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Summary

Protein post-translational modifications (PTMs) play crucial roles in regulating protein function, stability,
localization, and interactions. These maodifications, including phosphorylation, glycosylation,
ubiquitinoylation, acetylation, and methylation, among others, are able to activate or deactivate enzymatic
activities, dictate subcellular localization, mediate protein-protein interactions, and label proteins for
degradation. By dynamically altering protein properties, PTMs enable cells to respond rapidly to
environmental changes and maintain homeostasis, thereby contributing to processes such as signal
transduction, immune response, cell cycle control, and apoptosis.

To study protein PTMs, scientists employ a variety of methods such as high-resolution tandem mass
spectrometry that allows for the precise identification and quantification of PTMs by analyzing peptide
fragments. Western blotting, using specific antibodies recognizing modified residues, is another common
method to detect and analyze PTMs. These methods, combined with bioinformatics tools, offer
comprehensive approaches to understanding the complex roles of PTMs in protein regulation.

We started to investigate a newly discovered PTM called adenylylation (AMPylation) by developing
halogen-modified AMPylation mimics for subsequent cross-coupling via Suzuki-Miyaura reactions in the
living cells. However, the downstream chemical biology analysis using functionalized aryl pinacol
boronates revealed an unknown reactivity. For example, incubation between cell lysates and a
fluorescent aryl pinacol boronate has brought significant labelling regardless of the addition of artificial
AMPYylation probes or palladium catalysts. To our delight, we found that the unknown reactivity was due to
selective protein labelling (S-arylation on disulfides) triggered by ammounium persulfate (APS). Then
oxidized glutathione and two more short peptides were applied to verify the S-arylation product formation,
which was further fragmented in high-resolution MS2 to identify diagnostic ions. The radical-based
mechanistic pathway of this reaction was confirmed by 5,5-dimethyl-1-pyrroline N-oxide (DMPO) spin trap
experiments, and the reaction was found to proceed only when aryl moieties were substituted with
electron-donating groups, which was consistent with competition studies in cell lysates. This method was
the first study to perform selective disulfide S-arylation with aryl radicals in mild aqueous conditions, and
there was no need to use metal catalyst or photocatalysis.

On the other hand, we took advantage of protein glycosylation and ubiquitinoylation to develop a
two-component proteolysis targeting chimeras (PROTACSs) strategy, which was proved to be able to
selectively target O-GalNAcylated and O-GlcNAcylated proteins for proteasomal degradation. As a result,
the critical metabolic and signaling pathways governed by glycoproteins were heavily perturbated,
triggering severe cytotoxicity in human cancer cell lines. The approach termed GlyTACs leveraged from
metabolic incorporation of easily accessible and cell-permeable peracetylated N-acetylglucosamine
(GlcNACc) or N-acetylgalactosamine (GalNAc) mimics bearing an azide group into glycoproteins. In the
living cells, the azido-modified glycoproteins served as covalent anchors for the introduction of
thalidomide moiety by strain-promoted azide-alkyne cycloaddition (SPAAC) to recruit E3 ligase cereblon,
resulting in stepwise ubiquitinoylation of ‘sensitized’ proteins and their degradation by proteasome. The
efficiency of the GlyTAC system was shown in a series of human cancer cell lines and the mechanistic
pathway was verified by performing control experiments at each stage of the process. Given the
characteristic features of cancer cells including fast nutrient turnover, and overall increase of protein



glycosylation, as well as the low cytotoxicity of the individual components, this GlyTAC approach may
open a feasible strategy in cancer therapy.

In summary, these studies have discovered unexplored reactivities and functionalities of protein PTMs,
helping chemical biologists utilize bioorthogonal reactions by avoiding unwanted side reactions and
introducing therapeutic potentials.



Zusammenfassung

Protein-Posttranslationale Modifikationen (PTMs) spielen entscheidende Rollen bei der Regulierung der
Proteinfunktion, -stabilitdt, -lokalisierung und -interaktionen. Diese Modifikationen, einschlieBlich
Phosphorylierung, Glykosylierung, Ubiquitinierung, Acetylierung und Methylierung, unter anderem,
konnen enzymatische Aktivitaten aktivieren oder deaktivieren, subzellulare Lokalisierung bestimmen,
Protein-Protein-Interaktionen vermitteln und Proteine zur Degradation markieren. Durch die dynamische
Veranderung der Proteineigenschaften erméglichen PTMs den Zellen, schnell auf Umweltverdnderungen
zu reagieren und die Homdostase aufrechtzuerhalten, wodurch sie zu Prozessen wie Signaltransduktion,
Immunantwort, Zellzyklus-Kontrolle und Apoptose beitragen.

Um Protein-PTMs zu untersuchen, verwenden Wissenschaftler eine Vielzahl von Methoden wie
hochauflésende Tandem-Massenspektrometrie, die die prazise ldentifizierung und Quantifizierung von
PTMs durch die Analyse von Peptidfragmenten ermdglicht. Western Blotting, bei dem spezifische
Antikérper verwendet werden, die modifizierte Reste erkennen, ist eine weitere gangige Methode zur
Detektion und Analyse von PTMs. Diese Methoden, kombiniert mit bioinformatischen Werkzeugen,
bieten umfassende Ansatze zum Verstandnis der komplexen Rollen von PTMs in der Proteinregulation.
Wir begannen, eine neu entdeckte PTM namens Adenylylierung (AMPylierung) zu untersuchen, indem
wir  halogenmodifizierte ~ AMPylierungs-Mimetika fur anschlielende  Kreuzkupplungen Uber
Suzuki-Miyaura-Reaktionen in lebenden Zellen entwickelten. Die nachfolgende Chemisch-biologische
Analyse unter Verwendung funktionalisierter Aryl-Pinacol-Boronate zeigte jedoch eine unbekannte
Reaktivitat. Beispielsweise fihrte die Inkubation zwischen Zelllysaten und einem fluoreszierenden
Aryl-Pinacol-Boronat zu einer signifikanten Markierung, unabhéngig von der Zugabe kinstlicher
AMPylierungssonden oder Palladiumkatalysatoren. Zu unserer Freude stellten wir fest, dass die
unbekannte Reaktivitat auf eine selektive Proteinmarkierung (Disulfid-S-Arylierung) durch
Ammoniumpersulfat (APS) zurtckzufiihren war. AnschlieRend wurden oxidiertes Glutathion und zwei
weitere kurze Peptide verwendet, um die Bildung des S-Arylierung-Produkts zu verifizieren, das
anschliel3end in hochauflésendem MS2 fragmentiert wurde, um diagnostische lonen zu identifizieren. Der
radikalbasierte Mechanismus dieses Reaktionswegs wurde durch Experimente mit dem Spin-Trap
5,5-Dimethyl-1-pyrrolin-N-oxid (DMPO) bestatigt, und die Reaktion verlief nur, wenn Arylteilstrukturen mit
elektronenspendenden Gruppen substituiert waren, was mit Wettbewerbsstudien in Zelllysaten
Ubereinstimmte. Diese Methode war die erste Studie, die eine selektive Disulfid-S-Arylierung mit
Arylradikalen unter milden wéssrigen Bedingungen durchfihrte, ohne dass ein Metallkatalysator oder
Photokatalyse erforderlich war.

Andererseits machten wir uns die Vorteile der Glykosylierung und Ubiquitinierung von Proteinen zunutze,
um eine Zwei-Komponenten-Proteolyse-Zielchimaren-(PROTACSs)-Strategie zu entwickeln, die
nachweislich in der Lage war, O-GalNAcylierte und O-GIcNAcylierte Proteine selektiv fir den
proteasomalen Abbau zu Ziel zu nehmen. Infolgedessen wurden die kritischen Stoffwechsel- und
Signalwege, die von Glykoproteinen gesteuert werden, stark gestort, was zu starker Zytotoxizitat in
menschlichen Krebszelllinien fiihrte. Der Ansatz, der als GIlyTACs bezeichnet wird, nutzte den
metabolischen Einbau von leicht zuganglichen und zellgdngigen peracetylatierten N-Acetylglucosamin
(GIcNACc) oder N-Acetylgalactosamin (GalNAc) Mimetika, die eine Azidgruppe tragen, in Glykoproteine. In
lebenden Zellen dienten die azidmodifizierten Glykoproteine als kovalente Anker fur die Einfihrung der



Thalidomidteilstruktur durch spannungsgeférderte Azid-Alkin-Cycloaddition (SPAAC), um die E3-Ligase
Cereblon zu rekrutieren, was zu einer schrittweisen Ubiquitinierung der 'sensibilisierten’ Proteine und
deren Abbau durch das Proteasom fiihrte. Die Effizienz des GlyTAC-Systems wurde in einer Reihe von
menschlichen Krebszelllinien gezeigt und der mechanistische Weg wurde durch Kontrollversuche in
jedem Stadium des Prozesses verifiziert. Angesichts der charakteristischen Merkmale von Krebszellen,
einschlie3lich eines schnellen Nahrstoffumsatzes und einer insgesamt erhdhten Proteinglykosylierung
sowie der geringen Zytotoxizitat der einzelnen Komponenten, konnte dieser GIyTAC-Ansatz eine
machbare Strategie in der Krebstherapie eréffnen.

Zusammenfassend haben diese Studien unerforschte Reaktivitdten und Funktionalititen von
Protein-PTMs entdeckt und helfen chemischen Biologen, bioorthogonale Reaktionen zu nutzen, indem
sie unerwunschte Nebenreaktionen vermeiden und therapeutisches Potenzial einfiihren.



1. Introduction

1.1 Protein Post-Translational Modifications (PTMs)

As the major performer of all biological activities, proteins are one of the most crucial components in living
organisms. The collection of all proteins expressed by a genome, cell or tissue at defined conditions are
termed as proteome, consisting of more than one million proteins (Figure 1).! Initially, human genome
with approx. 20,000 coding genes are transcripted to roughly 100,000 transcripts through diverse and
regulated mRNA splicing, which are subjected to subsequent translation process in ribosome to generate
primary proteome containing more than 100,000 proteins (Figure 1).2 Afterwards protein
post-translational modifications (PTMs) continue to significantly expand the proteome complexity by
covalently attaching modifying groups to one or more amino acids in proteins and by proteolysis.>#

PTMs are proved to greatly influence the structures, properties and dynamics of proteins, including
protein folding regulation, protein-protein interactions, receptor activation, cell signaling and trafficking,
protein solubility, stability, localization and degradation, and other related metabolic processes.>® PTMs
take place in various organelles such as nucleus, cytoplasm, endoplasmic reticulum (ER) and Golgi
apparatus.5®

Cell Increased complexity § ” \
\ Post-translational : ! I
Transcription Translatlon madification
o J t. é 3

Genomes Transcriptome Proteome Proteome
~ 20,000 genes ~ 100,000 transcripts > 100,000 proteins > 1,000,000 proteins

'W

Figure 1. The proteome complexity by protein PTMs.

Generally, endogenous enzymes are mainly responsible for PTMs’ occurrence and elimination, named as
writer and eraser, respectively.’®' Considering the chemical natures of protein PTMs, they are classified
into reversible or irreversible modifications (Figure 2). Most common reversible modifications include
phosphorylation,'?'® acetylation,*'> methylation'®'” and sulfation,’®'®. More complex molecules such as
lipids, oligosaccharides and adenosine monophosphate (AMP) could be also attached to target proteins
to regulate their functions.?°2* PTMs involving small proteins like ubiquitinoylation and SUMOylation
(small ubiquitin-like modifier) are important for triggering downstream signaling pathway to maintain
proper cell cycles.?>2° While a few examples of irreversible PTMs are disulfide formation between two
cysteines,**3'" deamidation on asparagine or glutamine,*? and proteolysis to recycle amino acids building
blocks.3*3* Of the above mentioned PTMs, O-glycosylation and ubiquitinoylation are the two modifications
of our interests, which are described in detail in § 1.2 and 1.7, respectively.
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PTMs are crucial for regulating protein functions and interactions within cells. Abnormalities in PTMs are
associated with a wide range of human diseases, including cancer, neurodegenerative disorders, and
cardiovascular diseases.®®° These aberrant modifications can disrupt normal cellular processes by
altering protein activity, stability, or signaling pathways, thereby contributing to the onset and progression
of human diseases.>® Understanding the role of PTMs in these conditions is key to identifying new
biomarkers and therapeutic targets for treatment.
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Figure 2. “PTMs clock” classified based on their chemical natures and reversibilities.

1.2 Protein O-GIcNAcylation and O-GalNAcylation

O-linked B-N-acetyl-glucosamine glycosylation (O-GIcNAcylation) is a post-translational and reversible
modification on nucleocytoplasmic proteins to regulate their functions, localization, and stabilities.35-37
Dysregulation of O-GlcNAcylation cycle is involved in multiple human diseases, including diabetes,
Alzheimer’s disease, and cancer.*® The modification is characterized by the formation of a 8-glycosidic
bond and cannot be elongated for glycan biosynthesis.®®3% Specifically, the monosaccharide
N-acetylglucosamine (GIcNAc) is attached or removed onto serine or threonine hydroxyl residues by a
unique pair of endogenous enzymes O-GIcNAc transferase (OGT) and O-GIcNAcase (OGA), respectively
(Figure 3A).349 OGT utilizes uridine diphosphate N-acetylglucosamine (UDP-GIcNAc) which is
transformed from GIcNAc, as the substrate to target proteins, eliminating uridine diphosphate (UDP)
(Figure 3A).3840 Several small molecules, including Acs5S-GIcNAc and OSMI, were developed to inhibit
the global protein O-GIcNAcylation level (Figure 3B).4142

In order to target and detect O-GIcNAcylated proteins, a general two-step chemical biology method has
been established.**#* Azide-functionalized monosaccharides (Figure 3C) were firstly metabolically
labelled in the living organisms, followed by pulling down modified proteins with azide-reactive reporters
via bioorthogonal reactions. Subsequent readouts could be achieved through functional moieties inside
reporters, including biotin, fluorescent tags and polyethylenglycol (PEG) units. More precisely, mass



spectrometry (MS) is able to offer definitive evidence of substoichiometric protein O-GlcNAcylation, based
on prior enrichment steps realized by lectins, antibodies, or the above-mentioned chemical tagging. For
example, M. Boyce et. al. has developed a phosphine-FLAG-Hiss probe to label azide-containing
O-GIcNAcylated proteins in the cell lysates, followed by sequential anti-FLAG immunoprecipitation and
immobilized metal affinity chromatography.*® The enriched proteins were then subjected to proteolysis
and tandem mass spectrometry measurements.
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Figure 3. General scheme of protein O-GalNAcylation as well as its inhibitors and mimics. A Mechanism
of protein O-GIcNAcylation on serine or threonine residues. B Structures of O-GIlcNAcylation small
molecule inhibitors. C Structures of O-GIcNAcylation mimics through endogenous metabolic labelling.

It has been proved that several cancers, including breast, colon, pancreas, liver, and lung cancers are
associated with elevated O-GlcNAcylation.*® For example, receptor tyrosine kinase (RTK) downstream
pathway, such as KRAS can be activated by the upregulation of protein O-GIcNAcylation, leading to
genomic alterations and KRAS mutations in pancreatic ductal adenocarcinoma (PDAC).*¢ Moreover,
several studies have shown that prostate and colorectal cancers, featuring high O-GlcNAcylation are
correlated with worse prognosis.*’ Inhibiting O-GlcNAcylation in M2-type macrophage may also help to
overcome its immune suppressive tumor microenvironment.*® All these evidences point to that targeting
O-GIcNAcylation could be a potential research interest within cancer therapy.

Similarly ~ with  protein  O-GIlcNAcylation, O-linked B-N-acetyl-galactosamine  glycosylation
(O-GalNAcylation) refers to the covalent and reversible linkage between monosaccharide
N-acetylgalactosamine (GalNAc) and serine or threonine hydroxyl residues from target proteins.*® The
modification is initiated by the GalNAc-T enzyme families (ppGalNAc T1-T14, GALNT), recognizing
uridine diphosphate N-acetylgalactosamine (UDP-GalNAc) as the substrate.*®

For targeting and detecting O-GalNAcylated proteins, H. C. Hang et. al. have designed and synthesized
the envisaged azide-containing probe N-azidoacetylgalactosamine-tetraacylated (AcsGalNAz, Figure 3C),
which is transformed to corresponding UDP-GalNAc through enzymatic cascade.®® Surprisingly,
AcsGalNAz treatment resulted in more robust and abundant O-GIcNAcylation labelling compared with its
counterpart N-azidoacetylglucosamine-tetraacylated (Ac.GIcNAz, Figure 3C), which might be explained
from three aspects.*® Firstly, the conversion from GIcNAc-1-P to UDP-GIcNAc by human
pyrophosphorylase (AGX1/2) in the GIcNAc salvage pathway is rate-limiting for UDP-GIcNAc
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biosynthesis, which collaborated with the observed relatively low labelling of protein O-GIcNAcylation by
AcsGIcNAz (Figure 4A).5! Conversely, AGX1/2 transformed GalNAc-1-P to UDP-GalNAc with much
better efficiency (Figure 4A).* The last reason is that UDP-GalNAc could be reversibly interconverted to
its C4 epimer, UDP-GIcNAc by the enzyme UDP-galactose 4'-epimerase (GALE) (Figure 4A).>2 The
GalNAc and GIcNAc salvage pathways overlap with Leloir pathway and hexosamine biosynthesis
pathway, indicating complex sugar metabolism and the importance to design suitable probes for
characterizing protein O-GIcNAcylation and O-GalNAcylation (Figure 4A).%"

Distinguishing O-GlcNAcylation and O-GalNAcylation is challenging for MS analysis, due to same
molecular weight of GIcNAc and GalNAc. Chemoenzymatic methods using galactose oxidase (GAO) to
selectively oxidize GalNAc to aldehyde, followed by imine formation with methoxyamine on immobilized
solid support can effectively retain O-GalNAcylated proteins only (Figure 4B).*® Then MS would be able
to recognize and analyze these proteins of interests.
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O-GalNAcylation is also called mucin-type glycosylation because most mucins are heavily modified with
GalNAc, which is related with many adenocarcinomas, including pancreatic, lung, and breast cancers.*®
Non-further modified GalNAcal-Serine group is termed as Tn antigen, and its strong upregulation is often
associated with multiple oncogenic features, including extensive cell proliferation, decreased apoptosis,
increased migration and invasion.°

Taken together, protein O-GIcNAcylation and O-GalNAcylation are crucial PTMs for maintaining cell
homeostasis for many downstream signaling pathways. That’s why eliminating abnormal upregulation of
these two PTMs promptly is regarded as a promising research area in cancer research.

1.3 Click Chemistry

The Nobel Prize in Chemistry 2022 was awarded to three chemists, including Carolyn R. Bertozzi, Morten
Meldal and K. Barry Sharpless to commend their contributions “for the development of click chemistry and
bioorthogonal chemistry”. The most well-known click reaction, copper(l)-catalyzed azide-alkyne
cycloaddition (CUAAC, Figure 5A), was firstly reported by Morten Meldal and K. Barry Sharpless and
renowned for its high yield and regioselectivity for triazole formation.>3%* Shortly after Carolyn R. Bertozzi
proposed a similarly simple and fast “Staudinger ligation” feasible in living organisms (Figure 5A), using
azide with triarylphosphine to form an amide bond.5%¢

To avoid the cytotoxicity of copper catalysts in vivo, Carolyn R. Bertozzi has developed the
strain-promoted azide-alkyne cycloaddition (SPAAC, Figure 5A), in which the triazole was generated by
releasing the cyclooctyne (OCT) ring tension in the presence of a dipole (usually a azide group).>’-° The
alkyne moiety is often designed in a strained bicyclo[2.1.0]nonyne (BCN), difluorooctyne (DIFO),
dibenzocyclooctyne (DBCO) or biarylazacyclooctynone (BARAC) (Figure 5B).%-52 On the other hand,
dipoles other than azide, including nitrones, diazos and nitrilimines have been found to show much faster
reaction rates in similar cycloadditions, promoting many successful applications in the living systems
(Figure 5C).5364

In 2008, the fastest click reaction so far was reported, which is carried out between a diene
1,2,4,5-tetrazine and a strained alkene or alkyne dienophile (usually a transcyclooctene, TCO), termed as
tetrazine ligation (Figure 5A).%>5¢ The mechanism is regarded to be firstly an inverse-electron demand
Diels-Alder reaction (IEDDA), followed by retro-Diels-Alder reaction to eliminate nitrogen gas as the only
by-product (Figure 5D).%” By placing electron-withdrawing groups on tetrazine or finely adjusting the size
or reactivity of dienophiles (Figure 5E), the tetrazine ligation can be highly efficient with an observed rate
exceeding k.= 106 M1s1.586% One particular application is to establish strong fluorescence of tetrazine
upon cycloaddition with dienophiles, leading to growing interest to improve signal-to-noise ratio in live-cell
microscopy.’%"t

Besides the above-mentioned click chemistry, the other reactions developed for bioorthogonal
applications include oxime and hydrazone ligations,’?"® native chemical ligation,”*"® photoinduced click
reaction’® and our envisaged palladium-catalyzed cross-couplings described in § 1.4. Overall most of
these click reactions share common advantages such as the use of safer starting compounds and
solvents, blockage of hazardous waste and by-products, minimization of derivatization and energy
consumption, better selectivity, stability and tolerance, etc.””
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1.4 Protein Bioorthogonal Labelling via Suzuki Cross-Coupling

Reaction

The Suzuki cross-coupling is a palladium-catalyzed reaction between aryl halides (R'-X) and aryl
organoborons (R?-BY>), leading to a new carbon-carbon single bond formation (Figure 6A).”® Since its
discovery in 1979 by Suzuki Akira, the reaction has greatly expanded the toolbox for synthesizing natural
products and functional materials due to its broad substrate tolerance. The reaction is initiated from
rate-determining oxidative addition (OA) step from palladium© to palladium in the presence of halides
(R'-X), followed by transmetalaton (TM) with organoborons (R*BY.) to afford
transient organopalladium species in basic conditions (Figure 6A).”°-8! Afterwards reductive elimination
(RE) takes place to release the desired product (R1-Rz) and restore the palladium®© catalysts, finalizing
the catalytic cycle (Figure 6A).”°8' The bulky and electron-rich ligands such as phosphines and
N-heterocyclic carbenes (NHCs) are used as ligands.8283

Besides its huge contributions in organic chemistry, Suzuki reaction has been successfully applied for



biomolecule functionalization and labeling in the living cells. Benjamin G. Davis group has developed a
water-soluble (2-amino-4,6-dihydroxypyrimidine)-based palladium catalyst system ([Pd(OAc)(ADHP),])
(Figure 6B), allowing almost full conversion of a broad range of aryl-/vinyl-boronic acids with aryl
iodide-modified proteins.®* Recently they took advantage of this homogeneous catalyst to tag the
bacterial pore protein OmpC by staining iodophenylalanine-incorporated cell-surface protein with a
fluorescent aryl boronic acid.®® Similarly, W. Chen group reported a hydrophilic NHC-stabilized palladium
catalyst (Figure 6C), labelling surface proteins bearing unnatural arylhalide-modified amino acids in
mammalian cells.® While M. Bradley group has creatively encapsulated catalytic palladium nanoparticles
within inert polystyrene microspheres, which were then transported inside the cells without notable
cytotoxic effects (Figure 6D).8” The catalytic activity was confirmed by a mitochondrial fluorophore and an
anti-cancer reagent both synthesized in cellulo.®

The other homogeneous palladium catalyst was prepared in K. M. Backus group, by mixing palladium
acetate with very bulky and electron-rich phosphine ligand, which contains a hydrophilic sodium sulfonate
group to largely increase complexs’ solubility in aqueous medium (Figure 6E).8>®® The catalyst was
proved to be effective for triggering expected Suzuki cross-coupling reaction in PBS buffer, and was
compatible with bioadditives like bovine serum albumin (BSA) and HEK293T cell lysates.®® Moreover, it
was further applied to pull down iodo-functionalized proteins with biotinylated phenyl boronic acid
enrichment handles. The chemical proteomic results indicated that the proteins identified overlapped
quite well with commonly-used copper(l)-catalyzed azide-alkyne cycloaddition methods (CuAAC, see §
1.3).8% These exciting discoveries have inspired and motivated us to explore more applications of Suzuki
cross-coupling reaction in chemical biology areas.
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1.5 Aryl Radicals: Generation and Applications

In modern organic chemistry, the aryl radicals have been proved to be powerful and versatile synthons in
functional group conversions.®! Previous methods for aryl radical generation such as Meerwein arylation
and Sandmeyer reaction, however, relied on stoichiometric transition metal catalysts and therefore were
not efficient enough.®? Contemporary methods including photo- or electrochemistry have largely promoted
the feasibility and applicability of aryl radicals from many substrates with broad scopes (Figure 7A).%3%4
The generated aryl radicals could be functionalized with halogenation, reduction, borylation, and further
arylation, etc (Figure 7A).

The Li group applied single electron transfer (SET) under UV irradiation between the soft iodide anion and
aryl triflate, leading to the desired C-O bond cleavage (Figure 7B).% The methodology overcame the
unwanted S-O bond cleavage and opened up the possibility for efficient synthesis of aryl pinacol
boronates bearing electron-donating (EDGs) or electron-withdrawing groups (EWGs).% Another example
was to perform Sandmeyer halogenation through electrochemistry way, which was developed by F. Mo
group. When using platinum material for cathode and anode, the expected bromination went through very
well with N-bromosuccinimide (NBS) as the halogen source (Figure 7C).°” They have further performed
electro-driven iodination and challenging chlorination in the presence of diiodomethane (CH:l;) and
lithium chloride (LiCl), respectively.®” C. Stephenson et. al. have used strongly reductive iridium based
photocatalyst fac-Ir(ppy)s to selectively reduce vinyl and aryl iodides (Figure 7D).%® The reaction was
carried out through SET between iridium catalyst and aryl iodides, generating aryl radicals which were
captured and quenched by hydrogen from tributylamine via intermolecular hydrogen atom transfer (HAT)
process.?® The other major approach to generate aryl radicals is to form electron donor-acceptor (EDA)
complex, exhibiting absorption band not featured for either donor or acceptor. One typical example was
from B. Konig group, who have solubilized aryl halides (electron acceptor) and derivatives from aniline,
phenol, and thiophenol (electron donor) in water (Figure 7E).°® The overall solubility of organic
compounds were significantly improved by the addition of a pharmaceutical excipient meglumine (Figure
7E).100-102 The SET was then triggered upon irradiation at 385 nm, generating radical cation and anion
pair; while the latter one eliminated a halide anion, resulting in a neutral aryl radical and subsequent
conjugate formation from two radical intermediates (Figure 7E).*° It is notable that the appropriate
functionalities within both donor and acceptor could be adjusted to let their orbitals overlap better for
higher yields.®®

Although aryl radicals have been commonly used for organic synthesis, its application in chemical biology,
for example, protein functionalization targeting specific residues was not well studied so far. Therefore, it
would be very useful to further investigate such possibility to enlarge the protein modification toolbox of
biochemists.
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1.6 Organoboranes in Radical Initiation or Termination

Organoboranes are an important class of compounds in organic synthesis due to the characteristic
vacant p-orbital on boron, making them tunable Lewis acids and easily reactive with nucleophiles.'® The
reactivity of boranes was reported by Davies and Roberts as the following order: RsB > R,BOR >
RB(OR), with R = alkyl.1941% The trialkylboranes are especially active and thus can react with compounds
which are not commonly regarded as nucleophiles, such as oxygen.1%1% The formed boronate
complexes are tetracoordinated with a sp3-hybridized central boron and are crucial for downstream
reactivities. For example, trialkylboranes can go through autooxidation in the presence of oxygen or other
oxygen-centered radicals, generating alkyl radicals via concerted homolytic substitution (Sn2)
mechanisms (Figure 8A).1% The alkyl radicals would further react with its surrounding species, realizing
many functionality conversions, such as the Add-and-Done Desulfurization (ADD) protocol developed by
X. Li group.l” Later P. Renaud group proved that B-alkylcatecholboranes (R-Bcats) are able to form



stable perboryl radical intermediates due to electron delocalization onto the aromatic ring (Figure 8B).1%%-
110 Therefore, R-Bcats have been considered to be a highly-efficient resource of alkyl radicals. However,
B-alkylpinacolboranes (R-Bpins), featured by better stability and processability are regarded as
radical-inactive and not suitable for generating alkyl radicals. To overcome such problem, they have
recently reported an insitu conversion from R-Bpin to R-Bcat by boron-transesterification with a
substoichiometric amount of catechol methyl borate.*'° It was also reported that N-alkylpyridinum salts
are capable to complex with bis-(catecholato)diboron (B.cat;) to offer an EDA complex, enabling
photoinduced SET for further chain transfer and fragmentation (Figure 8C).1!! V. K. Aggarwal group also
pointed out that the EDA complex was externally stabilized by N,N-dimethylacetamide (DMA), releasing a
carbon-centered radical which was subsequently borylated with B.cat, (Figure 8C).11112 This
methodology was highlighted by efficient deaminative borylation at catalyst-free conditions, but still
relying on electron delocalization on catechol moieties.

On the other hand, organoboranes masked by aromatic diols were not always tending to undergo B-C
bond cleavage given a stronger bond dissociation energy; in this case the enhanced stability granted the
possibility to trap the existed radicals, leading to termination of chain propagation. For example, D. A.
Pratt group has created an aryl naphthenyl boronate with higher thermostability and thus less propensity
to induce a B-C bond homocleavage (Figure 8D).1'® The species were proved to be able to trap peroxyl
radicals (ROO-), which were supposed to be reactive to release carbon-centred radicals R- (Figure
8D).1 The strategy has further expanded the versatilities of organoboranes to function as a new class of
radical-trapping antioxidants. Moreover, aryl radicals, as intermediates, were capable to convert
organoboron prodrugs to anti-tumor compounds in vivo. This proof-of-concept was studied by T. Zou
group, who have photo-activated boronic acid-caged iridium(lll) complex into bioactive IrNH; to introduce
damage to mitochondrial DNA in cancer cell lines (Figure 8E).1**11” Mechanistic study demonstrated that
the conversion was initiated by a photosensitizer with red absorption (methylene blue), leading to an aryl
radical formation and subsequent oxygen capture to afford arylperoxyl radicals.’**'® Some other aryl
pinacol boronate-caged prodrugs were prepared and photoactivated in the same way, indicating the utility
of aryl radicals also in biochemistry area (Figure 8E).}14119120 Recently, aryl potassium trifluoroborate
salts have been transformed into aryl phosphine through pulsed electrosynthesis (Figure 8F).?! The
method, developed by C. A. Malapit group has successfully overcome common challenges in
electrosynthesis such as aryl radical homocoupling, overoxidation, and decomposition.1?>122 The authors
have further extended its broad utilities by synthesizing C-S, C-Te, and C-Se bonds.!?

Taken together, organoboranes can form carbon-centered alkyl or aryl radicals via autooxidation, EDA
complex, photochemistry, or electrochemistry processes. Such versatilities have granted organoboranes
great potentials as radical precursors to trigger diverse conversions and functionalizations onto target

molecules.
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Figure 8. Radical reactions of alkyl- and aryl-substituted boron. A Carbon-centered alkyl radicals from
electrophilic trialkylboranes by oxygen autooxidation. B Carbon-centered alkyl radicals from R-Bcats
under mild conditions. C Borylation of N-alkylpyridinum salts by DMA-stablized EDA complex formation. D
Organoboranes as radical-trapping antioxidants. E Photo-activation of R-Bpins to offer
arylperoxyl radicals for drug release. F Pulsed electrosynthesis of aryl phosphine from aryl potassium
trifluoroborate salts.

1.7 Cysteine S-Arylation Chemistry

Within 20 canonical amino acids, cysteine is the only one containing thiol group (-SH), bringing the
possibility of selectively modification in the presence of other residues.'?* Besides the very rare
selenocysteine, thiol in cysteine is the most acidic residue compared with hydroxyl groups in serine or
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tyrosine, and e-amine of lysine (Figure 9A).12° In combination with the moderate electronegativity and
higher polarizability of sulfur, thiol becomes the most reactive nucleophile in protein primary
structures.?4126 Therefore, chemical biologists have developed many reagents and methods to realize
selective cysteine S-arylation, generating a sp2-hybridized C-S bond and forming functionalized protein
modulators, macrocyclic peptides, antibody-drug conjugates (ADCs), and other hybrid protein-based
constructs. 1?7128

The nucleophilic aromatic substitution (SvAr) has been widely applied for cysteine S-arylation. The
reaction takes place when incubating proteins or peptides with arylation reagent (often aryl halides)
containing an EWG such as nitro to enhance its electrophilicity and stabilize the Meisenheimer
intermediate complex (Figure 9B).1?° Afterwards halogen anion leaves and the aromaticity is restored
(Figure 9B).1?°

The E. Weerapana group has designed and synthesized a highly cysteine-selective p-chloronitrobenzene,
which can label proteins at low micromolar concentrations (Figure 9B).1%° The alkyne handle has allowed
chemical proteomic analysis to identify labeling sites. M. Xian et. al. have developed a selective and
efficient thiol-blocking reagent, methylsulfonyl benzothiazole (MSBT), without labelling serine, tyrosine,
lysine, histidine, methionine or tryptophan (Figure 9B).**! pH-Dependent studies showed the blocking
reaction could be finished within just 5 minutes at pH 9. Thus the reagent might be considered to be an
alternative for the commonly-used iodoacetamide and maleimide.’® In 2013, commercial
decafluorobiphenyl reagents were firstly found to react rapidly and selectively with thiol groups in polar
organic solvents (Figure 9B).1*2 The reaction has been applied to create macrocyclic or stapled peptides
with disubstituted thiols, or peptide homodimers featuring perfluoroaryl linkers.*3>-33* These modified
peptides usually possess better biological properties such as stability against proteases and binding
affinity to the target.*® The R. Derda group has further addressed the poor water solubility of perfluoroaryl
reagents by inserting sulfonyl moiety into decafluorobiphenyl, and performed similar S-arylation
modification in agueous medium (Figure 9B).1%

Another method for carrying out cysteine S-arylation was based on delicate design of transition metal
catalysts, such as palladium organometallic complexes with biarylphosphine ligands (Figure 9C). For
example, B. L. Pentelute group and S. L. Buchwald group have developed solid and storable
oxidative-addition complexes [(RuPhos)Pd(Ar)X)] from aryl halide and palladium-tolyl precursors,
allowing fast, selective and efficient cysteine S-arylation in benign conditions (Figure 9C).1%¢13" More
studies showed that the formed S-(hetero)arylated products were more stable under basic, acidic, and
oxidative conditions, when compared with maleimide and acetamide analogues.'*® The oxidative-addition
complexes could be comprehensively functionalized by introducing fluorescent dyes, affinity tags, drug
molecules and bioconjugation handles into aryl moieties, which will be conjugated with biomolecules
afterwards (Figure 9C).1% Moreover, S. Messaoudi et. al. proved that the selective cysteine S-arylation
could be realized between short peptides and aryl iodides, in the presence of catalytic amount (2 mol %)
of XantPhos-based aminobiphenyl mesylate palladium pre-catalysts (Pd-Gs-XantPhos, Figure 9C).1%
Although there were not many examples, transition metal-mediated S-arylation is still a complementary
approach to SnAr reaction.

In 2015, B. L. Pentelute group disclosed an umpolung strategy for selective Se-arylation in unprotected
peptides (Figure 9D).*® Due to high acidity of selenols and greater polarizability of selenium,
selenocysteine is considered to be an attractive target for protein modification.'® Within their study, the
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nucleophilic selenocysteine was firstly oxidized with disulfides to get selenoelectrophile, which was
exposed to oxidative addition when subjected to copper catalysts with ligands.**®* The complex then went
through transmetalation with boronic aryl nucleophiles, followed by reductive elimination to release the
Se-arylated products.'*® The boronic acids gave very satisfying yields regardless of the substituents,
showing broad substrate tolerances.’® This strategy could be inspiring for constructing more creative
methodologies regarding selective and efficient protein S-arylation.
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Figure 9. Cysteine S-arylation chemistry. A List of pKa values of amino acids’ residues. B Mechanism of
SnAr reaction and electrophile structures used for selective cysteine S-arylation in biomolecules. C
Structures of oxidation-addition complex and palladium pre-catalysts for selective cysteine S-arylation in
biomolecules. D Umpolung strategy for selective selenocysteine Se-arylation in biomolecules.
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1.8 Proteolysis Targeting Chimeras (PROTACSs)

A proteolysis targeting chimera (PROTAC) is a heterobifunctional molecule comprised of two active
domains and a linker in between, capable of degrading specific unwanted proteins in the living
cells.3#141.142 As an emerging drug candidate for therapeutic purposes, PROTAC was firstly described by
Kathleen Sakamoto, Craig Crews and Ray Deshaies in 2001, and has been applied for targeting various
oncoproteins.'41:142

Nowadays the core of most cancer therapies replies on the occupancy-based mechanism of action on
oncoproteins by small molecule inhibitors, often requiring high administrative dosages and thus leading to
undesired off-target toxicities.'* What is more challenging comes from the natures of many oncoproteins,
including nonenzymatic functions, lack of hydrophobic pockets, and high affinities for abundant
substrates.'#4145 Therefore the PROTAC strategy based on target protein degradation (TPD) was
proposed to circumvent these therapeutic impasses.

1.8.1 Protein Ubiquitinoylation and Principles of PROTAC

Protein degradation is mostly performed by lysosome or proteasome and is crucial in many physiological
processes such as protein level regulation, cell cycle control, and cellular stress response.** For
proteasome-involved degradation, the proteins of interest (POls) are firstly labelled covalently with
ubiquitin, a highly conserved protein containing 76 amino acids (8.6 kDa).'*® The ubiquitinoylation
process is efficiently carried out through a cascade of three enzymes. To start with, a ubiquitin is
mono-adenylated by an E1 activation enzyme in the presence of ATP and magnesium ion, followed by the
thioesterification to an E1 enzyme-ubiquitin intermediate (Figure 10A)."#"¥® Then ubiquitin is then
transferred to the catalytic cysteine of an E2 conjugation enzyme through a transthioesterification reaction
(Figure 10A)."47148 Subsequently, the ubiquitin bound to E2 enzyme is covalently connected to the target
proteins within the E2 enzyme-E3 ligase-target protein ternary complex through an isopeptide bond
between the ubiquitin C-terminus (glycine) and the primary amine from a lysine side chain (e-NH.) on the
target proteins’ surfaces.'’-'4° The target protein can be either a POl (mono-ubiquitinoylation / ubiquitin
chain initiation) or another ubiquitin at K6, K11, K27, K29, K33, K48, or K63 sites (ubiquitin chain
elongation), of which K48-linked polyubiquitinylated proteins are recognized by the 19S regulatory subunit
of the 26S proteasome.' " Finally, POls are transported into the 20S core catalytic subunit, being
unfolded, deubiquitinylated, and proteolytically degraded.'®'° These overall processes are termed as
ubiquitin-proteasome system (UPS), functioning as the major game player in degrading and eliminating
unneeded proteins. Depending on the E3 ligase, ubiquitin can be transferred directly (RING) from E2
enzyme to the target protein or sequentially (HECT) from E2 enzyme to E3 ligase through a thioester, and
then to the target protein (Figure 10A)."48.150

The PROTAC strategy hijacks the UPS to degrade specific POls by chemically decreasing proximity
between the POls and E3 ligase, while the linker in between coordinates to an appropriate geometry of
the ternary complex composed of the PROTAC, the POls, and the recruited E3 ligase (Figure 10B).'41-143
The ubiquitin tags are then transferred from an E2 enzyme to the POls as described above, which are
degraded by proteasome afterwards (Figure 10B). Another advantage of PROTAC attributes to its
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catalytic properties at substoichiometric concentrations, since the intact PROTAC molecules would be
released from polyubiquitinylated POls, allowing iterative target degradation and diminishing off-target

side effects.141.143
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Figure 10. A Ubiquitinoylation cascade by three enzymes. B Principles of PROTAC.
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1.8.2 Structures of PROTACs

The rational designs of PROTACSs largely rely on the ligand approaching to the E3 ligase, the nature of
the linker and a proper chemical integration between them (Figure 11)."" So far most reported PROTACs
contain either a phthalimide derivative or a modified peptide fragment from HIF-1q, recruiting cereblon
(CRBN) or Von Hippel-Lindau (VHL) E3 ligase, respectively (Figure 11A and 11C)."*® Although many
variations of these ligands have been designed for improving the druggabilities, incorporating N-methyl or
descarbonyl congeners of the glutarimide ring within CRBN ligand (Figure 11B) and epimerization of the
chiral hydroxyl group in the proline ring within VHL ligand (Figure 11D) will completely vanish the affinity
to the corresponding E3 ligases, generating negative controls of CRBN- or VHL-dependent PROTACs.'*
On the other hands, a suitable linker plays a vital role to achieve the subtle balance of target degradation,
cellular permeability, and aqueous solubility (Figure 11E).'®>-'% The position of linker connecting to
ligands should be firstly confirmed in order not to disturb binding affinity. Then the optimal linker length
should be determined, providing the basis for future modulation of linkers’ chemical composition as well
as its flexibility, polarity, and metabolic stability (Figure 11E)."531%* Interestingly, the two PROTACSs under
clinical trails (Bavdegalutamide, ARV-110 and Vepdegestrant, ARV-471) both utilized
piperazine-piperidine conjugate (Figure 11F) as the linker, showing preferences of rigidifying and basic

moieties to improve overall properties.'>>1%
A B ;g\

D

NH o o oH

N o

Y & 3 £, ?L

H
O 47 ™NH

X=H, Y=CO, (+/-)-Thalidomide \\Q\(LN \\©\(LN
X=NH,, Y=CO, (+/-)-Pomalidomide SJ SJ

X=NH,, Y=CH,, (#/-)-Lenalidomide
Cereblon (CRBN) ligand ( ) Cereblon (CRBN) ligand (inactive) Von Hippel-Lindau (VHL) ligand ( ) Von Hippel-Lindau (VHL) ligand (inactive)

E F

e‘é\ /X R
Hoot - 0, YO,
: N =t ;
Alkyl X=0, N, SOj, Alkinyl Piperazine Cycloalkyl N/\
CONH, CO;... E/N bN\éss

O~ 53 Heterochains 8 % f\N/\ s,(z/x Y
e N A "
“ NN 5 ¢

PEGylated Triazole Piperidine

L

Linker in androgen degrader (ARV-110)
and estrogen degrader (ARV-471)

Increased rigidity

Figure 11. Structures of PROTACs. A Structures of prototypical cereblon (CRBN) ligands, including
thalidomide, pomalidomide, and lenalidomide. B Inactive forms of cereblon ligands, including N-methyl
and descarbonyl congeners (physicochemical controls). C Structures of prototypical Von Hippel-Lindau
(VHL) ligand. D Inactive form of VHL ligand with a S-proline ring (physicochemical controls). E List of
linkers used in known PROTAC molecules with various rigidity, polarity and length. F Linker used in two
PROTACSs under clinical trails (Bavdegalutamide and Vepdegestrant) from 2019.

PROTACs are especially promising for selectively degrading oncoproteins, and a few examples of
PROTACs targeting oncoproteins (including nuclear hormone receptors, transcriptional regulators,
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tyrosine kinases, etc) are listed within Table 1.

Target oncoproteins Degrader structure, Current
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kinase, Ak ©
\__H J

1186 AA'®!
11 in HCC-827 cell line;

25 in H3255 cell line.

Table 1. Examples of PROTACs targeting on oncoproteins. Targeting ligands and E3 ligase ligands are
highlighted in blue and yellow, respectively.

As an emerging technology in both academia and biotech industry, PROTACs still suffer from low cell
permeability and challenging oral bioavailability due to its large molecular weights. Another problem to be
urgently solved is to expand the library of E3 ligase - ligand interaction, since there are only very few E3
ligases (VHL, CRBN, clAPs, and MDM2) used in the design of PROTACs, while the human genome
encodes more than 600 E3 ligases.'?'%? Understanding the molecular design, degradation activity,
selectivity, and off-target effects (based on different targets, different cell lines, and different animal
models) also remain unclear. For these reasons, the proteomic studies should always be performed after
PROTAC treatment to evaluate expected or off-target degradation before any clinical trials.

1.8.3 PROTAC Preparation and Implementation with Click Chemistry

Click chemistry, especially the flagship CUAAC has been intensively applied for the final step synthesis of
many PROTACS, generating a triazole ring as the rigid linker in between.'%*-165> However, there are only
few examples to combine the biocompatibility and selectivity merits of click chemistry to undergo a
covalent and fast self-assembly between two precursors to form PROTACS in situ, partially because of
the inevitable addition of cytotoxic copper ions in the living cells. While this idea could in principle be
fascinating to potentially overcome some natural issues of PROTACs such as scarce cell permeability,
low bioavailability, and poor water solubility.*4*12 One of the most promising example was proposed by
Astex Pharmaceuticals, in which tetrazine-tagged thalidomide derivatives and transcyclooctene-tagged
JQ1 (JQ1-TCO) were designed and synthesized as smaller and inactive PROTAC precursors to
penetrate into cells easily (Figure 12).1% Afterwards the tetrazine ligation between two molecules
occurred to release the intact and active PROTAC, targeting on the well-known bromodomain-containing
protein 4 (BRD4) and leading to ultimate proteasome degradation.'®® The same strategy was then
extended to selectively address extracellular-regulated protein kinase 1/2 (ERK1/2, Figure 12).166
Notably, the intact PROTACs (prepared in vitro through organic chemistry way) in both cases were not
able to introduce any proteasome degradation, probably due to the lack of cell permeability.%®
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Figure 12. In situ self-assembly of PROTACSs through tetrazine ligation targeting on BRD4 or ERK1/2
protein.

The other pioneer work done by Liu et. al. has utilized SPAAC to form intact PROTAC from VHL
ligand-tagged BCN (VHLL-X-BCN) and commercially available azide-modified DNA oligomer (N3-ODN)
(Figure 13).1%” The reaction was carried out under physiological conditions (PBS, 37 °C) to generate 18
PROTACs with different linker compositions, among which 5 were demonstrated to reduce p65
transcription protein level successfully.®” This discovery was of high interest as transcriptional factors are
important biological targets involved in many diseases, especially cancers, but they are regarded to be
‘undruggable’. The SPAAC-involved PROTAC strategy has shown perspectives to largely expand the
boundary of therapeutic methods, becoming a winning combination for chemists.
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Figure 13. TF-PROTACSs synthesized by SPAAC targeting on transcription factors.
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1.9 Chemical Proteomics

1.9.1 Single-Pot, Solid-Phase-Enhanced Sample Preparation (SP3) for

Proteomics Experiments

In 2019, J. Krijgsveld et. al. have reported a streamlined SP3 (single-pot solid-phase-enhanced sample
preparation) technique for sample preparation in proteomics, designed to enhance efficiency and
reproducibility.1®® This approach integrates multiple sample processing steps into a single container,
significantly improving the workflow from protein extraction to digestion.%® SP3 technology leverages the
solid-phase adsorption properties of magnetic beads to isolate proteins from complex biological samples.
The process involves mixing the protein samples with beads under conditions that promote protein
binding (such as specific pH and salt concentrations).'®® Magnetic separation is then used to divide the
protein-bound beads from other components. Subsequent washing steps remove non-specifically bound
substances, resulting in highly purified proteins.

In more detail, cells or tissue samples were firstly lysed to release proteins using appropriate lysis
buffers.’%® The lysates were mixed with beads in organic solvent such as ethanol to facilitate protein
binding to the beads.'®® Then a magnetic rack was used to separate the protein-bound beads from the
solution, discarding the supernatant. Afterwards the beads were washed multiple times with ethanol in
water to remove non-specifically bound contaminants including lipids, nucleic acids, detergents, salts,
metabolites, etc. Bounded proteins were digested directly on the beads using enzymes like trypsin,
breaking them down into peptides. The digested peptides were eluted from the beads by altering the
solution conditions (such as pH), ready for subsequent mass spectrometry analysis.

By consolidating multiple steps into a single-pot process, SP3 significantly reduces sample preparation
time compared to traditional methods. The use of solid-phase adsorption and magnetic separation
minimizes sample loss and contamination, ensuring high reproducibility. SP3 can also effectively
removes impurities, improving the sensitivity and accuracy of mass spectrometry analysis.168169

SP3 technology has broad applications in proteomics, from basic research involving protein identification
and quantification to clinical studies focused on biomarker discovery and disease mechanism elucidation.
As the technique continues to be refined and optimized, it is poised to become increasingly pivotal in
proteomic research, offering a robust and efficient solution for sample preparation.

Recently the SP3 protocol has been developed and optimized to more advanced SP2E protocol, which is
highlighted by pulling down PTM mimics-modified proteins with extra enrichment steps.’® The excess
bioorthogonal reagents and non-protein components of the cell lysates have to be firstly removed through
intensive washing steps. The biotinylated proteins are then enriched on magnetic streptavidin-coated
beads. The SP2E method can achieve higher specificity and selectivity due to the strong interaction
between streptavidin and biotin, which is one of the strongest non-covalent interactions in nature.'’* This
allows for more selective enrichment of the target molecules, and is particularly advantageous when
facing samples with low protein concentrations (e.g. proteins modified by low-abundance PTMs),
reducing background noise and increasing the signal-to-noise ratio.1’°
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1.9.2 Orbitrap-Based Mass Spectrometry

A mass spectrometer is an instrument used to determine the relative molecular mass of chemical
substances. Although there are many types of mass spectrometers, their basic structures are essentially
the same. As shown in Figure 14A, a mass spectrometer can be divided into five main compartments: an
inlet, an ion source, a mass analyzer, a detector, and a data analysis system.’? Pure substances or
samples with simple compositions can be directly injected to the inlet (such as the top-down approach for
purified proteins). However, complex mixtures are usually pre-separated by high-performance liquid
chromatography (HPLC) before being introduced into the inlet (such as the bottom-up approach for
proteomics studies) resulting in LC-MS.172-174 Afterwards samples are ionized at the ion source, where
electrons, ions, or photons convert them into charged ions in gas-phase (either cations or anions,
depending on the sample's nature). The charged ions then enter the mass analyzer for mass-to-charge
(m/z) ratio measurement. With physical forces such as electric or magnetic fields, the trajectory of the
ions varies, and the detector converts these variations into electrical signals, which are processed and
stored in an affiliated computer.!’* The data is then transformed into a mass spectrum for recording
different ions' mass-to-charge ratios, thereby calculating the molecular mass of the analyte. Additionally,
the mass analyzer and detector require a high-vacuum system to maintain a low-pressure environment,
ensuring that ions do not lose energy through collisions or have their measured mass-to-charge ratios
skewed.172174

A

Mass Detector

Analyzer

'I
Vacuum System [

Figure 14. Mass spectrometer and advancement with Orbitrap. A General scheme of a mass

spectrometer. B Description of ion movements in the Orbitrap using three characteristic frequencies:
rotational movement (wy), radial movement (wy), axial oscillations (w;). Only wz is used for mass

analysis.

Thanks to the advancement of instrumentation technology in the past few years, Thermo Fisher scientific
has developed Orbitrap Eclipse Tribrid where a linear ion trap is conjugated with quadrupole and orbitrap
in front.2”® The samples, usually digested peptides, are ionized through nanoelectrospray ionization (nESI)
under atmospheric pressure, then selected by quadrupole based on their m/z values. These ions are
transported and collected within Curved Linear Trap (C-trap) and then released at orbitrap to record MS1
spectra.l”™ Afterwards each peptide has to be fragmented, for example, in a higher energy collisional
dissociation (HCD) cell to determine its identity in a MS2 scan by the linear ion trap with a much faster
rate. As a result, the parallelization of the measurement improves the scanning rate of a data-dependent
proteomic experiment to approx. 40 Hz, which is a major advance compared to Q Exactive where MS1
and MS2 spectra are both measured within the orbitrap.1’® In general, this instrument has reached the
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optimal balance between scanning rate and MS spectra resolution. Future efforts would be put to
parallelize the measurement with fast and highly resolving mass analyzers.

The orbitrap uses a DC (direct current) electric field to confine the ions in the ion trap and applies the fast
Fourier Transform technique to convert the time signal into frequency signal, which further reflects m/z
signals of ions.}’"1’® The electrode within orbitrap is a quadrologarithmic field that produces a
spindle-shaped central electric field, allowing the ions to move in a circular orbital fashion, which can be
described in combination of three frequencies: rotational movement (wy), radial movement (wy), axial
oscillations (w;) (Figure 14B).1""17® Only axial oscillations (w;) is independent of ion energy and position
(but proportional to m/z), so this frequency is the only one considered for mass analysis.

1.9.3 Data Acquisition

Generally two modes have been developed for the MS/MS data acquisition, including Data-dependent
acquisition (DDA) and Data-independent acquisition (DIA).17°18 DDA involves a survey scan (MS1) to
detect all precursor ions present in the sample, followed by the selection of the most intense ions for
further analysis. These selected precursor ions are isolated and fragmented (typically through HCD),
generating MS2 spectra used for peptide and protein identification (Figure 15). In contrast, DIA segments
the mass range into smaller windows and fragments all ions within each window simultaneously, resulting
in highly multiplexed MS2 spectra (Figure 15).179:180

The main difference between the two methods lies in ion selection and fragmentation: DDA selects
precursor ions based on their intensity in the survey scan and fragments only those selected ions,
whereas DIA fragments all ions within defined mass windows without prior selection.®® Consequently,
DDA generates clean, isolated MS2 spectra for specific precursors, making data analysis more
straightforward, while DIA produces complex MS2 spectra that require advanced computational tools for
deconvolution and analysis.*8°

Despite these differences, both methods share similarities such as high-resolution analysis, quantitative
capability, and sophisticated instruments for data acquisition. DDA provides high-quality MS2 spectra for
selected precursors with simpler data analysis, while it is regarded to be biased towards more abundant
ions, and has limited throughput as only a subset of ions is selected for MS2 analysis.!®* On the other
hand, DIA offers comprehensive coverage of all ions within the defined mass windows, making it better
suited for detecting low-abundance ions and especially post-translational modifications. However, due to
the complexity of MS2 spectra generated from DIA, advanced deconvolution algorithms are needed for
data interpretation; otherwise the DIA measurement will depend entirely on the quality and depth of the
pre-measured DDA data set (which can be very time-consuming and not surely reliable).?8-8* To
address this problem, Tsou et al. have developed DIA-Umpire, a software capable of quantifying DIA
results without the need of a DDA based spectral library. DIA-Umpire takes advantage of MS1 and MS2
spectra from DIA to generate pseudo-MS/MS spectra, which are subsequently used for standard
database searches. The latest method leverages machine learning to create spectral libraries in silico on
the basis of deep-learning algorithms, predicting both MS/MS spectra and their retention times.
DIA-Umpire is now integrated into the freely available software DIA-NN, marking a significant
advancement in the analysis of DIA data.818¢
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In real chemical proteomic studies, the choice between DDA and DIA depends on the specific goals of the

experiment, sample complexity, and available computational resources.
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Figure 15. Schematic illustration of basic working principles of DDA and DIA methods.
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2. Aim of the Thesis

The overall aim of this thesis is to explore reactivities and functionalities of protein PTMs, establishing
protein PTM mimics as putative drug-like molecules with novel mode of action (MOA). The thesis can be
divided into two main parts: 1) the unknown reactivity between protein and aryl pinacol boronates, and 2)
the selective degradation of glycosylated proteins in the living cancer cell lines.

In more detail, the initial goal of the first part was to find an alternative methodology for commonly-used
CuAAC-based protein profiling, in which a biotin- or fluorophore-tagged azide or alkyne handle was
clicked to proteins bearing an artificial PTM molecule mimicking its natural counterpart. The functional
moieties then allow biological readouts including in-gel fluorescence analysis or LC-MS/MS
measurements to study protein PTMs even at low abundance level. We tried to substitute CUAAC with
envisaged Suzuki cross-coupling reactions, but found significant side reactions caused by aryl pinacol
boronates even in the absence of any metal catalysts. The research then switched to answer what is the
side reaction behind and can it be useful for other biological applications. To address this question, we
tested various substrates from simple peptides, single proteins to cell lysates. Validation tools such as
competition assays, radical trapping experiments, and electron paramagnetic resonances (EPR) are
applied to consolidate the discoveries. The newly explored reactivities would be helpful for designing
more rational pathway to avoid potential side reactions when aryl pinacol boronates are involved in
expected bioorthogonal labelling within living cells or lysates.

The aim of another part is to combine click chemistry and target protein degradation for synergistic effects
in suppressing cell proliferation. As a proof-of-concept, we successfully established a platform (GlyTAC)
to selectively degrade glycosylated proteins through ubiquitin-proteasome pathway. To accomplish this
goal, a galactose-based probe containing azide group was incubated within cancer cell lines to introduce
heavy glycosylation, then thalidomide-linked dibenzocyclooctyne was ‘clicked’ to azide-modified
glycoproteins via strain-promoted azide-alkyne cycloaddition in the living cells. With covalent bonds
anchoring at modified proteins, the clicked-released PROTAC is proved to be highly competent for
glycoproteins degradation with fast kinetics, thus disrupting cell cycle and triggering cell death. The
results have further collaborated with other quantitative measurements like whole proteomics and cell
viability assays.

In conclusion, this thesis aims to expand the current therapeutic boundaries of protein PTMs, not only to
identify an unknown reactivity, but also to apply PTMs as targets for potential therapeutic purposes. Since
protein PTMs have largely enriched proteome complexity, it is believed that there are still large amounts
of novel reactivities, interactions or applications of PTMs remain uninvestigated, and this thesis aims to
address this area.
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3. Results and Discussion

3.1 Suzuki Cross-Coupling Reaction for Protein Labelling in the

Living Cells

Incubating synthetic analogues of biological macromolecules in the living cells has led to many
breakthroughs in cell biology and in drug research. While bioorthogonal reactions have facilitated the
modification of proteins and nucleic acids within living cells. However, using protein PTMs with reactive
groups for further functionalization to tailor their roles in living cells remains underexplored. Notably, initial
investigations into Suzuki cross-coupling reactions within living cells suggest the potential for significantly
expanding the range of accessible chemical modifications.

Our preliminary goal was to develop halogen-modified protein PTMs for subsequent functionalization via
Suzuki reactions in living cells (Figure 16A). By introducing a natural PTM mimic with halogen to target
proteins through endogenous enzymatic metabolism, they can be further embellished with other
functional modalities (e.g. fluorescent or biotinylated tags) using Suzuki reactions. The resulting
technology was expected to advance the study of protein adenylylation (AMPylation, Figure 16B) or
tyrosination (Figure 16C), particularly their roles in neurodegeneration or microtubule disorder,
respectively. This interdisciplinary strategy, merging organic synthesis, molecular biology, and mass
spectrometry, is promising for producing useful tools in chemical biology and innovations in drug design.
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Figure 16. A Suzuki cross-coupling reactions for protein labelling in the living cells. B General
(de)AMPylation scheme. Amino acids including serine (Ser), threonine (Thr) or tyrosine (Tyr) can be
modified with an AMP moiety catalyzed by an AMP-transferase using ATP as a co-substrate. The
modification is reversible by a deAMPylator to remove AMP with hydrolysis. C General (de)tyrosination
scheme at a-tubulin C-terminus. Tubulin carboxypeptidases (TCPs, VASH1 or VASH2 associated with
SVBP) remove the C-terminal Tyr to generate detyrosinated tubulin. Detyrosinated tubulin can be
re-tyrosinated by tubulin tyrosine ligase (TTL) that adds a tyrosine residue at the C-terminal glutamate.
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3.2 Design and Synthesis of lodinated Probes for Pulling Down
AMPylated or Tyrosinated Proteins

Following the objective for performing Suzuki cross-coupling reactions in the living cells, the AMPylation
or tyrosination probes containing halogen were firstly designed and synthesized. Within three commonly
used halogens (chlorine, bromine and iodine) used for coupling reactions, we have selected iodination to
modify probe structures based on a comprise of oxidative addition reactivity and atom size to minimize
structural complexity. Although iodine (133 pm) possesses the biggest covalent radius compared with
bromine (114 pm) and chlorine (99 pm), it’s still much smaller than propargyl (> 226 pm) or azide (> 230
pm) groups, which are key elements routinely used in CUAAC-based pull-down experiments. In such case,
the application of iodinated probes could in principle be more acceptable by corresponding transferases
or ligases, revealing yet not described substrate selectivity and identifying unknown protein AMPylation or
tyrosination. The positions for placing iodine were either directly referred or rationally designed from
literature research, shown in Figure 17.
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Figure 17. Structures of potential protein AMPylation or tyrosination probes.

The two AMPylation probes (1 and 3) were synthesized in the forms of phosphoramidates for two reasons:
1) mitigating cytotoxicity while increasing the cell permeability of iodinated adenosine analogues; 2) the
iodinated adenosine analogues must be metabolically activated to corresponding adenosine triphosphate
(ATP) derivatives and then be accepted as substrates by AMP transferases. For compound 1, the core
structure of compound (7-deaza-8-azapurine) was same with the iodine-containing substrate employed
for in situ synthesis of an anti-cancer reagent in E. Indrigo et al. study, thus offering possibilities for the
intended Suzuki cross-coupling reactions done on AMPylated proteins. While compound 3 contained the
same core structure backbone with natural adenosine, and in principle can be transformed to active ATP
analogues. Compounds 2 and 4 are adenosine analogue intermediates respectively for 1 and 3, which
were used as controls for further cell experiments.

On the other hand, the two tyrosination probes (5 and 6) synthesized were based the study of D.
Schumacher et al., which have systematically investigated the substrate tolerance of tyrosine derivatives
when subjected to TTLs. They found that TTL possess unexpected broad substrate tolerance, especially
when tyrosine derivatives carry a functional group at the ortho-position. These iodinated probes were
expected to be incorporated into the living cells and prepared for downstream labelling reactions.
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3.2.1 Synthesis of lodinated AMPylation Probes
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Figure 18. Synthesis of AMPylation probe 1 and 2.

Starting from adenine analogue 7, the first step was to introduce iodination accomplished by
N-iodosuccinimide 8. The reaction was carried out in DMF, a polar aprotic solvent to facilitate the
formation of iodonium ion electrophile. The reaction mixture was then concentrated and triturated with
ammonium hydroxide to give the crude products 9. Afterwards compound 10, a tribenzoyl-protected
ribofuranose, was dissolved together within nitromethane and heated up to reflux to construct the
adenosine analogue backbone 11, featured with a glycosidic bond between adenine analogue(Ny) and
ribofuranose (C+). The three benzoyl groups were eliminated using concentrated ammonia in methanol,
generating compound 2. On the other hand, the pre-synthesized phosphorochloridate 12 was added
dropwise into trimethyl phosphate containing 2, and the substitution on the primary alcohol was finalized
by applying N-methylimidazole as the deprotonation base.
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Figure 19 Synthesis of AMPylation probe 3.

The synthesis of compound 3 has adopted a different strategy highlighted by direct phosphorylation of
acetal-protected adenosine 13. This step was more efficient when Grignard reagent was added as the
base, and this was also the reason to perform iodination afterwards (otherwise iodine moiety would be
eliminated through Grignard reagent). Afterwards the iodination step at Cs position on adenine core was
achieved by freshly-prepared lithium diisopropylamide (LDA) deprotonation and the subsequent slow
addition of iodine. The obtained phosphoramidate compound 15 would then be subjected to deprotection
by TFA to afford probe 3.
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