidoacetate after 12 h of incubatiorploée=l. Error
bars represent SD of three replicates.
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Additional LCG-MS/MS studies indeed confirmed its conversion by enzymes to
fluoroacety!CoA in live cells (Figure2.15, which, taken together with the observed
minimal toxicity in cell lines, cow support the applicability of ethyl fluoroacetate and its

CoA metabolite to studies in the cellular level.
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Figure 2.15 LC-MS/MS analysis of fluoroacetyoA formation in HEK293 cells treated
with the premetabolite fluoroacetatg/A) LC-MS of HEK293cell extract demonstrating
the eluted peak specific to fluoroaceGbA (828.1265 m/z). The cells were treated with
1 mM ethyl fluoroacetate for 2 h. (B) EMS of extracts from preheated HEK293 lysates
that was incubated with 1 mM ethyl fluoroacetateZd. (C) Product ions derived from
fluoroacetydCoA for MS/MS analysis(D) LC-MS/MS fragmentation analysis of the
eluted fluoroacetylCoA peak.
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With confidence in the safety profile of our pmeetabolite, we started by treating it with
two represemttive cell lines, HeLa and HEK293, followed by subsequent FTDR with the
TAMRA-SH probe 15 as the second step for fluorescent detection (Figut&A).
Treatment with the azido modified proetabolité’> and the TAMRAalkyne (L6) for
CuAAC chemistry was performed in parallel as a control, wherein weak signals were
previously reported Direct microscope imaging studies (Fig@:d 3B) revealed much
stronger intracellular labeling and tagging with TAMRA following tAéDR based
approachsuggesting a drastically improveahd more complete profiling of acetylation
substratesWe also observed significant fluorescence not only in the nucleus but also in
the cytoplasm, which may indicate the successful labeling of bstibrieis and nehistone
proteins. The little background signals emitted from the cells treated witlLB(dyep 2)
further demonstrated the specificity of the develop8H probes.Following similar
procedures, we also tested the labeling of the celldgsafter metabolic incorporation of
fluorine reportersLysates following FTDR or CUAAC mediated ligation with TAMRA
were separated on SEFAGE and visualized by CBB to confirm equal amount of protein
loading (Figure2.13C). Yet, multiple labelled proteibands spanning a wide range of
molecular weights were observed only for the lysates of cells that underwent a complete
two-step process of FTDR (Figurg.13C). This discovery was consistent with the
microscope imaging results. Furthermore, pretreatofehe cells with A485 (potent and
selective p300/CBP inhibito? (Figure2.13C) before the twestep process of FTDR also
resulted in weaker labeling intensity, which is consistent with the previously reported
results using HATI2323# |n addition, we exploited the concurrent incubation with HDAC

inhibitor cocktails and observed slightly decreased labeling (Figur®, which was
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consistent to literature repofts’2 32 suggesting that incorporation ofdeetylation needs
prior deacetylation of intrinsically acetylated lysinsideies in order to make the lysine
available. Thus, blocking the removal of witype acetylation prevents metabolic
incorporation of Facetylatiorf® 7232 Taken together, these observations fully supported
that FTDR allowed for profiling the proteorwéde substrates of acetylation from the

cellular contexts.
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Figure 2.16 FTDR-based imaging of acetylation after concurrent HDAC inhibitiOh)
HEK293 cells treated with the proetabolite ethyl fluoroacetate with or without the
presence of the HDAC inhibitor cocktail (ABEBIO) for 6 h or 12h, before lysis and
FTDR reaction. Left: CBB staining of all the cell lysate samples after FTR&ioa;
Right: Fluorescent imaging. (B) The proposed hijacking of intrinsic acetylation. Under
the dynamic acetylatiedeacetylation equilibrium, the acetylated sites on protein
substrates could be deacetylated to allow for modification-Bg Eop row) With the
equilibrium blocked by HDACI, the intrinsic acetylation may compete widttétylation.
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2.6 Validation of the FTDR-based labeling of acetylation substrates

To further validate that the FTDBased twestep metabolic labeling occurs on acdigia
protein substrates, we performed histone extraction (Figuréd) and confirmed the
existence of TAMRA labeling on the primary acetylation substrates, histones (Figure
2.1B). As controls, both the treatment with HAT inhibitors and the competititim w
acetate have resulted in decreased TAMBAprobe labeling, suggesting that the FFDR
based twestep labeling is acetyltransferadependent, and relies on-Age-CoA
metabolites. To test if the FTDBased labeling can be used to enrich these protein
sulstrates, we treated cell lysates with the Bik&H probe in ste@g andpulled down the
labelled proteins (Figurg.17A). Western blot analysis confirmed the presence of known
acetylation substrates including histones, and aiphalin® only in the protein pool
enriched from the cell lysates that have been subjected to thstdpvgrocess (Figure
2.17C). Accordingly, pretreatment with HAT inhibitors decreasedrheberof proteins
enriched, particularly for H3 and H4. The level of alphiaulin was not significantly

perturbed, likely due to the fact that certain acetylation sites such as lysine 4Gan alp

tubulin are mediated by o¥*ha weremnottatggtddbyr an s f

the administered HAT inhibitors.
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Figure 2.17 Validation of the FTDRbased labeling of acetylation substra{@3.Scheme

for cellular premetabolite incorporation (step 1), protein substrate labeling by TAMRA
SH (step 2), and extraction of the known acetylation substrates histones; or protein
substrate labeling by BiotiSH probe (step 2), enrichment with strefden beads,
followed by western blot analysis of the proteins pulled down to examine the existence of
alphatubulin, histone H3 and H4. (B) The histone extraction results. Top pangél In
fluorescent detection; Bottom panel: CBB. (C) The western bipttesults.i HAT i 0
indicates the addition of anacardic acid and MG*49.

H4 -——

Lastly, to gain insight into the specific labeling sites by our tagging strategy, we extracted
out histones and pulled down alptudbulin from the cells having incorporated the -pro
metabolite ethylfluoroacetateand carried out proteomics studigFigure2.18A). As
shown in Figur@.18B andC, 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, ansithg 91 of histone H4; lysine 40, lysine 60,

lysine 163, lysine 164, lysine 166, and lysine 280 of alpbalin. Almost all of these
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sites have been consistent with the previous literature reports on acetylatidf sttes,

further demonstrating that this labelistyategy can probe lysine acetylation in a general

manner.
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Figure 2.18 Validation of the fluoroacetyl labeling sites on known protein substrates by
proteomics analysis(A) Scheme for cellular pranetabolite incorporation, lysis, and the
histone prteins extraction; or immunoprecipitation of alptudulin after cellular pro
metabolite incorporation. (B) Summary of thé\E labeling sitesred) on representative
histone proteins H2B, H4 (PDB: 1kx5), and aktbaulin (PDB: 1tub)(C) The proteomics
analysis of histone H2EC1), H4 (C2) andalphatubulin (C3) which were extractedor
immunoenriched from HEK293 cellsafter treatment with prmetabolite ethyl
fluoroacetate. Pink legend:d€etylation; Purple legend: wild type acetylation. The N
terminalamino acidof H2B is prolinewhile H4 isserine.
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C1

Database:  20200916_WangR.fasta Source:  YZ-3-5 (non-Razor peptides included)

Protein ID: Co0004 Protein Name: _ CUST Histone H2B

Monoisotopic Mass:  18,029.73 Amino Acid Coverage:  99/166 = 59%

1 166

u . —

1 MPDPAKSAPA PRERGSERAVT BVOKKDGKKR KRSRKESYSV YVYRVLKQVH PDTGISSKAM GIMNSFVNDI FERIAGEASR LAHYNKRSTI

91 TSREIQTAVR LLLPGELAKH AVSEGTKAVT KYTSSNPRNL SPTKPGGSED RQPPPSQLSA IPPFCLVLRA GIAGQOV

Legends:
W +15.99 : Oxidation W +42.01 : Acetyl +60.00 : F-Acetyl

Peptide: Count: Position: Peptide: Count:  Position:
EIQTAVR 1 94-100 KRSRKESYSVYVYKVLKQVHP DTGI $SKAMGIMNSFVNDI FERTAGEASR 31-80
TAGEASR 1 74-80 LAHYNKR 2 81-87
TAGEASRLAHYNKRSTITSREIQTAVE 2 74-100 PDPAKSAPAPRKGS KKAVTRVOKKDGKKR 1 2-30
KESYSVYVYKVLKQVHPDTGISSKAMG IMNSFVNDIFER 4 35-73 PDPAKSAPAPKRGSRKAVTKVOKKDGKKR 1 2-30
KESYSVYVYKVLKQVHPDTGI $SKAMGIMNSFVNDIFER 4 35-73 PDPAKSAPAP KRGS HRAVTKVOKKDGKKR 1 2-30
KESYSVYVYRVLKQVHPDTGI $SKAMGIMNSFVNDIFER 1 35-73 PDPAKSAPAPKKGSRKAVTRVOKKDGKKR 3 2-30
KESYSVYVYKVLKQVHPDTGI SSKAMGIMNSFVNDIFER 14 35-73 PDPAKSAPAPKKGS HRAVTKVQKKDGKKR 1 2-30
KESYSVYVYKVLEQVHPDTGI SSKAMGIMNSFVNDIFERIAGEASIR 35-80 PDPAKSAPAPKKGSKKAVT.VQKKDGK‘KR 4 2-30
KESYSVYVYKVLKQVHPDTGISSKA.GIMNSF'VNDIFERI}\GEAE 35-80 PDPAKSAPAPKKGSKKAVTKVQKKDGKKR 8 2-30
KESYSVYVYKVLKQVHPDTGI SSKAMGIMNSFVNDIFERIAGEASIR 35-80 PDPAKSAPAPKKGSKKAVTKVQKKDGKKRKR 4 2-32
KESYSVYVYKVLKQVHPDTGI SSKAMGIMNSFVNDIFERI AGEASR 35-80 SRKESYSVYVYKVLKQVHPDTGISSKAMGIMNSFVNDIFER 2 33-73
KESYSVYVYKVLKQVHPDTGI SSKAMGIMNSFVNDI FERI AGEASR 35-80 SRKESYSVYVYKVLKQVHPDTGISSKAMGIMNSFVNDIFER 1 33-73
KRSRKESYSVYVYRVLKQVHPDTGI SSKAMGIMNSFVNDIFER 1 31-73 SRKESYSVYVYKVLKQVHPDTGISSKAMGIMNSFVNDIFER — § 33-73
KRSRKESYSVYVYKVLKQVHPDTGI SSKAMGIMNSFVNDIFER 1 31-73 SRKESYSVYVYKVLKQVHEDTGISSKAMGIMNSFVNDIFERIAGEASR  33-80
KRSRKESYSVYVYKVLKQVHPDTGI SSHAMGIMNSFVNDIFER 2 31-73 SRKESYSVYVYKVLKQVHE DTGISSKAMGIMNSFVNDIFERIAGEASR  33-80
KRSRKESYSVYVYKVLKQVHPDTGI SSKAMGIMNSFVNDIFER 1 31-73 SRKESYSVYVYKVLKQVHEDTGISSKAMGIMNSFVNDIFERIAGEASR  33-80
KRSRKESYSVYVYKVLEQVHPDTGI SSKAMGIMNSFVNDIFER 2 31-73 SRKESYSVYVYKVLKQVHE DTGISSKAMGIMNSFVNDIFERI AGERSRLAHTNKRT
KRSRKESYSVYVYKVLKQVHP DTGI SSKAMGIMNSFVNDI FERIAGEASR 31-80 STITSREIQTAVR 2 88-100

KRSREKESYSVYVYRVLEQVHPDTGISSKAMGIMNSFVNDIFERIAGEASR 31-80
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Cc2

Database: 20200916 _WangR_fasta Source:  ZL-2-5 (non-Razor peptides included)
Protein ID:  C00002 Protein Name: _ CUST Histone H4
Monoisotopic Mass:  11,360.39 Amino Acid Coverage:  96/103 =93%

1

1 r%ﬂ_
B 3

103

91

Legends:
W +15.99 : Oxidation M +42.01 : Acetyl [ +60.00 : F-Acetyl
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Peptide: Count: Position: Peptide: Count: Position:

DAVTYTEHARR 3 69-79 GRGGKGLGKGGAKR 2 5-18
DAVTYTEHARR 8 59-79 GRGGRGLORGCAKR 2 5-18
DAVTYTEHAKR 22 69-79 GKGGKGLGKGGAKR 1 5-18
DAVTYTEHAKRKTVTAMDVVYALKR 1 69-93 GRGGKGLGKGGAKR 2 5-18
DAVT YTEHAKRKTVTAMDVVYALKR 2 69-93 GKGGRGLGKGGAKR 2 5-18
DAVTYTEHAKRKTVTAMDVVYALKR 1 69-93 GKGGKGLGKGGAKR 3 5-18
DAVT YTEHAKRRTVTAMDVVYALKRQGR 1 69-96 GVURVFLENVIR 4 57-68
DAVT YTEHAKRRKTVTAMDVVYALKRQGRT LYGFGG 3 69-103 GVLEVFLENVIR 6 57-68
DAVTYTEHAKRKTVTAMDVVYALKRQGRT LYGFGG 1 69-103 GVLEKVFLENVIR 37 57-568
DAVT YTEHARRKTVTAMDVVYALKRQGRT LYGFGG El 69-103 GVLKVFLENVIRDAVTYTEHARR 1 57-79
DAVTYTEHAKRRTVTAMDVVYALKRQGRT LYGFGG 2 69-103 GVLEVFLENVIRDAVT YTEHAKR 3 57-79
DAVTYTEHAKRKTVTAMDVVYALRROGRT LYGFGG 4 £9-103 GVLKVFLENVIRDAVT YTEHAKR 3 57-79
DAVTYTEHAKRKTVTAMDVVYALKRQGRT LYGFGG 19 69-103 ISGLIYEETR 33 47-56
DNTQGTTRPATR 7 25-36 TSGLIYEETRGVLKVFLENVIR 1 47-68
DNIQGITKPAIR 17 25-36 ®rvTaliDvvyalBr 1 80-93
DNIQGITKPATR 21 25-36 RTvTABDVVYALKR 6 80-93
DNIQGITKPAIRR 1 25-37 KTvTERDVVYALRR 2 80-93
GGVKRISGLIYEETR 1 42-56 KTvTAMDVVYALKR 11 80-93
GOVKRISGLTYEETR 3 42-56 Brvraliovvyarkn 3 80-93
GGVKRISGLIYEETRGVLEVFLENVIR 1 42-68 RrvraMpvvyalRe 1 80-93
cRoclic LoRccaRR 4 5-18 ®rvTEMDVVYALRR 2 80-93
GRGGKG LGRGGARR 2 5-18 KrvTAMDVVYALKR 18 80-93
GRGGRGLGRGGARR 1 5-18 RTVTAMDVVYALRR 2 80-93
GRGGHRG LGRGGAKR 2 5-18 KTVTAMDVVYALKR 8 80-93
GRGGKGLGRGGAKR 1 5-18 KTvTAMDVVYALKR 28 80-93
GRGGRGLGRGGARR 2 5-18 RrvTAMDVVYALKR 7 80-93
GRGGHRGLGKGGAKR 2 5-18 KTvTAMDVVYALRR 4 80-93
RocReLexecaln 2 5-18 KTVTAMDVVYALKR 13 80-93
cReclcLolceakn 1 5-18 KTVTAMDVVYALKR 19 80-93
GRGGHGLGRGGARR 1 5-18 KTVTAMDVVYALKR 77 80-93
GRGGRGLGKGGARR 2 5-18 KTVTEMDVVYALKRQGR 1 80-96
GHGGHRGLGRGGAKR 1 5-13 KTVTAHDVVYALKRQGRTLYGFGG 2 30-103
cRocBoL.eRGGARR 3 5-18 RTVTABDVVYALKRQGRTLYGFGG 2 80-103
cRocRoLeRGGARR 2 5-18 RTVTAMDVVYALRRQGRTLYGFGG 1 80-103
GRGGKGLGKGGAKR 2 5-18 KTVTAMDVVYALKROGRTLYGFGG 2 30-103
GROCKCLGRGGARR 1 5-18 RTvTaMDVVYALKROGRT LYGFGG [ 80-103
srecReLeKecARR 1 5-18 KTVTAMDVVYALRRQGRTLYGFGG 2 80-103
SROCKGLGKGGARR 2 5-18 RTVTAMDVVYALKRQGRTLYGFGG 3 80-103
GRGCKGLGKGGARR 1 5-18 KTVTAMDVVYALKROGRT LYGFGG 4 80-103
GRGGRGLGKGGAKR 1 5-18 KTVTAMDVVYALKRQGRT LYGFGG 19 80-103
GKGGRGLGKGGARR 2 5-18 KVLRDNIQGITKPAIR 2 21-38
GKGGHGLGRGGAKR 2 5-18 SGRGKGGRGLGKGGARR 1 2-18
GKGGRGLGKGGAKR 1 5-18 SGRGRGGKGLGKGGAKR 2 2-18
GKGGKGLGKGGARR 2 5-18
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C3

Database:  UP20191010_Human_9606.fasta Source:  C (non-Razor peptides included)
Protein ID:  Q71U36 Protein Name:  Tubulin alpha-1A chain OS=Homo sapiens 0X=9606 GN=TUBAI1A PE=1 SV=1
Monoisotopic Mass:  50,103.61 Amino Acid Coverage:  209/451 = 46%

o= F—— T i}

1 MRECISIHVG QAGVQIGNAC WELYCLEHGI QPDG‘;’PSD! TIGGGDDSFI TEFSETGAGK HVFRAVFVDL EPTVIDEVRT GTYRQLFHPE

91 QLITGKEDAA NNYARGHYTI GKEIIDLVLD RIRKLADQCT GLQGFLVFHS FGGGTGSGFT SLLMERLSVD YGKKSKLEFS IYPAPQVSTA

181 WEPYISILT THTTLEHSDC AF!UDNEAIY DICRRNLDIE RPTYTNLNRL IGQIVSSITA SLRFDGALNV DLTEFQTNLV PYPRIHFPLA
271 TYAPVISAEK AYHEQLSVAE ITNACFEPAN QMVKCDPRHG KYMACCLLYR GDVVPKDVNA AIATIKTKRT IQFVDWCPTG FKVGINYQPP

361 TVVPGGDLAK VQRAVCMLSN TTAIAEAWAR LDHKFDLMYA KRAFVHWYVG EGMEEGEFSE AREDMAALEK DYEEVGVDSV EGEGEEEGEE

451 7

Legends:
W +0.98 : Deamidation W +15.99 : Oxidation W +42.01 : Acetyl +60.00 : F-Acetyl

Peptide: Count: Position: Peptide: Count: Position:
CISIHVGQAGVQIGNACWE 5 4-22 KAYHEQLSVAE 1 280-290
DAANNYARGHYTIGKE 1 98-113 KATHEQLSVAE 3 280-290
DMAALEKDYEE 1 424-434 LYCLEHGIQPDGQMP SDKTIGGGDDSFNTFFSE 2 23-55
FOQTNLVPYPRIHFPLATYAPVISAE 2 255-279 QLITGKEDAANNYARGHYTIGKE 3 91-113
FSIYPAPQVSTAWEPY.SILTTHTTLE 1 169-1%96 QLSVAE 1 285-290
FSIYPAPQVSTAVVEPYNSILTTHTTLE 5 16%-1%9¢ RLSVDYGKKSKLE 1 156-168
HGIQPDGQMPSDKTIGGGDDSF.TFFSE 5] 28-55 RLSVDYGKKSKLE 1 156-168
HGTOPDGOMPSDRTT6GGDDSFNTFRSE 9 28-55 RLSVDYGKKSKLE 2 156-168
HGIQPDGQMPSE.TIGGGDDSFNTFFSE 1 28-55 RLSVDYGKKSKLE 13 156-168
HGIQPDGOMPSDETIGGGDDSFNTFFSE 1 28-55 TGAGKHVPRAVFVDLEFTVIDE 1 56-77
HGIQPDGOMPSDKTIGGGDDSFNTFFSE 10 28-55 TGAGKHVFPRAVFVDLEPTVIDE 1z 56-77
HGIQPDGOMPSDKTIGGGDDSFNTFFSETGAGKHVPRAVEVDLERIVIDE 28-77 TGAGKHVPRAVFVDLEPTVIDEVRTGTYRQLFHPE 3 56-90
HSDCATHVDNE 2 197-207 VRTGTYRQLFHFE 4 78-90
HSDCAFMVDNE 2 197-207 VRTGTYRQLFHPEQLITGKE 2 78-97
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2.7 Nonrenzymatic acetylation and Nterminal acetylation

Non-enzymatic lysine acetylation mediated by reactive ad¢btgl compounds such as
acetylCoA has beerreported on human serum albumin, purified histones, lysine
containing polypeptides, and recombinant bacterial prot&ir®ubstitution with the
electronwithdrawing fluorneindeedendowed a much higher hydrolysis rate taé¢-CoA,

which somehow did not display significantly greater 1emzymatic reactivity (Figure
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Figure 2.19 Chemical reactivity of fluoroacetfloA (FAc-CoA) and acetyiCoA (Ac-

CoA). (A) Comparison of rates of hydrolysis of 10 pMA€-CoA and 10 M AcCoA at

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

7.5 x 10°s? for F-Ac-CoA, and 2.0 x 18s? for Ac-CoA, resgctively. (B) The non

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

albumin (BSA) atpH 7.00rpH8.0,3Z;The positi vAcedmmttredl, , wiaNH S
in parallel, which was supposed to readily modify lysines of B8A acetates. Top row:

western blot for acetylysine or Facetyl lysine residues on BSAhe Multivab™

antibody (AeK-100, Cell Signaling) used for western blots are a mixture of monoclonal
antibodies that can recognize acdygine and Facetyl lyshe. (C) Characterization of the
nortenzymatic Facetylation using the TAMRASH probe based on FTDR. The positive
controdF-AcaiNBBSeo, was prepared byacemtesi fying

Notably, Nterminal acetylation has recently drawgrsficant research interest, which is
catalyzed by a specific class oftBrminal acetyltransferases using-80A, and has been
revealed to play important roles in protein functions and cellular locatiorfs, Biating

the preliminary proteomics studies of histone H2Band H4 (F@@@) , we havenodt
able to observe any-&cetylation at the Nerminus.Although Nterminal acetylation is
widespread and common in human proteins, it may exilst partially within the pool of
molecules of a given protein substrétand there are many internal lysine acetylasives

for each Nterminal potein° Special enrichment techniqd&swill be necessary for our

future studies in order to observet®&minal acetylation. More importantly,-términal
acetylation is considered irreversii, which could block the incorporation of- F

acetylation to the intrinsic ferminus.

Thus, our FTDRbased labeling and imaging may be specifieritaymaticinternal lysine

sites.
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2.8 Conclusion

In summary, we have developed a fluofth®l displacement reaction (FTDR) and
demonstrated its use for the stdnee labeling of protein substrates of a representative

PTM, acetylation. Along with thbenzenethiol derived functional tags, the FFbésed

imaging and detection of substrates demonstrated great potential for globally profiling
acetyl transferasesd substrates, whi ch are
of acetylation in phgiology and disease. Although the fluorine tag possessestézis
hindrancethan the alkyne/azide tags commonly used for CUAAC chemistry, our FTDR
appeared to be slower than CuAABdtetrazinebased bioorthogonal reactiotfsyhich

could Iimit this methodol ogy0s-timeamagisgi n bi o
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 expéateffer 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 6Qskplates (EMD Chemicals). The
chemicals on TLC were either visualized by UV 254 nm (UV lamp, Chemglass Life
Sciences) or stained by phosphomolybdic acid or KMmRidation. Compound
purification was performed by normphase flash column chromatography amumns
manually loaded with silica gel grade 60 (2800 mesh, Fisher Scientific) or by reverse
phase CombFlash on prepacked C18 columns (Teledyne ISCO). Further purification by
preparative higiperformance liquid chromatography (HPLC) was implemeated/aters

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 (L®IS) Agilent 1100 series. High resolution {MIS analysis was
performed on an Agilent 6520 Accurditass Quadrupotdime-of-Flight (Q-TOF)
coupled with an electrospray ionization source. For NMR analysNMR and'*C 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:

SH

o) o
DBU or K,CO,
RJ\/F + © > R)J\/SPh

H,0

General ProcedureA: The nucleophile thiophenol (0.4 mmol, 44 mg) was mixed with
0. 2 mfluorbcartbnyl derivative (compounds- 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 reactionThe organic layer was separated, dried with anhydrous
sodium sulfate, vacuum concentrated, and subsequently purified via dtdstmn

chromatography to provide the desired thiophenol adduct (compddnd).

Optimizing Reaction Conditions- pH Titration:

H
H $H TCEP _ ©/VN\H/\S
©N TF . © Tris Buffer/DMF 0 ©
o

3 44
Substrate8, 2-Fluoro-N-phenethylacetamideyas dissolved in DMF to make a 1 M stock
solution. About 0.75 L of it was mixed with 5 (L of thiophenol stock (300 mM in DMF),
and 2 L of TCEP solution (1.5 M stock in water, pH 7.4). DMF/Tris buffer were added
to make a total volume of 30 L (50% ofi$ buffer), during which 2M HCI 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 substraté, thiophenol, and TCEP was 25 mM, 50 mM, and 100 mM, respectively. The
mixture was reacted at 3C. Approximately 3 L of the reaction mixture was taken out

at indicated time points (12 h) and was mixed with 30 L 0.5% TFA/ACN to quench the
reaction. The samples were analyzed byMS§. To reduce the inteassay variations and

errors, the yield of piduct44 was determined by comparing the UV peak area ratio of the
product / (the product + unreacted substrate) in eacMB@&ssay with the standard curve

The standard curve was plotted by the know
productj+ [ substrate])o against the correspondi
of the equation equals the very initial concentration of the substrate (25 mM for the current

reaction).

Bioorthogonality of the Fluorine-Thiol Displacement Reaction

n o 50% deuterated Phosphate Buffer,
0,
©/\/ j(\F + HSYKOH pH 8.5 / 50% MeOD ~ No reaction
o NH, 24h
3 Cys

50% deuterated Phosphate Buffer,

SH
H 0 o 4 o
0,
@/\/ TF HOWN N\)kOH pH 8.5 / 50% MeOD ~ No reaction
o NH, H o
3

24h
GSH

The common substrate-fRioro-N-phenethylacetamide (compou)l was dissolved in
MeOD as a 10x stock solution (250 mM). Sixty microliter of the stock was mixéd
another 60 L of either the reduced glutathione or cysteine 10x stock solution (250 mM in

D20). 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 L (ptsted to
8.5). The resulting solution wascubated at 37C water bath for 24 h, and then analyzed

by *H NMR spectroscopy.

General Procedure for Structure-Activity Relationship Studies of Nucleophiles:

H
S
@N \(I)I/\F + @R Tris buffer/DMF ° @
R
3
General ProcedureB: 2-Fluoro-N-phenethylacetamid@) (25 mM, 5 (L 0.5 M stock in

DMF) and substituted benzenethiol (50 mM, 5 L 1 M stock in DMF) were dissolved in
40 (L DMF and 43 L Tris buffer (50 mM, pH 8.5). Redugmrreagent TCEP (100 mM,

5 WL 2 M stock in water) was added to the mixture and the final pH value was adjusted to
8.5 by adding 2 L 6M NaOH solution. The reaction mixture was incubatedsat 3%
indicated time points, 5 |L of the reaction mixture waketa out and mixed with 30 L

0.5% TFA/CHCN 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 procedufésStock solutions of

substrate3 and nucleophiles were prepared in DMF, while TCEP stock (pH 7.4) was
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dissolved irH2O. Equal concentrations (40 mM, 80 mM, or 160 mM) of the substrate and
the nucleophile (3,4;&imethoxybenzenethiol or 2,4tmethoxybenzenethiol) were
mixed in 40 WL of DMF/Tris buffer (70/30). Over excess amount of TCEP (100 mM, 200
mM, or 400 mM) vas added, and the final pH of the mixture was adjusted to 8.5 to initiate
the reaction at 37C. Time dependent measurements were carried out by taking 2 L of
the reaction mixture at indicated time points (30 min, 60 min, 90 min, 120 min, 150 min,
180 mn), and mixing it with 18 L 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]
against time yielded the desired rate constant (k), based on the second order rate equation
Al/«fF XKoo+ Kkt o:initig cdricentration of either reactant; t: reaction time; [X]

concentration of either reactant at time t).

Exploration of other fluorinated PTMs using FTDR

The attempted FTDR reaction between prdal#® and the alphdluorinated model
substrates of fatty acids including butyrate, malonic acid, succinic acid, myristic acid, and
palmitic acid. Briefly, probel3 (50 mM) and a modedubstrate (25 mM) were dissolved

in 20 (L of Tris buffer/DMF (60 mM, pH 8.5) which also contained 100 mM TCEP- LC
MS analysis of thenixture after incubation at 37 € for 12 h revealed no reaction product,

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

. SWNMN&)@Q 2 N
Ho—g_oz L)
o
oN
O o oH
7N\
40 HO on

The fluoroacetylCoA (compoundtO) was synthesized and purified following the reported
procedures’ H NMR (500 MHz, DO): i18.66 (s, 1H), 8.42 (s, 1H), 6.21 = 5.5 Hz,
1H), 5.01 (dJ = 46.5 Hz, 2H), 4.84.82 (m, 2H), 4.58 (s, 1H), 4.24 (s, 2H), 4.00 (s, 1H),
3.853.82 (m, 1H), 3.58.56 (m, 1H), 3.44 () = 6.5 Hz, 2H), 3.35 (tJ = 6.0 Hz, 2H),
3.08 (t,J = 6.5 Hz, 2H), 2.42 (t)= 6.5 Hz, 2H), 0.92 (s, 3H), 0.79 (s, 3H). MB (EQ)

m/z calculated for €H3zsFN7O17PsS [M + H]": 828.1236, found 828.1229.

J\A%O’/
HO;ON{/)

ON

5/

Q\P O OH

7N\
4 HO OH

The 4pentynoyl CoA (compoundl) was prepared according to the published synthetic
and purification proceduré8.’H NMR (500 MHz, DO): 1i8.66 (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),-3.8® (m, 1H), 3.65.61

(m, 1H), 3.46 (t) = 6.5 Hz, 2H), 3.35 ( = 6.0 Hz, 2H), 3.03 () = 6.5 Hz, 2H), 2.84 (t,
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J=7.0 Hz, 2H), 2.52.48 (m, 2H) 2.44 (t,J= 6.5 Hz, 2H), 2.34 ()= 2.5 Hz, 2H), 0.94
(s, 3H), 0.82 (s, 3H). HRS (ESI) m/z calculated for#H41N7017PsS [M + H]": 848.1487,

found 848.1477.

o (o]

Br  KF, 18-crown-6 F
CH;CN, reflux

17 1

Dried potassium fluoride (580 mg, 10 mmol) was addedsmiation of 18crown6 (264

mg, 1 mmol) in anhydrous acetonitrile (6 mL). After stirred at room temperature for 20
min, 2-bromoacetophenond?) (398 mg, 2 mmol) in anhydrous acetonitrile (2 mL) was
added and then heated to reflux and stirred overnidifter being concentrated under
reduced pressure, the mixture was purifidflash column chromatography (hexane/ethyl
acetate: 6/1) to afford compoudds a light yellow oil (210 mg, 1.52 mmol, 76% yield).

IH NMR (500 MHz, CDCJ): 117.90 (d,J = 8.0 Hz 2H), 7.647.61 (m, 1H), 7.52.48 (m,

2H), 5.54 (d,J = 47.0 Hz, 2H):"*C NMR (126 MHz, CDGCJ): 11 193.4 (d,J = 15.5 Hz),
134.2, 133.7, 129.0, 127.8 @z 2.5 Hz), 83.6 (dJ = 182.8 Hz):"°F NMR (471 MHz,

CDCls): G1-230.75; GEMS m/zcalculated for gH7FO [M]": 138.0 found 138.0.

o

42

General procedure A was followed frdn(28 mg, 0.2 mmol) in the presence of potassium
carbonate to give42 (42 mg, 91% vyield) as a colorless oil after flash column

chromatgraphy hexane/ethyl acetate: 10/13H NMR (500 MHz, CDCY): Ui 7.967.93
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(m, 2H), 7.667.56 (M, 1H), 7.4F.44 (m, 2H), 7.407.38 (m, 2H), 7.307.26 (m, 2H), 7.24
7.20 (m, 1H), 4.28 (s, 2HJ3C NMR (126 MHz, CDGJ): Ui 194.1, 135.4, 134.8, 133.5,
130.6, 129.1, 128.7, 127.2, 4108S (ESI) m/z calculated for GH1s0S [M + HJ': 229.1,

found 229.1.

< TMSN,3, Ag,CO; N3 Selectfluor, NaHCO; ©/\/\”/\F
DMSO / H,0 ACN/H,0 o

o rt
18 80°C

19 2
Ohas

19

To a solution of perd-yn-1-ylbenzene 18) (455 L, 3 mmol), trimethylsilyl azide (788
L, 6 mmol), water (108 L, 6 mmol), DMSO (10 mL), and silver carbonate (83 mg, 0.3
mmol) were added. The mixture was then stirred &CG8fbr 1h. After cooled down to
room temperature, water was added. abeeous phase was extractgth ethyl acetate.
The combined organic phase was washed with brine, then water, driednbyeirous
sodium sulfate and concentrated under reduced pressure. The residue was pulasd by
column chromatographit 00% hexanefp provide the desired compouh@las a colorless
oil (338 mg, 1.8 mmol, 60% yieldfH NMR (500 MHz, CDCJ): i 7.31-7.28 (m, 2H),
7.227.18 (m, 3H), 4.67.66 (M, 2H), 2.64 (t) = 7.5 Hz, 2H), 2.11 (t) = 7.5 Hz, 2H),
1.86-1.79 (m, 2H);*C NMR (126 MHz, CDGJ): 11146.5, 141.8, 128.5, 128.4, 125.9, 98.4,
35.0, 33.2, 28.9HRMS (ESI)m/z calculated forCi11H14Ns [M + H]™: 188.1182, found

188.1180.
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@A/YF
o]

2
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 |L, 2 mmol) in acetonitrile
(10 mL). The resulting mixture was stirred at room temperature overnight. After
concentrated undereduced pressure, the residue was purified by flash column
chromatography (hexane/ethyl acetate: 20/1) to givepound as a colorless oil (86 mg,
0.48 mmol, 48% yield)*H NMR (500 MHz, CDCI3)ii7.31-7.27 (m, 2H), 7.2.17 (m,
3H), 4.75 (d,J = 48 Hz, 2H), 2.66 (t,) = 7.5 Hz, 2H), 2.55 (dt] = 7.5, 2.5 Hz, 2H), 1.97
(quint, J = 7.5 Hz, 2H);13C NMR (126 MHz, CDG)): Ui 206.8 (d,J = 20.2 Hz), 141.2,
128.48, 128.47, 126.1, 85.0 (0= 185.2 Hz), 37.4, 35.0, 24.1 @z 1.8 Hz);*F NMR
(471 MHz, CDC}): G-227.52; MS (ESIl)m/z calculated for @H14FO [M + Na]J": 203.0,

found 203.1.

SPh
(0]

43

General procedure A was followed frd&2r(36 mg, 0.2 mmol) in the presence of DBU to
give 43 (53 mg, 98% vyield) as a colorless oil after flash column chromatography
(hexane/ethyl acetate: 10/13H NMR (500 MHz, CDCJ): 11 7.37-7.16 (m, 10H), 3.68 (s,
2H), 2.63 (t,J = 7.5 Hz, 2H), 2.62 (t) = 7.5 Hz, 2H), 1.94 (quint] = 7.5 Hz, 2H);}3C

NMR (126 MHz, CDC$): 1 205.4, 141.5, 134.9, 129.6, 129.2, 128.5, 128.4, 126.9, 126.0,
44.0, 39.8, 35.0, 25.2MS (ESI) m/z calculated for £H100S [M + HJ": 271.1,found
271.1.
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(o]
H
NHZ Neg@o)K/F _ NWW/\F
HATU, DIPEA, DMF o]

20 3

Sodium fluoroacetate (100 mg, 1 mmol) was mixed witfBi%(dimethylamino)
methylene]1H-1,2,3triazolo[4,5b]pyridinium 3-oxid hexafluorophosphate (HATU) (456

mg, 1.2 mmol) and DIPEA (209 (., 1.2 mmol) in DMF (5 mL). After the mixture was
stirred at room temperature for 20 min, phenethylan2e (@51 L, 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 anlouds sodium sulfate and concentrated under
vacuum. The crude mixture was then purified via flash column chromatography
(hexane/ethyl acetate: 3/1) to afford compo8@a8 a white solid (147 mg, 0.81 mmol, 81%
yield). *H NMR (500 MHz, CDCJ): 117.36:7.33 (m 2H), 7.287.22 (m, 3H), 6.37 (br, 1H),

4.79 (d,J= 47.5 Hz, 2H), 3.62 (g} = 6.5 Hz, 2H), 2.89 (t) = 7.5 Hz, 2H)::*C NMR (126

MHz, CDCh): t1167.5 (d,J = 17.1 Hz), 138.4, 128.8, 128.7, 126.7, 80.3)(d186.1 Hz),

40.0, 35.6;'%F NMR (471 MHz, CICls): U -227.23; HRMS (ESI) m/z calculated for

C10H13FNO [M + HJ": 182.0976found 182.0980.
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General procedure A was followed fra&r(37 mg, 0.2 mmol) in the presence of DBU to
generate44 (50 mg, 93% yield) as a white solid after flash column chromatography
(hexane/ethyl acetate: 2/13H NMR (500 MHz, CDCJ): 1 7.30:7.17 (m, 8H), 7.06.04

(m, 2H), 3.61 (s, 2H), 3.51 (d,= 7.0 Hz, 2H), 2.73 (t) = 6.5 Hz, 2H);}3C NMR (126

MHz, CDCk): U 167.7, 138.5, 134.7, 129.3, 128.70, 128.66, 127.8, 126.58, 126.55, 40.9,

37.2, 35.5MS (ESI) m/z calculated forH1sNOS [M + HJ": 272.1 found 272.1.

1) Bromoacetyl bromide, K,CO4

o
2) TBAF (1M in THF), o
21 THF, reflux 4

2-Phenylethanolql) (359 (L, 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 L, 4.5 mmol) in DCM (3 mL) was
dropwisely added. AfteBO 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 withanhydrous 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

73



acetate: 15/1) to afford colorless-bike compound} (337 mg, 1.85 mmol, 62% yield over
two steps).'H NMR (500 MHz, CDCY): 1 7.337.29 (m, 2H), 7.267.20 (m, 3H), 4.81 (d,
J=47.0 Hz, 2H), 4.43 () = 7.5 Hz, 2H), 2.98 (t) = 7.0 Hz, 2H)*C NMR (126 MHz,
CDCl): U 167.8 (d,J = 21.8 Hz), 137.2, 128.9, 128.6, 126.8, 78.3 (d, one peak overlap
with CDCh), 65.8, 35.0;2F NMR (471 MHz, CDGJ): Ui -229.98. HRMS (ESI) m/z

cdculated for GoH12FO> [M + H]*: 183.0816found 183.0862
o\[(\SPh
o]
45

General procedure A was followed frah§37 mg, 0.2 mmol) in the presence of potassium
carbonate to affordd5 (8 mg, 14% vyield) as a colorless oil after flash column
chromatographyhexane/ethyl acetate: 20/13H NMR (500 MHz, CDCJ): i 7.387.35
(m, 2H), 7.307.26 (m, 4H), 7.24.17 (m, 4H), 4.32 () = 7.5 Hz, 2H), 3.63 (s, 2H), 2.90
(t, J = 7.0 Hz, 2H);**C NMR (126 MHz, CDGJ): Ui 169.7, 137.5, 135.0,29.9, 129.1,
128.9, 128.6, 127.0, 126.6, 66.0, 36.7, 3M9 (ESI) m/z calculatetbr C16H170.S [M +

H]*: 273.1, found 273.1.
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SCN SH

KSCN, Br,, KBr 1) Mel, K,CO3;, DMF
MeO OMe  MeOH > MeO OMe 2) LiOH, THF/H,0 MeO OMe
OH OH OMe
22 23 12

SCN

MeO OMe
OH

23
Bromine (774 L, 15 mmol) was slowly added to the saturated solution of sodium bromide
in methanol (10 mL) at @C. After stirring for 15 min, the solution was added dropwisely
to a mixture of 2,&imethoxypheno@?) (1.54 g, 10 mmol) and potassium thiaogate
(1.46 g, 15 mmol) in OC methanol (30 mL). The reaction was left on for 1h, and then
guenched by water. The methanol in the mixture was evaporated under reduced pressure,
and the remaining aqueous phase was extracted with ethyl acetate. Theedoonganic
layer was washed with brine, and water, dried with anhydrouS®aand eventually
concentrated to afford an orange coloreeliké mixture. The crude mixture was purified
via flash column chromatography (hexane/ethyl acetate: 5/1) to resgpound3 as
an orange colored solid (1.14 g, 5.4 mmol, 54% yiel#).NMR (500 MHz, CDCJ): U
6.80 (s, 2H), 5.74 (s, 1H), 3.91 (s, 6 NMR (126 MHz, CDGJ): i147.9, 136.9, 112.7,

111.6, 109.3, 56;8VS (ESI) m/z calculated fordEl10NO3S [M + H]*™: 212.0, found 212.0.
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Potassium carbonate (276 mg, 2 mmol) and intermedat@11 mg, 1 mmol) were
dissolved in DMF (20 mL) and cooled t8©. Methyl iodide (125 |, 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 saqation, 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 aqueowslution 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 concentratedand subsequently purified via flastolumn chromatography
(hexane/ethyl acetate: 5/tb affordcompoundL2in yellow colored solid form (72% yield
over two steps)H NMR (500 MHz, CDCJ): 1i6.73 (s, 2H), 3.81(s, 3H), 3.80 (s, 6MC
NMR (126 MHz, CDC4): U 153.4, 138.0, 132.0, 106.5, 60.9, 56.%S (ESI) m/z

calculated for @H130sS [M + HJ*: 201.0, found 201.1.
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Prepared according to General Procedure B wiadgtrimethoxybenzenethioll@) (20

mg, 0.1 mmol) to give produet6 (16 mg, 88% yield) as white solid after flash column
chromatography (hexane/ethyl acetate: 1H)NMR (500 MHz, CDCY): i7.257.17 (m

3H), 7.077.05 (m, 2H), 6.77 (1) = 6.0 Hz, 1H), 6.45 (s, 1H), 3.82(s, 3H), 3.81 (s, 6H),
3.59 (s, 2H), 3.52 (d,= 7.0 Hz, 2H), 2.75 (] = 7.0 Hz, 2H)3C NMR (126 MHz, CDGJ):

0167.9, 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 forigH24NO4S [M + H]": 362.1421, found 362.1413.

SH
MeO OMe MeO OMe
lpBuUinhexane/THF,0°g
TMEDA, S -
OMe OMe
24 13

To a solution of 2,4 8rimethoxybenzené24) (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 €, followed with a
catalytic amount of tetramethylethylenediamine (TMEDA) (23 (L, 0.15 mmol). The
reaction mixture was warmed up to room temperature, stinced 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 afewwas added to quench the

reaction, and the aqueous layer was acidified by 1 M HCI. 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 lash column chromatography
(hexane/ethyl acetate: 4/1) to afford the final prodizs a crystalline yellow solid (360

mg, 60% yield). *H NMR (500 MHz, CDCJ): 1i 6.17 (s, 2H), 3.87(s, 6H), 3.80 (s, 3H),
3.77 (s, 1H)**C NMR (126 MHz, CDQ): 1i158.7, 156.2, 99.7, 91.2, 56.1, 55M8S (ESI)

m/z calculated for €H1303S [M + HJ": 201.1, found 201.1.

(o] OMe
47

Prepared according @eneral Procedure B usingdZd-trimethoxybenzenethioll@) (20

mg, 0.1 mmol) to generate proddat(15 mg, 83% yield) as white solid after flash column
chromatography (hexane/ethyl acetate: 2. NMR (500 MHz, CDCJ): 11 7.88 (s, 1H),
7.307.27 (m, 2B, 7.237.20 (m, 1H), 7.1&.16 (m, 2H), 6.10 (s, 2H), 3.82(s, 3H), 3.78

(s, 6H), 3.47 (s, 2H), 3.44 (d,= 7.0 Hz, 2H), 2.76 (t) = 7.0 Hz, 2H)::3C NMR (126

MHz, CDCk): U 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, 35.9HRMS (ESI) m/z calculated forigH24aNO4S [M + H]*: 362.1421, found

362.1415.
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Boc-L-glutamic acid ibenzyl este(25) (6.0 g,17.7 mmol) and sodium bicarbonate (3.68
g, 26.7 mmol) were dissolved in DMF (60 mL) and coole@ 2€. Methyl iodide (2.21
mL, 35.6 mmol) was added dropwisely, after which the reaction was stirred at room
temperature until TLC analysis confirmed reactammpletion. Upon completion, the
reaction mixture was diluted 4f@ld 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 sodiutfat After vacuum concentration, the
crude mixture was purified via flash column chromatography (hexane/ethyl acetate: 2/1)
to afford compoun®6 as a clear oil (6.25 g, quantitative yielddH NMR (500 MHz,
CDCl): 117.387.31 (m, 5H), 5.16 (d] = 4.0 Hz, 2H), 5.12 (m, 1H), 4.37 (@= 5.0 Hz,
1H), 3.66 (s, 3H), 2.42.31 (m, 2H), 2.22.17 (m, 1H), 2.0a.92 (m, 1H), 1.42 (s, 9H);
13C NMR (126 MHz, CDGJ): 11 173.2,172.1, 155.4, 135.3, 128.7, 128.5, 128.3, 80.3, 6
53.0, 51.8, 30.1, 28.3, 27.8S (ESI) m/z calculated for@H2sNNaQs [M + Na]*: 374.2,

found 374.2.
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To a solution of intermediat@6 (6.25 g, 17.7mmol) and 4dimethylaminopyridine
(DMAP)(435 mg, 3.5 mmol) in acetonitrile was addedeti-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 camicated crude mixture was purified via
flash column chromatography (hexane/ethyl acetate: 4/1) to afford compdasd clear

oil (7.63 g, 95% yield)*H NMR (500 MHz, CDCJ): 1i7.337.27 (m, 5H), 5.14 (d] = 2.5

Hz, 2H), 4.97 (qJ = 5.0 Hz, 1H), 3.6 (s, 3H), 2.53.46 (m, 1H), 2.42.35 (m, 2H), 2.24

2.16 (m, 1H), 1.44 (s, 18H)*C NMR (126 MHz, CDG): i 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, RMEFESI) m/z calculated for

CoaHzsNNaGs [M + Na]': 474.2, foundi74.2.

CH,OH

Boc,N© "COOBn
28

In a flame dried flask under a nitrogen atmosphere,wgisnlof intermediat7 (7.63 g,
16.9 mmol) in THF (80 mL) was cooled 480 °C. Diisobutylaluminum hydride solution
(DIBAL)(1.0 M in hexanes) (33.8 mL) was added dropwisely over 30 min. The reaction

mixture was stirred aB0 °C for at least 2 h. Upotompletion 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 extractadth ethyl acetate. The organic layer was then
dried with sodium sulfate and vacuum concentrated. The crude reaction mixture was
purified viaflash column chromatography (hexane/ethyl acetate: 2/1) to afford compound
28 as a clear oil (5.0 g, 70% yield}H NMR (500 MHz, CDCJ): Ui 7.347.29 (m, 5H),

5.14 (qJ = 12.5 Hz, 2H), 4.91 (dl = 9.5, 5.5 Hz, 1H), 3.66 (§,= 6.5 Hz, 2H), 2.2&.21

(m, 1H), 1.991.91 (m, 1H), 1.66.1.62 (m, 2H), 1.44 (s, 18H¥C NMR (126 MHz,
CDCl): u 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 forigH1sNOs (without di-Boc) [M + HJ*: 224.1281, found

224.1279.

Boc,N© "COOBn

29

Intermediat&8(5.0 g, 11.8 mmol), triphenylphosphine (4.64 g, 17.7 mmol), and imidazole

(2.2 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).
Compound9was finally obtained as a clear oil (5.04 g, 80% yief¢) NMR (500 MHz,
CDCl): 117.397.27 (m, 5H), 5.15 (q] = 12.5 Hz, 2H), 4.90 (4} = 5.0 Hz, 1H), 3.28.14
(m, 2H), 2.272.19 (m, 1H), 2.02.01 (m, 1H), 1.98..85 (m, 2H), 1.46 (s, 18H3C NMR
(126 MHz, CDC4): u170.4, 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 £H33NOs [M + H]": 534.1347, found

534.2258.
SCN

MeO OMe
OH
31

To a solution of Nchlorosaccharin (5.15 g, 23.7 mmol) irctldioromethane (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. -8iehethoxyphenol (compourgD, 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 tcateckto

afford a dark red oil. The crude oil mixture was purified via flash column chromatography
(hexane/ethyl acetate: 3/1) to afford compoGB@es an orange solid (2.50 g, 60% vyield).

IH NMR (500 MHz, CDCY): i 6.10 (s, 2H), 3.84 (s, 6HYC NMR (126 MHz, CDC}): i
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161.5, 160.9, 112.6, 92.9, 89.1, 58S (ESI) m/z calculated for dE110NOsS [M + H]*:

212.0, found212.0.

SCN
MeO OMe

Boc,N© "COOBn

32
Intermediate29 (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 dilutedfdld with water, and the organic
products were extracted by etlagetate. The organic layer was dried with sodium sulfate,
vacuum concentrated; and the crude oil was purified via flash column chromatography
(hexanel/ethyl acetate: 3/1) to afford compoB&ds a yellowish oil (4.05 g, 70% vyield).
IH NMR (500 MHz, CDCJ): 1 7.347.28 (m, 5H), 6.13 (s, 1H), 5.15 @@= 12.5 Hz, 2H),
4.95 (dd,J = 9.5, 5.5 Hz, 1H), 4.00 (§ = 6.0 Hz, 2H), 3.89 (s, 6H), 2.3830 (m, 1H),
2.122.05 (m, 1H), 1.941.84 (m, 2H), 1.45 (s, 18H¥C NMR (126 MHz, CDGJ): Ui 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, 26.04RMS (ESI) m/z calculated for#H41N2OeS [M + H]": 617.2527, found

617.2522.
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Intermediate32 (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 asified 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 comf8und

are an orange oil (2.16 g, 80% yieldHd NMR (500 MHz, CDCJ): i 7.30-7.27 (m, 5H),

6.05 (s, 2H), 5.09 (s, 2H), 3.91 Jt= 6.0 Hz, 2H), 3.81 (s, 6H), 3.83.48 (m, 1H), 1.8-

1.71 (m, 4H); 1°C NMR (126 MHz, CDQ): 1i 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, 2H5RMS (ESI) m/z calculated for

C21H2sN20sS [M + HJ*: 417.1479, found 417.1469.
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Intermediate85 was synthesized according to published procedtr&siefly, a solution

of D-biotin (2.5 g, 10.2 mmol) (compourdd) in DMF (60 mL) was stirred and heated at
60 °C until fully dissolved. The couplingaeg e n tCarldonyldiMjidazole (CDI)(3.32 g,
20.5 mmol) was then added, and the reaction mixture was kept stirrdg@tfor 3 h,
after whi c h-(Ethyfiemedibxy)miskethylamige) &.66 mL, 40.9 mmol) was
added. The reaction mixture was €tgrovernight 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 com@ (3165 g,
95% vyield) as a yellowish oiltH NMR (500 MHz, 30): (14.49 (dd,J = 8.0, 5.0 Hz, 1H),
4.30 (ddJ = 7.5, 4.5 Hz, 1H), 3.58.50 (m, 7H), 3.41 (t) = 5.5 Hz, 1H), 3.37 () = 5.5

Hz, 1H), 3.233.19 (m, 1H), 2.93 (dd] = 13.0, 5.0 Hz, 1H), 2.86 {,= 5.0 Hz, 2H), 2.70
(d,J = 13.0 Hz, 1H)2.22 (t,J = 7.5 Hz, 2H), 1.78.56 (m, 4H), 1.471.41 (m, 2H)MS

(ESI) m/z calculated for £eH31N4O4S [M + HJ": 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 (4R5R)-5-(Methoxycarbonyh2,2-dimethyt1,3-dioxolane4-carboxylic
acid (3.0 g, 14.7 mmol) in 40 mL DMFCompound35 (8.25 g, 22.0 mmol) waadded,

and the reaction mixture was stirred for 10 minutes, followed by the addition ef N,N
Diisopropylethylamine (5.12 mL, 29.4 mmol) and the reaction mixture was stirred
overnight. The reaction mixture was directly vacuum concentrated and purifiddsha f
chromatography (dichloromethane/methanol: 20/1) to afford comp86iad an orange

oil (6.16 g, 75% yield).!H NMR (500 MHz, CROD) 1i4.72 (s, 2H), 4.51 (dd,= 8.0, 4.5

Hz, 1H), 4.32 (ddJ = 8.0, 4.5 Hz, 1H), 3.82 (s, 3H), 3:8762 (m, 4H), 3.61t, J= 5.5 Hz,

2H), 3.56 (tJ = 5.5 Hz, 2H), 3.58.47 (m, 1H), 3.48.41 (m, 1H), 3.38 (q] = 6.0 Hz,

2H), 3.253.21 (m, 1H), 2.94 (ddl = 13.0, 5.0 Hz, 1H), 2.72 (d,= 13.0 Hz, 1H), 2.24 (t,
J=7.5Hz, 2H), 1.84.58 (m, 4H), 1.50 (s, 3H), 1.47, @H), 1.12 (dJ = 6.5 Hz, 4H)13C

NMR (126 MHz,CDs0OD) i1 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, 252RA2S];

(ESI) m/z calcd for @Ha1N4OoS [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 comp@&(@.0

g, 5.35 mmol) in 20 mL methanol at’G. The reaction mixture was stirred for 2 h and
acidified with 1 M HCI (=5 mL). The crude mixture was vacuum concentratepluaried

via high-performance liquid chromatography (HPLC) to afford comp@in@.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 acetoaitrihfter 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 HP2Tmin. *H NMR

(500 MHz, CR3OD): 1 4.58 (ddJ = 6.0 Hz, 2H), 4.39 (dd] = 8.0, 4.5 Hz, 1H), 4.21 (dd,
J=8.0, 4.5 Hz, 1H), 3.58.50 (m, 4H), 3.49 () = 5.5 Hz, 2H), 3.44 (t) = 5.5 Hz, 2H),
3.41:3.36 (M, 1H), 3.38.29 (m, 1H), 3.26 (] = 5.5 Hz, 2H), 3.18.09 (m, 1H), 2.83 (dd,
J=13.0, 5.0 Hz, 1H), 2.60 (d,= 12.5 Hz, 1H), 2.13 () = 7.5 Hz, 2H), 1.68.47 (m,

4H), 1.38(s, 3H), 1.36 (s, 3HPC NMR (126 MHz,CD30D): 11174.8, 172.2, 170.9, 164.7,
112.9, 77.9, 77.3, 69.92, 69.88.8, 69.0, 62.0, 60.2, 55.6, 39.6, 38.9, 38.7, 35.3, 28.4,
28.1, 25.4, 25.21RMS (ESI) m/z calculated for&Hz9N4OeS [M + H]": 547.2432, found

547.2424.
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Compound37 (2.0 g, 3.66 mmol) anHIATU (2.1 g, 5.49 mmol) were dissolved in DMF

(18 mL). Intermediat&3 (0.91 g, 2.19 mmol) was then added and the reaction mixture
was stirred for 10 min, followed by the addition of N\dNsopropylethylamine (DIPEA)

(0.57 mL, 3.29 mmol). The reactiornixture was stirred overnightUpon completion, the
mixture was diluted 14old 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 eventia purified via flash column chromatography
(dichloromethane/methanol: 30/1)) to afford compo8&ah light-orange solid form (1.64

g, 80% yield). 'H NMR (500 MHz, CROD): Ui 7.58 (d,J = 8.5 Hz, 1H), 7.36.29 (m,

5H), 6.67 (tJ = 5.5 Hz, 1H), 6.11 (s, 2H), 5.8.12 (m, 2H), 4.751.70 (m, 1H), 4.63 (d,
J=6.5 Hz, 1H), 4.54 (d] = 6.5 Hz, 1H), 4.481.45 (m, 1H),4.291.26 (m, 1H), 3.97 (J

=6.0 Hz, 2H), 3.87 (s, 6H), 3.58850 (m, #), 3.423.37 (M, 2H), 3.13.08 (M, 1H), 2.88

2.84 (m, 1H), 2.69 (d] = 13.0 Hz, 1H), 2.20 (] = 7.5 Hz, 2H), 2.1£.08 (m, 2H), 1.95

1.88 (m, 1H), 1.86..76 (m, 2H), 1.73..61 (m, 5H), 1.47 (s, 3H), 1.45 (s, 3HC NMR

(126 MHz,CD:0D): 1173.8, 1714, 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, 25.6G;1RBAGE (ESI) m/z

calculatedor CasHs1NeO13S, [M + H]™: 945.3733, found 945.3722.
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Compound38 (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 aa white solid. The diol intermediate was resuspended in THF (8 mL) at O
°C, 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 g TLC. The mixture was acidified with 1 M HCI (~ 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 first5 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 compa&dras a white solid

(334 mg, 40% yield)H NMR (500 MHz, DMSQds): i 7.84 (t,J = 5.5 Hz, 1H), 7.80 (d,
J=8.0 Hz, 1H), 7.64 (t) = 6.0 Hz, 1H), 6.29 (s, 2H), 4.8628 (M, 3H), 4.24 (d] = 2.0

Hz, 1H), 4.12 (ddJ = 7.5, 4.5 Hz, 1H), 3.97 (§, = 6.0 Hz, 1H), 4.481.45 (m, 1H),4.29

4.26 (m, 1H), 3.97 () = 6.0 Hz, 2H), 3.80 (s, 6H), 3.5848 (m, 4H)3.44 (t,J = 6.0 Hz,
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2H), 3.39 (tJ = 6.0 Hz, 2H), 3.38.28 (m, 1H), 3.268.22 (m, 1H), 3.28.14 (m, 2H),
3.133.07 (m, 1H), 2.82 (dd] = 7.5, 5.0 Hz, 1H), 2.59.54 (m, 1H), 2.02.04 (m, 2H),
1.971.91 (m, 1H), 1.88.75 (m, 1H), 1.74..67 (m, 2H)1.631.56 (m, 1H), 1.52.41 (m,

3H), 1.331.28 (m, 2H);*3C NMR (126 MHz,DMSO-dg): &1 173.6, 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, 25816, 17.2HRMS (ESI) m/z calculated for

Cs3H52N5013S2 [M + H]*: 790.2998, found 790.2988.

SH
MeO OMe

0
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3
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0 1) 33, HATU H
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5-carboxytetramethylrhodamine-lPAMRA, compound39, 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
prepared33 (42.0 mg, 0.10 mmol) was added to the solutiotipwed by DIPEA (53.0

eL, 0.30 mmol ). The resulting mixture
concentrated upon completion as confirmed by TLC. The crude mixture was purified via
flash column chromatography (dichloromethane/methanol: 20/fjaim dhe conjugated
intermediate as purple oil, which was directly dissolved in THF (2 mL) and cooled down
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to 0°C. 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 hydislyss near complete as confirmed

by TLC. The mixture was then acidified
concentrated. The crude mixture was purified via HPLC that implemented water (0.1%
TFA) as solvent A and acetonitrile (0.1% TFA) as solvent By witiow 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 tofal5 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% yieldas a pink solid.*H NMR (500 MHz, CROD): Ui 8.76:8.74 (m,

1H), 8.238.19 (m, 1H), 7.48 (d] = 8.0 Hz, 1H), 7.14.10 (m, 2H), 7.06.03 (m, 2H),
6.97-6.93 (M, 2H), 6.25 (s, 2H), 4.7873 (m, 1H), 4.1€1.04 (m, 2H), 3.80 (s, 6H), 3.28

(s, 12H), 2.3@.22 (m, 1H), 2.12.03 (m, 1H), 2.0a..94 (m, H); 23C NMR (126 MHz,
CDs0OD): 0 175.3, 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 peIsH7sNsO18S2 [M + 2H]?*:

713.2402, found 713.2416.
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Compound39 (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-(Naminoethyl)penr#-ynamide (17.0

mg, O0.12 mmol ) was t hen adisbgrapylethflaminé (6.30ed by
mmol). The reamon 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 mgram same as that used for purifying compoihd Compoundl6

(38.6 mg, 70% yieldyvas eventually obtained as a pink solid with a retention time of 30
min. *H NMR (500 MHz, CROD): 11 8.67 (d,J = 1.5 Hz, 1H), 8.15 (dd] = 8.0, 1.5 Hz,

1H), 7.43 (dJ = 8.0 Hz, 1H), 7.04 (d) = 9.5 Hz, 2H), 6.96 (ddl= 9.5, 2.5 Hz, 2H), 6.88

(d, J = 2.0 Hz, 2H), 3.5.47 (m, 2H), 3.4:B.38 (m, 2H), 3.21 (s, 12H), 2.4D36 (m,

2H), 2.352.31 (m, 2H), 2.16 (J = 2.5 Hz, 1H):¥3C NMR (126 MHz,CDs;OD): Ui 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, 15MS (ESI) m/z calculated for

C32H33N40s5 [M + H]™: 553.2445, found 553.2446.
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Biological Experiments

Antibody-Based Global Profiling of Acetylation

HEK?293 cells (American Type Culture Collection) were maintained in 10 cm cell culture
dishes with DMEM media and0% FBS, 100 IU/mL penicillin, and 100 pg/mL
streptomycin. Deacetylase inhibitor cocktail (100x, APExBIO) was added to the media
overnight, atier which the cells were washed with PBS and lysed in the CelLytic M buffer
(Sigma Aldrich) that was prmixed with protease inhibitor cocktail (EDTFi#ee, Roche)

and the deacetylase inhibitor cocktail (APExBIO). The cell mixture was sonicated for 18s
(3son, 7s off, 20% amplitude) on ice, and subsequently centrifuged at 15000 rpéh at 4
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
g of cell lysates were loaded for each lane and separateelByBisTris SDS PAGE
(Thermo Fisher), which were then transferred to PVDF membranes using -@rgemi
blotting apparatus (Bi®®ad). Each lane on the membrane was carefully cut and blocked
with 3% BSA in TBST(with 0.1% Tweer20) for 1 h. The piece of the membrane that
contained one sample lane was then incubated with a specitacatyi lysine antibody
(from Ab21623, Ab190479, Ab80178, Ab61257, Abcam; or CST9441, CST9814, Cell
Signaling Technology) overnight at%, followed by washings and subsequent incubation
with the IRDye® 680RD secondary antibodyCor). After extensive washing, protein
bands were detected unearinfrared fluorescence on the-dOR Odyssey FC Imaging

System (70 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 L of 5x histone acetyltransferase
(HAT) assay buffer (250 mM TrBICI, pH 8.0, 0.5 mM EDTA, 5 mM DTT)1 L of 2

mM histone H320 peptide (AnaSpec), 4.7 |L of 2.1 mM ace@bA (Fisher Scientific)

or acetyl CoA analogs, and 5.3 |8, in a total volume of 15 |L. After 5 \L of 1.3 M
PCAF enzyme (Cayman Chemical) was added, the reaction mixture waatettab30C

for 3h. The sample was then subjected to high resolutiecMBGnalysis.

The MYST2 assay cocktail was prepared by mixing 4 |L of 5x HAT assay buffer, 0.5 [L
of 2 mM histone H{0 peptide solution (AnaSpec), 4.7 |L of 2.1 mM aceDyA (Fisker
Scientific) or acetyl CoA analogs, and 0.8 ® at a total volume of 10 |[L. After the
addition of 10 |L 0.9 M KAT7 enzyme (SignalChem), the reaction mixture was incubated

at 30€ for 3h. The sample was then subjected to high resoluticiMSGanalyss.

The TIP60 assay cocktail was prepared by mixing 0.5 L of 2 mM histor2(Hgeptide
(AnaSpec), 4.7 |L of 2.1 mM acetyf@oA or related analogs, and 2.5 L Tris buffer (50
mM, pH 8.0). Approximately 2.3 L of 4.3 M Tip60 (Cayman Chemical) in the stock
buffer (50 mM TrisHCI, pH 7.5, 100 mM NacCl, 10% glycerol) was then added and the
reaction mixture was incubated at 30€ for 5h. The sample was finally analyzed by high

resolution LGMS.
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Hydrolysis of Acetyl CoA and Fluoroacetyl CoA

The hydrolysis rate of acet@loA and fluoroacetyl CoA were measured in a similar
manner to reported procedur@g?® Briefly, 10 M 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
solutionb6és absorbance at 412 nm was record
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 M) in the same

assay bulffer.

Non-Enzymatic Acetylation on Bovine Serum Albumin

Following the reported procedures for aGdAs?2® bovine serum albumin as a model
protein (1 mg/mL) was dissolved in 50 mM HEPES and 150 mM NacCl, pH 8.0 or 7.0. For
western blot analysis, acetZloA or fluoroacetyl CoA at the desired final concentrations,
the buffer as a negative control, or the SiNfidS-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 FTDRbased detection, the aforementioned reagents, the buffer as a negative
control, or the NHSluoroacetate as positive control were added to separate solutions of
bovine serum albumin. Next, all the reaction mixtures were incubated®at f&r 6 h.

The reaction samples (2 |L each) were then separated byPHNGE, transferred to PVDF
membrane, blocked and washdgt same way as the aforementioned-aogtylation
western blot assays. The blot was probed with the MultiMamtibody (AcK-100,
CST9814, Cell Signaling) that is comprised of mixed monoclonal antibodies for
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recognition of both acetylysine and Facayl lysine. For FTDR detection, 20 (L of each
reaction sample was further treated with 5 mM TAMBA and 10 mM TCEP, and was
incubated at pH 8.5 for 8h. After SEFBAGE separation of 2 g of each samplegel
fluorescence detection was achieved on th€ QR 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 bimrthogonal reaction® In general, 5 L of substrate compound 3CB or

the probe 13 mixed with their correspondin
mM stock concentration) were added to 25 Y. HEK293 cell lysates (~ 3 mg/mL protein
concentration). TCEP (5 |L, 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

L. After incubationat37C f or 14h, the reactioh mixture

The solution was extracted with ethyl acetate three times and concentrated in vacuo. The
resulting residues were dissolved in methanol and analyzed by high resolutisis LC
(Wistar Institute) on a ThermoFisher Scientific Q Exactive-Xlfnass spectrogeter
equipped with a HESIII probe and coupled to a ThermoFisher Scientific Vanquish Horizon
UHPLC system. Compounds were separated on a Syi&giar RP column (4 pm, 150

x 1 mm, Phenomenex). After RIS 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 BM&MB1S analysis.

Biotinylation of Labelled Peptides based on the Fluorindhiol Displacement

Reaction

The histone peptide H30 that previously underwent fluoroacetylation was lyophilized
and resuspended in water (~ 400 pM). About 1 |L of this stock solutionmiaed with

1 WL Tris buffer (1M) and 4 WL HO. Then, 1 L of the BiotiRSH probe stock in DMF (40
mM) was added, along with 1 L of 50 mM TCEP aqueous solution. After adjusting the
pH to 8.5 (with 2 L of 1 M NaOH solution), the final concentrations of 2#Bsubstrate,
Biotin-SH probe, and TCEP were 40 M, 4 mM, and 5 mM, respectively. The reaction
was incubated at 3T overnight, and the sample was subjected to high resolutied$.C

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 M, and was mixedhwvacetydCoA analogs (450 M) and the

corresponding acetyl transferase (1.3 pM) (PCAF (Cayman Chemical) for histone H3.1;
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MYST?2 (SignalChem) for histone H4). The reaction mixture was incubated’&t, 4

7.2 for 6h, and was quenched by lyophilization.

For biotinylation, the fluorinated protein mixture was redissolved in water (final
concentration ~ 35 M), added with 1.75 mM Biot8H probe and 2 mM TCEP. The pH
was adjusted to 8.5 and the mixwras incubated at 3T for indicated time period (1 h,

3 h, or 6 h). Samples after this reaction were then loaded on gels fd? 8BS analysis.
The control protein mixture (previously treated with 4B%¥A) was reacted with biotin
azide probe (Thermo isher) following the reported coppeatalyzed azidalkyne
cycloaddition (CUAAC) proceduré8 and was analyzed by SEFAGE in parallel to other

samples.

For ingel 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 wasthed
incubated for 1 h &T in biotinfree Casein blocking buffer (Sigma Aldrich). The blocked
gel was then probed with streptavidRDye 680RD (L}COR) at a dilution of 1/2000 for

45 min at RT, followed by multiple washings with PBST (containing 0.1% Tv2€¢n
Those biotinyated proteins were finally visualized by né@drared fluorescence detection
through the LICOR 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 miNCT (jsH 8.0),

685 mM NacCl, 5 mM MgGl, 13.5 mM KCI, and 5 mM DTT. The fluoroacetylated histone
substra¢ (~ 20 pM final concentration) was mixed with the corresponding histone
deacetylase (SIRT1 (R&D Systems) for fluoroacetylated H3; HDAC1, HDAC2, HDACS3,
or SIRT2 (BPS Bioscience) for fluoroacetylated H4), and 2 |L of the 5x assay buffer. For
assays involwig sirtuins, nicotinamide adenine dinucleotide (NAD+, Fisher Scientific)
was added at a final concentration of 1
8.0, with water added to make a final volume of 10 L. The mixture was incubated at 37
°C for 6h, and subsequently treated with Bie8H to initiate FTDR reaction on any
remaining fluoroacetylation. All the samples were finally separated onF3{UEE,
transferred to PVDF membranes, and probed by streptal®ilige 680RD (LICOR) as

mentioned before

Expression, Purification and Characterization of EZH2 Protein

The plasmid expressing GStised EZH2 Nterminal domain (5H00) was constructed
based onhe parent plasmid pGEKZH2 that was a gift from Prof. Mi€hie Hung
(Addgene plasmid #8060)*’ The Gterminal sequence (50845) was deleted using Q5®
Site-Directed Mutagenesis Kit (New England Biolabs) and austed 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 eeedvn SOC medium
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and plated onto an ampicilbicontaining LB agar plate. After overnight incubation at 37
°C, the colonies were picked, amplified and mixed with 50% glycerol as cell stock for
EZH2 (1-:500) protein expression. On the day of expressi@21Bstock was inoculated

in LB medium supplemented with 100 pg/mL ampicillin, and shaken at 250 rprfC 37
(MaxQ 8000, Thermo Scientific). When @freached 0.8, 0.5 mM IPTG was added to
induce protein expression. The cell culture was left for ~ 1225 &, 250 rpm (MaxQ

8000, Thermo Scientific). Cells were then harvested and froz80 & overnight.

The bacteria pellets were lysed in lysis buffer (50 mM-H@, pH 8.0, 150 mM NacCl, 2

mM EDTA, 20% sucrose, 0.2% TritorX00, and 5% glycerol) #t also contained 1
mg/mL lysozyme (VWR) and protease inhibitor cocktail (Roche cOmplete). After shaking
at 250 rpm, 28C for 1.5 h, the cell lysate were centrifuged at 9000 rpm for 40 min (FX6100
Rotor, Beckman Coulter), and was filtered through a @nZifter 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% tw2@n Finally, 15 mL of
elution buffer (10 mM glutathione, 50 mM T+4Cl, pH 8.0) was added, and the eluted
EZH2 (1-500) protein was buffer exchanged into storage buffer (50Tm$AHCI, pH 8.0,

10% glycerol, 1 mM DTT, 0.1 mM EDTA) by Amicon® Ultra Centrifugal Filters

(MilliporeSigma). The protein purity and identity was confirnbydSDSPAGE.

The fluorination and biotinylation on EZH2 protein were performed following the
aforementioned procedures (acetyltransferase assay and FTDR usingSBigimobe) for
histone substrates. The acetyltransferase used for EZH2 was PCAF (Galyemaical).

To prepare the positive control f eNHS)Cu AAC
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was synthesized according to published procedfireBriefly, 30 |L of EZH2 protein
(0.65 mg/mL in DPBS with 0.25 mM TCEP added, pH 7.2) was first reacted with 2.5 L
of N3-NHS (1mM, DPBS buffer, pH 7.2) at room temperature for 1h. To the resulting
EZH2 mixture with lysine conjugated by azide, 1 L of THPTA (10 mM), 1 L of sodium
ascorbate (50 mM), 0.5 |L of biotialkyne linker (5 mM), and 1 [L of CuS{5 mM)
were added to initiate the CuAAlased modification of EZH2 by biotin. The reaction
mixture was incubated at oo temperature for 2h, before loading to SDS PAGE for

analysis in parallel to other samples.

Cell Cytotoxicity Studies of Cofactor Analogs

HelLa 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 pg/mL streptomycin. Both
cells were maintairtein a celfculture incubator at 37C, with 5% CQ. On the night
before the assay, these cell lines were plated itewed6cell culture plates (white, flat
bottom, Costar) at 5,000 cells, 90 L media per well. The next day, cofactor analogs
(azidoethyl acetate, fluoreethyl acetate, or DMSO carrier control) were serially diluted in
culture media as 10x stock solutions, and then added to tipdgped cells at 10 pi/well.

The final treatment concentrations are 62.5, 125, 250, 500, 1000, and 200\ftif.
thorough mixing, the samples were incubated in the cell culture incubator for 12tCat 37
under 5% CQ At the end of the treatment, the plates were taken out and cooled down to

room temperature. Cell viability was measured by CellTiter GloyagBaomega)
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following the published proceduf@. 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 proetabolite ethyl fluoroacetate was added at a final
concentration of 1 mM, and the culture was incatlaat 37°C for 2 h. The acyCoA
extraction was performed following the reported procedtfreBriefly, the cells were
gently scraped down into the media, and spun down at 1,000 g. The cells were resuspended
in 1 mL icecold extraction solution (10% trichloroacetic acid in milliQ water), and
sonicated on ice for 30s (1 pulse pecand). The resulting cell lysate was centrifuged at
15,000 g, 4°C 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 te 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 forLC-MS/MS analysis. As a control, the HEK293 cell lysate was
heated at 98C for 10 min, and then mixed with 1 mM ethyl fluoroacetate &C3for 2 h.

The followup extraction and LBAS/MS analysis were carried out the same as mentioned

above.
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Intracellular Fluorination of Protein Substrates

HelLa or HEK293 cells were seeded at a density of 20,000 cells/well inneellL#at

bottom cell culture plate (Corning Costar). When they reached ~ 80% confluence, cells
were incubated with 1 mM ethykae doacet ate (for ficlick chem
(for fluorination), or DMSO control at 3T in standard medium for 6 h, similar to reported

procedures? The cells were then ready for follewp intracellular imaging.

Intracellular Dye Labeling and Imaging of Protein Substrates

After incubation with azideor 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% T1®0rnn PBS buffer

for 10 min at RT, after whichgint the intracellular proteins became ready for labeling by

TAMRA dyes.

The Aclick chemistryo | abeling on control
procedures? Cells previously treated with azidoacetateDMSO were incubated with

100 M TAMRA -alkyne probe (compourt®) in the standard medium that also contained

200 M CuSQ, 500 M BTTES, and 2.5 mM freshly prepared sodium ascorbate. The
mixture was reacted at 3T for 1 h, followed by PBS washing, aadubsequent nucleus
staining with 1 pg/mL Hoechst 33342 (Fisher Scientific). For fluotinel displacement
labeling, cells previously treated with fluoroacetate or DMSO were washed twice with PBS

buffer (pH 8.0) that contained 5 mM TCEP. Each rounadashing consisted of a 10 min
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incubation period.The cells were then incubated with 1 mM TAMFSM probe
(compoundl5), 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°&, Zell
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 imaga(Bio

Laboratories).

In-Gel Fluorescent Imaging of Protein Substrates Labelled from Cell Lysas

HEK293 cells were seeded at 20,000 cells/dish in @ 100 mm x 20 mm cell culture dish
(Corning). Upon ~ 80% confluence, cells were incubated with 1 mM ethyl azidoacetate
(for Aclick chemistryo), ethyl dohtrolatr3dacet a
°C for 6 h. For HAT inhibition assay, cells were preincubated with 10 M anacardic acid

and 10 M MG149 (Selleckchem) or 200 nM-485 (Selleckchem) for 6h before the

addition of premetabolite ethyl fluoroacetate for fluorination. Afterghdreatments, 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 fAclick c¢hemi s tmodfiéed plotairs e kcell lpsgtespapprokimatelya z i d «
300 L supernatant of each cell lysate (~ 2 mg/mL) was incubated with 1 mM TCEP, 100

M TBTA, 1 mM CuSQy, and 100 M TAMRA-alkyne probe (compount6) according

to published proceduréd®> To prepare the positive contro
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labeling, BSA control protein (3 mg/mL in PBS, pH 8.0) was mixed with 30 equivalents

of the aforementioned NRHS 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 TAM&R&/ne probe16)
following the similar CUAAC reaction conditions as mentioned above. For flutiriok
displacement labeling, approximately 300 L supernatant of each cell lysate (A2 ng

was treated with 5 mM TCEP and 2 mM TAMR3H probe (compountl5) 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 thererefdm

PBS buffer, reprecipitated with methanol, and pelleted by centrifuging at 15,0009, 4

for 10 min. Each protein pellet was redissolved in 100 L PBS buffer that comprised of
1% SDS and 10% glycerol. Approximately ~ 30 g of each protein samademixed

with SDSPAGE sample buffer, and separated by-#286 gradient SDAGE analysis.
Approxi mately 1 Og of the BSA posigeli ve <co
fluorescence detection of the labelled TAMRA dye was achieved by scannind tithge

theLI-COR Odyssey FC Imaging Syste600 nm channel, Ex 546 nm/Em 579)am

FTDR-Based Labeling and Imaging of Protein Substrates with Concurrent HDAC

Inhibition

HEK293 cells were cultured and treated with the-etabolite ethyl fluoroacetater
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 prametabolite 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, loadeeRAGBES

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 thengrabolite ethyl
fluoroacetate. After cell lysis and FTDR, histones were extracted with the EpiQulk Tota

Hi st one Extraction Kit (Epigent ek) foll
Approximately 3 g of each histone extract was mixed with the sample loading buffer and
separated on 12% SEFAGE, followed by subsequent-gel fluorescent imaging and

CBB shining 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 Bi@mprobe (compound 14).

The reaction mi xt ur eh,withthe uncorgugated grabes remdved3 7 f
by subsequent methanol precipitation twice. The protein pellet was redissovled in PBS
buffer (0.1% SDS, pH 7.2). Approximately 100 L of thetins (1 mg/ml) were mixed

with 100 (L 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 (0.29%,3IMH 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 concentrate@ dyophilizer. The eluted protein
samples were finally separated by 2% BisTris SDSPAGE and transferred onto PVDF
membranes. The blot was blocked with 3% BSA in TBST for 1h, followed by the
incubation with the anHistone H3 antibodyHRP ConjugateCST#12648 antiHistone

H4 antibody HRP Conjugateabcam#ab197517), and the aaphaTubulin antibody
(CST#2144) at 4 . After overnight i ncubat
times and was further incubated with an -aabbit secondary aibibdy (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 Alph#ubulin

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 tHeatiwou

buffer (50 mM TrisHCI, 5 mM CaC}, 2 mM EDTA, pH 7.67.9) for in-solution digestion.

After the addition of ArgC (Promega), the digestion was activated with the 10x activation
buffer (50 mM TrisHCI, 60 mM DTT, 2 mM EDTA, pH 7.4.9) that was addkto a final

concentration of 1x. The reacti on mi XxXtur e
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purification using C18 columns (The Nest Group). The elutions were collected, lyophilized,

and redissolved in watéo beinjected into LEMS/MS system. Forimmuncenrichment

of endogenous alpha tubulin, 100 (L of each cell lysate was gently mixed with 10 L of
antralphat ubul i n anti body (Cel |l Signaling, CSTS3
Approximately 50 L of Dynabeads Protein G (Invitrogen) wasthdded and the mixture

was incubated at 4 for 1 h. The Dynabea
PBS buffer (0.05% TweeR0) three times. The targeted proteins were eluted by heating

the beads at 90 for 10 nbuffer (@enScripi). nThet he LI
resulting supernatants were loaded onto a 10% SurePAGEiBigel (GenScript). After

staining by Coomassie brilliant blue 250, the bands at 50 kDa were cut off foige

digestion by GIeC (Promega). Liquid chromatograpfantiem mass spectrometry (LC

MS/MS) analysis was performed as previously describesing a Q Exactive HF mass
spectrometer (ThermoFisher Scientific) coupled with a N&GQUITY UPLC system

(Waters). Peptide sequences were identified using MaxQuant v1.8' NSIMS spectra

were searched against a UniPnoman 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-kcetyhtion (+60.0011 Da). Consensus identification lists were

generated with false discovery rates of 1% at protein, peptide and site levels.
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H-, 13C-, and **F NMR Spectra for New Compounds
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